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Introduction

The majority of approved drugs bind to and affect the catalytic activity of en-
zymes. It is difficult to identify how many druggable proteins are in human body,
but according to human genome, there could be 600-1500 target proteins that
are related to diseases [1]. The understanding of the origin, pathology, and un-
derlying mechanism of human disorder helps to identify the responsible entity
that causes such condition. Understanding the relationship between biological
effect and three dimensional structure enables to design ligands with activation
or inhibition properties and favorable pharmacological characteristics.

One of such targets is the enzyme carbonic anhydrase (CA). It is a highly abun-
dant protein found in all living systems because it is catalyzing a vital enzymatic
reaction. The twelve catalytically active human CA isoforms have pharmaco-
logical applications in the field of antiepilepsy, antiglaucoma, anticancer agents,
etc. The change of CA expression was associated with a disease in 1936 [2],
when inhibitor properties of sulfides where noticed (in 1933 [3]) and later the
sulfonamide derivatives became the most investigated and important class of CA
inhibitors [4–6]. The inhibitors bind in the active site of the protein and suppress
the catalytic reaction of over-expressed isoform thus contributing to the treat-
ment of certain disease. Unfortunately, most often the compounds bind not only
to the target isoform, but to other isozymes as well. For this reason, design of
selective CA inhibitors is a primary goal. Therefore, structure-thermodynamics
and structure-kinetics relationship has to be understood.

Thermodynamics of protein-ligand binding provides valuable information about
the energies of protein-ligand-water network formation. The binding constant is
the first determined parameter that researcher wants to know about the com-
pound. The enthalpy and entropy are the “components” of the Gibbs energy and
modifications of a ligand can change their gain to binding potency.

Kinetics of the compound and the target protein interaction, simplified to
association and dissociation rate constants, are useful for ranking and optimization
of ligands. The assumption that similar compounds have similar association rates
still exists. However, small differences in compound structure can have a large
effect to interaction kinetics.

Small structural changes of functional groups and determination of the binding
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Introduction

affinity of such small variations provide important information about molecule be-
havior and properties. However, these differences could be unnoticed if additional
reactions are not taken into account during complex formation. Protonation is
the most important reaction that should be dissected from the observed thermo-
dynamic and kinetic parameters of molecular interaction. Due to the ionization
constants of protein and ligand and the pH of the buffer, the fractions of binding
components differ. Therefore, thermodynamic parameters of the same reaction,
performed at various buffers and pHs, and association rate constants, performed
at different pHs, differ as well. Values, obtained at different conditions, cannot
be compared if protonation influence is not subtracted (intrinsic parameters cal-
culated), otherwise wrong conclusions can be made for further drug design.

Development of isoform-selective ligands requires use of biophysical methods
that reveal the details of the molecular recognition. The interaction kinetics reveal
the dynamics, while binding thermodynamics – energetics of the interaction. A
combination of surface plasmon resonance-based analysis with thermodynamic
methods, such as the fluorescent thermal shift assay and isothermal titration
calorimetry, is therefore necessary for the design and development of efficient
drug candidates. Enzymes of the CA family are important not only as targets
for many diseases, but also as good models for ligand selectivity studies. Similar
logic can be applied to other protein families that are important as drug targets
or functionally significant for fundamental research.

The goal of the study

To determine the influence of linked protonation effects to the thermodynamic and
kinetic parameters of ligand binding to several recombinant human carbonic an-
hydrases and to explore the compound structure-thermodynamics and compound
structure-kinetics relationship for sulfonamide inhibitor binding to CA isoforms.

Objectives

• To determine ionization constants and enthalpies of Zn(II)-bound hydrox-
ide/water molecule in the active site of CA I, CA IX, and CA XII using
thermodynamic methods.

• To obtain the pKas and enthalpies of sulfonamide group of the analyzed
compounds.

• To determine the observed thermodynamic and kinetic parameters of sul-
fonamide compound binding to CA isoforms.

• To calculate the intrinsic thermodynamic and kinetic parameters of CA -
sulfonamide binding.

10



• To establish correlations between the compound structure and thermody-
namics and kinetics of binding to CAs.

Scientific novelty

In this work, the thermodynamic parameters of several new compound interaction
with CAs were measured and the intrinsic parameters were calculated. Here I
determined that the compounds exhibited an exceptionally strong binding affinity
(picomolar) and selectivity towards some target CA isoforms.

Detailed characterization of observed compound structure-thermodynamics
and compound structure-kinetics relationship was made. Furthermore, for the
first time, the surface plasmon resonance method was used to determine the
protonation effect of binding kinetics. The ionization constants of several CA
isoforms were determined using the isothermal titration calorimetry and fluores-
cence thermal shift assays and compared with the results obtained by SPR. After
the determination of the protein and compound pKas, the protonation influence
was dissected and the intrinsic thermodynamic and kinetic parameters of protein-
ligand interplay were calculated.

In this work, I developed a novel model that explained the kinetics of sul-
fonamide inhibitor binding to CAs and dissected the intrinsic kinetic parameters
and solved previous inconsistency of binding that was too slow for the simple
one-step binding reaction. After the correction of the active fractions, We showed
that the compounds behave as common ligands with diffusion-limited association-
dissociation kinetics.

Defending statements

• Sulfonamide compounds belonging to the EA class developed in our labo-
ratory exhibit high affinity and selectivity towards target CA isoforms and
could be continued to be developed as drugs.

• Determination of the intrinsic thermodynamic parameters is an important
step that should be used in the structure-thermodynamics analysis of newly
synthesized compound interaction with target proteins.

• The sulfonamide compounds in their binding to CAs behave as common
ligands with diffusion-limited kinetics as demonstrated by the novel model
that dissected the intrinsic kinetic parameters from the observed parameters.

11
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Literature overview

1 Thermodynamics and kinetics in drug design

1.1 Thermodynamics in drug design

In the rational drug design it is important to determine the affinities and other
thermodynamic parameters of designed compounds towards the protein target
that needs to be inhibited or activated. The binding affinity is the first parameter
that is determined after compound synthesis or optimization. Most often, the
binding or dissociation constant may be recalculated to the Gibbs energy, which
has arising from enthalpic and entropic contributions. These thermodynamic pa-
rameters show a more detailed energetic picture of the complex formation and
indicate how small changes in compound structure can be correlated with ther-
modynamic parameters.

Principles of thermodynamics in protein-ligand binding

Protein [P] and ligand [L] may form a complex [PL] in aqueous environment and
this process should be reversible:

[P ] + [L]
 [PL] (1)

The equilibrium constant of binding Kb is given by the equation:

Kb =
[PL]

[P ][L]
(2)

Kb is is the inverse of the dissociation constant, Kd:

Kd =
[P ][L]

[PL]
=

1

Kb

(3)

and Kb is associated with the change in standard Gibbs energy for the binding
reaction, ∆bG

o,

∆bG
o = −RT lnKb (4)
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where R is ideal gas constant equal to 8.314 Jmol−1 K−1 and T is the absolute
temperature (K).

It should be explained that due to this relation, the Kb should be a unitless
number. The lefthand side of the equation (4), the ∆bG

o term, has units of en-
ergy (Jmol−1). On the righthand side, the RT term also has units of (Jmol−1).
Thus, Kb must be dimensionless and, besides, natural logarithm makes it neces-
sary to convert Kb to a unitless value [7, 8]. Although the binding constant is
a dimensionless number, it is usually presented as if it has M−1 units, and thus
the dissociation constant Kd has molar units of concentration. Furthermore, the
interactions are described as millimolar for weak binding, nanomolar or picomolar
for tight complex formation.

