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Abbreviations and Variables

Abbreviations

AZM — acetazolamide, a classical sulfonamide carbonic anhydrase
inhibitor;

CA — carbonic anhydrase. CA followed by a Roman numeral denotes
a specific isozyme;

DMSO — dimethyl sulfoxide;

FTSA — fluorescence-based thermal shift assay (also called thermal
shift assay, TSA), alternatively termed ThermoFluor® or differential
scanning fluorimetry (DSF);

GPI — glycosylphosphatidylinositol;

IC — intracellular domain/tail;

ITC — isothermal titration calorimetry;

PDBID — Protein Data Bank identifier;

PG — proteoglycan-like domain;

PLBD — Protein-Ligand Binding Database (plbd.org);

TM — transmembrane region;

TRIS — tris(hydroxymethyl)aminomethane;

Zn'!  — zinc ion;

Terminology

Intrinsic — refers to binding between the protein and ligand in their
binding-competent protonation states, with contributions from linked
protonation equilibria accounted for. Intrinsic thermodynamic quan-
tities and equilibrium constants are denoted by the subscript “int”.
See Figure 1.12 for an illustration of its meaning and practical appli-
cation;

Observed — refers to binding as measured experimentally under the
specified solution conditions and therefore includes contributions
from linked protonation equilibria. Observed thermodynamic quan-
tities and equilibrium constants are denoted by the subscript “obs”.
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Thermodynamic quantities

AG — standard Gibbs energy change of binding (equivalent to AG®);

AGi, — intrinsic standard Gibbs energy change of binding;

AG,ns — observed standard Gibbs energy change of binding;

AH — standard enthalpy change of binding (equivalent to AH°);

AHi,, — intrinsic standard enthalpy change of binding;

AH,,s — observed standard enthalpy change of binding;

AS — standard entropy change of binding (equivalent to AS°);

ASiyy — intrinsic standard entropy change of binding;

ASyps — observed standard entropy change of binding;

AHppue  — standard enthalpy change of buffer protonation;

AHp,. ca — standard enthalpy change of CA-Zn" bound hydroxide
protonation;

AHpsa — standard enthalpy change of protonation of deprotonated
sulfonamide amino group;

Equilibrium constants

K}, — equilibrium binding constant;

Ky int — intrinsic equilibrium binding constant;

Ky obs — observed equilibrium binding constant;

K4 — equilibrium dissociation constant;

Kqin — intrinsic equilibrium dissociation constant;

Kqons — observed equilibrium dissociation constant;

pK. —negative decimal logarithm of the acid dissociation constant;

pKaca —negative decimal logarithm of the acid dissociation constant
of the Zn''-bound water molecule in carbonic anhydrase;

pKasa —negative decimal logarithm of the acid dissociation constant

of the protonated sulfonamide group;

Other variables and constants

R — gas constant (8.314 J mol ' K~1);
T — absolute temperature (K);

viii



Introduction

Drug discovery relies on identifying molecules that bind selectively
and strongly to their biological targets. Advances in structural biology,
biophysics, and computational chemistry have greatly expanded our
ability to characterize protein-ligand interactions and have become
essential components of modern drug design [1, 2]. High-resolution
structures, molecular simulations, and structure-based drug design
approaches provide valuable insights into binding modes and guide the
optimization of lead compounds [3]. Nevertheless, accurately predicting
how structural modifications influence binding affinity and selectivity
remains a major challenge [4].

Protein-ligand recognition arises from a complex interplay of inter-
molecular interactions, hydration, protonation equilibria, and conforma-
tional dynamics. Although these factors collectively determine binding
thermodynamics, their individual contributions are often difficult to
isolate and quantify. As a result, molecules with similar structures
may exhibit unexpectedly different binding properties, whereas com-
parable affinities can arise through fundamentally different energetic
mechanisms. Understanding these relationships remains an important
objective for both experimental and computational studies of molecular
recognition.

Several factors are particularly important for the interpretation and
prediction of protein-ligand binding:

¢ Enthalpy-Entropy Compensation and Hydration Networks: Bind-
ing affinity is determined by the balance between enthalpic and
entropic contributions, which frequently compensate each other
[5]. Similar binding affinities can therefore arise from markedly
different thermodynamic signatures. Such differences are often
associated with changes in hydration networks, which remain
challenging to characterize and predict quantitatively [6-9].
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* Conformational Effects: Small chemical modifications can al-
ter ligand geometry, flexibility, and intramolecular interactions,
thereby influencing the energetic cost of adopting a binding-com-
petent conformation. These effects may substantially influence
protein-ligand interactions [6, 10].

* Observed versus Intrinsic Thermodynamics: Experimentally
measured binding parameters often include contributions from
linked protonation reactions and buffer-dependent processes [11,
12]. Consequently, observed thermodynamic quantities do not
always directly reflect the intrinsic energetics of molecular recog-
nition, complicating mechanistic interpretation and comparison
between systems.

Together, these factors illustrate that molecular recognition cannot
be fully understood from affinity measurements or static structures
alone. A suitable model system is therefore required to systematically
investigate how structural, thermodynamic, and environmental factors
contribute to binding. Carbonic anhydrases (CA) provide an excellent
model system for investigating these challenges [13]. Although their
catalytic architecture is highly conserved, subtle differences in active-site
composition and hydration-network organization can produce substan-
tial differences in ligand recognition. Sulfonamide inhibitors are partic-
ularly useful probes because they share a common zinc-binding group
while allowing systematic modification of substituents that interact with
distinct regions of the active site. This combination enables detailed
investigation of how structural changes influence binding thermody-
namics, affinity, and selectivity.

Reliable interpretation of structure—thermodynamics relationships
requires not only mechanistic understanding but also robust treatment
of experimental uncertainty, particularly when comparing parameters
derived from non-linear binding models. The central hypothesis of this
dissertation is that meaningful relationships between protein-ligand
structure and thermodynamics require the systematic separation and
characterization of the underlying processes that contribute to molecular
recognition.



Goal:

To identify and quantify the structural, thermodynamic, and environ-
mental factors that govern protein-ligand recognition using carbonic
anhydrases and primary sulfonamide inhibitors as a model system.

Objectives:

1. To determine how subtle differences in active-site residues, ligand
structure, and hydration networks, modulate the balance between
enthalpic and entropic contributions to binding. (Publication 1)

2. To investigate the impact of minor ligand modifications on confor-
mational effects, including intramolecular hydrogen bonding and
conformational energetics, and their role in determining binding
affinity and selectivity. (Publication 2)

3. To systematically separate protonation-linked contributions from
experimentally observed thermodynamic parameters to derive
intrinsic thermodynamic parameters. (Publication 3)

4. To standardize FTSA experimental protocols for robust affinity
determination and to implement asymmetric profile-likelihood
confidence intervals for the accurate quantification and interpreta-
tion of uncertainty in non-linear binding models. (Publication 4
and Publication 5)



Scientific novelty

The scientific novelty of this dissertation lies in its integrated ap-
proach to investigating protein-ligand recognition by combining high-
resolution structural analysis, intrinsic binding thermodynamics, and
rigorous uncertainty evaluation. This work goes beyond conventional
affinity measurements to demonstrate how ligand structure, protein
environment, hydration networks, and proton-linked equilibria collec-
tively shape the energetic landscape of molecular recognition.

Key novel contributions:

¢ Identification of the structural basis for divergent energetics: demon-
strated that closely related CAs (CAII, CA XII, and CA XIII) achieve
comparable binding affinities through fundamentally opposing en-
thalpic—entropic mechanisms. These distinct thermodynamic finger-
prints are modulated by subtle differences in active-site residues and
the reorganization of conserved hydration networks. (Publication 1)

¢ Insight into the energetic cost of ligand conformation: identified
that a single-atom oxidation change (from sulfanyl to sulfinyl and
sulfonyl) altered binding affinity by up to a million-fold. This drop
in affinity is linked to the formation of unfavorable intramolecular
hydrogen bonds that distort ligand conformation and create steric
hindrance. (Publication 2)

* Revealing the limitations of observed thermodynamic parameters:
demonstrated that binding-linked protonation equilibria substantially
alter experimentally observed thermodynamic parameters. Dissec-
tion of these contributions enabled meaningful correlations between
atomic-resolution structures and the underlying energies of molecular
recognition. (Publication 3)

* Consistent representation of uncertainty across thermodynamic
quantities: emphasized that conventional symmetric error estimates
lead to misleading interpretations when binding affinities are trans-
formed between dissociation constants and Gibbs energies. In con-
trast, asymmetric profile-likelihood confidence intervals preserved
the underlying uncertainty structure and ensured consistent interpre-
tation across different representations of binding affinity. (Publication
4 and Publication 5)



Defending statements

* Subtle structural differences in proteins and ligands can produce
disproportionately large changes in protein-ligand recognition
and selectivity because binding is governed by the entire molec-
ular environment, including protonation equilibria, hydration,
conformational effects, and intermolecular interactions. (Publica-
tion 1, Publication 2, and Publication 3)

* Protein-ligand recognition cannot be fully understood from struc-
tural information and observed thermodynamic parameters alone;
reliable interpretation requires the integration of atomic-level struc-
tural features with intrinsic thermodynamic parameters. (Publica-
tion 1, Publication 2, and Publication 3)

* The representation of uncertainty influences the interpretation of
protein-ligand binding measurements; asymmetric profile-like-
lihood confidence intervals provide a consistent description of
uncertainty, while conventional symmetric standard errors are
inappropriate. (Publication 4 and Publication 5)



Chapter 1

Literature Overview

1.1 Structure-Based Drug Design: Potential and Cha-
llenges

The discovery and development of new medicines remains a costly
and high-risk process. Although estimates vary considerably, the me-
dian capitalized research and development investment per new thera-
peutic agent has been estimated at approximately US $1 billion, includ-
ing costs associated with failed development programs [14]. A major
challenge at the discovery stage is the identification and optimization
of compounds with sufficient potency, selectivity, and other properties
required for further development. Large numbers of initially considered
compounds are progressively reduced to only a few candidates that
enter clinical development (Figure 1.1). Improving the efficiency of early
compound identification and optimization is therefore an important
objective of modern drug discovery.

Drug discovery encompasses both biological products and small
molecules, with small molecules accounting for approximately 65 %
of new drug approvals in 2025 [17]. Small molecules are amenable
to systematic chemical modification and optimization against diverse
molecular targets. Their discovery may proceed through several comple-
mentary strategies (Table 1.1), ranging from phenotypic and target-based
screening to approaches exploiting prior knowledge of active ligands
or three-dimensional target structures [18, 19]. The research presented
in this dissertation is centered on structure-based drug design, utiliz-
ing high-resolution structures of carbonic anhydrases integrated with



Drug discovery
Target identification — Hit discovery — Hit-to-lead — Lead optimization
(typically thousands of compounds)

l

Preclinical development
In vitro and in vivo evaluation
(hundreds of candidates)

!

Clinical trials
Phase | — Phase Il — Phase llI
(several compounds)

!

Regulatory review
(approximately one approved drug)

Figure 1.1: Simplified representation of the small-molecule drug discov-
ery and development process, illustrating the substantial reduction in
candidate numbers from thousands of compounds during discovery
to approximately one approved drug over a typical period of 10-15
years [15]. Even after entry into clinical development, attrition remains
substantial: an analysis of 3,999 drug candidates reported an overall
probability of marketing approval of 12.8 % [16]. The research presented
in this dissertation focuses on the first stage of this process (Drug dis-
covery), specifically on hit-to-lead and lead optimization phases.

binding thermodynamics to guide the systematic optimization of ligand
affinity and selectivity.

Structure-based drug design (SBDD) represents one such approach
and exploits three-dimensional information about a biological target to
guide ligand discovery and optimization. The importance of structural
information in modern drug discovery is illustrated by an analysis of 34
low-molecular-weight, protein-targeted anticancer drugs approved by
the US FDA between 2019 and 2023. Structural information contributed
to the discovery or development of all 34 drugs, while structure-guided
drug discovery contributed to more than 80 % of cases, either confirmed
or probable [21]. Experimentally determined structures can reveal the
architecture of binding sites, ligand binding modes, and specific protein—
ligand interactions. Protein-ligand structures can therefore guide chem-
ical modification by identifying interactions and binding-site regions
that may be exploited during optimization. These experimental data
can also be combined with computational approaches to screen com-
pound libraries, generate or evaluate ligand poses, investigate molecular



Table 1.1: Major approaches to small-molecule discovery and design
[20].

Approach Starting point Typical methods

Phenotypic Desired biological Cell- or organism-based

screening phenotype screening

Target-based Defined molecular High-throughput

screening target biochemical or biophysical
screening

Ligand-based drug Known active Similarity searching,

design ligands pharmacophore modeling,
quantitative
structure-activity
relationships

Fragment-based Small, Biophysical or structural

drug discovery low-complexity screening followed by

fragments fragment growing, linking,

or merging

Structure-based Three-dimensional Molecular docking,

drug design target structure structure-based virtual

screening, structure-guided
ligand optimization

dynamics, and estimate the energetic consequences of chemical modifi-
cations [20, 22].

The particular value of SBDD lies in its ability to relate chemical
modifications of a ligand to specific features of the target binding site,
providing a structural basis for iterative ligand optimization. However,
the presence of a favorable interaction in a protein-ligand structure does
not directly establish its contribution to binding affinity. A chemical
modification intended to introduce or strengthen a particular interaction
may simultaneously alter ligand and protein conformation, desolvation,
solvent organization, protonation equilibria, and the entropic cost of
binding. The energetic consequences of structural modifications are
therefore determined by multiple coupled processes and cannot gener-
ally be inferred from individual structural interactions alone.

Computational methods complement experimental structures by
addressing different aspects of molecular recognition, ranging from
ligand-pose prediction and virtual screening to molecular dynamics
and binding-energy calculations (Table 1.2). However, these approaches
differ substantially in physical detail, computational cost, and their



ability to predict binding affinity quantitatively [20].

Table 1.2: Major computational approaches used in protein-ligand mod-
eling and binding-affinity prediction [20]. The diverse methods summa-
rized here illustrate the various strategies employed to model molecular
recognition, while their inherent limitations underscore the physical
and computational challenges that complicate the accurate prediction of

binding affinity in drug design.

Method Main application Major limitation
Molecular Generation of plausible Binding-affinity
docking protein-ligand binding poses  prediction depends
and scoring of strongly on the
protein-ligand interactions scoring function and
treatment of the
molecular system
Molecular Sampling of protein-ligand =~ Conventional MD
dynamics conformations, solvent, and does not directly
ion dynamics; estimation of ~ provide binding
binding free energies using  affinity; enhanced
additional sampling or sampling may suffer
analysis approaches from slow
convergence and
sampling limitations
Quantum Estimation of protein-ligand  High computational
mechanics interactions and binding cost, particularly for

Machine learning

affinities using
electronic-structure
calculations

Prediction of binding poses

large molecular
systems

Performance and

and binding affinity from applicability depend
relationships learned from on training-data
experimental and structural ~ quality and model
data validation

Despite major advances in structural biology and computational
chemistry, accurate prediction of protein-ligand affinity and selectivity
remains challenging [23-25]. A central goal of computational drug de-
sign is to predict binding affinity and selectivity rapidly and accurately,
thereby enabling the identification of potent inhibitors while minimiz-
ing interactions with relevant off-targets. The research presented in this
dissertation contributes to this goal by investigating the physical basis of
protein-ligand recognition and relating molecular structure to binding
thermodynamics, affinity, and selectivity.



1.2 Protein-Ligand Binding: Physical Basis and Ther-
modynamic Description

Protein-ligand binding arises from a complex interplay of hydro-
gen bonding, electrostatic interactions, hydrophobic effects, van der
Waals contacts, conformational dynamics, and solvent-mediated pro-
cesses. These contributions are highly interdependent, making molecu-
lar recognition difficult to interpret from static structural information
alone. Consequently, thermodynamic and dynamic analyses are essen-
tial for understanding the energetic basis of binding [26, 27].

Human carbonic anhydrases and primary benzenesulfonamide in-
hibitors are used throughout this dissertation as a model system for
investigating these relationships (Figure 1.2). The conserved binding
of the primary sulfonamide group to the catalytic zinc ion provides a
common structural anchor, while modifications of the benzenesulfon-
amide scaffold and differences between carbonic anhydrase isozymes
allow the effects of relatively small structural changes on affinity, selec-
tivity, and binding thermodynamics to be examined. Examples from this
model system are therefore used throughout the following sections to
illustrate general principles of protein-ligand recognition. The carbonic
anhydrase family and its inhibition are described in detail in Section 1.3.

1.2.1 Interactions Governing Protein-Ligand Binding
Metal Coordination

Metal coordination is a distinct class of protein-ligand interaction in
which a ligand directly interacts with a metal ion located within a protein
binding site [28]. Compared with conventional noncovalent interactions,
metal coordination exhibits mixed electrostatic and covalent character
and is generally stronger and more directional than hydrogen bonds or
van der Waals contacts [29, 30].

Catalytically active human carbonic anhydrases provide a well-charac-
terized example of metal-assisted molecular recognition. Their active
sites contain a catalytic Zn" ion [13, 31]. Sulfonamide inhibitors bind
through direct coordination of the deprotonated sulfonamide nitrogen
to the Zn' ion, displacing the zinc-bound water molecule and forming
a tetrahedral complex. Because only the deprotonated sulfonamide
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species can coordinate the catalytic metal ion, inhibitor binding is in-
trinsically linked to protonation equilibria [11]. Crystal structures re-
veal conserved Zn—N distances of approximately 1.9 A to 2.2 A and a
hydrogen-bond network involving Thr199 [32-34].

The importance of this interaction is demonstrated by apo-carbonic
anhydrases, where removal of the catalytic zinc ion decreases sulfon-
amide affinity by approximately (10*) — (10%)-fold, corresponding to
a loss of 25kJ mol ™! to 35 kJ mol ! in binding energy [35]. Thermody-
namic analyses further suggest that 60 % to 65 % of the stabilization

Observed reaction

Contributing reactions Intrinsic binding reaction

— PKaca = (6 - 8)

OH ?__
Buffer—H* Buffer

,0=8=0 Zinc-binding
s | competent form

Thit: -~ HN
-
7l
0=s=0 -
p IS
| PKasa = (6 - 11)
R, R R RY R

chemically feasible substituents.

Figure 1.2: General scheme of carbonic anhydrase—primary sulfonamide
recognition. The scheme summarizes the common features of primary
sulfonamide (emphasis on benzenesulfonamides, which are the main
focus of this work) binding to the catalytically active human carbonic
anhydrase isozymes and introduces concepts discussed in the follow-
ing sections. Binding is coupled to the protonation equilibria of both
partners, with approximate pK, values indicated. The conserved zinc-
binding motif involves coordination of the sulfonamide nitrogen to
the catalytic Zn' ion and hydrogen-bonding interactions with Thr199.
Located at the interface between the more hydrophobic and more hy-
drophilic sides of the active site (yellow and blue, respectively), this
motif provides a common structural anchor. Beyond this motif, vari-
ation in sulfonamide substituents and the active-site environments of
individual CA isozymes gives rise to diverse interaction patterns affect-
ing affinity, selectivity, and binding thermodynamics. Experimentally
observed binding additionally includes contributions from linked proto-
nation equilibria; accounting for these enables determination of intrinsic
binding parameters that directly reflect protein-ligand interactions.
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energy of carbonic anhydrase—sulfonamide complexes originates from
direct interaction with the catalytic Zn" jon [13]. Thus, metal coordi-
nation serves as the primary anchoring interaction, while secondary
interactions and solvent effects fine-tune affinity and selectivity.

Desolvation and Water-Network Reorganization

Protein-ligand binding occurs in aqueous solution and therefore
involves not only direct protein-ligand interactions but also reorganiza-
tion of surrounding solvent molecules and dissolved ions [7, 9, 36-38].
Both the protein and ligand are surrounded by hydration shells that
stabilize exposed polar, charged, and hydrophobic groups. Complex
formation requires partial removal and rearrangement of these solvent
molecules, creating a desolvation penalty that must be compensated by
favorable protein-ligand interactions [39]. Consequently, the energetic
contribution of any protein-ligand interaction cannot be evaluated inde-
pendently of the protein—water and ligand-water interactions displaced
upon binding [37-39]. Water molecules within binding sites often differ
substantially from bulk solvent: displacement of energetically unfa-
vorable waters can enhance affinity, whereas retention of structurally
important waters may stabilize hydrogen-bond networks and contribute
to molecular recognition [38, 40, 41].

Carbonic anhydrases provide a notable example of the importance of
solvent organization. Their active sites contain an extended hydrogen-
bond network connecting the catalytic Zn'! ion, the zinc-bound water
molecule, Thr199, His64, and several ordered water molecules involved
in proton transfer [31, 42]. Binding of sulfonamide inhibitors displaces
the zinc-bound water molecule and reorganizes the surrounding solvent
network, contributing substantially to binding thermodynamics and
enthalpy-entropy compensation [13, 43, 44]. Most current knowledge
of active-site water organization in carbonic anhydrases originates from
studies of CA1I, which revealed a highly ordered network of water
molecules involved in proton transfer and stabilization of the catalytic
center [43, 45-51].

In addition to water, dissolved ions such as sodium, potassium, chlo-
ride, phosphate, and sulfate can influence molecular recognition through
electrostatic screening and ion displacement. Although often absent
from crystallographic models, these species contribute to experimentally
measured binding thermodynamics and complicate interpretation of
protein-ligand interactions [52, 53].

12



Hydrophobic Effect

The hydrophobic effect is one of the major driving forces of protein—
ligand binding in aqueous environments. Unlike electrostatic interac-
tions, hydrogen bonds, or metal coordination, it does not arise from a
direct attractive force between nonpolar groups. Instead, it originates
from the thermodynamic consequences of water reorganization around
hydrophobic surfaces [37, 38, 54-56].

In aqueous solution, water molecules surrounding nonpolar groups
adopt a more ordered arrangement than in bulk solvent. Upon ligand
binding, burial of hydrophobic surfaces releases these constrained water
molecules back into the bulk phase, resulting in a favorable increase in
solvent entropy. Consequently, the hydrophobic effect often contributes
substantially to the energy of binding and generally scales with the
amount of nonpolar surface area buried upon complex formation [54,
57].

Hydrophobic interactions are closely coupled to desolvation and
water-network reorganization. Therefore, their energetic contribution
cannot always be separated from the thermodynamic effects associ-
ated with displacement of water molecules from the binding interface
[37, 38]. In structure-based drug design, optimization of hydrophobic
contacts is frequently used to enhance ligand affinity, although exces-
sive hydrophobicity may compromise solubility and pharmacokinetic
properties [30, 38].

In carbonic anhydrases, hydrophobic interactions contribute signif-
icantly to inhibitor affinity and isozyme selectivity. The hydrophobic
region of the active site, formed primarily by residues Val121, Val143,
Leu198, and Trp209 (CA Il numbering), plays an important role in accom-
modation of aromatic inhibitor substituents. While the Zn'' coordination
is highly conserved among isozymes, differences in hydrophobic regions
surrounding the active-site cavity provide opportunities for selective
recognition. Aromatic and fluorinated [58—60] substituents of sulfon-
amide inhibitors frequently occupy these regions, forming favorable
contacts and displacing ordered water molecules, thereby enhancing
binding affinity and selectivity [13, 34].

13



Hydrogen-Bond Networks

Hydrogen bonds are among the most important noncovalent inter-
actions involved in protein-ligand recognition. Owing to their strong
directionality, they contribute to ligand affinity, specificity, and orienta-
tion within the binding site [30, 61]. Although the energetic contribution
of an individual hydrogen bond is typically estimated to range from
4%kJ mol ™! to 20 kJ mol~?, its net stabilizing effect depends strongly on
geometry, solvent exposure, and desolvation effects [8, 30].

Hydrogen bonds frequently form cooperative networks involving
protein residues, the ligand, and ordered water molecules, thereby stabi-
lizing protein-ligand complexes and maintaining binding-site architec-
ture [13, 38].

In carbonic anhydrases, a conserved hydrogen-bond network sur-
rounds the catalytic Zn'' ion and contributes to both catalysis and in-
hibitor binding. The residue Thr199 plays a central role by forming
hydrogen bonds with the sulfonamide group of bound inhibitors while
simultaneously linking the catalytic center to the surrounding solvent
network [13, 34]. Together with 7Zn'! coordination, these conserved inter-
actions are major determinants of the affinity of sulfonamide inhibitors.

Electrostatic Interactions

Electrostatic interactions arise from attractive or repulsive forces
between charged and polar groups and represent one of the longest-
range contributors to protein-ligand recognition. They include ion—ion,
ion—dipole, and dipole-dipole interactions, all of which can influence
ligand orientation and binding-site recognition before direct molecular
contact is established [30, 61].

The strength of electrostatic interactions depends strongly on the
local environment. In aqueous solution, solvent screening substantially
weakens interactions between charged groups, making their energetic
contribution highly context dependent and closely coupled to desol-
vation effects [37, 38]. In buried binding sites, however, electrostatic
interactions can contribute significantly to binding affinity owing to
reduced dielectric screening.

In carbonic anhydrases, electrostatic interactions contribute to both
catalysis and inhibitor binding. The catalytic Zn'! ion generates a strong
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positive electrostatic potential that stabilizes the zinc-bound hydroxide
ion and promotes binding of negatively charged ligands [13, 62]. In
addition, interactions between charged or polar ligand substituents and
residues lining the active-site cavity can influence ligand orientation
and contribute to isozyme selectivity [34].

van der Waals and Packing Interactions

van der Waals interactions arise from transient fluctuations in electron
density that generate temporary dipoles between neighboring atoms.
Although individually weak, they are ubiquitous in protein-ligand
complexes and can contribute substantially to binding through their
cumulative effect [30, 61]. Because these interactions operate only over
short distances, their contribution depends strongly on shape comple-
mentarity and efficient packing between the ligand and the protein
binding site.

Optimal packing maximizes favorable contacts while avoiding steric
clashes. Consequently, small structural modifications can markedly in-
fluence binding affinity by improving or disrupting local van der Waals
interactions [30, 38]. In many cases, affinity improvements achieved dur-
ing lead optimization arise from more efficient occupation of available
space rather than the introduction of additional hydrogen bonds.

In carbonic anhydrases, van der Waals interactions stabilize inhibitors
after primary anchoring interactions, such as Zn'' coordination and
hydrogen bonding, have been established. Aromatic, heterocyclic, and
fluorinated substituents frequently occupy hydrophobic regions of the
active-site cavity, where favorable packing interactions enhance binding
affinity [34, 63]. Because the architecture of the active-site entrance
differs among isozymes, optimization of packing interactions in these
regions is often exploited to improve inhibitor selectivity [63].

Conformational Effects

Protein-ligand binding is frequently accompanied by conformational
changes in both the protein [64-66] and the ligand [10, 67]. Rather
than existing as rigid structures, proteins populate dynamic ensembles
of interconverting conformational states that differ in their ability to
recognize and bind ligands [68, 69]. Molecular recognition is therefore
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often associated with structural rearrangements that optimize protein—
ligand interactions [70].

Two complementary models are commonly used to describe these
processes. In the induced-fit model, ligand binding promotes structural
changes that generate a favorable binding geometry, whereas in the
conformational-selection model the ligand preferentially binds a pre-
existing conformation and shifts the equilibrium toward the bound state
[68, 71]. In practice, both mechanisms may contribute to molecular
recognition.

Conformational changes influence binding through both enthalpic
and entropic contributions. Structural rearrangements can improve
shape complementarity and intermolecular interactions but are often
accompanied by a loss of conformational freedom upon complex forma-
tion [38, 72].

Although carbonic anhydrases are generally considered structurally
conserved enzymes [73], recent experimental and computational stud-
ies have demonstrated conformational flexibility of active-site residues
and surface loops [74-78]. These motions can influence ligand bind-
ing, solvent organization, and isozyme selectivity, particularly near the
active-site entrance, highlighting the importance of protein dynamics in
molecular recognition.

1.2.2 Thermodynamic Description of Protein-Ligand Binding

The thermodynamic behavior of molecular systems can be described
by a network of interrelated state functions and response properties.
These include Gibbs energy, enthalpy, entropy, heat capacity, volume,
compressibility, and thermal expansion coefficients, all of which provide
complementary information about molecular interactions and struc-
tural changes. Figure 1.3 summarizes the thermodynamic relationships
between several quantities most frequently used to characterize protein—
ligand interactions. Among these, Gibbs energy (AG), enthalpy (AH),
and entropy (AS) are the principal descriptors of molecular recognition
because they directly characterize binding affinity and the energetic and
dynamic processes accompanying complex formation [8]. Additional pa-
rameters, such as changes in heat capacity (AC)) and volume (AV), can
provide further insight into solvation, conformational rearrangements,
and molecular packing [79, 80].
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Figure 1.3: Derivative relationships between Gibbs energy (G), entropy
(5), volume (V), enthalpy (H), and constant-pressure heat capacity (C)).
These quantities constitute the principal thermodynamic parameters
used to describe protein-ligand interactions. Adapted from [79, 80].

Binding Equilibrium and Binding Constants

Biotin-avidin Receptor-ligand
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Figure 1.4: Relationship between the dissociation constant (Ky), bind-
ing constant (K3,), and Gibbs energy change (AG) for representative
biomolecular interactions at 37°C. Interaction classes are shown as
approximate ranges. The figure was constructed based on data and

concepts presented in [81].

Protein-ligand binding is typically described as a reversible equilib-
rium between the free protein (P), free ligand (L), and the protein-ligand
complex (PL):
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P+L=PL (1.1)

The position of this equilibrium is quantified by the association (bind-
ing) constant, K}, or equivalently by the dissociation constant, Kjy,
defined as:

Kp= 5r and K= o= (1.2)

where [P], [L], and [PL] represent the equilibrium concentrations of
free protein, free ligand, and the protein-ligand complex, respectively.
High-affinity interactions are characterized by large Kj, values and cor-
respondingly low Kj values. Because binding constants directly reflect
the extent of complex formation at equilibrium, they provide the fun-
damental quantitative measure of molecular recognition and form the
basis for the thermodynamic description of protein-ligand interactions.

Gibbs Energy of Binding

The Gibbs energy of binding (AG) is the primary thermodynamic
parameter describing the spontaneity and favorability of protein-ligand
interactions. It is directly related to the equilibrium binding constant
(Figure 1.4) according to:

AG = —RTh K, (1.3)

where R is the universal gas constant and 7T’ is the absolute tem-
perature. More negative values of AG correspond to stronger binding
affinities and greater stability of the protein-ligand complex. Because
AG integrates all energetic contributions associated with binding, it pro-
vides a quantitative measure of the overall driving force for molecular
recognition. Importantly, ligands with comparable binding affinities
may display markedly different thermodynamic signatures, indicating
that similar AG values can arise from different balances of intermolec-
ular interactions, conformational changes, and solvent reorganization.
The relationship between Gibbs energy, enthalpy, and entropy is de-
scribed by:
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AG = AH — TAS (1.4)

which forms the basis for thermodynamic analysis of protein-ligand
binding.

Binding Enthalpy

Binding enthalpy (A H) reflects the energetic changes associated with
formation and disruption of intermolecular interactions during protein—
ligand complex formation. Favorable enthalpic contributions typically
arise from hydrogen bonding, electrostatic interactions, metal coordi-
nation, van der Waals contacts, and other attractive interactions es-
tablished between the protein and the ligand [82, 83]. However, the
observed enthalpy change also includes contributions from desolva-
tion, conformational rearrangements, and reorganization of solvent
molecules surrounding the binding interface. Consequently, highly fa-
vorable binding enthalpies do not necessarily indicate a greater number
of direct protein-ligand interactions, but rather reflect the overall ener-
getic balance between interactions formed and interactions disrupted
upon binding. In many systems, binding enthalpy provides valuable
insight into the molecular determinants of ligand recognition and is
frequently used to guide structure-based optimization of protein-ligand
interactions.

Binding Entropy

Binding entropy (AS) reflects changes in molecular freedom and the
distribution of accessible states accompanying protein-ligand complex
formation. Binding is generally associated with unfavorable entropy
due to restriction of translational, rotational, and internal conformational
freedom of both the ligand and the protein. However, favorable entropy
contributions may arise from desolvation and the release of ordered
water molecules or ions from the binding interface into bulk solution [10,
64, 70]. Consequently, the observed entropy change reflects a balance
between losses of molecular flexibility and gains in solvent entropy.
Because many entropic contributions cannot be directly visualized in
static structures, entropy provides important information about protein
dynamics, conformational heterogeneity, and solvent reorganization that
complements structural and enthalpic analyses of molecular recognition.
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Enthalpy-Entropy Compensation

Enthalpy—entropy compensation refers to the tendency of favorable
changes in binding enthalpy (A H) to be offset by less favorable entropy
changes (AS), and vice versa [8, 36, 72]. Strong intermolecular interac-
tions often increase ordering within the protein-ligand complex and
reduce conformational freedom, leading to entropic penalties. Con-
versely, entropy-favorable processes such as desolvation and release
of ordered water molecules may contribute less favorably to binding
enthalpy. Consequently, large variations in AH and AS frequently re-
sult in relatively small changes in the overall Gibbs energy of binding
(AG). This phenomenon explains why ligands with similar binding
affinities can display markedly different thermodynamic signatures and
highlights the importance of considering both enthalpic and entropic
contributions during drug design.

1.3 Carbonic Anhydrases as a Model System

Carbonic anhydrases [84] (CAs; EC 4.2.1.1) constitute a family of
metalloenzymes that catalyze the reversible hydration of carbon dioxide.
These enzymes are widely distributed across all kingdoms of life and
are classified into eight evolutionarily distinct families. They participate
in a broad range of physiological processes, including pH regulation,
respiration, and ion transport. [85, 86]

This thesis focuses on the human isozymes of the a-CA family,
which includes 15 members, 12 of which are catalytically active. These
isozymes display considerable variation in physiological roles, tissue
distribution, expression levels, kinetic parameters, thermal stability, and
inhibitor binding properties [13]. The subcellular localization of human
CAs is presented in Figure 1.5. Three isozymes, CA VIII, CAX, and
CAX]I, are catalytically inactive due to the absence of zinc-coordinating
histidine residues [87]. These are referred to as carbonic anhydrase-
related proteins (CARPs); therefore, they are not considered further in
this work.

1.3.1 Structural Features of Carbonic Anhydrases

Carbonic anhydrases belonging to the a-class share a highly con-
served globular fold composed of a central twisted -sheet surrounded
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Figure 1.5: Schematic representation and cellular distribution of hu-
man carbonic anhydrases. Isozymes are cytosolic (CAI, CAII, CATII,
CA VII, CA XIII), membrane-bound (CA IV, CAIX, CA XII, CA XIV), mi-
tochondrial (CA VA, CA VB), or secreted (CA VI). Most are monomeric,
whereas CA VI, CAIX, and CA XII form dimers with distinct interfaces.
All contain a catalytic domain; CA IV additionally carries a glycosylphos-
phatidylinositol anchor (GA), CA XII and CA XIV contain a transmem-
brane region (TM) and intracellular tail (IC), and CAIX additionally
contains a proteoglycan-like domain (PG). X-ray crystal structures of the
catalytic domains are available for all shown isozymes except CA VA
and CA VB. Structures with the following PDB IDs were used: CAI -
1AZM, CAII - 3HS4, CATIL - 1793, CA1V - 5]N8, CA VI - 3FE4, CA VII -
3ML5, CAIX - 3IAIL CAXII - 1JD0, CAXIII - 3CZV, CAXIV - 4LU3.

by several a-helices and flexible loop regions. Despite substantial se-
quence diversity among individual isozymes, the overall catalytic archi-
tecture remains strongly conserved (Figure 1.6). The active site forms
a conical cavity approximately 15 A deep extending from the protein
surface toward the catalytic Zn'! ion located at the bottom of the pocket.
The zinc ion is tetrahedrally coordinated by three histidine residues
(His94, His96, and His119) and a water molecule or hydroxide ion [88].

The active-site cavity contains distinct hydrophobic and hydrophilic
regions that collectively regulate substrate binding, proton transfer, sol-
vent organization, and inhibitor recognition. The hydrophobic region,
formed primarily by residues Val121, Val143, Leu198, and Trp209, facili-
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tates accommodation and orientation of CO, and aromatic fragments
of inhibitors. The hydrophilic region contains an extended hydrogen-
bonding network centered around Thr199, Glul06, and conserved or-
dered water molecules involved in stabilization of the zinc-bound sol-
vent molecule, proton transfer and inhibitor-binding geometries.

Although the catalytic core remains strongly conserved among iso-
zymes, subtle variations in amino acid composition surrounding the
active-site entrance modify cavity geometry, hydrophobicity, solvent
accessibility, and electrostatic surface properties. These differences gen-
erate distinct binding-site microenvironments that influence inhibitor
affinity, selectivity, and binding thermodynamics.

Human CA1I is used throughout as the reference structure for struc-
tural comparisons, and residue numbers refer to the corresponding
CAII positions unless otherwise indicated. Figures 1.8 and 1.9 pro-
vide complementary comparisons of the active-site architectures of CAs,
showing differences in amino acid composition relative to CAII and
qualitative differences in active-site cavity shape and accessibility. The
latter depend on the conformations of individual residues and should
therefore not be interpreted as direct comparison of cavity size.

CAI

Human CAT adopts the conserved a-carbonic anhydrase fold and
possesses an active-site architecture highly similar to that of CAII [89].
Despite strong conservation of the catalytic core, several amino acid
substitutions near the active-site entrance distinguish CA I from CAIL
In particular, Ala65, Asn67, and His200 replace Ser65, His67, and Thr200
of CATI, respectively. The Ser65— Ala substitution removes a hydroxyl
group, His67— Asn replaces an imidazole side chain with a shorter
amide, and Thr200—His introduces a bulkier imidazole group. Ad-
ditional differences surrounding residues Phe91, Ala121, Leul31, and
Alal35 modify the hydrophobic region of the active site. Consequently,
CAT exhibits lower catalytic activity and generally weaker inhibitor
affinities than CAII. Differences in the organization of ordered water
molecules surrounding Thr199 and the zinc-bound solvent may further
contribute to isozyme-dependent binding thermodynamics.
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Figure 1.6: Structural conservation of human CAs. (A) Superposition
of the catalytic domains of human carbonic anhydrases: CAI-1AZM,
CAII-3HS4, CAIIL - 1793, CAIV - 5]N8, CA VI - 3FE4, CA VII - 3MLS5,
CAIX - 3IAIL CAXII - 1JD0, CAXIII - 3CZV, CAXIV - 4LU3. (B) Su-
perposition of active-site regions from carbonic anhydrase isozymes
for which crystal structures in complex with acetazolamide (AZM), a
classical sulfonamide carbonic anhydrase inhibitor, are available in the
Protein Data Bank. The catalytic zinc ion (magenta sphere), AZM, and
the three zinc-coordinating histidine residues are shown. The high de-
gree of conservation of the zinc-binding site and surrounding active-site
architecture explains the broad inhibitory activity of primary sulfon-
amides.

CAII

Human CAII is the most extensively investigated member of the
carbonic anhydrase family and one of the best structurally characterized
metalloenzymes. Owing to its exceptionally high catalytic activity, stabil-
ity, and the availability of abundant structural and kinetic data, CA Il has
become the principal model protein for studies of carbonic anhydrases,
and structural as well as mechanistic features of other CA isozymes are
commonly interpreted and compared relative to CAII. Research on its
structural features has evolved from early crystallographic characteriza-
tion toward detailed mechanistic analyses of catalysis, proton transfer,
and active-site dynamics. The first crystal structure of CAII (historically
termed carbonic anhydrase C) established the overall architecture of
the enzyme and provided the initial description of the catalytic zinc
environment and active-site organization [32]. High-resolution refine-
ment studies later improved the accuracy of the active-site geometry

23


https://www.rcsb.org/structure/1AZM
https://www.rcsb.org/structure/3HS4
https://www.rcsb.org/structure/1Z93
https://www.rcsb.org/structure/5JN8
https://www.rcsb.org/structure/3FE4
https://www.rcsb.org/structure/3ML5
https://www.rcsb.org/structure/3IAI
https://www.rcsb.org/structure/1JD0
https://www.rcsb.org/structure/3CZV
https://www.rcsb.org/structure/4LU3

CAI | oA

CAIl | o
CAIII | o |
CATY L ]| < Lo
CA VA s | o |

CA VB s | o |
CAVI o | o |

CA VII | o |
CADX [er][ ee || = | Bler]
caxt Bl = | Bl
CAXIII | o |
CAXIV Bl = | Bl

Figure 1.7: Domain organization of catalytically active human CAs.
Catalytic carbonic anhydrase domains (CA) are shown together with
signal peptides (SP), mitochondrial targeting sequences (MTS), the
proteoglycan-like domain (PG), transmembrane helices (TM), cytoplas-
mic tails (CT), and the GPI-anchor region. Carbonic anhydrase-related
proteins (CARPs) are not shown; despite retaining the carbonic anhy-
drase domain architecture, substitutions of residues required for cat-
alytic zinc coordination render them catalytically inactive.

and solvent structure, providing the basis for mechanistic interpreta-
tion of catalysis [90]. Subsequent structural and kinetic investigations
identified the central role of His64 as a proton shuttle and character-
ized the conserved hydrogen-bond network involved in proton trans-
fer and stabilization of the zinc-bound solvent molecule [42, 91, 92].
Mutagenesis combined with crystallographic analysis further clarified
the contributions of active-site residues to catalysis, inhibitor binding,
and stabilization of the catalytic water network [93, 94]. More recent
ultrahigh-resolution X-ray and neutron diffraction studies provided
direct insight into protonation states, hydrogen-bonding patterns, and
active-site water organization, substantially advancing understanding of
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Figure 1.8: Surface representations of active-site cavities in CA isozymes
(hydrophobic: orange, hydrophilic: cyan, zinc: magenta sphere). AZM,
where available in the experimental structure, indicates the sulfonamide-
binding region. In CAIII, the bulky Phe198 residue partially occludes the
active-site cavity and contributes to its reduced affinity for sulfonamide
inhibitors. CA VI forms a homodimer with the dimer interface located
adjacent to the active-site entrance, while the catalytic site remains
accessible. Experimental structures and PDB IDs are the same as in
Figure 1.5. Representations of CA VA and CA VB were generated from
AlphaFold-predicted structures (AF-AOA3B3ITA6-F1 and AF-Q9Y2D0-
F1, respectively); a low-confidence region of the CA VA model is marked,
as it overlaps with the active-site entrance and may lead to a misleading
interpretation of ligand access. 55
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CAXIII

Figure 1.9: Detailed surface representations of the region surround-
ing the catalytic Zn'" ion (magenta sphere) in CAs. Hydrophobic and
hydrophilic surface regions are colored orange and cyan, respectively.
Residues are numbered according to CA II, which is the most extensively
characterized and is used as the reference isozyme for comparison. In
CAII, residues shown in green indicate positions exhibiting sequence
variability among CAs. In the other isozymes, residues shown in red
differ from the corresponding residues of CA II. These variable positions
may contribute to differences in inhibitor recognition and isozyme selec-
tivity. Structural models and PDB/ AlphaFold entries are the same as
those used previously in Figure 1.5 and Figure 1.8.
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the catalytic mechanism and solvent dynamics in CAII [45, 95]. Recent
work has additionally highlighted the importance of active-site water
dynamics for efficient catalysis and product release [51].

CAIII

Among the cytosolic carbonic anhydrases, CA III possesses one of the
most distinctive active-site environments. The most characteristic substi-
tution is Lys64 replacing the proton shuttle residue His64 of CA II, which
substantially reduces proton-transfer efficiency and catalytic turnover
[96]. Another important substitution is Phe198 replacing Leu198 near
the active-site entrance. The bulky phenylalanine side chain partially
restricts access to the active-site cavity and introduces steric hindrance
that affects accommodation of sulfonamide inhibitors, contributing to
weaker inhibitor affinities compared with CAII. In addition, CAIII con-
tains reactive surface-exposed cysteine residues, particularly Cys181
and Cys186, which are susceptible to oxidative modification and are
implicated in redox regulation and protection against oxidative stress.

CAIV

CA1V is an extracellular membrane-associated isozyme attached to
the cell surface through a glycosylphosphatidylinositol (GPI) anchor
[97]. The catalytic domain is additionally stabilized by a disulfide bond
between Cys6 and Cysll and by several glycosylation sites that in-
fluence hydration properties near the active-site entrance. Compared
with cytosolic isozymes, CAIV exhibits a narrower and less solvent-
accessible catalytic cavity, with substitutions including GIn60, Met67,
Lys91, Val131, Ile141, and GIn135 around the active-site cavity. Relative
to CAI1I, substitutions around the active-site cavity include Leu60—Gln,
Asn67—Met, [le91—Lys, Phel31—Val, Leul41—1Ile, and Ala135—GlIn.
Leu60—GIn and Ala135—GlIn introduce polar amide groups, Asn67—-
Met removes an amide group and introduces a hydrophobic thioether
side chain, and Ile91—Lys introduces a positively charged side chain.
Phel31—Val removes a bulky aromatic ring while retaining hydrophobic
character, whereas Leul41—Ile represents a comparatively conservative
hydrophobic substitution.
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CA VA and CA VB

No experimentally determined structures are currently available
for the mitochondrial isozymes CA VA and CA VB. Structural insights
are therefore derived from sequence analysis and homology models
based on structurally characterized human carbonic anhydrases, par-
ticularly CAII [98]. These models indicate that both isozymes retain
the catalytic zinc-coordinating residues His94, His96, and His119, sug-
gesting conservation of the canonical catalytic mechanism. Despite
the highly conserved catalytic core, several substitutions surround-
ing the active-site cavity distinguish CA VA and CA VB from CAIL
In CAVA, Leu60—Trp, His64—Tyr, Ser65—Leu, Asn67—GlIn, 1le91-
—Lys, Phel31—Tyr, and Alal35—Val are observed, whereas CA VB
contains Leu60—Trp, His64—Tyr, Asn67—Leu, and Ile91—Lys, while
Ser65, Phel31, and Alal35 are conserved relative to CAII. Leu60—Trp
introduces a substantially bulkier aromatic side chain in both mito-
chondrial isozymes, while His64—Tyr replaces the proton-shuttling
imidazole group with a phenolic aromatic side chain. Ile91—Lys re-
places a hydrophobic side chain with a positively charged one. In
CA VA, Ser65—Leu removes a hydroxyl group and introduces a larger
hydrophobic side chain, Phel31—Tyr adds a hydroxyl group while
retaining the aromatic ring, and Ala135— Val increases the size and hy-
drophobic character of the side chain. In CA VB, Asn67—Leu removes a
polar amide group and introduces a hydrophobic aliphatic side chain.
Both isozymes additionally contain N-terminal mitochondrial target-
ing sequences that are removed during mitochondrial import, yielding
mature enzymes localized within the mitochondrial matrix.

CA VI

CA VI is the only secreted member of the human a-carbonic an-
hydrase family and forms a homodimer [99]. In addition, several
N-glycosylation sites, including Asn67 and Asn256 (CA VI number-
ing), contribute to extracellular stability and hydration of the protein
surface. Compared with CAII, the active-site entrance of CA VI is
wider and more solvent exposed, altering the organization of active-
site water molecules and accommodation of aromatic inhibitor frag-
ments. The active-site cavity also contains several substitutions relative
to CAII: Leu60—Val, Ser65—Thr, Asn67—GlIn, Ile91—GIln, Phel31—Tyr,
and Alal35—GIn. Leu60— Val represents a conservative hydropho-
bic substitution with a smaller side chain, whereas Ser65—Thr adds a
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methyl group while retaining the hydroxyl functionality. Asn67—GIln
extends the amide-containing side chain by one methylene group. More
pronounced changes occur at positions 91 and 135, where I11e91—GIn
and Ala135—GlIn replace hydrophobic side chains with polar amide-
containing groups. Phe131—Tyr retains the aromatic ring but introduces
a hydroxyl group capable of hydrogen bonding.

CAVII

CA VIl is among the most catalytically active cytosolic carbonic an-
hydrases and retains the proton shuttle residue His64 responsible for
efficient proton transfer (Ugochukwu et. al., PDB ID: 3MDZ). The active-
site cavity contains an extended hydrophobic cluster formed by Phel31,
Val143, Leul98, and Trp209, facilitating accommodation of both CO,
and hydrophobic ligand fragments. Relative to CAII, the active-site
region of CA VII contains the substitutions Leu60—Thr, Asn67—Gln,
and Ile91—Lys, while Ala135 and Phel31 are conserved. Leu60—Thr
replaces a hydrophobic side chain with a smaller hydroxyl-containing
residue, whereas Asn67—GIn extends the amide-containing side chain
by one methylene group. Ile91—Lys represents the most pronounced
change, replacing a hydrophobic side chain with a positively charged
lysine side chain. In addition, reactive cysteine residues, particularly
Cys183 and Cys217, may undergo oxidative modifications that affect
enzyme activity and structural stability.

CAIX

CAIX is a multidomain transmembrane carbonic anhydrase com-
posed of an N-terminal proteoglycan-like (PG) domain, catalytic do-
main, transmembrane (TM) segment, and short intracellular (IC) tail
[100, 101]. The PG domain forms a highly hydrated and negatively
charged extracellular region that contributes to enzyme stability and
interactions with the tumor microenvironment, while the extracellu-
lar catalytic domains form a homodimer [100, 101]. Crystal structures
of the catalytic domain revealed several active-site substitutions rel-
ative to CAII, including Leu60—Arg, Ile91—Leu, Phel31—Val, and
Alal35—Leu. Leu60— Arg replaces a hydrophobic side chain with a
positively charged guanidinium-containing group. The Ile91—Leu sub-
stitution preserves a hydrophobic side chain but changes its branching

29


https://www.rcsb.org/structure/3MDZ

and local steric profile, whereas Phel31— Val removes the bulky aro-
matic phenyl group while retaining hydrophobic character. The latter
substitution therefore increases the available space adjacent to posi-
tion 131. Alal35—Leu introduces a larger hydrophobic side chain at
the cavity wall. These substitutions generate a more hydrophobic and
sterically accessible selective pocket capable of accommodating bulky
tail-containing sulfonamide inhibitors and represent key determinants
of CAIX selectivity [63]. CAIX additionally contains an intramolecular
disulfide bond (Cys119—-Cys299) and an N-glycosylation site at Asn309
that contribute to extracellular stability and hydration. The TM segment
anchors the enzyme to the plasma membrane, whereas the IC tail con-
tains phosphorylation sites implicated in regulation of enzyme activity
and cellular signaling under hypoxic conditions.

CAXII

CAXII is a membrane-associated carbonic anhydrase that forms ex-
tracellular homodimers and contains a catalytic domain connected to
a single-pass transmembrane segment through a flexible stalk region
[98, 102]. Compared with CAIX, the active-site cavity of CAXII is
narrower and more hydrophilic. Relative to CAII, the active-site re-
gion contains the substitutions Asn67—Lys, Ile91—Thr, Phel31—Ala,
and Alal35—Ser. Asn67—Lys replaces a neutral amide-containing side
chain with a positively charged amino group, while Ile91—Thr replaces
a hydrophobic side chain with a smaller hydroxyl-containing residue.
Phel31— Ala removes the bulky aromatic phenyl group and substan-
tially reduces side-chain volume, whereas Alal35—Ser introduces a
hydroxyl group with only a small increase in side-chain size. Conse-
quently, the selective pocket of CA XII is less hydrophobic than that
of CAIX, contributing to differences in inhibitor specificity and bind-
ing thermodynamics [102]. Several extracellular glycosylation sites,
including Asn28 and Asn80, contribute to protein stability and hydra-
tion, while the short intracellular tail contains phosphorylation sites
implicated in regulation of catalytic activity and membrane-associated
signaling.

CAXIII

CA XIII exhibits active-site properties intermediate between highly
active CAII and low-activity CAIII [103]. Unlike CATII, it retains the
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proton shuttle residue His64, allowing efficient proton-transfer activ-
ity. Relative to CAII, the active-site region contains the substitutions
Leu60—Ser, Asn67—Ser, and Ile91—Arg, while Ser65 is conserved.
Leu60—Ser replaces a hydrophobic side chain with a smaller hydroxyl-
containing residue, and Asn67—Ser replaces an amide group with a
shorter hydroxyl-containing side chain. I1e91— Arg represents the most
pronounced change, replacing a hydrophobic side chain with a larger,
positively charged guanidinium-containing side chain. Compared with
CAII, the active-site cavity of CA XIII is slightly narrower and exhibits
altered surface electrostatics near the active-site entrance. Differences in
the arrangement of ordered water molecules surrounding Thr199 and
the zinc-bound solvent further influence inhibitor orientation and bind-
ing thermodynamics, contributing to catalytic and inhibitor-binding
properties distinct from those of both CAII and CAIII [103].

CAXIV

CAXIV is a transmembrane carbonic anhydrase with a compact ex-
tracellular catalytic domain [104]. Compared with CAIX and CAXII,
its active-site cavity is narrower, more sterically constrained, and less
solvent accessible. Relative to CA1I, the active-site region contains the
substitutions Leu60—His, Ser65—Thr, Asn67—Gln, Ile91—Ala, and
Phel31—Leu, while Ala135 is conserved. Leu60—His replaces a hy-
drophobic side chain with an imidazole-containing residue, whereas
Ser65—Thr adds a methyl group while retaining the hydroxyl functional-
ity. Asn67—GlIn extends the amide-containing side chain by one methy-
lene group. Ile91— Ala substantially reduces the size of the hydrophobic
side chain, while Phel31—Leu removes the aromatic phenyl group but
retains a hydrophobic side chain. In addition, extracellular glycosylation
sites contribute to surface hydration and structural stability. Differences
in loop organization and electrostatic surface properties surrounding
the active-site cavity further contribute to isozyme-dependent inhibitor
selectivity and binding thermodynamics [104].

Catalytic Mechanism

The active-site environment lowers the pK, of the zinc-bound water
molecule, favoring formation of the catalytically active hydroxide ion
under physiological conditions (Figure 1.10). Classical mechanistic
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studies [105] highlighted the importance of both hydration/dehydration
reaction steps and proton-transfer processes.

The catalytic cycle is generally described as a two-step ping-pong
mechanism [62]: (i) Hydration of CO,: CO, binds within a hydrophobic
pocket near the zinc-bound hydroxide ion. The hydroxide ion attacks
the CO,, forming a zinc-bound bicarbonate, which is subsequently dis-
placed by a water molecule. (ii) Proton transfer (enzyme regeneration):
the zinc-bound water molecule must be deprotonated to regenerate the
catalytically active hydroxide ion. This proton transfer step is generally
considered rate-limiting.

The residue His64 (in CA II) plays a central role as a proton shut-
tle. Its imidazole side chain alternates between inward and outward
conformations, thereby transferring protons between the active site and
the bulk solvent. Mutagenesis and structural studies demonstrated that
substitution of His64 significantly reduces catalytic efficiency.

Additionally, networks of hydrogen-bonded water molecules in the
active-site cavity connect the zinc-bound water to His64. These ordered
networks are stabilized by surrounding hydrophilic residues and serve
as proton transfer pathways (Figure 1.10). Neutron crystallography
and computational simulations have provided further insights into
protonation states, hydrogen atom positions, and alternative proton-
transfer mechanisms, emphasizing the importance of protein dynamics
in catalysis [106, 107].

1.3.2 Sulfonamides as Carbonic Anhydrase Inhibitors

Among the diverse classes of CA inhibitors, sulfonamides remain
the most thoroughly investigated and clinically relevant [110-113]. Pri-
mary sulfonamides contain a sulfonamide group (-SO2NHy) that, upon
deprotonation, coordinates directly to the catalytic zinc ion. The sul-
fonamide nitrogen displaces the zinc-bound water molecule, forming a
tetrahedral complex that prevents substrate access and effectively halts
catalysis (Figure 1.10). The primary sulfonamide group therefore pro-
vides a conserved zinc-binding anchor, whereas the remainder of the
molecule can be modified to establish additional interactions within the
active-site cavity. These interactions can modulate both binding affinity
and isozyme selectivity.

Clinically used CA inhibitors containing sulfonamide or related zinc-
binding groups encompass considerable structural diversity, including
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Figure 1.10: Structural and mechanistic views of catalysis and inhibi-
tion in human CAII. The catalytic Zn'! ion (magenta) is coordinated by
His94, His96, and His119; Thr199 participates in the interaction network.
Dashed lines indicate zinc coordination and H-bonds. (A) Benzenesul-
fonamide bound to Zn'"' (PDB ID: 6GDC; closely mimics the transition
state of the substrate hydration reaction [108]). (B) CO, adjacent to zinc-
bound hydroxide (PDB ID: 2VVA). (C) Bicarbonate bound to Zn'! (PDB
ID: 2VVB). (D) The catalytic cycle shows CO; hydration and enzyme re-
generation via proton transfer. Inhibition (grey) illustrates sulfonamide
coordination to Zn!! and the associated proton-linked equilibria. These
proton-linked events (B/BH™) must be accounted for to determine in-
trinsic thermodynamic parameters that reflect protein-ligand interaction
energetics.
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Figure 1.11: Active-site water network and general sulfonamide binding
in carbonic anhydrases. (A) Schematic representation of the active-
site water network in CAII, based on recent structural studies of CAII
water dynamics [51]. The catalytic Zn'! ion is coordinated by His9%4,
His96, and His119, while an ordered network of water molecules (Wz,,,
W1, W2, W3a, and W3b) connects the catalytic center to the proton-
shuttling residue His64 through a hydrophilic region formed by Tyr7,
Asn62, Asn67, Thr199, and Thr200. This water network plays a central
role in proton transfer and catalysis. Similar water-mediated architec-
tures likely exist in other a-carbonic anhydrases, but none have been
characterized in comparable detail to CAIL. (B) General binding mode
of sulfonamide inhibitors in carbonic anhydrases. The sulfonamide
zinc-binding group forms conserved interactions with Zn'' and Thr199
and occupies a highly conserved position. In contrast, the attached
substituents can adopt markedly different orientations and interaction
patterns depending on their size, flexibility, and chemical composition,
often extending toward distinct regions of the active-site cavity.
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Figure 1.12: Influence of sulfonamide acidity on carbonic anhydrase
observed inhibition and binding. Comparison of trifluoromethanesul-
fonamide (TFMSA, left) and methanesulfonamide (MSA, right) bound
to human CAII The two inhibitors adopt similar binding modes, coor-
dinating the catalytic Zn'" ion through the deprotonated sulfonamide
nitrogen. Replacement of the methyl group with the strongly electron-
withdrawing trifluoromethyl group lowers the sulfonamide p K, sa from
10.8 to 6.3, increasing the fraction of the zinc-binding sulfonamide anion
(fsa) at pH 7.0 from approximately 0.007 % to 36.8 %. Consequently, the
markedly improved inhibitory potency of TEMSA (IC5y < 2nM) relative
to MSA (1Cj5p = 650 nM) arises primarily from a greater population of the
active, deprotonated zinc-binding species rather than from substantial
differences in protein-ligand interactions. Structures are shown from
PDB entries 1BCD (TEMSA) and 8ZWV (MSA); pK, and IC5y values
were taken from the literature [109].

compounds developed specifically as CA inhibitors as well as com-
pounds developed primarily for other therapeutic targets (Figure 1.13).
Despite their structural diversity, these compounds generally show lim-
ited selectivity among individual CA isozymes.

An important consequence of this binding mechanism is its depen-
dence on protonation equilibria. Because binding of sulfonamide in-
hibitors to carbonic anhydrases is coupled to protonation and deproto-
nation equilibria, experimentally observed binding parameters do not
directly reflect the intrinsic protein-ligand interaction strength. The
equations used to eliminate the contributions of linked protonation re-
actions and calculate intrinsic binding parameters are provided in the
Methods section. Figure 1.12 illustrates one of the most striking exam-
ples of the importance of considering intrinsic rather than observed
parameters: despite nearly identical binding modes, methanesulfon-
amide and trifluoromethanesulfonamide differ dramatically in apparent
potency owing primarily to differences in sulfonamide acidity and the
resulting population of the zinc-binding anionic species. This example

35


https://www.rcsb.org/structure/1BCD
https://www.rcsb.org/structure/8ZWV

»
o
2
95} \H
A\
SN
o]
&S]
C Z =
2

Cl
>» NH -0 HaN P
_ /0 'S al
o =N /
S \f N SH
O=ﬁ—NH2 O=§—NH2 O=ﬁ—NH2 O=ﬁ—NH2
(O O o) . . O .
Acetazolamide Brinzolamide Celecoxib Dichlorphenamide
O
S \— (0]
N \ 0 NH O
NH S: >» NH /
—( O
SH S N o © S>_ 1\{N
ol \(
O=ﬁ—NH2 O=§—NH2 O=ﬁ—NH2 O=§—NH2
o) o o O
Dorzolamide Ethoxzolamide Furosemide Methazolamide
o\
O-N
O ‘\\O
s
0 0 0
\\T 0%_
g 0 d ]
O= ﬁ —NH, N
()=§—NH2 ()=§—NH2 (6] ()=ﬁ—NH2
O (0] ) )
Sultiame Valdecoxib Topiramate Zonisamide

Figure 1.13: Chemical structures of selected clinically relevant sulfon-
amide and sulfamate carbonic anhydrase inhibitors. A more compre-
hensive review of CA inhibitors was provided by Kojis et al. [114].
Acetazolamide, one of the earliest systemic CA inhibitors, was intro-
duced into clinical practice in the 1950s and remains in use for several
indications. Methazolamide is also a systemic CA inhibitor, whereas
dorzolamide and brinzolamide were developed for topical treatment
of glaucoma. Dichlorphenamide, another early systemic CA inhibitor,
is currently used for the treatment of primary periodic paralysis, while
ethoxzolamide has little current clinical use. Sulthiame, topiramate, and
zonisamide are antiepileptic drugs with CA-inhibitory activity, whereas
furosemide, celecoxib, and valdecoxib were developed primarily for
pharmacological targets other than CAs but also inhibit CA isozymes.
Together, these compounds illustrate the structural and pharmacological
diversity of CA-inhibiting drugs, many of which show limited selectivity
among individual CA isozymes.
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highlights the importance of intrinsic binding parameters for correctly
assessing binding strength and guiding compound design.