The ∆bG
o comprises the change in enthalpy ∆bH, and the change in entropy,

T∆bS:

∆bG
o = ∆bH

o − T∆bS
o (5)

The ∆bH
o term represents the change in the heat that is released or absorbed by

breaking or forming the bonds between all components during complex formation
(e.g. protein, ligand, water, buffer components, etc.). The heat is equal to the en-
thalpy only if the pressure is constant and the system does not perform any work.
The enthalpy (heat) can be observed directly by calorimetry or indirectly where
equilibrium constants at different temperatures and the van’t Hoff relationship is
used to calculate the binding enthalpy (∆bHV H):

∆bHV H = −R∂ lnKb

∂(1/T )
(6)

The discrepancies exist between the calorimetric and the van’t Hoff enthalpy val-
ues, and the calorimetric data is usually considered as more reliable [9, 10].

In the gas phase, the T∆So contribution to the Gibbs energy of binding comes
from the loss of translational, rotational, and internal degrees of freedom of the
bound molecules, because they no longer move independently. However, in aque-
ous solution, water reorganization upon binding also contributes to the total en-
tropy of binding, thus complicating the general picture of the energetics. The
T∆So can differ significantly even between closely related ligands [11] and may
be both positive or negative.

It should be mentioned that Gibbs energy, enthalpy, and entropy are state
functions and their values do not depend on the route by which the thermodynamic
equilibrium states are accessed. Only the changes in ∆bG

o, ∆bH
o and T∆bS

o are
determined, not the absolute values.

The superscript ’o’ indicates that the values are obtained for the standard state.
At this state, thermodynamic parameters are described for the conversion of 1 M
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1. Thermodynamics and kinetics in drug design

of protein and 1 M of ligand to 1M of protein-ligand complex at a constant pressure
po = 105 Pa in a hypothetical ideal solution, i.e. in a solution which is so dilute
that solute molecules do not interact with each other. Most reactions occur in the
aqueous solution, where concentration of water is 55 M. Thus, the concentrations
of proteins or small molecules are very low compared to the concentration of water.
Despite this, the energy of interaction between solute molecule and the solvent
molecules does not change when solute concentration changes.

The standard state is important for the comparability between measurements,
because depending on the concentration scale we calculate (M, mM, µM, nM) the
value changes [8]. The temperature has to be specified, because it is not a part of
the standard state.

The superscript is frequently omitted for brevity and will not be used in this
text bellow either, but it should be understood that all listed values are presented
for the standard state.

Enthalpy-entropy compensation

The ∆bG drives the protein-ligand binding process, which may be driven by en-
thalpy and entropy (eq. (5)). The ∆bH and T∆bS cannot be observed by the
independent experiments, thus, these two parameters automatically compensate
each other and it is difficult to improve the measured value of the Gibbs energy.
Nevertheless, ligand optimization that causes even small changes in enthalpy or
entropy can influence the target inhibition.

Enthalpically driven interaction is associated with broken or formed bonds
during the complex formation and due to those contacts the ligand is tightly
fixed. Compound flexibility in the complex with a protein contributes to entrop-
ically driven binding. Water molecules play the major role in enthalpy-entropy
compensation as well, because compound can make hydrogen bonds and this in-
teraction will likely be enthalpicaly favored. In the other case, water may be
released or reorganized due to the desolvation upon binding and interaction will
be enthalpicaly driven.

The goal is to optimize the compound and to change the enthalpy and entropy
of binding in such a way, that the Gibbs energy would be improved as much as
possible.

Additional reactions

When a ligand binds to a protein, many other additional reactions take place: pro-
tonation/deprotonation of the protein and/or ligand, solvation of ligand and the
protein’s binding site, ion binding, etc [12]. All these reactions contribute to the
thermodynamic parameters of protein-ligand-solvent system. The most impor-
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Literature overview

tant one is proton transfer between the protein-ligand complex and surrounding
buffer. Depending on the experimental conditions (such as buffer protonation
enthalpy and pH, pKa of a compound’s sulfonamide group and protein binding
site) the resultant thermodynamic values differ. To determine only the energies of
bonds and intermolecular contact formation (’intrinsic’ parameters), buffer con-
tribution must be subtracted and only interaction between protein-ligand-water
molecules have to be calculated [8, 12–18]. It is necessary for the understanding
of the thermodynamic profile, to optimize the enthalpic and/or entropic contribu-
tions, improving binding affinity and to compare experiments made at different
conditions. Furthermore, experimental results should not be compared if they
were made at different temperatures. Application of the van’t Hoff equation may
help to recalculate the values to other temperatures.

1.2 Kinetics in drug design
The association rate of the protein-ligand interaction is determined by ka and kd,
the on- and off- rates of the ligand binding and dissociation. Inhibitory effect is
extended by a rapid rate of drug binding and/or a slow rate of complex disso-
ciation. These parameters are related with the Kd value and at the same time
strongly complement it.

Principles of kinetics in protein-ligand binding

The binding process is often represented as a single step model as shown in eq.
(1). Despite the fact that real binding process has a complex mechanism, this
equation is sufficient for the understanding of the kinetics of interaction. The
speed at which the complex forms depends on the rate of complex association
(ka) and dissociation (kd):

d[PL]

dt
= ka[P ][L]− kd[PL] (7)

Thus, equation (1) can be complemented:

[P ] + [L]
ka


kd

[PL] (8)

The association rate constant ka is limited by the diffusion rate of ∼ 108 − 109

M−1 s−1 and it is impossible to make reactions occur faster than the diffusion
rate [19].

The kinetics of binding may be related to the thermodynamics by the equilib-
rium equation:

Kd =
kd
ka

(9)
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1. Thermodynamics and kinetics in drug design

This relation can be illustrated by the graph, where the affinity is shown as the
difference in heights between the initial and end points (Fig. 1). Affinity does
not tell us whether the reaction is fast or slow. Instead, ka and kd provide this
information and thus determine the shape and the energy profile of the binding
reaction.

Reaction coordinate

G

ΔbG

~
1/
k a

~
1/k

d

[P]+[L]

[PL]

Figure 1 Free energy profile of protein P and ligand L binding reaction. The curve
shows a one-step mechanism. The hights shown as ka and kd, the association and
dissociation rate constants, respectively. The association ∆bG is proportional to the
logarithm of kd and ka ratio.

Very often kd is changed by the term “a residence time” (τ), which is defined
as the period of time the target is occupied by the ligand:

τ =
1

kd
(10)

In vitro measurement of the residence time is a better indicator of in vivo du-
ration of efficacy than the equilibrium dissociation constant. This is because the
concentration of the ligand to which a target receptor is exposed in the open sys-
tem of in vivo experiments is no longer constant as in the closed system of in vitro
experiment, but varies with time and is influenced by many factors [19]. There-
fore, kinetic parameters have significant contribution in the process of compound
optimization for drug design.

1.3 Biophysical methods to study protein-ligand binding

Monitoring and detection of molecular interactions significantly increases our un-
derstanding about protein-ligand binding mechanism. Affinity based technologies
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can provide unique data that helps us to evaluate the formation of a complex from
multiple viewpoints and identify optimized ligands, which can inhibit or modulate
the biological activity of targets of interest [20].

Various techniques provide different information, thus it is important to choose
a correct method. The choice depends on solubility of the components, size of the
molecules and their affinity. Thermodynamic and kinetic methods help analyze
the protein-ligand interactions [20, 21].

Fluorescent thermal shift assay (FTSA)

FTSA (also called Thermofluorr, differential scanning fluorimetry, DSF) is a high-
throughput method that allows to detect the protein-ligand binding constants in
a wide range. This assay is based on ligand-induced protein thermal stabilization
which is related to the binding constant and ligand concentration [22].

It is well understood that the protein becomes more stable during thermal
denaturation when a compound binds to its native form. Unfolding process can
be detected when fluorescence of tryptophan of the protein or solvatochromic dye
is monitored. Often experiments are performed in real time PCR machines, thus
solvatochromic dye such as 8-anilino-1-naphthalenesulfonic acid (ANS) or Sypro
orange is used. This dye is quenched in aqueous environment but highly fluoresces
when bound to the hydrophobic parts of the protein [23]. Dye-containing protein
solution (with or without ligand) is heated, dye binds to hydrophobic sites that
are exposed to solvent during protein melting and fluorescence increases. Fluo-
rescence intensity increases when more hydrophobic sites are exposed and reaches
a maximum when the protein is fully unfolded. The midpoint of this fluorescence
curve is a melting temperature (Tm), which shows the temperature where the
free energy of the native and non-native forms are equal. The Tm increases in
proportion to ligand concentration [22–24]. By comparing Tm value of a complex
with Tm value of a protein without a bound ligand, it is possible to calculate the
binding affinity [22,24,25]. The higher the difference between these two Tm values
(∆Tm), the stronger the binding (for the same protein).

FTSA is a good primary method for hit searching and there is no upper limit
of the affinity that can be measured - tighter binding gives a greater ∆Tm. The
only limitation for accurate affinity determination is that some information about
studying protein has to be known, e.g. unfolding enthalpy [22].

Isothermal titration calorimetry (ITC)

ITC is one of the main techniques for obtaining the thermodynamic parameters
of binding between two molecules interacting in aqueous solution. It is the only
method that allows to observe the enthalpy directly and is a standard technique

18



1. Thermodynamics and kinetics in drug design

for direct binding measurements in drug design industry. ITC technique does not
require immobilization of interacting components or modification of the molecules.
One component (in the syringe) is titrated to another (in the cell) in a series of
injections at constant temperature. After each injection the binding occurs and
the heat is absorbed or released. In the middle of experiment all molecules are
bound and only dilution takes place. ITC determines the binding constant (Kb),
enthalpy (∆bH) and stoichiometry (n) in one experiment. The middle point of the
titration isotherm shows the quantity of active macromolecules, slope of the curve
gives the information about the binding affinity and the height – about binding
enthalpy [8, 26, 27]. Equilibrium Kb is related to the Gibbs energy as shown in
equation (4) and T∆bS can be calculated modifying the equation (5):

T∆bS = ∆bH −∆bG (11)

It is important to note that ITC records not only the energies of two binding
components, but the entire binding event and detects heat signals of additional
reactions that occur during the formation of the final complex [8]. Therefore,
the combination of experimental results, obtained at different conditions, allows
characterization of simple processes such as proton- or ligand-linked interactions
as well as the binding energetics of complex systems [14,28,29].

There are several limitations of this technique. First, it is relatively expensive
method that requires milligrams of protein. Second, it is sensitive for changes
in solution composition, thus dialysis of protein against the experimental buffer
should be performed. The same percentage of DMSO in the cell and syringe must
also be kept. Third, it is time consuming method and only one complex formation
can be determined at once. And final, limitation is a narrow window of Kb which
is established by Wiseman’s factor (c factor):

c = Kb × Pt (12)

Pt is a total concentration of protein.

Sigmoidal curve is too steep when c factor is too high and too flat when c factor
is too low, thus Kb cannot be determined. Various ranges of optimal c-value can
be found in the literature: 1-1000 [30], 10-500 [8] or 5-500 [27, 31]. However,
when the binding is too tight and cannot be determined, c factor is too large,
∆bH may still be determined accurately. Enthalpies cannot be determined with
greater precision than 1 kcal mol−1 (∼ 4 kJmol−1) [31]. Despite the limitations,
calorimetry brings valuable information. Comparing it with primary screening
methods such as FTSA, ITC highly improves the understanding about compound
optimization at a later stage.
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Surface plasmon resonance (SPR)

SPR is the most often used method for a kinetic characterization of protein-
ligand binding [21]. It is used to determine complex formation in real time and
without labeling, but with immobilization of one component. Experiments can
give information about the ligand affinity, mechanism of binding, and kinetics of
interaction.

Method is based on refractive index changes at the interface of two interacting
components near the surface [32, 33]. Protein has to be immobilized on a thin
metal surface by maintaining native conformation and binding activity during the
experiment. Polarized light wave is directed to this surface, induces oscillations
of plasmons on it and is reflected. The angle between directed and reflected light
wave is called SPR angle. This angle changes after compound binding to a protein.
Solution with dissolved interacting molecule passes over the chip, interacts with
immobilized protein and thus refractive index changes. SPR angle is plotted as a
function of time [34].

By using such microfluidic systems with continuous signal recording, it is possi-
ble to observe not only kinetic, but thermodynamic parameters as well. These pa-
rameters are calculated from experimental data by using van’t Hoff equation, but
it requires additional assumptions and is not widely used in SPR. Thermodynamic
parameters can also be estimated by doing experiments at different temperatures
or Kd value can be calculated as a kd and ka ratio (eq. (9)) [21].

The most important advantage is that affinity and kinetic parameters can be
determined by using very small amount of protein and there is no need of chemical
or radio-labeling . Furthermore, this method can determine association rates in
the range from 103 to 108 M−1 s−1, dissociation rates from 10−6 to 1 s−1 [34,35] and
affinity from 500 µM to 1 nM [21]. The ability to accurately determine kinetic rate
constants and thermodynamic parameters for protein–ligand interactions provides
the possibility of new approaches in drug design.

2 Compound optimization

There are many ways to develop novel pharmaceutically active compounds, for
example, by fragment screening or by lead compound optimization, which is used
in our laboratory.

The history of drug research is based on lucky accidents, but to cite Nobel
laureate James Black, “The most fruitful basis of the discovery of a new drug is
to start with an old drug” or a lead structure, where term “lead” means that a
compound with the inhibition properties to a target molecule can be improved by
chemical variations which makes analogue better than the previous structure in,
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for instance, its potency or selectivity [36]. Such “old” lead compound should be
relatively simple, but in a favorable patent situation. It should have good absorp-
tion, distribution, metabolism, and excretion characteristics and well-established
structure-activity relationship [37]. The goal is to optimize structure to make the
final compound ready for therapeutic use [36].

Unidirectional systematic changes in three-dimensional structure and/or the
physicochemical characteristics are very important in compound optimization.
Lipophilicity plays a role in absorption, membrane and central nervous system
penetration, plasma protein binding, distribution and partitioning into other tis-
sues or organs and can be improved through the introduction or removal of hy-
drophobic or hydrophilic groups. Aqueous solubility is important to achieve a
desired concentration of drug in systemic circulation for the pharmacological re-
sponse. For this reason, ionizable or polar groups can be added, typically, a
basic amine or a carboxylic acid. It is necessary to develop structurally simpler
compounds while retaining their bioactivity. This can be acchieved by eliminating
chiral centers, but otherwise, addition of chiral centers can increase the selectivity.
Moreover, compound should be chemically stable, thus elimination, replacement
or modification of unstable groups should be done. Variations of substituents at
aromatic or heteroaromatic rings and size changes, introduction or elimination of
heteroatoms, compound stabilization, flexibility or rigidifying also contribute to
drug optimization [36,38,39].

Polar groups added to a ligand are able to establish hydrogen bonds with a pro-
tein. Such bonds can enhance interaction and contribute favorable enthalpies to
the binding energetics by as much as -4 kcal/mol to -5 kcal/mol [14,39]. However,
hydrogen bonds do not necessarily improve binding affinity, because the enthalpy
gains can be reduced by opposing entropy changes [39]. Bond, that is formed
by a functional group of a ligand, will contribute to affinity if it is stronger than
the hydrogen bond that is formed by the group in aqueous solution before com-
plex formation [14]. On the other hand, if a strong hydrogen bond, and thereby
strong enthalpic interaction does not contribute to affinity, it might contribute
significantly to selectivity [39].

One of the ways to improve binding affinity during late-stage optimization is to
introduce nonpolar groups. Such groups increasingly fill the hydrophobic protein
pockets and displace water molecules that were found in well-ordered positions
before the binding of the ligand. Therefore, increased compound lipophilicity
enhances the binding affinity mainly for entropic reasons [14, 40]. By contrast,
displacement of water molecules from poorly hydrated hydrophobic pocket, that
show high residual mobility before ligand binding, results in an enthalpic gain,
i.e. growing hydrophobicity of a compound also can lead into an enthalpy-driven
signal [39,41–43]. Futhermore, the hydrophobic effect can contribute favorably to
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both enthalpy and entropy [44]. It shows that hydrophobic interactions are much
more complex than generally believed.