In addition to direct coordination, sulfonamide inhibitors frequently
engage in secondary hydrophobic and hydrogen-bonding interactions
with residues lining the active site. These interactions substantially
enhance both binding affinity and isozyme selectivity. Structural modifi-
cations of the aromatic or heterocyclic substituents have been shown to
influence selectivity, which remains a critical challenge in the develop-
ment of clinically useful CA inhibitors.

The therapeutic applications of sulfonamide-based CA inhibitors
are extensive and include the treatment of glaucoma, epilepsy, edema,
while inhibition of tumor-associated CA isozymes, particularly CAIX
and CAXII, is being investigated as a therapeutic strategy for hypoxic
solid tumors [86]. For example, inhibition of CA isozymes in the ciliary
body of the eye reduces aqueous humor secretion, thereby lowering
intraocular pressure in glaucoma patients. A detailed overview of clini-
cally used CA inhibitors, their therapeutic applications, and emerging
CA-targeted drugs is provided elsewhere [114].

Acetazolamide (AZM) is the classical and most extensively studied
sulfonamide carbonic anhydrase inhibitor and has been widely used
both clinically and as a model compound in structural and mechanistic
studies of CA inhibition. Although AZM exhibits high affinity toward
carbonic anhydrases and is often described as a selective CA inhibitor
relative to other classes of proteins, it displays limited selectivity among
CA isozymes, inhibiting a broad range of isozymes with comparable
potency. Consequently, AZM is frequently employed as a reference
inhibitor in structure-based drug design, serving as a starting point for
the development of next-generation inhibitors with improved isozyme
selectivity. The combination of a conserved sulfonamide-zinc binding
mode and variable interactions with the surrounding active-site envi-
ronment makes CA-sulfonamide complexes a particularly useful model
system for investigating the structural determinants of ligand affinity,
selectivity, and binding thermodynamics.
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Chapter 2

Methods

Figure 2.1 summarizes the experimental and analytical workflow
used in this dissertation. Recombinant carbonic anhydrases and sulfon-
amide inhibitors constituted the primary study materials.

PROTEIN
Carbonic anhydrases 2.1.1

COMPOUND (LIGAND)
Sulfonamides 2.1.2

Y Y Y

PROTONATION EXPERIMENTAL X-RAY
PARAMETERS 2.3 INTERACTION DATA 2.2 CRYSTALLOGRAPHY 2.5

Y Y

CALCULATED INTRINSIC BINDING PARAMETERS 2.4
Values of interaction parameters corrected for linked protonation
reactions

l ,,

INTEGRATED STRUCTURE-THERMODYNAMICS INSIGHT
Correlating intrinsic thermodynamic parameters (AGiyt,

AHin, ASint) wWith structural features to understand binding

Figure 2.1: Workflow of the main experimental and computational ap-
proaches used in this dissertation. Observed protein-ligand interaction
data and protonation parameters were combined to calculate intrinsic
thermodynamic parameters, which were subsequently integrated with
structural information obtained by X-ray crystallography.

Protein-ligand interactions were characterized using biophysical
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methods, primarily FTSA and ITC, yielding observed binding constants
and thermodynamic parameters. In parallel, protonation parameters
of the ligands were determined experimentally, while corresponding
protonation parameters of carbonic anhydrase isozymes were obtained
from previous studies.

Observed binding parameters were subsequently corrected for linked
protonation reactions to derive intrinsic thermodynamic parameters that
are independent of experimental conditions and therefore more suitable
for comparison across systems. Structural information on protein-ligand
complexes was obtained by X-ray crystallography. Finally, intrinsic ther-
modynamic parameters were integrated with structural data to identify
correlations between binding energetics, and molecular recognition, pro-
viding insights relevant to inhibitor design. Together, these approaches
enabled analysis of relationships between protein-ligand binding ther-
modynamics and structural features of carbonic anhydrase—inhibitor
complexes.

2.1 Materials

2.1.1 Carbonic Anhydrase Isozymes

The CA expression and purification platform used in this work was
developed and maintained through the contributions of numerous labo-
ratory members and collaborators over many years. The author grate-
fully acknowledges these contributions and the protein resources made
available for this study.

Twelve CA isoforms were produced recombinantly as full-length
proteins or truncated constructs retaining the catalytic domain. Most
isoforms were expressed in Escherichia coli, using expression strains se-
lected according to the requirements of individual proteins, including
BL21(DE3), Rosetta 2(DE3), and Origami B(DE3) [115]. Because stable
recombinant CA IX could not be obtained in bacterial cells, its catalytic
domain was produced using mammalian expression systems (FreeStyle
293-F or Expi293F) [115]. Proteins were purified using isozyme-specific
combinations of Ni**-chelation, ion-exchange, and sulfonamide-based
ligand-affinity chromatography. Protein purity, molecular mass, and
catalytic activity were assessed by SDS-PAGE, high-resolution mass
spectrometry (HR-MS), and stopped-flow CO, hydration assays, re-
spectively. Detailed construct sequences, expression conditions, and
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purification procedures are provided in [115].

Information on the recombinant proteins can be also accessed through
the PLBD: https:/ /plbd.org/db/main/protein. Experimental datasets
and the corresponding protein batches used in the experiments are
linked and described within the database.

Protein samples were stored at —80 °C. Prior to experiments, proteins
were buffer-exchanged into the corresponding experimental buffers
when necessary. The concentrations of CA isozymes were determined
spectrophotometrically using their respective molar extinction coeffi-
cients at 280 nm.

2.1.2 Sulfonamide Inhibitors

Sulfonamide compounds investigated in this work were synthesized
in-house by laboratory collaborators. Different synthetic strategies were
employed depending on the compound series, including nucleophilic
substitution, alkylation, amidation, and oxidation reactions. Compound
identity and purity were confirmed using appropriate analytical meth-
ods, primarily NMR spectroscopy and mass spectrometry. Detailed
synthesis, purification, and characterization procedures are described in
the corresponding publications on which this dissertation is based. Infor-
mation on the synthesized compounds, including their laboratory identi-
fiers, is available through PLBD (https:/ /plbd.org/db/main/compound).

Stock solutions of all compounds were prepared in DMSO at concen-
trations of 10 mM to 50 mM and subsequently diluted in the appropriate
experimental buffers prior to use.

2.2 Experimental Determination of Protein-Ligand
Interactions

A combination of biophysical, biochemical, and structural methods
was employed to characterize carbonic anhydrase-ligand interactions
and to establish relationships between binding energetics and molecu-
lar recognition. The overall strategy of this dissertation was to obtain
experimental binding parameters, correct them for linked protonation re-
actions to derive intrinsic thermodynamic parameters, and subsequently
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integrate these data with structural information obtained by X-ray crys-
tallography (Section 2.5). These included fluorescent thermal shift assay
(FTSA) [116, 117], isothermal titration calorimetry (ITC) [118], X-ray
crystallography [119-121], stopped-flow measurements of CO, hydra-
tion activity [122], and other complementary approaches described in
the corresponding publications included in the dissertation.

The Methods section summarizes the experimental approaches and
procedures relevant to the interpretation of the results presented in this
dissertation. Complete experimental protocols, study-specific condi-
tions, instrumentation, and data analysis procedures are reported in the
corresponding publications included. Further methodological details
and comparisons between the experimental approaches are provided in
the corresponding reviews and standard operating procedures (SOPs)
[20, 26, 123, 124].

To ensure data traceability and reproducibility, experimental datasets
and associated metadata were recorded in the Protein-Ligand Binding
Database (PLBD; https:/ /plbd.org) [125]. Structural data obtained by
X-ray crystallography were deposited in the Protein Data Bank (PDB).

2.2.1 Fluorescent Thermal Shift Assay

FTSA served as the primary method for determining observed bind-
ing constants for large numbers of carbonic anhydrase—inhibitor com-
plexes included in this dissertation. The resulting observed binding
constants were subsequently corrected for linked protonation reactions
to obtain intrinsic binding constants, as described in Section 2.4.

Protein thermal stability was monitored using FTSA, which detects
heat-induced protein unfolding using environmentally sensitive flu-
orescent dyes. As the protein unfolds, hydrophobic regions become
exposed and interact with the fluorescent dye, resulting in changes in
fluorescence intensity that can be monitored as a function of temperature
[126, 127].

Ligand binding alters protein thermal stability and shifts the pro-
tein melting temperature (7;,). Protein-ligand binding constants were
derived from ligand-induced thermal stabilization curves using ther-
modynamic models implemented in Microsoft Excel and later in the
Thermott web server (thermott.com) [128] developed in our laboratory.
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2.2.2 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) was used to directly measure
the heat released or absorbed during protein-ligand binding [129]. The
method provided observed binding enthalpies, binding constants, and
binding stoichiometries, from which Gibbs energy and entropy changes
were calculated. These observed thermodynamic parameters were sub-
sequently corrected for linked protonation reactions to obtain intrinsic
binding parameters (see Section 2.4).

To evaluate linked protonation reactions accompanying ligand bind-
ing, selected experiments were performed in buffers with different ion-
ization enthalpies [11]. The resulting thermodynamic parameters were
subsequently used for the calculation of intrinsic binding constants and
intrinsic thermodynamic parameters.

Analysis of ITC datasets involved baseline determination, peak inte-
gration, model fitting, and thermodynamic parameter extraction. De-
pending on the study, calorimetric data were analyzed using manu-
facturer-provided software and/or specialized ITC software packages,
including NITPIC [130, 131], SEDPHAT [131, 132], and GUSSI [133].
Particular attention was devoted to the quality assessment and fitting of
calorimetric data, as accurate determination of binding enthalpies was
essential for subsequent correction of linked protonation reactions.

2.3 Determination of Protonation Parameters

2.3.1 Sulfonamide pK, Measurements

The acid dissociation constants (pK,) of sulfonamide inhibitors were
determined experimentally using UV-Vis spectrophotometric titration
[56]. The measurements rely on changes in the absorption spectra ac-
companying protonation and deprotonation of the sulfonamide group.
Spectra were recorded at different pH values, and the resulting pH-
dependent absorbance changes were fitted to obtain pK, values.

The experimentally determined pK, values were subsequently used
to calculate the fractions of binding-ready ligand species required for
correction of observed thermodynamic parameters and to derive in-
trinsic thermodynamic parameters of carbonic anhydrase-sulfonamide
binding.
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2.3.2 Sulfonamide Protonation Enthalpy Measurements

The protonation enthalpies of sulfonamide inhibitors were deter-
mined by isothermal titration calorimetry (ITC). The measurements
were based on the heat associated with protonation of the deprotonated
sulfonamide group during titration with a strong acid. The resulting
calorimetric data were analyzed to obtain the protonation enthalpy
(AHp sa) of each compound.

The experimentally determined protonation enthalpies were subse-
quently used to correct observed binding enthalpies and calculate in-
trinsic thermodynamic parameters of carbonic anhydrase-sulfonamide
interactions.

2.4 Calculation of Intrinsic Thermodynamic Param-
eters

Intrinsic thermodynamic parameters reflect the energetic contribu-
tions of the protein-ligand interaction itself and therefore provide a
more suitable basis for comparison of structurally diverse complexes
than the experimentally observed parameters.

Structural studies have demonstrated that sulfonamide inhibitors
bind in their deprotonated form by coordinating the active-site Zn'! ion
and displacing the zinc-bound water molecule [107]. Because only a
fraction of both the ligand and the enzyme is present in the binding-
competent form under a given set of experimental conditions, the mea-
sured binding constants and enthalpies represent observed thermody-
namic parameters that depend on pH, buffer composition, and protona-
tion equilibria [11, 12].

To enable direct comparison of thermodynamic and structural data,
observed binding parameters were converted into intrinsic thermody-
namic parameters by correcting for linked protonation reactions. Fig-
ure 1.12 provides one of the most striking examples of the importance
of intrinsic over observed parameters in carbonic anhydrase inhibition
and binding.
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24.1 Correction of Binding Constants

The intrinsic binding constant, K3, int, was calculated from the ob-
served binding constant, K}, o1,s, and the fractions of the binding-competent
forms of the protein (fca) and ligand (fsa):

Kpjng = 7——— (2.1)

The fraction of the protonated enzyme was calculated as

10PKa,ca—pH

fea =1 1P Kaca (2.2)
and the fraction of the deprotonated sulfonamide inhibitor as
10PH—PKa,sA
fsa (2.3)

- 1+ 10PH-PKasa”

Here, pK, ca denotes the acid dissociation constant of the zinc-bound
water molecule in the enzyme active site and pK, sa the acid dissocia-
tion constant of the sulfonamide group.

The intrinsic Gibbs energy of binding, AGj,, was then calculated
from Kj, i using the standard thermodynamic relationship

AGint = —RT In(Kp jnt). (2.4)

2.4.2 Correction of Binding Enthalpies and Entropies

The intrinsic binding enthalpy, AH;,;, was obtained by correcting
the observed binding enthalpy, AH,s, for proton transfer reactions
associated with ligand deprotonation, deprotonation of the zinc-bound
water molecule, and protonation of the experimental buffer:

AHin = AHghs — n1AHprsa — o AHpe ca + (01 + n2) AHpe pur (2.5)

44



where

ny = fsa —1 (2.6)

ng =1— fca. (2.7)

The parameters n; and ny correspond to the numbers of protons
released or accepted during the binding process.

Values of pK, ca and AHp, ca for individual carbonic anhydrase
isozymes were determined previously in our laboratory and published
in [134]. Buffer protonation enthalpies (AHy, 1,ut) were obtained from
published thermodynamic data [135]. The values of pK, sa and AH, sa
were determined experimentally as described in Section 2.3.

Observed binding constants were determined by fluorescent thermal
shift assay, whereas observed binding enthalpies were measured by
isothermal titration calorimetry. These parameters were subsequently
used to calculate intrinsic binding constants and thermodynamic param-
eters that are independent of linked protonation equilibria and therefore
more suitable for comparison with structural data.

Intrinsic entropy changes were calculated from intrinsic Gibbs ener-
gies and intrinsic enthalpies according to Eq. S.8.

AI{int - ACTYint

ASint = T

2.8)

2.5 Structural Studies

Structural information for carbonic anhydrase-ligand complexes was
obtained by X-ray crystallography. Crystals of CA isozymes were grown
at room temperature using the sitting-drop vapor diffusion method. Re-
combinant protein samples were concentrated via ultrafiltration to final
concentrations ranging from 15 mg mL ! to 50 mg mL~!. Crystallization
drops (0.1 uL to 5 uL) were prepared by mixing the protein stock with
the reservoir solution and equilibrated against 0.1 mL to 0.5 mL of the
same reservoir solution. Optimized crystallization conditions typically
involved 0.1 M Tris-HCl (pH 8.5) with 0.2 M salts (NaCl or amonium sul-
fate) and 20 % to 28 % PEG (4000, 3350, or 8000) for CAT; 0.1 M sodium
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bicine (pH 9.0) and 2.0 M sodium malonate (pH 7.0) for CAIL 0.1 M
ammonium citrate (pH 7.0-7.2) and 26 % to 30 % PEG 4000 for CA XII;
and sodium citrate or acetate buffers (pH 4.5-5.5) with 26 % to 30 % PEG
4000 for CA XIIIL Protein-ligand complexes were primarily obtained by
soaking pre-grown crystals in reservoir solutions supplemented with
0.5mM to 1.0 mM ligand (diluted from 50 mM DMSO stocks) for up to
one week, while co-crystallization was specifically employed for CA1
complexes. CAT and CAII crystals were flash-cooled directly from the
mother liquor, while CA XII and CA XIII crystals were transferred to a
cryoprotectant solution containing 15 % to 20 % ethylene glycol.

Diffraction data were collected either at the macromolecular crystal-
lography beamlines P13 and P14 at the DESY synchrotron (Hamburg,
Germany) or using a Rigaku MMO007-HF diffractometer at the Life Sci-
ences Center of Vilnius University. Diffraction datasets were processed
using standard crystallographic procedures, and structures were solved
by molecular replacement using previously determined carbonic anhy-
drase structures as search models. Iterative cycles of model building
and refinement were performed until satisfactory agreement between
the atomic model and experimental electron density was achieved.

The majority of crystal structures included in this dissertation were
determined by the author. A subset of CAIX and CA XII structures was
determined by collaborators Dr. Janis Leitans and Prof. Dr. Kaspars Tars
(Latvian Biomedical Research and Study Centre, Latvia). All structures
included in this dissertation were subsequently analyzed by the author
to identify protein-ligand interactions, binding-site hydration patterns,
and structural features relevant to thermodynamic binding parameters.

Detailed crystallization conditions, data collection parameters, re-
finement statistics, structure validation metrics, and software used for
structure determination are reported in the corresponding publications
included in this dissertation.
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Chapter 3

Summary of Results

3.1 Determinants of Protein—Ligand Recognition

The studies presented in this section investigate the molecular deter-
minants governing protein-ligand recognition in carbonic anhydrases.
Particular emphasis is placed on understanding how thermodynamic
mechanisms, ligand structure, and protein environment contribute to
binding affinity and isozyme selectivity. First, the phenomenon of
enthalpy—entropy compensation is examined to reveal how similar bind-
ing affinities can arise through distinct energetic mechanisms. Subse-
quently, the influence of minor ligand modifications on affinity and
selectivity is investigated. Finally, structural and thermodynamic data
are integrated to establish relationships between protein-ligand struc-
ture and binding energy.
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3.1.1 Enthalpy-Entropy Compensation

This subsection summarizes the results of the publication Paketuryte-Latve
et al. 2026:

Vaida Paketuryté-Latvé, Audrius Zaksauskas, Visvaldas Kairys,
Edita Capkauskaité, Martynas Bagdonas, Alexey Smirnov, Elena
Manakova, Saulius Grazulis, Daumantas Matulis

Enthalpy-Entropy Compensation in Inhibitor Binding to Carbonic
Anhydrase Isozymes
Manuscript under review.

My contribution included development of the study concept, experimen-
tal determination of binding thermodynamics by ITC, calculation and
analysis of intrinsic thermodynamic parameters, X-ray crystallographic
studies, interpretation of enthalpy—entropy compensation phenomena, and
manuscript preparation.

To investigate the molecular origins of enthalpy—entropy compensa-
tion, a matched series of sulfonamide inhibitors (specifically, the series
of six ortho, meta-disubstituted benzenesulfonamides 4a—4d, 4h, and 7h)
was characterized in complex with CAII, CA XII, and CA XIII. Binding
affinities were determined by FTSA and ITC, while ITC additionally
provided binding enthalpies. High-resolution X-ray structures were de-
termined for selected protein-ligand complexes yielding seven atomic-
resolution structures of complexes with CAII (PDB: 30EN, 30EQ, 30IC),
CAXII (PDB: 30FA, 30FB), and CA XIII (PDB: 30FP, 30EN) to relate the
measured thermodynamic differences to specific features of the active
sites.

Observed thermodynamic parameters were corrected for proton-
linked equilibria involving sulfonamide deprotonation, protonation
of the zinc-bound hydroxide, and buffer ionization. This deconvo-
lution relied on experimentally determined ligand-scaffold parame-
ters, including a pK, A of 9.8 and a protonation enthalpy (AH;sa)
of —35.2kJmol~! for compounds 4a—4d and 4h, and a pK,sa of 8.9
and AHp, sa of —30.4kJmol™! for compound 7h, using TRIS as the
measurement buffer (AH, pur = —46.56 kJ mol ). The resulting intrin-
sic Gibbs energies were generally similar among the three isozymes,
whereas their enthalpic and entropic contributions differed substan-
tially. For example, compound 4a exhibited intrinsic Gibbs energies
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of —59.3kJmol™" —61.4kJmol™! for CAII and CA XIII, respectively,
while the corresponding intrinsic enthalpies were —26.8kJ mol ™! and
—64.0kJ mol!. Thus, a difference of only 2.1kJ mol ™" in binding Gibbs
energy was accompanied by a difference of 37.2kJ mol 'in enthalpy,
compensated by an opposing change in the entropic contribution (with
—T ASin shifting from a highly favorable —32.5kJ mol™! in CAII to an
unfavorable 2.6 kJ mol~! in CA XIII).

This behavior was observed across the investigated series. Binding to
CAII was generally more entropy-favored, whereas binding to CA XIII
was more enthalpy-favored, with CA XII displaying intermediate ther-
modynamic profiles. Specifically, the average relative partitioning of
the binding Gibbs energy across the compounds demonstrated that
binding to CAII was 70 % entropy-favored (30 % enthalpy), CA XII was
intermediate (70 % enthalpy, 30 % entropy), whereas binding to CA XIII
was entirely enthalpy-driven (100 % enthalpy, 0 % entropy). Differences
between isozymes were generally larger than those produced by modifi-
cations within the ligand series. Correction for proton-linked equilibria
was essential for this comparison, as the observed thermodynamic pro-
files differed substantially from the intrinsic profiles.

Despite these pronounced thermodynamic differences, the crystal-
lographic binding modes were highly conserved. In all structures, the
deprotonated sulfonamide nitrogen coordinated the catalytic Zn'' ion,
and the sulfonamide group formed conserved hydrogen bonds with
Thr199. Differences were observed farther from this conserved anchor-
ing region. At position 62, Asn in CAII and CA XII could form a direct
hydrogen bond with the ligand, whereas the shorter Ser62 in CA XIII
resulted in indirect, water-mediated interactions. At position 131, CAII
and CA XIII contain Phe, while CA XII contains Ala; Phel31 showed
conformational variability in response to different ligands. Another
notable difference occurred at position 200, which is occupied by Thr
in CA Il and CA XII but by Val in CA XIII, altering the local hydration
environment adjacent to the benzenesulfonamide group.

Comparison of the structural and thermodynamic data therefore
showed that similar ligand poses and binding Gibbs energies do not im-
ply similar enthalpic and entropic contributions. The largest differences
were associated with the protein isozyme rather than with relatively
small modifications of the ligand. These differences are consistent with
isozyme-specific active-site hydration, where differences in water or-
ganization and the energetic cost of dehydration upon ligand binding
may contribute to the distinct thermodynamic profiles. Specifically,
in CAII, Thr200 stabilizes the ordered W1 water molecule via a short
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hydrogen bond, and its displacement upon ligand binding yields a
highly favorable solvent-entropy contribution. In contrast, Val200 in
CAXIII cannot form this stabilizing hydrogen bond, leading to a less
ordered, unconstrained active-site water network that provides a neg-
ligible solvent-entropy change during ligand binding, thereby shifting
the thermodynamic profile to be entirely enthalpy-driven.

3.1.2 Affinity and Selectivity

This subsection summarizes the results of the publication [136]:

Audrius ZakSauskas, Vaida Paketuryté-Latvé, Alberta Janktinaite,
Edita Capkauskaité, Yann Becart, Alexey Smirnov, Kldra Pospisilov4,
Janis Leitans, Jifi Brynda, Andris Kazaks, Lina Baranauskiené,
Elena Manakova, Saulius Grazulis, Visvaldas Kairys, Kaspars Tars,
Pavlina Reza¢ova, Daumantas Matulis

Affinity and Selectivity of Protein-Ligand Recognition: A Minor
Chemical Modification Changes Carbonic Anhydrase Binding
Profile

J. Med. Chem., 2025, 68 (16), 17752-17773.

DOI: 10.1021 /acs.jmedchem.5c01421

My contribution included experimental determination of binding affinities
by FTSA, analysis of intrinsic binding thermodynamics, X-ray crystal-
lographic studies, interpretation of selectivity trends, data analysis, and
manuscript preparation. A significant contribution to this publication was
also provided by the organic synthesis of the studied compounds performed
by Dr. A. Zaksauskas, Dr. A. Jankiinaité, Dr. E. Capkauskaité, and Yann
Becart. It is important to note that independent enzyme inhibition experi-
ments were carried out by K. Pospisilovd. This enabled the demonstration
of a strong correlation between independently obtained binding (FTSA)
and inhibition (SFA) data.

This study systematically investigated how minor chemical modi-
fications of ortho-substituted benzenesulfonamides dramatically alter
binding affinity and selectivity toward human carbonic anhydrase (CA)
isozymes. Nearly 50 compounds were synthesized, representing seven
chemical classes based on sulfur oxidation state and linker heteroatoms
(including 4-sulfanyl, 4-sulfinyl, and 4-sulfonyl esters and benzamides,
along with 4-amino benzamides). Binding affinities were quantified for
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all 12 catalytically active human CA isozymes using fluorescence-based
thermal shift assay (FTSA), complemented by stopped-flow enzymatic
inhibition assays and structural characterization by X-ray crystallogra-

phy.

Small structural changes produced affinity differences spanning sev-
eral orders of magnitude. In particular, 4-sulfanyl-substituted ben-
zenesulfonamides exhibited exceptionally strong and selective binding
to CAIX, with intrinsic dissociation constants reaching the picomo-
lar range. Specifically, the cyclohexylsulfanyl ester 4b displayed an
outstanding intrinsic K4 of 1 pM (0.0010 nM) for CA IX, while binding
hundreds of times more weakly to the off-target isozyme CAII (K g int
= 0.49nM). Furthermore, while the bulky adamantylsulfanyl ester 4¢g
achieved a similar CA IX affinity (Kg int = 3 pM) with several hundred-
fold selectivity over CA1I, the smaller methylsulfanyl analogue 4h lost
this selectivity. In contrast, oxidation of the sulfanyl group to sulfinyl or
sulfonyl markedly reduced affinity and largely abolished CA IX selec-
tivity; for instance, the sulfinyl derivative 7b and sulfonyl derivative 9b
displayed dramatically reduced CAIX affinities of 28 nM and 320 nM,
respectively, despite minimal changes to the overall molecular scaffold.

Intrinsic binding constants were derived from observed affinities
by correcting for pH-dependent protonation equilibria of both the sul-
fonamide group and the zinc-bound water molecule. This analysis
demonstrated that enhanced binding was not solely attributable to
favorable pK, shifts, but instead reflected genuine improvements in
protein-ligand interactions. This correction is crucial because, although
the strong electron-withdrawing effect of sulfinyl and sulfonyl groups
lowered the sulfonamide pK, sa by nearly a full pH unit (from 9.8 for
sulfanyl compounds to 8.9 for sulfoxides) and increased the fraction of
deprotonated ligand ready to coordinate the zinc ion at pH 7.0, their
intrinsic binding affinities were actually hundreds of thousands of times
weaker. These findings emphasize the importance of intrinsic thermo-
dynamic parameters for reliable structure—affinity relationships in CA
inhibitor design.

Comparison between ester and benzamide analogues showed that
benzamides generally bound more weakly to CA isozymes, although
several retained notable selectivity for CA IX since most benzamides
exhibited no detectable binding against off-target CAs. Substituent size
and hydrophobicity played a critical role: bulky hydrophobic groups op-
timized interactions within the enlarged CA IX active site while causing
steric clashes in smaller isozymes, thereby driving selectivity. Addi-
tionally, comparing sulfanyl linkers to amino linkers showed similar
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potencies, where the cyclooctyl-substituted 4-amino-benzamide 6e selec-
tively bound CA IX (Kq int = 0.53 nM) and showed no binding to smaller
active-site isozymes.

X-ray crystal structures and molecular docking provided structural
explanations for the affinity trends. High-affinity sulfanyl-substituted
ligands adopted binding poses that optimized hydrophobic packing
and water-mediated hydrogen bonding networks; specifically, the nine
newly determined structures (including CA II-4c, CA IX-4d, and CA XIII-
4d; PDB IDs: 9FPQ), 9R8X, 9FPW, respectively) showed that the ligand es-
ter group formed a direct hydrogen bond with Asn62 in CA1I, but transi-
tioned to a water-mediated hydrogen bond network with GIn70/Asn65
in CAIX and Ser64/Asn69 in CA XIII. Furthermore, crystallographic
analysis of compound 4h bound to CAII (PDB ID: 9FPS) revealed an
atypical binding mode containing two ligand molecules, where the
second molecule bound non-classically at the active-site periphery via
hydrophobic and water-mediated interactions. In contrast sulfinyl and
sulfonyl derivatives exhibited unfavorable intramolecular clashes that
distorted binding geometries. Density Functional Theory (DFT) calcu-
lations revealed that the docked conformer of sulfonyl derivative 9a
undergoes a severe intramolecular oxygen-oxygen clash, resulting in a
conformational energy penalty of 53.8 kJ mol ! relative to its low-energy
solution state conformation, whereas the sulfanyl analogue 4a remains
highly stable and free of clashes. Molecular docking reproduced several
experimental trends for sulfanyl compounds but failed to account for the
behavior of sulfonyl derivatives due to the scoring function’s inability
to calculate ligand conformational strain.

Overall, the results demonstrate that the oxidation state and confor-
mational flexibility of a single ortho substituent can dictate CA isozyme
affinity and selectivity over several orders of magnitude. This work es-
tablishes a clear mechanistic link between subtle chemical modifications,
ligand conformational energetics, and selective recognition of CAIX,
providing valuable guidance for the rational design of highly selective
carbonic anhydrase inhibitors.

The pronounced effects of minor structural modifications prompted
a broader investigation into how structural information and thermody-
namic parameters can be integrated to explain protein-ligand recogni-
tion.
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3.1.3 Structure-Thermodynamics Relationships

This subsection summarizes the results of the publication[137]:

Vaida Paketuryté-Latvé, Alexey Smirnov, Elena Manakova, Lina
Baranauskiené, Vytautas Petrauskas, Asta Zubriené, Jurgita
Matuliené, Virginija Dudutiené, Edita Capkauskaité, Audrius Za-
ksauskas, Janis Leitans, Saulius GraZulis, Kaspars Tars, Daumantas
Matulis

From X-ray crystallographic structure to intrinsic thermodynamics
of protein-ligand binding using carbonic anhydrase isozymes as a
model system

IUCr], 2024, 11 (4), 556-569.

DOI: 10.1107 /52052252524004627

My contribution included conceiving the publication idea, thermodynamic
analysis of protein—ligand interactions, integration of structural and ther-
modynamic data, and preparation of the manuscript. The majority of the
binding thermodynamic parameters were determined by Dr. A. Zubriené
and Dr. L. Baranauskiené, while some of the crystal structures cited in
the article were solved by Dr. A. Smirnov, Dr. E. Manakova, and Dr. |.
Leitans. The cell-based assays were carried out by Dr. |. Matuliené.

To establish correlations between protein-ligand structure and bind-
ing thermodynamics, X-ray crystallographic data for carbonic anhydrase—
sulfonamide complexes were combined with binding measurements
obtained by FTSA, ITC, enzymatic inhibition, and cell-based assays. The
analysis focused on structurally related sulfonamide inhibitors (specif-
ically the fluorinated and chlorinated benzenesulfonamide series) ex-
hibiting markedly different affinities and selectivities toward human
carbonic anhydrase isozymes, particularly CA IX. To overcome the crys-
tallization challenges associated with native CAIX, a chimeric CAIX
(chCAIX) was utilized as a highly accurate mimic, containing six active-
site mutations (A65S, N67Q, 191L, F130V, V134L, L203A) introduced into
the CAIL

Crystal structures revealed a conserved binding mode for sulfon-
amide inhibitors, with coordination of the catalytic zinc ion via the
negatively charged deprotonated nitrogen and formation of similar in-
teractions within the active site. However, ligands exhibiting nearly
identical binding poses often differed in affinity by several orders of
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magnitude. For instance, structurally highly similar inhibitors EA3-3
and EA5-3 in complexes with chCA IX and CAII (both crystallizing in
the space group P2, with nearly identical unit-cell parameters) adopted
conserved binding conformations but demonstrated vastly divergent
affinities. These observations demonstrated that structural information
alone is insufficient to explain binding affinity or isozyme selectivity.

Comparison of different experimental approaches highlighted the
strengths and limitations of individual binding assays. FTSA provided
the broadest affinity range, extending from millimolar to picomolar
dissociation constants, whereas enzymatic inhibition assays and ITC
were restricted to narrower measurement windows. The use of multiple
orthogonal methods enabled more reliable characterization of protein—
ligand interactions.

A central finding of this work was the importance of intrinsic ther-
modynamic parameters. Correction of observed binding data for linked
protonation equilibria yielded intrinsic Gibbs energies, enthalpies, and
entropies of binding. This deconvolution accounted for the simulta-
neous protonation of the zinc-bound hydroxide in the enzyme active
site (with a pK, ca of 6-7, or up to 8 for CAT and CA XIII) and the de-
protonation of the benzenesulfonamide group (with a pK, sa typically
between 8 and 11). These intrinsic parameters more accurately reflected
the energetic consequences of protein-ligand interactions and enabled
meaningful structure-thermodynamics correlations.

The combined analysis showed that ligand affinity and selectivity
arise from a complex interplay of structural, solvation, and thermody-
namic effects. Minor chemical modifications often produced substantial
changes in binding energetics despite only subtle differences in crys-
tallographic structures. Specifically, substituting a tail methyl group
(VD12-05) with a hydroxy tail (VD10-35) resulted in a systematic loss
of 7.5-10.7kJ mol ™! of intrinsic Gibbs energy across CA isozymes, as
the polar hydroxy group preferentially formed hydrogen bonds with
bulk solvent rather than the protein. Conversely, adding a cyclooctyl
amino ring at the meta-position (VD11-4-2) caused steric clashes that re-
duced CA I affinity by 18.0kJ mol~! (a 1000-fold decrease), but achieved
a 21.9kJmol ! gain (4000-fold increase) for CAIX and 14.9kJ mol !
for CAXII, driving a 100,000-fold selectivity for CAIX over CAI Fur-
thermore, cyclohexane substitution in compound EA2-3 optimized hy-
drophobic interactions within the enlarged CA IX pocket, yielding an
exceptionally strong intrinsic Gibbs energy of —75.0kJ mol™* (femto-
molar range). These results emphasize that reliable interpretation of
protein-ligand recognition requires integration of structural information
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with intrinsic thermodynamic analysis.

Overall, this work emphasized a framework for connecting X-ray
crystallographic structures with intrinsic thermodynamic parameters
and demonstrated how such integration can improve the understand-
ing of molecular recognition and support rational drug design. This is
clearly illustrated by the opposing thermodynamic driving forces gov-
erning potent binders: while the binding of VD10-35 to CA I is purely
enthalpy-driven (AH;,, = —76.8kJ mol 1), the selective binding of
VD11-4-2 to CA IXis heavily entropy-driven (—=T'ASi,, = —47.5kJ mol 1)
despite its lower enthalpic contribution (AHyy, = —24.3kJ mol™?), to-
gether forming an exceptionally strong complex (AGi,; = —71.8kJ mol ™).

3.2 Reliability of Thermodynamic Measurements

Reliable interpretation of protein-ligand recognition depends not
only on the quality of structural and thermodynamic data, but also
on the methods used to obtain and analyze these data. Experimental
limitations, parameter correlations, and statistical uncertainty can sub-
stantially influence the accuracy and interpretation of binding constants
and thermodynamic parameters. The studies presented in this section
address two complementary aspects of this problem: standardization of
fluorescent thermal shift assay measurements and rigorous quantifica-
tion of uncertainty in protein-ligand binding parameters.

3.2.1 FTSA Standardization

This subsection summarizes the results of the publication[116]:

Egidijus Kazlauskas, Vytautas Petrauskas, Vaida Paketuryte,
Daumantas Matulis

Standard Operating Procedure for Fluorescent Thermal Shift
Assay (FTSA) for Determination of Protein-Ligand Binding and
Protein Stability

Eur. Biophys. J., 2021, 50 (5), 707-714.

DOI: 10.1007 /s00249-021-01537-1
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My contribution included the analysis and interpretation of data, the
preparation of figures and manuscript text focused on the FTSA standard
operating procedure for protein stability and binding.

This standard operating procedure (SOP) demonstrated that FTSA
provides reproducible, high-quality melting curves suitable for deter-
mining both protein stability and ligand binding affinities across a wide
dynamic range (103 to 10 M~1). The melting temperature (T},) is deter-
mined at the inflection point of the sigmoidal denaturation transition,
where ligand-induced thermal shifts (AT},) across varied concentrations
are fitted to calculate the equilibrium binding constant (kK},). Using
CAII (specifically, the binding of acetazolamide up to 200 pM with 5 uM
CAIl, 2% v/v DMSO, and 50 uM ANS) and Hsp90a N-terminal domain
(screened across pH 5.0 to 10.5 in a multicomponent acetate-borate-
phosphate buffer) as examples on qPCR equipment (relying on centrifu-
gal rotary spectrofluorimeters and 10 pL-20 uL volumes for optimal tem-
perature uniformity), the assay reliably detected ligand-induced thermal
shifts and pH-dependent stability changes. The work also showed that
assay quality depends on temperature-insensitive buffer composition
(utilizing phosphate or HEPES instead of TRIS to avoid temperature-
dependent pH shifts), DMSO levels (safe at 2 % v/v, but destabilizing at
> 4 %), protein structure (favoring mono-domain proteins over complex
multi-domain assemblies that yield overlapping peaks), and reporter
dye selection (recommending ANS with Agx/rpym ~ 350nm/470 nm
over SYPRO Orange due to weaker baseline binding, or utilizing label-
free tryptophan fluorescence). Overall, the results validated FTSA as a
robust, low sample, high throughput method for routine protein-ligand
characterization.

3.2.2 Uncertainty Quantification

This subsection summarizes the results of the publication [138]:

Vaida Paketuryté, Vytautas Petrauskas, Asta Zubriené, Olga Abian,
Margarida Bastos, Wen-Yih Chen, Maria Jodo Moreno, Georg
Krainer, Vaida Linkuviené, Arthur Sedivy, Adrian Velazquez-
Campoy, Mark A. Williams, Daumantas Matulis

Uncertainty in protein-ligand binding constants: asymmetric
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confidence intervals versus standard errors
Eur. Biophys. J., 2021, 50 (3—4), 661-670.
DOI: 10.1007 /s00249-021-01518-4

This work was a task of the COST Action CA15126 (MOBIEU), emerging
from collaborative discussions within the European biophysics community
to improve uncertainty reporting in molecular interactions. My contribu-
tion to this effort involved participation in scientific discussions, experi-
mental planning, data analysis, and the preparation of the manuscript.

The study demonstrates that symmetric standard errors, commonly
reported as £z, substantially underestimate the true uncertainty of
protein-ligand binding constants. Through the analysis of simulated
and experimental datasets, the work shows that the distributions of
the equilibrium binding constant (K3,), dissociation constant (/{4), and
Gibbs energy change (AG) are inherently asymmetric due to their loga-
rithmic, exponential, and reciprocal mathematical relationships. Specifi-
cally, in Case 1, assuming a normal distribution for K3, with a mean of
2.0x 10" M~! and a standard deviation of 0.6 x 10" M~! leads, upon trans-
formation to K, to a strongly skewed distribution (skewness 4.3). More-
over, because a normal distribution has unbounded support, it assigns a
nonzero probability to physically impossible negative values of Kj,. In
contrast, if normality is assumed for AG, with a mean of —41.67kJ mol~?
at 25°C and a standard deviation of 0.77 kJ mol ™!, the symmetric 95 %
confidence interval is —43.18 kJ mol ! to —40.16 kJ mol~*. Direct trans-
formation of these limits using the thermodynamic relation between AG
and Kj, preserves the corresponding uncertainty structure and gives the
asymmetric Ky, 95 % confidence interval [1.09, 3.68] x 107 M~!. Transfor-
mations between these parameters amplify skewness, making symmet-
ric error reporting statistically inappropriate and potentially leading to
physically impossible results, such as negative binding constants. Monte
Carlo simulations of 1:1 binding titrations reveal that fitted K3, values
become increasingly positively skewed at higher affinities, whereas AG
remains closer to a normal distribution only under reasonably optimal
experimental conditions. To evaluate experimentally realistic titrations,
Case 2 modeled VP-ITC experiments consisting of 20 x 15 pL injections
of 200 uM ligand into 20 uM protein, with AH = —10kJmol™! and a
constant injection-heat noise of 3 1J. Under these conditions, increasing
the true K}, from 2 x 105 M~! (Wiseman parameter ¢ = 4) to 2 x 107 M~}
(c = 400) markedly increased the skewness of the fitted K3, distribution
from 1.3 (Clgs = [0.78, 5.8] x 10° M~1) to 23 (Clgs = [0.51, 22] x 10" M~ 1).
At the high-c value, only 3—4 data points sample the transition region
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of the binding isotherm. Consequently, the curvature that constrains
Ky, is poorly resolved, making its fitted value highly sensitive to experi-
mental noise and producing a strongly asymmetric distribution with a
pronounced upper tail.

We conclude that profile likelihood-based 95 % confidence intervals
(CIpgs) offer a more consistent and inter-convertible method for repre-
senting uncertainty across all thermodynamic quantities. These asym-
metric intervals are calculated using the Fisher-Snedecor F-distribution
by systematically stepping a selected parameter through fixed values
while minimizing the residual sum of squares (RSS) over the remain-
ing free parameters. Unlike standard errors, this approach ensures a
perfect correspondence between the upper and lower uncertainty limits
when transforming between K}, and AG, preserving all information re-
garding experimental variability. For example, for a simulated titration
with a true Ky, = 2 x 105, M~! and AH = 41.8,kJmol}, the profile
likelihood method (CIpgs) produces identical corresponding intervals
([1.44,3.30] x 106, M~! for K3, and [-37.2, —35.1], kJ mol ! for AG) re-
gardless of which parameter is directly fitted. In contrast, standard
asymptotic-symmetric intervals (CIg g5) fail to maintain mathematical
correspondence after parameter transformation. Ultimately, the results
establish that asymmetric confidence intervals are essential for the ac-
curate interpretation and reusability of biophysical data and should
replace standard symmetric errors in protein-ligand thermodynamic
studies.
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Discussion

The ultimate goal of structure-based drug design is to predict how
chemical modifications influence affinity and selectivity and to use this
knowledge to design compounds that bind strongly to a desired target
while avoiding interactions with other proteins. Despite major advances
in structural biology, computational chemistry, and biophysics, this
objective remains difficult to achieve. The results presented in this
dissertation highlight several factors that complicate the interpretation
and prediction of protein-ligand recognition.

The results presented in Section 3.1.1 Enthalpy-Entropy Compensa-
tion provide additional insight into the molecular origins of enthalpy-
entropy compensation. Previous studies by Whitesides and co-workers
[9, 139] demonstrated that relatively small ligand modifications may pro-
duce large changes in enthalpic and entropic contributions while having
only modest effects on overall affinity for CAI, highlighting the impor-
tance of hydration and solvent reorganization in molecular recognition.
The present results show that substantial differences in thermodynamic
partitioning can also arise between closely related carbonic anhydrase
isozymes despite highly conserved active-site architectures and similar
ligand binding modes. This observation suggests that enthalpy—entropy
compensation cannot be attributed solely to ligand-dependent effects
but is strongly influenced by the local protein environment. Even subtle
differences in active-site residues, hydration networks, or protein dy-
namics are sufficient to alter the balance between enthalpic and entropic
contributions. Consequently, the thermodynamic signature of binding
should be regarded as an emergent property of the entire protein-ligand
system rather than a direct consequence of individual molecular interac-
tions.

From a practical perspective, these observations also illustrate both
the strengths and limitations of thermodynamic analysis. While decom-
position of binding energy into enthalpic and entropic contributions
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can reveal differences between protein-ligand complexes that appear
equivalent when evaluated solely by affinity, interpretation of these
contributions remains challenging because enthalpy and entropy reflect
the combined effects of numerous coupled processes. As discussed by
Klebe and others [140], assignment of individual thermodynamic contri-
butions to specific molecular interactions is often not straightforward
because changes in intermolecular contacts, hydration, conformational
flexibility, and dynamics occur simultaneously. Nevertheless, the ability
of thermodynamic signatures to distinguish between systems with simi-
lar structures and affinities demonstrates their value as sensitive probes
of molecular recognition and highlights the complementary information
they provide beyond conventional affinity measurements.

The findings described in Section 3.1.2 Affinity and Selectivity fur-
ther emphasize the importance of conformational effects in protein—
ligand recognition [141]. Numerous studies have demonstrated that
relatively small structural modifications may alter ligand flexibility,
conformational preferences, and protein dynamics, thereby producing
unexpectedly large effects on binding. Gilson and co-workers [3, 10]
have highlighted the importance of conformational entropy in molecular
recognition and the challenges associated with accurately quantifying
its contribution to binding, while Wand [142] and Akke [6, 70] and their
colleagues have demonstrated through NMR studies that changes in
protein or ligand dynamics can contribute substantially to binding ther-
modynamics. More recently, Wankowicz and co-workers [66] showed
that conformational heterogeneity inferred also from X-ray crystallo-
graphic data can provide valuable insight into the entropic consequences
of ligand binding. However, despite these advances, experimental char-
acterization of conformational entropy remains considerably more de-
manding than determination of overall binding thermodynamics. In
routine ITC experiments, only the total entropy change is obtained in-
directly from measured Gibbs energies and enthalpies, whereas the
individual contributions arising from protein conformational changes,
ligand flexibility, solvent reorganization, and other processes generally
cannot be separated. Consequently, the present observations illustrate
both the importance of conformational effects and the current limita-
tions in their characterization. The pronounced affinity losses observed
upon oxidation of sulfur-containing substituents in the present study
illustrate how subtle changes in ligand conformation may outweigh
the expected increase in affinity associated with the introduction of
electron-withdrawing substituents.

The results presented in Section 3.1.3 Structure-Thermodynamics Re-
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lationships highlight the importance of distinguishing between observed
and intrinsic thermodynamic parameters when interpreting protein—
ligand interactions. The influence of linked protonation equilibria on
binding thermodynamics has been recognized for decades, and several
studies by Baker and Murphy [11], Whitesides and co-workers [143],
Klebe and co-workers [140], as well as researchers in our laboratory
[134] have emphasized that observed thermodynamic parameters may
not directly reflect the energetics of molecular recognition. Neverthe-
less, intrinsic thermodynamic analysis remains relatively uncommon
in contemporary protein-ligand studies because determination of the
required protonation parameters is experimentally demanding and such
information is unavailable for many protein-ligand systems [140, 144].
As a result, observed thermodynamic parameters are frequently inter-
preted as though they directly describe protein-ligand interactions. The
present results demonstrate that protonation-linked contributions can
substantially alter both the magnitude and interpretation of binding
thermodynamics, suggesting that meaningful comparisons between lig-
ands, proteins, and binding mechanisms often require consideration of
intrinsic rather than observed parameters. More broadly, these findings
illustrate that accurate structure-thermodynamics relationships depend
not only on high-resolution structural information but also on rigorous
separation of the underlying processes contributing to the measured
thermodynamic signal.

The methodological studies described in Sections 3.2.1 FTSA Stan-
dardization and 3.2.2 Uncertainty Quantification emphasize the impor-
tance of experimental design and uncertainty quantification for reliable
interpretation of protein-ligand binding data. Analysis of inhibition
values reported in the literature [145] revealed substantial variability
between independent studies, highlighting the challenges associated
with comparing data generated using different experimental protocols
and conditions. Such variability is particularly important for compu-
tational approaches, which frequently rely on published affinity data
for model development, validation, and benchmarking. Inaccurate or
inconsistent experimental measurements may therefore limit not only
experimental interpretation but also predictive modeling efforts. Mod-
els trained on noisy experimental data cannot be expected to achieve
predictive accuracy exceeding the quality of the underlying measure-
ments. Similar concerns have been raised in the carbonic anhydrase
field, where Liljas and co-workers [146] questioned the suitability of
some widely cited inhibition datasets and argued that the precision and
reliability of the reported measurements may have been overestimated.
These observations demonstrate that meaningful structure-activity and
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structure-thermodynamics relationships require not only high-quality
experimental measurements but also realistic assessment of their uncer-
tainty. While experimental uncertainty cannot be eliminated entirely
[147-152], its rigorous quantification [153] is essential for distinguish-
ing genuine biological effects from methodological variability and for
enabling meaningful comparisons between studies.

Although the studies presented in this dissertation addressed dif-
ferent aspects of protein-ligand interactions, they collectively support
the same central conclusion: binding affinity is a composite observable
arising from multiple interconnected processes. Hydration, conforma-
tional changes, protonation equilibria, and experimental uncertainty
can each substantially influence the interpretation of molecular recogni-
tion. Consequently, establishing meaningful structure-thermodynamics
relationships requires more than structural information and affinity
measurements alone; it also requires consideration of the processes
that contribute to the observed experimental parameters. The results
presented in this dissertation highlight both the potential and the limi-
tations of structure-based drug design and demonstrate that accurate
understanding of protein-ligand interactions depends on the ability to
deconvolute observed thermodynamic parameters into their underlying
physical contributions and relate them to structural information. Further
progress in this field will depend on the ability to deconvolute observed
thermodynamic parameters into the individual processes that govern
binding, to understand their interplay, and to relate them to structural
information.
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Conclusions

1. Comparisons of closely related CAs revealed that minor differences
in the active-site, including hydration and the presence of either a
hydroxyl-bearing Thr or a methyl-bearing Val residue, were associ-
ated with the pronounced differences in AH and T'AS contributions
to binding (=240 kJ mol ! despite similar binding geometries and AG).
These findings highlight the sensitivity of binding thermodynamics to local
protein environments and illustrate the limitations of interpreting molecular
recognition from affinity or structure alone. (Publication 1)

2. Small chemical modifications produced marked changes in affinity
and selectivity across CAs. Structural and thermodynamic analy-
ses indicated that oxidation of sulfur-containing substituents pro-
moted intramolecular hydrogen-bond formation with the sulfon-
amide group, altering ligand conformation and reducing productive
interactions. These findings demonstrate the highly cooperative nature of
protein—ligand recognition. (Publication 2)

3. Correction for linked protonation equilibria produced intrinsic ther-
modynamic parameters that were affected considerably from the
observed values, demonstrating that meaningful comparisons of
binding energetics require separation of binding and protonation
contributions. (Publication 3)

4. Systematic evaluation of FTSA conditions demonstrated the impor-
tance of protocol standardization for obtaining comparable protein—
ligand binding data. Asymmetric profile-likelihood confidence inter-
vals provided a statistically appropriate representation of uncertainty,
whereas symmetric standard errors are misleading for quantities
transformed between affinity and thermodynamic scales. (Publica-
tion 4 and Publication 5)
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Santrauka
(Summary in Lithuanian)

Terminy Zodynélis

Kai kuriems disertacijoje vartojamiems terminams néra nusistovéjusiy
lietuvisky atitikmeny, todél Siame Zodynélyje pateikiami terminai ir jy api-
bréztys, kurie yra vartojami Siame darbe.

Jungimosi stiprumas (angl. affinity) — ligando ir baltymo saveikos stip-
ruma apibtidinanti charakteristika (kiekybiskai iSreiSkiama para-
metrais Kj,, Kq arba AG).

Profilinis tikétinumas (angl. profile likelihood) — statistinis metodas pa-
sikliautiniesiems intervalams nustatyti netiesiniuose modeliuose,
geriau atspindintis parametry (pvz., K3,) paklaidu asimetrija.

Slopiklis (angl. inhibitor) — cheminis junginys, kuris jungiasi prie fer-
mento ir sumaZina arba visi$kai sustabdo jo katalizinj aktyvuma.

Stebimasis parametras (angl. observed parameter) — eksperimentiskai iSma-
tuota verté (Zymima indeksu obs), kuri apima ne tik tiesiogine
saveika, bet ir susietas protonizacijos reakcijas.

Tikrasis parametras (angl. intrinsic parameter) — termodinaminis dydis
(zymimas indeksu int), apibtidinantis baltymo ir ligando saveikos
energija, atsizvelgus i susiety protonacijos pusiausvyru indélj.

Pagrindinés santrumpos

Santraukoje vartojamos tos pacios santrumpos ir kintamieji kaip pagrin-
dinéje disertacijos dalyje. Vartojamos Sios pagrindinés santrumpos: CA —karbo-
anhidrazé; AZM — acetazolamidas; FTSA — fluorescencinis terminio poslinkio
metodas; ITC - izoterminé titravimo kalorimetrija; PDB - Baltymu duomenu
bankas (angl. Protein Data Bank); PLBD — Baltymu-ligandu jungimosi duomenu
bazé (angl. Protein—Ligand Binding Database (plbd.org)).
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Ivadas

Vienas svarbiausiu vaistu kiirimo uzdaviniu yra junginiy, gebanciuy
selektyviai ir stipriai jungtis prie biologiniu taikiniy, paieska ir optimi-
zavimas. Struktairinés biologijos, biofizikos ir kompiuterinés chemijos
pazanga reikSmingai iSplété galimybes tirti baltymu ir ligandu saveikas,
todél Sios disciplinos tapo neatsiejama Siuolaikinio racionalaus vaistu
projektavimo dalimi [1, 2]. Aukstos skiriamosios gebos struktiiros, mo-
lekulinés simuliacijos ir struktiira gristo vaistu projektavimo metodai
suteikia vertingos informacijos apie saveikas bei padeda optimizuoti
perspektyvius junginius [3]. Nepaisant to, tiksliai prognozuoti, kaip
struktiiriniai pokyciai paveiks jungimosi stipruma ir selektyvuma, islie-
ka didelis ir sunkus igsakis [4].

Baltymu ir ligandu atpaZinima lemia sudétinga tarpmolekuliniuy
saveiky, hidratacijos, protonacijos pusiausvyruy ir konformacinés dina-
mikos visuma. Nors Sie veiksniai kartu nulemia jungimosi termodinami-
ka, ju individualy indélj daZnai sudétinga atskirti ir kiekybiskai jvertinti.
Dél Sios priezasties struktiiriSkai panasiis junginiai gali pasiZymeéti ne-
tikétai skirtingomis jungimosi savybémis, o panasus jungimosi stipru-
mas gali biiti pasiekiamas i§ esmés skirtingais mechanizmais. Siu ry$iu
supratimas iSlieka svarbus tiek eksperimentiniy, tiek kompiuteriniy
molekulinio atpaZinimo tyrimu tikslas.

Baltymu ir ligandu saveiky interpretacija bei prognozavima ypac
apsunkina keli veiksniai:

* Entalpijos ir entropijos kompensacija bei hidratacijos tinklai.
Jungimosi stipruma lemia entalpiniy ir entropiniy indéliuy pusiau-
svyra, o Sie indéliai daZnai vienas kita kompensuoja [5]. Todél
panasus jungimosi stiprumas gali biiti pasiekiamas skirtingais
termodinaminiais mechanizmais. Tokie skirtumai daZnai sieja-
mi su hidratacijos tinklu persitvarkymu, kurj vis dar sudétinga
tiksliai apibtidinti ir prognozuoti [6-9].

¢ Konformaciniai efektai. Nedideli cheminés strukttiros poky¢iai
gali pakeisti ligando geometrija, lankstuma ir vidumolekulines
saveikas, taip paveikdami energijos sanaudas, reikalingas jungi-
muisi palankiai konformacijai igyti. Tokie poky¢iai gali reik§min-
gai paveikti jungimasi, net jei tiesioginés baltymo ir ligando savei-
kos islieka beveik nepakitusios [6, 10].

¢ Stebimoji ir tikroji termodinamika. Eksperimentais nustatyti
jungimosi parametrai daZnai apima su protonizacijos procesais ir
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buferinio tirpalo savybémis susijusius indélius [11, 12]. Todél ste-
bimi termodinaminiai parametrai ne visuomet tiesiogiai atspindi
tikraja molekulinio atpaZinimo energija, o tai apsunkina mecha-
nistine rezultaty interpretacija ir skirtingu sistemu palyginima.

Sie veiksniai rodo, kad molekulinio atpaZinimo negalima visapu-
siSkai suprasti remiantis vien suminio jungimosi stiprumo matavimais
ar statinémis strukttiromis. Todél bitina pasirinkti tinkama modeline
sistema, leidZiancia sistemingai tirti struktiiriniy, termodinaminiy ir
aplinkos veiksniu jtaka jungimuisi. Karboanhidrazés (CA) yra tinkama
modeliné sistema $iems klausimams nagrinéti [13]. Nors ju katalizinio
centro architekttira yra labai konservatyvi, nedideli aktyviojo centro
aminorigs¢iy ir hidratacijos tinkly organizacijos skirtumai gali lemti
reik§mingus ligandu atpaZinimo skirtumus. Sulfonamidiniai slopikliai
Siems tyrimams ypac tinkami, nes turi bendra karboanhidrazés cinko
jona koordinuojancia funkcine grupe, taciau leidZia sistemiskai modifi-
kuoti pakaitus, saveikaujancius su skirtingomis aktyviojo centro sritimis.
Tai suteikia galimybe detaliai tirti, kaip struktiiriniai pokyciai veikia
jungimosi termodinamika, stipruma ir selektyvuma.

Patikima struktiros ir termodinamikos rySiu interpretacija reikalauja
ne tik mechanistinio supratimo, bet ir tinkamo eksperimentinio ne-
apibréZtumo jvertinimo, ypac lyginant parametrus, gaunamus taikant
netiesinius jungimosi modelius. Pagrindiné Sios disertacijos hipotezé
yra ta, kad prasmingi rysiai tarp baltymo-ligando struktiiros ir termodi-
namikos gali biti nustatyti tik sistemingai jvertinus atskiry molekulinj
atpaZinima lemianciu procesy indélj ir eksperimentinj neapibréZtuma.

83



Tikslas:

Tirti ir kiekybisSkai jvertinti struktiirinius, termodinaminius ir mole-
kulinés aplinkos veiksnius, lemianc¢ius baltymuy ir liganduy molekulinj
atpazinima, naudojant karboanhidrazes ir pirminius sulfonamidus kaip
modeline sistema.

UzZdaviniai:

1. Nustatyti, kaip nedideli baltymo aktyviojo centro aminortigs¢iy, li-
gando struktiiros ir hidratacijos tinkly skirtumai veikia entalpiniuy
ir entropiniy indéliy pusiausvyra baltymo ir ligando saveikos me-
tu. (Publikacija 1)

2. Tirti nedideliy ligando cheminiy modifikaciju poveiki ligando kon-
formacijai, iskaitant vidumolekuliniu vandeniliniu rysiu susidary-
ma ir konformacine energija, bei ju reikSme saveikos stiprumui ir
selektyvumui. (Publikacija 2)

3. Atskirti su baltymo ir ligando jungimusi susietu protonizacijos
procesy indélius nuo stebimuju eksperimentiniy parametry ir ap-
skaiciuoti tikruosius termodinaminius parametrus, nepriklausa-
néius nuo protonizacijos. (Publikacija 3)

4. Standartizuoti FTSA eksperimentinius protokolus patikimam savei-
kos stiprumo nustatymui bei naudoti asimetrinius profilinio ti-
kétinumo (angl. profile likelihood) pasikliautinuosius intervalus,
siekiant tiksliai jvertinti ir interpretuoti neapibréZti netiesiniuose
saveikos modeliuose. (Publikacija 4 ir Publikacija 5)
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Mokslinis naujumas

Sios disertacijos mokslinis naujumas pagristas integruotu pozitiriu i
baltymo ir ligando atpaZinimo tyrimus, derinant didelés skiriamosios
gebos struktiirine analize, tikraja jungimosi termodinamika ir griezta
neapibréz¢iy vertinima. Siame darbe neapsiribojama vien jungimosi
stiprumo matavimais; parodoma, kaip ligando struktiira, baltymo ap-
linka, hidratacijos tinklai bei su protonacija susietos pusiausvyros kartu
formuoja molekulinj atpaZinima.