The other late-stage optimization process is to rigidify the ligand to fix it
into receptor-bound conformation. Such optimization reduces the conformational
degrees of freedom of the bound ligand and reduces entropic contribution, thereby
the affinity increases. A conformationally “locked” compound will have a better
binding affinity and also better selectivity than its flexible analogs [14].

Compound optimization is often based on the thermodynamic parameters of
interaction with the target protein, because modification of the kinetics is difficult
to achieve. The factors underlying binding rates are poorly understood, and thus
it is not easy to attain promising structure-kinetics relationship. Despite this,
there are several examples where association and dissociation rates of interactions
are understood and can be applied to ligand design. For example, the length
of aliphatic alkyl substituent of a compound can influence the kd rate in the
case of thrombin inhibitor [45]. For diphenyl ether binding to Staphylococcus
aureus enoyl-ACP reductase, tighter interaction corresponds to longer residence
times [46]. Miller et al. made a study where he analyzed a database of binding
kinetic data across multiple targets and found that molecular weight influences the
dissociation kinetics more than other molecular properties such as liphophilicity
and flexibility [47].

Crystal structures of protein-ligand complex give more information for com-
pound optimization, but it takes a lot of time to obtain them, not all proteins can
be crystalyzed, etc. Thus, it is useful to understand what happens in complex
formation by using thermodynamic and kinetic parameters.

3 Carbonic anhydrase as a drug target
The carbonic anhydrase (CA, carbonate dehydratase, carbonate hydrolyase ) (EC
4.2.1.1), a superfamily of metalloenzyme, was discovered in bovine erythrocytes
in 1932 [3]. It catalyzes the reversible conversion of carbon dioxide to bicarbonate

CO2 + H2O
 HCO−
3 + H+ (13)

This reaction can occur without a catalyst, but it is too slow and cannot provide
required products for an organism and meet the metabolic needs. The idea that
there must be a catalyst for this reaction, was first raised in 1928 and demonstrated
[3].

Currently, CAs are divided into α−, β−, γ−, δ−, ζ−, η− and θ-CA families.
Enzymes are distributed in all living world, but only α-CAs are found in mammals
and, herewith, in humans. This is the reason why α class posses the greatest
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interest for scientists. Moreover, CA expression disorders cause many diseases,
thus it is “attractive” target for drug design. Therefore, the thesis is focused on
the human CAs.

3.1 Catalytic mechanism of CA
Most of human CA isoforms are monomers [48–51], but CA VI, IX and XII are
dimers [52–55]. The active site of α-CAs is situated deeply in the center of the
molecule at the end of the cone shaped cavity, which begins on the surface. One
side of the active site is hydrophobic and the other one is hydrophilic. In the end
of the cavity is a zinc ion, coordinated by three imidazoles of histidine residues
His94, His96, His119 and a hydroxide ion (catalytically active form) or water
molecule (not active form) as a fourth ligand [55–57].

When the protein is in the catalytically active form, hydroxide ion nucleophili-
cally attacks CO2 molecule, which is bound in the hydrophobic part [58]. Formed
bicarbonate HCO–

3, coordinated by zinc, is exchanged with water molecule and
dissociates. The state with Zn(II)-bound water molecule is not active. Proton
from the water is transfered to the imidazole ring of His64, and afterwards, imi-
dazole ring transfers H+ to buffer solution [57].

Note that amino acid sequences in the active sites slightly differ and His64
residue exists in CA isoforms I, II, IV, VI, VII and XII, while in other isozymes it
is changed. For example, isoform CA III possesses a lysine residue at this position
and therefore has approximately 0.3 % activity compared to CA II. Futhermore,
CA III has replaced His64, His67, and His131 by Lys64, Arg67, and Phe131,
and these aminoacids are found to be the key residues for proton transfer during
catalysis [56]. CA VA has Tyr64 as proton shuttle, instead of His64 [56].

The catalytic rates of different CA isoforms are ranging between 104 and 106

reactions per second. Catalytic activity is modulated by the arrangement of water
molecules in the active site [59] while the spontaneous reaction occurs at a rate
of 0.037 s−1 [60].

3.2 Diseases related to CAs
As mentioned above, substrates and products of CA catalyzed reaction are very
simple molecules, but vital for homeostasis and pH regulation. Thus, even small
changes in protein expression are associated with many diseases. Sulfonamide
inhibitors of CAs are used for the treatment of glaucoma, epilepsy, obesity, some
neurological conditions, and other. Sulfonamides are also used as diuretics. CA
IX and CA XII are highly over-expressed in cancer cells, thus, inhibitors of these
isoforms are in clinical development as anticancer agents/diagnostic tools for hy-
poxic, metastatic tumors [6].
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Cardiovascular diseases

Inhibition of CA II and CA IV are involved in the diuretic effects in humans. These
CAs are highly abundant in several specific nephron segments in the kidney and
maintain acid-base balance, reabsorb bicarbonate and produce NH+

4 [61].
By inhibiting overexpressed CA isoforms, sulfonamides, as diuretics, can al-

kalinize and increase the production of urine [62, 63]. The inhibition of CA II
reduces chloride/bicarbonate exchange activity [61,64], while inhibition of CA IV
diminishes renal acid secretion [61,65,66]. This leads to accumulation of carbonic
acid and reduction in blood pH accompanied with inhibition of reabsorption of
bicarbonate and sodium ions from proximal tubule of kidney. Thus, elimination
of these ions into urine increases, leading to diuresis, which in turn leads to a
reduction in blood volume and pressure.

Eye disorders

CA II, IV, and XII are responsible for the bicarbonate secretion in the anterior
uvea of the eye [67–69]. Bicarbonate is the main constituent of aqueous humor,
which causes high intraocular pressure (IOP). Inhibition of these CA isoforms
shows the IOP reducing effect by decreasing aqueous humor secretion [70, 71]. It
was found, that CA inhibition is more effective when systemic inhibitors are used
as compared with topical, but oral consumption causes many side effects [72,73].

IOP was formerly synonymous with glaucoma, but about 20 % of patients have
a normal IOP. Thus, glaucoma can be defined as an optic neuropathy. Despite
this, intraocular pressure remains the major and only treatable risk factor [73].

Furthermore, CA IV inhibition contributes to treatment of macular edema [74],
which is associated with a variety of ocular conditions, including postoperative
inflammation, retinal vein occlusions, uveitis, and diabetic retinopathy [75]. In-
hibition of CA IV results in subretinal space acidification and increased chloride
ion transport [76].

Study made with topical dorzolamide and oral acetazolamide showed 40 % and
28 % improvement in macular edema, respectively [77]. As in glaucoma treatment,
oral CA inhibitors have more side effects than topical ones [76]. There is still a
continued effort to improve therapeutic agents for the treatment of eye disorders.

Obesity

Recent statistics indicate that obesity is an increasingly serious clinical and socioe-
conomic problem, one of the greatest public health challenges, which negatively
affects the quality of life and reduces average life expectancy worldwide. To avoid
more disorders that arise from overweight, physical activity, maintenance of lower
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body weight and behavioral therapy to reinforce weight reduction have to be in-
duced to optimize weight loss. When it does not help to normalize body weight, it
may be necessary to involve a pharmacological agent for the treatment in addition
with lifestyle intervention [78].

Current potential to treat obesity with drugs is very limited [78]. There have
been many weight loss drugs that have been developed to affect the obesity, but
all of these drugs have risks of serious side effects [79].

It was shown that weight loss is a side effect in a treatment of epilepsy by CA
inhibitors [80]. Three CA isoforms participate in biosynthesis of fatty acids: CA
II, CA VA and CA VB [80]. Inhibition of these isozymes decrease lipogenesis in
the mitochondria and cell cytosol [78].

Neurological disorders

High altitude illness is an inadequate acclimatization. It begins with acute moun-
tain sickness and may progress to high-altitude cerebral edema, which is marked
by brain swelling and increased intracranial pressure leading to other disorders
and ultimately death if not treated quickly [81].

By inhibiting the CA, sulfonamides such as acetazolamide and benzolamide, re-
duce renal bicarbonate reabsorption, causing a bicarbonate diuresis and metabolic
acidosis that increase respiratory rate and speed up acclimatization. CA II is not
inhibited at low doses of acetazolmide, so it is still fully functional in the vascu-
lature. However, CA IV is completely inhibited by even very low doses of aceta-
zolamide, leading to CO2 retention in cerebral tissue and increased CO2 pressure
of cerebrospinal fluid. CO2 changes in the cerebrospinal fluid is sufficient to drive
up alveolar ventilation [82].

Carbonic anhydrase I expression was increased in the spinal cord of patients
with amyotrophic lateral sclerosis. This suggests that this isoform may have an
important function in motor neuron degeneration [83].

CAs are also associated with obstructive sleep apnea [82], cerebral ishemia [84],
Alzheimer’s disease [85], epilepsy [86] and others, but the mechanism how CA
inhibition contributes to treatment is not clear. Therefore, carbonic anhydrases
are very interesting research objects and alternative CA inhibitors could give
additional information.

Cancer

The reversible hydration of carbon dioxide to carbonic acid excecuted by CA is
relevant for metabolism and pH regulation of tumor cells [87, 88]. Expression
of two CA isoforms IX and XII is significantly increased under tumor hypoxic
conditions, thus these isozymes are characterized as tumor markers in human
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cancers [88, 89]. CA XII is expressed in many healthy tissues [89], but CA IX
is only detected in the gastrointestinal tract. However, CA IX becomes highly
expressed and serves as a hypoxic biomarker in the majority of solid tumors [87,
90, 91]. CA XII, also regulated by hypoxia, has received less attention than CA
IX, but is usually expressed in the same cancerous cells as CA IX [89].

Cancer cells differ from normal cells. One of the differences is an abnormal
growth of cancerous cells due to an erratic vasculature [92–94]. Strong hypoxic
condition is created due to a large diffusion distance between nutritive blood ves-
sels and the lack of oxygenated blood supply [92, 94]. CAs help tumors to adapt
to hypoxic stress by neutralizing the acidic conditions of the tumor microenvi-
ronment [94, 95]. Other differences of tumor cells comparing to normal ones are
prolonged extracellular acidification (pHe), which contributes to a number of as-
pects including metastasis, and increased intracellular pH (pHi), which favors cell
proliferation [90,96].

Inhibition of CA IX affects the pHe and pHi of the cancer cells [97, 98] and
stops their growth and migration [99], thus confirming CA IX importance for
tumor progress. Selective and potent CA IX and CA XII inhibitors are valuable
in cancer treatment.

3.3 CA inhibition by sulfonamide compounds

CA inhibitors can be divided into two groups: those that coordinate the zinc in
the active site and those that do not [6]. Here we are focus only on primary
sulfonamide bearing inhibitors that bind directly to the zinc cation, thus, other
inhibition mechanisms will not be described.

Sulfonamides are the most important class of CA inhibitors, with 9 compounds
in clinical use today [100] and their inhibition mechanism is well understood.
Sulfonamide bind to the active site in deprotonated form. CA must be protonated,
thus binding occurs when hydroxy group is replaced by H2O molecule (CA is
not catalytically active). Deprotonated sulfonamide replace Zn(II)-bound solvent
molecule. Sulfonamide N atom is involved in a coordinating bond with the zinc
and hydrogen atoms act as a H-bond donor to Thr199 and to Glu106 [101].

CA−H2O + RSO2NH− 
 CA−NH−SO2R + H2O (14)

Even if strong electrostatic interaction occurs between the negatively charged
sulfonamide and the positively charged zinc cation, association of these two molecu-
les is described as a slow process. Therefore, many hypothesis about multistep
mechanisms appeared [102–104].

The existing drugs [100] suggest that the most successful and mostly used
inhibitor design is “the tail approach”, when appending “tails” to the scaffolds of
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aromatic-heterocyclic sulfonamides possessing different derivatives, in such way
that an elongated molecule is obtained with its tail being able to interact with
amino acid residues from the middle of the active site cavity, where they could
interact with either the hydrophobic, the hydrophilic (or both) edge, which is the
most variable region of the various CA isoforms [6].

Due to active site conservation among CA isoforms, cross-reactivity of CA in-
hibitors occurs and causes side effects. It necessitates the development of isoform-
specific binders. Therefore, membrane impermeant inhibitors, which would specif-
ically inhibit membrane-associated CAs without interacting with the cytosolic or
mitochondrial isoforms, were designed.

4 Protonation of interacting components
As mentioned above, deprotonated sulfonamide can bind to protonated active site
of CA and inhibit it. When protonation influence to binding affinity was noticed,
inhibition activity of sulfonamides towards CA was related to ionization constants
and indicated that the more potent inhibitor has lower pKa [105].

CA interaction with thiocyanate at different pHs shows that the highest inhi-
bition constant is at low pH [106]. Thiocyanic acid has a very low pKa and in
pH range between 5 and 11 exists in deprotonated form, while CA has pKa about
7 and most of protein is protonated at low pH and becomes deprotonated when
pH>pKa. So, at pH 5 no protonation reactions have to occur, thus inhibition
constant is highest. At basic pHs protonated fraction of CA becomes lower, less
molecules can interact with thiocyanic acid, therefore the affinity becomes less
potent.

In the case of sulfonamidic compounds, sulfonamide group has pKa in the
range between 8 and 11. Thus, at physiological pH half of CA and almost all
compound is protonated. It means that at every pH only a small part of CA and
sulfonamide can interact and the observed constant will never reach the highest
(intrinsic) value.

The enthalpy of protein-ligand binding depends on protonation enthalpies of
protein (∆pHCA) and ligand (∆pHRSO2NH2

). Protons are picked up from the buffer
or released to it, thus pH and protonation enthalpy of buffer (∆pHbuf) also in-
fluences the observed thermodynamic and kinetic values [14]. Buffer does not
have influence on binding, inhibition or association constants of interaction, i.e.
constants should be similar in every buffer. However, for enthalpy measurements,
deprotonation of sulfonamide group, protonation of zinc-bound hydroxide, ab-
sorbtion or donation of buffer protons needed for interacting components are im-
portant. All these reactions are reflected in the measured ITC heat signals and
due to different protonation enthalpies of various buffers, the observed enthalpies
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of binding vary and may even change the sign in the presence of binding-linked
protonation reactions.

Human CA isoforms have slightly different amino acid residues in the active
sites and this is the reason why catalytic activity and ionization constants of
Zn(II)-bound H2O/OH– are not simmilar [107–109]. All pKa and ∆pHCA values,
are listed in Table 1. Since the interest of CA as a target protein has risen,
ionization constants were observed by different catalytic methods, such as stopped-
flow, Wilburn-Anderson or by using O18 exchange method. Taking into account
that some discrepancies can appear in comparison of kinetic and thermodyamic
assays, pKa values were determined by FTSA and ITC methods. Protonation
enthalpies of CA-Zn(II)-H2O can be determined only by ITC measuring ∆bH of
CA-ligand interaction at different pHs. Note, that the values presented in Results
section are listed in Table 1 too.