Pagrindiniai nauji rezultatai:

¢ Struktiiriniy skirtumy vaidmuo formuojant skirtingus termodina-
minius mechanizmus: parodyta, kad izofermentai (CA II, CA XII ir
CAXIII) pasiekia panasuy jungimosi stipruma per i$ esmés prieSingus
entalpinius-entropinius mechanizmus. Siuos termodinaminius skirtu-
mus lemia subtiliis aktyviojo centro liekany skirtumai ir konservatyviu
hidratacijos tinkly organizacijos ypatumai. (Publikacija 1)

¢ Izvalgos apie ligando konformacijos energijos kaina: nustatyta, kad
sieros atomo oksidacijos laipsnio pakeitimas (i$ sulfanilo i sulfinila ir
sulfonila) pakeité jungimosi stipruma iki milijono kartu. Sis stiprumo
sumazéjimas susijes su nepalankiu vidumolekuliniy vandeniliniuy
ry$iu susidarymu, kurie lemia nepalankia ligando konformacija ir
sukuria sterines klititis saveikai su karboanhidrazémis. (Publikacija
2)

¢ Tikryjy termodinaminiy parametry atskyrimas nuo stebimyjy: pa-
rodyta, kad su jungimusi susietos protonacijos pusiausvyros reikSmin-
gai veikia eksperimentiskai nustatomus stebimuosius termodinami-
nius parametrus. Siu indéliy atskyrimas leido nustatyti prasmin-
gas sasajas tarp didelés skiriamosios gebos struktiiriniy duomeny ir
tikryju molekulinio atpaZinimo energiju. (Publikacija 3)

* Nuoseklus neapibréZties pateikimas tarp termodinaminiy dydziy:
pabrézta, kad jprasti simetriniai paklaidu iverciai veda prie klaidingu
interpretacijy, kai jungimosi stiprumas perskaic¢iuojamas i$ disocia-
cijos konstantu i Gibso energijas. PrieSingai, asimetriniai profilinio
tikétinumo pasikliautinieji intervalai (angl. profile-likelihood confidence
intervals) isaugojo tikraja neapibréZties struktiira ir uZtikrino nuosek-
lia interpretacija skirtingose jungimosi stiprumo israiskose (Publikaci-
ja 4 ir Publikacija 5)
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Ginamieji teiginiai

¢ Nedideli baltymu ir ligandu struktiiriniai skirtumai gali lemti
neproporcingai didelius molekulinio atpaZinimo ir selektyvumo
poky¢ius, nes jungimasi lemia visa molekuliné aplinka, iskaitant
protonacijos pusiausvyras, hidratacija, konformacinius efektus ir
tarpmolekulines saveikas. (Publikacija 1, Publikacija 2 ir Publika-
cija 3)

* Molekulinis baltymuy ir ligandu atpaZinimas negali btiti visapu-
siskai suprastas remiantis vien strukttirine informacija ir stebi-
maisiais termodinaminiais parametrais; patikimai interpretacijai
biitina integruoti atomineés raiskos strukttirinius duomenis ir tik-
ruosius termodinaminius parametrus. (Publikacija 1, Publikacija 2
ir Publikacija 3)

* NeapibréZties pateikimo btidas daro jtakq baltymo ir ligando jun-
gimosi matavimuy interpretacijai; asimetriniai profilinio tikétinumo
pasikliautinieji intervalai (angl. profile-likelihood confidence intervals)
uztikrina nuoseklu neapibréZties aprasyma, o iprastos simetrinés
standartinés paklaidos yra tam netinkamos. (Publikacija 4 ir Publi-
kacija 5)

Literattiros apZvalgos apibendrinimas

Struktiira gristas vaisty kiirimas: galimybés ir iSStukiai

Nauju vaistiniy preparaty kiirimas ir vystymas yra itin brangus ir
rizikingas procesas, reikalaujantis dideliu finansiniy investiciju [14]. Sis
procesas paprastai trunka apie 10-15 metu [15], o kandidaty atmetimo
rizika iSlieka milZiniSka - net ir patekus i klinikiniy tyrimuy stadija, bend-
ra patvirtinimo tikimybé téra apie 12,8 % [16]. Nepaisant to, struktiriné
informacija yra kritiskai svarbi: pavyzdziui, 2019-2023 m. patvirtintuy
34 priesvéZiniy mazos molekulinés masés vaisty vystymui struktarine
biologija turéjo jtakos visais atvejais, o daugiau nei 80 % atveju vaistai
sukurti taikant struktiira grista projektavima [21].

Svarbiausias uzdavinys ankstyvosiose vaistu paieskos stadijose (ie$-
kant pirminiy junginiy-lyderiu bei optimizuojant ju strukttira) yra su-
kurti molekules, pasiZymincias dideliu saveikos stiprumu ir selekty-
vumu tiksliniam baltymui. Struktiira gristas vaisty karimas (angl.
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Structure-Based Drug Design) naudoja trimacius taikinio strukttiros duo-
menis tam, kad ligandu optimizavimas btity kuo racionalesnis. Nors
rentgeno kristalografija atskleidzia atskiru atomu saveikas komplekse,
ji tiesiogiai nenusako paties prisijungimo stiprumo. Racionalu vaistu
ktirima apsunkina tai, kad bet kokia cheminé ligando modifikacija vie-
nu metu veikia desolvatacija, konformacinius efektus, protonizacijos
pusiausvyra bei entropija. Todél eksperimentinése struktiirose stebima
saveika daznai tiesiogiai nenurodo jos inaso i bendra saveikos energija.

Kompiuteriniai modeliavimo metodai [20], skirti kiekybiskai progno-
zuoti saveikas, vis dar turi fizikinio detalumo bei tikslumo ribotumu.

* Molekulinis dokingas (angl. molecular docking) ivercio funkcijomis
padeda nuspéti ir jvertinti jungimosi pozas (angl. scoring functions),
taciau saveikos stiprumo prognozavimas islieka labai netikslus ir
stipriai priklauso nuo modelio pasirinkimo.

* Molekuliné dinamika (angl. molecular dynamics, MD) leidZia tirti
molekuliy strukttiros poky¢ius, tirpiklio ir jonuy judéjima. Taciau
iprasti MD skai¢iavimai neleidZia tiesiogiai ivertinti skirtinguy mo-
lekulés biseny stabilumo. Taip pat daZnai yra reikalingi labai ilgi
skai¢iavimai, kad bity gauti patikimi rezultatai.

¢ Kvantiné mechanika (angl. quantum mechanics, QM) leidZia jvertinti
saveikas naudojant elektroninés strukttiros skai¢iavimus, taciau
reikalauja dideliy skai¢iavimo istekliy.

* Masininis mokymasis (angl. machine learning, ML) nuspéja pozas
ir saveikos stipruma i$ eksperimentiniy bei strukttiriniu duomeny,
taciau jo tikslumas visiskai priklauso nuo mokymo duomenuy ko-
kybés bei modelio validavimo.

Todél islieka svarbu integruoti atominés raiskos strukttirinius duome-
nis su iSsamiais eksperimentiniais termodinaminiais tyrimais, siekiant
aiskintis veiksnius, lemiancius baltymu ir ligandu saveika.

Baltymo ir ligando saveikas lemiantys veiksniai

Baltymu ir ligandu saveika lemia biologiniu sistemu funkcionavi-
ma ir vaistiniy junginiu veiksminguma. Ligando prisijungima prie
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baltymo lemia jvairiy tarpmolekuliniy saveiku visuma, jskaitant me-
talo koordinacinius rysius, vandenilinius rysius, elektrostatines savei-
kas, hidrofobinj efekta, van der Waalso kontaktus bei kitas saveikas.
Siame darbe kaip modeliné sistema yra naudojamos karboanhidrazeés
ir benzensulfonamidai. Biofiziniai tyrimai rodo, kad apie 60 %—65 %
karboanhidraziy ir sulfonamiduy komplekso stabilizavimo energijos ky-
la i8 tiesioginés koordinacinés saveikos su kataliziniu Zn'' [35], kuri
veikia kaip pagrindinis inkaras, o kitos nekovalentinés saveikos veikia
papildomai jungimosi stipruma bei selektyvuma. Siu saveiky indélis

Stebimoji reakcija

Susijusios reakcijos Tikroji jungimosi reakcija

PKaca = (6 - 8)
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chemiskai jmanomi pakaitai.

S.1 pav.: Bendra karboanhidraziy ir pirminiu sulfonamidu atpazinimo
schema. Schemoje apibendrinami pirminiu sulfonamidu prisijungi-
mo prie kataliziSkai aktyviu Zmogaus karboanhidraziu izofermenty
ypatumai (ypatinga démes;j skiriant benzensulfonamidams, kurie yra
pagrindinis Sio darbo objektas) ir pristatomos savokos, aptariamos
vélesniuose skyriuose. Prisijungimas yra susietas su abieju partneriu
(de)protonizacijos pusiausvyromis, nurodant apytiksles pK, vertes.
Konservatyvu cinka rianti motyva sudaro sulfonamido azoto koor-
dinacija su Zn'! jonu ir vandeniliniai ry$iai su Thr199. Sis motyvas,
esantis sandiroje tarp hidrofobiskesnés ir hidrofiliSkesnés aktyviojo
centro pusiy (atitinkamai geltonos ir mélynos spalvos), sudaro bendra
struktiirinj inkara. Be $io motyvo, sulfonamidu pakaity ivairové ir skir-
tinga individualiu izofermentu aktyviojo centro aplinka lemia jvairius
saveikos ypatumus, turincius jtakos saveikos stiprumui, selektyvumui ir
prisijungimo termodinamikai. Eksperimentiskai stebimas prisijungimas
papildomai apima susijusias protonizacijos reakcijas; i jas atsizvelgus
galima nustatyti tikruosius prisijungimo parametrus, kurie tiesiogiai
atspindi baltymo ir ligando saveika.

88



priklauso ne tik nuo tiesioginiuy baltymo ir ligando kontakty, bet ir
nuo aplinkos savybiuy, ypa¢ vandens molekuliu tinkly organizacijos bei
protonacijos pusiausvyry (Pav. S.1).

Baltymo-ligando jungimasi apibtidina pagrindiniai termodinami-
niai parametrai: Gibso energijos pokytis (AG), entalpijos pokytis (AH)
ir entropijos pokytis (AS). Nors jungimosi stipruma nusako AG, jo
verte daZnai lemia skirtingas entalpiniy ir entropiniy veiksniuy balan-
sas. Daznai stebimas entalpijos—entropijos kompensacijos reiskinys, kai
palankesni entalpiniai poky¢iai kompensuojami maziau palankiais ent-
ropiniais poky¢iais arba atvirks¢iai, todél panasy jungimosi stipruma
gali lemti skirtingi molekuliniai mechanizmai [8].

Svarby vaidmenj taip pat atlieka vandens molekuliy reorganizacija
ir desolvatacija, nes ligandui jungiantis dalis aktyviojo centro vandens
molekuliy pasalinama arba persitvarko, reikSmingai paveikdama jungi-
mosi termodinamika [7, 9, 36-38]. Eksperimentiniai tyrimai rodo, kad
vandens molekuliy i$laisvinimas i aktyviojo centro hidrofobiniu sri¢iu
gali suteikti palanku entropini inasa, o stipriai strukttirizuotu vandens
molekuliu tinklo iSlaikymas arba nauju vandeniliniy rysiu suformavi-
mas gali prisidéti prie palankaus entalpinio indélio. Tyrimu, detaliai
analizuojanciy Siuos reiskinius, vis dar yra nedaug, o kiekvienas bal-
tymo ir ligando saveikos atvejis pasizymi unikaliomis savybémis. Dél
Sios prieZasties néra bendry, visoms sistemoms tinkamu gairiy, o tai
apsunkina itin tiksliy prognozavimo modeliy sukirima.

Zmogaus karboanhidrazés ir pirminiai sulfonamidai kaip mo-
deliné sistema

Karboanhidrazés [84] (CAs; EC 4.2.1.1) yra metalofermenty Seima,
katalizuojanti griZztamaja anglies dioksido hidratacijos reakcija. Zmo-
gaus « klasés karboanhidraziy Seima sudaro 15 izofermentuy, i$ kuriuy 12
yra kataliziskai aktyviis [13]. Trys izofermentai - CA VIII, CA X ir CA XI
- kataliziS8kai neaktyviis (vadinami su karboanhidrazémis susijusiais
baltymais), kadangi juose néra cinka koordinuojanciu histidinu [87] ir
Siame darbe jie néra nagrinéjami. Nepaisant didelio struktiirinio panasu-
mo, aktyviis izofermentai pasiZymi skirtinga lokalizacija, fiziologinémis
funkcijomis ir slopikliy atpaZinimo savybémis.

Visy kataliziskai aktyviu Zmogaus karboanhidraziy aktyviajame cent-
re yra Zn' jonas, koordinuotas triju histidino liekanu (His94, His96,
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His119) ir vandens molekulés arba hidroksido jono [88]. Aktyvusis
centras sudarytas is:

¢ labiau hidrofobinés srities, kuriq formuoja Val121, Val143, Leu198
ir Trp209 bei kitos aminortigstys.

¢ labiau hidrofilinés srities, kurioje vandeniliniy rysiu tinklas yra
issidéstes aplink Thr199 ir Glu106 bei konservatyvias vandens
molekules.

* Kkataliziskai svarbaus protonu perneséjo His64, kuris keic¢ia kon-
formacijas tarp vidineés (angl. inward) ir iSorinés (angl. outward),
perduodamas protonus i aktyviojo centro i tirpiklj per vandenili-
niais ry$iais susiety vandens molekuliy tinkla.

Nors kataliziné architektiira tarp izofermenty islieka labai panasi,
nedideli aminortigsc¢iu skirtumai aktyviojo centro prieigoje kei¢ia ertmeés
geometrija, pavirsSiaus elektrostatines savybes ir vandens tinkly orga-
nizacija, todél gali lemti reikSmingus jungimosi stiprumo ir selektyvu-
mo skirtumus. Sie skirtumai puikiai iliustruojami tirty izofermentuy
pavyzdZiais (aminorfigs¢iu skirtumai lyginami su modeliniu baltymu
vadinama CA II, naudojant jos aminoriigs¢iy numeracija):

* CAIV yra ekstralastelinis, su membrana per GPI (angl. glyco-
sylphosphatidylinositol) inkara susietas izofermentas, stabilizuotas
disulfidiniu rysSiu (Cys6 ir Cysll) ir glikozilinimu [97]. Jo ak-
tyviojo centro ertmé yra siauresné ir maziau prieinama tirpik-
liui dél tokiu prieigos skirtumu kaip Leu60—Gln, Asn67—Met,
Ile91—Lys, Phel31—Val, Leul41—Ile ir Ala135—GlIn.

¢ CAIXyra tiesiogiai su naviku hipoksija susijes transmembraninis
izofermentas, kurio katalizinis domenas sudaro homodimera, sta-
bilizuota disulfidine jungtimi (Cys119-Cys299) ir N-glikozilinimu
ties Asn309 [100, 101]. Jo aktyviajame centre esantys skirtumai
Leu60— Arg, Ile91—Leu, Phel31—Val (pasalinta reikSminga ste-
riné kliatis) bei Ala135—Leu sukuria erdvesne ir labiau hidrofo-
bine kiSene, puikiai pritaikyta didesniems ir selektyviems slopik-
liams nei CA I ir likusioms karboanhidrazéms.

e CAXII bidingi tokie skirtumai kaip Leu60—Ser, Asn67—Ser ir
Ile91—Arg, o 200-ojoje pozicijoje esantis Val200 (skirtingai nei
Thr200 CAII) [103] kei¢ia vandens molekulés W; padéti ir stabi-
lizavima. CA Il izofermente Thr200 stabilizuoja W; vandeniliniu
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rysiu, o CA XIII esantis Val200 tokio rysio sudaryti negali. Sis skir-
tumas gali prisidéti prie izofermentams biidingy aktyviojo centro
hidratacijos ir jungimosi termodinamikos skirtumuy, kaip aptarta
disertacijos rezultaty dalyje.

Pla¢iausiai istirta karboanhidraziy slopikliy klasé yra sulfonamidai
[110-113]. Ju deprotonuota sulfonamido grupé tiesiogiai koordinuo-
jasi prie katalizinio cinko jono, iSstumdama su juo susijusia vandens
molekule (Pav. S.1). Be 8ios pagrindinés saveikos, slopikliuy jungimosi
stipruma ir selektyvuma lemia papildomi vandeniliniai ry$iai, hidro-
fobiniai kontaktai bei saveikos su aktyviojo centro vandens molekuliuy
tinklais.

ICs =<2 nM
PDB ID: 1BCD

S.2 pav.: Sulfonamido pK, efektas stebimai saveikai su karboan-
hidrazémis. Trifluormetansulfonamido (TFMSA, kairéje) ir metansulfo-
namido (MSA, desinéje), susijungusiu su Zmogaus CAII, palyginimas.
Abu slopikliai pasiZymi panasiu jungimusi - jie koordinuoja katalizinj
Zn!! per deprotonuota sulfonamido azoto atoma. Metilo grupe pakeitus
stipriai elektronus traukiancia trifluormetilo grupe, sulfonamido pK,
sumazéja nuo 10,8 iki 6,3 ir todél, esant pH 7,0, su cinku besijungia-
néio sulfonamido anijono dalis (fsa) padidéja nuo mazdaug 0,007 % iki
36,8 %. Del sios priezasties gerokai didesni TFMSA slopinamaji akty-
vuma (/C5o < 2nM), palyginti su MSA (I1Csp = 6501M), lemia didesné
aktyvios, deprotonuotos, su cinku besijungianc¢ios formos dalis, o ne
reikdmingi baltymo ir ligando saveikuy skirtumai. Struktiros pateiktos
pagal PDB irasus 1BCD (TEMSA) ir 8ZWV (MSA); pK, ir IC5 verteés
paimtos i8 literattiros [109].

Kadangi slopikliai jungiasi tik deprotonuotos anijoninés formos pa-
vidalu, o pats fermentas turi bati Zn''-H,O formos, &is procesas yra
stipriai susietas su (de)protonizacijos pusiausvyromis tirpale [11, 12].
Tai reiskia, kad eksperimentiskai stebimas (angl. observed) jungimosi
stiprumas yra visuomet maZesnis uz tikraji (angl. intrinsic), o viena
geriausiuy Sios jtakos iliustraciju yra metansulfonamido (MSA) ir triflu-
ormetansulfonamido (TEFMSA) palyginimas (Figure S.2). Abu slopikliai
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su CATI jungiasi beveik identiskai koordinuodami cinko jona, ta¢iau
stipriai elektronus traukianti CF; grupé sumaZzina TFMSA pK, iki 6,3
(MSA pK, yra 10,8). Dél sio ruigstingumo skirtumo, esant pH 7,0, TFM-
SA deprotonizuotos formos tirpale yra net 36,8 %, o MSA - vos 0,007 %,
kas nulemia drastiSka stebimo aktyvumo skirtuma tirpale (/C59 < 2nM
pries 650 nM) [109], nors ju tikroji saveikos energija su baltymu islieka
panasi. Todél biitent tikrieji jungimosi parametrai turéty biiti naudojami
modeliavimo etapuose.

Karboanhidrazeés turi jvairiu kliniskai naudojamuy sulfonamidu ir ju
dariniu pagrindo slopikliuy [114]. Acetazolamidas (AZM) islieka klasiki-
niu ir placiausiai istirtu etaloniniu slopikliu, pasiZyminciu dideliu savei-
kos stiprumu, tac¢iau kaip ir daugelis - ribotu selektyvumu tarp atskiry
izofermenty. Biitent selektyvumo paieskos islieka vienas svarbiausiu
uzdaviniy.

Nepaisant gausiu struktiiriniy ir termodinaminiy duomenu apie
karboanhidraziy ir sulfonamidu saveikas, vis dar sudétinga susieti ne-
didelius baltymo ir ligando struktiiros skirtumus su ju poveikiu jungi-
mosi termodinamikai ir selektyvumui. Karboanhidraziy ir sulfonamidu
kompleksai yra tinkama modeliné sistema $iems rySiams tirti, nes sulfo-
namidams buidingas konservatyvus jungimosi prie cinko jono biidas, o
ju saveikos su skirtingu izofermenty aktyviojo centro aplinka skiriasi
[13]. Tai leidZia sistemi$kai tirti, kaip baltymo ir ligando struktira bei
molekuliné aplinka lemia jungimosi termodinamika ir selektyvuma [1].

Metody apibendrinimas

Sioje disertacijoje taikytu pagrindiniu metodu seka pateikta S.3 pav.
Tyrimuose buvo naudojamos rekombinantinés Zmogaus karboanhidrazés
ir sulfonamidiniai slopikliai.

Baltymo ir ligando saveikos buvo charakterizuojamos biofizikiniais
metodais, daugiausia fluorescenciniu terminio poslinkio metodu ir
izoterminio titravimo kalorimetrija, nustatant stebimasias jungimosi
konstantas ir termodinaminius parametrus. Lygiagreciai eksperimen-
tiskai buvo nustatyti ligandu protonizacijos parametrai, o atitinkami
karboanhidrazés izofermenty protonizacijos parametrai buvo paimti i$
ankstesniy tyrimu.

Véliau stebimieji jungimosi parametrai buvo koreguojami atsizvel-
giant i su jungimusi susietas protonizacijos reakcijas, siekiant nustatyti
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Sulfonamidai 2.1.2

BALTYMAI Junginiai (LIGANDAI)
Karboanhidrazés 2.1.1

\ A \

PROTONACIJOS EKSPERIMENTINES RENTGENO
PARAMETRAI 2.3 SAVEIKOS 2.2 KRISTALOGRAFIJA 2.5

Y Y

APSKAICIUOTI TIKRIEJI JUNGIMOSI PARAMETRAI 2.4
Saveikos parametry vertés po korekcijos dél susiety protonaci-
jos reakcijy

l ,,

INTEGRUOTOS STRUKTUROS IR TERMODINAMOS JZVALGOS

Tikryjy termodinaminiy parametry (AGint, AHing,
ASint) ir struktlriniy ypatybiy sgsajy analizé

S.3 pav.: Disertacijoje taikytu eksperimentiniy ir analizés metodu sche-
ma. Baltymu ir ligandu saveikos duomenys, protonizacijos parametrai
ir rentgeno spinduliy kristalografijos struktiiros buvo integruoti siekiant
apskaiciuoti tikruosius termodinaminius parametrus ir istirti strukttiros
bei termodinamikos sasajas karboanhidraziu ir ju slopikliu sistemose.

tikruosius termodinaminius parametrus, nepriklausanc¢ius nuo ekspe-
rimentiniu salygu (pH bei buferinio tirpalo) ir todél tinkamus skirtin-
goms sistemoms palyginti. Strukttiriné informacija apie baltymo ir
ligando kompleksus buvo gauta rentgeno spinduliu kristalografijos me-
todu. Galiausiai tikrieji termodinaminiai parametrai buvo susieti su
struktiiriniais duomenimis. Siy metodu visuma leido i$analizuoti rysius
tarp baltymo ir ligando jungimosi termodinamikos bei karboanhidrazés
ir slopikliu kompleksuy struktiriniu ypatybiu, siekiant gauti slopikliy
ktirimui svarbiy izvalguy.

ISsamiis eksperimentiniu procediiry ir duomeny analizés metodu ap-
rasymai pateikti publikacijose, sudaranciose $ios disertacijos pagrinda.

Medziagos
Karboanhidraziy izofermentai

Siame darbe naudota CA raigkos ir gryninimo platforma buvo sukur-
ta ir daugeli mety plétojama daugelio laboratorijos nariu bei bendradarbiu
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pastangomis. Autoré nuosirdziai dékoja uZ ju indélj ir Siam tyrimui
suteiktus baltymu isteklius.

Dvylika CA izofermenty buvo gauti rekombinantiniu bidu kaip viso
ilgio baltymai arba sutrumpintos ju konstrukcijos, islaikancios katalizinj
domena. Daugumos izofermenty raiska buvo vykdoma Escherichia co-
li lastelése, naudojant pagal konkreciuy baltymu poreikius parinktas
padermes, pvz., BL21(DE3), Rosetta 2(DE3) ir Origami B(DE3) [115].
Kadangi bakteriju lastelése nepavyko gauti stabilios rekombinantinés
CAIX, jos katalizinis domenas buvo gautas naudojant Zinduoliy lasteliu
raiSkos sistemas (FreeStyle 293-F arba Expi293F) [115]. Baltymai buvo
gryninami taikant kiekvienam izofermentui pritaikytus Ni** chelatini-
mo, jony mainy ir sulfonamiduy ligandais pagristos chromatografijos
metodu derinius. Baltymu grynumas, molekuliné mase ir katalizinis
aktyvumas buvo vertinami atitinkamai SDS-PAGE, didelés skiriamo-
sios gebos masiu spektrometrijos (HR-MS) ir sustabdytos sroves (angl.
stopped-flow) CO, hidratacijos metodais. Issamios baltymu konstrukciju
sekos, raiSkos salygos ir gryninimo procediiros pateiktos [115].

Informacija apie rekombinantinius baltymus taip pat pateikiama
PLBD duomenu bazéje: https:/ /plbd.org/db/main/protein. Eksperi-
mentiniy duomeny rinkiniai ir atitinkamos eksperimentuose naudotos
baltymu partijos yra susieti ir aprasyti Sioje duomenu bazéje.

Baltymu meéginiai buvo laikomi —80°C temperatiiroje. Prie$ eks-
perimentus, kuomet biitina, baltymu laikymo buferinis tirpalas buvo
pakei¢iamas j atitinkamam eksperimentui naudojama buferinj tirpala.
Baltymu koncentracijos buvo nustatomos spektrofotometriskai, naudo-
jant atitinkamus ju molinius ekstinkcijos koeficientus ties 280 nm.

Sulfonamidiniai slopikliai

Siame darbe tirti sulfonamidiniai junginiai buvo susintetinti labora-
torijoje bendradarbiy. Atsizvelgiant i junginiu serija, buvo taikomos
skirtingos sintezés strategijos, iskaitant nukleofilinio pakeitimo, alkilini-
mo, amidinimo ir oksidacijos reakcijas. Junginiu tapatumas ir grynumas
buvo patvirtinti tinkamais analizés metodais, daugiausia branduoliu
magnetinio rezonanso spektroskopija ir masiu spektrometrija. IS$samios
sintezés, gryninimo ir charakterizavimo procediiros aprasytos atitinka-
mose publikacijose, kuriomis grindZiama 8i disertacija. Informacija apie
susintetintus junginius, jskaitant ju laboratorinius identifikatorius, patei-
kiama PLBD duomenu bazéje (https://plbd.org/db/main/compound).
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Visy junginiu pradiniai tirpalai buvo ruosiami DMSO, jprastos kon-
centracijos 10 mM to (numerical range) 50 mM, o prie$ naudojima jie
buvo skiedZiami atitinkamais eksperimentiniais buferiniais tirpalais.

Eksperimentinis baltymo ir ligando saveiky nustatymas

éioje disertacijoje naudotu biofizikiniy ir biocheminiu metody i$sa-
mias apZvalgas galima rasti nurodytuose literatiiros Saltiniuose: fluo-
rescencinis terminio poslinkio metodas (FTSA) [116, 117], izotermineé
titravimo kalorimetrija (ITC) [118], rentgeno spinduliu kristalografi-
ja [119-121], sustabdyto srauto (angl. stopped-flow) CO, hidratacijos
aktyvumo metodas [122] ir kitus papildomus metodus, nurodytus ati-
tinkamose i disertacija itrauktose publikacijose.

Metodu skyriuje apibendrinami eksperimentiniai metodai ir pro-
cediiros, svarbiis Sioje disertacijoje pateiktu rezultatu interpretacijai.
ISsamiis eksperimenty protokolai, konkretiems tyrimams taikytos saly-
gos, naudota iranga ir duomeny analizés procediiros pateiktos atitinka-
mose i disertacija itrauktose publikacijose.

Siekiant uztikrinti duomenu atsekamuma ir atkuriamuma, eksperi-
mentiniu duomeny rinkiniai ir su jais susije metaduomenys buvo re-
gistruojami duomenu bazéje (PLBD; https://plbd.org) [125]. Rentgeno
spinduliu kristalografijos bidu gauti struktiiriniai duomenys registruoti
duomenu banke (angl. Protein Data Bank, PDB).

Fluorescencinis terminio poslinkio metodas

Fluorescencinis terminio poslinkio metodas (FTSA) buvo pagrindinis
metodas, taikytas stebimosioms jungimosi konstantoms nustatyti dau-
geliui Sioje disertacijoje tirtu saveiku. Gautos konstantos véliau buvo
koreguojamos atsiZvelgiant i su jungimusi susietas protonizacijos reakci-
jas ir taip apskaic¢iuojamos tikrosios jungimosi konstantos, kaip aprasyta
skyriuje 3.2.2.

Tyrimo metu baltymo terminis iSsivyniojimas stebimas naudojant
aplinkai jautrius fluorescencinius dazus, kurie jungiasi prie atsivérusiu
hidrofobiniy sri¢iy ir kei¢ia fluorescencijos intensyvuma [126, 127]. Li-
gando jungimasis kei¢ia baltymo terminj stabiluma ir jo lydymosi tempe-
rattira (7). Baltymo ir ligando jungimosi konstantos buvo nustatomos
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i$ ligando sukelty terminio stabilizavimo kreiviy, taikant termodinami-
nius modelius, idiegtus Microsoft Excel, o véliau miisu laboratorijoje
sukurtoje Thermott internetinéje platformoje (thermott.com) [128].

Izoterminé titravimo kalorimetrija

Izotermineé titravimo kalorimetrija (ITC) buvo naudojama tiesiogiai
matuoti baltymo ir ligando jungimosi metu iSsiskiriancia arba sugeria-
ma giluma [129]. Siuo metodu buvo nustatomos stebimosios jungimosi
entalpijos, jungimosi konstantos ir stechiometrija, o i$ ju apskai¢iuojami
Gibso energijos ir entropijos poky¢iai. Stebimieji termodinaminiai para-
metrai véliau buvo koreguojami atsiZvelgiant i susietas protonizacijos
reakcijas (3.2.2 skyrius).

Siekiant jvertinti su jungimusi susietas protonizacijos reakcijas, da-
lis eksperimenty buvo atliekama skirtingos jonizacijos entalpijos bu-
feriuose [11]. ITC duomenuy analizé apéme bazinés linijos nustatyma,
smailiy integravima, modelio pritaikyma ir termodinaminiy parametru
nustatyma. Duomenys buvo analizuojami naudojant gamintojo progra-
mine jranga ir specializuotas programas NITPIC [130, 131], SEDPHAT
[131, 132] bei GUSSI [133].

Protonizacijos parametry nustatymas
Sulfonamidy pK, nustatymas

Sulfonamidiniy slopikliu pK, buvo nustatytos UV-Vis spektrofoto-
metrinio titravimo metodu [56]. Metodas pagristas sulfonamido grupés
protonizacija ir deprotonizacija lydinciais sugerties spektro poky¢iais.
Spektrai buvo registruojami esant skirtingoms pH vertéms, o i$ ab-
sorbancijos priklausomybeés nuo pH nustatytos pK, vertés. Jos buvo
naudojamos jungimuisi tinkamos ligando formos daliai apskaic¢iuoti ir
stebimiesiems termodinaminiams parametrams koreguoti.

Sulfonamidy protonizacijos entalpijos nustatymas

Sulfonamidiniu slopikliu protonizacijos entalpijos buvo nustatytos
izotermineés titravimo kalorimetrijos (ITC) metodu, matuojant Siluma,
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iSsiskirianc¢iq arba sugeriama deprotonuota sulfonamido grupe titruo-
jant stipria rtigstimi. IS kalorimetriniy duomenu nustatyta kiekvieno
junginio protonizacijos entalpija (A Hp, sa), kuri buvo naudojama stebi-
mosioms jungimosi entalpijoms koreguoti.

Tikryjy termodinaminiy parametry apskaiciavimas

Tikrieji termodinaminiai parametrai apibtidina paties baltymo ir li-
gando saveika, todél yra tinkami objektyviam skirtingu kompleksu
palyginimui, prieSingai nei eksperimentiskai nustatomi stebimieji para-
metrai.

Sulfonamidai jungiasi deprotonuota forma, koordinuodami aktyvio-
jo centro Zn!! jona ir iSstumdami su juo koordinuota vandens molekule
[107]. Kadangi eksperimentinémis salygomis tik dalis ligando ir fermen-
to yra jungimuisi tinkamos formos, stebimosios jungimosi konstantos
ir entalpijos priklauso nuo pH, buferio ir protonizacijos pusiausvyru
[11, 12].

Siekiant tiesiogiai palyginti termodinaminius ir struktiirinius duome-
nis, stebimieji jungimosi parametrai buvo koreguojami atsizvelgiant i
susietas protonizacijos reakcijas ir perskai¢iuojami i tikruosius termodi-
naminius parametrus. Paveikslas S.2 iliustruoja $ios korekcijos svarba
vertinant karboanhidraziy ir sulfonamidu jungimasi.

Jungimosi konstanty koregavimas

Tikroji jungimosi konstanta K}, i, buvo apskaiciuota i$ stebimosios
jungimosi konstantos K, o1, atsizvelgiant i jungimuisi tinkamu baltymo
(fca) ir ligando (fsa) formu dalis:

Protonuotos fermento formos dalis apskai¢iuota pagal lygti

10PKa,ca—pH

foa = 1 + 10PKa,ca—pH

o deprotonuotos sulfonamido formos dalis:
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10PH—PKa sA

foa = T e (S3)

Cia pK, ca yra fermento aktyviajame centre su cinko jonu koordi-
nuotos vandens molekulés riigsties disociacijos konstanta, o pK, sa—
sulfonamido grupés ragsties disociacijos konstanta.

Tikroji jungimosi Gibso energija AGiy apskaiciuota pagal standartine

termodinamine lygti:

AGint = —RT ln(Kant). (84)

Jungimosi entalpijos ir entropijos koregavimas

Tikroji jungimosi entalpija A Hjy,; apskaiciuota koreguojant stebimaja
jungimosi entalpija AHps pagal protonu pernasos reakcijas, susijusias
su sulfonamido ir su cinku koordinuotos vandens molekulés deprotoni-
zacija bei buferio protonizacija:

Ainnt = AI{obs - nlAHpr,SA - nQAHpr,CA + (nl + n2)AHpr,buf (85)

kur

ny = fsa —1 (5.6)

no = 1-— ch. (87)

Parametrai n; ir ny apibtidina jungimosi metu perduodamu protonu
skaidiy.

Atskiru karboanhidrazés izofermenty pK, ca ir AHp,; ca vertés buvo
anksc¢iau nustatytos misy laboratorijoje [134], o buferiu protonizacijos
entalpijos (A Hp, bur) paimtos iS publikuotu termodinaminiu duomenuy
[135]. pKasa ir AHp, sa vertés buvo nustatytos eksperimentiskai, kaip
aprasyta auksciau.
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Tikrasis jungimosi entropijos pokytis apskaiciuotas i$ tikrosios Gibso
energijos ir entalpijos:

A-E[int - AGint

ASint = T

Struktiiriniai tyrimai

Karboanhidraziy ir ligandu kompleksu struktiiros buvo nustatytos
rentgeno spinduliu kristalografijos metodu. CA izofermentuy kristalai
buvo auginami jprastai kambario temperatiiroje sédincio laso garu di-
fuzijos metodu. Rekombinantiniai baltymai ultrafiltracijos bidu buvo
koncentruojami iki 15 mg mL ™! to (numerical range) 50 mg mL~?, o kri-
stalizacijos lasai (0,1 pL to (numerical range) 5 uL) ruoSiami sumaiSant
baltymo ir rezervuaro tirpalus.

Optimizuotos kristalizacijos salygos priklausé nuo CA izofermento.
CAT kristalizacijai daZniausiai naudotas 0,1 M Tris-HCI (pH 8,5), 0,2M
NaCl arba amonio sulfatas ir 20 % to (numerical range) 28 % PEG; CA Il
- 0,1 M natrio bicinas (pH 9,0) ir 2,0 M natrio malonatas (pH 7,0); CA XII
- 0,1 M amonio citratas (pH 7,0-7,2) ir 26 % to (numerical range) 30 %
PEG 4000; CA XIII — natrio citrato arba acetato buferiai (pH 4,5-5,5) su
26 % to (numerical range) 30 % PEG 4000.

Baltymo ir ligando kompleksai daugiausia buvo gaunami iSaugin-
tus kristalus iki vienos savaités mirkant rezervuaro tirpale su 0,5 mM
to (numerical range) 1,0 mM ligando. CA I kompleksams buvo taikoma
kokristalizacija. CATir CAII kristalai buvo greitai uzsaldomi tiesiogiai
i§ kristalizacijos tirpalo, o CA XII ir CA XIII kristalams naudotas 15 %
to (numerical range) 20 % etilenglikolio krioprotektoriaus tirpalas.

Rentgeno spinduliu difrakcijos duomenys buvo renkami DESY sin-
chrotrono P13 ir P14 makromolekulinés kristalografijos stotyse (Ham-
burgas, Vokietija) arba Vilniaus universiteto Gyvybés mokslu centre
naudojant Rigaku MMO0O07-HF difraktometra. Strukttiros buvo nustato-
mos molekulinio pakeitimo metodu, kaip paieskos modelius naudojant
anksciau nustatytas karboanhidraziu struktiiras. Modeliai buvo iteraty-
viai konstruojami ir tikslinami pagal eksperimentinj elektronu tankij.

Dauguma Sioje disertacijoje pateikty kristaliniuy strukttiry nustate
disertacijos autoré. Dalj CA IX ir CA XII struktfiry nustaté bendradar-
biai Dr. Janis Leitans ir Prof. Dr. Kaspars Tars (Latvijos biomedicininiuy
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tyrimuy ir studiju centras, Latvija). Visas i disertacija itrauktas strukttiras
autoré analizavo vertindama baltymo ir ligando saveikas, jungimosi
centro hidratacija ir struktiirinius poZymius, susijusius su termodinami-
niais jungimosi parametrais.

ISsamios kristalizacijos salygos, difrakcijos duomenuy rinkimo para-
metrai, struktiiry tikslinimo ir validavimo rodikliai bei naudota progra-
mineé jranga pateikti atitinkamose i $ia disertacija itrauktose publikacijo-
se.

Rezultatai

Baltymo ir ligando atpaZinima lemiantys veiksniai

Siame skyriuje pristatomi tyrimai nagrinéja molekulinius veiksnius,
lemiancius baltymo ir ligando atpaZinima, naudojant karboanhidraziy ir
sulfonamiduy sistema. ISskirtinis démesys skiriamas tam, kaip termodi-
naminiai mechanizmai, ligando struktiira ir baltymo aplinka prisideda
prie baltymu ir ligandy jungimosi stiprumo bei selektyvumo. Pirmiau-
sia tiriamas entalpijos ir entropijos kompensacijos reiskinys, siekiant
atskleisti, kaip panasus jungimosi stiprumas gali susidaryti deél i§ esmés
skirtingu energetiniy mechanizmu. Véliau nagrinéjama nedideliy ligan-
do modifikaciju jtaka jungimosi stiprumui ir selektyvumui. Galiausiai,
struktiiriniai ir termodinaminiai duomenys integruojami siekiant nusta-
tyti sasajas tarp baltymo ir ligando strukttiros bei jungimosi energijos.

Entalpijos ir entropijos kompensavimas

Sioje dalyje apibendrinami publikacijos Paketuryté-Latvé ir kt. 2026 m.
rezultatai:

Vaida Paketuryté-Latvé, Audrius Zaksauskas, Visvaldas Kairys,
Edita Capkauskaité, Martynas Bagdonas, Alexey Smirnov, Elena
Manakova, Saulius Grazulis, Daumantas Matulis

Enthalpy-Entropy Compensation in Inhibitor Binding to Carbonic

Anhydrase Isozymes
Recenzuojama.
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Mano indélj sudaré tyrimo koncepcijos kiirimas, eksperimentinis jungi-
mosi termodinamikos nustatymas ITC metodu, tikryjy termodinaminiy
parametry skaiCiavimas ir analizé, rentgeno kristalografiné analizé, ental-
pijos ir entropijos kompensacijos reiskiniy interpretavimas bei rankrascio
rengimas.

Siekant istirti molekulines entalpijos ir entropijos kompensacijos
prieZastis, buvo tiriama sulfonamidiniu slopikliu serija (konkre¢iai -
SeSiu ortho, meta-dipakeistu benzensulfonamidu serija, junginiai 4a—4d,
4h ir 7h) triju Zmogaus karboanhidraziu izofermenty — CAII, CA XII
ir CAXIII — atzvilgiu. Nors iy fermenty bendrosios struktiros yra
labai konservatyvios ir jie tos pacios klasés slopiklius jungia panasiu
stiprumu, ju aktyvieji centrai skiriasi tik keliomis aminortigsciu pozicijo-
mis. Si sistema sudareé salygas nustatyti, kaip nedideli baltymo aplinkos
skirtumai veikia termodinaminius mechanizmus, lemiancius ligando at-
pazinima. Jungimosi stiprumai ir kiti termodinaminiai parametrai buvo
nustatyti naudojant FTSA ir ITC (8is tyrimas papildomai leido nustatyti
jungimosi entalpijas) metodus, o rentgenostruktiiriné analizé suteiké
informacija apie atitinkamu baltymo ir ligando kompleksu struktiiras.
Buvo nustatytos septynios kompleksu su CAII (PDB kodai: 30EN,
30EQ, 30IC), CAXII (PDB: 30FA, 30FB) ir CA XIII (PDB: 30FP, 30FN)
kristalinés struktiiros.

Eksperimentiskai nustatyti (stebimieji) termodinaminiai paramet-
rai buvo pakoreguoti atsizvelgiant i visas su sulfonamidy jungimu-
si susietas protonacijos pusiausvyras, iskaitant ligando deprotonaci-
ja, cinko jono koordinuotos hidroksido grupés protonacija bei bufe-
rio jonizacija. Sis skai¢iavimas réemési eksperimentidkai nustatytais
sulfonamidu pK,: junginiams 4a-4d ir 4h nustatyta pK, sa = 9,8 bei pro-
tonacijos entalpija AH,; sa = —35,2kJmol ™!, o junginiui 7h - pK, ga =
8,9ir AHp sA = —30,4kJ mol ™! (naudojant TRIS buferj, kurio A Hp, puf
= —46,56 kJmol~!). Atlikus $ia analize, buvo gauti tikrieji termodi-
naminiai parametrai (AGin, AHin ir —TASiy;), atspindintys tik pa-
¢iaq baltymo ir ligando saveika. Tikrosios Gibso energijos lyginant
jungimasi tarp izofermentu kito nedaug, tuo tarpu tikrosios entalpi-
jos ir entropijos skyresi desimtimis kJmol™!. PavyzdZiui, junginio
4a tikroji Gibso energija jungiantis prie CAII ir CA XIII skyreési vos
2,1kJmol~! (atitinkamai —59,3kJ mol~! ir —61,4kJ mol™!), tadiau ati-
tinkamos tikrosios entalpijos skirtumas sieké net 37,2 kJ mol " (atitinka-
mai —26,8 kJ mol ™! ir —64,0 kJ mol ™). S skirtuma visiskai kompensavo
priesSingas entropinio indélio pokytis (¢ia —T'AS;,; pakito nuo labai pa-
lankaus —32,5 kJ mol~* sistemoje su CA II iki nepalankaus 2,6 kJ mol !
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su CA XIII). Sie stebéjimai jrodo, kad panasus jungimosi stiprumas gali
susidaryti dél i§ esmés skirtingu energetiniu mechanizmu balansavimo.

Nustatytas ryskus, nuo izofermento priklausantis entalpijos ir ent-
ropijos kompensacijos pobtuidis, stebimas visoje tirtoje junginiu serijoje.
Jungimasi prie CA Il lémé palanki entropija, o jungimasi prie CA XIII -
entalpija, kol CA XII pasiZyméjo tarpiniais termodinaminiais profiliais.
Apibendrinant, vidutinis santykinis jungimosi Gibso energijos pasiskirs-
tymas tarp tirtu junginiy parodé, kad visu reakciju suminis jungimasis
prie CAII buvo ~70 % nulemtas entropijos (~30 % entalpijos), CA XII
buvo tarpinis (~70 % entalpijos, ~30 % entropijos), o jungimasis prie
CA XII buvo beveik visiskai nulemtas entalpijos (~100 % entalpijos, 0 %
entropijos). Svarbu tai, kad Sie skirtumai tarp izofermenty buvo gerokai
didesni uz tuos, kuriuos sukeélé paties ligando strukttiros modifikacijos;
tai rodo, kad Siuo atveju pagrindinis termodinaminio skirtumo veiksnys
yra baltymo aplinka, o ne ligandas. Rezultatai dar karta pabrézé, kad
vien stebimaisiais termodinaminiais parametrais grista analizé gali biti
klaidinanti, nes su protonacija susije procesai gali reikSmingai iSkraipyti
tiek entalpijos, tiek entropijos indélius, todél Ssiam palyginimui buvo
btitina atlikti su protonizacija susijusiu pusiausvyru korekcija.

Didelés raiskos kristalinés struktiiros atskleidé, kad nepaisant ryskiu
termodinaminiy skirtumuy, visu slopikliu bendri jungimosi btidai yra
labai panasiis: jie koordinuoja katalizinj cinko jona per deprotonuota
sulfonamidine grupe ir visuose kompleksuose formuoja panasius vande-
nilinius rySius su Thr199. Nepaisant to, nustatyti keli subtiliis aktyviojo
centro architekttiros skirtumai toliau nuo $ios konservatyvios jungimosi
srities, kurie yra pagrindiniai stebimos termodinaminés elgsenos veiks-
niai. Konkreciai, ties 62 pozicija esantis Asn izofermentuose CAII ir
CAXII gali suformuoti tiesioginj vandenilinj rysj su ligandu, tuo tarpu
trumpesnis Ser62 izofermente CA XIII lemia netiesioginj vandenilinj
ry$i per vandens molekule. Ties 131 pozicija CAII ir CA XIII turi Phe,
o CAXII turi Ala aminoraigsti (be to, Phel31 pasiZyméjo nejprastu ir
retu konformaciniu paslankumu reaguodamas i skirtingus ligandus).
Kitas pastebimas skirtumas nustatytas ties 200 pozicija, kuria uZima Thr
izofermentuose CAII ir CA XII, tac¢iau Val - izofermente CA XIII, o tai
reik$mingai keicia vietine hidratacijos aplinka Salia benzensulfonamido
grupés. Siy struktariniu variaciju pakako, kad biity pakeista pusiausvy-
ra tarp entalpiniy ir entropiniu varomuyju jéguy, kartu islaikant bendra
jungimosi stipruma.

Sie rezultatai rodo, kad panasis jungimosi stiprumai gali atsirasti dél
i§ esmés skirtingu energetiniy mechanizmuy, o subtiliis aktyviojo centro
architektiiros pokyc¢iai gali reikSmingai pakeisti entalpiniy ir entropiniu
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indéliy balansa nedarydami jtakos bendram stiprumui. DidZiausi skir-
tumai buvo susije su baltymo izofermentu, o ligando strukttiros modifi-
kacijomis turéjo gerokai mazesni efekta &iuo atveju. Sie skirtumai dera
su izofermentams biidinga aktyviojo centro hidratacija, kur vandens
organizacijos skirtumai ir dehidratacijos energetiniai kastai jungiantis
ligandui lemia skirtingus termodinamius profilius. Konkreciai, CAII
izofermente Thr200 trumpu vandeniliniu rysiu stabilizuoja tvarkinga
vandens molekule W1, kurios iSstimimas prisijungiant ligandui su-
kuria labai palankuy tirpiklio entropijos indélj. PrieSingai, Val200 izo-
fermente CA XIII negali suformuoti Sio stabilizuojan¢io vandenilinio
rysio, todél ten esantis aktyviojo centro vandens tinklas yra maZziau
tvarkingas ir laisvesnis, o jo reorganizacija suteikia neZymu entropinij
pokyti, taip nulemdama dominuojantj entalpinj jungimosi pobtidi. Inte-
gruojant tikryju termodinaminiy parametry analize su didelés raiskos
struktiiriniu apibadinimu, tyrime sukuriamas iSsamus sulfonamiduy at-
paZinimo strukttiros ir termodinamikos modelis. Sie rezultatai suteikia
svarbiu jZvalgu apie molekulines entalpijos ir entropijos kompensacijos
prieZastis bei pabrézia butinybe atsizvelgti tiek i struktiirinius, tiek i
termodinaminius veiksnius racionaliai projektuojant selektyvius ligan-
dus.

Jungimosi stiprumas ir selektyvumas

Sioje dalyje apibendrinami publikacijos [136] rezultatai:

Audrius ZakSauskas, Vaida Paketuryté-Latvé, Alberta Jankiinaite,
Edita Capkauskaité, Yann Becart, Alexey Smirnov, Kldra Pospisilova,
Janis Leitans, Jifi Brynda, Andris Kazaks, Lina Baranauskiené,
Elena Manakova, Saulius GraZulis, Visvaldas Kairys, Kaspars Tars,
Pavlina Reza¢ova, Daumantas Matulis

Affinity and Selectivity of Protein-Ligand Recognition: A Minor
Chemical Modification Changes Carbonic Anhydrase Binding
Profile

J. Med. Chem., 2025, 68 (16), 17752-17773.

DOI: 10.1021/acs.jmedchem.5c01421

Mano indélj sudaré eksperimentinis jungimosi stiprumo nustatymas
FTSA metodu, tikrosios jungimosi termodinamikos analizé, rentgeno
struktiiriné kristalografiné analizé, selektyvumo tendencijy interpretavi-
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mas bei duomeny analizé ir rankrascio rengimas. Prie sios publikacijos
svariai prisidéjo Dr. A. Zaksausko, Dr. A. Jankinaités, Dr. E. Cap-
kauskaités bei Yann Becart atlikta tiriamy junginiy organiné sintezé. Svar-
bu pazZyméti, kad nepriklausomus fermenty slopinimo eksperimentus atliko
K. Pospisilovd. Tai leido parodyti stipriq koreliacijq tarp nepriklausomai
atlikty jungimosi (FTSA) ir slopinimo (SFA) duomeny.

Siame tyrime sistemingai nagrineta, kaip nedidelés orto-pakeistu
benzensulfonamidu cheminés modifikacijos i§ esmés keicia jungimosi
stipruma ir selektyvuma Zmogaus karboanhidrazés (CA) izofermentu
atzvilgiu. Buvo susintetinta apie 50 nauju junginiy, atstovaujanciu septy-
nias chemines klases pagal sieros oksidacijos laipsni ir jungianc¢iojo tilto
heteroatomus (jskaitant 4-sulfanil-, 4-sulfinil- ir 4-sulfonil-esterius bei
benzamidus, kartu su 4-amino-benzamidais). Jungimosi stiprumas vi-
siems 12 kataliziSkai aktyviu Zzmogaus CA izofermenty buvo nustatytas
naudojant FTSA, kuriq papildé , stopped-flow” fermentinis slopinimas
bei strukttiriné rentgenostruktairiné analizé.

Mazi struktiiriniai poky¢iai lémé jungimosi stiprumo skirtumus, sie-
kiancius kelias eiles. Konkreciai, 4-sulfanil-pakeisti benzensulfonamidai
pasiZyméjo iSskirtinai stipriu ir selektyviu jungimusi prie CAIX, o ju
tikrosios disociacijos konstantos pasieké pikomolinj diapazona. Pavyz-
dziui, cikloheksilsulfanilesteris 4b pasiZymeéjo iSskirtine K int, lygia
1pM (0,0010 nM) taikinio CA IX atZvilgiu, o jungimasis su CAII Simtus
karty silpnesnis (Kq int = 0,49 nM). Be to, nors stambus adamantilsul-
fanilesteris 4g pasieké panasu stipruma CAIX (Kqint = 3pM) su kelis
Simtus karty didesniu selektyvumu pries CAII, maZesnis metilsulfa-
nilo analogas 4h §j selektyvuma prarado. PrieSingai, sulfanilo grupés
oksidacija iki sulfinilo ar sulfonilo Zymiai sumaZzino saveika ir beveik
panaikino selektyvuma CA IX izofermentui, nepaisant minimaliy viso
molekulinio karkaso poky¢iu. Pavyzdziui, sulfinilo darinys 7b ir sul-
fonilo darinys 9b rodé stipriai sumaZzéjusi ar dingusi jungimasi CA IX
(atitinkamai 28 nM ir 320 nM)

K4 int buvo gautos i8 stebimuyju disociacijos konstanty, jvertinus nuo
pH priklausancias tiek sulfonamido grupés, tiek prie cinko koordinuotos
vandens molekulés protonacijos pusiausvyras. Si analizé parodé, kad
jungimasis nebuvo susijes vien tik su pK, poslinkiais, bet atspindéjo
tikraja baltymo ir ligando saveika. Si korekcija yra kritiné, nes nors
stiprus elektronus sutraukiantis sulfinilo ir sulfonilo grupiu efektas su-
mazino sulfonamido pK, sa beveik visu pH vienetu (nuo 9,8 sulfanilo
junginiams iki 8,9 sulfoksidams) ir padidino deprotonuoto ligando dali,
paruosta koordinuoti cinko jona prie pH 7,0, ju tikrosios jungimosi
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konstantos i$ tikruju buvo Simtus tikstanciu karty silpnesnes. Tai pa-
brézia AGiy ir kity tikryju parametru svarba patikimai analizuojant CA
slopikliy struktiiros ir jungimosi stiprumo sasajas.

Esteriy ir benzamiduy analogu palyginimas parodé, kad benzamidai
prie CA izofermentuy paprastai jungeési silpniau, nors keli i$ ju iSlaiké
pastebima selektyvuma CA IX atZvilgiu. Pakaito dydis ir hidrofobisku-
mas buvo lemiami veiksniai: didelés hidrofobinés grupés optimizavo
saveikas didesniame (negu kituose izofermentuose) CA IX aktyviajame
centre, tac¢iau sukelé sterines klititis maZesniuy aktyviuju centry izofer-
mentuose, taip nulemdamos selektyvuma.

Konformaciju analizé suteiké struktiirinj jungimosi stiprumo tendenciju
paaiskinima. Didelio jungimosi stiprumo sulfanil-pakeisti ligandai
jungési su karboanhidrazémis tokiu btidu, kuris optimizavo hidrofobini
efekta ir vadeniliniy rysiu tinklus bei svarbiausia sudarydami koordina-
cinj rysi su cinko jonu. Tiksliau, devynios naujai nustatytos strukttiros
(iskaitant CA II-4c, CAIX-4d ir CA XIII-4d; PDB ID: 9FPQ, 9R8X, 9FPW
atitinkamai) parodé, kad ligando esterio grupé sudaro tiesioginj vandenilinj
rysi su Asn62 izofermente CA I, tatiau pereina j vandens tarpininkau-
jama vandeniliniy rysiu tinkla su GIn70/ Asn65 izofermente CA IX bei
Ser64/Asn69 izofermente CA XIII. Be to, junginio 4h kristalografine
analizé komplekse su CAII (PDB ID: 9FPS) atskleidé netipinj jungimo-
si biida su dviem ligando molekulémis, kur antroji molekulé jungiasi
neklasikiniu biidu aktyviojo centro periferijoje per hidrofobines ir van-
dens tarpininkaujamas saveikas. Tuo tarpu sulfinilo ir sulfonilo dariniai
pasizymeéjo nepalankiais vidumolekuliniais vandeniliniais rysiais, lemia-
ncius jungimuisi su karboanhidrazémis netinkama konformacija. Mole-
kulinis dokinimas sékmingai atkiiré eksperimentines sulfanil-pakeisty
junginiy tendencijas, ta¢iau negebéjo paaiskinti sulfonilo dariniy elgse-
nos, kuri buvo nulemta vidumolekuliniu rysiu energijos.

Apibendrinant, rezultatai rodo, kad vieno orto pakaito oksidacijos
laipsnis ir konformacinis lankstumas gali nulemti jungimosi stipruma
CA izofermentams ir selektyvuma keliu eiliu diapazone. Sis darbas
nustato aiSky mechanistinj ry$j tarp subtiliu cheminiy modifikacijy,
ligando konformacinés energetikos ir selektyvaus CAIX atpaZinimo,
suteikdamas vertingu gairiy racionaliam karboanhidraziy slopikliu pro-
jektavimui. Ry$kus nedideliu struktiiriniu modifikaciju poveikis pas-
katino platesnij tyrima, siekiant nustatyti, kaip strukttiriné informacija
ir termodinaminiai parametrai gali baiti integruoti aiskinant baltymo ir
ligando atpazinima.
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Sasajos tarp struktiiros ir termodinamikos

Sioje dalyje apibendrinami publikacijos [137] rezultatai:

Vaida Paketuryté-Latvé, Alexey Smirnov, Elena Manakova, Lina Ba-
ranauskiené, Vytautas Petrauskas, Asta Zubriené, Jurgita Matuliené,
Virginija Dudutieneé, Edita Capkauskaité, Audrius Zaksauskas, Janis
Leitans, Saulius GraZulis, Kaspars Tars, Daumantas Matulis

From X-ray crystallographic structure to intrinsic thermodynamics
of protein-ligand binding using carbonic anhydrase isozymes as a
model system

IUCr], 2024, 11 (4), 556-569.

DOI: 10.1107 /52052252524004627

Mano indélj sudaré publikacijos idéjos sukiirimas, baltymo ir ligando
squeikos termodinaminé analizé, struktiiriniy ir termodinaminiy duomeny
integravimas bei rankrascio rengimas. Svarbu pabréZti, kad daugumaq
jungimosi termodinaminiy parametry nustatymy atliko Dr. A. Zubriené
ir Dr. L. Baranauskiené, o dalj straipsnyje cituojamy kristaliniy struktiiry
nustaté Dr. A. Smirnov, Dr. E. Manakova ir Dr. |. Leitans. Lasteliy
tyrimus atliko Dr. |. Matuliené.

Siekiant nustatyti koreliacijas tarp baltymo ir ligando struktiiros bei
jungimosi termodinamikos, rentgenostruktiirinés analizés duomenys
buvo derinami su matavimais, gautais naudojant FTSA, ITC, fermen-
tinio slopinimo bei metodus lastelése. Tyrime analizuota struktiiriskai
panasiu sulfonamidiniu slopikliu (daugiausiai fluorinty ir chlorinty
benzensulfonamidu serijos) saveika, pasiZzyminti itin skirtingu jungimo-
si stiprumu bei selektyvumu Zmogaus karboanhidraziy izofermentams,
didziausia démes;j skiriant su kietaisiais hipoksiniais navikais susijusiai
CAIX. Siekiant jveikti su CA IX kristalizacija susijusius is$tikius, buvo
naudota chimeriné CA IX (chCA IX) kaip itin tikslus atitikmuo, turin-
tis Sesias aktyviojo centro mutacijas (A65S, N67Q, 191L, F130V, V134L,
L203A), ivestas i CA L

Kristalinés struktiros atskleidé konservatyvu sulfonamidiniu slo-
pikliu jungimosi bida: jie koordinuoja katalizini Zn'" ir formuoja pa-
nasias saveikas aktyviajame centre. Nepaisant to, ligandai, pasiZymin-
tys beveik identiskomis jungimosi pozomis, daZnai skyrési savo jun-
gimosi su karboanhidrazémis stiprumu keliomis eilémis. PavyzdZziui,
struktairiS$kai itin panasas slopikliai EA3-3 ir EA5-3 kompleksuose su
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chCAIX ir CAII (abu kristalizuojasi P2; erdvinéje grupéje su beveik
identiskais elementariosios narvelio parametrais) pasiZyméjo panasio-
mis jungimosi konformacijomis, ta¢iau demonstravo visiskai skirtinga
jungimosi stipruma. Sie stebéjimai irodé, kad vien struktirinés informa-
cijos nepakanka norint paaiskinti jungimosi stipruma ar izofermentinj
selektyvuma.

Skirtingu eksperimentiniy metodu palyginimas iSryskino individualiu
jungimosi analiziy privalumus ir apribojimus. FTSA metodas pasi-
zZymeéjo placiausiu nustatymo diapazonu - nuo milimoliniu iki pikomoliniu
K4 vertiy, tuo tarpu fermentinio slopinimo analizés bei ITC metodas ap-
siribojo siauresniais matavimo intervalais. Keliu ortogonaliniu metodu
taikymas leido patikimiau apibadinti baltymo ir ligando saveikas.

Pagrindinis Sio darbo rezultatas - tikryju termodinaminiy parametruy
nustatymas. [vertinus su jungimusi susietas protonacijos pusiausvyras,
stebimieji jungimosi duomenys buvo perskaiciuoti i AGin,, AHiy ir
—T ASin. Tam reikéjo jvertinti cinko koordinuotos hidroksido grupés
protonacija aktyviajame centre (fermento pK, ca siekia 6-7, o CATir
CAXIII atveju — iki 8) bei benzensulfonamido grupés deprotonacija
(pKasa paprastai yra tarp 8 ir 11). Sie tikrieji parametrai tiksliau at-
spindéjo baltymo ir ligando saveikos pasekmes ir sudareé salygas nusta-
tyti prasmingas struktiiros ir termodinamikos sasajas.

Kompleksiné analizé parodé, kad ligandu jungimosi stipruma ir se-
lektyvuma lemia sudétinga struktiiriniy, solvatacijos bei termodinaminiy
veiksniu saveika. Nedidelés cheminés modifikacijos daZnai sukeldavo
esminius tikrosios jungimosi energijos poky¢ius, nepaisant tik subtiliu
skirtumu kristalografinése struktiirose. Konkreciai, uodegos metilo
grupeés (VD12-05) pakeitimas hidroksilo uodega (VD10-35) léemeé sis-
teminga 7,5-10,7 kJmol ! tikrosios Gibso energijos praradima skir-
tinguose CA izofermentuose, nes poliné hidroksigrupé buvo linkusi
formuoti vandenilinius ry$ius su tirpikliu, o ne su baltymu. PrieSingai,
ciklooktilamino Ziedo jvedimas meta-padétyje (VD11-4-2) sukéleé steriniy
trukdziy, kurie sumazino CA I jungimosi stipruma 18,0 kJ mol ! (1000
kartu), ta¢iau uztikrino 21,9kJ mol ™! padidéjima (4000 kartuy) CAIXir
14,9 kJ mol~! CA XII izofermentui, taip nulemdamas net 100 000 kartu
selektyvuma CAIX naudai prie§ CAL Be to, cikloheksano pakaitas
junginyje EA2-3 optimizavo hidrofobines saveikas padidintoje CA IX
kiSenéje, suteikdamas iSskirtinai didele tikraja Gibso energija, lygia
~75,0kJmol ™! (fentomoliniame diapazone). Sie rezultatai pabréZzia,
kad patikimai baltymo ir ligando atpaZinimo interpretacijai biitina in-
tegruoti strukttirine informacija su tikryju termodinaminiy parametry
analize.
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Apibendrinant, Siame darbe buvo sukurtas modelis, susiejantis rent-
genostruktiirinés analizés duomenis su tikraisiais termodinaminiais
parametrais, bei parodyta, kaip 8i integracija gali pagerinti molekuli-
nio atpazinimo supratima ir padéti racionaliai projektuoti vaistus. Sj
principa aiSkiai iliustruoja prieSingos varomi mechanizmai, lemiantys
stipriu slopikliu jungimasi: nors VD10-35 jungimasis su CAI yra do-
minuojanciai entalpinis (AHi,, = —76,8 kJ mol_l), selektyvus VD11-4-2
jungimasis su CA IX yra daugiausiai nulemtas entropijos (=T ASiy; =
—475k] mol_l), nepaisant maZesnio entalpinio indélio (A Hi,, = —24,3 kJ mol_l),
o abu kartu jie suformuoja itin stipru kompleksa (AGin, = —71,8 kJ mol ™).