The pKa of sulfonamide group of a compound can be determined spectropho-
tometricaly, collecting spectra of equal concentrations of compound at different
pHs [43] or by potentiometric titration using a pH-meter [110]. In some cases,
compound can have limited solubility or two protonation groups that cannot be
separated, then pKa of structurally similar compound, which is more soluble or
has only SO2NH2 as protonated group, is used. The other way to determine ion-
ization constant of such compounds is the linear correlation of NMR chemical
shifts of sulfonamide group protons and experimentally determined pKa. The
pKa of the sulfonamide group often correlates with the thermodynamic parame-
ters of binding to CA [109]. The ∆pHRSO2NH2

of sulfonamide group can be easily
obtained by ITC [110].

To summarize, the Kb or association constants of interaction cannot be com-
pared if measured at different pHs, ∆bH cannot be compared if observed at dif-
ferent buffers, unless protonation influence is subtracted.

Table 1 Thermodynamics of CA protonation were obtained at 25°C and 37°C. The
pKas are compared with the values found in literature.

CA isoform pKa (lit.) pKa ∆pG ∆pH −T∆pS

25°C 37°C 25°C 37°C 25°C 37°C 25°C 37°C

CA I

8.1 [111]

8.4 8.1 -47.9 -48.2 -41.0 -38.5 6.9 9.7
6.9 [112]
7.1 [113]
7.3 [114–116]

CA II
6.9 [117,118]

7.1 6.9 -40.5 -41.1 -26.0 -23.5 14.5 17.67.1 [112]
6.8 [119]

CA III
∼ 5.0 [119–121]

6.6 6.5 -44.0 n/d n/d n/d n/d n/d
<6 [122]

CA IV e.coli 6.2 [123]
6.8 6.6 -38.8 -39.0 -33.0 -30.5 5.8 8.5

CA IV murine 6.6 [124]
CA VA 7.3 7.3 n/d n/d n/d n/d n/d n/d

Continued on next page
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Table 1 – Continued from previous page
CA isoform pKa (lit.) pKa ∆pG ∆pH −T∆pS

25°C 37°C 25°C 37°C 25°C 37°C 25°C 37°C
CA VB 7.2 7.0 -41.1 -41.5 -30.0 n/d 11.1 n/d
CA VI e.coli 6.2 6.0 -35.4 -35.6 -32.0 -29.0 3.4 6.6
CA VI saliva 5.5 n/d -31.4 n/d n/d n/d n/d n/d
CA VI mammalian 5.5 n/d -31.4 n/d n/d n/d n/d n/d
CA VII

7.0 6.8 -40.0 -40.2 -33.0 -30.5 7.0 9.7
CA VII murine 6.2 [125]
CA IX 6.3 [126]

6.8 6.6 -38.8 -39.4 -24.0 -21.5 14.8 17.9CAcd IXa 7.0 [112]
CAfl IXb 6.5 [112]
CA XII 7.1 [127]

7.0 6.8 -40.0 -40.4 -28.0 -25.5 12.0 14.9
CA XII 6.9 [112]
CA XIII 8.3 8.0 -47.4 -47.5 -44.0 -41.5 3.4 6.0
CA XIV 6.9 [112] 6.3 6.1 -36.0 -36.2 n/d n/d n/d n/d
Unpublished data is listed in italic; n/d - no data; ∆pG, ∆pH, and −T∆pS units are kJ mol−1

5 Intrinsic parameters of protein-ligand binding

Proton linkage can dramatically influence observed thermodynamic and kinetic
values. This was determined with different protein systems [128–130]. In case of
carbonic anhydrase binding, the observation that the inhibition constants vary due
to protonation changes was made in 1963 [131]. Thus, the pH at which protein-
ligand interaction occurs, plays a critical role in defining the binding affinity. The
protonation enthalpy of buffer plays a critical role in defining the binding enthalpy
too. As entropy cannot be determined experimentally, but is calculated from the
difference between ∆bG and ∆bH, this will result in a false partitioning of enthalpy
and entropy. An investigation of the binding energetics requires the dissection of
the buffer-related contributions. Unfortunately, the observed parameters could
mislead us when comparing compounds with significantly different pKas. In such
cases, the structure — thermodynamics and structure — kinetics correlations
may lead to incorrectly understood physical reasons for an increased or decreased
affinity.

5.1 Intrinsic thermodynamic parameters of binding

First time the term “intrinsic” was mentioned in 1997 by Javier Gomez and
Ernesto Freire [132]. They described all reactions that take place during pro-
tein ligand binding and derived the equations.

For the carbonic anhydrases, the observed thermodynamic parameters repre-
sent the sum of linked events: protein-ligand binding and at least three protona-
tion–deprotonation reactions:
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Observed : CA−OH− + RSO2NH− + H+ + B− 
 CA−NH−SO2R + H2O + B

Intrinsic : CA−H2O + RSO2NH− 
 CA−NH−SO2R + H2O

Ligand : RSO2NH− + H+ 
 RSO2NH2

Protein : CA−OH− + H+ 
 CA−H2O

Buffer : B− + H+ 
 B

Observed = Intrinsic+ Ligand+ Protein+Buffer

(15)
Fraction of deprotonated sulfonamide can be calculated when the protonation

pKa is known:

fRSO2NH− =
10

pH−pKa_RSO2NH−

1 + 10
pH−pKa_RSO2NH−

(16)

Similarly, the fraction of enzyme molecules with protonated water molecules bound
to the active site Zn atom can be calculated if respective protonation pKa is
known:

fCAZnH2O =
10pKa_CAZnH2O

−pH

1 + 10pKa_CAZnH2O
−pH

(17)

The intrinsic binding constant Kb_intr is equal to the observed binding constant
Kb_obs divided by the available fractions of protonated Zn(II) hydroxy anion and
deprotonated inhibitor:

Kb_intr =
Kb_obs

fCAZnH2OfRSO2NH−
(18)

The intrinsic Gibbs energy can be calculated according to equation (4):

∆bGintr = −RT lnKb_intr (19)

The intrinsic enthalpy of binding has contributions from the observed binding en-
thalpy (∆bHobs), protonation enthalpies of inhibitor (∆pHRSO2NH2

), CA (∆pHCA)
and the buffer (∆pHbuf):

∆bHintr = ∆bHobs − nRSO2NH2
∆pHRSO2NH2

− nCA∆pHCA + nbuf∆pHbuf (20)

where nRSO2NH2
= fRSO2NH− – 1 is the number of protons binding to the inhibitor,

nCA = 1 – fCAZnH2O is the number of protons bound to Zn(II)-hydroxide, and
n = – (nCA + nRSO2NH2

) is the sum of uptaken or released protons.
However, it is enough to perform this analysis only once for each CA isoform

by using one model inhibitor. Intrinsic parameters of binding of other inhibitors
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can be calculated.

5.2 Intrinsic kinetic parameters of binding
The association and dissociation rate of sulfonamide-CA interaction depend on
pH. It was shown by Taylor, King, and Burgen in 1970 [133]. They showed that ka
as a function of pH is related to the ionization constants of the protein and ligand
and can be calculated. However, kd of binding was insensitive to pH changes.

Fractions of ligand and protein, interacting at certain pH, can be calculated
using equations (16) and (17). Intrinsic association constant ka_intr is:

ka_intr =
ka_obs

fCAZnH2OfRSO2NH−
(21)

Despite this finding in 1970s, there are no more studies, where protonation
effect would be dissected from the kinetic data.
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6 Materials

6.1 CA inhibitors

Commercial ligands were purchased from “Sigma Chemical Co” (EZA, AZM,
para-methyl benzenesulfonamide (p-MBS)). These compounds were used without
further purification.

All other CA inhibitors used in this study were synthesized in the Department
of Biothermodynamics and Drug Design, Institute of Biotechnology, Vilnius uni-
versity. Structures and purity of these compounds were confirmed by NMR, IR
spectroscopy and MS methods.