Termodinaminiy matavimy patikimumas

Patikima baltymo ir ligando atpaZinimo interpretacija priklauso ne
tik nuo struktiriniy ir termodinaminiy duomenu kokybés, bet ir nuo Siu
duomeny gavimo bei analizés metodu. Eksperimentiniai apribojimai,
parametry tarpusavio priklausomybé (koreliacijos) ir statistiné neapi-
bréZtis gali daryti didele jtaka jungimosi konstanty bei termodinaminiy
parametry tikslumui ir interpretacijai. Siame skyriuje pristatomi tyrimai
nagrinéja du vienas kita papildancius Sios problemos aspektus: fluores-
centinio terminio poslinkio metodo (FTSA) matavimu standartizavima
bei baltymo ir ligando jungimosi parametruy neapibréZties vertinima.

FTSA matavimy standartizavimas

Sioje dalyje apibendrinami publikacijos [116] rezultatai:

Egidijus Kazlauskas, Vytautas Petrauskas, Vaida Paketuryté,
Daumantas Matulis

Standard Operating Procedure for Fluorescent Thermal Shift
Assay (FTSA) for Determination of Protein-Ligand Binding and
Protein Stability

Eur. Biophys. J., 2021, 50 (5), 707-714.

DOI: 10.1007 /s00249-021-01537-1

Mano indélj sudaré duomeny analizé ir interpretavimas, iliustracijy bei
rankrascio teksto rengimas.
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Tyrimas parodé, kad FTSA uZtikrina atkuriamas, aukstos kokybés
lydymosi kreives, tinkamas tiek baltymu stabilumui, tiek ligandu jun-
gimosi stiprumui nustatyti pla¢iame diapazone (nuo 10? iki 1013M1).
Lydymosi temperatiira (7},) nustatoma sigmoidinio denattiracijos virs-
mo vidurio taske, o eksperimentiniai temperatiiriniai poslinkiai (AT,)
pritaikomi pusiausvyrinei jungimosi konstantai (K},) skaic¢iuoti. Nau-
dojant CAII (konkreciai — acetazolamido iki 200 uM koncentracijos jun-
gimasi su 5uM CAIIL, 2% v/v DMSO ir 50 pM ANS) ir Hsp90a N-
galinj domena (istirta pH 5,0-10,5 diapazone daugiakomponentiniame
acetato-borato-fosfato buferyje) kaip pavyzdzius qPCR aparate (nau-
dojant iScentrinius rotorinius spektrofluorimetrus ir 10 nL-20 pL tarius
optimaliam temperatiiros tolygumui), 8is metodas patikimai nustaté
ligandu sukeltus temperatiirinius poslinkius bei nuo pH priklausancius
stabilumo poky¢ius, patvirtindamas savo jautruma tiek jungimosi, tiek
tirpalo salygoms. Ligandu sukelti temperatiiriniai poslinkiai leido nu-
statyti jungimosi konstantas placiame saveiku diapazone. Darbe taip
pat atskleista, kad metodo veiksmingumas stipriai priklauso nuo dazu
koncentracijos, baltymo grynumo, buferio sudéties bei DMSO koncent-
racijos, taip iSrySkinant pagrindinius veiksnius, lemianc¢ius duomenu
kokybe. Konkreciai, sékmingas matavimas priklauso nuo temperatiirai
nejautraus buferio sudéties (naudojant fosfatinj arba HEPES vietoje
TRIS, siekiant iSvengti nuo temperatiiros priklausomo pH poslinkio),
DMSO koncentracijos (saugi ties 2 % v /v, tac¢iau destabilizuojanti esant
(> 4 %)), baltymo strukttiros (teikiant pirmenybe monomeriniams balty-
mams prie$ sudetingus oligomerinius darinius, kurie lemia persiden-
giancius efekty signalus), bei dazy parinkimo (rekomenduojant ANS su
Aex/Em =~ 350nm/470 nm vietoje SYPRO Orange dél silpnesnio pra-
dinio fono, arba naudojant triptofano fluorescencija). Apibendrinant,
gauti rezultatai patvirtino, kad FTSA yra patikimas, maZas méginiu
sanaudas naudojantis ir nasus metodas, tinkamas rutiniskam baltymu
ir ligandu saveiky apibtidinimui bei stabilumo atrankai.

Neapibrézties vertinimas

Sioje dalyje apibendrinami publikacijos [138] rezultatai:

Vaida Paketuryté, Vytautas Petrauskas, Asta Zubriené, Olga Abian,
Margarida Bastos, Wen-Yih Chen, Maria Jodo Moreno, Georg Krai-
ner, Vaida Linkuviené, Arthur Sedivy, Adrian Velazquez-Campoy,
Mark A. Williams, Daumantas Matulis
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Sis darbas buvo COST veiklos CA15126 (MOBIEU) uzduotis, kilusi i3
bendry Europos biofiziky bendruomenés diskusijy, siekiant patobulin-
ti molekuliniy squeiky neapibréZties pateikimq. Mano indélis | sj tyri-
maq apémé dalyvavima mokslinése diskusijose, eksperimenty planavimaq,
duomeny analize ir rankrascio rengima.

Sis tyrimas parodo, kad simetrinés standartinés paklaidos, daZniau-
siai pateikiamos kaip +z, reikSmingai nuvertina tikraji baltymu-ligandu
saveikos konstantu neapibréZtuma. Analizuojant tiek modeliuotus,
tiek eksperimentinius duomenu rinkinius nustatyta, kad pusiausvyros
jungimosi konstanta (K3,), disociacijos konstanta (Kg) ir Gibso energi-
jos pokytis (AG) pasiZymi i$ esmés asimetriskais pasiskirstymais dél
juos siejanciy logaritminiy, eksponentiniy ir atvirkstiniu matematiniu
priklausomybiu. Siy parametry tarpusavio transformacijos dar labiau
sustiprina pasiskirstymu asimetrija, todél simetrinis paklaidu patei-
kimas yra statistiSkai netinkamas ir gali lemti fizikai nejmanomus
rezultatus, pavyzdZiui, neigiamas jungimosi konstantu reikSmes. Pa-
vyzdZziui, 1-uoju atveju (Case 1 publikacijoje), darant prielaida, kad Kj,
pasiskirstymas yra normalusis, kurio vidurkis lygus 2,0 - 10" M, o
standartinis nuokrypis — 0,6 - 10" M~1, transformavus i Kq gaunamas
stipriai asimetriSkas pasiskirstymas (asimetrijos koeficientas siekia 4,3),
be to, normalusis pasiskirstymas priskiria teigiama tikimybe fiziskai
nejmanomoms neigiamoms K}, reikSméms. PrieSingai, jei normalu-
mas taikomas AG su vidurkiu —41,67 kJ mol ™! prie 25 °C ir standarti-
niu nuokrypiu 0,77 kJ mol !, gaunamas simetrinis 95 % pasikliautinasis
intervalas —43,18 kJ mol™! to (numerical range) —40,16 kJ mol ™!, kuri
tiesiogiai transformavus gaunamas prasmingas asimetrinis Ky, 95 % pa-
sikliautinasis intervalas [1, 09; 3, 68] x 10"M~*

Monte Karlo simuliacijos, atliktos 1:1 jungimosi titravimams, parodeé,
kad apskaic¢iuotos K3, reikSmés tampa vis labiau teigiamai asimetriskos
didéjant jungimosi stiprumui, tuo tarpu AG iSlieka artimesnis norma-
liam pasiskirstymui esant pakankamai optimalioms eksperimentinéms
salygoms. Siekiant jvertinti eksperimentiskai realistiS8ka situacija, 2-
uoju atveju (Case 2 publikacijoje) sumodeliuotas VP-ITC eksperimentas,
kurj sudaré 20 x 15puL 200 uM ligando isvirkstimai i 20 uM baltymo
tirpala, esant (AH =—10kJ mol_l) ir pastoviam jSvirkstimo Silumos triu-
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kSmui 3pJ. Tokiomis salygomis, padidinus tikraja K3, reikSme nuo
2-10° M~! (Wiseman parametras ¢ = 4) iki 2 - 10" M1 (¢ = 400), gau-
tos Kj, reikSmes pasiskirstymo asimetrijos koeficientas iSaugo nuo 1,3
((CI95=[0,78;5,8] x10° M~1)) iki net 23 ((CI95=[0,51;22] x 10" M~!)). Esant
tokiai didelio jungimosi stiprumo c reikSmei, tik 3-4 duomenu taskai
patenka i jungimosi izotermos pereinamaja sriti, todél kreivés linkis,
apribojantis K3, yra prastai iSreikStas, o gautos reikSmés tampa itin
jautrios triukSmui ir suformuoja asimetriska skirstinj su ilga virSutine
uodega.

Su bendraautoriais priéjome iSvada, kad profilio tikétinumo (angl.
profile likelihood) metodu apskai¢iuoti 95 % pasikliautinieji intervalai
(CIpgs) yranuoseklesnis ir tarpusavyje transformuojamas neapibréZztumo
vaizdavimo biidas visiems termodinaminiams dydZiams. Asimetriniai
intervalai yra apskai¢iuojami naudojant Fisherio-Snedecoro F' pasiskirs-
tyma, sistemingai kei¢iant tiriama parametra fiksuotais Zingsniais ir
minimizuojant liekamuju kvadraty suma kity laisvyju parametry atzvil-
giu. Skirtingai nei standartinés paklaidos, Sis metodas uZtikrina visiska
vir§utiniy ir apatiniy neapibréZtumo ribu atitikima transformuojant
tarp Ky, ir AG, iSsaugant visa informacija apie eksperimentinj kintamu-
ma. PavyzdZziui, sumodeliuotam titravimui su tikrosiomis reikSmémis
(K, =2 x105 M~ ir (AH = 41,8 kJ mol™'), profilio tikétinumo meto-
das (CIpgs) duoda identiskus atitinkancius intervalus (([1,44;3,30] x 109
M) parametrui (K3,) ir ([-37,2;-35,1] kJ mol 1) parametrui (AG)), nepri-
klausomai nuo to, kuris i8 ju buvo tiesiogiai optimizuojamas, tuo tarpu
standartiniai asimptotiniai simetriniai intervalai (C'g 95) $io sarysio po
transformacijos neislaiko. Tad rezultatai rodo, kad asimetriniai pasi-
kliautinieji intervalai yra biitini siekiant tiksliai interpretuoti ir pakarto-
tinai naudoti biofizikinius duomenis, todél baltymu-ligandu saveikos
tyrimuose jie turétu pakeisti nusistovéjusias simetrines standartines
paklaidas.

Diskusija

Pagrindinis struktiira paremto vaisty kiirimo tikslas yra numatyti,
kaip cheminés modifikacijos veikia jungimosi stipruma ir selektyvuma,
bei panaudoti Sias Zinias kuriant junginius, kurie stipriai jungiasi prie
norimo taikinio ir kartu nesaveikauja (arba silpnai saveikauja) su kitais
baltymais. Nepaisant didelés paZzangos struktiirinés biologijos, kompiu-
terinés chemijos ir biofizikos srityse, §j tiksla pasiekti vis dar sudétinga.
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éioje disertacijoje pateikti rezultatai iSryskina keleta veiksniuy, kurie ap-
sunkina baltymu-ligandu atpaZinimo interpretavima ir prognozavima.

Skyriuje Entalpijos—entropijos kompensavimas pateikti rezultatai
suteikia papildomu jZvalgy apie molekulines entalpijos-entropijos kom-
pensavimo prieZastis. Ankstesni Whitesides ir bendradarbiy darbai
[9, 139] parodé, kad net ir nedidelés ligandu modifikacijos gali lemti
didelius entalpijos ir entropijos poky¢ius, nors bendras jungimosi stip-
rumas su CAII kinta tik neZymiai. Tai pabrézia hidratacijos ir tirpiklio
persitvarkymo svarba molekuliniame atpaZinime. Siame darbe gauti
rezultatai rodo, kad reikS§mingi termodinaminiy parametruy skirtumai
gali atsirasti ir tarp karboanhidrazés izofermentu, nepaisant labai kon-
servatyvios aktyviojo centro architektiiros ir panasios liganduy jungimosi
geometrijos. Tai rodo, kad entalpijos—entropijos kompensavima lemia ne
tik paties ligando savybés, bet ir aktyviojo centro aplinka bei kiti baltymo
ypatumai. Net ir nedideli aktyviojo centro aminortigs¢iu liekany, hidra-
tacijos tinkly ar baltymo dinamikos skirtumai yra pakankami pakeisti
entalpijos ir entropijos pusiausvyra. Todél jungimosi termodinaminés
savybés turéty biti vertinamos kaip visos baltymo-ligando sistemos
savybé, o ne kaip tiesioginiai baltymo-ligando tarpmolekuliniai rysiai.

Praktiniu poZitiriu Sie rezultatai atskleidZia tiek termodinamineés
analizés galimybes, tiek jos ribotumus. Nors jungimosi energijos iSskai-
dymas i entalpines ir entropines dedamasias leidZia atskirti baltymo-—
ligando kompleksus, kurie, vertinant vien pagal jungimosi stipruma,
atrodo labai panasiis, $iu dedamuju interpretavimas islieka sudétingas,
nes entalpija ir entropija atspindi daugelio tarpusavyje susijusiu procesu
bendra poveikj. Kaip pazyméjo Klebe ir kiti autoriai [140], atskiru
termodinaminiy indéliy priskyrimas konkre¢ioms molekulinéms savei-
koms daZnai néra tiesioginis, nes tarpmolekuliniai kontaktai, hidrataci-
ja, konformacinis lankstumas ir dinamika kinta vienu metu. Vis délto
termodinaminiy parametry gebéjimas atskirti sistemas, pasizyminc¢ias
panasiomis struktiiromis ir jungimosi stiprumais, rodo ju verte tiriant
molekulinio atpaZinimo procesus ir pabréZia papildoma informacija,
kuria jie suteikia greta jprastiniy jungimosi stiprumo matavimu.

Skyriuje Jungimosi stiprumas ir selektyvumas aprasyti rezultatai dar
karta pabreZia konformaciniu veiksniy svarba baltymu-ligandu atpa-
zinimui. Daugybé tyrimu parodé, kad net ir nedidelés strukttirinés
modifikacijos gali pakeisti ligando lankstuma, konformacines preferen-
cijas ir baltymo dinamika, taip sukeldamos netikétai didelius jungimosi
poky¢ius. Gilson ir bendradarbiai [3, 10] pabrézé konformacinés entro-
pijos svarba molekuliniame atpaZinime bei sunkumus tiksliai jvertinant
jos indélj i jungimasi, o Wand [142], Akke [6, 70] ir ju kolegos, rem-
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damiesi NMR tyrimais, parodé, kad baltymo ar ligando dinamikos
poky¢iai gali reikSmingai prisidéti prie jungimosi termodinamikos. Ne-
seniai Wankowicz ir bendradarbiai [66] parode, kad net i$ rentgeno
kristalografijos duomenu nustatytas konformacinis heterogeniskumas
gali suteikti vertingu izvalgu apie entropines ligando jungimosi pasek-
mes. Taciau, nepaisant $ios pazangos, eksperimentinis konformacinés
entropijos charakterizavimas islieka gerokai sudétingesnis nei bendruy
jungimosi termodinaminiy parametry nustatymas. [prastiniuose ITC
eksperimentuose bendras entropijos pokytis apskai¢iuojamas netiesio-
giai i§ iSmatuoty Gibso energijos ir entalpijos ver¢iu. Tuo tarpu atskiri
baltymo konformaciniu poky¢iy, ligando lankstumo, tirpiklio persitvar-
kymo ir kity procesu indéliai daZniausiai negali bati iSskirti. Todél
Siame darbe gauti rezultatai atskleidZia tiek konformaciniy veiksniu
svarba, tiek dabartinius ju charakterizavimo ribotumus. Siame tyrime
stebéti ryskiis jungimosi stiprumo sumazéjimai oksiduojant siera turi-
ncius pakaitus rodo, kad ligando konformacijos poky¢iai gali nusverti
tikétina jungimosi stipréjima, susijusi su elektronus istraukian¢iu grupiu
ivedimu.

Skyriuje Sasajos tarp struktiiros ir termodinamikos pateikti rezul-
tatai pabrézia stebimuy ir tikryju termodinaminiy parametry atskyri-
mo svarba interpretuojant baltymu-ligandu saveikas. Susietu proto-
nacijos pusiausvyruy itaka jungimosi termodinamikai Zinoma jau kelis
desimtmecius, o Baker ir Murphy [11], Whitesides ir bendradarbiu
[143], Klebe ir bendradarbiu [140] darbai bei miisu laboratorijos tyrimai
[134] pabréze, kad stebimi termodinaminiai parametrai nebttinai tie-
siogiai atspindi molekulinio atpaZinimo energija. Nepaisant to, tikruju
termodinaminiy parametry analizé $iuolaikiniuose baltymu-ligandu
tyrimuose vis dar naudojama palyginti retai, nes reikalingu protonacijos
parametry nustatymas yra eksperimentiskai sudétingas, o daugeliui
sistemy tokie duomenys apskritai néra prieinami [140]. Dél Sios prieZas-
ties stebimi termodinaminiai parametrai daZnai interpretuojami taip,
tarsi jie tiesiogiai apibidintu baltymo-ligando saveikas. Siame darbe
gauti rezultatai rodo, kad su protonacija susije indéliai gali reikSmin-
gai pakeisti tiek jungimosi termodinamikos dydj, tiek jos interpretacija,
todél prasmingam liganduy, baltymu ir jungimosi mechanizmuy palygini-
mui daZnai biitina remtis tikraisiais, o ne stebimais parametrais. Placiau
Zvelgiant, Sie rezultatai rodo, kad tikslioms struktiiros ir termodina-
mikos sasajoms nustatyti reikalinga ne tik aukstos raiskos strukttirinée
informacija, bet ir grieZtas procesy, lemianciy iSmatuotus termodinami-
nius parametrus, atskyrimas.

Skyriuose FTSA standartizavimas ir Neapibrézties vertinimas aprasy-
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ti metodologiniai tyrimai pabréZzia eksperimentuy dizaino ir neapibréZties
vertinimo svarba patikimai baltymu-ligandu jungimosi duomeny inter-
pretacijai. Literatiiroje publikuotu slopinimo verciy palyginimo analizé
[145] atskleidé reiksminga ir didelj rezultaty kintamuma tarp nepriklau-
somuy tyrimuy ir iSrySkino sunkumus, susijusius su skirtingomis eksperi-
mentinémis metodikomis bei salygomis gautu duomenu palyginimu.
Toks kintamumas ypac svarbus skai¢iavimo metodams, kurie modeliu
kiirimui, validavimui ir palyginimui daZnai remiasi publikuotais jungi-
mosi duomenimis. Netikslis ar tarpusavyje nesuderinami eksperimenti-
niai matavimai gali riboti ne tik eksperimentiniy rezultaty interpretacija,
bet ir prognozuojanc¢iu modeliy kiirima. Negalima tikétis, kad modeliai,
apmokyti naudojant triukSmingus eksperimentinius duomenis, pasieks
didesnj prognozavimo tiksluma nei leidZia pa¢iy matavimu kokybeé.
Panastis klausimai buvo keliami ir karboanhidraziu tyrimu srityje, kur
Liljas ir bendradarbiai [146] suabejojo kai kuriy placiai cituojamu slo-
pinimo duomenu rinkiniy tinkamumu ir teigé, kad ju tikslumas bei
patikimumas galéjo bati pervertinti. Sie pastebéjimai rodo, kad prasmin-
goms struktiros—aktyvumo ir struktiros—termodinamikos sasajoms
nustatyti reikalingi ne tik aukstos kokybés eksperimentiniai matavimai,
bet ir realistiSkas ju neapibréZties jvertinimas. Nors eksperimentinés
neapibréZties visiSkai pasSalinti neimanoma, jos grieZtas jvertinimas yra
btitinas norint atskirti tikrus biologinius efektus nuo metodologinio
kintamumo ir uZtikrinti prasminga skirtinguy tyrimu palyginima.

Nors Siuose darbuose nagrinéti skirtingi baltymu-ligandu saveiku
aspektai, visi jie pagrindZia ta pacia pagrindine iSvada — jungimosi stip-
rumas yra sudétinis dydis, kurj lemia daugelis tarpusavyje susijusiu
procesu. Hidratacija, konformaciniai poky¢iai, protonacijos pusiausvy-
ros ir eksperimentiné neapibréZztis gali reikSmingai paveikti molekulinio
atpazinimo supratima. Todél siekiant nustatyti prasmingas strukttiros
ir termodinamikos sasajas nepakanka vien struktiirinés informacijos
ar jungimosi stiprumo matavimuy — btitina jvertinti ir procesus, kurie
lemia stebimus eksperimentinius parametrus. Sioje disertacijoje pateikti
rezultatai atskleidZia tiek strukttira paremto vaisty kiirimo galimybes,
tiek jo ribotumus ir pabreZia, kad tikslus baltymu-ligandu saveiku su-
pratimas priklauso nuo gebéjimo iSskaidyti stebimus termodinaminius
parametrus i atskirus juos formuojancius procesus bei susieti juos su
strukttirine informacija. Tolesné paZanga Sioje srityje priklausys nuo
vis detalesnio jungimasi lemianciu procesu apibtidinimo, ju tarpusavio
saveikos supratimo ir ju indélio i molekulinj atpaZinima jvertinimo.
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Isvados

¢ Karboanhidraziu izofermentu palyginimas parodé, kad nedideli
aktyviojo centro skirtumai, jskaitant hidratacija bei Thr arba Val
liekanos buvima aktyviajame centre, buvo susije su reikSmingais
AH bei TAS skirtumais (siekusiais apie 40 kJ mol~! nepaisant pa-
nagios prisijungimo geometrijos ir AG reik§miu). Sie rezultatai
pabréZia tarpmolekulinés squeikos termodinamikos jautrumaq baltymo
aktyviojo centro aplinkai ir atskleidZia molekulinio atpaZinimo interpreta-
vimo vien pagal squeikos stiprumaq ar struktiirq ribotumus. (Publikacija
1

* Nedidelés cheminés modifikacijos lémé reiksmingus saveikos stip-
rumo ir selektyvumo pokycius jvairiu CA izofermentuy atzvilgiu.
Analizé parodé, kad sieros turin¢iu pakaitu oksidacija skatino
vidumolekuliniy vandeniliniu rysiu su sulfonamido grupe susi-
daryma, keité ligando konformacija ir silpnino baltymo ir ligando
saveika. Sie rezultatai atskleidZia, kad baltymo ir ligando atpaZinimq
lemia glaudZiai tarpusavyje susijusiy veiksniy visuma. (Publikacija 2)

¢ Atsizvelgus i su jungimusi susietas protonacijos pusiausvyras,
buvo apskaiciuoti tikrieji termodinaminiai parametrai, kurie rei-
ksmingai skyrési nuo stebimyju reik§miu dél protonacijos povei-
kio. Tai parodé, kad prasmingam saveikos palyginimui biitina
atskirti baltymo ir ligando jungimosi bei protonacijos indélius i
bendra saveikos termodinamika. (Publikacija 3)

¢ Sisteminis FTSA eksperimentu salygu vertinimas parodé protokolu
standartizavimo svarba siekiant gauti tarpusavyje palyginamus
baltymu ir ligandy jungimosi duomenis. Asimetriniai profilinio
tikétinumo (angl. profile likelihood) pasikliautinieji intervalai suteiké
pagrista neapibréZties jvertinima, tuo tarpu simetrinés standar-
tinés paklaidos yra klaidinancios dydziams, transformuojamiems
netiesiniuose modeliuose. (Publikacija 4 ir Publikacija 5)
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SIGNIFICANCE Enthalpy-entropy compensation is widely observed in protein-ligand binding,
yet its molecular origins remain difficult to resolve. Here, we combine binding thermodynamics with
high-resolution X-ray crystallography to investigate a matched series of sulfonamide inhibitors across
closely related human carbonic anhydrase isozymes. By correcting experimentally observed binding
parameters for proton-linked equilibria, we show that similar binding affinities can arise from markedly

different enthalpic and entropic contributions.

Abstract

Enthalpy—entropy compensation is a widely ob-
served feature of protein—ligand recognition, yet
its structural origins remain difficult to resolve.
Here, we investigate a matched series of sulfon-
amide inhibitors binding to three closely related
human carbonic anhydrase isozymes (CATI,
CAXII, and CAXIII) using isothermal titra-
tion calorimetry, fluorescence thermal shift as-
says, and high-resolution X-ray crystallogra-
phy. Although these isozymes share nearly
identical overall folds and exhibit highly sim-
ilar intrinsic Gibbs energies of binding, their
enthalpic and entropic contributions diverge
markedly. Correction of all observed thermo-
dynamic quantities for proton-linked equilibria
reveals that this divergence originates from sub-
tle differences in the active-site microenviron-

ment. In particular, single-residue variations—
including the Thr/Thr/Val substitution at po-
sition 200, the Phe/Ala/Phe variation at po-
sition 131, and the Asn/Asn/Ser difference at
position 62—modulate hydrogen-bond geome-
try, steric complementarity, and local solva-
tion, thereby reshaping the balance between en-
thalpic and entropic driving forces. These re-
sults demonstrate how closely related proteins
can achieve similar binding affinities through
distinct energetic strategies and establish a
coherent structure-thermodynamics framework
for sulfonamide recognition.

Abbreviations
CA - carbonic anhydrase;

FTSA - fluorescence-based thermal shift assay
(also called thermal shift assay, TSA), alternatively



termed ThermoFluor® or differential scanning flu-
orimetry (DSF);

ITC — isothermal titration calorimetry;

PLBD - Protein-Ligand Binding Database
(plbd.org);

PDB - Protein Data Bank;

TRIS - tris(hydroxymethyl)aminomethane buffer;
Zn'! - zinc ion;

Introduction

Small-molecule engineering to achieve high-
affinity binding to target proteins is a central
challenge in drug discovery and design. Truly
rational drug design requires a detailed under-
standing of how the chemical structure of a
small molecule recognizes and interacts with
specific surface regions of a protein. In addi-
tion, the thermodynamics of the binding pro-
cess must be thoroughly characterized, along
with the underlying physical forces among all
interacting components — not only the protein
and the ligand, but also the surrounding net-
work of water molecules, which remains difficult
to model and simulate 2.

Protein-ligand binding is governed by a
balance of enthalpic and entropic contribu-
tions arising from intermolecular interactions,
dehydration, and conformational reorganiza-
tion®®. Chemically similar ligands often dis-
play markedly different enthalpies and entropies
upon binding to the same protein; however,
their sum - the standard Gibbs energy of bind-
ing — tends to remain nearly constant, giv-
ing rise to the widely observed phenomenon of
enthalpy-entropy compensation®'. This com-
pensation complicates mechanistic interpreta-
tion: ligands with comparable affinities may
bind through distinct combinations of hydro-
gen bonding, hydrophobic contacts, and sol-
vent rearrangements, while even minor chem-
ical modifications can dramatically shift this
balance '*'°. Understanding how structural fea-
tures translate into specific thermodynamic sig-
natures, therefore, remains a challenge in quan-
titative ligand design.

A recurring concern in studies of enthalpy -
entropy compensation is that the phenomenon
may be non-physical and instead arise from ex-

perimental error. In typical experiments, the
binding enthalpy (AH) is measured directly,
whereas the entropy change (AS) is not ob-
tained independently. There is no direct exper-
imental method to determine the standard en-
tropy change upon binding'%'7; instead, bind-
ing affinity (K4 or AG) is measured - often
by techniques such as ITC - and AS is subse-
quently calculated from the relationship AG =
AH-TAS. Consequently, if both AH and AG
carry significant experimental errors, the appar-
ent enthalpy-entropy compensation may sim-
ply reflect propagated uncertainty rather than
a true physical effect. It is therefore essential
to carefully assess the accuracy and precision of
these measurements '™,

The interaction of carbonic anhydrase (CA)
with sulfonamide ligands has been widely
employed as a model system for investigat-
ing enthalpy-entropy compensation, supported
by high-quality thermodynamic measurements
and X-ray crystallographic data. In one study,
a series of fluorinated benzothiazole sulfon-
amides was designed, and their binding to hu-
man CAII was characterized using isothermal
titration calorimetry (ITC)!''. The results sug-
gested that water networks play a partial or
even dominant role in driving the observed com-
pensation effects. In a related study, conforma-
tional variations in alkyl chains were shown to
modulate the thermodynamics of sulfonamide
binding to CAII, highlighting the importance
of ligand flexibility in shaping enthalpic and
entropic contributions'’.

However, the human body contains twelve
catalytically active carbonic anhydrase (CA)
isozymes?’. All catalyze the same CO, hydra-
tion reaction and play important roles in carbon
metabolism and pH homeostasis. In addition,
there are three inactive but highly homologous
carbonic anhydrase-related proteins (CARPs),
which lack Zn' due to mutations of the his-
tidine residues responsible for metal coordina-
tion. Sequence identity among these proteins
ranges from approximately 30% to 70 %, yet
their overall fold is highly conserved. In the
active site, the differences are largely confined
to a small number of amino acids, making this
family a convenient system for studying how
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Figure 1: (A) Enthalpy-entropy compensation governing sulfonamide binding to human carbonic
anhydrases: CAII (blue), CAXII (green), and CA XIII (red). Distinct thermodynamic signatures
reflect isozyme-dependent binding mechanisms. Individual compounds are represented by different
symbols. Intrinsic thermodynamic parameters are shown as the largest data points, while observed
parameters are displayed as smaller, semi-transparent symbols. Diagonal lines indicate Gibbs en-
ergies in 10kJmol ™" increments. Intrinsic Gibbs energies cluster around —60kJmol™!, whereas
observed Gibbs energies are centered near —40kJmol ™. The pastel blue background highlights
enthalpy-favored binding regimes, while the pastel red background corresponds to the entropy-
favored interactions. (B) Chemical structures of the sulfonamide inhibitors examined in this study.
(C) Representative X-ray crystal structures of superimposed sulfonamides bound in the active sites
of CAII (blue; PDB IDs: 30EN, 30EO, 9FPQ, 9FPR ), CAXII (green; PDB IDs: 30FA, 30FB),
and CAXIII (red; PDB IDs: 30FP, 30FN, 9FPV, 9FPW), illustrating isozyme-specific ligand ori-

entations. The gray sphere represents the catalytic Zn" ion.

specific residues influence small-molecule recog-
nition.

For many small-molecule inhibitors, includ-
ing sulfonamides, the situation is further com-
plicated by proton-linked equilibria®"??. Bind-
ing is accompanied by deprotonation of the sul-
fonamide group and protonation of the metal-
bound water molecule in the active site, such
that the experimentally measured enthalpy and
affinity reflect not only ligand-protein interac-
tions but also the energetics of these coupled
protonation events. As a result, parameters ob-
tained from ITC and FTSA cannot be directly
interpreted in structural terms. The extrac-
tion of intrinsic thermodynamic parameters—

corrected for all protonation-linked processes-
is therefore essential to isolate the true ener-
getic contributions of binding. Despite their im-
portance, such intrinsic parameters have rarely
been determined systematically across related
protein-ligand systems.

Structural determinants of binding energetics
are equally challenging to resolve without high-
resolution structural information. Even sub-
tle changes in ligand structure or in the mi-
croenvironment of the binding site can mod-
ify hydrogen-bond geometry, steric complemen-
tarity, and local solvation patterns, leading
to substantial shifts in AH and TAS!H16:2,
However, in the absence of paired crystallo-



Table 1: Thermodynamic parameters of investigated compounds binding to CAII, CA XII, and
CAXIIT at 37°C. (A) Observed enthalpy (AHqys, kJmol™') and Gibbs energy (AG s, kJ mol™)
changes determined by ITC in TRIS at pH 7.0 (values represent the mean of two independent
experiments; individual measurements are provided in the Supporting Information; detailed exper-
imental conditions are provided in the Methods) and by FTSA (values taken from?*). (B) Intrinsic
enthalpy (AHiy, kJ mol_l) and Gibbs energy (AGiy, kJ mol_l) changes calculated from the ob-
served thermodynamic parameters using the equations defined in Figure 2. ND — not determined.

A Observed thermodynamic binding parameters

Compound ID CAll

CAXII CA XIII

AGrre AGrrsa AHire AGrre AGrrsa AHire AGrre AGrrsa AHrrc

4a (JA17-1-1) -40.6 -41.9 -25.3 -41.1 -39.1 -41.0 -44.5 -47.0 -74.9
4b (JA17-1-2) -37.5 -37.1 -10.3 -40.1 -38.9 -41.2 -44.0 -43.2 -67.2
4c (JA17-1-3) -36.5 -37.0 -15.9 -39.7 -38.3 -39.1 -45.1 -43.2 -75.1
4d (JA17-1-4) -36.7 -37.0 -19.7 ND -37.7 ND -48.0 -44.9 -54.4
4h (JA19-17) -32.3 -33.5 -22.8 -29.1 -30.8 -38.5 -38.2 -37.1 -57.3
Th (JA19-19) -35.9 -31.9 -14.2 ND -28.6 ND -36.4 -36.5 -61.3
B Intrinsic thermodynamic binding parameters
Compound 1D CAII CAXII CA XIII
AGrrc AGrrsa AHire AGrre AGrrsa AHire AGrre AGrrsa AHire

4a (JA17-1-1)  -59.3 -60.7 -26.8 -60.2 -58.2 -42.5 -61.4 -63.9 -64.0
4b (JA17-1-2) -56.2 -55.9 -11.7 -59.2 -57.9 -42.7 -60.9 -60.1 -56.2
4c (JA17-1-3) -55.2 -55.7 -17.4 -58.8 -57.4 -40.6 -62.0 -60.1 -64.2
4d (JA17-1-4) -55.4 -55.8 -21.1 ND -56.8 ND -64.9 -61.8 -43.5
4h (JA19-17) -51.0 -52.3 -24.3 -48.2 -49.9 -40.0 -55.1 -54.0 -46.4
Th (JA19-19) -49.3 -45.3 -11.1 ND -42.4 ND -48.0 -48.0 -45.8

graphic data, such thermodynamic differences
are difficult to attribute to specific molecular
interactions.  Establishing a coherent struc-
ture-thermodynamics framework therefore re-
quires datasets in which both observed and in-
trinsic binding parameters are directly corre-
lated with experimentally determined binding
modes.

There is a notable shortage of datasets of this
kind?>?°.  Only a limited number of system-
atic studies have examined a series of inhibitors
across multiple, closely related protein environ-
ments, while simultaneously determining the
observed and intrinsic thermodynamic param-
eters alongside corresponding X-ray structures.
This hinders a detailed understanding of how
subtle chemical modifications influence bind-
ing energetics and give rise to different ther-
modynamic profiles®*. It also hides the struc-
tural origins of enthalpy-entropy compensation
in proton-linked binding processes.

In this work, we investigate a matched se-
ries of sulfonamide inhibitors interacting with

three closely related proteins. Using isother-
mal titration calorimetry and fluorescent ther-
mal shift assay, we determine both the observed
and intrinsic Gibbs energies, enthalpies, and
entropic contributions for each ligand—protein
pair. High-resolution X-ray crystal structures
provide direct insight into the molecular inter-
actions underlying these thermodynamic signa-
tures. By integrating these complementary ap-
proaches, we delineate how subtle structural
variations in both the ligand and the binding
site give rise to specific energetic fingerprints.

Results

Determination of thermodynamic
binding parameters

A series of ortho, meta-disubstituted benzene-
sulfonamides (Figure 1) were previously de-
signed and synthesized as potential binders of
human carbonic anhydrase isozymes®!. Their
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Figure 2: Representative example of the stepwise conversion of observed thermodynamic quantities
into intrinsic Gibbs energy, enthalpy and entropy for the interaction between CA II and compound
4a. Here, C° = 1 M is the standard-state concentration, used to make the argument of the

logarithm dimensionless.

interaction was determined by two indepen-
dent techniques, isothermal titration calorime-
try (ITC) and thermal shift assay (FT'SA). ITC
determines the enthalpy of binding (AH) by
measuring the heat, and affinity (K, AG) from
the shape of the titration curve, and the en-
tropy (AS) is then calculated by subtraction.
Due to the limitation of ITC in the picomolar
K4 range, it is important to confirm the affin-
ity by an independent technique and the FTSA
is a straightforward technique to determine the
affinity by heat-denaturation at various added
compound concentrations. Experimental val-
ues obtained by both techniques of compounds
binding to CAII, CA XII, and CA XIII are sum-
marized in Table 1. Both ITC and FTSA

yielded AG values that matched each other
within a few kJmol™!. This variation indicates
that the measured binding affinities are reliable
and agree within the experimental uncertainty.
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Figure 3: (caption continued from previous page) For each ligand—isozyme complex, intrinsic ther-
modynamic parameters derived from ITC are displayed adjacent to the corresponding X-ray crystal
structure or docked. Bar graphs represent mean values, colored data points indicate individual ITC
replicates, and the white data point associated with AGj,, denotes values independently determined
by FTSA. Numerical values for each thermodynamic parameter are shown next to the bars. Bars
corresponding to compound 4d are shown with reduced opacity to indicate that its slightly poorer
solubility affected the quality of the ITC measurements. Arrows indicate differences in thermo-
dynamic contributions, highlighting how subtle chemical modifications translate into changes in

binding energetics across CA isozymes.

The A Hs were determined only by ITC, since
this is the only technique to directly mea-
sure the enthalpies. Their analysis is signifi-
cantly complicated by the ligand-binding-linked
protonation-deprotonation reactions. The sul-
fonamide group must deprotonate upon bind-
ing, while the Zn"-bound hydroxide in active
site of CAs must protonate to form water
molecule that can be displaced by the depro-
tonated sulfonamide. Therefore, the AHs ob-
tained from ITC are distinguished as observed
values (A Hops) and contain the contributions of
buffer, ligand, and protein protonation. These
contributions must be dissected to obtain the
intrinsic AHpy. A worked example of this cor-
rection procedure is provided in Figure 2.

Intrinsic thermodynamic parameters for sul-
fonamide binding to carbonic anhydrases were
obtained by correcting the observed FTSA- and
ITC-derived quantities for all protonation equi-
libria coupled to complex formation, as de-
scribed in detail previously?"?". This approach
separates the intrinsic binding energetics from
contributions arising from ligand deprotona-
tion, protonation of the Zn-bound hydroxide,
and compensatory buffer ionization.

All corrections were performed at pH 7.0 and
310.15K (37°C), corresponding to the exper-
imental conditions. The fraction of inhibitor
present in its deprotonated sulfonamide form
(eq. 1) was calculated from its acidity constant
(pKasa), while the fraction of enzyme active
sites containing the protonated Zn'-bound wa-
ter species (Zn" -~ Hy0; eq. (2)) was determined
using the corresponding pK, ca value (see Ma-
terials and Methods). These fractions were

used to correct the observed association con-
stant (K}, ops) to obtain the intrinsic association
constant (K ing, €q. (3)), which reflects binding
between RSO,NH ™ and CA-Zn"-H,0. The
intrinsic Gibbs energy change was calculated
from K ;e using standard thermodynamic re-
lationships (eq. (4)).

Intrinsic binding enthalpies (eq. (8)) were
obtained by subtracting the heats of all
protonation-linked processes from the observed
ITC enthalpy, including contributions from sul-
fonamide deprotonation, protonation of the
Zn"-bound hydroxide, and buffer protonation
(see Materials and Methods). The correspond-
ing stoichiometric coefficients describing pro-
ton uptake or release were derived from the
calculated species fractions (egs. (5) to (7)).
The intrinsic entropy (eq. (9)) contribution was
then obtained from the Gibbs energy-enthalpy
relationship. AGiy and AHyy, values are listed
in Table 1.

Enthalpy-Entropy Compensation

The enthalpies and entropies of compounds
binding are plotted in Figure 1. Both intrinsic
enthalpy (AH) and the entropic contribution
(=TAS) favored binding, but some processes
were mostly enthalpy-favored, while others were
mostly entropy-favored resulting in relatively
similar AGjy,; values. The ligand structure ap-
peared to play a smaller role than differences
among the protein isozymes. Ligand binding to
CAII was dominated by entropy, CA XII was
more in the middle, while CA XIII binding was
enthalpy-dominated.



The large symbols in the plot show the intrin-
sic enthalpies and entropies, while the smaller
semi-transparent symbols show the observed
values in TRIS buffer at pH 7.0. It is impor-
tant to correct for buffer because its enthalpy
of protonation could completely distort the ob-
served picture. However, it is worth depicting
the observed values that do not involve cor-
rection for binding-linked protonation of ligand
and protein. This is true for both AG and AH.
Here we see, how different the picture is if we
study observed versus intrinsic enthalpies and
entropies (also see in SI).

All three CA isozymes are highly homologous
with essentially the same overall fold. They dif-
fer only in several amino acid side chains lo-
cated in the binding site. Structural arrange-
ment of the ligand in the crystal structures (dis-
cussed in detail below) of bound complexes is
highly similar, with only minor changes in the
location of the benzenesulfonamide ring (Fig-
ure 1C), and somewhat more different positions
of the second ring. Therefore, there is no ob-
vious reason for such significant differences be-
tween the enthalpy-entropy contributions to the
binding thermodynamics.

X-Ray Crystallography

In an attempt to gain the understanding of
the structure-thermodynamics correlation of
the protein-ligand binding system, many of the
compound-isozyme pairs were crystallized and
their structures determined to atomic resolu-
tion. Table 2 lists 7 crystal structures of com-
pounds in complex with CAII, CAXII, and
CA XIII. The structures were well resolved and
provided detailed structural information about
protein-ligand interactions. In all structures,
both the ones that have been described previ-
ously?* for this group of compounds and here
(all PDB IDs are listed in Figure 3 and 6), the
amino group of sulfonamide formed a coordina-
tion bond with the Zn' in the active site of the
protein. Residue numbering follows the CAII
sequence throughout.

Figure 4 shows the binding modes and closest
interactions of compounds in the CA isozyme
active sites.  The compounds are primar-

ily oriented by a strong coordination bond
with the catalytic Zn'.  The sulfonamide
group is oriented identically by forming hydro-
gen bonds with Thr199 in all three studied
CAisozymes, a binding mode that is charac-
teristic of zinc-bound sulfonamides across the
human CA's. The remainder of the molecule is
oriented in a way to maximize the hydropho-
bic effect and hydrogen bonds. Only the ring
that is furthest from the sulfonamide group oc-
cupied variable positions depending on exact
compound structure and CA isozyme.

The binding sites in three CA isozymes are
highly similar. One difference is in CA XIII
which contains Ser62 instead of Asn62 in CAII
and CAXII. Ser cannot fully reach the com-
pound, it makes a water-molecule-mediated hy-
drogen bond with the compound, while the Asn
amino group forms a direct hydrogen bond.

The most notable difference among the hy-
drophobic amino acids, is the replacement of
Phel31 present in CAII and CAXIII with
Alal31 in CAXII. This Phel3l is observed
in crystal structures in several orientations.
Some inhibitors appear to induce an alternative
Phel31 conformation.

Two structural features warranted separate
discussion due to their relevance for inhibitor
binding and modeling: the conformational vari-
ability of Phel31 in CA II, and the stereochemi-
cal ambiguity of the sulfoxide in compound 7h.

Conformational Variability of Phel31 in
CAII

Figure 5 compares the crystal structure de-
termined in this study of CAII - compound
4b (PDB ID: 30EO) with four previously re-
ported CAII structures in which Phel31 also
adopts a non-canonical orientation. Analysis
of Phel31 conformations across CAII struc-
tures shows that, although the vast majority
of more than a thousand PDB entries adopt
the canonical ¢ (trans) rotamer (shown in gray),
some structures display alternative orientations
(shown in red shades). These non-canonical
conformations arise when bound ligands ster-
ically displace Phel31. In the 1CA2 structure,
Phel31 adopts a x; angle of 175.4°. Rotamer
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Figure 4: Binding modes of investigated sulfonamide inhibitors to CAII (A), CAXII (B), and
CAXIII (C) as determined by X-ray crystallography. Panels A-C illustrate the principal interaction
patterns in each isozyme, including coordination of the sulfonamide nitrogen to the catalytic Zn'! ion
(dashed lines), hydrogen-bonding interactions (dotted lines), and the distribution of hydrophobic
(orange) and hydrophilic (electric blue) residues surrounding the ligand. Panels D-F highlight
interaction features that are conserved across the three isozymes: (D) hydrophobic contacts between
the aromatic moiety of the sulfonamides and the hydrophobic wall of the active site; (E) residues
involved in direct or water-mediated hydrogen bonding; and (F) comparison of residue 200 adjacent
to the benzenesulfonamide, which is Thr in CAII and CA XII but Val in CA XIII CATI is shown
in blue (PDB IDs: 30EN, 30EO, 9FPQ), 9FPR); CAXII in green (PDB IDs: 30FA, 30FB); and
CAXIII in red (PDB IDs: 30FP, 30FN, 9FPV, 9FPW). Zn" is shown as a gray sphere. CAII
residue numbering is used throughout, and all chains present in the asymmetric unit were included
in the structural comparison.

analysis performed in ChimeraX?® places this more populated than the ¢t rotamer, corre-

angle in the t rotamer bin centered at 176.9°, sponding to an energy difference of AG =
which has a relative population of 0.871 in —RTIn K ~ 21kJmol™*. Although rare, these
the Dunbrack backbone-dependent rotamer li- ligand-induced Phel31 rearrangements can sig-
brary®’. In contrast, the g* (gauche-plus) con- nificantly impact structure-based modeling, as
formation observed in structures such as 2AW1 they reshape the active-site pocket, alter hy-
(bin centered at 73.9°, actual angle 84.8°) has drophobic and electrostatic contacts, and may
a population of only 0.000199. Thus, the bias docking, virtual screening, or energy cal-
canonical ¢ rotamer is approximately 4400-fold culations if not properly accounted for.



Mar-canornical

Figure 5: Canonical and non-canonical Phel31
conformations observed in human CAII. The
canonical rotamer of Phel3l (represented by
PDB ID 1CA2) is adopted by the vast ma-
jority of CAII structures, including all ligand-
protein complexes determined in this study. In
contrast, a rotated, non-canonical y; confor-
mation is rare and has been previously ob-
served only in a few PDB entries, including
2AWT1, 4PYY, 7JNX, and 8AAE. The structure
30EO reported here provides an additional ex-
ample of this non-canonical state. Such ligand-
induced deviations from the canonical rotamer
may reflect energetically costly conformational
adjustments required to accommodate steric or
interaction-favored constraints imposed by the
bound inhibitor.

The available structures do not establish
why particular ligands induce this alterna-
tive Phel31 conformation or whether it con-
tributes measurably to their binding thermody-
namics. Rather, the observation demonstrates
that the CA active site can accommodate lig-
ands through local protein rearrangements, em-
phasizing the importance of considering recep-
tor flexibility in structure-based modeling.

Sulfoxide Stereochemistry in Compound
7h

The synthesis of compound Th (methyl 4-
methylsulfinyl-3-sulfamoyl-benzoate)*! is not
stereoselective, and both enantiomers are there-
fore expected to be present. Sulfoxides of
this type typically exhibit high configura-
tional stability®’, with inversion barriers on
the order of approximately 150kJmol™" to
200kJ mol ' #1% indicating that racemization
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Figure 6: Correlation between intrinsic bind-
ing thermodynamic parameters and binding
modes of sulfonamide ligands in CAIL (AGiy
- blue; AH;y - green; —TASy, - orange; all
in kJmol™! alongside the corresponding X-ray
crystal structures. Left panels: Structure of
ligand 4h (PDB ID: 9FPS) reveals two ligand
molecules, one bound in the active site coor-
dinating the Zn", and a second molecule lo-
cated outside the catalytic pocket. The latter
position likely reflects a crystallization-related
arrangement rather than a functionally rele-
vant binding mode and has been discussed pre-
viously?!. Right panels: Structure of ligand
7h (PDB ID: 30IC) shows two possible enan-
tiomeric binding modes within the active site.
The associated bar graph summarizes intrin-
sic thermodynamic parameters, with individual
ITC replicates shown as colored points and the
independently determined AGiy, (FTSA) indi-
cated in white. Arrow indicates differences in
thermodynamic contributions.

is unlikely under the reaction and solution con-
ditions employed.

In the X-ray structure of 7h bound to CAII,
the electron density around the S—-O/S-C
region does not allow unambiguous assign-
ment, of the absolute configuration: the sub-
stituent is small, and the scattering contrast
between oxygen and carbon is insufficient for



reliable discrimination (Figure 9).  Refine-
ment of the ligand as either enantiomer yields
comparable global statistics, although the (R)
model converges to atypical S-0O and S-C dis-
tances, whereas the (S) model refines to val-
ues consistent with standard sulfoxide geometry
(S-0 ~ 15A, S-C ~ 1.8A%). However, in
the absence of a definitive stereochemical indi-
cator, the deposited structure (PDB ID: 301C)
includes both enantiomers (Figure 6). Con-
sistent with this interpretation, I'TC measure-
ments of the racemate yielded a binding stoi-
chiometry close to unity (N = 1), suggesting
that both enantiomers participate in binding
and that no major inactive fraction is present
in solution.

~
~

Molecular Docking into the

CA XII Active Site

To explore the interactions of investigated lig-
ands within the binding site of CA XII, com-
pounds 4a-d were docked into a CAXII re-
ceptor from its complex with 4c (PDB ID
30FA) using Smina®! and PLANTS® docking
software. Positional restraint on the sulfon-
amide nitrogen during docking was used in both
programs. Smina docked poses obtained via
constrained docking protocol were afterwards
rescored using Vinardo scoring function”® in or-
der to remove the constraining potential (See
Methods). No such rescoring was necessary for
PLANTS. The docking pose accuracy was val-
idated by comparing the docked poses of 4c
and 4d with the experimental X-ray structures
(30FA and 30FB, respectively). The best scor-
ing poses for docked 4c and 4d had relatively
low Root Mean Square Deviations (RMSDs)
with respect to the X-ray structures: 4c exhib-
ited 0.693 A and 0.698 A RMSDs for PLANTS
and Smina docking, respectively, while the cor-
responding RMSDs for 4d were 0.993A and
1.050 A (Figure S5 in ST). An RMSD value be-
low 2 A is often considered as a threshold for the
correct prediction of the ligand native pose®’.
Therefore it is reasonable to expect that docked
poses of compounds 4a-b should also have a
reasonable accuracy. The best ranked poses
of 4a and 4b are shown in Figure 3. The
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RMSD between the best Smina and PLANTS
docked poses for 4a were 0.207 A, and for 4b
0.167 A, which signifies that these conforma-
tions could be close to the ones observed in
Nature. The spatial positioning of the phenyl
and cyclohexyl rings (in 4a and 4b, correspond-
ingly) are, therefore, very close in dockings of
both Smina and PLANTS programs. These hy-
drophobic rings rest in a subpocket in CA XII
lined with the sidechains of residues Alal3l,
Ser135, Leuldl, Leul98, and Pro202.

Table S4 in SI lists the Voronoi interface con-
tact areas that 4c and 4d ligands show in their
X-ray structures, and for 4a and 4b, because
of the lack of the experimental structures, in
PLANTS docked best scoring poses. PLANTS
docked poses were chosen over Smina’s be-
cause of the slightly better docked pose accu-
racy. From Table S4 it can be observed how in-
teraction with Alal31 sidechain becomes more
prominent in larger hydrophobic groups.

In the X-ray structure of CAXII-4d, the
ligand’s carbonyl group forms a hydrogen
bond (=~ 3.1A) with Asn62 (CAII number-
ing), whereas in CA XII-4c this interaction
is not observed (4.1A). 1In contrast, CATI
complexes of 4a—d consistently display this
hydrogen bond, while in CA XIIT the analo-
gous interaction occurs via a bridging water
molecule with Ser62 (except for 4a, where no
crystal water was detected at this position).
The CA XII-4c structure used for docking was
obtained by ligand soaking, and the loop con-
taining Asn62 is likely flexible; therefore, the
absence of the hydrogen bond in the docked
pose (=~ 3.8 A) does not necessarily preclude its
formation in solution. Considering the intrinsic
mobility of this loop, such an interaction could
plausibly occur under physiological conditions.

Correlation of Structure with

Binding Thermodynamics

In an attempt to understand the structural
reasons that determine compound binding en-
thalpic versus entropic dominating origins, the
X-ray crystal structures are put next to the
thermodynamic binding profiles (Figure 3).
From top to bottom, the structures and ther-



modynamics of binding to CA II, CA XIII, and
CAXII is shown. Each column represents one
of the four chemical compound binding, show-
ing the chemical structure on the top, position
in the crystal structure in the middle, and the
binding thermodynamics on the bottom. Gibbs
energies of binding (AGiy, blue) are split into
enthalpic (AHjy, green) and entropic (T'ASiy,
orange) contributions.

The standard intrinsic thermodynamic pa-
rameter numbers are listed on the right of the
bar chart. In addition, arrows connect adja-
cent conditions and the numbers next to ar-
rows show the differences in thermodynamic
parameters between the two conditions. For
example, going from compound 4a (second
column) binding to CAII to compound 4b
(first column), the difference in Gibbs energy
(AAG;y) was 3.1kJ mol™.  Thus the com-
pound 4a bound stronger than compound 4b.
This means that the cyclohexyl moiety makes
slightly more favorable interactions than the
benzene ring of the compound.

Similarly, the second number (green)
shows the difference in enthalpies, equal to
15.1kJmol™'.  This means that 4b bound
less exothermically by 15.1kJmol™" than 4a.
The large loss in enthalpy (AAH;,) was
compensated by the large gain in entropy
(—=A(TAS;y)) equal to —12.0kJ mol ™.

The most important observation here is
that despite highly similar compound chemical
structures and highly similar binding affinities
(AGint), the enthalpy-entropy contributions
are highly variable. In some cases, the bind-
ing process is nearly entirely favored by en-
thalpy, while in other cases it is favored largely
by entropy. Second, the differences between
compounds were smaller than the differences
between CAII and CA XIII. Binding to CAII
of all four compounds was dominated by favor-
able entropy, with a smaller favorable enthalpy
contribution. However, binding to CA XIII was
strongly dominated by enthalpy with a near-
zero entropy contribution for three compounds,
except 4d, where favorable entropic contribu-
tion was appreciable.

As we see from Figure 4, there are only
several structural differences between CAII
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and CA XIII that could be responsible for the
large differences in binding thermodynamics.
First, the Val200 present in CA XIII instead
of Thr200 in CATII. Second, the presence of
Ser62 in CAXIIT instead of Asn62 in CATI,
causing a shorter side chain needing the water
molecule presence to connect with the ligand.
We propose that these residue-level differences
offer a mechanistic explanation for the dis-
tinct enthalpy-entropy compensation observed
for compound binding to CA XIII versus CA II.

Materials and Methods

Proteins and Inhibitors
Synthesized Sulfonamide Compounds

Sulfonamide ligands 4a, 4b, 4c, 4d, 4h, and
7h were synthesized according to previously re-
ported procedures®’. The compound number-
ing used here follows the nomenclature of the
original publication. Stock solutions were pre-
pared in DMSO; the exact concentrations used
for ITC measurements and for ligand soaking
in crystallographic experiments are specified in
the corresponding sections below.

Human Carbonic Anhydrases Prepara-
tion

Recombinant human carbonic anhydrases
CAII, CAXII, and CA XIII were expressed and
purified following established protocols®® and
stored at —80°C. Prior to ITC experiments,
proteins were dialyzed and buffer-exchanged
into a buffer containing 50 mM TRIS, pH 7.0
and 100mM NaCl and performed at 37°C.
Protein concentrations were determined by UV
absorbance at 280 nm using extinction coeffi-
cients calculated from the amino acid sequence.

Protein-Ligand Binding Thermo-
dynamics

Affinity of the sulfonamide ligands for the car-
bonic anhydrases was previously quantified us-
ing a fluorescent thermal shift assay %, provid-
ing an initial assessment of binding strength.



Table 2: X-ray diffraction data collection and refinement statistics.

PDB id
Isozyme CATI CATI CATI CAXII CAXII CAXIII CAXIII
Compound 4a 4b 7h 4c 4d 4a 4b
PDB ID 30EN 30EO 301C 30FA 30FB 30FP 30FN
Data-collection statistics
Space group P12,1 P12,1 P12,1 P12,1 P12,1 P212121 P212121
Unit-cell parameters:
a (A) 42.27 42.16 42.21 77.22 77.34 54.99 54.94
b (A) 41.30 41.09 41.06 74.07 74.22 58.48 57.72
c(A) 71.90 71.70 71.91 91.65 91.69 161.40 159.46
a (%) 90.00 90.00 90.00 90.00 90.00 90.00 90.00
B 104.40 104.35 104.31 108.68 108.71 90.00 90.00
7 (°) 90.00 90.00 90 90.00 90.00 90.00 90.00
Resolution range (A) 1.42-40.94 1.59-40.84 1.41-35.40 1.13-86.82 1.23-73.25 2.25-54.98 1.38-51.95

Unique reflections number, overall (outer shell)
Rinerge; overall (outer shell)

43783 (6249)
0.040 (0.376)

31958 (4610)
0.060 (0.401)

45706 (6601)
0.034 (0.393)

354567 (43345)
0.089 (0.204)

273829 (32817)
0.079 (0.393)

25479 (3638)
0.139 (0.414)

105144 (15161)
0.066 (0.312)

I/o, overall (outer shell) 23.0 (5.1) 15.5 (4.6) 25.4 (4.6) 12.0 (3.5) 10.8 (2.6) 12.3 (6.4) 19.7 (7.3)
Multiplicity, overall (outer shell) 7.1(7.2) 6.9 (6.8) 6.9 (6.8) 6.4 (4.5) 6.5 (4.5) 11.3 (12.0) 13.1 (12.5)
Completeness (%), overall (outer shell) 96.4 (95.0) 99.3 (99.2) 98.9 (98.9) 97.3 (81.7) 97.1 (80.0) 99.9 (99.9) 100 (100)
Wilson B-factor 15.8 18.9 17.1 11.7 12.7 21.5 12.7
Refinement statistics
Ruork 0.1480 0.1676 0.1691 0.1569 0.1446 0.1753 0.1218
Rirec 0.2056 0.2141 0.2029 0.1863 0.1798 0.2349 0.1549
RMSD bond lengths, (Z\) 0.0129 0.0099 0.0125 0.0164 0.0156 0.0073 0.0133
RMSD bond angles (°) 1.9851 1.8928 2.0895 2.0592 2.0399 1.6600 1.9764
Average B factors (A?)
all 19.3 20.3 19.9 19.8 20.7 21.0 18.3
main-chain 15.8 17.3 16.8 16.4 17.5 19.0 14.6
side-chain 19.2 20.1 19.5 20.4 21.6 22.6 18.9
inhibitors 15.9 16.6 15.3%, 17.7° 17.2 174 20.0 18.2
waters 31.4 31.2 30.6 29.1 30.0 25.1 30.8
zinc 11.6 12.1 11.7 9.1 10.1 9.3 9.7
other molecules 42.3 34.8 36.1 25.1 24.6 none 29.5
Number of atoms
protein 2085 2078 2119 8583 8539 4111 4201
inhibitor 21 21 17/17° 88 92 42 42
water 311 337 340 1099 1105 260 547
zine 1 1 1 4 4 2 2
other molecules 16 4 26 42 28 0 21
Ramachandran statistics (%)
most favored regions 97 96 97 98 98 96 97
additionally allowed regions 3 4 3 2 2 4 3

Enantiomers of compound 7h (methyl 4-methylsulfinyl-3-sulfamoyl-benzoate):

a (S)-Th
b (R)-Th

In the present study, these measurements
were complemented with isothermal titration
calorimetry, which enabled a more detailed
thermodynamic characterization of the interac-
tions. Exemplary ITC and FTSA datasets for
ligand 4a binding to CAII are shown in Fig-
ure 7.

To obtain intrinsic, pH-independent bind-
ing parameters,’?*” we additionally used the
sulfonamide pK, values from?! and deter-
mined the enthalpies of protonation (Figure 8).
These experimentally measured quantities al-
lowed correction of the observed thermody-
namic data for all protonation equilibria cou-
pled to complex formation, thereby isolating
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the energetics of the binding event itself.

Isothermal Titration Calorimetry

ITC experiments were carried out using a Mi-
croCal PEAQ-ITC calorimeter (Malvern Pan-
alytical Ltd). The protein solution in the cell
contained 20 pM CA |, while the compound con-
centration in the syringe was 200 pM. Both cell
and syringe solutions were prepared in buffer:
50mM TRIS at pH 7.0 containing 100 mM
sodium chloride and 2.0 % (v/v) of DMSO. Be-
fore titration, all samples were centrifuged to
minimize baseline noise and bubble formation.

A typical experiment consisted of 19 injec-



O.
CAll - da
AGaps= -41 klfmol
i, ~20F AHas= -25 kliimol
=] CAXIl - 44 o
§ AGgps= -41 kjfmol E‘i
v AHuys= 41 kifmalg 31.75 £
= —40r - L =
I
S = 31.50 <2
CAXIN - 4a. ﬂl..l ’ |
AGgps= 45 kjymol E 31.25 L
-60F AHops= -75 kifmol e o
e 31.001 L . ]
o 0 1000 2000 3004
Time (s)
025 050 075 100 125 150 175 2.00

Molar ratio

15.0

1251

10,01

7.5+

501

257

0.0

Fluorescence

CAll - 4a,
AGyps= -42 kjfmol

cCAXN
AGgps
CAXI - 4a

AGops = -47 Kjfmol

0

7 3 10 30 100 300
Ligand concentration (uM)

Figure 7: Thermodynamic characterization of ligand 4a binding to carbonic anhydrase isozymes
by ITC and FTSA. (A) ITC binding isotherms for CAII, CA XII, and CA XIII titrated with ligand
4a, together with the corresponding binding affinities and enthalpy changes. The inset shows
a thermogram for the CAIl-4a titration. (B) FTSA data showing the melting temperature as a
function of ligand concentration for CA IT, CA XII, and CA XIII. The inset displays raw fluorescence
traces for the CA II-4a interaction. FTSA data were taken from?**,
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Figure 8: Determination of sulfonamide protonation parameters. (A) pH-dependent UV-visible ab-
sorbance profiles of sulfonamides 4a, 4b, 4c 4d, with the fitted Henderson—-Hasselbalch model used
to determine the sulfonamide pK, value (pK,sa = 9.8). The inset shows representative absorbance
spectra of compound 4a recorded across the pH range. (B) Isothermal titration calorimetry of com-
pounds 4a, 4b, 4c, 4d dissolved in 1.5 equivalent NaOH, titrated with nitric acid to determine the
enthalpy of protonation of the sulfonamide amino group (AH,,sx =—35.2kJmol™" at 37°C). The
inset shows a representative thermogram of compound 4a.

tions with 150s spacing between injections; the
first injection was 0.4pL (duration 0.8s) and
was excluded from analysis, followed by 2.0 pnL
injections (duration 4.0s). All experiments
were performed at 37 °C with a reference power
of 4.0 pcals™1.

Thermograms were integrated using NITPIC

2.0.7%, and binding isotherms were fitted
in SEDPHAT 15-2b*" using a one-site bind-
ing model. Final figures were prepared in
GUSSI 1.4.2"" (see Supporting Information).
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Determination of pK,

The pK, values of the Zn"-bound water
molecule in the enzyme active site of CAs
(pKaca) were taken from””: 6.9 for CAII,
6.8 for CA XII, and 8.0 for CA XIII at 37°C.

Notably, the pK, of the Zn"-bound wa-
ter differs substantially between CAII/CA XII
(6.9/6.8) and CAXIII (8.0). These differences
affect the observed thermodynamic parameters
but are accounted for in the calculation of in-
trinsic parameters and therefore do not con-
tribute to the isozyme-dependent differences
discussed here.

The pK, values of the sulfonamide inhibitors
(pKasa) were determined previously?!. The
measurement reliability was within 0.2 pk,
units; therefore, the median value was used to
represent compounds sharing the same scaffold.
Compounds 4a, 4b, 4c, 4d, and 4h were as-
signed a pK, value of 9.8 (Figure 8A), whereas
compound 7h exhibited a lower pK, of 8.9, con-
sistent with the stronger electron-withdrawing
character of its substituent.

Determination of Protonation Enthalpy

The enthalpy of protonation of the Zn™ OH"
species in the active sites of carbonic anhy-
drases, AHp,ca, was taken from”’. Reported
values at 37°C are: CAII, —23.5kJ/mol;
CAXII, —255kJmol™; and CAXIII,
—41.5kJmol ™.

The enthalpy of protonation of the sulfon-
amide amino group, AH,,sa, was determined
experimentally by ITC. Solutions containing
0.25 mM sulfonamide and 0.375 mM sodium hy-
droxide were titrated with 2.5mM nitric acid
using a MicroCal PEAQ-ITC calorimeter. The
DMSO content in both syringe and cell solu-
tions was 2% (v/v). Titrations consisted of 40
injections of 0.9 pLi each, with 120s spacing be-
tween injections, at 37 °C. Representative ther-
mogram and integrated heats are shown in Fig-
ure 8B.

The reaction enthalpy for the sulfonamides
4a, 4b, 4c, 4d, and 4h was experimentally de-
termined or adjusted based on structural sim-
ilarity as AHp, g4 =—35.2kJ mol™! and for 7h
as AHpsa =—30.4kJmol " (37°C). The used
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enthalpy of TRIS buffer protonation at 37°C
was —46.56 kJ mol ' 2.

X-Ray Crystallography
Crystallization

Crystals of CAII, CAXII, and CAXIII (Fig-
ure 9) were obtained at room temperature us-
ing the sitting-drop vapor diffusion method.
Protein samples were concentrated by ul-
trafiltration to approximately 20mgmL™" to
30mgmL™". Crystallization conditions were as
follows:

CAII - 0.1 M sodium bicine (pH 9.0), 0.1 M
sodium malonate (pH 7.0), and 0.2M ammo-
nium sulfate.

CAXII - 0.1 M ammonium citrate (pH 7.0),
0.2M ammonium sulfate, and 26% (w/v)
PEG 4000.

CAXIII - 0.1M sodium citrate (pH 5.5),
0.1 M sodium acetate (pH 4.5), and 26 % (w/v)
PEG 4000.

Ligand soaking

Ligand-protein complexes of CA II, CA XII and
CA XIII were prepared by soaking. Stock solu-
tions of each ligand were prepared at 50 mM
in 100 % DMSO. One microlitre of the ligand
stock was diluted into 50 pL of the correspond-
ing reservoir solution used for crystallization.
Crystals were transferred into the soaking solu-
tion and incubated for up to one week before
data collection.

Data Collection and Structure Determi-
nation

For data collection, CA XII and CA XIII crys-
tals were transferred into a cryoprotectant con-
sisting of the reservoir solution supplemented
with 15% to 20% ethylene glycol.  After
several minutes of incubation, crystals were
flash-cooled in liquid nitrogen. CAIIl crys-
tals were flash-cooled directly from the mother
liquor.

Diffraction data were collected at the PETRA
III synchrotron (DESY, Hamburg) on EMBL
beamlines P13 (MX1) and P14 (MX2). Data
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Figure 9: |F, — F.| omit maps contoured at 30
for the investigated ligands bound in the active
sites of carbonic anhydrases. (A) CAIl-4a, (B)
CATII-4b, (C) CAXII-4c, (D) CAXII-4d, (E)
CAXIII-4a, (F) CAXIII-4b, (G) CAII-(S)-
7h and CAII-(R)-7h (The two enantiomers of
7h are shown separately for visualization pur-
poses; however, both configurations were mod-
eled into the same binding position). Omit
maps were generated from refinement runs in
which the ligand was removed from the final
model. Zinc ions are shown as gray spheres.

were processed and scaled using XDS **, MOS-
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FLM *, and SCALA *°. Structures were solved
by molecular replacement with MOLREP *°.
Refinement was performed with REFMAC *7,
and manual model building was carried out in
COOT *. Ligand coordinates were generated
in AVOGADRO %, and ligand restraint files
were prepared using LIBCHECK “°.

Final refinement statistics and PDB accession
codes are provided in Table 2.

Molecular Docking

Docking was performed using Smina®' and
PLANTS® software. The X-ray structure
of 4c¢ in the complex with CAXII (PDB
ID 30FA) was used as the receptor for the
docking.  The receptor structure was pre-
processed using ChimeraX version 1.10°! soft-
ware and converted to the pdbqt format using
a command-line tool prepare_receptord.py, a
part of MGLTools version 1.5.7°2. Most other
conversions between various molecular formats
were done using OpenBabel version 3.1.1°,
The ligand geometries were optimized using
MMFF94s force field®® and saved in pdbqt for-
mat using Avogadro version 1.2.0 software®’.
The Smina docking protocol was similar to the
one used previously?. In brief, the sulfonamide
nitrogen of the docked ligand was attracted to
an artificial quadratic potential centered on a
dummy atom with weight equal to 10 and cut-
off radius 2.2 A. The center of the docking box
of the cubic shape with a side equal to 24 A
was located in the center of the 4c ligand in
its complex with the receptor (in other words,

with the coordinates & = @y, + Doy g =
Ymin + max; min7 Z = Zmin T - x;Z . ’ where

(max and g, denote the maximum and mini-
mum values of the coordinate ¢ over all atoms
of ligand 4c. Docking exhaustiveness was set
to 100, the hit energy range to 10kcalmol ™!,
and the random seed to 0 (for reproducibility).
The hits generated by a constrained Smina run
were afterwards rescored using Vinardo scoring
function®°.

Additional docking was performed using
PLANTS version 1.2%° docking software. The
receptor and ligand mol2 files were generated
using SPORES version 1.3 program®® from the



best scoring pose for the Smina docked pose
bound to the receptor. SPORES deprotonated
sulfonamide nitrogen based on its proximity to
zinc atom in the receptor. The sulfonamide
atom was kept fixed in its X-ray position dur-
ing docking via the 'fixed scaffold" option in
PLANTS. The docking box center was set to
the center of the 4c ligand, similarly to Smina
docking, and the binding site radius was set to
24 A. The default ChemPLP scoring function®’
was used for scoring.

The Voronoi ligand-receptor interface ar-
eas and nearest distances were calculated us-
ing Voronota software®® expansion Voronota-
JS (v. 1.26.3717) via the voronota-js-fast-iface-
contacts command line tool.

Discussion

Understanding of the structural determinants
of the protein-ligand binding thermodynamics
remains limited. Exact contributions of en-
thalpy and entropy to the standard Gibbs en-
ergy of binding cannot yet be accurately pre-
dicted computationally, and the physical ori-
gins of the enthalpy—entropy compensation ef-
fect remain only partially understood!. Con-
sequently, experimentally tractable model sys-
tems remain essential for dissecting the molec-
ular determinants governing thermodynamic
partitioning in biomolecular recognition.

The CAII isozyme has served as a model pro-
tein in molecular biophysics for decades®?. The
human carbonic anhydrase family binding by
primary sulfonamide ligands represents a par-
ticularly convenient and informative model sys-
tem. The convenience of this system arises from
the relatively strong affinity, which falls within
the optimal range for accurate I'TC measure-
ments. Consequently, reliable Gibbs energies
and enthalpies of binding can be obtained ex-
perimentally. Furthermore, the sulfonamide-
Zn™ coordination bond ensures a well-defined
1:1 binding stoichiometry, simplifying thermo-
dynamic analysis.

Twelve catalytically active human CA
isozymes contain the active-site Zn" ion and
bind sulfonamide inhibitors.  Although the

17

overall protein folds and active-site architec-
tures of these isozymes are highly conserved,
several amino acids differ within the ligand-
binding cavity. This provides a unique op-
portunity to investigate how subtle changes in
the local protein environment influence ligand
recognition and the balance between enthalpic
and entropic contributions to binding.

The thermodynamics of sulfonamide bind-
ing to carbonic anhydrases are addition-
ally complicated by two coupled protona-
tion/deprotonation reactions. First, the sulfon-
amide amino group typically possesses a pK,
in the range of 9-11 and therefore exists pre-
dominantly in the protonated form at neutral
pH. However, upon binding, the sulfonamide
must deprotonate because only the negatively
charged form coordinates the Zn' ion. Second,
the CA active site contains a Zn"-bound water
molecule with a pK, near 7. During cataly-
sis, this species functions as a hydroxide ion,
whereas during inhibitor binding the hydroxide
must first become protonated before displace-
ment by the negatively charged sulfonamide
ligand can occur. Consequently, both binding-
linked protonation reactions must be dissected
and corrected to obtain the intrinsic thermody-
namic parameters of ligand binding?"*".

The principal finding of this study is the ob-
servation that highly similar protein-ligand sys-
tems can exhibit nearly diametrically opposing
thermodynamic signatures, ranging from pre-
dominantly enthalpy-favored to predominantly
entropy-favored binding, while maintaining rel-
atively similar overall Gibbs energies of binding.
Such behavior represents a characteristic man-
ifestation of the Enthalpy—Entropy Compen-
sation in protein-ligand interactions'®?. Im-
portantly, this trend was consistently observed
across a series of closely related compounds.

Structurally, the binding orientation and po-
sition of the ligands within the active sites
of the studied CA isozymes were nearly iden-
tical, with only minor local differences such
as single amino-acid substitutions or subtle
variations in active-site hydration. No ma-
jor structural rearrangement was observed that
could directly explain the transition between
enthalpy- and entropy-dominated binding, sug-



CAllvs. CAXIlI 0’ 4 CAXIll

Figure 10: (A) Crystal structure of CAII (PDB ID: 3KKX) highlighting the ordered active-site
water network. The Zn"-bound (Wzx) and the so-called deep water (Wp) are clearly resolved,
together with the proton-transfer water chain (W;, Wy, W3,, W3;,). This hydrogen-bonded network
connects the Zn-bound water to the proton shuttle residue His64 and is essential for catalytic proton
transfer. W is stabilized by Thr199/Thr200, while Wy forms a branching point toward W3, and
Wy, which are further coordinated by residues such as Tyr7 and Asn62, respectively, forming
a conserved proton wire in CAIL. (B) Superposition of CAII (blue) and CAXIII (red) active
sites. Conserved water positions are shown in blue, indicating a largely preserved proton-transfer
network. Differences between the isoforms are highlighted in yellow, including variations of W;
(adjacent to Thr200 in CAII and Val200 in CA XIII; CAII numbering) and the presence of an
additional water position (denoted Ws,») in CA XIIL. These differences are attributed to residue
substitutions (Asn62 in CAII vs Ser62 in CA XIII), which alter local hydrogen-bonding patterns and
solvent organization. (C) Crystal structure of CA XIII (PDB ID: 3DON) in complex with acetate.
The acetate ligand occupies the deep water position and perturbs the Zn'“bound water position.
The surrounding water network is reorganized relative to CAII, particularly near positions W,
and Wj,, reflecting altered hydrogen-bonding interactions due to residue substitutions. Together,
these structures illustrate both the conserved nature of the CA proton-transfer water network and
isoform-specific differences in solvent organization that may influence catalysis and ligand binding.
Because no ligand-free (apo) structure of CA XIII has been determined, the native water network
of CAXIII remains inferred from ligand-bound structures and comparative analysis rather than
directly observed.

gesting that subtle differences in hydration and Isozyme Enthalpy Entropy

solvent organization may dominate the thermo- CAIl 30 % 70%

dynamic signature. The observed thermody- CAXIT  70% 30 %

namic differences were substantially larger be- CAXIII 100 % 0%

tween CA isozymes than between the closely Attempts to rationalize these differences by
related chemical compounds themselves, sug- analyzing Figure 4 suggest that several struc-
gesting that the primary determinant origi-  tyra] features are unlikely to represent the dom-
nates from differences in the protein environ- jpang determinants. First, the effect cannot
ment rather than ligand structure. Approxi- primarily arise from the rotation of Phel3l
mate averaging of the thermodynamic contri- (CATI numbering) because both CAII and
butions across the studied compounds suggests CAXIII contain this residue despite exhibit-
the following relative partitioning of the Gibbs ing nearly opposite thermodynamic profiles,
energy: whereas CA XII, lacking Phel31, displays an

intermediate thermodynamic behavior. Con-

18



sistent with the X-ray crystal structures, the
bulky Phel31 present in CAII and CA XIII
is associated with greater variability in the
conformations of the ligand substituents (Fig-
ure 4), which may contribute to the larger
thermodynamic scatter through differences in
hydrophobic contacts and solvent reorganiza-
tion. In CAXII, the smaller Ala at this posi-
tion allows more similar ligand conformations,
potentially contributing to the smaller ther-
modynamic scatter across the series. Second,
the difference is unlikely to originate primar-
ily from the residue 62 (Asn in CAII and
CAXII, Ser in CA XIII), because previous stud-
ies demonstrated similar thermodynamic trends
even when this residue was not directly involved
in ligand interactions™.

A more plausible explanation arises from dif-
ferences in active-site hydration. Comparison
of the ordered water networks in CAII and
CAXIII (Figure 10) indicates that the princi-
pal distinction originates from the W; water
molecule located near residue 200. In CATI,
Thr200 stabilizes W; through a short hydro-
gen bond, whereas in CA XIII, substitution by
Val200 alters the position and stabilization of
this water molecule. Although apo structures
of CAXIII are currently unavailable and the
comparison was therefore performed using the
acetate-bound structure, this interpretation is
supported by the CAII T200V mutant struc-
ture, which exhibits a water network highly
similar to that observed in CA XIII?. This
Thr-to-Val variation reflects different require-
ments for catalytic efficiency and water orga-
nization among the isozymes, as CAII is ap-
proximately 14-fold more catalytically efficient
than CA XIII, with the Thr200/Val200 differ-
ence contributing significantly to this difference
in activity°>%°. At the same time, the resulting
enthalpy—entropy balance depends on the par-
ticular ligand and its binding mode.

Previous thermodynamic studies similarly
demonstrated that CA XIII binding is substan-
tially more enthalpy-favored, whereas CAII
binding exhibits a larger entropy contribution
despite conservation of the overall active-site
architecture®. Together, these observations
suggest that subtle differences in hydration
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and water organization, rather than direct lig-
and contacts alone, dominate the thermody-
namic signature of binding. Structured water
molecules are well known to contribute signif-
icantly to enthalpy-entropy compensation ef-
fects in biomolecular recognition ‘%2,

Mechanistically, the stronger stabilization of
Wi by Thr200 in CAII generate a more or-
dered and constrained local hydration net-
work.  Upon ligand binding, reorganization
of this solvent environment produce a favor-
able entropy contribution associated with in-
creased solvent freedom, while simultaneously
incurring an enthalpic penalty due to disrup-
tion of hydrogen-bonding interactions. This
interpretation is consistent with the predomi-
nantly entropy-favored binding profile observed
for CATIL

In contrast, Val200 in CA XIII cannot directly
stabilize W; through hydrogen bonding, likely
resulting in a less constrained hydration envi-
ronment and consequently a smaller solvent-
entropy contribution upon ligand binding. Un-
der these conditions, the binding thermody-
namics may appear more enthalpy-favored be-
cause a smaller contribution arises from solvent
reorganization.

Conclusion

Despite high sequence similarity and nearly su-
perimposable active-site architectures, CATI,
CAXII, and CAXIII display distinct thermo-
dynamic signatures for binding of closely re-
lated sulfonamide inhibitors. After correcting
all observed quantities for proton-linked equi-
libria, the intrinsic Gibbs energies (AGiy) fall
within a narrow range, whereas the underlying
enthalpic (AHiy) and entropic (—TASpy) con-
tributions differ substantially among the three
isozymes. Thus, comparable binding affinities
arise from distinct balances of enthalpic and en-
tropic driving forces.

High-resolution crystal structures indicate
that this divergence originates from subtle mi-
croenvironmental variations within the bind-
ing pocket. In particular, single-residue sub-
stitutions at positions 200 (Thr/Thr/Val), 131



(Phe/Ala/Phe), and 62 (Asn/Asn/Ser) mod-
ulate hydrogen-bond geometry, steric comple-
mentarity, and the organization of nearby water
molecules. Notably, the Thr— Val substitution
at position 200 (CAII numbering) in CA XIII
disrupts the conserved water network observed
in CAII, providing a structural basis for the
pronounced enthalpy—entropy shift relative to
CAII. These localized perturbations reshape
the energetic landscape without substantially
altering the overall binding mode.

Together, these results demonstrate how
closely related proteins can generate distinct
thermodynamic fingerprints through minimal,
localized structural changes. By integrating
intrinsic thermodynamic analysis with crystal-
lographic data, this work establishes a coherent
structure-thermodynamics framework for in-
hibitor recognition and provides a strategy for
dissecting enthalpy—entropy compensation in
protonation-linked protein-ligand systems.

Supporting Information Avail-

able

« ITC Raw Data (Figure S1) and Replicate Anal-
yses (Table S1-S3)

o ITC Determination of Sulfonamide Protonation
Enthalpy (Figure S2)

e Observed vs. Buffer-Corrected vs.
Thermodynamics (Figure S3)

¢ Phel31 Conformations in CAII (Figure S4)

e Docking Validation against X-Ray Structures
(Figure S5)

o Interface Contact Areas (Table S4)

Intrinsic

Data Availability

Structural data have been deposited in the Protein
Data Bank (PDB) under the accession numbers 30EN,
30EO, 9FPQ, 9FPR, 9FPS, 30IC, 30FA, 30FB, 30FP,
30FN, 9FPV, and 9FPW. Thermodynamic data have
been deposited in the Protein-Ligand Binding Database
(PLBD) under the individual accession numbers pro-
vided in the table below. All deposited data are publicly
available as of the article publication date.
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Compound ‘ PDB ID ‘ PLBD label®
CAII
a (JA17-1-1) 30EN | ITC-VA0021, ITC-VA0022
b (JA17-1-2) 30EO I'I"(‘—\'A!l().){ ITC-VA0024
c (JA17-1-8) 9FPQP | ITC-VA0025, ITC-VA0026
d (JA17-1-4) 9FPRP | ITC-VA0027, ITC-VA0028
h (JA19-17) 9FPSP ITC-VA0029, I'TC-VA0030
h (JA19-19) 30IC | ITC-VA0031, ITC-VA0032
CAXII
4a (JA17-1-1) ND | ITC-VA0033, ITC-VA0034
4b (JA17-1-2) ND | ITC-VA0035, ITC-VA0036
c (JA17-1-8) 30FA | ITC-VA0037, ITC-VA0038
d (JA17-1-4) 30FB ND
h (JA19-17) ND | ITC-VA0039, ITC-VA0040
h (JA19-19) ND ND
CAXIII
a (JA17-1-1) 30FP | ITC-VA0041, ITC-VA0042
b (JA17-1-2) 30FN | ITC-VA0043, ITC-VA0044
¢ (JA17-1-3) | 9FPVP | ITC-VA0045, ITC-VA0046
d (JA17-1-4) | 9FPWP ITC-VA0047
h (JA19-17) ND | ITC-VA0048, ITC-VA0049
h (JA19-19) ND | ITC-VA0050, ITC-VA0051

2 ITC experiments deposited in the Protein-Ligand Bind-

ing Database.
b Published previously in**.



Variables

AG
AGing
AGops
AH
AHing
AHps
AS
ASing
ASobs
AHp: bt
AHp ca

A}qpr,SA

pKa

pKa,CA

pKasa

R
T

standard Gibbs energy change of bind-
ing (equivalent to AG®)

intrinsic standard Gibbs energy
change of binding

observed standard Gibbs energy
change of binding

standard enthalpy change of binding
(equivalent to AH®)

intrinsic standard enthalpy change of
binding

observed standard enthalpy change of
binding

standard entropy change of binding
(equivalent to AS®)

intrinsic standard entropy change of
binding

observed standard entropy change of
binding

standard enthalpy change of buffer
protonation

standard enthalpy change of CA-Zn"!
bound hydroxide protonation
standard enthalpy change of proto-
nation of deprotonated sulfonamide
amino group

equilibrium binding constant

intrinsic equilibrium binding constant
observed equilibrium binding constant
equilibrium dissociation constant
intrinsic equilibrium dissociation con-
stant

observed equilibrium dissociation con-
stant

negative logarithm of the dissociation
constant of acid protons

negative logarithm of the dissociation
constant of acid protons from CA-
Zn"-bound water molecule

negative logarithm of the dissociation
constant of acid protons from the pro-
tonated sulfonamide amino group

gas constant (8.314 Jmol ' K1)
absolute temperature (K)
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ABSTRACT: Discovery of small-molecule drugs relies on their (so,-
strong binding affinity compared to nontarget proteins, thus 2
possessing selectivity. Minor chemical structure changes usually : &
exhibit little change in the compound efficacy, with rare exceptions. O\ Q;‘)\ Q
We developed a series of nearly 50 ortho-substituted benzene- :
sulfonamides and experimentally measured their interactions with
the 12 catalytically active human carbonic anhydrase (CA) |s
isozymes. Inhibitors were designed using seven different
substituent groups, including 4-sulfanyl-substituted 3-sulfamoyl
benzoates and benzamides, 4-sulfinyl-substituted 3-sulfamoyl CAllCAD: CAIICAIX CAIl CAIX
benzoates and benzamides, 4-sulfonyl-substituted 3-sulfamoyl Binding Affinity (PKyim)
benzoates and benzamides, and 4-amino-substituted benzamides.

The oxidation state of sulfur at the ortho position significantly influenced the compound’s affinity for CAIX, a target for anticancer
drugs, demonstrating affinities hundreds of thousands of times stronger than related compounds. Coupled with X-ray crystal
structures and molecular docking, the relationship between structure and thermodynamics offers insights into how small changes in
the structure lead to significant changes in affinity for drug design.

X-ray crystallography

B INTRODUCTION

A detailed understanding of protein—ligand recognition is an
essential goal in small-molecule drug discovery.' Any drug-like
chemical compound should bind the disease-related target
protein with sufficiently high affinity. Furthermore, the
compound must bind with high selectivity and thus not interact
strongly with other nontarget proteins whose inhibition or

compound arrangement on the protein surface, possible steric
hindrances, or attraction due to hydrogen bonds or hydrophobic
interactions."’

The 12 catalytically active human CA isozymes have nearly
identical beta-sheet folds. Their active sites are highly similar in
shape, but several amino acids in the active site vary among the

. 14—16 . . . . .
isozymes. Because the differences in the active site amino

binding could cause undesired side effects.” Rational design of
such compounds is complex because of the limited under-
standing of the underlying energies of binding and how a
compound recognizes and binds to the target protein.

As a model system, we study sulfonamide compound bindin,
to human carbonic anhydrases (CA), zinc-containing enzymes.”
Humans have 12 catalytically active CA isozymes (EC
4.2.1.1).*7° The enzyme catalyzes the reversible hydration of
carbon dioxide and has many essential physiological functions.
Since these enzymes function in pH and electrolyte homeostasis
and regulation, many drugs target CA isozymes to treat diseases
like glaucoma, edema, obesity, epilepsy, infertility, and
cancer.””’ Primary sulfonamides are the most investigated CA
inhibitors.'*~"* Their amino group binds directly to the catalytic
zinc in the active site by forming a coordination bond and
inhibits the activity of all CA isozymes. However, the binding
affinity may be low or high and depends on small details of each

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

acid composition are small, it is difficult to design compounds
that would bind one isozyme with high affinity while all other
isozymes with low affinity, thus leading toward high selectivity
for only one isozyme. The active site of CAs is funnel-shaped and
has hydrophobic and hydrophilic sides for some isozymes.
Differences in a few amino acids determine the selectivity of
inhibitors for particular isozymes. Introducing various scaffolds
on the aromatic sulfonamide ring targets unique residues in the
active site."” In most studies, the tails are relatively distant from
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Scheme 1. Synthesis of Methyl 4-Substituted-3-Sulfamoylbenzoates 4a—d, f—m, 4-Substituted 3-Sulfamoylbenzamides Sa—d, f, g,

j—m, and 4-Amino-Substituted Benzamides 6b, c, e“

o o
o~ o~
i ii
RS cl cl
0=$=0 0=8=0 0=8=0
NH, NH; NH,
4a-d, f-m 2 1

© 0L o
O sp 3 -

h

0=8=0 0=8=0
NH, NH,
3 5a-d, f, g, j-m

\i‘v orv

NN
RNH
O:$:O
NH,
6b,c,e

%M@J

“Reagents and conditions: (i) RSH, K,CO;, DMF, 80 °C; (i) H,SO,, MeOH, A; (iii) (a) SOCL, toluene, A, (b) RNH,, THF, 0 °C; (iv) RNH,,

130 °C; (v) RNH,, TEA, toluene, A.

the sulfonamide group, resulting in weak interactions with
peripheral amino acids. The affinity profile depended mostly on
the substituents located close to the sulfonamide head-
group.'*™*° This is also dependent on the flexibility of the
substituents, which help adjust to the protein shape.

Depending on the variation of the substituents while
investigating doubly substituted compounds,’*™>* several
high-affinity compounds exhibiting picomolar Ky were obtained
for CAVII, CAIX, CAXII, and CAXIV. A significant achieve-
ment was a LJ15-12 compound that exhibited 0.08 pM intrinsic
K for CAIX.” In this study, we investigate the functional groups
in the ortho position by varying 13 substituents from small
methyl to bulky adamantyl. Sulfinyl and amino substituents were
also synthesized to examine the influence of the linking atoms.
Interestingly, the substitution of only one atom, an addition of
an oxygen atom in the ortho position, decreased compound
affinity for nontarget isozymes by a million-fold, significantly
improving the selectivity, which is one of the main goals in small-
molecule drug discovery.

B RESULTS

Organic Synthesis of Designed Compounds. The
synthesis of 2,5-disubstituted benzenesulfonamides was per-
formed starting from 4-chloro-3-sulfamoylbenzoic acid 1
(Scheme 1). Methyl ester 2 was obtained from 4-chloro-3-
sulfamoylbenzoic acid 1 by reflux in methanol in the presence of
a catalytic amount of sulfuric acid. Amide 3 was synthesized by
refluxing acid 1 with thionyl chloride in toluene and subsequent
treatment, the resulting anhydride with an appropriate amine,
using as the base excess of amine according to the procedure
reported in ref 21.

The synthesis of 4-substituted sulfamoylbenzoic acid
derivatives 4a—d, f—m was achieved by aromatic nucleophilic
substitution of the chlorine substituent with various thiols under
an inert atmosphere in dimethylformamide using potassium
carbonate as the base (Scheme 1). All thiols were commercially

available except cyclododecylthiol, which was synthesized by
subjecting cyclododecanone to reaction with 1,2-ethanedithiol
and subsequent reduction of intermediate dithiolane with n-
butyllithium.>*

The 4-substituted 3-sulfamoylbenzamides Sa—d, f, g, j—m
were synthesized using the same reaction conditions as 4-
sulfanyl-substituted esters 4a—d, f—m. Substitution of the
chlorine group with amines required harsher reaction conditions
than thiols. Therefore, 4-amino-substituted benzamides 6b and
¢ were synthesized by heating amide 3 over the appropriate
amine at 130 °C. Compound 6e was synthesized by boiling
amide 3 in toluene with 2 equiv of cyclooctylamine and 2 equiv
of triethylamine.

The oxidation of esters 4a—d, h, i, k—m and benzamides Sa, b,
k—m to the sulfinyl and sulfonyl compounds was performed
using in situ generated peracetic acid (Scheme 2). The reaction
was carried out at room temperature and produced 4-sulfinyl
compounds 7a, b, h, i, k—m, 8a, b, k—m, and heating the
reaction mixture at 70 °C yielded the corresponding 4-sulfonyl
compounds 9a—d, h, i, 1, m, 10b, and k—m

Compound Binding to CA Isozymes. All synthesized
compounds were divided into 7 groups: 4(a—d, f—m), S(a—d, f,
bS] j_m)l 6(]3; < e)r 7(al b/ h; i, k_m)r 8(3, k_m)r 9(a_dl h; i, lr
m), and 10(b, k—m) (Figure 1). Compounds that started with
numbers 4, 7, and 9 were 4-sulfanyl-, 4-sulfinyl, and 4-sulfonyl-
substituted esters, respectively. Compounds starting with the
numbers $, 8, and 10 were 4-sulfanyl-, 4-sulfinyl, and 4-sulfonyl-
substituted benzamides analogous to the previous series.
Compounds starting with the number 6 were 4-amino-
substituted benzamides. Various linear, branched, and cyclic
aliphatic and aromatic substituents at the ortho position were
tested to assess whether size, flexibility, and hydrophobicity
affect affinity. Compound affinities for the 12 catalytically active
human CA isozymes are listed in Table 1.

As one of the important findings in this manuscript, Figure 2
arranges the compounds in the order of their affinity for CAIX

https://doi.org/10.1021/acs jmedchem.5c01421
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Scheme 2. Synthesis of Methyl 4-Sulfinyl-Substituted-3-
Sulfamoyl Benzoates 7a, b, h, i, k—m, N-Butyl-4-sulfinyl-
Substituted-3-Sulfamoylbenzamides 8a, b, k—m, Methyl 4-
Sulfonyl-Substituted-3-Sulfamoylbenzoates 9a-d, h, i, 1, m,
and N-Butyl-4-sulfonyl-Substituted-3-Sulfamoylbenzamides
10b, k—m

[0} o
R" . R" ..
O°S <I— s —”» O$

R 0=$=0 R 0=§=0 R 0=5=0
NH, NH, NH,
7a, b, h,i, k-m, 4a-d, h, i, k-m, 9a-d, h,i, I, m,
8a, b, k-m 5a, b, k-m 10b, k-m

Y e
FMM%G

h

R': OMe (4, 7, 9); NH-nBu (5, 8, 10)

“Reagents and conditions: (i) 30% H,0,, AcOH, r. t.; (i) 30% H,0,,
AcOH, 70 °C.

and compared to undesired target CAIL A high affinity for CAIX
is des1red because CAIX is implicated in various types of
cancer.”* However, CAII is abundant in erythrocytes, thus an
off-target for anticancer inhibitors.

Compound affinities for human CA isozymes were analyzed
using fluorescence-based thermal shift assay (FTSA) and the
enzymatic activity stopped-flow-based inhibition assay (SFA)
(Figure 3). The FTSA determined the observed dissociation
constants for all compounds with all 12 CA isozymes (Table 1
and Supplementary Figure S1). From these experimentally
determined K, the intrinsic dissociation constants Ky, were
calculated, and the results are primarily focused on them. Figure
3B,C shows two compounds with strong and weak affinity for
CAIl and CAIX by FTSA. A single oxygen atom strongly
diminished affinity for both isozymes. The stopped-flow assay of
CO, hydration enzymatic activity inhibition confirmed that the
compounds inhibited CAIX and CAII (Figure 3D,E). Inhibition
K; values are presented in Table 2 and Figure S2. The FTSAis a

convenient technique covering a significantly wider Ky range
than the SFA.>®

The experimental conditions slightly differed between FTSA
and SFA, and it is therefore not appropriate to directly compare
the Ky o, and K;. However, the measured affinities were similar
in both techniques. Further analysis is based on FTSA data due
to its wider limits in identifying strong binders. Note that the
enzyme concentration limits the SEA’s ability to determine high-
affinity binders. For example, if we use a 10 nM concentration of
a CA isozyme, the lowest ICs, is S nM, half of the protein
concentration. Any compound with an ICj, stronger than S nM
would exhibit a dosing curve that appears as an ICsy of S nM.
Thus, compounds that possess single-digit nM or picomolar K,
cannot be distinguished by SFA.

Sulfonamide binding of CA is a pH-dependent reaction.
The water molecule bound to the CA zinc ion is replaced by the
deprotonated form of sulfonamide upon binding.”**’ The
protonation forms required for the interaction exist at different
pHs: the CA-Zn(II)-H,O has the largest fraction at acidic pH
and the deprotonated sulfonamide has the largest fraction at
alkaline pH. Therefore, the measured affinity is always lower
than the intrinsic affinity. The intrinsic parameters are calculated
(see equations in the Experimental section) by knowing the pK,
of the CA zinc-bound water and the pK, of the sulfonamide
group (Table 1 and Figure S3). Experimental data of the
sulfonamide group pK, determination for compound 4b are
shown in Figure 4. Figure S3 shows the graphs of pK,
determination for the remaining compounds.

Intrinsic affinities are especially important in rational drug
design. It is not rare when a stronger affinity is observed not
because of the formed bonds but because of the substitutions
that lower the pK, of the sulfonamide group and thus increase
the fraction of the ready-to-bind form.*” Intrinsic parameters are
used to avoid misleading conclusions when comparing the
affinity of compounds for CAs.

Esters vs Benzamides. 4-sulfanyl-substituted esters 4a—d, f—
m were the largest (12 compounds) studied group of
compounds with the same framework. Compounds of this
group, even almost independently of the substituent, interacted
strongly and selectively with several CAs. Ky, of 4b for CAIX
was 0.0010 nM and it was the strongest interaction measured in
this study, CAXIII—0.090 nM and CAXIV—0.020 nM, with
others interacting much weaker. The size of the substituent was
critical in this interaction. CAIX has a larger active site than the
rest of the CAs.>' It was interesting that compound 4g
(adamantyl), which has a similar affinity for CAIX (Kyjn =

6,26,27

S ARV AN atVs cap¥eactohg

4a-d,f-m 5a-d,f,g,j-m Sb.c,e

c¥endod

7a,b,h,i,k-m
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Figure 1. Chemical structures of the compounds synthesized and investigated in this study. Compounds 1, 2, and 3 are the starting compounds of the

synthesis shown in Scheme 1.
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Table 1. Observed and Intrinsic (K4 ., and Kg;,,) Dissociation Constants (in nM Units) of Investigated Compounds to All
Catalytically Active Human CAs at 37 °C Obtained by Fluorescent Thermal Shift Assay (FTSA)“
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Table 1. continued
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90 | 099% | K 1600 55 [ 280 140 | 21300 6 2180 380 w | a0 a0 | 270
8k Kuws | 2200000 | 160000 | 2200000 | 2200000 | 2200000 | 2200000 | 200000 | >200000 | 3300 | 2200000 | 180000 | 2200000
¥815.10
90 | 099% | K 21800 710 | 2480 | 2560 | 21300 [ 2000 | 2180 | 2770 9| wm| w00 | =70
8 Kiw | 33000 | 14000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 200000 | 13000 | 2200000 | 2200000 | 10000
v815.11
90 | 099% | Kum 310 63 | 2480 | 2560 | 21300 | 2000 [ 2180 | 2770 35| w70 | a0 3
m Kios | 2200000 | 141800 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 4600 | 2200000 | 146300 | 2200000
v8157
89 | 126% | Kum 22300 780 | =600 | 2710 | 21700 [ 21200 | 2230 | 2960 160 | w60 | 100 | 2960
% Kuos | 2200000 | 56000 | 2200000 | 2200000 | 2200000 | 2200000 | 110000 | 57000 | 76000 | 2200000 | 16000 | 42000
1715
90 | 099% | K 21800 250 | 2480 | =60 [ 21300 [ 2000 % 20 20 | a0 110 160
% Koo | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 28000 | 90000 | 2200000 | 100000 | 140000
1717
89 | 120% | Kam 22300 | 21100 | 2600 | 2710 [ 21700 [ 21200 | 2230 130 320 | 2060 1100 680
9% Kiws | 2200000 | 2200000 | 2200000 | 68000 | 2200000 | 2200000 | 2200000 | 70000 | 11000 | 2200000 | 6000 | 29000
1718
89 | 126% | Kuw 22300 | 21100 | 2600 200 | 21700 [ 21200 | 2230 340 37| 290 640 140
% Kuws | 2200000 | 200000 | 2200000 | 140000 | 2200000 | 200000 | 160000 | 200000 | 2200000 | 2200000 | 25000 | 54000
1716
90 | 099% | K 21800 [ 2880 [ 2480 30 | 21300 [ 2090 150 [ w770 | wse0 | 2770 20 210
on Kuww | 2200000 | 82000 | 2200000 | 89000 | 140000 | 2200000 | 64000 | 160000 | 73000 | 170000 | 22000 | 59000
1520
88 | 156% | Kum 22900 s0 | 2750 400 1400 [ 21600 e 960 320 | 100 310 350
E https://doi.org/10.1021/acs jmedchem.5c01421
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Table 1. continued

ca can cam cav cava | cave cavi cavil caix caam | caxm | caxv
Poca | 81 63 65 66 73 70 60 68 66 68 80 68
‘Compound fraction at pH
lob.name | A framework of the structure | pKasa 70 926% | aa3% | 240% | 285% [ esew | s00% oa% | sm7% | 2ms% | 387% | soo% | sa7%
El Keews | 2200000 1700 | 2200000 6200 | 200000 9000 1500 | 2200000 %00 | 16000 250 520
n192
89 | 126% | Kew 22300 10 2600 2| 200 56 17 2960 32 76 28 a4
El Kews | 2200000 | 71000 | 2200000 | 190000 | 2200000 | 2200000 | 2200000 | 2200000 9100 | 2200000 | 22000 | 20000
194
90 | 099% | Kaw 21800 310 2480 sa0 [ 21300 2990 2180 2770 2% 2770 200 78
om Keews | 2200000 5900 | 2200000 | 2200000 | 2200000 | 2200000 | 35000 6800 4000 | 2200000 630 6300
195
90 | 099% | Kaw 21800 2 2480 2560 21300 2990 n 2% 1 2770 56 2
100 Kes | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000
IA18.30
90 | 099% | Kaw 21800 2880 2480 2560 [ 21300 2990 2180 2770 2560 2770 | 21800 2770
10k Kes | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 200000 | 200000 | 2200000 | 2200000 | 2200000 | 160000
v819.8
90 | 099% | Kaw 21800 2880 2480 2560 | 21300 2990 2180 2770 2560 2770 | 21800 620
100 Kes | 2200000 | 2200000 | 200000 | 2200000 | 2200000 | 150000 | 2200000 | 200000 | 200000 | 2200000 | 2200000 | 2200000
¥819-9
91 | 079% | Kaw 21500 2700 2380 2450 21000 610 2140 2610 2450 2610 | 21400 2610
10m Keews | 2200000 | 2200000 | 200000 | 2200000 | 2200000 | 2200000 | 2200000 | 200000 | 200000 | 2200000 | 2200000 | 2200000
V819.6
89 | 126% | Kuw 22300 | 21100 2600 2710 [ 21700 | 21200 2230 2960 2710 2960 | 22300 2960
Koot 2400 46 | 40000 87 840 140 20 13 21 130 7 6
azm 70
50% | K 1100 98 4600 12 270 £ 98 24 29 2 35 2

“Observed values were determined using SO mM sodium phosphate buffer at pH 7.0 containing 100 mM sodium chloride, 50 zM ANS dye, and
2% (v/v) DMSO. Kgj,s were calculated according to eq 1 (see the Experimental Section). Values with a “>” sign show that they are at the
detection limit of >200 000 nM of Ky, according to the highest used ligand concentration. The intrinsic value limits vary for different CAs and
compounds due to differences in pK,. pK, s — pK, of the sulfonamide group; pK,cs — pK, value of water molecule bound to Zn(II) in the active
site of CA; AZM, acetazolamide (a standard inhibitor). “Not determined due to solubility issues or low intensity of the spectrum curves. The PKysa

value was assigned based on similarities in chemical structure.

10b
Koy i (NM)
CAll: = BE0 = 1100 = 1100
CAIX S6i) 320 28
-  ————

HH

5b

120 14

0.20 0.19

0.49
IRV

Affinity for CAIX

Figure 2. Compounds are arranged in the order of increasing affinity for CAIX. Compound 4b had the highest affinity and selectivity for CAIX. The
intrinsic dissociation constants (in nM units) are compared for CAII and CAIX, while values for the remaining CAs are listed in Table 1.

0.0030 nM) to most of the compounds in this group, is a few
hundred times more selective for CAIX, whereas, for example,
4b (cyclohexyl) is only a few tens of times more selective for
CAIX and can be considered a strong binder to several undesired
CAs. On the other hand, the 4-methylsulfanyl- substituted
compound 4h is no longer selective. Thus, the hydrophobic
interaction made a significant contribution to affinity for CAIX,
and selectivity was mainly obtained by the size of the substituent
when the binding to CAIX was optimal and binding to other
CAs was limited by steric interference. Analogous benzamides
were much weaker binders of CAs. Most benzamides exhibited
no interaction with CAs. Nevertheless, all compounds in this
series bound to CAIX and were, in most cases, at least several
dozen times more selective for it than for other CAs.

Sulfanyl vs Sulfinyl vs Sulfonyl Compounds. Different forms
of sulfur oxidation led to drastically different affinities for CAs. A
higher degree of oxidation in these compounds weakened the

affinity. However, in our opinion, it was not the oxidation itself
that had the main influence, but rather the conformation of the
compound. The affinity of all sulfinyl- compounds with all CAs
was significantly weaker than analogous sulfanyl- compounds.
The decrease in affinity varied depending on the CA isozyme
and the substituents. Therefore, no generalized observations
could be made. For example, compound 7a did not bind to CAI
and CAVA, but the weak affinity was determined for CAIII, with
all other CAs the interactions were similar and did not exceed
more than 10-fold in most cases and there was no selectivity for
CAIX. Compounds 7b, 7h, and 7i did not bind or bind weakly
and nonselectively to all CAs. Except for 7b, it is bound only to
CAIX with 28 nM. The K}, of compounds 7k, 71, and 7m were
0.63, 0.72, and 0.24 nM, respectively. Also, there was a similar
affinity for CAXIII and CAXIV and weaker for the other CAs.
From compounds 5(a—d, f, g, j—m) to 8(a, k—m) decreased
affinity for all CAs.

https://doi.org/10.1021/acs jmedchem.5c01421
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Figure 3. Compound affinity was determined by two assays in this
study. (A) Chemical structures of two compounds whose binding data
are shown below. (B) and (C) Fluorescent thermal shift assay data
(FTSA) of compounds 4b (closed squares) and 7b (open circles)
binding to CAII and CAIX, respectively. (D) and (E) Stopped-flow
carbon dioxide hydration assay (SFA) data of compounds 4b (closed
squares) and 7b (open circles) inhibition of CAIl and CAIX,
respectively. The dissociation constants (K;) or inhibition constants
(K;) are given next to the corresponding curves. It is important to note
that the experimental conditions of the methods were slightly different:
FTSA, pH 7.0, 37 °C, while for SFA, pH 7.5, 25 °C.

Switching to sulfonyl compounds reduced the affinity and
abolished the selectivity for CAIX. 9b only bound to CAVII,
CAIX, CAXIIL, and CAXIV with K., 130, 320, 1100, and 680
nM, respectively. The most strongly interacting compound in
this series was 9i, e.g,, K4, of CAVI—1.7 nM, CAIX—3.2 nM
but also bound to other CAs quite similarly. Meanwhile,
compounds 10(b, k—m) did not bind to any isozymes, only a
couple of measurements showed a weak interaction.

4-Sulfanyl- vs 4-Amino-Substituted. Comparing Sb vs. 6b
and Sc vs. 6¢, in most cases, the dissociation constants differed

RSO;NH; -

* RSO;NH .~
4
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o
,a/Al

o\

\pH 120
\

£
o
=
&

-

o
P

pH 7.0 \

Mormalized absorbance

%

i

300 350 40
Wavelength (nm)

250

=1
o
: ©
=
=1

Figure 4. Spectrophotometric determination of the sulfonamide group
deprotonation pK, for compound 4b. (A) Absorption spectra of
compound 4b in solutions at various pH at intervals of 0.5 pH units at
37 °C. (B) Normalized absorbance at 260 nm was plotted as a function
of pH, and the pK, value was determined as a midpoint of the curve.
The data points are the mean points of two repeats ((A) shows one
repeat for simplicity), with standard deviations. The pK, value of
compound 4b was 9.74 + 0.13 (+1.3%) with a confidence interval
[9.62—9.87] of 95%.

only a few times, and the constants for CAIX did not exceed the
margin of error. The S or N atom in the same position of the
compound almost did not change the affinity for all isozymes.
Compound 6e (cyclooctyl-substituted) selectively interacted
with CAIX, Ky, of CAIX—0.53 nM, CAXII—39 nM, and
CAXIV—12 nM. It did not bind to other CAs. Most likely the
selectivity was due to the size of the active site pocket.

X-ray Crystal Structures of Compound Binding to CAll
and CAXIIL. Nine crystal structures were determined by X-ray
crystallography, the complexes of CAIl with compounds 2, 3, 4c,
4d, 4h, CAIX with 4d and Sb, and CAXIII with 4c and 4d. Table
3 lists the data collection and refinement statistics. Figure S
shows the electron density maps of these compounds in the
active site of CAs. Two molecules of compound 4h were
identified in the active site of CAIL, one conventionally formed a
coordination bond between the sulfonamide group and zinc, and
the other was independently located near the periphery of the
active site. The localization of both separated molecules relative
to the same zinc is shown in Figure SE,F. The main highlights of
the identified protein—ligand interactions are described below
and illustrated in Figure 6.

Structures of 2 vs 3 Bound to CAll. Starting compounds 2
and 3 used in the synthesis differed by one substitution at the
meta position relative to the sulfonamide group, ester vs. amide.
Figure 6A,B shows the position of these compounds in the active
site of CAIL Both compounds retained the same position of the
sulfonamide group and the chlorine atom in the active site of

Table 2. Inhibition Constants and ICg, (in nM Units) of CAII and CAIX with Compounds Obtained by Stopped-Flow Carbon

Dioxide Hydration Assay (SFA) at 25 °C“

K; (nM)
compound CAIL CAIX
4a 25+13 54+05
4b 270 + 20 7.6 £0.5
4c 210 + 30 37+3.5
4d 120 + 10 S1+6
4h 9200 + 500 1300 + 200
7a 63+6 360 + 30
7b 64,000 + 7500 86,000 + 16,000
7h 3400 + 200 7600 + 700
9a 34,000 + 4000 3700 + 600

ICy, (nM)
CAII CAIX
47426 12£05
530 + 40 16+ 1.3
400 + 50 79+7
230 + 20 110 + 12
18,000 + 1000 2700 + 400
120 + 12 760 + 60
100,000 =+ 10,000 200,000 + 30,000
6500 + 300 16,000 + 1600

65,000 + 7000 7800 + 1300

“Experiments were performed using 20 mM HEPES Na at pH 7.5, 20 mM Na,SO,, and 0.2 mM Phenol Red.

G
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CAll - 4d

PDB 1D: SEPT POB D BFPU PDB I 9FPO PDB ID: 9FPR

mean-4n F e (i) CAll - 4h g CAIX - 5b CAIX - 4d

PO 1D 9EPS PIME I, 9FPS PDBE 1 9RAY PIE 1D SREX

CAxIll - ad

PDB ID:9FPV PDB ID: 9FPW

Figure S. |[F(0) — F(c)| omit maps at 3¢ in green for the investigated ligands in the active site of CAs. (A) CAII—2 (PDB ID: 9FPT), (B) CAII—3
(PDB ID: 9FPU), (C) CAll—4c (PDB ID: 9FPQ), (D) CAIl—4d (PDB ID: 9FPR), (E) and (F) CAIl—4h (PDB ID: 9FPS; two ligand molecules
were identified, one bound directly to Zn in a conventional position, while the second was seen located nearby toward the edge of the active site), (G)
CAIX—5b (PDB ID: 9R8Y), (H) CAIX—4d (PDB ID: 9R8X), (J) CAXIII—4c (PDB ID: 9FPV), (K) CAXIII—4d (PDB ID: 9FPW). Omit maps
were taken from a refinement run of the final model without the ligand. Zinc is shown in blue.

Figure 6. X-ray crystal structures of (A) CAII—2 (PDB ID: 9FPT), (B) CAIl—3 (PDB ID: 9FPU), (C) CAll—4c (PDB ID: 9FPQ), (D) CAll—4d
(PDB ID: 9FPR), (E) and (F) CAIl—4h (PDB ID: 9FPS; two ligand molecules were identified, one bound directly (E) to Zn in a conventional
position, while the second is seen located nearby toward the edge (F) of the active site), (G) CAIX—Sb (PDB ID: 9R8Y), (H) CAIX—4d (PDB ID:
9R8X), (J) CAXIII—4c (PDB ID: 9FPV), (K) CAXIII—4d (PDB ID: 9FPW). The yellow dashed line represents the hydrogen bond; the distances
are given in angstroms. The amino acids directly involved in hydrogen bond formation are labeled. Amino acids are colored according to
hydrophobicity:** the most intense red color represents the most hydrophobic amino acids.

CAIL The amide substituent formed multiple hydrogen bonds entire molecule slightly, so a partially rotated benzene ring was
with the amino acid side groups, while the ester was stabilized by observed in the crystal structure. No significant conformational
a network of hydrogen bonds through water molecules. changes were observed in the amino acid chains of the active site
Presumably, a different network of hydrogen bonds pulled the of CAIL However, the amide substituent of the compound was

| https://doi.org/10.1021/acs jmedchem.5c01421
J. Med. Chem. XXXX, XXX, XXX—XXX
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Figure 7. Unusual ligand positions in crystal structures of CAII (PDB ID: 9FPS) and CAIX (PDB ID: 6QUT, published previously”). The chemical
structures of the ligands are shown above the crystal structures. The crystal structures represent a view of the monomers and a zoomed-in view of the
active site. Zn(II) is shown as a pink sphere. Bound to Zn(II) inhibitor molecules are green and others are blue. (A) Monomer of CAII is shown in
surface mode and colored salmon. The symmetric chain is colored white. (B) In the case of CAIX, only the asymmetric unit is represented. Six inhibitor
molecules are bound to 4 CA IX chains. Chain C (orange) and chain D (salmon) have two inhibitor molecules, and chains A and B (beige) have one
molecule. In this case, the interaction of ligands between separate chains is visible.

not in one fixed position. Instead, 3 alternative conformations of
the substituent were identified in the structure. However, it
should be noted that this substituent has a poor electron density,
likely due to its high flexibility. Consequently, its exact
arrangement cannot be determined.

Structures of CAll with Chlorine-Substituted (2, 3) vs
Sulfanyl-Substituted (4c, 4d, and 4h). The position of ortho-
sulfanyl and chlorine-substituted compounds in the CAII active
site differed significantly. The entire sulfanyl-substituted
molecule was shifted to avoid steric interference but maintained
a similar distance between the sulfonamide group’s nitrogen and
the enzyme’s zinc compared to the chlorine-substituted
compound. Meanwhile, the studied ortho-substituted com-
pounds occupied similar positions, and the ester groups of all
three compounds formed a hydrogen bond with Asn62.
Notably, the electron density of all inhibitor molecules is well-
defined.

Structures of CAll vs CAIX and CAXIIl with Bound Sulfanyl-
Substituted (4c and 4d or 5b). Figure 6 shows the interactions
between CAII with compounds 4c and 4d (Figure 6C,D), CAIX
with 4d (Figure 6H), and CAXIII with compounds 4c and 4d
(Figure 6],K). One of the main differences was in the formed
hydrogen bonds. The oxygen of the ester group of the
compound formed a direct hydrogen bond with Asn62 in the
active site of CAIL. Meanwhile, a hydrogen bond is formed in the
active site of CAIX and CAXIII through a water molecule with
GIn70 and Asn6S or Ser64 and Asn69, respectively. Asn62 in
CAII, Asn6S in CAIX, and Asn69 in CAXIII differ only by the
numbering but correspond to the same position.

Incidentally, compound Sb CAIX also forms the same
hydrogen bond through a water molecule, and the entire
molecule adopts a similar conformation. Notably, the electron
density of the 17 amino acids at the N-terminus of both X-ray
crystal structures of CAIX is not defined as expected. These
amino acids fold in their 3D structure to form the active site of
the protein. This side of the active site is called the hydrophilic
part. This suggests that the bound ligand pushes these amino
acids to fit fully into the active site. When comparing these
structures (PDB ID: 9R8X and 9R8Y) with those existing in the

PDB (e.g, PDB ID: 3iai), the clash between ligand and Tyr7 is
seen without changing their arrangement.

It is important to emphasize that both 4c and 4d have very
poor electron density in the CAXIII active center, so the
arrangement of the compound should be evaluated more
cautiously. On the other hand, a comparison of the structures
shows that compound 4d is more similarly located in the active
sites of CAIl and CAXIII, while in CAIX, it is shifted toward the
hydrophilic side, which, as mentioned, is not fully visible in the
X-ray structure.

Atypical Binding Position. The structure 9FPS was unique
because two ligand molecules were identified as bound in the
active site. One molecule was bound classically and formed a
coordination bond with the zinc ion. The second formed a
hydrophobic interaction with the first molecule, and hydrogen
bonds with water molecules located toward the edge of the
active site. This could be a crystallographic artifact or a
secondary interaction with the protein.>> A previous publica-
tion® identified a similar case with CAIX (PDB ID: 6QUT)
(Figure 7). In that case, the molecules interacted in the active
site and among themselves between the chains in an asymmetric
unit. This case with CAII was different because the two chains
had no interaction between ligand molecules. The active sites of
symmetric chains were not oriented face-to-face. The atoms of
the second nonclassical ligand were further than SA from the
amino acids of the symmetric chain.

Molecular Docking. To understand the differences in the
binding affinities of series 4, 7, and 9 ligands, they were docked
into CAII, except for 4e and 4f, containing large, flexible rings
that are challenging to dock. Series 4 ligands were also docked
into CAIX and CAXIII, to compare with crystal structures and
thus assess the docking accuracy. To reduce bias, different
receptors (PDB IDs — CAIL: 3HS4; CAIX: 6G9U, chain A;
CAXIII: 4KNN, chain A) were chosen instead of the new X-ray
structures presented in this paper.

To mimic the donor—acceptor bond between the zinc ion and
the sulfonamide nitrogen of the ligand, we employed con-
strained docking using the Smina program.** The constraint
forced the sulfonamide nitrogen to maintain its original position
in the X-ray structure. The generated poses were afterward

https://doi.org/10.1021/acs jmedchem.5c01421
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rescored using the Vinardo scoring function.® Vina®® and
GNINA®" Machine-learning-based scoring functions were
found to be inferior to Vinardo for this system, and therefore
only the latter was employed for further analysis. The pose with
the best rescored affinity that matched the X-ray conformation
of the benzenesulfonamide moiety was then chosen as the
representative best docked structure (in all cases, for ligand 4
series, it was ranked 1 by Vinardo, except for 4j, where the
correct benzenesulfonamide conformation was ranked 3). The
best docked poses for CAII are shown in Figure 8A. The Pearson
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Figure 8. (A) Docked series 4 ligands (see main text for details)
superposed onto the X-ray structure of 4c (PDB ID: 9FPQ; rendered
using ball-and-stick representation) in a complex with CAIL Note that
hydrophobic substituents stack against the Phel31 side chain. (B)
Computed ligand binding affinities to CAII (circles) and CAIX
(squares) using Vinardo scoring function plotted against the
experimental binding affinities—intrinsic Gibbs energy changes. The
Pearson correlations R of the plotted points are 0.87 for CAII and 0.66
for CAIX. The large difference between the computed and experimental
binding affinities is because the Vinardo scoring function does not take
into account the interaction with zinc. However, it can be assumed to be
approximately equal for all ligands.

correlation coefficient R with the experimental intrinsic binding
affinities to CAII for the best docked poses was 0.87. Figure 8B
plots the corresponding computed and experimental binding
affinities for CAII and CAIX (values listed in Table SI in the
Supporting Information). Notably, for CAII, the scoring
function correctly predicts the best binder, 4m, and the four
worst binders (4g—j). The panel also shows the correspondence
between the experimental and predicted binding affinities for
CAIX, with R = 0.66.

Validation of the Docking Protocol via Comparison with
the X-ray Structures. The proposed docking and scoring
protocol was further validated by comparing the predicted
docked poses of some of the ligands with their conformations in
the newly reported X-ray structures. Figure S4A—C shows the
ranked poses of ligands 4c, 4d, and 4h compared against their X-
ray conformations in the complex with CAIL The heavy atom
Root Mean Square Deviation (RMSD) between the docked and
X-ray conformation is 2.03, 3.13, and 0.46 A, respectively. For
the first two ligands, however, the rank 2 conformations are close
to the X-ray conformation (4c: 0.61 A; 4d: 0.67 A, see Figure
S4A,B).

To further validate the chosen docking protocol, 4d and Sb
were docked into CAIX (PDB ID: 6G9U, chain A). The best-
scored poses after reranking using Vinardo are shown in Figure
SS. The corresponding heavy atom RMSDs for 4d and Sb are
2.18 and 0.92 A, respectively, and despite the RMSD for 4d
being above 2 A, the binding mode is captured by the docking
reasonably well, especially since the receptor used for docking
was originally bound to a ligand from a chemically different
series.

Compounds 4c and 4d were also docked into the CAXIII
receptor (PDB ID: 4KNN, chain A). Similarly to CAIX, the
docking protocol picked the docked pose with the approx-
imately correct binding mode (with RMSDs equal to 1.90 and
0.95 A, respectively) (Figure S6).

Docking of Series 7 and 9 Compounds. Since series 4
compounds using the docking protocol described above can
reproduce the scaffold rather well and generally seem to stack
the hydrophobic substituents reasonably, we applied a similar
procedure by docking series 9 ligands into CAII as a model
protein, in hopes that it will help to explain a difference between
the binding affinities of series 4 and 9. Docking using the same
protocol led to comparable binding affinities between the two
series (not shown). However, experiments indicate that 9 binds
worse by several orders of magnitude, and rescored constrained
pose affinities for this series exhibit practically no correlation
with the experiment (R 2 0.12). A careful examination of the
docking results for series 9 revealed the source of the poor
binding affinities and the poor performance of the docking score.
Figure 9A displays the best ranking pose of 9a. While the phenyl
substituent of 9a stacks well with Phel31 side chain, the two
sulfonyl moieties exhibit an apparent clash against each other.

To further explore this clash, we ran simulations of a simple
compound 2-(methylsulfonyl)benzenesulfonamide containing
sulfonamide and methylsulfonyl groups at the ortho-positions on
abenzene ring. The lowest energy conformer for this compound
was generated using CREST software®® using semiempirical
GFN2-xTB wave function,” and afterward reoptimized in the
implicit solvent using the Density Functional Theory (DFT)
approach with the GAMESS-US program.”’ In the lowest
energy conformer, sulfonamide nitrogen forms a hydrogen bond
with the sulfonyl oxygen at the ortho position (Figure 9B,
bottom). The approximate conformational energy of the docked
conformation was also computed using DFT, keeping frozen the
sulfonamide S—N and methylsulfonyl S—C bond torsional
angles for the benzene ring, and optimizing the rest of the 2-
methylsulfonylbenzenesulfonamide molecule (Figure 9B, top).
The freezing of the select torsions was necessary because the
DFT calculation lacks the protein environment that keeps them
at certain values seen in docking. The energy difference between
the lowest energy and the docked conformers in Figure 9B was
53.8 kJ/mol. It became clear that the used scoring function did
not report a correct binding energy of the conformation in
Figure 9A because the Vinardo scoring function neither takes
into account the change of the ligand conformation when going
from the solution into the receptor, nor the ligand intra-
molecular energy (in fact, none of the several built-in scoring
functions in Smina do). This means that in the conformation
shown in Figure 9A the 2-methylsulfonyl group must rotate to
avoid the rather severe clash with the sulfonamide oxygens
(Figure 9B, top), and by doing so the hydrophobic substituent
rotates away from Phel3l, potentially yielding other clashes
with the protein and leading to the poor binding energies.