6.2 Proteins

All recombinant human CA isoforms used in this study - CA I (3-261 amino
acids), CA II (1-260 amino acids), CA III (4-260 amino acids), CA IV (19-284
amino acids), CA VA (35-305 amino acids), CA VB (40-317 amino acids), CA VI
(21-290 amino acids), CA VII (1-264 amino acids), CA IX (138-390 amino acids),
CA XII (30-291), CA XIII (1-262 amino acids) and CA XIV (16-280 amino acids)
- were expressed and purified in Department of Biothermodynamics and Drug
Design, Institute of Biotechnology, Vilnius university. CAs were expressed in
Escherichia coli, except CA IX, which was expressed in mammalian cells, and
purified using chromatography. Their purity, as determined by electrophoretic
analysis SDS-PAGE, was ∼ 90 %. Protein concentration before experiments were
measured spectrophotometrically.

6.3 Chemicals

ANS (Aldrich Chemicals, ≥ 97 %), CH3COONa (Fluka Chemie, ≥ 99 %), DMSO
(Roth, ≥ 99.5 %), H3PO4 (Sigma Aldrich, 85 % solution), HCl (Alfa Aesar,
36.5–38 %), Na2B4O7·10H2O (Spectrum Chemical MFG corp., ≥ 99.5 %), Na2HPO4

(Fluka Chemie, ≥ 99 %), Na3PO4 · 12H2O (Roth, ≥ 98 %), NaCl (Roth, ≥ 99.5
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%), NaH2PO4· H2O (Fisher Scientific, 99.4 %), NaOH (Alfa Aesar, ≥ 98 %), Tris-
OH (Sigma, ≥ 99.9 %), Tris-HCl (Sigma, ≥ 99 %), NHS (N-hydroxysuccinimide)
(Sigma Aldrich, 98 %), EDC (1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide-
hydrochloride) (Sigma Aldrich, 98 %), ethanolamine hydrochloride (Sigma Aldrich,
≥ 99 %).

6.4 Buffers

Phosphate buffer: solutions of 50 or 100 mM Na2HPO4, containing 100 mM
NaCl and 50 or 100 mM NaH2PO4, containing 100 mM NaCl were mixed at
appropriate ratios to reach desired pH value.
TRIS buffer: solutions of 50 mM Tris-OH, containing 100 mM NaCl and 50
mM Tris-HCl, containing 100 mM NaCl were mixed at appropriate ratios to reach
desired pH value.
Universal buffer: Four solutions of

• 50 mM CH3COONa, 25 mM Na2B4O7,100 mM NaCl and Na3PO4

• 50 mM CH3COONa, 25 mM Na2B4O7,100 mM NaCl and Na2HPO4

• 50 mM CH3COONa, 25 mM Na2B4O7,100 mM NaCl and NaH2PO4

• 50 mM CH3COONa, 25 mM H3BO3, 100 mM NaCl and H3PO4

were mixed to reach desired pH value that was verified by pH-meter.

7 Methods

7.1 Fluorescent thermal shift assay (FTSA)

Experimental procedure

Fluorescent thermal shift assay experiments were performed in a Corbett Rotor-
Gene 6000 (Qiagen Rotor-Gene Q) instrument using the blue channel (excitation
λ=365±20 nm, detection λ=460±15 nm). Protein samples containing various con-
centrations of inhibitor were heated from 25°C to 99°C while recording extrinsic
fluorescence and determining the protein melting temperatures at each inhibitor
concentration. Samples contained 10 µM protein, 0–200 µM ligand, 50 µM solva-
tochromic dye ANS and 50 mM sodium phosphate buffer containing 100 mM NaCl
at pH 7.0, with a final DMSO concentration of 2 %. The applied heating rate was
1°C min−1.
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Determination of protein melting temperature

Protein melting temperatures (Tms) were determined by fitting the experimen-
tal protein melting curve according to equation, which describes fluorescence of
protein-dye complex:

y(T ) = yN +
yU − yN

1 + e∆UG/RT
= yU +

yN − yU
1 + e−∆UG/RT

(22)

where ∆UG is the Gibbs energy of unfolding, and yN and yU are the fluorescence
intensity of native and unfolded proteins, respectively.

The ∆UG can be described as a difference of unfolding enthalpy ∆UH and
unfolding entropy ∆US of protein:

∆UG = ∆UH − T∆US, (23)

The yN and yU depend on temperature:

yN(T ) = yN,Tm +mN(T − Tm), (24)

yU(T ) = yU,Tm +mU(T − Tm), (25)

where mN and mU are the slopes of the fluorescence dependencies on temperature
of native and unfolded protein, respectively (Fig. 2).
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Figure 2 Fluorescence intensity changes dependence on protein stability.Red lines show
the slopes of the fluorescence intensity of the native (mN ) and unfolded (mU ) protein.
The Tm is a melting point where half of the protein molecules are native and half of
them are unfolded.

Determination of the binding constant

The temperature-induced protein transition from native (N) to unfolded (U) state
can be affected by a ligand (L) which stabilizes or destabilizes the protein upon
binding:
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[U ] + [Lf ]
KU

�[Nf ] + [Lf ]
Kb

�[Nb], (26)

where [Lf ] is concentration of a free ligand, [Nb] is concentration of bound native
protein and ligand. TheKU andKb are constants of protein unfolding and binding,
respectively, and they can be described:

KU =
[U ]

[Nf ]
= e−(∆GU/RT ), (27)

Kb =
[Nb]

[Nf ][Lf ]
= e−(∆Gb/RT ), (28)

where ∆GU and ∆Gb are the Gibbs energies of unfolding and binding, respectively.
[Lf ] can be expressed from equation 28:

[Lf ] =
[Nb]

Kb[Nf ]
. (29)

Total ligand concentration Lt is equal to the sum of [Lf ] and bound ligand [Nb]:

Lt = [Lf ] + [Nb]. (30)

Combining equation 29 and 30 one obtains:

Lt =
[Nb]

Kb[Nf ]
+ [Nb] = [Nb](

1

Kb[Nf ]
+ 1). (31)

From the equation 27, [Nf ] is equal to:

[Nf ] =
[U ]

KU

. (32)

Pt is total concentration of protein and, thus, a sum of concentrations of unfolded
[U ], native free [Nf ] and native bound [Nb] protein:

Pt = [U ] + [Nf ] + [Nb].. (33)

Using equations 32 and 33 one obtains:

[Nb] = Pt −
[U ]

KU

− [U ]. (34)

This expression together with equation 31 leads to:

Lt = (Pt −
[U ]

KU

− [U ])(
1

Kb
[U ]
KU

+ 1). (35)
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At a melting temperature, Tm, [U ] = Pt

2
and thus the determination of bind-

ing constant, using Tms of various ligand concentrations, are described using the
equation:

Lt = (Pt − Pt

2KU
− Pt

2
)( 2KU

KbPt
+ 1) = (Pt

2
− Pt

2KU
)( 2KU

KbPt
+ 1) =

= Pt

2KU
(KU − 1)( 2

Pt

KU

Kb
+ 1) = (KU − 1)( 1

Kb
+ Pt

2KU
).

(36)

7.2 Isothermal titration calorimetry (ITC)

Protein-ligand binding

ITC experiments were performed by using VP-ITC instrument (Microcal, Inc.,
part of Malvern, Northampton, MA, USA). For the binding reactions the calorime-
ter cell contained 4-10 µM protein, 2 % DMSO, 50-100 mM sodium phosphate
buffer (pH 7.0) and 100 mM sodium chloride. Syringe contained 40-100 µM ligand,
2% DMSO, 50-100 mM phosphate buffer (pH 7.0) and 100 mM sodium chloride.
Experiments consisted of 25 injections, volume of the first injection was 1-5 µL,
while others were 10 µL, added at 200 s intervals, at 25 or 37 °C.

The experiments of EZA binding at various pHs were performed using 4-6 µM
of protein, 2% DMSO, 50-100 mM sodium phosphate or TRIS buffer containing
100 mM sodium chloride in the cell and 40-60 µM of EZA, 2% DMSO and 50-100
µM phosphate or TRIS buffer containing 100 mM sodium chloride in the syringe.
Buffer solution was the same in the syringe and in the cell and pH values were
checked before and after the experiment. Experiments consisted of 25 injections,
volume of the first injection was 5 µL, while others were 10 µL, added at 3-4 min
intervals, at 25 °C.