Series 7 compounds are more complex to investigate because
two enantiomers of the S atom of sulfinyl exist (Figure 9C,D).
We will explore the behavior of sulfinyl-containing series 7 using
compound 7a as an example. One of its docked enantiomers,
(S)-7a forms sulfonyl-sulfinyl clash (Figure 9C and the top left
part of Figure 9D) similar to what we found for 9a. The docked
(R)-7a enantiomer is about 1.7 times more stable compared to
the (S)- enantiomer because of the lack of the clash (Figure
9D,F). Calculations also show that in the absence of the protein,

https://doi.org/10.1021/acs jmedchem.5c01421
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Figure 9. Best ranking docked pose of 9a, (S)-7a, (R)-7a, and 4a in the
active site of CAII as a model protein. (A) Best-ranking docked pose of
9a. While the phenyl substituent stacks well with the Phel31 side chain,
the two SO, moieties presumably clash. (B) Two conformations of 2-
(methylsulfonyl)benzenesulfonamide: Top: conformation with two
benzene-to-S bond dihedrals constrained so that it is similar to the
docked conformation in (A); bottom: lowest energy conformation with
an intramolecular H-bond that is likely to be found in solution. The
energy difference between the two rotamers computed using density
functional theory is 53.8 k] /mol. The fact that the used scoring function
does not take into account this difference explains why the calculated
affinities (not shown) do not match the experimental values. (C), (E)
Best-ranked docked conformations of (S)- and (R)-7a, correspond-
ingly. (D), (F) Top: the conformations 2-(methylsulfinyl)-
benzenesulfonamide, matching the docked geometries in (C) and
(E). Bottom: The lowest energy conformer with an intramolecular H-
bond, presumably existing in solution. The docked (R)- enantiomer is
much more stable due to the lack of clashes present in the docked (S)-
enantiomer. (G) Best-ranking docked pose of 4a. (H) Two
conformations of 2-methylsulfanylbenzenesulfonamide: Top: the
optimized with constraints conformation matching the docked
conformation; bottom: The lowest energy conformer. Compared
with the sulfinyl- and sulfonyl-forms, the docked conformation for the
sulfanyl analog is the most stable, which is also reflected in the binding
affinities.

the preferred conformation 7a (of either chirality) has an
intramolecular H-bond (Figure 9D,F, bottom).

For comparison, we also used DFT calculations of the 2-
methylsulfanylbenzenesulfonamide molecule to estimate the
stability of the docked 4a (Figure 9G), which does not seem to
exhibit clashes. Comparison of Figure 9B,D,F,H shows that the
docked conformer 4a is ~1.5 times more stable than the most
stable docked conformer of 7a and nearly 3 times more stable
than docked 9a, corresponding to the experimentally
determined binding affinities that are best in series 4, followed
by 7 and 9. Interestingly, calculations suggest that one reason for
the relative stability of docked 4 is the lack of the intramolecular
hydrogen bond in solution (Figure 9H, bottom), and this
observation could be potentially used in designing better binders
for carbonic anhydrases, or even other receptors.

H DISCUSSION

Recognition of the pockets on the protein surface by small-
molecule ligands is still rather poorly understood, and it is not
possible to accurately calculate the thermodynamic binding
parameters.*’ Primary sulfonamide compounds are known to
inhibit CA isozymes by binding to the catalytic Zn(II). Chemical
variation of the remaining molecule often has a limited influence
on binding affinity and selectivity. However, some chemical
changes made near the sulfonamide group have a significant
impact and may change the behavior from strong binder to
completely undetectable binding. To investigate this phenom-
enon, we synthesized ortho-substituted benzenesulfonamides,
determined their binding affinity to all catalytically active
isoforms of human carbonic anhydrases, obtained crystal
structures with CAII, CAIX, and CAXIIL, and performed
molecular docking. Different oxidation forms of the linker at the
ortho position were used: —S—, —SO—, and —SO,—.
Compounds with —SO— or —SO,— linker were much weaker
binders to any CA isozyme than compounds with the —S—
linker. Several reasons could cause this. First, a substituent with a
higher oxidation state exhibits a stronger electron-withdrawing
effect, thus lowering the pK, of the amine of the sulfonamide
group and causing stronger binding. Second, the linker oxygen
atoms may prevent the easier rotation of the ligand molecule
bonds and prevent conformational changes needed for the
ligand to adapt to the protein surface. Third, the oxygen atoms
take additional space, and the steric hindrance could be an
essential factor in diminishing the binding affinity.

To test the electron-withdrawing effect, the pK, values of
compounds were determined experimentally. The pK, of
compounds containing —S— linker was almost an entire pH
unit higher than compounds with linkers —SO— or —SO,—.
Sulfonamides bind to CA in their negatively charged
deprotonated form.*” Therefore, the lowering of sulfonamide
pK, increases the fraction of the binding-ready deprotonated
sulfonamide and thus increases the observed affinity. This effect
is simply the effect of compound availability in the proper form.
To eliminate this misleading increase in affinity, we subtract the
fraction effects and calculate the intrinsic affinity. The intrinsic
dissociation constants of all compounds are provided next to the
observed values in the table. In all cases, the intrinsic affinities are
higher than the observed ones. The intrinsic values show the
‘real’ affinities between the binding components in the binding-
ready protonation state. These values should be used in drug
design to explain the structure—function relationship of the
compound effects and not the experimentally observed ones.
However, the experimentally observed affinity values show the

https://doi.org/10.1021/acs jmedchem.5c01421
J. Med. Chem. XXXX, XXX, XXX—XXX



Journal of Medicinal Chemistry

pubs.acs.org/jmc

affinities observed by any experimental technique, and the values
are biologically relevant. They should be used to calculate the
bound fractions and drug effect at particular conditions.

Furthermore, the compounds with a higher oxidation state
(7a, b, h, i, k—m and 9a—d, h, i, 1, m) did not bind or bind with
lower affinity than compounds 4a—d, f-m. Even the
compounds 7h and 9h with the smallest methyl substituent
did not match the sulfanyl compound 4h in affinity. The main
reason for this was the allowed conformations of the
compounds, which were calculated using quantum Density
Functional Theory (DFT). The oxygen atoms limited both the
flexibility of the molecule in finding the optimal position and
acted as a steric hindrance. The present study shows that the
ortho modifications had a more significant effect than the para
variations.”!

The highest affinity for CAIX in this study was exhibited by
compound 4b (methyl 4-cyclohexylsulfanyl-3-sulfamoylben-
zoate). Previously we have designed similar compounds bearing
2-chloro or 2-bromo substituents that exhibited slightly higher
affinity for CAIX.”® Here, we have intentionally omitted the
halogen atoms to synthesize the ortho-substituted compounds
more easily and explore the binding without halogens. It was also
easier to synthesize compounds with an amide substituent in the
meta position. The length of these amide-substituted com-
pounds was of limited importance in the previous study but had
a significant influence on this study, likely due to reasons of steric
hindrance.

Sulfonamide compounds usually bind to CA isozymes by
forming a coordination bond between the Zn(II) and
sulfonamide amino groups. This bond significantly increases
the affinity, but is not necessary for binding to occur.** Removal
of the metal or change of the metal with another demonstrated
that the coordination bond contribution is additive and metal-
dependent. Strongly binding compounds like brinzolamide to
CAII also bind to the Zn-free apoCAIL The energy contribution
of the coordination bond could be determined by using a metal-
exchange approach.

In the crystal structure of compound 4h bound to CAIL two
well-resolved compound molecules were bound in the active
site. The first was bound in a conventional way forming a
coordination bond with the Zn(II), but the second was bound to
the protein residues without forming a coordination bond with
the Zn(II). This second compound molecule did not bind solely
due to crystal-forming effects because it did not bind to the
second protein molecule. Therefore, the binding of the second
molecule is likely not an artifact. However, the presence of the
second molecule in the crystal structure does not mean that it is
bound as strongly, nor that we can measure its binding affinity
experimentally. Binding assays showed that the stoichiometry
here was 1:1, and the affinity of the second molecule was likely
weak compared to the first one. Compound concentration in the
crystallization experiments was relatively high, millimolar, thus
the second molecule could be seen in the crystal structure even if
the Ky was in the millimolar range and therefore not interfering
in any binding assays. This also means that the second molecule
is biologically irrelevant and would not play an essential role in

drug design.

M CONCLUSIONS

The strategy to acidify the pK, of ortho sulfanyl-substituted
benzenesulfonamides by oxidation, with the goal of increased
affinity to CA, yielded an unexpected drop of affinity in the order
of hundreds of thousands of times. Small changes in chemical

structures influenced the flexibility of the molecule’s sub-
stituents and steric restrictions on interactions with proteins.
Furthermore, some minor changes led to the discovery of novel
CAIX inhibitors with high affinity and selectivity.

B EXPERIMENTAL SECTION

Organic Synthesis. All starting materials and reagents were
commercial products used without further purification. Melting points
of the compounds were determined in open capillaries on a Thermo
Scientific 9100 Series and are uncorrected. 'H and '*C NMR spectra
(Figure S7) were recorded on a (400 and 100 MHz, respectively)
spectrometer in DMSO-dy using residual DMSO signals (2.52 and
40.21 ppm for 'H and '*C NMR spectra, respectively) as the internal
standard. TLC was performed with silica gel 60 F254 aluminum plates
(Merck) and visualized with UV light. Column chromatography used
silica gel 60 (0.040—0.063 mm, Merck). High-resolution mass spectra
(HRMS) were recorded by an Agilent TOF 6230 equipped with an
Agilent Infinity 1260 HPLC system (Agilent Technologies). HPLC
verified the purity of final compounds to be >95% (Figure S8) using the
Agilent Infinity 1260 instrument with a ZORBAX Eclipse Plus C18
Rapid Resolution 4.6 X 100 mm 3.5 um column, ZORBAX Eclipse
Plus-C18 4.6 X 12.5 mm 5.0 ym analytical guard column, eluents A —
20 mM ammonium acetate (pH = 6.9 of unadjusted solution) and B —
100% MeOH was used. HPLC gradient elution with a flow rate of 0.80
mL/min was used, B gradient: 0—10 min 55—95%, 10—14 min 95%.
UV detection was recorded at 254 nm. Figure S9 contains ESI-MS
spectra of representative compounds.

Methyl 4-Chloro-3-sulfamoyl-benzoate (2). 4-chloro-3-sulfamoyl-
benzoic acid 1 (1.78 g 7.55 mmol, Sigma-Aldrich) was refluxed in
MeOH (30 mL) with concentrated H,SO, (0.3 mL) for 8 h. The
reaction mixture was concentrated under reduced pressure. Residue
was filtered, washed with H,O and crystallized from H,0:MeOH(4:1).
Yield: 1.70 g, 91%, mp 129—130 °C (Literature™ mp 124—125 °C).

"H NMR (400 MHz, DMSO-d,) § ppm: 3.91 (s, 3H, CH;0), 7.80
(d,J=8.4 Hz, 1H, ArH), 7.84 (s, 2H, SO,NH,), 8.14 (dd, J=8.4 Hz, ] =
2.1 Hz, 1H, ArH), 8.52 (d, ] = 2.1 Hz, 1H, ArH).

N-Butyl-4-chloro-3-sulfamoyl-benzamide (3). The mixture of 4-
chloro-3-sulfamoylbenzoic acid 1 (500 mg, 2.12 mmol), SOCL, (0.616
mL, 8.48 mmol), and one drop DMF in toluene (6.0 mL) was refluxed
for four h. Excess SOCI, and toluene were removed by distillation under
reduced pressure. The crude acid chloride was dissolved in THF (20
mL) and added dropwise to a solution of N-butylamine (0.591 mL, 6.0
mmol) in THF (20 mL) at 0 °C and allowed stirring for one h. The
mixture was warmed to room temperature and stirred for another 4 h.
THF was removed under reduced pressure. The crude product was
crystallized from H,O. Yield: 492 mg, 80%, mp 172—173 °C (lit.** mp
171-172 °C).

'H NMR (400 MHz, DMSO-ds) 6 ppm: 0.92 (t, ] = 7.3 Hz, 3H,
CH,;CH,), 1.37 (sextet, ] = 7.3 Hz, 2H, CH,CHj), 1.54 (quint, ] = 7.3
Hz, 2H, CH,CH,CH,), 3.29 (q, ] = 6.8 Hz, 2H, CH,NH), 7.72 (s, 2H,
SO,NH,), 7.77 (d, ] = 8.2 Hz, 1H, ArH), 8.04 (dd, ] = 8.2 Hz, ] = 2.0
Hz, 1H, ArH), 8.45 (d, ] = 2.0 Hz, 1H, ArH), 8.7 (t, ] = 5.5 Hz, 1H,
NH).

General Procedure for the syntheses of 4a—d, f, g, i—m. The
mixture of methyl 4-chloro-3-sulfamoylbenzoate 2 (285 mg, 1,14
mmol), DMF (4.0 mL), appropriate thiol (1.25 mmol), and K,CO,
(630 mg, 4,56 mmol) was heated at 80 °C for 4—6 h in an inert
atmosphere (argon). The mixture was cooled to room temperature, and
10 mL of H,O was added. The product was extracted with EtOAc (3 X
8 mL). The organic layer was washed with H,O, dried over anhydrous
MgSO,, filtered, and concentrated under reduced pressure.

Methyl 4-Phenylsulfanyl-3-sulfamoyl-benzoate (4a). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAc, 6:1).
Yield: 303 mg, 82%, mp 155—156 °C. (lit.* mp 154—157).

"H NMR (400 MHz, DMSO-d,) § ppm: 3.86 (s, 3H, CH;0), 7.00
(d, ] = 8.4 Hz, 1H, ArH), 7.55-7.62 (m, SH, ArH), 7.74 (s, 2H,
SO,NH,),7.93 (dd, ] = 8.4 Hz, ] = 1.9 Hz, 1H, ArH), 8.46 (t, ] = 1.9 Hz,
1H, ArH).

https://doi.org/10.1021/acs jmedchem.5c01421
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13C NMR (100 MHz, DMSO-d;) § ppm: 52.9, 126.8, 129.0, 129.2,
130.5, 130.8, 131.0, 132.6, 135.5, 140.8, 144.2, 165.4.

HRMS caled for C,,H;3NO,S, [(M+H)*]: 324.0359, found:
324.0354.

Methyl 4-Cyclohexylsulfanyl-3-sulfamoyl-benzoate (4b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 7:1). Yield: 315 mg, 84%, mp 119—120 °C.

'H NMR (400 MHz, DMSO-d) § ppm: 1.26—1.99 (m, 10H, CH
cyclohexyl), 3.61 (m, 1H, CHS), 3.88 (s, 3H, CH;0), 7.47 (s, 2H,
SO,NH,), 7.74 (d, ] = 8.4 Hz, 1H, ArH), 8.04 (dd, ] = 8.3 Hz, ] = 1.9
Hz, 1H, ArH), 8.43 (d, ] = 1.9 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) & ppm: 25.7, 25.8, 32.5, 44.4, 52.9,
100.0, 125.9, 129.1, 132.3, 141.7, 142.8, 165.6.

HRMS caled for C,,H;,2NO,S, [(M+H)']: 330.0828, found:
330.0833.

Methyl 4-Benzylsulfanyl-3-sulfamoyl-benzoate (4c). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAc, 6:1).
Yield: 211 mg, 55%, mp 135—136 °C.

'H NMR (400 MHz, DMSO-ds) 6 ppm: 3.88 (s, 3H, CH;0), 4.43
(s, 2H, CH,S), 7.29—-7.37 (m, 3H, ArH), 7.51-7.53 (m, 2H, ArH),
7.58 (s, 2H, SO,NH,), 7.74 (d, ] = 8.3 Hz, 1H, ArH), 8.02 (dt, ] = 8.3
Hz, ] = 1.7 Hz, 1H, ArH), 8.42 (t, ] = 2.2 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) & ppm: 36.4, 52.9, 125.9, 127.7,
128.0, 128.9, 129.0, 129.8, 132.2, 136.0, 140.7, 143.7, 165.6.

HRMS caled for C,sH;NO,S, [(M+H)']: 338.0515, found:
338.0517.

Methyl 4-(2-Phenylethylsulfanyl)-3-sulfamoyl-benzoate (4d).
The product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 5:1). Yield: 332 mg, 83%, mp 146—147 °C.

'H NMR (400 MHz, DMSO-dy) 8 ppm: 2.99 (t, ] = 7.5 Hz, 2H,
CH,Ph), 341 (t, J = 7.5 Hz, 2H, CH,S), 3.88 (s, 3H, CH;0), 7.23—
7.34 (m, SH, ArH), 7.51 (s, 2H, SO,NH,), 7.73 (d, ] = 8.4 Hz, 1H,
ArH), 8.05 (dd, J=8.4 Hz,J= 1.8 Hz, 1H, ArH), 8.43 (d, ] = 1.8 Hz, 1H,
ArH).

13C NMR (100 MHz, DMSO-dy) & ppm: 33.4, 34.3, 52.9, 125.8,
126.9, 127.8, 128.8, 128.9, 129.1, 132.4, 140.2, 141.,0, 143.6, 165.6.

HRMS caled for C,¢H,NO,S, [(M+H)']: 352.0672, found:
352.0675.

Methyl 4-Cyclododecylsulfanyl-3-sulfamoyl-benzoate (4f). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 10:1). Yield: 203 mg, 43%, mp 167—168 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 1.32—1.59 (m, 20H, CH
cyclododecyl), 1.76 (m, 2H, CH cyclododecyl), 3.66 (m, 1H, CHS),
3.88 (s, 3H, CH;0), 7.47 (s, 2H, SO,NH,), 7.70 (d, ] = 8.4 Hz, 1H,
ArH), 8.07 (dd, J = 8.4 Hz, ] = 2.0 Hz, 1H, ArH), 8.4 (d, ] = 2.0 Hz, 1H,
ArH).

3C NMR (100 MHz, DMSO-dg) & ppm: 22.0, 23.2, 23.3,24.0, 24.2,
29.2,43.5, 52.9, 125.9, 129.0, 129.2, 132.3, 142.0, 143.2, 165.6.

HRMS caled for CyHyNO,S, [(M+H)*]: 414.1767, found:
414.1773.

Methyl 4-(1-Adamantylsulfanyl)-3-sulfamoyl-benzoate (4g). The
product was purified by flash chromatography on silica gel
(CHCI4:EtOAc, 10:1). Yield: 173 mg, 40%, mp 189—190 °C.

'H NMR (400 MHz, DMSO-d¢) & ppm: 1.63 (br s, 6H, CH
adamantanyl), 1.98 (br s, 6H, CH adamantanyl), 2.00 (br s, 3H, CH
adamantanyl), 3.90 (s, 3H, OCHj), 7.40 (s, 2H, SO,NH,), 7.87 (d, ] =
8.0Hz, 1H, ArH), 8.08 (dd, J=8.0 Hz, ] = 2.0 Hz, 1H, ArH), 8.53 (d, ] =
2.0 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dy) & ppm: 30.1, 35.9, 43.8, 52.2, 53.0,
128.8, 128.9, 131.8, 137.7, 137.9, 147.0, 165.5.

HRMS caled for C;sH,NO,S, [(M+H)*]: 382.1141, found:
382.1144.

Methyl 4-Propylsulfanyl-3-sulfamoyl-benzoate (4i). The product
was purified by flash chromatography on silica gel (CHC;:EtOAc, 5:1).
Yield: 202 mg, 61%, mp 111-112 °C.

'H NMR (400 MHz, DMSO-dy) 6 ppm: 1.05 (t, ] = 7.3 Hz, 3H,
CH,CH,), 1.71 (quint, ] = 7.3 Hz, 2H, CH,CH,), 3.11 (t, ] = 7.3 Hz,
2H, CH,S), 3.88 (s, 3H, CH;0), 7.54 (s, 2H, SO,NH,), 7.65 (d, ] = 8.3
Hz, 1H, ArH), 8.04 (dd, ] = 8.3 Hz,] = 1.9 Hz, 1H, ArH), 8.43 (d,] = 1.9
Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-d¢) § ppm: 13.8, 21.7, 33.9, 52.8,
125.6, 127.5, 128.9, 132.3, 140.9, 144.1, 165.6.

HRMS caled for C,;HNO,S, [(M+H)*]: 290.051S, found:
290.0519.

Methyl 4-tert-Butylsulfanyl-3-sulfamoyl-benzoate (4j). The prod-
uct was purified by flash chromatography on silica gel (CHCl;:EtOAc,
S:1). Yield: 214 mg, 62%, mp 124—125 °C.

"H NMR (400 MHz, DMSO-d;) 5 ppm: 1.43 (s, 9H, CH,), 3.90 (s,
3H, CH;0), 7.43 (s, 2H, SO,NH,), 7.91 (d, ] = 8.2 Hz, 1H, ArH), 8.11
(dd, J = 8.2 Hz, ] = 2.0 Hz, 1H, ArH), 8.52 (d, ] = 2.0 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dy) & ppm: 31.6, 49.6, 53.0, 128.4,
1289, 132.0, 136.2, 140.0, 146.1, 165.5.

HRMS caled for C,,H;NO,S, [(M+H)']: 304.0672, found:
304.0671.

Methyl 4-Isopentylsulfanyl-3-sulfamoyl-benzoate (4k). The prod-
uct was purified by flash chromatography on silica gel (CHCL;:EtOAc,
S:1). Yield: 265 mg, 74%, mp 92—93 °C.

"H NMR (400 MHz, DMSO-dg) & ppm: 0.94 (d, ] = 6.6 Hz, 6H,
CH,;), 1.57 (td, ] = 7.8 Hz, ] = 6.8 Hz, 2H, CH,CH), 1.76 (m, 1H, CH),
3.11 (t, ] = 7.8 Hz, 2H, CH,S), 3.88 (s, 3H, CH;0), 7.52 (s, 2H,
SO,NH,), 7.67 (d, ] = 8.4 Hz, ArH), 8.05 (dd, ] = 8.4 Hz, ] = 2.0 Hz,
1H, ArH), 8.42 (d, ] = 2.0 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dg) & ppm: 22.6, 27.5, 30.2, 36.9, 52.8,
125.6, 127.5, 128.9, 132.3, 140.9, 144.1, 165.6.

HRMS caled for C3H,NO,S, [(M+H)']: 318.0828, found:
318.0833.

Methyl 4-Cyclopentylsulfanyl-3-sulfamoyl-benzoate (4l). The
product was purified by flash chromatography on silica gel
(CHClI5:EtOAc, 8:1). Yield: 259 mg, 72%, mp 106—107 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 1.55—1.65 (m, 4H, CH
cyclopentyl), 1.73—1.78 (m, 2H, CH cyclopentyl), 2.18—2.23 (m, 2H,
CH cyclopentyl), 3.84—3.92 (m, 4H, CH;0 and CHS), 7.50 (s, 2H,
SO,NH,), 7.72 (d, ] = 8.4 Hz, 1H, ArH), 8,.04 (dd, ] = 8.4 Hz, ] = 2.0
Hz, 1H, ArH), 8.42 (d, ] = 2.0 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d¢) § ppm: 25.1, 33.3, 43.9, 52.8,
125.5, 128.4, 128.9, 132.3, 140.8, 144.7, 165.6.

HRMS caled for C;3H;;NO,S, [(M+H)']: 316.0672, found:
316.0677.

Methyl 4-(1-Naphthylsulfanyl)-3-sulfamoyl-benzoate (4m). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 8:1). Yield: 281 mg, 66%, mp 187—188 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 3.83 (s, 3H, CH;0), 6.64
(d,J = 8.4 Hz, 1H, ArH), 7.54—7.64 (m, 2H, ArH), 7.69 (m, 1H, ArH),
7.74 (dd, ] = 8.4 Hz, ] = 2.0 Hz, 1H, ArH), 7.93 (s, 2H, SO,NH,), 8.04—
8.15 (m, 3H, ArH), 8.22 (d, ] = 8.3 Hz, 1H, ArH), 8.49 (d, ] = 2,0 Hz,
1H, ArH).

3C NMR (100 MHz, DMSO-dg) 8 ppm: 52.9, 125.6, 126.7, 126.9,
127.3, 127.5, 1284, 128.5, 129.1, 129.6, 132.2, 132.5, 133.8, 134.8,
136.8, 140.4, 143.9, 165.4.

HRMS caled for CgH;sNO,S, [(M+H)']: 374.051S, found:
374.0511.

Methyl 4-Methylsulfanyl-3-sulfamoyl-benzoate (4h). The mixture
of methyl 4-chloro-3-sulfamoylbenzoate 2 (308 mg, 1,23 mmol),
DMSO (4.0 mL), sodium methanethiolate (259 mg, 3.69 mmol), and
K,CO; (509 mg, 3.69 mmol) was heated at 80 °C temperature for 12 h
in inert atmosphere(argon). The mixture was cooled to room
temperature and 20 mL brine was added. The product was extracted
with EtOAc (3 X 10 mL). The organic layer was washed with H,0,
dried over anhydrous MgSO,, filtered, and concentrated under reduced
pressure. The product was crystallized from H,0:MeOH(4:1). Yield:
203 mg, 64%, mp 157—158 °C.

"H NMR (400 MHz, DMSO-dg) § ppm: 2.59 (s, 3H, CH;S), 3.89 (s,
3H, CH,;0), 7.54 (s, 2H, SO,NH,), 7.61 (d, ] = 8.3 Hz, 1H, ArH), 8.07
(dd, J = 8.3 Hz, ] = 1.4 Hz, 1H, ArH), 8.42 (d, ] = 1.4 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dg) & ppm: 15.5, 52.9, 125.4, 126.6,
128.8, 132.4, 140.4, 145.1, 165.7.

HRMS caled for C,H;;NO,S, [(M+H)']: 262.0202, found:
262.0199.

General Procedure for the Syntheses of 5a—d, f—g, j—m. The
mixture of N-butyl-4-chloro-3-sulfamoyl-benzamide 3 (111 mg, 0.381
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mmol), DMF (4.0 mL), appropriate thiol (0.572 mmol), and K,CO,
(210 mg, 1.52 mmol) was heated at 80 °C temperature for 12 h in an
inert atmosphere (argon). The mixture was cooled to room temperature
and 20 mL H,O was added. The product was extracted with EtOAc (3
%X 8 mL). The organic layer was washed with H,O, dried over
anhydrous MgSO,, filtered, and concentrated under reduced pressure.

N-Butyl-4-phenylsulfanyl-3-sulfamoyl-benzamide (5a). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 71 mg, 51%, mp 109—110 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.90 (t, J = 7.3 Hz, 3H,
CHj;), 1.33 (sext, J = 7.3 Hz, 2H, CH,CH,CHj,), 1.52 (quint, ] = 7.3 Hz,
2H, CH,CH,CH,), 3.27 (dt, ] = 6.9 Hz, ] = 5.7 Hz, 2H, CH,NH), 6.99
(d, J = 8.3 Hz, 1H, ArH), 7.51-7.58 (m, SH, ArH), 7.60 (s, 2H,
SO,NH,), 7.82 (dd, ] = 8.3 Hz, ] = 2.0 Hz, 1H, ArH), 8.38 (d, ] = 2.0
Hz, 1H, ArH), 8.59 (t, ] = 5.7 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) § ppm: 14.2, 20.1, 31.6, 394,
127.5, 129.6, 129.9, 130.5, 130.6, 132.3, 132.4, 134.9, 140.7, 141.2,
164.9.

HRMS caled for C;H,(N,0,S, [(M+H)*]: 365.0988, found:
365.0985.

N-Butyl-4-cyclohexylsulfanyl-3-sulfamoyl-benzamide (5b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 70 mg, 50%, mp 114—115 °C.

'H NMR (400 MHz, DMSO-dg) 5 ppm: 0.92 (t, ] = 7.3 Hz, 3H,
CHj;), 1.23—1.63 (m, 10H, CH cyclohexyl and butyl), 1.72 (m, 2H, CH
cyclohexyl), 1.90—1.96 (m, 2H, CH cyclohexyl), 3.29 (q, ] = 6.6 Hz,
2H, CH,NH), 3.55-3.60 (m, 1H, CHS), 7.34 (s, 2H, SO,NH,), 7.70
(d,J=8.2Hz, 1H,ArH), 7.96 (dd, ] = 8.2 Hz, ] = 1.2 Hz, 1H, ArH), 8.36
(d,] = 1.2 Hz, 1H, ArH), 8.64 (t, ] = 5.3 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) 8 ppm: 14.2,20.1, 25.7, 25.8, 316,
32.5,39.4, 44.8, 127.6, 129.7, 130.3, 131.6, 139.0, 142.1, 165.1

HRMS caled for C;;HpN,05S, [(M+H)*]: 371.14S8, found:
371.1463.

4-Benzylsulfanyl-N-butyl-3-sulfamoyl-benzamide (5c). The prod-
uct was purified by flash chromatography on silica gel (CHCI;:EtOAc,
1:1). Yield: 65 mg, 45%, mp 185—186 °C.

'H NMR (400 MHz, DMSO-dy) 5 ppm: 0.91 (t, ] = 7.2 Hz, 3H,
CH3), 1.36 (sext, ] = 7.2 Hz, 2H, CH,CH3), 1.53 (quint, ] = 7.2 Hz, 2H,
CH,CH,CH,), 3.28 (q, ] = 6.9 Hz, 2H, CH,NH), 440 (s, 2H, CH,S),
7.29 (t,] = 7.1 Hz, 1H, ArH), 7.36 (t, ] = 7.1 Hz, 2H, ArH), 7.44 (s, 2H,
SO,NH,), 7.52 (d, J = 7.1 Hz, 2H, ArH), 7.66 (d, ] = 8.3 Hz, 1H, ArH),
7.94(dd,J=8.3Hz,J=19Hz, 1H, ArH),8.36 (d,] = 1.9 Hz, 1H, ArH),
8.62 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-d;) & ppm: 14.2,20.1, 31.6, 36.5, 39.4,
127.6, 127.7, 127.8, 1289, 129.7, 130.2, 131.2, 136.5, 140.2, 140.7,
165.0.

HRMS caled for C;gH,,N,0,S, [(M+H)*]: 379.114S, found:
379.1140.

N-Butyl-4-(2-phenylethylsulfanyl)-3-sulfamoyl-benzamide (5d).
The product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 95 mg, 63%, mp 116—117 °C.

'H NMR (400 MHz, DMSO-dy) 8 ppm: 0.92 (t, ] = 7.3 Hz, 3H,
CHj;), 1.37 (sext, ] = 7.3 Hz, 2H, CH,CH3), 1.55 (quint, ] = 7.3 Hz, 2H,
CH,CH,CH,), 2.98 (t,J=7.3 Hz, 2H, CH,Ar), 3.28 (q, ] = 6.6 Hz, 2H,
CH,NH), 3.34—3.38 (m, 2H, CH,S), 7.25—7.27 (m, 1H, ArH), 7.31—
7.33 (m, 4H, ArH), 7.35 (s, 2H, SO,NH,), 7.69 (d, ] = 8.3 Hz, 1H,
ArH),7.99 (d, ] = 8.3 Hz, 1H, ArH), 8.38 (s, 1H, ArH), 8.65 (t, ] = 5.4
Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1, 31.6, 33.7, 34.4,
39.4,126.9,127.5,127.9,128.9,129.0,130.4, 131.3, 140.1, 140.3, 141.2,
165.1.

HRMS caled for C;oH,N,05S, [(M+H)*]: 393.1301, found:
393.1297.

N-Butyl-4-cyclododecylsulfanyl-3-sulfamoyl-benzamide (5f).
The product was purified by flash chromatography on silica gel
(CHCI3:EtOAc, 3:1). Yield: 76 mg, 44%, mp 166—168 °C.

'H NMR (400 MHz, DMSO-dy) 6 ppm: 0.93 (t, ] = 7.3 Hz, 3H,
CHj;), 1.24-1.59 (m, 24H, CH,CH,CH; and CH cyclododecyl),
1.72—1.75 (m, 2H, CH cyclododecyl), 3.29 (dt, ] = 6.8 Hz, ] = 5.6 Hz,
2H, CH,NH), 3.68 (s, 1H, CHS), 7.33 (s, 2H, SO,NH,), 7.66 (d, ] =

8.3 Hz, 1H, ArH),7.99 (dd, ] =8.3 Hz, ] =2.0 Hz, 1H, ArH), 8.37 (d, ] =
2.0 Hz, 1H, ArH), 8.64 (t, ] = 5.6 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dy) 6 ppm: 14.2,20.1,22.1,23.4,23.8,
23.9, 24.2, 29.4, 31.6, 39.4, 43.7, 127.6, 129.5, 130.3, 131.6, 139.7,
142.3, 165.1.

HRMS caled for Cy3HygN,05S, [(M+H)']: 455.2397, found:
455.2399.

4-(1-Adamantylsulfanyl)-N-butyl-3-sulfamoyl-benzamide (5g).
The product was purified by flash chromatography on silica gel
(CHClI3:EtOAc, 1:1). Yield: 64 mg, 40%, mp 187—189 °C.

'H NMR (400 MHz, DMSO-dg) 6 ppm: 0.91 (t, ] = 6.8 Hz, 3H,
CHj;), 1.34 (sext, ] = 7.2 Hz, 2H, CH,CHj), 1.52 (quint, ] = 7.2 Hz, 2H,
NHCH,CH,), 1.63 (br s, 6H, CH adamantanyl), 1.95 (br s, 6H, CH
adamantanyl), 2.01 (br s, 3H, CH adamantanyl), 3.28 (q, ] = 6.8 Hz,
2H, NHCH,), 7.28 (s, 2H, SO,NH,), 7.78 (d, ] = 8.0 Hz, 1H, ArH),
7.98 (dd,J=8.0 Hz,J = 2.0 Hz, 1H, ArH), 8.44 (d,] = 2.0 Hz, 1H, ArH),
8.71 (t, ] = 5.6 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-d,) 6 ppm: 14.2,20.1, 30.1, 31.6, 36.0,
39.5,43.9, 51.8, 127.4, 129.8, 134.0, 134.5, 138.2, 147.3, 165.2.

HRMS caled for C, H3N,0,S, [(M+H)*]: 423.1771, found:
423.1777.

N-Butyl-4-tert-butylsulfanyl-3-sulfamoyl-benzamide (5j). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, 1:1). Yield: SS mg, 42%, mp 150—152 °C.

'H NMR (400 MHz, DMSO-dg) 6 ppm: 091 (t, ] = 7.6 Hz, 3H,
CH,), 1.30—1.37 (m, 2H, CH,CH,CHj,), 1.41 (s, 9H, C(CH,),), 1.52
(quint, ] = 7.2 Hz, 2H, NHCH,CH,), 3.28 (q, ] = 6.0 Hz, 2H,
NHCH,), 7.31 (s, 2H, SO,NH,), 7.82 (d, ] = 7.6 Hz, 1H, ArH), 7.99
(dd,J=8.0Hz, ] = 1.6 Hz, 1H, ArH), 8.44 (d, ] = 2.0 Hz, 1H, ArH), 8.71
(t,J = 5.8 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1,31.6, 31.7, 39.5,
49.4,127.5, 130.1, 134.3, 136.2, 137.0, 146.7, 165.2.

HRMS caled for C;sH,N,05S, [(M+H)*]: 345.1301, found:
345.1295.

N-Butyl-4-isopentylsulfanyl-3-sulfamoyl-benzamide (5k). The
product was purified by flash chromatography on silica gel
(CHCI:EtOAG, 1:1). Yield: 98 mg, 72%, mp 130—132 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 0.89—0.94 (m, 9H, CH;),
133 (sext, ] = 7.2 Hz, 2H, CH,CH,CH,), 1.48—1.57 (m, 4H,
NHCH,CH, and SCH,CH,), 1.75 (hept, ] = 7.6 Hz, 1H, CH(CHj,),),
3.09 (t,J = 7.8 Hz, 2H, SCH,), 3.30 (q, ] = 6.4 Hz, 2H, NHCH,), 7.38
(s,2H, SO,NH,), 7.61 (d, ] = 8.4 Hz, 1H, ArH), 7.97 (dd, J=8.3Hz, ] =
1.6 Hz, 1H, ArH), 8.36 (d, J = 1.7 Hz, 1H, ArH), 8.62 (t, ] = 5.3 Hz, 1H,
NH).

3C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1, 22.6,27.5, 30.4,
31.7,37.2, 39.4, 127.6(2C), 130.4, 131.1, 140.6, 141.0, 165.1.

HRMS caled for C;¢H,N,05S, [(M+H)*]: 359.1458, found:
359.1464.

N-Butyl-4-cyclopentylsulfanyl-3-sulfamoyl-benzamide (5l). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAC, 1:1). Yield: 84 mg, 62%, mp 122—124 °C.

'H NMR (400 MHz, DMSO-d¢) 6 ppm: 091 (t, ] = 7.2 Hz, 3H,
CHj), 1.33 (sext, ] = 7.2 Hz, 2H, CH,CH,CHj,), 1.48—1.67 (m, 6H,
NHCH,CH, and CH cyclopentyl), 1.71-1.81 (m, 2H, CH cyclo-
pentyl), 2.12—2.21 (m, 2H, CH cyclopentyl), 3.28 (q, ] = 6.4 Hz, 2H,
NHCH,), 3.92 (quint, ] = 6.0 Hz, 1H, SCH), 7.36 (s, 2H, SO,NH,),
7.66 (d,] = 8.4 Hz, 1H, ArH), 7.96 (d, ] = 7.6 Hz, 1H, ArH), 8.36 (s, 1H,
ArH), 8.61 (t, ] = 5.2 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-d,) 6 ppm: 14.2,20.1,25.1,31.7,33.3,
39.4, 44.2, 127.6, 128.5, 130.3, 131.0, 141.0, 141.2, 165.1.

HRMS caled for C¢H,,N,0,S, [(M+H)*]: 357.1301, found:
357.1307.

N-Butyl-4-(1-naphthylsulfanyl)-3-sulfamoyl-benzamide (5m).
The product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 96 mg, 61%, mp 216—218 °C.

'H NMR (400 MHz, DMSO-d) & ppm: (DMSO—Dy): 0.86 (t, ] =
7.6 Hz, 3H, CH,), 1.28 (sext, ] = 7.6 Hz, 2H, CH,CH,CH,), 1.45
(quint, J = 7.2 Hz, 2H, NHCH,CH,), 321 (q, J = 6.8 Hz, 2H,
NHCH,), 6.57 (d, ] = 8.4 Hz, 1H, ArH), 7.53—7.63 (m, 3H, ArH and,
naphthyl-H), 7.68 (t, ] = 8.0 Hz, 1H, naphthyl-H), 7.83 (s, 2H,
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SO,NH,), 8.03 (d, ] = 6.8 Hz, 1H, naphthyl-H), 8.08 (d, ] = 8.0 Hz, 1H,
naphthyl-H), 8.15 (d, ] = 8.4 Hz, 1H, naphthyl-H), 8.19 (d, ] = 8.4 Hz,
1H, naphthyl-H), 8.41 (d, ] = 2.0 Hz, 1H, ArH), 8.50 (t,] = 5.6 Hz, 1H,
NH).

13C NMR (100 MHz, DMSO-dg) § ppm: 14.1, 20.0, 31.6, 39.4,
125.8,126.9, 127.4,127.7,128.1,128.2(2C), 129.5,130.4, 131.8, 132.1,
133.7, 134.8, 136.5, 140.4, 140.7, 165.1.

HRMS caled for C,Hp,N,05S, [(M+H)']: 415.1145, found:
415.1151.

General Procedure for the Syntheses of 6b, c, e. The mixture of N-
butyl-4-chloro-3-sulfamoyl-benzamide 3 (100 mg, 0.344 mmol) and
appropriate amine (2.0 mL) was heated at 130 °C for 24 h in an inert
atmosphere. The mixture was cooled to room temperature and 2 N
HCl(aq) (5§ mL) was added. The product was extracted with EtOAc (3
X S mL). The organic layer was washed with H,O, dried over
anhydrous MgSO,, filtered, and concentrated under reduced pressure.

N-Butyl-4-(cyclohexylamino)-3-sulfamoyl-benzamide (6b). The
product was purified by flash chromatography on silica gel
(CHCIl4:EtOAg, 1:1). Yield: 64 mg, $3%, mp 89—91 °C.

'H NMR (400 MHz, DMSO-dy) 6 ppm: 0.91 (t, ] = 7.3 Hz, 3H,
CHj), 1.23—1.60 (m, 10H, CH,CH,CHj, and CH cyclohexyl), 1.66—
1.69 (m, 2H, CH cyclohexyl), 1.90—1.93 (m, 2H, CH cyclohexyl), 3.25
(dt,J = 6.8 Hz, ] = 5.7 Hz, 2H, CH,NH), 3.49—3.52 (m, 1H, CHNH),
6,17 (d, ] = 7.6 Hz, 1H, NH-cyclohexyl), 6.84 (d, ] = 8.8 Hz, 1H, ArH),
7.43 (s, 2H, SO,NH,), 7.85 (dd, J = 8.8 Hz, ] = 2.1 Hz, 1H, ArH), 8.21
(d, ] = 2.1 Hz, 1H, ArH), 8.25 (t, ] = 5.7 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1, 24.4,25.8, 31.9,
32.3,39.2, 50.5, 111.8, 120.9, 124.5, 129.2, 132.3, 146.3, 165.4.

HRMS caled for C;H,,N;0,S [(M+H)*]: 354.1846, found:
354.1840.

4-(Benzylamino)-N-butyl-3-sulfamoyl-benzamide (6¢). The prod-
uct was purified by flash chromatography on silica gel (CHCl;:EtOAc,
1:1). Yield: 40 mg, 32%, mp 132—133 °C.

'H NMR (400 MHz, DMSO-dy) 6 ppm: 0.88 (t, ] = 7.2 Hz, 3H,
CH3), 1.35 (sext, ] = 7.2 Hz, 2H, CH,CH3), 1.49 (quint, ] = 7.2 Hz, 2H,
CH,CH,CH,), 3.23 (dt, ] = 6.8 Hz, ] = 5.9 Hz, 2H, CH,NH), 4.55 (d,]
= 5.8 Hz, 2H, PhCH,NH), 6.69 (d, ] = 8.8 Hz, 1H, ArH), 6.82 (t, ] = 5.8
Hz, 1H, NH-benzyl), 7.23—7.39 (m, SH, ArH), 7.49 (s, 2H, SO,NH,),
7.77 (dd, ] = 8.8 Hz, = 2.0 Hz, 1H, ArH), 8.23 (m, 2H, ArH and NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1, 31.8, 39.2, 46.5,
111.9, 121.5, 125.1, 127.4, 128.9, 128.9, 132.1, 139.2, 146.8, 165.4.

HRMS caled for C;gH,3N;0,S [(M+H)']: 362.1533, found:
362.1539.

N-Butyl-4-(cyclooctylamino)-3-sulfamoyl-benzamide (6e). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 5SS mg, 42%, brownish oily residue.

'H NMR (400 MHz, DMSO-dg) 6 ppm: 0.91 (t, ] = 7.3 Hz, 3H,
CH,;), 1.35 (sext, ] = 7.3 Hz, 2H, CH,CH;), 1.44—1.73 (m, 14H, CH
cyclooctyland CH,CH,CH,), 1.81—1.86 (m, 2H, CH cyclooctyl), 3.25
(dt, ] = 6.9 Hz, J = 5.9 Hz, 2H, CH,NH), 3.70-3.73 (m, 1H, CHNH
cyclooctyl), 6.19 (d, ] = 7.6 Hz, 1H, NH-cyclooctyl), 6.75 (d, ] = 8.8 Hz,
1H, ArH), 7.43 (s, 2H, SO,NH,), 7,.86 (dd, ] = 8.8 Hz, ] = 2.1 Hz, 1H,
ArH), 8.19 (d, ] = 2.1 Hz, 1H, ArH), 8.24 (4, ] = 5.9 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-d;) o ppm: 14.2,20.1,23.6,25.5,27.2,
31.7,31.9,39.2, 51.9, 111.9, 120.8, 124.6, 129.3, 132.4, 146.1, 165.5.

HRMS caled for C,oH;N;0,S [(M+H)']: 382.2159, found:
382.215S.

General Procedure for the Syntheses of 7(a, b, h, i, k—m), 8(a, b,
k—m). The mixture of appropriate methyl 4-sulfanilsubstituted-3-
sulfamoyl-benzoate (4a, b, h, i, k—m) or appropriate N-butyl-4-
sulfanilsubstituted-3-sulfamoyl-benzamide (8a, b, k—m) (0.200
mmol), acetic acid (2.0 mL) and 30% H,0, (0.090 mL, 1.15 mmol)
was stirred for 12 h. Then 1% Na,SO;(aq) (6.0 mL) was added to the
mixture and the product was extracted with EtOAc (3 X S mL). The
organic layer was washed with H,0, dried over anhydrous MgSO,,
filtered, and concentrated under reduced pressure.

Methyl 4-(Benzenesulfinyl)-3-sulfamoyl-benzoate (7a). The prod-
uct was purified by flash chromatography on silica gel (CHCI;:EtOAc,
3:1). Yield: 56 mg, 82%, mp 107—108 °C.

"H NMR (400 MHz, DMSO-dg) 6 ppm: 3,91 (s, 3H, CH;0), 7.48—
7.53 (m, 3H, ArH), 7.75—7.78 (m, 2H, ArH), 8.09 (s, 2H, SO,NH,),
8.32(d,J=8.2Hz, 1H,ArH), 8.37 (dd,J = 8.2 Hz,] = 1.7 Hz, 1H, ArH),
8.47 (d, J = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dg) 8 ppm: 53.3, 125.6, 126.9, 128.5,
129.9, 131.6, 132.8, 133.9, 142.3, 145.9, 149.7, 164.9.

HRMS caled for C,H;;NOS, [(M+H)*]: 340.0308, found:
340.0311.

Methyl 4-Cyclohexylsulfinyl-3-sulfamoyl-benzoate (7b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 3:1). Yield: 52 mg, 75%, mp 188—189 °C.

'H NMR (400 MHz, DMSO-dy) 6 ppm: 1.14—2.07 (m, 10H, CH,
cyclohexyl), 2.96—3.04 (m, 1H, CHSO), 3.94 (s, 3H, CH;0), 7.97 (s,
2H, SO,NH,), 8.11 (d, ] = 8.2 Hz, 1H, ArH), 8.38 (dd, ] = 8.2 Hz, ] =
1.7 Hz, 1H, ArH), 8.51 (d, ] = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dg) & ppm: 20.9, 25.1, 25.4, 26.1, 28.6,
$3.3,60.9, 127.3, 129.1, 132.5, 132.6, 142.1, 146.5, 165.1.

HRMS caled for C,,H;)NO;S, [(M+H)']: 346.0777, found:
346.0783.

Methyl 4-Methylsulfinyl-3-sulfamoyl-benzoate (7h). The product
was purified by flash chromatography on silica gel (CHCLy:EtOAc, S:1).
Yield: 50 mg, 90%, mp 258—259 °C.

'H NMR (400 MHz, DMSO-d;) 6 ppm: 2.81 (s, 3H, CH;S0), 3.95
(s, 3H, CH,0), 7.97 (s, 2H, SO,NH,), 8.34 (d, ] = 8.2 Hz, 1H, ArH),
8.43 (dd,J=8.2 Hz, ] = 1.6 Hz, 1H, ArH), 8.47 (d, ] = 1.6 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-d) § ppm: 44.6, 53.3, 125.7, 128.5,
132.6, 133.8, 141.5, 151.2, 165.1.

HRMS caled for CoH;;NOS, [(M+H)*]: 278.0151, found:
278.0158.

Methyl 4-Propylsulfinyl-3-sulfamoyl-benzoate (7i). The product
was purified by flash chromatography on silica gel (CHCL;:EtOAc, 3:1).
Yield: 40 mg, 66%, mp 144—145 °C.

'H NMR (400 MHz, DMSO-d¢) & ppm: 0.99 (t, ] = 7.4 Hz, 3H,
CH,CH,), 1.59-1.62 (m, 1H, CH,HyCH,); 1,77—-1.81 (m, 1H,
CH,HCHj;), 2.66—2.69 (m, 1H, CH,HSO), 3.10-3.13 (m, 1H,
CH,HgSO), 3.93 (s, 3H, CH;0), 7.97 (s, 2H, SO,NH,), 8.26 (d, ] =
8.2Hz, 1H, ArH),8.41 (dd,]=8.2Hz,] = 1.7 Hz, 1H,ArH), 8.48 (d, ] =
1.7 Hz, 1H ArH).

3C NMR (100 MHz, DMSO-d¢) § ppm: 13.2, 16.5, 53.3, 58.9,
126.3, 128.7, 132.5, 133.4, 141.7, 149.2, 165.1.

HRMS caled for C,;H;{NOS, [(M+H)*]: 306.0464, found:
306.0470.

Methyl 4-Isopentylsulfinyl-3-sulfamoyl-benzoate (7k). The prod-
uct was purified by flash chromatography on silica gel (CHCl;:EtOAc,
S:1). Yield: 37 mg, $5%, mp 98—99 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.86 (d, ] = 6.5 Hz, 3H,
CH;,), 0.89 (d, J = 6.5 Hz, 3H, CHj;), 1.40—1.4S (m, 1H, CH\H;CH),
1.63—1.68 (m, 2H, CHCH; and CH,H,CH), 2.66—2.69 (m, 1H,
CH,H;S0), 3.15—3.19 (m, 1H, CH,HS0), 3.94 (s, 3H, CH,0), 7.97
(s,2H, SO,NH,), 8.26 (d, ] = 8.2 Hz, 1H, ArH), 8.41 (dd, J=8.2 Hz, ] =
1.7 Hz, 1H, ArH), 8.49 (d, ] = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dg) & ppm: 22.4, 22.8,27.2, 31.4, 53.3,
55.1, 126.4, 128.7, 132.5, 133.4, 141.7, 149.1, 165.1.

HRMS caled for C3HoNOS, [(M+H)']: 334.0777, found:
334.0771.

Methyl 4-Cyclopentylsulfinyl-3-sulfamoyl-benzoate (7I). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 4:1). Yield: S1 mg, 77%, mp 109—111 °C.

'H NMR (400 MHz, DMSO-d;) § ppm: 1.08—1.18 (m, 1H, CH
cyclopentyl), 1.43—1.53 (m, 1H, CH cyclopentyl), 1.54—1.66 (m, 3H,
CH cyclopentyl), 1.80—1.94 (m, 2H, CH cyclopentyl), 2.00—2.11 (m,
1H, CH cyclopentyl), 3.53 (quint, ] = 7.6 Hz, 1H, CH cyclopentyl),
3.94 (s, 3H, OCHj;), 7.97 (s, 2H, SO,NH,), 8.16 (d, ] = 8.4 Hz, 1H,
ArH), 8.36 (dd, J= 8.0 Hz, ] = 1.6 Hz, 1H, ArH), 8.49 (d,J = 1.3 Hz, 1H,
ArH).

3C NMR (100 MHz, DMSO-dg) & ppm: 21.3, 25.7, 26.3,29.6, 53.3,
61.7, 126.6, 128.9, 132.4, 132.9, 141.7, 148.0, 165.1.

HRMS caled for C;3H;NOS, [(M+H)*]: 332.0621, found:
332.0615.
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Methyl 4-(1-Naphthylsulfinyl)-3-sulfamoyl-benzoate (7m). The
product was purified by flash chromatography on silica gel
(CHCIl;:EtOAg, 1:1). Yield: 47 mg, 60%, mp 125—127 °C.

'H NMR (400 MHz, DMSO-d;) § ppm: 3.93 (s, 3H, CH,), 7.61—
7.68 (m, 4H, naphthyl-H), 8.04—8.08 (m, 1H, naphthyl-H), 8.11 (s,
2H, SO,NH,), 8.14 (d, ] = 7.6 Hz, 1H, naphthyl-H), 8.22 (d, ] = 8.0 Hz,
1H, ArH), 8.39 (dd, ] = 1.6 Hz, ] = 8.0 Hz, 1H, ArH), 8.49—8.52 (m,
1H, naphthyl-H), 8.54 (d, 1H, J = 1.6 Hz, ArH).

13C NMR (100 MHz, DMSO-d;) § ppm: $3.4, 123.5, 125.5, 126.3,
127.5, 128.0, 128.7, 128.8, 129.2, 129.8, 132.5, 133.2, 133.8 (2C),
141.9, 143.1, 146.7, 165.0.

HRMS caled for C;gHsNOS, [(M+H)*]: 390.0464, found:
390.0460.

4-(Benzenesulfinyl)-N-butyl-3-sulfamoyl-benzamide (8a). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 61 mg, 80%, mp 168—171 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.89 (t, ] = 7.4 Hz, 3H,
CH,;),), 1.32 (sext, ] = 7.8 Hz, 2H, NH(CH, ),CH,CHj), 1.50 (quint, J
=7.2 Hz, 2H, NHCH,CH,), 3.27 (q, ] = 7.2 Hz, 2H, NHCH,), 7.47—
7.53 (m, 3H, ArH), 7.75 (d, ] = 6.4 Hz, 2H, ArH), 7.97 (s, 2H,
SO,NH,), 8.20 (s, 2H, ArH), 8.35 (s, 1H, ArH), 8.77 (t, ] = 5.4 Hz, 1H,
NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.1, 20.1, 31.5, 39.6,
125.5, 126.4, 127.2, 129.8, 131.5, 131.7, 138.0, 142.0, 146.3, 147.3,
164.8.

HRMS caled for C;;Hy,N,0,S, [(M+H)*]: 381.0937, found:
381.0933.

N-Butyl-4-cyclohexylsulfinyl-3-sulfamoyl-benzamide (8b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 63 mg, 82%, mp 195—196 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.93 (t, ] = 7.3 Hz, 3H,
CHj;), 1.07—1.18 (m, 3H, CH cyclohexyl), 1.29—1.43 (m, 4H, CH
cyclohexyl and CH,CH;), 1.49—1.60 (m, 4H, CH cyclohexyl and
CH,CH,CH,), 1.71—1.74 (m, 1H, CH cyclohexyl), 1.81—1.87 (m, 1H,
CH cyclohexyl), 2.01-2.05 (m, 1H, CH cyclohexyl), 3.01 (tt, ] = 12.3
Hz, ] = 3.6 Hz, 1H, CHSO), 3.24—3.29 (m, 2H, CH,NH), 7.84 (s, 2H,
SO,NH,), 8.02 (d, ] = 8.2 Hz, 1H, ArH), 824 (dd, J = 82 Hz, ] = 1.7
Hz, 1H, ArH), 8.41 (d, ] = 1.7 Hz, 1H, ArH), 8.82 (t, ] = 5.7 Hz, 1H,
NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1, 21.0,25.1,25.4,
26.1, 28.5, 31.6, 39.5, 60.9, 126.6, 127.9, 130.3, 137.7, 141.7, 143.8,
164.9.

HRMS caled for C;H,N,0,S, [(M+H)*]: 387.1407, found:
387.1401.

N-Butyl-4-isopentylsulfinyl-3-sulfamoyl-benzamide (8k). The
product was purified by flash chromatography on silica gel
(CHCI:EtOAG, 1:1). Yield: 55 mg, 74%, mp 121124 °C.

'H NMR (400 MHz, DMSO-d,) & ppm: 0.83 (d, ] = 6.4 Hz, 6H,
S(CH,),CH(CHj),), 0.92 (t, ] = 7.2 Hz, 3H, NH(CH,),CHj,), 1.35
(sext, ] = 7.2 Hz, 2H, NHCH,CH,CH,), 1.45-1.66 (m, SH,
NHCH,CH,, SCH,CH,CH), 3.31 (q, ] = 6.8 Hz, 2H, NHCH,),
3.66—3.70 (m, 2H, SCH,), 7.33 (s, 2H, SO,NH,), 8.25 (d, ] = 8.0 Hz,
1H, ArH), 8.30 (dd,]: 8.0Hz,J=1.6Hz, 1H, ArH), 8.60 (d,]: 1.6 Hz,
1H, ArH), 8.96 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1,22.3,27.0, 30.7,
31.5, 39.6, 53.4, 129.6, 131.5, 133.8, 138.1, 140.4, 143.1, 164.2.

HRMS caled for C,¢H,¢N,0,S, [(M+H)*]: 375.1407, found:
375.1411.

N-Butyl-4-cyclopentylsulfinyl-3-sulfamoyl-benzamide (8l). The
product was purified by flash chromatography on silica gel
(CHCIl;:EtOAg, 1:1). Yield: 47 mg, 63%, mp 103—107 °C.

'H NMR (400 MHz, DMSO-dy) 8 ppm: 0.92 (t, ] = 7.2 Hz, 3H,
CH3), 1.09—1.17 (m, 1H, CH cyclopentyl), 1.35 (sext, ] = 7.2 Hz, 2H,
NH(CH,),CH,CH,), 1.45—1.63 (m, 6H, NHCH,CH,, CH cyclo-
pentyl), 1.82—1.94 (m, 2H, CH cyclopentyl), 2.01-2.10 (m, 1H, CH
cyclopentyl), 3.26—3.33 (m, 2H, NHCH,), 3.52 (quint, ] = 7.6 Hz, 1H,
CH cyclopentyl), 7.85 (s, 2H, SO,NH,), 8.07 (d, ] = 8.4 Hz, 1H, ArH),
8.23 (dd,J=8.0 Hz, ] = 1.6 Hz, 1H, ArH), 8.39 (d, ] = 1.6 Hz, 1H, ArH),
8.80 (t, J = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1,21.4,25.8,26.3,
29.6,31.5, 39.6, 61.7, 125.9, 127.7, 130.6, 137.7, 141.3, 145.4, 164.9.

HRMS caled for C,¢H,N,0,S, [(M+H)*]: 373.1250, found:
373.1255.

N-Butyl-4-(1-naphthylsulfinyl)-3-sulfamoyl-benzamide (8m).
The product was purified by flash chromatography on silica gel
(CHCI,:EtOA, 1:1). Yield: 28 mg, 33%, mp 232235 °C.

H NMR (400 MHz, DMSO-dg) & ppm: 0.95 (t, J = 7.2 Hz, 3H,
CH,), 1.38 (sext, J = 7.2 Hz, 2H, NH(CH,),CH,CH,), 1.56 (quint, ] =
7.2 Hz, 2H, NHCH,CH,), 3.28—3.37 (m, 2H, NHCH,), 7.63—7.73
(m, 4H, naphthyl-H), 8.08 (s, 2H, SO,NH,), 8.11-8.13 (m, 2H,
naphthyl-H, ArH), 8.18—8.22 (m, 1H, naphthyl-H), 8.26 (dd, ] = 1.6
Hz, ] = 8.0 Hz, 1H, ArH), 8.47 (d, 1H, ] = 1.6 Hz, ArH), 8.52—8.54 (m,
1H, naphthyl-H), 8.86 (t, J = 5.6 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-d) 6 ppm: 14.2, 20.1, 31.5, 39.6,
123.5, 125.3, 126.2, 127.4, 127.5, 128.0, 128.3, 129.2, 129.7, 131.5,
132.3, 133.8, 138.4, 142.0, 142.8, 144.3, 164.8.

HRMS caled for C,H,,N,0,S, [(M+H)"]: 431.1094, found:
431.1088.

General Procedure for the Syntheses of 9(a—d, h, i, |, m) and
10(b, k—m). The 30% H,0,(aq) (1.08 mmol, 0.110 mL) was added in
small portions over 3 h to a solution of appropriate methyl 4-
sulfanilsubstituted-3-sulfamoyl-benzoate (4a—d, h, i, 1, m) or
appropriate N-butyl-4-sulfanilsubstituted-3-sulfamoyl-benzamide
(10b, k—m) (0.200 mmol) and acetic acid (2.0 mL) at 70 °C and
allowed stirring for 6—8h. The solvent was removed under reduced
pressure and the resultant precipitate was filtered, and washed with
H,0.

Methyl 4-(Benzenesulfonyl)-3-sulfamoyl-benzoate (9a). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAG, $:1). Yield: 57 mg, 80%, mp 212—213 °C.

"H NMR (400 MHz, DMSO-d,) 6 ppm: 3.94 (s, 3H, CH;0), 7.55
(s,2H, SO,NH,), 7.61 (t,] = 7.4 Hz, 2H, ArH), 7.70 (t, ] = 7.4 Hz, 1H,
ArH),7.95 (d,] =7.4Hz,2H, ArH), 8.43 (dd, J= 8.2 Hz,] = 1.7Hz, 1H,
ArH), 8.61 (d, ] = 8.2 Hz, 1H, ArH), 8,64 (d, ] = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d;) 6 ppm: 53.6, 128.4, 129.6, 130.7,
133.9, 134.3, 1344, 135.1, 140.6, 141.6, 143.4, 164.5.

HRMS caled for C,H;3NOGS, [(M+H)*]: 356.0257, found:
356.0266.

Methyl 4-Cyclohexylsulfonyl-3-sulfamoyl-benzoate (9b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, S:1). Yield: 61 mg, 85%, mp 155—156 °C.

'H NMR (400 MHz, DMSO-dg) 5 ppm: 1.17—1.81 (m, 10H, CH,
cyclohexyl), 3.86—3.91 (m, 1H, CHSO,), 3.95 (s, 3H, CH,0), 7.42 (s,
2H, SO,NH,), 8.25 (d, ] = 8.1 Hz, 1H, ArH), 8.42 (dd, J=8.1 Hz, ] =
1.7 Hz, 1H, ArH), 8.70 (d, ] = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d,) & ppm: 24.8, 24.9,25.1, 53.6, 61.8,
130.9, 133.6, 134.9, 135.2, 138.6, 143.8, 164.6.

HRMS caled for C,H;)NOS, [(M+H)']: 362.0727, found:
362.0721.

Methyl 4-Benzylsulfonyl-3-sulfamoyl-benzoate (9c). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAc, 5:1).
Yield: 66 mg, 89%, mp 189—190 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 3.94 (s, 3H, CH;0), 5.03
(s, 2H, CH,S0,), 7.19-7.21 (m, 2H, ArH), 7.30—7.34 (m, 3H, ArH),
7.53 (s, 2H, SO,NH,), 7.88 (d, ] = 8.0 Hz, 1H, ArH), 8.25 (dd, J = 8.0
Hz, ] = 1.8 Hz, 1H, ArH), 8.70 (d, ] = 1.8 Hz, ArH).

3C NMR (100 MHz, DMSO-dg) § ppm: $3.6, 60.9, 127.9, 129.0,
129.3, 130.6, 131.2, 133.4, 134.5, 135.1, 139.4, 143.7, 164.5.

HRMS caled for C,sH;NOgS, [(M+H)*]: 370.0414, found:
370.0419.

Methyl 4-(2-Phenylethylsulfonyl)-3-sulfamoyl-benzoate (9d).
The product was purified by flash chromatography on silica gel
(CHCI3:EtOAc, 5:1). Yield: 64 mg, 83%, mp 186—187 °C.

"H NMR (400 MHz, DMSO-d,) 6 ppm: 2.98 (t, ] = 8.0 Hz, 2H,
CH,Ph), 3.94 (s, 3H, CH,0), 4.02 (t, ] = 8.0 Hz, 2H,CH,S0,), 7.18—
7.27 (m, SH, ArH), 7.44 (s, 2H, SO,NH,), 8.30 (d, J = 8.0 Hz, 1H,
ArH), 8.40 (d, ] = 8.0 Hz, 1H, ArH), 8.67 (s, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) 6 ppm: 28.1, 3.6, 55.9, 127.1,
128.9, 129.0, 130.7, 133.9, 134.3, 135.1, 137.9, 140.0, 143.5, 164.5.
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HRMS caled for C,¢H;;NOgS, [(M+H)*]: 384.0570, found:
384.0578.

Methyl 4-Methylsulfonyl-3-sulfamoyl-benzoate (9h). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAc, S:1).
Yield: 55 mg, 95%, mp 187—188 °C.

'H NMR (400 MHz, DMSO-dq) & ppm: 3.51 (s, 3H, CH,S0,), 3.96
(s, 3H, CH;0), 7.42 (s, 2H, SO,NH,), 8.36 (d, ] = 8.2 Hz, 1H, ArH),
8.45(dd,J=82Hz ] =1.6Hz, 1H, ArH), 8.67 (d,] = 1.6 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) & ppm: 44.1, 53.6, 130.5, 133.4,
134.1, 135.1, 141.6, 143.2, 164.6.

HRMS caled for CoH;NOgS, [(M+H)*]: 294.0101, found:
294.0106.

Methyl 4-Propylsulfonyl-3-sulfamoyl-benzoate (9i). The product
was purified by flash chromatography on silica gel (CHCI;:EtOAc, 5:1).
Yield: 57 mg, 88%, mp 169—170 °C.

'H NMR (400 MHz, DMSO-dy) 5 ppm: 0.94 (t, ] = 7.4 Hz, 3H,
CH,CH,), 1.63—1.66 (m, 2H, CH,CH,), 3.66 (t, ] = 7.7 Hz, 2H,
CH,S0,), 3.96 (s, 3H, CH;0), 7.43 (s, 2H, SO,NH,), 8.33 (d, J = 8.1
Hz, 1H,ArH), 8.44 (dd,J = 8.1 Hz, ] = 1.6 Hz, 1H, ArH), 8.69 (d,] = 1.6
Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d,) § ppm: 13.1, 162, 53.6, 56.7,
130.7, 133.9, 134.2, 135.2, 140.2, 143.5, 164.6.

HRMS caled for C,\H;jNOgS, [(M+H)*]: 322.0414, found:
322.0422.

Methyl 4-Cyclopentylsulfonyl-3-sulfamoyl-benzoate (9l). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, S:1). Yield: 63 mg, 90%, mp 199—200 °C.

'"H NMR (400 MHz, DMSO-dg) § ppm: 1.55—1.65 (m, 2H, CH
cyclopentyl), 1.68—1.76 (m, 2H, CH cyclopentyl), 1.77—1.86 (m, 2H,
CH cyclopentyl), 1.88—1.96 (m, 2H, CH cyclopentyl), 3.96 (s, 3H,
OCH3;), 444 (quint, ] = 7.2 Hz, 1H, CH cyclopentyl), 7.41 (s, 2H,
SO,NH,), 8.34 (d, ] = 8.0 Hz, 1H, ArH), 8.42 (dd, J= 8.0 Hz, ] = 1.6
Hz, 1H, ArH), 8.70 (d, ] = 1.6 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) § ppm: 26.0, 27.0, 53.6, 62.7,
130.9, 133.8, 134.6, 135.1, 139.7, 143.6, 164.6.

HRMS caled for C;3H,NOS, [(M+H)']: 348.0570, found:
348.0560.

Methyl 4-(1-Naphthylsulfonyl)-3-sulfamoyl-benzoate (9m). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAG, 8:1). Yield: 63 mg, 78%, mp 223—224 °C.

'H NMR (400 MHz, DMSO-dg) 8 ppm: 3.92 (s, 3H, OCHj), 7.63—
7.67 (m, 4H, naphthylH and SO,NH,), 7.74 (t, ] = 8.0 Hz, 1H, ArH),
8.12—8.14 (m, 1H, naphthylH), 8.25 (d, J = 8.0 Hz, 1H, ArH), 8.31—
8.37 (m, 4H, naphthylH), 8.70 (s, 1H, ArH).

13C NMR (100 MHz, DMSO-d;) 6 ppm: 53.6, 123.9, 125.0, 127.5,
127.8, 129.1, 129.9, 130.8, 131.0, 133.0, 133.8, 134.2, 134.9, 135.2,
135.9, 141.8, 143.5, 164.5.

HRMS caled for C;gHsNOGS, [(M+H)*]: 406.0414, found:
406.0423.

N-Butyl-4-cyclohexylsulfonyl-3-sulfamoyl-benzamide (10b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 3:1). Yield: 68 mg, 84%, mp 155—156 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.93 (t, J = 7.3 Hz, 3H,
CH,), 1.17-1.81 (m, 14H, CH,CH,CHj, and CH cyclohexyl), 3.30—
3.32 (m, 2H, CH,NH), 3.90-3.93 (m, 1H, CHSO,), 7.33 (s, 2H,
SO,NH,), 8.19 (d, ] = 8.1 Hz, 1H, ArH), 8.29 (d, ] = 8.1 Hz, 1H, ArH),
8.61 (s, 1H, ArH), 8.96 (t, ] = 5.3 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-d;) & ppm: 14.1,20.1, 24.9, 24.9, 25.1,
31.5, 39.6, 61.8, 129.8, 131.2, 134.4, 136.5, 140.4, 143.4, 164.2.

HRMS caled for C;H,¢N,0,S, [(M+H)']: 403.1356, found:
403.1351.

N-Butyl-4-isopentylsulfonyl-3-sulfamoyl-benzamide (10k). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 1:1). Yield: 53 mg, 68%, mp 160—162 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.83 (d, J = 6.4 Hz, 6H,
S(CH,),CH(CHS,),), 0.92 (t, J = 7.6 Hz, 3H, NH(CH,),CH,), 1.35
(sext, ] = 7.2 Hz, 2H, NHCH,CH,CH,), 1.46—1.66 (m, SH,
NHCH,CH,, SCH,CH,CH), 331 (q, ] = 6.8 Hz, 2H, NHCH,),
3.66—3.70 (m, 2H, SCH,), 7.33 (s, 2H, SO,NH,), 8.25 (d, ] = 8.0 Hz,

1H, ArH), 8.30 (dd, J = 8.0 Hz, ] = 1.6 Hz, 1H, ArH), 8.60 (s, 1H, ArH),
8.97 (t,J = 5.2 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dy) 6 ppm: 14.2,20.1,22.3,27.0, 30.7,
31.5, 39.7, 53.4, 129.6, 131.5, 133.8, 138.1, 140.4, 143.1, 164.2.

HRMS caled for C,gHyN,05S, [(M+H)*]: 391.1356, found:
391.1359.

N-Butyl-4-cyclopentylsulfonyl-3-sulfamoyl-benzamide (10l). The
product was purified by flash chromatography on silica gel
(CHCI3:EtOAc, 1:1). Yield: 57 mg, 73%, mp 143—145 °C.

"H NMR (400 MHz, DMSO-d,) 6 ppm: 0.92 (t, ] = 7.6 Hz, 3H,
CH,CHj), 1.35 (sext, ] = 7.6 Hz, 2H, CH,CH,CH3;), 1.54 (quint, ] =
7.2 Hz, 2H, NHCH,CH,), 1.57—1.65 (m, 2H, CH cyclopentyl), 1.68—
1.85 (m, 4H, CH cyclopentyl), 1.88—1.96 (m, 2H, CH cyclopentyl),
331 (q,J = 6.8 Hz, 2H, NHCH,), 4.44 (quint, ] = 7.2 Hz, 1H, SO,CH
cyclopentyl), 7.32 (br. s, 2H, SO,NH,), 8.26—8.31 (m, 2H, ArH), 8.62
(s, 1H, ArH), 8.96 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 142, 20.1, 26.0, 27.0, 31.5,
39.6, 62.6,129.7, 1314, 134.1, 137.7, 140.3, 143.2, 164.2.

HRMS caled for C,¢H,N,05S, [(M+H)*]: 389.1199, found:
389.120S.

N-Butyl-4-(1-naphthylsulfonyl)-3-sulfamoyl-benzamide (10m).
The product was purified by flash chromatography on silica gel
(CHCl3:EtOAc, 1:1). Yield: 22 mg, 24%, mp 266—268 °C.

'H NMR (400 MHz, DMSO-d;) 3 ppm: 0.89 (t, J = 7.6 Hz, 3H,
CH,CHj,), 1.32 (sext, ] = 7.2 Hz, 2H, CH,CH,CH3), 1.51 (quint, ] =
7.2 Hz, 2H, NHCH,CH,), 3.29 (q, ] = 6.4 Hz, 2H, NHCH,), 7.52 (s,
2H, SO,NH,), 7.62—7.68 (m, 2H, naphthylH), 7.74 (t,] = 8.0 Hz, 1H,
naphthylH), 8.13—8.15 (m, 1H, naphthylH), 8.19—8.23 (m, 2H, ArH),
8.30 (d, ] = 8.4 Hz, 1H, naphthylH), 8.34—8.39 (m, 2H, naphthylH),
8.60 (d, J = 1.6 Hz, 1H, ArH), 8.92 (t, ] = 5.2 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) § ppm: 14.1, 20.1, 31.4, 39.6,
124.0, 125.0, 127.5, 127.8, 129.0, 129.8, 129.9, 130.7, 131.4, 132.7,
134.2, 135.5, 135.8, 139.8, 140.2, 143.1, 164.3.

HRMS caled for C, H,,N,0S, [(M+H)*]: 447.1043, found:
447.1048.

Protein Preparation. Recombinant human carbonic anhydrases
(CAL CALIL, CAIIL CAIV, CAVA, CAVB, CAVI, CAVII, CAIX, CAXII,
CAXIII, CAXIV) were expressed and chromatographically purified
according to previously published protocols’” and were used for FTSA
experiments. Proteins (CAII and CAXIII) used for crystallization were
additionally purified by affinity chromatography and concentrated.
CAIX used for crystallization were expressed and purified according to
this protocol.*® Production of recombinant CAII and the extracellular
part of CAIX comprising PG and CA domains (residues 38—391) used
in SFA experiments is described in ref 49.

Determination of Observed Binding Parameters. Fluorescent
Thermal Shift Assay (FTSA). Dissociation constants, Ky o, (listed in
Table 1) of the compounds binding to CAs were determined by the
fluorescent thermal shift assay using a QIAGEN'’s real-time PCR cycler
the “Rotor-Gene Q” and Rotor-Gene Style 4-strip tubes from
STARLAB. Ligands were dissolved in DMSO stock solutions to
concentrations of 10 mM or 20 mM and used for the serial dilution of
the dilution factor 2 in DMSO. These samples were diluted with buffer
solution and mixed with a prepared protein solution, consisting of
protein stock, buffer solution, and solvatochromic dye 8-anilino-1-
naphthalenesulfonate (ANS). All final samples typically contained up to
10 uM CA, compound solutions of serial dilution from 0 M to 200 uM
at 8 different concentrations differing by 2 times, S0 uM ANS, 50 mM
sodium phosphate buffer at pH 7.0, 100 mM sodium chloride, and 2.0%
(v/v) DMSO. Samples preparation is explained in detail in.*" The
excitation and emission wavelengths of ANS were 365 + 20 and 460 +
15 nm. Samples were heated from 25 to 99 °C at the rate of 1 °C/min.
The curve-fitting procedure was performed by Thermott®' at 37 °C.
Data are deposited in the public database: Protein—Ligand Binding
Database®” (Database URL: https://plbd.org/).

Stopped-Flow Carbon Dioxide Hydration Assay. Recombinant
CAII and the extracellular part of CAIX comprising PG and CA
domains (residues 38—391) were used in inhibition assays. A stopped-
flow instrument (BioLogic) was used for measuring the CA-catalyzed
CO, hydration activity in the presence of inhibitors.”® The assay buffer
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Table 4. Crystallization Conditions Used to Grow Protein Crystals in This Study

sitting drop

2 uL of 41 mg/mL CAII solution and 2 uL of
crystallization buffer

2 uL of 41 mg/mL CAII solution and 2 uL of
crystallization buffer

2 uL of 41 mg/mL CAII solution and 2.5 uL of
crystallization buffer

3 uL of 12 mg/mL CAII solution and 3 uL of
crystallization buffer

3 uL of 12 mg/mL CAII solution and 3 uL of
crystallization buffer

10 mg/mL CAIX solution

10 mg/mL CAIX solution

1 puL of 23 mg/mL CAXIII solution and 0.4 uL of

PDB isozyme—
1D compound cystallization buffer

9FPT CAIl—2 0.1 M sodium bicine (pH 9.0) and 2 M sodium malonate (pH 7.0)

9FPU CAII—3 0.1 M sodium bicine (pH 9.0) and 2 M sodium malonate (pH 7.0)

9FPQ. CAll—4c 0.1 M sodium bicine (pH 9.0), 0.2 M ammonium sulfate, and 2 M sodium
malonate (pH 7.0)

9FPR CAIl—4d 0.1 M sodium bicine (pH 9.0), 0.2 M ammonium sulfate, and 2 M sodium
malonate (pH 7.0)

9FPS CAIl—4h 0.1 M sodium bicine (pH 9.0) and 2 M sodium malonate (pH 7.0)

IR8X CAIX—4d 1.0 M diammonium hydrogen phosphate and 0.1 M sodium acetate (pH 4.5)

9R8Y CAIX—S5b 1.0 M diammonium hydrogen phosphate and 0.1 M sodium acetate (pH 4.5)

9FPV CAXIII—4c 0.1 M sodium citrate (pH $.5), 0.1 M sodium acetate (pH 4.5), and 26% of
PEG4000

9FPW CAXIII—4d 0.1 M sodium citrate (pH $.5), 0.1 M sodium acetate (pH 4.5), and 26% of

PEG4000

crystallization buffer

1 uL of 23 mg/mL CAXIII solution and 0.4 uL of
crystallization buffer

consisted of 0.2 mM Phenol Red (pH indicator used in absorbance
maximum of $57 nm), 20 mM HEPES Na (pH 7.5), and 20 mM
Na,SO,. The concentration of CAII and CAIX in the enzyme assay was
4 nM and 1 nM, respectively. To stabilize CAIX during the
measurements, 0.0025% dodecyl--D-maltopyranoside (DDM, Ana-
trace, and Anagrade purity) was included in the reaction mixture.

The substrate (CO,) concentration in the reaction was 8.5 mM.
Rates of the CA-catalyzed CO, hydration reaction were followed for 30
sat 25 °C. Four traces of substrate conversion in the reaction were fitted
by the exponential function to determine the rate for each inhibitor
concentration. The uncatalyzed rates were determined in the same
manner and subtracted from the total observed rates. Stock solutions of
inhibitors (100 mM) were prepared in dimethyl sulfoxide, and dilutions
of up to 100 nM were made thereafter in DMSO. Apparent K;’ values
were obtained from dose—response curves recorded for at least six
different concentrations of the test compound by the nonlinear least-
squares method using an Excel spreadsheet fitting the Williams-
Morrison equatim_x.54 K; values were then derived using the Cheng-
Prusoff equation.*® The K,,, values used in the Cheng—Prusoff equation
were 9.3 mM for CAIIl and 7.5 mM for CAIX. Inhibition data are
provided in Figure S2.

Calculation of the Intrinsic Binding Parameters. The detailed
description of the importance and calculation of the intrinsic values
have been previously described.”” For the calculation of the intrinsic
dissociation constants, the experimentally measured observed dissoci-
ation constants determined by the FTSA, the pK, of the sulfonamide
group of the compound, and the pK,, of the water molecule bound to the
zinc cation by the CA were used.

The intrinsic dissociation constant, Kg;,,, is equal to

Kaine = Kq.obs ><fRsole—r xfCAZnHZO (1)
The fraction of deprotonated sulfonamide:

10PH-PKasa
Jrsou- = + 10PHPKasa (2)

The fraction of Zn(II)-bound water form of CA:
10PKaca—pH

1+ loPK.\,CA*PH (3)

fCAZnHzO -

® K. — observed dissociation constant;

. — fractions of deprotonated sulfonamide

fRsozNH’ and f, CAZnH,0
and Zn(II)-bound water molecule;

o pK, 55 — pK, of the sulfonamide group;

® pK, s — pK, value of water molecule bound to Zn(1I) in the
active site of CA.

In this study, the pH value was equal to 7.0.

Determination of pK, Values of the Compound Sulfonamide
Group. The pK, values of the water molecule bound to Zn** in the
active site of CAs, pK, 4, were taken from ref 42 and of compounds,
pK,sa (Figure S3) were experimentally determined as described in ref
S6.

We used a constant concentration of sulfonamide (25—400 M) and
2.0% (v/v) or 20% (v/v; but only for very poorly soluble ones) of
DMSO in universal buffer (S0 mM sodium acetate, 25 mM sodium
borate, and S0 mM sodium phosphate) at different pH values (in the
range from pH 6.0 to 12.0 with 0.5 pH increment). UV/vis spectra of
the compound solution were recorded at 37 °C using BMG Labtech
CLARIOstarPlus plate reading spectrophotometer. The pK, values
were calculated by normalizing the absorbance and plotting it as a
function of pH, then fitting it to the Henderson—Hasselbalch equation
using the least-square method. The midpoint of this fitted curve is equal
to the sulfonamide group pK, .

X-ray Crystallography. Crystallization. Crystals of CAIl, CAIX,
and CAXIII were obtained using the sitting-drop vapor diffusion
method at room temperature. Table 4 lists the concentrations of
proteins and buffers used for crystallization.

Ligand Soaking. The crystal structures of CAIl and CAXIII with
ligands were obtained by soaking. A 50 mM solution of each ligand was
prepared in dimethyl sulfoxide. One uL of this solution was then diluted
using S0 uL of matching reservoir solution corresponding to the
conditions under which the crystal was formed. Crystals were incubated
for up to 1 week in the soaking solution.

Cocrystallization. The crystal structures of CAIX with ligands were
obtained by cocrystallization. Table 4 lists crystallization conditions.
The ligand used for cocrystallization was in 5—10 mM concentration,
while the stock solution contained 100 mM ligand dissolved in dimethyl
sulfoxide.

Data Collection and Structure Determination. Data for CAII and
CAXII were collected at PETRA III BEAMLINE P13 (MX1) and for
CAIX at BESSY II beamline 14.1.

The data were processed and scaled using XDS,”® MOSFLM,*”*
and SCALA.®" The crystal structures were solved by molecular
replacement using MOLREP.®> The initial model for molecular
replacement—CAIl: 3HLJ; CAIX: 8QI8,” CAXIIl: 2NNO. The
structure was refined by REFMAC®* and remodeled using COOT.”’
The 3D models of compounds were constructed by the AVOGA-
DRO®* program and ligand parameter files were created using
LIBCHECK.”*"’

The data diffraction and final model refinement statistics and PDB
IDs are summarized in Table 3. All graphics were created using PyMOL
Molecular Graphics System. Authors will release the atomic
coordinates upon article publication.

Molecular Docking. The following receptors PDB IDs were
chosen for docking: CAIl: 3HS4; CAIX: 6G9U, chain A; CAXIII:
4KNN, chain A. The receptors selected from the Protein Data Bank
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differed from the new X-ray structures presented in this Paper to
decrease bias. The proteins were prepared for docking using ChimeraX
(version 1.9).°77 The ligands were optimized using the MMFF94s
force field”' ™7 within Avogadro molecular viewer (version 1.2.0).°
For series 7 ligands, two enantiomers of the chiral sulfur were created
and docked separately. The format conversions were performed using
OpenBabel (The Open Babel Package, version 3.1.1, http://openbabel.
org).”” The docking was performed using the Smina program (version
master:dc3dfab+).”* Smina is based on Autodock Vina.*® The
constrained optimization was done using Smina, using a custom
scoring function with a quadratic bias function with weight w=—10
added to the default Vina scoring function.*® The quadratic constraint
forced sulfonamide nitrogen to adhere to its position in the X-ray
structure. A cubic docking box of size (24 A),’ exhaustiveness 100, and
energy range 10 kcal/mol was set as docking parameters. The resulting
poses were rescored with Smina using the Vinardo scoring function®
without the constraint. Only one of the symmetry equivalent poses
(e.g,, phenyl ring flip) was included when evaluating pose ranking after
docking. Heavy atom Root Mean Square Deviations (RMSD) were
calculated using DockRMSD software (version 1.1).78

The quantum Density Functional Theory (DFT) optimizations were
performed using GAMESS-US (version 2019.R2)* using DFT
functional @B97X-D’’ with the cc-pVDZ basis set"®' and the C-
PCM implicit solvation model for water.*” The conformational search
was performed using CREST software (version 3.02)% using xTB
(version 6.7.1)** computational engine, employing the GFN2-xTB
semiempirical tight binding method® and the ALPB implicit solvation
model for water.”*
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B ABBREVIATIONS

CA, human carbonic anhydrase; FTSA, fluorescent thermal shift
assay (or differential scanning fluorimetry DSF); int, intrinsic;
Kynp intrinsic equilibrium dissociation constant; Kj ,ps
observed equilibrium dissociation constant; obs, observed;
PK, cas PK, value of water molecule bound to Zn(1I) in the active
site of CA; pK, 5, PK, of the sulfonamide group; SFA, stopped-
flow carbon dioxide hydration assay
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Carbonic anhydrase (CA) was among the first proteins whose X-ray crystal
structure was solved to atomic resolution. CA proteins have essentially the same
fold and similar active centers that differ in only several amino acids. Primary
sulfonamides are well defined, strong and specific binders of CA. However,
minor variations in chemical structure can significantly alter their binding
properties. Over 1000 sulfonamides have been designed, synthesized and eval-
uated to understand the correlations between the structure and thermodynamics
of their binding to the human CA isozyme family. Compound binding was
determined by several binding assays: fluorescence-based thermal shift assay,
stopped-flow enzyme activity inhibition assay, isothermal titration calorimetry
and competition assay for enzyme expressed on cancer cell surfaces. All assays
have advantages and limitations but are necessary for deeper characterization of
these protein-ligand interactions. Here, the concept and importance of intrinsic
binding thermodynamics is emphasized and the role of structure-thermo-
dynamics correlations for the novel inhibitors of CA IX is discussed — an
isozyme that is overexpressed in solid hypoxic tumors, and thus these inhibitors
may serve as anticancer drugs. The abundant structural and thermodynamic data
are assembled into the Protein-Ligand Binding Database to understand general
protein-ligand recognition principles that could be used in drug discovery.

1. Introduction

Structural biology plays a central role in drug discovery
(Renaud et al., 2016; Nasim & Qureshi, 2022). Small-mole-
cular-weight organic compounds could be biologically active
due to binding to proteins and other macromolecules. Such
compounds are often found in nature or could be rationally
designed and synthesized. According to the drug-discovery
paradigm, the first hypothesis points to a protein involved in a
disease progression (Huang et al., 2012; Liu et al., 2022) and an
assumption that an inhibitor could alter the disease. A
compound is then designed to bind the protein and possibly
inhibit or activate its enzymatic action (Minetti & Remeta,
2022). A crucial step to understand the mode of ligand binding
and further optimize the interaction is to determine the atomic
resolution structure of the protein in complex with the bound
compound. This identifies the mode of interaction and the
functional groups that determine the affinity of the compound
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binding to the protein target (Timothy & Sanjeev, 2007;
Maveyraud & Mourey, 2020). Although the complex structure
is usually determined by X-ray crystallography, this method
does not directly provide information on compound affinity
(Schlichting, 2005; Danley, 2006). Biophysical assays are
necessary to determine thermodynamic and kinetic para-
meters of protein-ligand interaction.

Carbon dioxide is a cellular metabolism product that must
be eliminated from the body. Due to the limited carbon
dioxide solubility, bicarbonate serves as the primary mode of
CO, transport in the blood (Alka & Casey, 2014; Occhipinti &
Boron, 2019). Therefore, rapid conversion between these two
forms is critical (Casey, 2006). Although these conversions can
occur spontaneously, their natural rate is insufficient to meet
the needs of an organism. The discovery of the catalyst
responsible for the reaction between carbon dioxide and
bicarbonate came with the isolation of carbonic anhydrase
(CA, EC4.2.1.1)) from bovine blood in 1932 (Meldrum &
Roughton, 1933). This enzyme is essential for accelerating the
conversion of carbon dioxide to bicarbonate ions and protons,
increasing the rate up to a million-fold.

It took about 40 years of CA research before Liljas et al.
(1972) determined the first crystal structure of CA II, now
considered a model protein, to a resolution of 2.0 A. This and
later crystallographic studies revealed that the CA II molecule
has an ellipsoidal shape, measuring ~40 A x 40A x 40 A.
The cone-shaped active site has a depth of about 15 A, with
the catalytic zinc located at the base and coordinated by three
histidine residues. The enzyme core comprises a ten-stranded
B sheet surrounded by seven right-handed « helices. The
active site of CA II has two sides of different polarity: one with
hydrophobic residues (Ile91, Val121, Phel31, Val135, Leul4l,
Vall43, Leul98, Pro202, Leu204, Val207 and Trp209) and the
other with hydrophilic residues (Asn62, His64, Asn67, GIn92,
Thr199 and Thr200). The hydrophobic side hosts the substrate
CO, binding site and the hydrophilic residues help stabilize
the ordered water network essential for proton transfer
(Lomelino et al., 2018).

CA occurs in various structural forms in different organ-
isms. To date, researchers have identified eight structural
classes of CAs, designated by Greek letters: «, 8, v, 8, ¢, 1, 0
and ¢ (Jensen et al., 2019). Humans have 15 «-CA isozymes
that regulate pH and fluid balance, and they are involved in
various physiological and pathological processes (Imtaiyaz
Hassan et al., 2013; Frost, 2014). The 15 isozymes differ in
tissue distribution and have various catalytic activities and
cellular localization. However, they share a similar overall
structure, with only minor differences in their active site
(Lomelino et al., 2018). Several human CA isozymes are
recognized as therapeutic targets in glaucoma, edema,
epilepsy, obesity and cancer (Ciccone et al., 2021; Mboge et al.,
2018; Lomelino & McKenna, 2016), but the design of selective
inhibitors for specific isozymes remains challenging due to the
high structural similarity.

The first-generation drug to treat/control disease using CA
inhibition was acetazolamide, which entered medical use in
1953 and is still used as a systemic medication for glaucoma,

altitude sickness, epilepsy, idiopathic intracranial hypertension
and other conditions (Rankin, 2007; Scott & Njardarson,
2018). Over the next 70 years, more than 20 CA inhibitors
entered clinical practice. However, none of them show
significant CA isozyme selectivity. Off-target binding can lead
to undesired effects since CAs participate in crucial metabolic
processes. Furthermore, off-target binding decreases the
available drug fraction, thus necessitating a higher dose.
Although many chemical classes of compounds have been
shown to inhibit CA activity (Lomelino et al., 2016; Singh et al.,
2018; Kumar et al., 2021), all clinically used CA inhibitors have
either a sulfonamide or its bioisostere group that directly
interacts with the catalytic zinc and displaces the zinc-bound
water molecule (Swenson, 2014).

In this study, we describe thermodynamic analysis of CA
IX-selective compounds binding to their target and off-target
isozymes. CA IX is the CA isozyme that has direct relevance
to cancer — its expression is induced in hypoxia under the
control of HIF-1 (Pastorek et al., 1994; Saarnio et al., 1998). In
tumors, CA IX helps cancer cells survive under hypoxic
conditions, while in healthy tissues, its expression is limited to
the gastrointestinal tract (Becker, 2020).

Numerous assays may be applied to measure protein-ligand
binding interactions, described for CA II isozyme as a model
protein (Krishnamurthy ez al., 2008). We primarily use fluor-
escence-based thermal-shift assay (TSA or FTSA) and
consider it the most robust and accurate method to determine
the K4 of protein-ligand interactions because it uniformly
covers a wide range from millimolar to picomolar affinities.
We described TSA previously and discussed its advantages
and limitations over the other orthogonal binding assays
(Matulis er al., 2005; Cimmperman et al., 2008; Petrauskas et
al., 2024). We have made a web-based service called Thermott
that analyses user-supplied thermal-shift data, determines the
binding parameters, and thus simplifies TSA data analysis
(Gedgaudas et al., 2022). In the literature, enzyme activity
inhibition is the primary assay to describe sulfonamide binding
to CA isozymes. However, this assay has limitations that
prevent the discovery of tight picomolar inhibitors, as
discussed below.

Protein-ligand interactions often occur simultaneously with
the linked protonation-deprotonation reactions (Bahr et al.,
2023; Huang et al., 2012; Hognon et al., 2022). Such reactions
hide the actual thermodynamic parameters of interaction and
may be misinterpreted when studying the underlying forces in
the protein-ligand complex (Bradshaw & Waksman, 1998). To
dissect binding-energy contributions from these linked
protonation—deprotonation reactions, we emphasize the
importance of the intrinsic energetics. Fig. 1 shows a simplified
concept to understand why systematic errors often occur in
the thermodynamic interpretation of the binding data.

The example in Fig. 1 shows that any experimental tech-
nique will determine the Ky (dissociation constant) equal to
100 nM, a relatively weak affinity for the drug candidate.
However, the user incorrectly assumed that the entire 1 pM of
inhibitor, applied in the assay, participated in the reaction. In
reality, only 1 nM of the compound was in the binding-ready
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form. If the concentration of the binding-ready form was
1 uM, then the K4 would be 0.1 nM and the inhibitor would be
considered as a high-affinity inhibitor of the enzyme. Only the
intrinsic values should be used for structure-thermodynamics
correlations (Gomez & Freire, 1997; Krishnamurthy et al.,
2007, 2008).

The example in Fig. 1 is simplified, excluding the effect of
protein protonation on the observed binding parameters. It
was previously shown by applying biophysical techniques that
the binding of sulfonamides to CA isozymes has a U-shape
dependence on pH. Later, by applying neutron-diffraction
crystallography (Fisher et al., 2012), it was confirmed that
sulfonamide binds in deprotonated anionic form to the Zn-
bound water form of CA. The pK, of the Zn-bound water in
the active site of 12 human CA isozymes is between 6 and 7,
and only the pK,s of CA T and CA XIII are 8 (Linkuviene et
al., 2018b). Thus, the majority fraction of CA I and CA XIII is
in its protonated form, capable of binding the deprotonated
sulfonamide. In contrast, benzenesulfonamides have pK,s
between 8 and 11. Therefore, at pH 7 only a small fraction is in
the anionic form, capable of binding CA, and the observed
affinity values mostly depend on the sulfonamide protonation.

To make it easier to analyze abundant data scattered among
numerous publications, we assembled a database of the X-ray
crystal structures of CA-ligand complexes and the intrinsic
thermodynamics of binding (Lingé et al., 2023). It is the only
database that systematically analyzes intrinsic thermo-
dynamics and kinetics of protein-ligand binding. The freely
accessible database could be used when analyzing protein—
ligand recognition principles and applied for in silico drug
discovery.

In this article, we performed correlation analysis between
several new crystal structures and the thermodynamics of
binding of two groups of compounds, fluorinated (VD series)
and chlorinated (EA series) benzenesulfonamides. Their
binding to 12 human CA isozymes was studied with the goal to
determine the factors that are important for the affinity and
selectivity towards particular CA isozymes, especially the
cancer-associated CA IX.

2. Results

2.1. X-ray crystal structures of sulfonamide binding to
carbonic anhydrases

Hundreds of X-ray crystallographic structures of free or
inhibitor-bound CAs from humans and other organisms have
been solved at atomic resolution. The main class of CA inhi-
bitors is the compounds bearing the primary sulfonamide
functional group. Such compounds bind to CA isozymes by
making a coordination bond between the negatively charged
sulfonamide amino group nitrogen and the Zn>* ion. Our
research group has solved 147 X-ray crystal structures of
various sulfonamide compounds bound to different human
CA isozymes and deposited them in the Protein Data Bank
(PDB). The sulfonamide amino group made the coordination
bond with the Zn>* ion in all cases. However, the compounds
bound the proteins with highly variable affinities, ranging from
barely detectable millimolar affinity to extremely high pico-
molar affinity. In extreme cases, some compounds exhibited
billion-fold differences in the value of the dissociation
constant K,. Therefore, despite the relatively similar recog-

negatively charged anion and proton:

and neutral forms at pH 7 are:

Fraction in the solution, f

Carbonic anhydrase inhibitor benzenesulfonamide, R@SOZNHZ, dissociates to

R«()-S0:NH; = R~()-SO,NH" + H*

Only the anionic form of sulfonamide (SA) binds to carbonic anhydrase.
If we apply 1 pM inhibitor with pK, = 10, the fractions and concentrations of anionic

Concentration of the form, C'

for = % %1073, Coa- = 1M x fyn- ~ 1nM of R~()-SO.NH-

foa=1- % 1, Csa=1uMx fsa ~ 1uM of R~<()-SO:NH,
Thus, we have only 1nM binding-ready inhibitor, 1000-fold lower than applied.

Measured Calculated

Kq,obs = 100nM K int = 0.10M Kqint = Kaobs X foa-

AGY = —42kJ/mol  AG{, = —60kJ/mol

The intrinsic Kqint is the true affinity of the inhibitor (in anionic form). It is 1000-fold
stronger than the observed Kgops affinity, measured by any experimental technique.

Figure 1

The concept of intrinsic and observed dissociation constant explained using benzenesulfonamide deprotonization reaction and fractions of binding-ready
species.
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Table 1

X-ray crystallographic data-collection and refinement statistics.

All datasets were collected at 100 K and the test set size was 10%.

Isozyme-ligand chCA IX-EA3-3 chCA IX-EAS-3 CA 1I-EAS-3

PDB ID 8rbp 8rar 8rj2

Data-collection statistics

Space group . P2, P2, P2,

Unit-cell parameters (A) a=4212,b=4131,c=7212,a=y a=4213,b=4127,¢=7240,a=y a=42.07,b=41.15,¢=72.03,a=y
) =90, B=1043 =90, B=1043 =90, B=1042

Resolution range (A) 69.88-1.15 70.15-1.15 40.79-1.12

Wavelength (A) 0.97552 0.97552 0.97552

Radiation source

Unique reflections, overall (outer
shell)
Rinerge> overall (outer shell)

EMBL beamline P14 at PETRA
1II storage ring (DESY,
Hamburg, DE)

81171 (9330)

0.049 (0.237)

(Ilo), overall (outer shell) 17.4 (5.6)
Multiplicity, overall (outer shell) 6.5(5.2)
Completeness (%), overall (outer 95.1 (75.2)
shell)
Wilson B factor 10.863
Refinement statistics
Ryork 0.11768
Riree ) 0.14572
RMSD bond lengths (A) 0.013
RMSD bond angles (°) 1.857
B factors
Atoms in the structure
All 19.99
Main chain 15.71
Side chain 20.44
Inhibitor 17.34
Waters 3323
Zinc 8.45
Other molecules 31.05
Atoms in the structure (non-
hydrogen)
All 2583
Protein 2227
Inhibitor 24
Water 311
Zinc 1
Other molecules 20
Ramachandran statistics
Favored regions (%) 95
Allowed regions (%) 5
Outliers 0

EMBL beamline P14 at PETRA
11T storage ring (DESY,
Hamburg, DE)

81933 (9111)

EMBL beamline P14 at PETRA
111 storage ring (DESY,
Hamburg, DE)

81344 (7994)

0.118 (1.335) 0.046 (0.145)

5.8 (1.1) 25.1 (10.6)
65 (4.8) 69 (6.2)
94.7 (72.7) 89.3 (60.4)
10.741 9.087
0.14114 0.14893
018011 0.17601
0013 0017
1.855 2272
21.97 1758
17.59 14.43
23.18 17.88
20.65 25.20
36.79 28.5
103 727
26.13 29.36
2455 2459
2189 2152

25 25

236 266

1 1

4 15

97 97

3 3

0 0

nition mode via the coordination bond, the compound’s exact
chemical structure significantly influenced the affinity.

Here, we describe CA II and CA IX recognition details of
two structurally highly similar sulfonamide compounds, EA3-3
and EAS-3. Crystallization of CA IX is rather challenging and
thus we used a mimic of CA IX, called chimeric CA IX (chCA
IX). The chimeric protein is a multiple mutant of CA II, where
six amino acids in the active site of CA II are replaced by the
amino acids present in CA IX at the same positions. We have
previously demonstrated that such chimeric protein mimics
actual CA IX to a rather good approximation (Dudutiené et
al., 2014).

Table 1 shows the refinement statistics of the three crystal
structures, while the structural arrangement of the compounds

in the active sites and the electron-density maps are shown in
Fig. 2. The sulfonamide amino group formed the coordination
bond with the Zn** ion in all three structures. The orientations
of compounds were similar in CA II and chCA IX, but the
position of cyclohexane was essential for the recognition of
CA IX. The crystal structures provided positions of all atoms
in the complex. However, they did not provide information on
the affinity or other thermodynamic parameters of binding,
which will be described in the following sections.

2.2. Assays to measure protein-ligand binding in vitro

Numerous techniques could be used to determine protein—
ligand binding affinity, or in other words, the change in the

1UCr) (2024). 11, 556-569

Vaida Paketuryte-Latvé et al.

+ Structure—thermodynamics of protein—ligand binding 559



research papers

chCA IX — EA3-3 (b

chCA IX — EA5-3 ()

CA Il - EAS-3

Figure 2

X-ray crystallographic structure determination of inhibitors EA3-3 and EAS-3 binding to CA II and chimeric CA IX (a multiple amino acid mutant of
CA II mimicking amino acids of the CA IX active site). The electron density of the inhibitors is shown in green. Amino acids that were mutated in CA 11
to reproduce the CA IX active site are also shown, as well as histidine residues coordinating the Zn>" ion. Electron-density maps were calculated in the
absence of inhibitors. The 2F, — F, map contoured at 1o is gray, while the difference map F, — F, contoured at 30 is green. Residues of chCA IX are
colored green and CA 11 is yellow. The inhibitors are light gray. The Zn>" ion is shown as a gray sphere and water molecules are shown as red spheres.

standard Gibbs energy upon ligand binding to protein. Other
thermodynamic parameters — such as binding enthalpy,
entropy, heat capacity, volume and compressibility — may also
provide insights into the interaction mechanism. In addition to
thermodynamic parameters, the binding kinetics may also be
crucial for the understanding of recognition principles, as they
show the reaction order, the approach of the on-rate to the
diffusion-limited rates, and the stability of the protein-ligand
complex (the residence time or off-rate).

To determine the structure-thermodynamics correlations,
we primarily perform the TSA, the stopped-flow assay of
enzymatic activity inhibition (SFA) and isothermal titration
calorimetry (ITC). We consider the TSA as the most robust
and easy-to-use assay, spanning the largest dynamic range of
affinities among all mentioned assays. TSA provides accurate
affinities from millimolar to picomolar Ky. However, TSA
does not provide information on whether the compound
inhibits the enzymatic activity. The SFA is the most applicable
for this purpose, but it spans a lower affinity range than the
TSA. ITC is indispensable when we need to determine the
enthalpy, entropy and heat capacity of binding.

To determine the affinity of sulfonamide binding to CA IX
expressed in cancer cells, we developed an assay where we
applied the competitive binding model where a fluorescently
labeled high-affinity compound competes with an unlabeled
one for the same binding site of CA IX. Fig. 3 shows the
determination of fluorinated compound VD10-13 {2,3,5,6-
tetrafluoro-4-[ (2-hydroxyethyl)thio]benzenesulfonamide}
binding to CA IX by using all four methods (TSA, SFA, ITC
and the competition assay).

2.2.1. Fluorescence-based thermal-shift assay. The TSA is
based on the observation that the bound ligand increases the
protein’s melting temperature in a dose-dependent manner. A
purified protein has a relatively well defined temperature at
which it unfolds and denatures. The addition of a stoichio-
metric amount of high-affinity ligand stabilizes the complex

and increases the melting temperature. However, a tenfold
increase in ligand concentration above the stoichiometric ratio
will further increase the melting temperature. Therefore, the
protein-ligand complex does not possess a well-defined
melting temperature (Fukada et al., 1983; Matulis et al., 2005).

Fig. 3(a) shows how the affinity of the VD10-13 compound
for purified recombinant CA IX was determined by the TSA
method. The inset shows the fluorescence dependencies on the
temperature at various added compound concentrations.
There is a shift of 7},, upon an increase in ligand concentration.
There is no need to obtain datapoints at ligand concentrations
below the protein concentration. Only the datapoints that
determine the shift are important for the K, determination.
The TSA resultant K4 was equal to 25 nM.

2.2.2. Assay of inhibition of the enzymatic activity. There
are several variations of the enzymatic activity inhibition assay
of CAs (Khalifah, 1971; Colombo & Pinelli, 1981; Bara-
nauskiené¢ & Matulis, 2019). CA enzyme catalyzes CO,
hydration to bicarbonate and protons, but different reactions,
such as hydrolysis of para-nitrophenylacetate ester, are often
followed due to the assay’s simplicity. However, we prefer an
SFA of the inhibition of CA enzymatic activity of CO,
hydration (Khalifah, 1971; Smirnoviené et al., 2017). This assay
is relatively robust and could be used to quantify the K, of the
studied compound binding to a particular CA isozyme.
However, the assay has a significant disadvantage due to a
varied limit of Ky determination for different CA isozymes.
This limit depends on the enzyme concentration used in the
assay. For example, to measure CA I enzyme activity, we need
to use a minimum 0.1 pM of this isozyme. Therefore, the
highest-affinity ICs, that could be measured at this concen-
tration is 0.1 pM, the same as enzyme concentration. Thus,
inhibitor affinities that are stronger than 0.1 pM would show
as equal to 0.1 pM. All inhibitors that possess higher affinities
would not be discovered. For CA IX, the situation is slightly
different because this enzyme has greater specific activity than
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CA 1, and the assay can be performed at 10 nM enzyme
concentration. Thus, the ICs; limit of determination is around
10 nM, tenfold lower than CA IX. Some equipment and assay
optimization allowed enzyme concentration to be further
diminished to &1 nM and thus reach greater affinities (Kugler
et al., 2020). This difference among CA isozymes may lead to
misinterpretation of compound selectivities and affinities.

Fig. 3(b) shows a typical dosing curve and the underlying
raw data (in the inset) to determine the ICs, of the compound
inhibition effect. The value may be transformed to the K;
inhibition constant if the Michaelis-Menten constant Ky; and
the substrate concentration ([S]) are known, by using the
Cheng-Prusoff equation:

_ | (O
CLH(SI/Kw)

The inhibition constant K; is not entirely equivalent to the
dissociation constant K4 but their values could be compared.
This assay proves that a compound is an enzyme inhibitor, not
just a random protein site binder. Other assays, such as TSA or
ITC, cannot make this distinction.

2.2.3. Isothermal titration calorimetry. ITC is often
considered a central assay to determine compound affinities
for proteins. The main advantage of ITC is that it is the only
assay that measures directly the heat effects and, therefore, it
determines the enthalpy if heat is measured at a constant
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pressure. No other assay can do this directly. The enthalpy
could also be determined by performing other assays at
different temperatures and then calculating the enthalpy by
applying the van’t Hoff equation. However, this indirect
determination of the enthalpy is much less accurate than
direct determination by ITC (Klebe, 2015).

If the affinity K4 of a compound is around 0.1 pM to 1 pM,
the ITC yields highly accurate K, values. However, ITC has
significant limitation in the narrow dynamic range of Ky
values. Since the best results are obtained when the Wiseman
parameter is within the range from 5 to 500 (Wiseman et al.,
1989; Velazquez-Campoy, 2015), thus, at 10 UM enzyme
concentration required for the assay, the obtainable K, range
is 2 uM-20 nM. Further range extension is possible only by
performing the competition assay with a strong binder
(Krainer & Keller, 2015), complicating the data analysis.

Fig. 3(c) shows a typical dosing curve obtained by ITC,
with the raw data curve shown in the inset. The curve
yielded a Ky value of 74 nM. This value is slightly higher but
still comparable to the values obtained by other assays. The
standard error of all K4 measurements is approximately equal
to twofold in the Ky value (Paketuryté et al., 2021). Thus, a
value of 74 nM is within a range of 37 nM to 150 nM, while a
value of 25 nM is within a range of 12 nM to 50 nM. Therefore,
the values of 74 and 25 nM are within the error margin of both
determinations.

Compound concentration (uM)

Affinity measurements of benzenesulfonamide-bearing compound VD10-13 binding to CA IX by using four different techniques: (a) FTSA, (b) SFA of
CO, hydration enzymatic activity inhibition, (¢) ITC and (d) competition assay for cell-expressed CA IX. The insets show raw data curves, while the main
panels show processed data dosing curves used for dissociation constant (K,) calculation.

1UCr) (2024). 11, 556-569

Vaida Paketuryte-Latve et al. +

561

Structure—thermodynamics of protein—ligand binding



research papers

The ITC assay determines the observed enthalpy. This value
for the data in Fig. 3(c) is equal to —45 kJ mol~'. However,
this value contains linked protonation reactions that could
contribute comparable enthalpies due to buffer protonation.
Therefore, it is essential to dissect all contributing reaction
enthalpies and calculate the intrinsic enthalpy (Linkuviené et
al., 2018b).

2.2.4. Competition assay in live cancer cells. When we
designed a series of high-affinity compounds for CA IX as
potential anticancer agents, it was necessary to demonstrate
that these compounds recognize and bind exclusively to CA
IX, whose expression increases upon growing cancer-cell
cultures under hypoxia. It was essential to demonstrate
whether the compounds bind (1) with high affinity, and (2)
specifically and selectively to CA IX. For this purpose, we
designed a compound GZ19-32 that bears a fluorescein group
and possesses high-affinity sulfonamide-based moiety for CA
IX recognition (K, determined by FTSA of GZ19-32 binding
to recombinant CA IX, equal to 10 pM). Simultaneous addi-
tion of the fluorescent compound and the test compound
competed for the same CA IX binding sites on the cell surface
in a dose-dependent manner. Affinities of the tested
compounds matched those determined for purified CA IX
enzymes (Matuliené et al., 2022). Thus, the assay recognized
CA IX and not other isozymes that may also be expressed on
the cell surface, especially CA XII and CA XIV.

The competition assay was also helpful in following the
expression of CA IX, its concentration, and amount depen-
dence on the time of expression. No CA IX was detectable
after 24-hour expression, but the numbers increased over the
next three days. The number of CA IX residues exceeded one
million per cell, mostly visible at the invadopodia, where the
invasion of adjacent tissues is orchestrated. The concentration
of CA IX reached ~10 nM. Fig. 3(d) shows the VD10-13
compound dosing curve while keeping the concentration of
the fluorescein-labeled compound constant (10 nM). Higher
concentrations of the test compound out-competed the fluor-
escent compound. The midpoint of the dosing curve does not
match the K, but is approximately 100-fold higher because the
midpoint here does not match the 50%-bound value.

The competitive binding assay confirmed that our designed
compounds possessed extremely high picomolar affinity, as
determined by the TSA (Matuliené et al., 2022). Furthermore,
the assay demonstrated that the compounds selectively
recognized CA IX in the presence of other CA isozymes.
Therefore, the compounds possessed high affinity and selec-
tivity for CA IX.

2.3. Structure—thermodynamics correlations of protein—
ligand binding

After crystal structural characterization of compound
binding and thermodynamic measurements by the assays
described above, we attempted to perform two kinds of
correlations. First, we correlated compound chemical struc-
tural features, such as the presence or position of various
functional groups, with the thermodynamic parameters of

binding. Second, we correlated the compound-CA isozyme
complex crystal structures with the thermodynamics of the
compound binding to the protein. Both correlations are
essential to fully understand the underlying forces that hold
the complex together.

Fig. 4 shows both correlations — here we compare three
compound (VD11-4-2, VD10-35 and VD12-05) binding modes
to five CA isozymes (CA I, CA II, CA IX, CA XII and CA
XIII). These 15 binding pairs were characterized crystal-
lographically (except VD10-35 and VD12-05 binding to CA
IX) and thermodynamically. Intrinsic thermodynamic para-
meters of all pairs were determined by TSA and ITC (for
calculations we used Gibbs energy obtained by TSA and
enthalpy from ITC measurements).

First, we analyzed the Gibbs energy contributions that
indicate compound affinities and selectivities. Comparing
compounds VDI12-05 and VDI10-35, where the first
contains the methyl group on the tail while the second
contains the hydroxy group capable of making a hydrogen
bond with bulk water or the protein, we see that all five
CA isozymes lost 7.5-10.7 kJ mol™" of Gibbs energy when
changing the methyl group to the hydroxy group. A loss of
6 kJ mol ™ is equivalent to a 10x loss in K value. This result
indicates that the hydroxy group preferentially made the
hydrogen bond with water molecules not the protein molecule.
Instead, the hydrophobic methyl group probably bound
preferentially to the protein through non-specific hydrophobic
interaction.

Another example is the addition of a cyclooctyl amino
ring to the meta position relative to the sulfonamide group
(going from the middle line to the top line in the figure).
Here, the situation is quite different from the first
example. The addition of the ring decreased compound
affinity for CA I (by 18.0 kJ mol~", equivalent to a 1000
loss in K4 affinity), but gained significant affinity or Gibbs
energy for CA IX, —21.9 kJ molfl, or —14.9 kJ mol ™! for CA
XII. The gain of —21.9 kJ mol ™" is equivalent to 4000x gain in
affinity K4. Therefore, while the compound VD10-35 was a
stronger binder of CA I than of CA IX, the VD11-4-2
compound is a more than 100 000x stronger binder of CA IX
than of CA 1. Thus, the compound is highly selective for CA
IX over CA L.

Second, we analyzed the enthalpies of interaction, shown as
blue values in Fig. 4, and see no correlation between the Gibbs
energies and the enthalpies of binding. The enthalpies show
information on the contact between the compound and the
protein. In contrast, the Gibbs energies show the sum of
enthalpies and entropies (which provide information about
the degrees of freedom in the free and bound states).
Enthalpically, most exothermic reaction was for VD10-35
binding (—76.8 kJ mol™") and VD12-05 binding (—74.9 kJ
mol ™) to CA 1. Both these reactions were driven by enthalpy
with a minor opposition by entropy. In contrast, the VD11-4-2
compound binding to CA IX was largely driven by entropy
(+47.5kJ mol™") and to a lesser extent by enthalpy (—24.3
kJ mol™"). Such balance of these forces led to the strongest
binder (Gibbs energy of —71.8 kJ mol™").

562

Vaida Paketuryte-Latve et al. +

Structure—thermodynamics of protein—ligand binding

IUCr] (2024). 11, 556-569



research papers

CA Call CA Xl

Compound VD11-4-2

vall3s /N

( Phel3l ;
Leu19s | |
\ Leuldl |\

Ala13s Q S Q

Compound VD10-35

Compound VD12-05

BB R R
Thrise Thr2ol

~TAS; (kJ/mol) |

W R
Thrigg

| AGiy (kdimol)

AoB
Thri89

AH,,, (kdfmol)

Figure 4

A map of correlation between three-dimensional X-ray crystallographic structure of enzyme-inhibitor complexes and binding thermodynamics. The
three rows represent three compounds (VD11-4-2, VD10-35 and VD12-05) while the five columns represent CA isozymes (CA I, CA 11, CA IX, CA XII
and CA XIII). The three numbers on the upper-left corner of each crystal structure list the intrinsic standard Gibbs energy, enthalpy and negative
entropy (multiplied by the absolute temperature) change upon binding to the CA isozyme (at 37°C). The PDB ID is listed at the bottom of each structure
(except for two unavailable structures that are docked models). Chemical structure diagrams below each structure show interactions in the crystal
structures. Arrows connect neighboring structures, and the numbers next to each arrow show the energy difference between binding processes when
comparing different isozymes (horizontal arrows) or compounds (vertical arrows). The map shows binding energies and suggests structural reasons
behind the energy changes.

Schemes below the crystal structures show crystal- not contain fluorine atoms but instead have chlorine atoms.

lographically observed interactions, hydrogen bonds and
potential hydrophobic interactions. However, the exact
assignment of the energetic contributions to every interatomic
contact is still impossible, primarily due to a limited under-
standing of the thermodynamics and structure of a compound
while free in solution.

Fig. 5 shows another example of the structure-thermo-
dynamics correlation map for a series of compounds that do

Unlike the previous figure, we do not show information on the
enthalpy and entropy of interaction here. Instead, we show the
binding Gibbs energies to all 12 catalytically active human CA
isozymes. Having affinities for all 12 CA isozymes makes it
easy to judge whether the compound will possess significant
selectivity toward one or several isozymes. Numbers next to
the structures in Fig. 5 show affinities for isozymes, while the
numbers next to the arrows show the differences between the
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Figure 5

(a) A map of correlation between the chemical structures of compounds and their intrinsic affinities (changes in standard Gibbs energies upon binding at
37°C). The 12 numbers next to each compound structure show the intrinsic standard Gibbs energies of binding to each catalytically active CA isozyme.
The 12 numbers next to each arrow connecting structurally related compounds show differences in the intrinsic standard Gibbs energy between the
compounds. The most significant gains (negative numbers) or losses (positive numbers) in affinity are listed in larger font. Panels (b) and (c¢) show

available X-ray crystallographic structures for several compounds binding to several CA isozymes. The map shows the path toward the most potent
binder of CA IX, compound EA2-3.

affinities of adjacent compounds. Thus, we can judge a gain in Gibbs energy for CA IX of —17.5 kJ mol ™, equivalent
contribution in affinity due to the chemical change of the to nearly a 1000x gain in affinity. This gain was observed
compound structure. primarily in CA IX and to a lesser extent in CA XII. The EA2-

In this series of EA compounds, the most notable is the 3 compound exhibited a binding Gibbs energy of —75.0 kJ
addition of the cyclohexane group to compound EA2-1, mol™!, the highest affinity among the studied compounds,
leading to compound EA2-3. The change in structure led to a reaching the femtomolar range. However, this number shows

564 Vvaida Paketuryté-Latvé et al. - Structure—thermodynamics of protein—ligand binding 1UCr) (2024). 11, 556-569



research papers

the intrinsic affinity and would not be observed experimen-
tally by applying any technique. The observed affinity is
always lower than the intrinsic one.

3. Methods
3.1. Chemical compound synthesis

EA compounds were synthesized and analytically char-
acterized as described by ZakSauskas et al. (2020, 2022). The
synthesis of the VD series of compounds was described by
Dudutiené et al. (2013, 2014). The synthesis of the fluorescein-
labeled compound GZ19-32 was described by Matuliené et al.
(2022).

3.2. CA isozyme preparation

Recombinant human CAs were expressed in Escherichia
coli [CA T, CA 11, chCA IX (mutant CA II A65S, N67Q, I91L,
F130V, V134L, L203A), CA TII, CA TV, CA VA, CA VB, CA
VII, CA XII, CA XIII, CA XIV], yeast [CA IX for crystal-
lization experiments (Leitans ef al., 2015)] or mammalian cells
(CA VI and CA IX used for binding affinity experiments).
Protein expression and purification protocols are described in:
CA I (Baranauskiené et al., 2009); CA II (Cimmperman et al.,
2008); CA IV (Mickeviciuté et al., 2018); CA VI (Kazokaité et
al., 2015); chCA IX (CA II A65S, N67Q, 1911, F130V, V134L,
L203A) CA 111, CAVA, CA VB, CA IX, CA XIV (Dudutiené
et al., 2014); CA VII, CA XIII (Studzius et al., 2010); and CA
XII (Jogaite et al., 2013). The protein stock solutions were
stored at —80°C. The protein concentration was determined
by UV absorption at 280 nm.

3.3. Crystallization and structure determination

Crystals of chimeric CA IX protein (mutant CA II A65S,
N67Q, I91L, F130V, V134L, L203A) reproducing CA IX
active sites were prepared like crystals of CA II by the sitting-
drop method. The crystallization solution contained 0.2 M
ammonium sulfate, 0.1 M sodium-bicine (pH 9.0) and 2 M
sodium-malonate (pH 7.0). The protein was concentrated to
29 mg ml™' and mixed with an equal volume of reservoir
solution. Crystals were soaked with EA3-3 and EAS-3 inhi-
bitors and added to the crystallization solution at a final
concentration of 1 mM for several days. Diffraction data were
collected at the P14 EMBL beamline at the PETRA III
storage ring (DESY, Hamburg, Germany). Data reduction was
performed by XDS (Kabsch, 2010). COMBAT v. 7.1.002,
SCALA v. 3322, TRUNCATE v. 7.1.002 and other CCP4 v.
7.1.002 tools were used for data processing (Agirre et al.,
2023). The structure was solved by molecular replacement
using MOLREP (Vagin & Teplyakov, 2010) with a protein
chain of PDB ID 3hlj (Baranauskiené¢ et al., 2010) as an initial
model. The model was refined by REFMAC v. 5.8.0258
(Murshudov et al., 2011) and rebuilt using Coot v. 0.9 (Emsley
et al., 2010). Inhibitor models were created and minimized by
AVOGADRO v. 1.2.0 (Hanwell er al., 2012).

3.4. Competition model for the determination of VD10-13
compound Ky values for cell-expressed CA IX

HeLa cell culture was grown in 12-well plates under hypoxia
(1% O,) or normoxia (21% O,) for 70-76 h. The medium was
removed and then 200 pul of a two compounds mixture
containing 10 nM of fluorescent compound GZ19-32 and
different concentrations of ligand VD10-13 from 0 to 80 pM
(by performing 12 serial twofold dilutions with the last sample
concentration of 0 nM) in the FB medium was added and
incubated at 37°C under normoxia in the CO, incubator for
20 min. Then, the compound solution was removed, and the
cells were washed three times for 1.5-2 min with 400 pl of PBS
(phosphate-buffered saline) at room temperature. Then 180 pl
of TrypLE express enzyme (ThermoFisher) was added to each
well and incubated in the CO, incubator for 5-10 min until the
cells were detached from the surface. After the addition of
20 ul of the Defined Trypsin Inhibitor solution (Thermo-
Fisher), cells were resuspended by pipetting, and 150 pl of the
suspension from each well was transferred to black Thermo
Scientific Nunc MicroWell 96-Well Optical-Bottom Plates for
fluorescence and absorbance measurements. The fluorescence
was recorded at 485 nm excitation and 520 nm emission
wavelengths in the plate reader (Synergy HTX, BioTek)
(Matuliené et al., 2022).

A ligand binding to a protein in the presence of a competing
compound was described by Wang (1995). The fraction of
fluorescently labeled GZ19-32 (ligand B), ag, bound to CA IX
in the presence of VD10-13 (ligand A) can be calculated using
the following set of equations:

1 Lg[2(a® —3b)" cos(6/3) — al

ap = — s 2
PP 3K + [2(a® — 3b)' cos(6/3) — a] @
—2a* + 9ab — 27

6= arccosﬂia“/zc, 3)
2[(a*> — 3b)’]
a=Kjp+Kyp+Lin+Lipg—Ps 4

b=Kya(Lyg—P)+Kyp(Lin —P)+KypKyg (5)
and
¢ =—KyaKypPis (6)

where P, is the concentration of total added protein, and L 5
and L, p are the molar concentrations of added ligands A and
B, respectively. The K4 and Ky terms are the equilibrium
dissociation constants of ligands A and B, respectively.

3.5. Stopped-flow assay of CO, hydration

Recombinant human CA IX activity was determined by
measuring the hydration rates of CO, using an Applied
Photophysics SX.18MV-R stopped-flow spectrometer. Reac-
tion velocities were measured by recording the absorbance of
pH indicator phenol red (final dye concentration of 30 uM) at
557 nm. The pH changes occur due to protons formed in the
enzymatic or spontaneous CO, hydration reaction. A satu-
rated CO, solution was prepared by bubbling CO, in Milli-Q
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water at 25°C for 1 h. The samples consisted of 10 nM CA IX
containing 0, 2.4, 9.8, 39, 156 or 625 nM inhibitor VD10-13
(final concentration of DMSO < 0.2%) in 25 mM HEPES
buffer containing 50 mM NaCl, pH 7.4. The K4 value was
determined using the Morrison equation:

Active CA IX fraction
]1/2

_Kd+P1+Lt7[(Kd+P1+L()2*4PIL1
B 2P ’

t

O

where P, denotes the total concentration of CA IX, L, is the
total inhibitor VD10-13 concentration and Ky is the protein—
ligand dissociation constant.

3.6. Estimation of binding affinity by fluorescent thermal-
shift assay

5 uM CA IX solutions containing different concentrations
of VD10-13 ranging from 0-200 pM (1.5-fold dilutions) and
100-fold diluted solvatochromic dye Glomelt (Biotium) were
prepared in 50 mM sodium phosphate buffer (pH 7.0)
containing 100 mM NaCl with a final 2% (v/v) concentration of
DMSO. FTSA experiments were performed with real-time
PCR instrument QIAGEN Rotor-Gene Q. The samples were
heated from 25 to 95°C, increasing the temperature by 1°C
min~'. Fluorescence measurements were taken at each
temperature in the green channel (Ex/Em 470/510 nm).
Protein-unfolding data analysis was performed, and
compound binding constants were determined using the
Thermott web server as described by Gedgaudas et al. (2022).

3.7. Estimation of binding affinity by isothermal titration
calorimetry

100puM solution of the inhibitor VD10-13 or VD12-05 was
prepared in 50 mM Tris buffer (pH 7.0) containing 100 mM
NacCl (final DMSO concentration in solution 1%). A solution
of 10 pM CA IX was prepared in 50 mM Tris buffer (pH 7.0)
containing 100 mM NaCl and 1% DMSO solvent. The cell of
the calorimeter PEAQ-ITC (Malvern Panalytical) was filled
with the protein solution, and the syringe was filled with the
inhibitor solution. The experiment was run at 37°C. Titrations
consisted of a 1.2 pl first injection followed by 18 subsequent
2 pl additions every 150s. Thermodynamic binding para-
meters were determined by fitting the data to a single binding-
site mode using the Microcal Origin program (OriginLab,
USA).

4. Discussion

Crystallography and other structural techniques, such as
nuclear magnetic resonance or cryo-electron microscopy, have
contributed significantly to structure-based drug discovery
(Nasim & Qureshi, 2022). Insight into protein structure,
especially of protein-lead compound complexes, could
provide crucial information for successfully improving the
designed compound, both in its increased affinity toward the

disease target protein and its decreased affinity for all
remaining proteins to avoid possible toxic side effects.

The members of the CA family have been drug targets for a
while. However, to this day, two human mitochondrial
isozymes, CA VA and CA VB, still do not have crystal struc-
tures solved and deposited to the PDB. All remaining
members of the catalytically active CA isozymes have their
structures solved, but the numbers of solved structures are
uneven for various isozymes. Over 1000 structures of CA II
are available, but only one for CA VI. Our research group has
significantly contributed to providing X-ray crystallographic
structures of various CA isozymes bound with inhibitors (Fig.
6). We have deposited 147 structures to the PDB, especially a
large share of CA IX, CA XII and CA XIII structures.

Crystallography has helped us significantly in the design of
high-affinity compounds for CA IX, such as VDI11-4-2
(Dudutiené et al., 2014), GZ18-23 (Matuliené et al., 2022) and
EA2-3 (Zaksauskas et al., 2022). These compounds possess
affinities with Ky ps in the range 20-300 pM. Furthermore,
their selectivity toward CA IX over remaining isozymes
reaches a hundred- to a million-fold depending on the
isozyme. Thus, the compounds could be highly suitable for
development as anticancer drugs that target CA IX. However,
crystallography does not provide information on the
compound affinity for proteins (Schlichting, 2005; Danley,
2006). Millimolar concentrations of inhibitors are used in
crystallography. Thus, compounds possessing millimolar Ky
would be visible in the structure and could be assumed as
strong binders. In reality, such compounds could equally
possess millimolar or picomolar K that would not be distin-
guishable by crystallography. Crystal structures often give an
insight into the flexibility of inhibitors bound in the active sites
(high B factors, partial occupancy, electron density, alternate
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Figure 6

Numbers of X-ray crystallographic structures of catalytically active CA
isozymes in the PDB. Red numbers show how many structures were
solved and deposited by our research group. Most structures in the PDB
are of CA 1I, a total of 1053, of which 82 are from our group. We have
deposited a large part of the available structures of CA IX, CA XII and
CA XIIIL The availability of CA isozyme structures varies considerably;
there are no structures available of both mitochondrial isozymes CA VA
and CA VB, and only one structure is available of CA VI, two of CA X1V,
and five of CA III. Values were obtained from the PDB on December 14,
2023.
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conformations). Significant variability could be found in the
position of ligands between several subunits.

Thermodynamic and kinetic assays must be performed to
determine the binding between a purified protein and a pure
compound. Various techniques are used for this purpose and
have been extensively reviewed by Krishnamurthy er al.
(2008). We have been using several orthogonal techniques,
which are very important and significantly contribute to the
overall picture of protein-ligand interaction.

The affinities are best determined by the TSA (Dudutiené et
al., 2020; Smirnoviené et al., 2017). This assay is highly robust
and easy to perform, and provides the most accurate affinities
between stable globular proteins and synthetic small-molecule
ligands (Linkuviené et al., 2018b). This assay has the widest
dynamic range for the Ky values, spanning from millimolar to
picomolar. However, this assay has been underused, probably
due to complex thermodynamic equations, which need to be
solved for K4 determination. To ease this task, we have
established a web-based service where a user can plug in their
TSA data and obtain a suggestion of necessary thermo-
dynamic parameters for the Ky determination. The freely
available web application is called Thermott (Gedgaudas et al.,
2022).

Interaction kinetics is as important as thermodynamics. The
on- and off-rates provide significant insight into the structural
stability of the complex. We have also demonstrated that it is
important to distinguish intrinsic from observed Kkinetics,
similar to its importance in thermodynamics (Linkuviené et al.,
2018a,b). ITC provided us with the enthalpies and the ITC
measurements at several temperatures — the heat capacities of
ligand binding, which have led us to a more complete under-
standing of the intrinsic binding principles (Linkuviené et al.,
2018b).

The enzyme-inhibition assay is the most abundant in the
literature but is sometimes misused and misinterpreted. As
explained in the literature (Copeland, 2013), such assays are
unsuitable for tight-binding inhibitors and are limited to cases
where the affinity of the inhibitor, Ky, does not go below the
enzyme concentration used in the assay. For CA inhibitors,
where the affinity often goes to the picomolar range, it is not
possible to distinguish very potent inhibitors and accurately
determine the K value by the enzyme-inhibition assay.

It is insufficient to measure the affinity by one technique,
and orthogonal assays should be used. Unfortunately, the use
of a sole technique rather often leads to erroneous conclu-
sions. We have stumbled upon this several times and suggest
that others perform several independent assays. Therefore,
since many of the measurements of CA IX potent inhibitors
have been obtained solely by TSA, we searched for an inde-
pendent method to confirm the affinity values and discovered
that the competition model for binding to cell-expressed CA
IX is an excellent technique to confirm binding of the
compound to the protein (Matuliené et al., 2022). This tech-
nique could be extended to other CA isozymes, especially
those expressed on the cell membrane.

The abundance of data that contained numerous measure-
ments between hundreds of compounds and 12 CA isozymes

led to the establishment of a web-based database. The data
were also scattered among numerous publications, and it took
much work to compare them. Therefore, we compiled all data
on the freely available web-based database (Lingé et al., 2023).
The database enables analysis of all accessible data in one
place. There are quite a few databases available, but, to the
best of our knowledge, our database is the only one that
distinguishes intrinsic thermodynamics by dissecting linked
protonation that accompanies most protein-ligand interac-
tions. Dissection of these reactions, as explained in the
Introduction, led us to significantly different explanations of
compound affinities and selectivities based on observed versus
intrinsic data.

The concept of intrinsic parameters emphasizes the need to
dissect all possible binding-linked reactions. These reactions
could be protonation, but also could be linked to protein
conformation, salt effects and many other reactions. To dissect
these reactions, one needs to understand the binding
mechanism. Subtraction of the binding-linked reactions would
yield more accurate thermodynamic and kinetic binding
parameters. These intrinsic parameters must be used in drug
design to help rank compounds in their affinity, binding
enthalpy, entropy or off-rate. However, the compound
physiological effect should be evaluated according to the
experimentally observed value. For example, the Ky value at
pH 7.0 is not the intrinsic value, but the experimentally
observed value will determine actual affinity at particular
conditions because compound binding will be accompanied by
all binding-linked reactions that will weaken the affinity.
Therefore, the use of intrinsic parameters is not always
necessary and depends on the task. Furthermore, in CA—
sulfonamide binding, the mechanism involves two linked
reactions, but in other protein-ligand binding cases, the
mechanism might be quite different. Sometimes there may be
no obvious linked reactions, but in our experience, there are
more such reactions involved than appreciated by the scien-
tific community.

While studying the family of CAs and their interaction with
sulfonamide compounds, we have learned that the family is a
convenient object to study general principles of compound-
protein recognition, which is a still poorly understood
phenomenon, and, therefore, underused in rational drug
design. First, the CA isozymes have nearly identical folds, and
the protein structures differ little in the shape of their active
sites. Thus, studying the contribution of particular amino acids
to the binding reaction is convenient. Second, the coordina-
tion bond between the sulfonamide nitrogen atom and the zinc
of the protein strengthens the binding by more than 1000-fold.
Thus, these compounds, even the simplest benzenesulfona-
mide, are strong binders of CA isozymes, which makes it easier
to rationally synthesize a series of compounds where every
compound will possess measurable binding affinity, enabling
more efficient use of synthetic capabilities and more data for a
deeper understanding of the recognition principles.

Despite abundant data, it is still rather discussable and
controversial to state whether sulfonamide inhibitors bind and
dynamically change the shape of the CA enzyme, as has been
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concluded by computational studies (Ma et al., 2017), or
whether the enzyme does not undergo substantial conforma-
tional changes upon ligand binding and the binding reaction is
more like a ‘lock-and-key’ mechanism, as we have determined
previously using crystallography (Dudutiené et al., 2020). We
think the truth lies between these extreme cases, and both
mechanisms are possible.

The overall goal of rational drug design is to predict the
chemical structure of a compound that would bind with great
affinity to the disease-target protein and possess great selec-
tivity by not binding to any of the 20 000+ proteins present in
any cell to avoid possible toxic side effects. To achieve this
goal, we must design a high-affinity compound in silico and
demonstrate that the compound does not substantially bind to
any other protein. This is not experimentally feasible but will
probably be achieved by computer modeling in the future.
When the design of such compounds is possible, the goal of
rational drug design will be accomplished.
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Abstract

A standard operating procedure for a fluorescence-based thermal shift assay (FTSA) is provided describing its typical
applications, advantages and limitations. FTSA is a simple, robust, universal and quick assay to determine protein-ligand
binding affinities and protein stabilities in the presence of various excipients and solution conditions. Therefore, the assay is
very useful for the straightforward characterization of new recombinantly produced proteins. The assay has a wide dynamic
range enabling simultaneous determination of affinities in the milimolar to picomolar range. The assay could be used for
essentially any protein that is sufficiently soluble and stable in the studied aqueous solution. Here we provide examples and

typical experimental protocols for both affinity and stability determinations.

Keywords Thermal shift assay - Protein—ligand binding - Protein stability

Introduction

Fluorescent thermal shift assay (FTSA; also referred to as
TSA, DSF — differential scanning fluorimetry, and Thermo-
Fluor®) has been developed as a high throughput method
to study protein-ligand (small molecule) interactions and to
characterize newly produced recombinant proteins (Semisot-
nov et al. 1991). Similarly to differential scanning calorime-
try (DSC) (Brandts and Lin 1990), FTSA relies on subjecting
a protein to gradually increasing temperature and evaluating
thermal stability. As the name suggests, FTSA employs fluo-
rescence readout to track protein unfolding. This can be the
innate tryptophan fluorescence or, more often, a signal from
solvatochromic dyes whose fluorescence intensity changes
upon their binding to the gradually unfolding protein. FTSA
is primarily used for assaying protein thermal stability and
measuring ligand affinity (K, or K;). Such features of FTSA

Special Issue: COST Action CA15126, MOBIEU: between atom
and cell.
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daumantas.matulis @bti.vu.lt; matulis@ibt.1t
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as low sample consumption, relatively common real-time
PCR equipment, and ability to measure up to several hun-
dred samples simultaneously make this technique widely
applicable both in academia and industry. Recent advances
and highlights of this technique have been reviewed (Scott
et al. 2016; Gao et al. 2020).

The fluorescence dependence on temperature has a dis-
tinct curvature (Fig. 1b) indicating protein transition from
native to unfolded state. The midpoint value of the curve
corresponds to the melting temperature, 7,,, a good indica-
tor of protein stability at the particular solution conditions.
This allows for a relatively easy screening of various salts,
buffers, and other additives to find suitable conditions for a
chosen protein application (Vedadi et al. 2006). Therefore,
FTSA is widely used for optimizing composition to improve
the purification of challenging proteins, their storage and
downstream applications (from biophysical or biochemical
assays to structural biology experiments).

It has been observed that usually target-specific ligands
stabilize the target protein upon binding and thus cause a
favorable up-shift in 7,,. Such ligand-induced thermal shift
(AT,,) can be correlated with its binding affinity towards
the target protein (K}) (Matulis et al. 2005; Cimmperman
et al. 2008; Cimmperman and Matulis 2011). If compared
to isothermal titration calorimetry (ITC), FTSA is less
time and sample consuming while yielding as reliable
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Fig. 1 Typical FTSA experiment for ligand binding measurements.
a Schematic representation of sample preparation for the exam-
ple experiment. First, the ligand acetazolamide (AZM) is diluted in
DMSO. The dilution is performed in series, and no ligand is trans-
ferred into the last tube. Next, each DMSO dilution is further diluted
in the buffer. Finally, samples from these dilutions are mixed with
the prepared solution containing the protein carbonic anhydrase II
(CA 1I) and the solvatochromic dye 1,8-anilinonaphthalene sulfonate
(ANS) in the tubes, in which the experiment will be performed. At
each step, each sample is thoroughly mixed. b Raw FTSA data —

and precise K, over a wide range of K, 10°~10'3 M~
(Linkuviené et al. 2018; Kairys et al. 2019). For these
reasons, FTSA is widely employed for such applications as
drug-candidate screening (Pantoliano et al. 2001; Yanchu-
nas et al. 2005; McDonnell et al. 2009). FTSA is easiest
to apply for single-domain and single-binding site sys-
tems. Different domains within a multi-domain protein can
unfold independently at different temperatures, and thus
yield multiple denaturation signals that can be difficult to
interpret. Therefore, complex multi-domain proteins and
their assemblies are a challenge for study by FTSA, but
not impossible targets for it (Baranauskiené et al. 2010;
Layton and Hellinga 2011).

While FTSA is a powerful low-cost high-throughput
technique for a variety of applications, as with any other
method, it is only as reliable as the laboratory practice
and data analysis behind the experiments. Therefore, here
we present the standard operating procedures for pro-
tein-ligand binding measurements and stability evalua-
tion using FTSA.
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ANS fluorescence intensity as a function of temperature for protein
without ligand (grey circles) and for a certain tight-binding ligand
concentration (peach squares). These curves represent the denatura-
tion profile of the protein from native to unfolded state, as indicated
by four stages next to the grey curve. The inflection point of this tran-
sition curve corresponds to the melting temperature (7,,) of the pro-
tein. ¢ Determined T, values from curves in part b are then plotted
as a function of added ligand concentration (filled circles). The line
is drawn according to the model, enabling the affinity (K;) calculation

Protocols

The equipment required for FTSA is a real-time thermo-
cycler, which is routinely used for qPCR experiments. It
should be able to gradually increase the temperature of
the sample and monitor its fluorescence. Thermocyclers
typically have a plate-based or a centrifugal rotary design.
The latter offers higher precision by ensuring consistent
temperature across all the samples. Appropriate 0.1 mL
or 0.2 mL sized tubes or plates with similarly sized wells
should be used. The volumes used in the experiment
depend on the thermocycler and labware — the light beam
must pass through the solution. Even smaller volumes can
be analyzed on specialized devices using capillaries.

A critical component is the reporter dye — a molecule
whose fluorescence indicates protein unfolding. The most
common reporter dyes are ANS (1-anilinonaphthalene-
8-sulfonic acid, or its derivative bis-ANS) (Anderson and
Weber 1969; Slavik et al. 1982; Matulis and Lovrien 1998;
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Matulis et al. 1999; Cimmperman and Matulis 2011) and
SYPRO Orange (Lo et al. 2004; Niesen et al. 2007). In our
experience, ANS exhibits more favorable properties for
FTSA than SYPRO Orange because ANS binds weaker
to proteins than SYPRO Orange. However, the excitation/
emission wavelength profile of SYPRO Orange (peaking
at ~ 470 nm excitation and ~ 570 nm emission) is more
compatible with a wider range of real-time thermocy-
clers. Therefore, if the instrument is equipped for wave-
lengths required for ANS (Agx ~ 350 nm, Agy; ~ 470 nm
for ANS; Agx ~ 390 nm and Agy ~ 490 nm for bis-ANS),
itis advised to use this dye. Otherwise, SYPRO Orange is
a suitable alternative. The following protocol is written for
ANS but can also be applied to SYPRO Orange, provided
that the amount of the dye added to the protein solution
is adjusted accordingly. The 10 mM ANS stock should be
prepared in DMSO, aliquoted, and stored in the dark, in an
airtight container. ANS can be exposed to light for short
periods of time, such as when preparing for the experi-
ment. For some proteins, the reporter dye is not required
and the fluorescence of innate tryptophan (Agx ~ 295 nm,
Agm ~ 350 nm) can be monitored instead. However, it can-
not be applied to all proteins and the resulting signal is
significantly lower than that of the reporter dyes.

Protocol for stability evaluation

This protocol should be used to screen various conditions
to identify optimal solutions for protein storage, subsequent
FTSA ligand binding assays or other downstream applica-
tions — biophysical, biochemical, or structural biology
assays. It can also be applied to identify protein refolding
conditions (Biter et al. 2016; Wang et al. 2017). A large vari-
ety of conditions — pH, buffer, ionic strength, additives —
can be assayed (see Sect. "Optimization" for more details).
Commercial screening stocks are available but home-made
ones can be designed and tailored to specific needs.

1. Decide how many different samples and of what vol-
ume are needed, what concentrations of protein (typi-
cally within 2.5-20 uM range) and dye (typically 50 uM
ANS) to use (see also Sects. "Optimization" and "Con-
siderations" for optimization and considerations).

2. Prepare the solutions you want to screen and transfer to
the final assay tubes or plate (e.g. 17 pL per tube or well
if the final volume would be 20 pL and the protein stock
will be tenfold from the final concentration).

3. Prepare protein stock at ~ 100 uM concentration in a
minimal buffer.

Note: If possible, it is even better to have a more con-
centrated protein so that the assayed solutions would be
less diluted in the final sample. However, handling small
volumes might decrease pipetting precision. If the origi-

nal protein stock concentration is low and there is a risk
of the protein storage buffer interfering with the assay,
it is advisable to dialyze it against a minimal buffer in
advance.

4. Distribute the protein stock, prepared in step 3, to the
tubes or wells with the assayed solutions, prepared in
step 2.

5. Dilute the ANS stock to 1 mM in high-quality water
(e.g., Millipore standard) and distribute to the tubes or
wells with the assayed solutions, prepared in step 4. Mix
well and make sure the tubes and plates are well sealed.

6. Insert the tubes or plates into the QPCR machine, and
run the following program:

1) Pre-incubate for 3—-5 min at the starting temperature
(e.g. 25 °C).

2) Increase the temperature gradually from 25 to 99 °C,
at the rate of 1 °C per min. Measure the fluores-
cence every 30 s using the appropriate filter. If pos-
sible, measure at several different sensitivity settings
(gains).

7. Analyze the data to choose the optimal conditions.

a) Analyze the raw data (fluorescence intensity as a
function of temperature) to identify the melting
temperatures as described in (Layton and Hellinga
2010; Petrauskas et al. 2019). They correspond to
the inflection points of the native-to-unfolded tran-
sition slopes (Fig. 1, panel b). The higher the T,
value, the more stable is the protein under the cor-
responding conditions.

b) In cases when the data is a superposition of several
reactions and thus it is difficult to determine 7, val-
ues accurately, a rough estimate of melting tempera-
tures can be obtained from the peak positions of the
first derivatives of the melting curves.

Example experiment: pH-dependence of human Hsp90a
N-terminal domain stability

Materials:

ANS, 10 mM.

array of buffers (50 mM CH;COONa, 25 mM Na,B,0;,
100 mM NaCl, and 50 mM of phosphates — H;PO,,
Na,HPO,, NaH,PO,, and Na;PO, — at a ratio required to
achieve the selected pH: 5.0-10.5).

protein dilution buffer (2.5 mM HEPES, pH 7.5, 100 mM
NaCl).

Hsp90aN, 200 puM in protein dilution buffer.

1. The plan is to test 12 different buffers in 10 pL samples

containing 5 uM protein and 50 uM ANS.
2. Put 8 uL of each buffer into separate 0.1 mL tube.
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3. Prepare protein stock (at 50 uM concentration) by mix-
ing 3.5 pL of the 200 uM Hsp90aN with 10.5 pL of the
protein dilution buffer.

4. Distribute 1 pL of the 50 uM protein stock, prepared in
step 3, to each of the tubes with the assayed solutions,
prepared in step 2.

5. Dilute the ANS stock to 0.5 mM in high-quality water
(e.g., Millipore standard) and distribute 1 uL of it to the
tubes with the assayed solutions, prepared in step 4. Mix
well and make sure the tubes are closed properly.

6. Insert the tubes into the Corbett Rotor-Gene 6000 (Qia-
gen Rotor-Gene Q) spectrofluorimeter, and run the fol-
lowing program:

1) Pre-incubate for 3—5 min at 25 °C.

2) Increase the temperature gradually from 25 to 99 °C,
at the rate of 1 °C per min. Measure the fluorescence
every 30 s using the Blue channel (Agy ~ 365 nm,
Agym ~ 460 nm) at 3 different gains.

7. Analyze the data to choose the optimal conditions
(Fig. 2).

Protocol for ligand binding measurements

This protocol should be used to evaluate the protein—ligand
interaction by obtaining the binding constant (K,). Protein
thermal stability is assayed at different concentrations of the
ligand, and Kj, can be calculated from the resulting dosing
curve (Fig. 1, panel c).

Tubes (such as the 100 uL or 200 puL sized) and rotary
real-time thermocyclers are more suitable than plates for
precise measurements. Regarding reaction volume, refer to
Sect. "Considerations".

1. Decide how many different samples (i.e. different ligand
concentrations) are needed.

Fig.2 Application of FTSA for a

Typically, 8 samples (including the no-ligand control)
are being analyzed but this number can be adjusted as
needed: increased up to 16 samples to get a more precise
curve fit or reduced if the available amount of protein
and/or ligand is limited.

Prepare the ligand stock at 20 mM or the highest pos-
sible concentration in DMSO.

Note: DMSO is commonly required to ensure solu-

bility of most ligands being assayed; ligands that are
highly soluble in water could be dissolved in water or
appropriate buffer. The steps 3 and 4 should be skipped
for aqueous ligand stocks, and instead a 0.4 mM solution
and its subsequent serial dilutions should be prepared
directly in the buffer of the protein solution.
Generate twofold serial dilutions of the ligand stock in
DMSO (Fig. 1, panel a). Typically, 8 samples are being
prepared and analyzed, including the stock concentration
and a sample containing only DMSO and no ligand.

Note: The dilution range can be adjusted as needed.
Dilute the prepared samples 50-fold with the buffer — so
that the final DMSO concentration would be 2% v/v.
Mix them well by pipetting.

Prepare protein stock at 10 uM by diluting the protein in
the buffer, supplemented with 100 uM ANS and DMSO
so that final DMSO concentration would be 2%.

Note: Protein and dye concentrations can be adjusted
depending on the system (see Sect. "Optimization" for
details), commonly within ranges of 2.5-20 uM of pro-
tein and 50-200 puM dye.

If the original protein stock concentration is low and

there is a risk of the protein storage buffer interfering
with the assay, it is advisable to dialyze it against the
buffer in advance.
Distribute the protein stock to the tubes and add the
ligand dilutions (from step 4) at a 1:1 ratio. Mix care-
fully by pipetting, make sure not to leave bubbles that
could interfere with the measurements.

recombinant protein (human 100
Hsp90a N-terminal domain)
characterization; determina-
tion of its stability dependence
on pH. a Raw FTSA data —
ANS fluorescence intensities

as a function of temperature

at different pH. b The plot of
determined 7}, values as a func-
tion of pH. The protein is most
stable at approximately pH 8.0

Fluorescence (a.u.)
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7. Insert the tubes into the real-time thermocycler, and run
the following program:

1) Pre-incubate for 3—5 min at the starting temperature
(e.g.25°C).

2) Increase the temperature gradually from 25 °C to
99 °C, at the rate of 1 °C per min. Measure the fluo-
rescence every 30 s at the appropriate wavelength.
If possible, measure at several different sensitivity
levels (also referred to as gains).

3) (Optional) Cool down the device to 25 °C for 5 min
to expedite subsequent experiment.

Note: If you are familiar with the protein, the tem-
perature range can be narrower. As a rule of thumb,
the starting temperature should be at least 10 °C
lower than the base of the protein transition curve,
and the gradient should end at a temperature which
is at least 20 °C higher than the expected highest
maximum of the protein transition curve (which
will increase when protein is stabilized by the bound
ligand).

8. Analyze the data to calculate K

1) Analyze the raw data (fluorescence intensity as a
function of temperature) to identify the melting
temperatures as described in (Layton and Hellinga
2010; Petrauskas et al. 2019). They correspond to
the inflection points of the native-to-unfolded transi-
tion slopes (Fig. 1, panel b).

2) Plot these T}, values as a function of ligand concen-
tration to generate the dosing curve (Fig. 1, panel c).

3) Fit the model to the dosing curve to obtain the K, as
previously described (Petrauskas et al. 2019).

Example experiment: acetazolamide binding to human
carbonic anhydrase Il

Materials:
ANS, 10 mM in DMSO.
Acetazolamide (AZM).
Buffer A (50 mM HEPES, pH 7.5, 100 mM NaCl).
Carbonic anhydrase II (CAII), 180 uM in buffer A.
DMSO

1. The goal is to assay 8 different concentrations of AZM
(0,3.13, 6.25, 12.5, 25, 50, 100, and 200 uM) with 5 uM
CAII in buffer A, with a total 2% DMSO and 50 pM
ANS. Sample volume: 10 pL.

2. Prepare a 20 mM acetazolamide solution in DMSO.

3. Generate twofold serial dilutions of the 20 mM AZM
solution in DMSO (Fig. 1, panel a). For this, add 5 pL
DMSO to all tubes except the first, to which add 10 uL
of the 20 mM acetazolamide solution. Transfer 5 uL

from the first tube to the next one, mix, then transfer 5
uL of this mix to the third tube with a new pipet tip, and
so on. Continue until you reach the 7th tube. The last
tube should contain only DMSO and no ligand should
be transferred there.

4. Mix 2 uL of the samples from step 3 with 98 uL of buffer
A.

5. Prepare a 10 uM protein stock by mixing 41.6 pL buffer
A with 0.45 pL DMSO, 0.45 uL 10 mM ANS, and 2.5
uL of the 180 uM CAIL.

6. Distribute 5 pL of the protein stock from step 5 to each
of the 8 tubes that are compatible with the thermocycler.
To each, add 5 pL of the corresponding ligand dilutions
(from step 4). Mix carefully.

7. Insert the tubes into the Corbett Rotor-Gene 6000 (Qia-
gen Rotor-Gene Q) spectrofluorimeter, and run the fol-
lowing program:

1) Pre-incubate for 3 min at 25 °C.

2) Increase the temperature gradually from 25 to 99 °C,
at the rate of 1 °C per min. Measure the fluorescence
every 30 s using the Blue channel (Agx ~ 365 nm,
Agym ~ 460 nm).

8. Analyze the data (Fig. 1, panels b and c) to calculate K.
Optimization

When working with a new protein, it is advisable to first
perform a screening experiment to check the quality of the
fluorescence readout. Example FTSA curves can be seen in
Figs. 1b and 2a. It is recommended to adjust the experimen-
tal setup so that the fluorescence peak would be at ~ 80% of
the arbitrary fluorescence units. A higher peak can easily go
over the quantifiable detection limit while a low fluorescence
signal tends to be noisy and thus less accurate. Additionally,
a clear contrast between the peak and the initial baseline is
needed for good data interpretation. While the overall signal
strength can be adjusted by changing the sensitivity level
in the software settings, this would not improve the ratio
between the peak and the initial fluorescence. To solve this
problem, try to increase the concentration of the reporter
dye (ANS concentration can be increased up to 100 uM), or,
if that does not help sufficiently, adjust the protein concen-
tration. Finally, try assaying different buffer solutions (see
protocol in Sect. "Protocol for stability evaluation") in case
the protein stability is impaired in the assay buffer.

For initial screening of a new protein for ligand binding
measurements, 4 samples can be sufficient: containing the
highest ligand concentration, tenfold dilution of the ligand,
and two no-ligand controls. Prepare the samples in a fash-
ion similar to that described in Sect. "Protocol for ligand
binding measurements". Even when screening different
protein or ANS concentrations, be sure to have at least 2
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replicates of each condition. Moreover, measure such sam-
ples at different sensitivity settings since the fluorescence
signal level varies a lot in response to the concentrations
of reporter dye and protein.

In cases when the melting temperature of the protein is
extremely high (> 90 °C), addition of destabilizing agents
(such as guanidinium chloride) can aid to compare condi-
tions in the stability assay. To evaluate ligand binding,
try to reach destabilizing levels of solution pH. However,
deviation from physiological conditions should be taken
into consideration when assessing the binding data.

Considerations
Assay volumes

The assay volume depends on the tube/plate and the instru-
ment — the beam must pass through the solution during
measurement. Typically, 10 and 20 uL samples are ana-
lyzed in 0.1 and 0.2 mL tubes, respectively, in the rotating
thermocyclers. In the case of plates, the samples tend to
evaporate significantly, so proper sealing or addition of
mineral oil may be required. Abnormal fluorescence signal
curve (especially with fluorescence suddenly spiking up or
plummeting down) can indicate that the beam is passing
through the air instead of sample due to evaporation or
air bubbles in the sample or that the transparency of the
sample is compromised.

Protein

The protein sample should be as pure as possible. The pro-
tein also has to be structured, stable and soluble under the
starting experimental conditions, and should not interfere
with the fluorescence in the detection range. It is estimated
that 15-25% of recombinant proteins provide unsuitable
denaturation curves (Crowther et al. 2010), most often due
to intrinsic disorder, lack of stability at room temperature,
or lack of inner hydrophobic patches that would be exposed
to the dye once the protein is unfolded. Therefore, when
working with a new protein, it is suggested to first conduct a
minimal set of experiments to check that the protein is suit-
able for the technique. These cases can usually be identified
by very high fluorescence at the initial temperatures and/or
lack of a sigmoidal transition to the unfolded state, which
cannot be rectified by optimization procedures (Sect. "Opti-
mization"). For the calculation of ligand binding constants,
mono-domain protein constructs are preferred. Denaturation
of proteins with multiple domains could result in multiple
overlapping peaks that significantly complicate the binding
data analysis.

@ Springer

Ligands and additives

Other reaction components that exhibit intrinsic fluorescence
within the detection range can also hinder the measurements.
As some ligands increase fluorescence, it is advisable to
repeat the experiment without protein if the denaturation
profile looks atypical. If a critical component interferes with
the monitored fluorescence, consider switching to a different
reporter dye. It should be noted that some compounds tend
to stabilize proteins while others tend to destabilize them.
For example, from our experience usually 2% DMSO con-
centration is safe to use, while 4% and higher concentrations
can significantly affect protein stability.

Buffer

The solution overall has to be transparent, so that the light
can pass efficiently through. Temperature-induced changes
in buffer pH should also be taken into consideration, which
is especially critical for ligand binding measurements.
Therefore, less temperature-sensitive bufters, such as phos-
phate and HEPES, are used much more often than, e.g.,
Tris buffer, which changes its pH significantly in response
to changes in temperature.
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Abstract

Equilibrium binding constants (K},) between chemical compounds and target proteins or between interacting proteins provide
a quantitative understanding of biological interaction mechanisms. Reported uncertainties of measured experimental param-
eters are critical for decision-making in many scientific areas, e.g., in lead compound discovery processes and in comparing
computational predictions with experimental results. Uncertainties in measured K, values are commonly represented by a
symmetric normal distribution, often quoted in terms of the experimental value plus—minus the standard deviation. However,
in general, the distributions of measured Kj, (and equivalent K;) values and the corresponding free energy change AG, are
all asymmetric to varying degree. Here, using a simulation approach, we illustrate the effect of asymmetric K, distributions
within the realm of isothermal titration calorimetry (ITC) experiments. Further we illustrate the known, but perhaps not
widely appreciated, fact that when distributions of any of K, Ky and AG, are transformed into each other, their degree of
asymmetry is changed. Consequently, we recommend that a more accurate way of expressing the uncertainties of Ky, K, and
AG,, values is to consistently report 95% confidence intervals, in line with other authors’ suggestions. The ways to obtain
such error ranges are discussed in detail and exemplified for a binding reaction obtained by ITC.

Keywords Isothermal titration calorimetry - Confidence intervals - Standard error - Log-normal distribution - Dissociation
constant - Binding constant

Introduction

Interactions between biomolecules are central to many
areas of biomedicine. Protein—protein interactions (Typas
and Sourjik 2015; Pierce et al. 1999) are important, e.g., in
immunological antibody—antigen binding reactions (Dam
Special Issue: COST Action CA15126, MOBIEU: Between atom et al. 2008), or gene regulatory protein—nucleic acid inter-
and cell. actions (Wells et al. 1980; Buurma and Haq 2007; Salim
and Feig 2009). Furthermore, interactions of small molecu-
lar weight compound with proteins are fundamental to the
action of many metabolic enzymes and their regulators, and
in drug discovery during the search for lead compounds, as
well as in the final characterization of promising therapeutic
drugs (Geschwindner et al. 2015; Renaud et al. 2016; Lad-
bury et al. 2010).

Numerous techniques are used to determine biomolecu-
lar interactions (Renaud et al. 2016; Ciulli 2013), such as
the inhibition of enzymatic activity (Smirnoviené et al.
2017), surface plasmon resonance (Myszka and Rich 2000;
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Patching 2014; Olaru et al. 2015), isothermal titration calo-
rimetry (ITC) (Krimmer and Klebe 2015; Callies and Dara-
nas 2016; Falconer 2016; Vega et al. 2016; Chaires 2008;
Leavitt and Freire 2001), thermal shift assay (differential
scanning fluorimetry) (Pantoliano et al. 2001; McDonnell
et al. 2009; Yanchunas et al. 2005; Cimmperman and Matu-
lis 2011; Cimmperman et al. 2008) and numerous others
(Renaud et al. 2016). All these techniques are expected to
provide comparable values of intermolecular interaction
affinities provided that measurements are feasible at nearly
identical conditions.

Reporting the errors of association reactions must be
done consistently and accurately to enable reliable inter-
pretation and reuse of results (Jarmoskaite et al. 2020). In
most scientific literature, the uncertainty (i.e., the repeat-
ability) of a binding equilibrium measurement is expressed
as +x (or x%), accounting for the standard deviation or error
of the measured value, with the underlying assumption
that the measured affinity values are distributed randomly
according to a normal (i.e., Gaussian) statistical distribu-
tion (Krimmer and Klebe 2015; Schnapp et al. 2016; Lad-
bury and Doyle 2004; Lafont et al. 2007; Dullweber et al.
2001; Rithmann et al. 2015; Gaspari et al. 2016; Pulido et al.
2015; Hortner et al. 2007; Rechlin et al. 2017; Cheng et al.
2017; Huschmann et al. 2016; Guan et al. 2013; Ren et al.
2014; Krishnamurthy et al. 2007). For a normal distribution,
the reported + x-value typically corresponds to the 68.3%
symmetric confidence interval (Cly,¢g 3). In some cases, the
reported symmetric uncertainty is estimated from analysis
of several repeated measurements via the appropriate Stu-
dent’s t-distribution. However, the uncertainty is frequently
retrieved only from the fitting program used to estimate the
parameter from a single set of experimental data (Brautigam
et al. 2016).

The equilibrium binding constant K, (also referred to as
the association or affinity constant) is inversely related to the
dissociation equilibrium constant K;=1/K; and is related
to the change in the standard Gibbs energy upon binding,
AG,, (often written with the naught symbol, AG?, which
is omitted here for terms of simplicity) by the equations:
AG, =~ RT InK,, or K,= e 2%/RT, These logarithmic,
exponential, and reciprocal relationships do not preserve the
shape of distribution of values. For example, a continuous
probability distribution of a random variable, whose loga-
rithm is normally distributed follows a log-normal distribu-
tion, taking only positive, real values. Therefore, if a normal
distribution is assumed for AGy, K}, must have a log-normal
distribution.

The inherent asymmetry in parameter distribution
has consequences for the reporting of errors. Symmet-
ric +x-value is not an appropriate way of accurately express-
ing the uncertainty for AGy, K} and related values. Asym-
metric F-statistics-associated CIs have been introduced as
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an elegant approach to report error ranges and the propa-
gation of CIs in non-linear, asymmetrical variance spaces,
accounting for non-normal distributed parameter distribu-
tions, including AGy, K, and K, (Kemmer and Keller 2010;
Krainer and Keller 2015; Krainer et al. 2012; Broecker et al.
2011; Johnson 1983).

In this work, we explore in detail the unrealistic nature
of the assumption of a normal distribution of K, K, and
other thermodynamic quantities through various examples
and evaluate a practical approach, based on previously estab-
lished procedures (Kemmer and Keller 2010; Krainer and
Keller 2015; Krainer et al. 2012; Broecker et al. 2011), to
obtain estimates of the asymmetric F-statistics-associated
ClIs that are both simpler to treat consistently in transform-
ing between different expressions for the affinity and better
reflect the real uncertainties in the data.

Results and discussion

We use simulated distribution curves to show how the math-
ematical relationships between the parameters Ky, K, and
AG,, affect the asymmetry of their distributions.

Case 1: Transformation of the distribution of K|,
and AG, values assuming that each has a normal
distribution

Here, we show how transformations of Ky and AG,, values
results in an asymmetry of their distributions. For this, we
assumed that either K, or AGy values are normally dis-
tributed and generated a set of 10,000 random K;’s with
mean value 2 X 10’ M~! and standard deviation of +0.6
x 107 M~! (Fig. la) and a set of 10,000 random AGy’s
with mean value — 41.67 kJ/mol and standard deviation
of +0.77 kJ/mol (Fig. 1d). Note that K, =2 x 10’ M~! cor-
responds to AG,=— 41.67 kJ/mol at 25 °C. Each set of val-
ues is then converted to the other representation through the
appropriate logarithmic or exponential formula (Fig. 1b, e),
and in both cases to the dissociation constant K (Fig. 1c, f).
These transformations show that the Gibbs energy change,
and the binding and dissociation constants do not follow a
normal distribution at the same time. The transformation
between K, and AG, in either direction introduces a similar
amount of skew into the distribution, and that the transfor-
mation between K, and K; may impart even greater skew.
When considering the kinetics of the interactions, inac-
curacies in the reported parameters (most probable value
and uncertainty) may be even more severe. The rate con-
stants are related with the Gibbs energy variation between
the reactants and the transition state through an exponential
function, and this energy variation is usually larger than
that observed between the reactants and the products of the
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Fig. 1 Illustrating the effect of transformation of K and AG, val-
ues into each other and into K distributions of protein-ligand bind-
ing. a Distribution of 10,000 random values of K, generated for a
normal distribution with mean 2x 107 M~! and standard deviation
of £0.6x 10’ M~". b Distribution of AG, values calculated from the
10,000 K, values in (a). ¢ The distribution of dissociation constants
K corresponding to data in (a). d Distribution of 10,000 random val-
ues of the Gibbs energy of binding generated for a normal distribu-

transformation. This situation is analyzed in the Supplemen-
tary Material.

Confidence intervals are a consistent
and inter-convertible way to accurately represent
measurement uncertainty

The previous illustration shows that it is not warranted to
use a symmetric +x-value as an accurate expression of the
uncertainty for all three quantities AG,, K, and K, describ-
ing the same physical equilibrium. For consistent report-
ing of uncertainties in experimental data, it is always nec-
essary to state the range of uncertainty [x;qy, Xy;on] Which
makes apparent any degree of asymmetry. Asymmetry in
any skewed distribution is more evident toward its extremes;
thus, the use of a central 68.3% confidence interval does
not effectively describe the asymmetry. Consequently, it is
advantageous for clear description to report the larger 95%
confidence interval (Clys), which in any case typically better
represents the range in which the true value of the parameter
is likely to be found.

tion with mean—41.67 kJ/mol and a standard deviation of 0.77 kJ/
mol. e Distribution of K, values calculated from the AG, values in
(d). f The dissociation constant calculated from (d). The logarithmic
transformation introduces a skew of 1.3 (b) and the exponential trans-
formation a skew of 0.9 (e) from the normal distributions. The great-
est skewness arises from the transformation of the normally distrib-
uted K, to K [skew is equal to 4.3 in (¢)]

Given that a normally distributed AG, is transformed
into a log-normal distribution for K, one could imagine that
given some CI for AG (symmetrical), it might be required
to calculate the 95% confidence interval of this log-normal
distribution to obtain uncertainties in K. However, as the
individual values for the quantities are correctly transformed
by the exponential, logarithmic and reciprocal relationships,
it is simple to directly convert the lower and upper values of
any confidence interval between representations (this is rig-
orously true for one-to-one mono-parametric conversions).
For example, using the AG,=— 41.67+0.77 kJ/mol from
Case 1 gives a Clgs=[— 43.18, — 40.16] for AG,, (as 95%
CI limits are 1.96 X ¢ for a normal distribution in the limit
of a large number of data points). The upper limit of the CI
interval for K, =exp(— AGy, o, /RT) =exp(43.18/2.47896)
=3.68x 10’ M~!. Similar transformation for the lower limit
gives a Clgs=[1.09, 3.68] x 10’ M™! (which can be seen to
match with the distribution in Fig. le for which the Clgs is
[1.09, 3.69]1x 107 M~!). Thus, consistently reporting Clys
makes it easy to transform between representations preserv-
ing all information regarding uncertainties in experimental
values. This procedure also eliminates the possibility of
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getting error intervals with negative values for the equilib-
rium constants.

The logarithmic relationship between K, and AG,, is also
important for other practical purposes such as calculating
averages from a set of determinations. The mean of several
AG, values can be calculated using the arithmetic average,
while the mean of several Ky values should be calculated
using the geometric average. Alternatively, the value to
report for Ky can be calculated from the obtained arithme-
tic average of AG,, values. That way, the correspondence
between AG, and K|, averages is maintained in the same
way that the correspondence between confidence interval
limits is maintained.

Case 2: Simulated error distributions for ITC
measurements of 1:1 binding

The preceding hypothetical illustrations (Case 1) leave open
the question of whether the uncertainty in any parameter
might be expected to have a strongly asymmetric or near
normal distribution, and, if so, under what circumstances.
To investigate these issues, we simulated the impact of bind-
ing affinity changes on the variability of ITC experiments.

In common with many methods for obtaining binding
constants, ITC experiments are performed as a titration
where successive injections of one reactant species into a
fixed amount (or concentration) of the other species leads to
progressive saturation of a binding site. A signal monitors
formation of the bound form and the values for the signal
(transformed into heat, Q) are fit to an equation describing
the relationship between the heat released or absorbed and
the thermodynamic parameters K, (or AG,), the enthalpy
change AH, and the apparent stoichiometry, that are, thus,
determined as parameters of the fit. The measurement errors
are typically propagated to the fitted parameters in a way that
depends on the equation describing the titration and a range
of experimental variables, e.g., the number of injections, the
final degree of saturation and concentrations of reactants.

The measurement’s variability for the heat of each injec-
tion is random normally distributed (as it arises from the
combined random effects of mechanical variability of the
injection volume, electrical noise and how these impact
upon the software process for integrating the heat signal for
each injection).

To simulate the effect of measurement variation, random
values from an appropriate normal distribution are added to
the theoretically expected injection heat values for an ideal
1:1 binding reaction. The simulations used here model a
VP-ITC instrument (MicroCal/Malvern). Tellinghuisen
has determined that for this instrument (when set for high
maximum injection heats) the standard deviation of meas-
urements (when including the effect of subtracting blanks
or heats of dilution) is approximately constant at 3 pJ for
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injections of heat <500 pJ (Tellinghuisen 2005). Recently,
alternative error models with a smaller constant standard
deviation of 0.5-0.9 pJ plus an injection-heat-dependent
term of 0.002-0.01 pJ per pJ (not including effects of sub-
traction) have been proposed (Tellinghuisen, 2017,2018).
We use the original injection-heat-independent error model
here, but note that it may overestimate the error for an opti-
mally set up instrument for a low-heat biochemical reaction;
however, the absolute value of the error is not critical as it
is the proportional error (the signal to noise) that influences
the shape of the parameter error distribution. The variation
of the fitted parameters, K, (and the corresponding AG,)
and AH, across 10,000 Monte Carlo simulated 1:1 binding
reactions of fixed stoichiometry are shown in Fig. 2. The
simulations performed here calculate the dilution effects on
reactant concentrations occurring during the titration and
modification of injection heats due to the volume displaced
from the reaction cell following a discrete inject step model
(or instantaneous injection model) (Tellinghuisen 2003). The
simulated experiments are then fitted using an unweighted
least-squares fit to the Wiseman equation (Wiseman et al.
1989) following typical experimental data analysis practice.

The simulations show that for all three true K}, values, the
expected variation in the observed value is asymmetrically
distributed. Furthermore, increasing the magnitude of K,
increases both the range of variation and the positive skew
of the distribution of the K} values (Table 1), i.e., there is
an increasing tendency to observe more frequently higher
than lower affinity values as Ky increases; thus, the higher
K, values become more likely to occur. For this particular
experimental scenario, we find that there is an 8% prob-
ability of observing a Kj less than half, and a 9% chance
of more than twice the true value when K, =2x 10> M~
Those probabilities, respectively, increase to 18% and 24%
when the assumed K, =2x 10’ M~! (and the probability of
an observation more than 4 X the true value is 12%).

The simulated scenario in Fig. 2 has relatively low
injection heats of approximately 1/3rd of the average for
protein—ligand interactions in a recent large-scale study
(Scheuermann and Brautigam 2015) and with high propor-
tional measurement errors. These values have been chosen
to clearly illustrate the various effects on the distributions
of increasing affinity. Since the asymmetry increases with
proportional measurement error (Tellinghuisen 2017),
observed asymmetries would be smaller for most experi-
mental cases where those errors are smaller. Even in this
simulated experimental scenario, the resulting AG, distribu-
tion has little asymmetry except at the highest affinity and
conversely the enthalpy change is only appreciably asym-
metric and has greater uncertainty at the lowest affinity. In
particular, we note that in this experimental scenario even
with its quite large proportional measurement AG, is near
normally distributed for reasonably optimal experiments
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Fig.2 Monte Carlo simulation modeling of variation in the fitted
parameters of ITC experiments for three different binding affinities—
a—c 2x10° M~!, d-f 2x10° M~! and g-i 2x10” M~'. For each
binding affinity, 10,000 simulated data sets were created. All simu-
lations were for a 1:1 binding reaction with molar enthalpy change

AH,=- 10 kJ/mol, 20x15 pL injections of 200 pM ligand into
20 puM protein leading to a final ligand:protein ratio of 2.5:1. The
simulations are modelling a VP-ITC instrument and a measurement
error of standard deviation of 3 pJ per injection. Simulated datasets
where a satisfactory fit could not be obtained are excluded

Table 1 Statistical parameters for simulated ITC data at three different binding affinities

Starting K, (M~} Ky, Skew K, (M7 AGy, (kJ/mol) AG,, Skew AG, (kJ/mol) AH, AH,, (kJ/mol)
Clys Clys Skew Clys

2x10° 1.3 [0.78, 5.8]x 10° —30.26 -0.2 [-32.9, - 27.9] -0.7 [—13.2,-8.0]

2% 10° 1.5 [0.78, 6.5]x 10° —3597 -04 [—38.9, — 33.6] -02 [-11.1,-9.1]

2x107 23 [0.51,22]x 107 —41.67 - 1.1 [—47.6, — 38.3] -0.1 [-10.8, - 9.3]

Data correspond to the distributions in Fig. 2. The 95% confidence intervals Cly are determined directly from central 95% of values of the distri-

butions

(Wiseman parameters C of 4 and 40, respectively for the
first two simulations) for less optimal experiments (Wise-
man parameter of 400 for the last simulation) skewness can

be readily seen. This can most likely be attributed to the
fact that for a 20-point ITC experiment with the parameters
used for the simulation essentially only 3—4 datapoints fall
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into the transition region and any noisy data here will have
a bigger influence leading to larger deviations and long tail-
ing to higher K, values. Also seen is an inverse relationship
between the variations in measured affinity and enthalpy,
this is expected due to the shape of the titration curve chang-
ing appreciably with binding affinity under the experimental
conditions we have simulated with fixed concentration. At
high C, almost all the ligand binds in the early injections
of a titration giving several injection heats with high signal
to noise and, thus, lowering the observed variation in the
enthalpy measurement. An inverse relationship between the
uncertainties in affinity and enthalpy is generally expected
for ITC data. Under the experimental conditions that we
have simulated with fixed concentrations, the shape of the
titration curve changes appreciably with binding affinity.

Error estimations for AG, and K, using asymmetric
profile likelihood Confidence Intervals

Because the calculation is built into most analysis software,
most researchers (Salim and Feig 2009; Geschwindner et al.
2015; Renaud et al. 2016; Ladbury et al. 2010; Ciulli 2013;
Smirnoviené et al. 2017; Myszka and Rich 2000; Patching
2014; Olaru and Bala 2015; Krimmer and Klebe 2015; Cal-
lies and Daranas 2016; Falconer 2016; Vega et al. 2016;
Chaires 2008; Leavitt and Freire 2001) report the preci-
sion of the affinities between molecules using asymptotic-
symmetric confidence intervals (Clg ,) calculated using the
standard deviation for each parameter, as estimated from the
sum of squared residuals, RSS, and the covariance matrix
from the fitting analysis, and a chosen confidence level a
(typically 68.3%) of a t-Student distribution. The experi-
mental and simulated results have shown that this symmet-
ric approach does not communicate and accurately preserve
information about uncertainty, and that use of asymmetric
F-statistics-associated (or profile likelihood) Clys is both
simple and preferable. How then can we estimate Clys in
practice, e.g., from single experiments? We will analyze
this case here in detail, as it is the simplest one. In the case
of several experiments, the reasoning will be basically the
same—we suggest to perform a global fit with all individual
datasets and get the global confidence intervals.

A possible approach is to fit for AG, and use the capa-
bilities of different software to obtain the asymptotic-sym-
metric error Clg o5 for the Gibbs energy change. Asymmet-
ric confidence intervals for K or K, can then be obtained
by simply transformation of the upper and lower limits of
the AG,, confidence interval. As we have seen that for titra-
tion data AG,, is less affected by asymmetry, consequently
this approach will be effective in many circumstances and
is certainly better than current practice. However, it also
fails in some circumstances, e.g., for high affinity interac-
tions as shown in Case 2 or where measurement errors
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are large [as extensively studied previously (Tellinghuisen
2017)]; so, prior knowledge of the theoretically expected
behavior of AG,, uncertainty for the experiment scenario
is required to apply it. Consequently, this approach cannot
be generally recommended.

A second possible approach that is applicable in all
circumstances is to use a ‘bootstrap’ procedure in which
values of the residuals of the best fit are randomly selected
and added to the fitted value at each titration point and
the new set of data points so created refitted. Repeating
this re-sampling procedure many times (> 1000) yields a
distribution of values for each fitted parameter from which
the confidence intervals can be obtained. This approach is
applicable where the measurement variability is constant
throughout the titration and produces Clg 5 ranges that are
only slightly larger than the true values. Unfortunately, the
requisite re-sampling procedure is not widely available in
commercial software.

We believe that the most practicable way to express the
repeatability for K, and AG is through calculation of the
profile likelihood confidence intervals Clp , (at statistical
significance level @) (Kemmer and Keller 2010; Krainer and
Keller 2015; Krainer et al. 2012; Broecker et al. 2011; John-
son 1983), which can be determined by an extension of the
typical fitting approach. Once the non-linear least squares
regression analysis of N experimental points has been per-
formed with a model with P parameters, the best estimates
for the P parameters are obtained with an associated residual
sum of squares RSS,,. Ideally, the P parameters could be
systematically varied to get a P-dimensional contour fulfill-
ing the expression:

RSS = RSSO(I + LFPN_P(a)>,

N-P ©

where F, ,, is the Fisher-Snedecor distribution with n=/P
and m=N — P degrees of freedom, and the «a is the cho-
sen confidence level (Motulsky and Christopoulos 2004).
Within that P-dimensional contour, the different possible
sets of P parameters provide RSS values that are not statis-
tically different (at a confidence level a) from RSS,,. Then,
by projecting the P-dimensional contour onto the different
P axes, the confidence interval for each parameter can be
determined. However, this procedure is not practical if there
are more than two fitting parameters. Therefore, very often
marginal confidence intervals are determined by varying just
one parameter at a time (Kemmer and Keller 2010; Bates
and Watts 2007). Thus, a given parameter, p, is selected and
kept fixed at different values, while the RSS is minimized
over the remaining free parameters, an RSS (p) curve (RSS
as a function of p) with the resulting minimized RSS values
(see Fig. 3, right). The two limiting values for the given
parameter p defining its profile confidence interval CIp , will
fulfill the expression:
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Fig.3 a A simulated ITC titration curve corresponding to the
K,=2x10° M~!, AH=41.8 kJ/mol, and 1:1 binding stoichiometry
with random measurement error for each injection. The continuous
line corresponds to the best fit considering either Ky or AG, as fitting
parameters. b RSS dependence on K,. ¢ RSS dependence on AG,,.
Either K or AG, are varied systematically (stepped through fixed val-
ues below and above their best estimate) and the remaining param-
eters are freely adjusted to re-minimize the RSS; then, that minimum
RSS is plotted as a function of either Ky or AG,. The minimum in

RSS(p) = RSSO<1 + ﬁﬂw_p(a))

These two limiting values define the interval in which the
parameter p provides RSS values that are not statistically
different (at a confidence level @) from RSS,,. The process
can be repeated for each of the other parameters, and all P
marginal confidence intervals estimated.

In general, RSS is not a symmetric function of the studied
parameter with respect to the minimum value RSS,,, and the
two limiting values satisfying the previous equation define
an asymmetric confidence interval for each parameter. The
asymmetry degree and the size of the confidence interval
depends on the nature of the parameter considered and the
sensitivity of RSS to that parameter.

The procedure is illustrated by analyzing an isothermal
calorimetric titration simulated (with Ky =2X 106 M1,
AH=41.8 kl/mol, and n=1) with a chosen noise level
(Fig. 3) and shown in detail for the Origin software as an
example in Supplementary Material (2. Quick calculation of
profile likelihood asymmetric confidence intervals Clps.).

The standard output for the best fit to the titra-
tion in Fig. 3 has the following estimated param-
eters: K, =(2.2+0.4)x10° M™!, AH=433+1.2 kJ/
mol, and n=0.99+0.01. If the Gibbs energy of

RSS
N
T

1 2 3 4
c Ky (x10° M)
3 |5
25F
Wy E
% L
[ 4 F
2

-
wn
T
PR—

-38 =37 -36 =35 -34
AGy (kJ f mol)

RSS (i.e., RSSy) corresponds to the best fit (all parameters freely
varying, including K, or AG,). The horizontal dotted line is the limit
reference value for RSS with 95% confidence, equal to RSS, (1+(1/
(N-P)F, 5.p(0.95))). The intercepts between the RSS curve and the
reference RSS value (indicated by arrows) provide the limits for the
confidence intervals. The way to get these CIs with the Origin soft-
ware is shown in Supplementary Material as an example (2. Quick
calculation of profile likelihood asymmetric confidence intervals
Clpys.)

interaction is considered as a fitting parameter instead of
K, the best fit provides the following estimated parameters:
AG=- 36.2+0.4 kJ/mol, AH=43.3+1.3 kJ/mol, and
n=0.99+0.01.

These uncertainties correspond to the typical standard
errors Clg g4 5 for the fitting parameters generated from the
covariance matrix. The asymptotic-symmetric confidence
intervals for a confidence level of @=95% Clg 5 are calcu-
lated as a multiple of these values determined by the 7-Stu-
dent distribution. The asymptotic-symmetric and asymmet-
ric profile likelihood 95% confidence intervals are shown
in Table 2.

As expected from the previous results, the uncertainty
in K is revealed to be asymmetric by the profile likelihood
confidence interval Clp gs. Also as expected from the Monte
Carlo simulations (in Case 2) at this binding affinity, the
Clp g5 for AGy, is almost symmetric. Indeed, as discussed
above in this case of an actual symmetric uncertainty in
AGy, both the asymptotic-symmetric and profile likelihood
methods give the same confidence intervals for both param-
eters provided that AGy, is fitted and then transformed to
K. However, only the profile likelihood approach produces
the same results if K, is fitted. When using Cl} g5, there is
a perfect correspondence between estimated values and
uncertainty interval limits for K, and AG,; thus, no mat-
ter which parameter is employed as a fitting parameter, the
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Table 2 Best fit parameters

K, (2.2)* (x10°M™! AG, (- 36.2) 1 AH, 1 N

and uncertainties determined b (2.2)" (% ) G, (—36.2)" (kJ/mol) , (kJ/mol)

as jﬂymf%wllii-?(]:ﬂmglglc Cls o5 Cl 5" [1.29, 3.03] [-37.0, — 34.9] [40.8, 45.9] [0.96, 1.02]

and profile likelihood CI} g5 b _ _

confidence intervals CIS"’SV [1.44,3.30] [-37.2,-35.1] [40.7, 46.0] [0.96, 1.02]
Clp,s" [1.44, 3.30] [-37.2,—35.1] [40.9, 46.1] [0.96, 1.03]
Clpys” [1.44, 3.30] [- 37.2, - 35.1] [40.9, 46.1] [0.96, 1.03]

The directly fitted values are shown in bold

“Fitting of K}, and calculation of its CI} 45 with subsequent transformation to AG,, values

PFitting of AG, and subsequent calculation of K

other parameter and its confidence interval can be readily
calculated through their mathematical relationship. How-
ever, when using Clg o5, the estimated values for K}, and AG,,
are in correspondence, but the uncertainty intervals are not.
Furthermore, in some experimental scenarios the upper
limit of the affinity may be undefined, e.g., for a very steep
titration with few data points contributing to the fit. The
profile likelihood confidence intervals will only produce a
lower limit in such cases, a highly advantageous presentation
over the use of symmetrical intervals. The proile likelihood
approach is, thus, more robust in estimating uncertainties
and, consequently, the recommended approach.

Conclusions

Although the inherent asymmetry that appears as a result of
the measurement error propagating through the data analysis
process has been illustrated here with only ITC simulations,
they are true for all binding experiments (i.e., to an extent
that depends on the nature of the measurement errors and the
equations used to analyze each particular method). The pre-
sented concepts and procedures for dealing with this asym-
metry to determine accurate uncertainties can be extended
to any experimental technique used to determine binding
affinities or any related quantities (see the distribution of the
kinetic rate constant in the supplementary material). The cal-
culation of the confidence intervals can be performed manu-
ally following the step-by-step procedure explained above.
These can be conveniently carried out in Excel (Kemmer
and Keller 2010), but fortunately, commercially available
software packages (e.g., Origin, GraphPad, Sedphat) also
provide profile likelihood confidence intervals, for all fitting
parameters at any confidence level, in a user friendly man-
ner, without the need for complicated calculations. Once the
best fit is achieved (with all parameters freely varying), the
profile likelihood confidence intervals (at a certain confi-
dence level) for all fitting parameters are readily calculated
within just a single step as explained in the Supplementary
materials.

Considering the variations in the shape and inher-
ent difference of the uncertainty distribution of the two

@ Springer

thermodynamically related parameters K, and AG,, report-
ing a symmetric error appears not to be the scientifically cor-
rect way. Reporting 95% confidence intervals removes the
artificial restriction of symmetry and enables more accurate
reporting of uncertainty. The statistically sound construc-
tion of the profile likelihood confidence intervals, and the
perfect agreement shown of CIs obtained when the fitting of
ITC data was performed for K, or AG, and AH,, shows that
profile likelihood confidence intervals can be used to report
the repeatability of K, and AH, as retrieved from ITC, or for
binding affinities determined by any other method.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00249-021-01518-4.
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