ITC data were analyzed using MicroCal Origin software. The first point in
the integrated data graph was omitted. The binding constants, enthalpies, and
entropies of binding were estimated after fitting the data with the single binding
site model.

Protonation enthalpy of the compound

The enthalpy of inhibitor protonation was measured by titrating with 5 mM HNO3

the cell solution containing the inhibitor (0.25 mM) and 1.5 equivalent (0.375 mM)
of NaOH. The experiment consisted of 56 injections. The volume of each injection
was 5 µL, added at 200 s intervals. DMSO concentrations in the syringe and the
sample cell were equal (2.5%). Experiments were performed at 37 °C.
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7.3 Surface plasmon resonance (SPR)

Interaction kinetic assays were performed with Biacore S51, Biacore T200 sur-
face plasmon resonance biosensor instruments (GE Healthcare, Uppsala, Sweden).
Vladimir O. Talibov at Uppsala University (Sweden) performed experiments using
Biacore 2000 instrument (GE Healthcare, Uppsala, Sweden) as well. All experi-
ments were performed at 25 °C.

Sensor surface preparation

Proteins were buffer-exchanged against the buffers without primary amines and
immobilized on a research-grade CM5 and Series S CM5 Sensor Chip (GE Health-
care, Uppsala, Sweden) using a standard amine coupling procedure. Carboxyme-
thyldextran matrix of the sensorchip was activated with 0.1 M NHS and 0.4 M
EDC at a flow rate of 10-20 µLmin−1 for 7 min.

For immobilization, 75 µgmL−1 of CA I, 100 µgmL−1 of CA II, 25 µgmL−1 of
CA VII, 100-200 µgmL−1 of CA IX, 25 µgmL−1 of CA XII, and 75-200 µgmL−1

of CA XIII were used. The coupling buffer (10 mM sodium acetate buffer) pH
5.0 was used for CA I, CA II, CA VII, CA XII, and CA XIII and pH 4.5 for
CA IX. Unreacted activated groups of the dextran matrix were deactivated by
injection of 1 M ethanolamine hydrochloride (pH 8.5) for 10 min. Immobilization
was performed using 10 mM phosphate buffer containing 150 mM NaCl, pH 7.4 as
a running buffer.

Interaction kinetic analysis

Interaction assays were performed using 50 mM sodium phosphate (in the pH
range from 6 to 8), TRIS (at pHs 8.5 and 9) or sodium acetate (at pH 5.5)
buffers supplemented with 100 mM NaCl and 2 % (v/v) DMSO as a running buffer.
Compounds were prepared from 10 mM DMSO stock solutions, diluted in the
running buffer. At a flow rate of 30 or 90 µLmin−1 association was monitored for
30-60 s, dissociation time was varied upon the interaction stability. For ligands
with a slow dissociation rate, a regeneration step was included in the assay cycle.
Regeneration was performed by a 60 s injection of 200 µM sulphanilamide dissolved
in the running buffer. At the end of each cycle, the flow system except for the
flow cell itself was washed with 25% DMSO to avoid carry-over effects.

Theoretical binding constants at every pH were calculated using equation 18.
Concentration ten times higher than expected KD value was used as the highest
concentration in 2-fold dilution series for each pair of protein-ligand at each pH
value. Each concentration series consisted of 6 analytical injections and 2 blank
injections of a running buffer.
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SPR data analysis

Acquired sensorgrams were double-referenced against an empty surface and an
average of blank injections, solvent corrected and analysed using BIAcore T100
v.2.0, BIAcore T200 v.1.0 and BIAevaluation v.3.0 software (GE Healthcare, Up-
psala, Sweden). Global curve analysis was performed according to the standard
1:1 interaction model.

7.4 Spectrophotometric measurements
To determine the pKa of the ligands, the spectrofotometer model “Agilent 89090A”
was used. Ligand solution (final concentration 30–50 µM, containing 1% DMSO)
was added to a buffer solution (100 mM, ranging from pH 5.5 to 12.5 at every half
pH unit) and a UV–VIS spectra were recorded at 37°C. The ratio of absorbances
(typically 10 nm above and below the isosbestic point) was plotted as a function
of pH.

7.5 Calculation of intrinsic parameters
The equations which were used to calculate intrinsic parameters are described in
Literature overview section 5.
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8 Characterization of human carbonic anhydrases
I, IX, and XII protonation reaction

All catalytically active CA isoforms have zinc ion, coordinated by three histidine
residues and hydroxy ion/water molecule, in the active site. Surrounding amino
acids slightly differ in isoforms, thus catalytic activity and pKa values of Zn(II)-
bound OH–/H2O varies among the CAs. Due to these variations, the influence
of protonation to binding energetics of every isozyme is different and must be
defined.

The pKa values of CA I, IX and XII were determined by FTSA1and ITC
methods at 25°C temperature. Ethoxzolamide (EZA), well known CA inhibitor,
was chosen for the experiments. Figure 3 panel A shows FTSA results of ligand
binding to CA IX at two different pHs. The stronger binding at pH 6.0 than
at pH 5.0 can be seen from the greater upshift. Addition of the compound to
the solution of CA IX shifts the protein melting temperature upwards. The inset
shows Tms as a function of added ligand and melting curves exhibit a continuously
increasing behavior.

Figure 3 panel B demonstrates the ITC data in buffers with different proto-
nation enthalpies at various pHs, indicating that the pH influences not only the
binding constants but also the enthalpies. However, the Gibbs energies do not
depend on buffer at the same pH (Table 2).

Table 2 Observed thermodynamic parameters of EZA binding to CA I, CA IX, and
CA XII in phosphate and TRIS buffers, determined by FTSA and ITC at 25°C. The
data of ∆bG

ITC
obs is the average of the Gibbs energies observed in phosphate and TRIS

buffers.

CA pH ∆bG
FTSA
obs ∆bG

ITC
obs ∆bH

Pi
obs ∆bH

Tris
obs

CA I
5.0 -33.4 - - -
6.5 -43.1 -41.7 -24.7 -66.6
7 -46.3 -44.0 -28.4 -63.4

Continued on next page

1FTSA experiments of EZA binding to CA I at various pHs were performed by Vaida Linku-
vienė, Miglė Kišonaitė, dr. Asta Zubrienė, and dr. Lina Baranauskienė. FTSA experiments of
EZA binding to CA XII at various pHs were performed by dr. Asta Zubrienė.
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Table 2 – Continued from previous page
CA pH ∆bG

FTSA
obs ∆ITC

b Gobs ∆bH
Pi
obs ∆bH

Tris
obs

CA I
7.5 -46.5 -42.4 -34.4 -63.4
9 -44.9 -41.0 -38.0 -47.5

CA IX

7 -49.9 -50.2 -42.6 -58.2
7.5 -50.1 -49.1 -50.2 -49.0
8 -49.1 -49.3 -55.9 -38.0
8.5 -48.4 -48.2 -65.9 -38.7

CA XII

6 -44.5 -41.4 -30.4 -64.2
7.5 -45.7 -45.2 -39.5 -55.7
8 -43.5 -45.2 -57.1 -45.6
8.5 -39.4 -42.3 -67.4 -38.2

The ligand binding affinity as a function of pH is shown in Figure 4. The
Gibbs energy has a U-shape dependence on pH (Fig. 4 Panels A, C, and E).
The solid U-shape line is a fit of experimental data to a model and the intrinsic
Gibbs energies of isozymes binding to EZA (solid straight line) were determined
(∆bGintr =−51.4 kJmol−1 for CA I, ∆bGintr =−59.6 kJmol−1 for CA IX, and
∆bGintr =−53.5 kJmol−1 for CA XII). The intrinsic affinity is always greater
compared with observed. The pKa values of CA I, IX, and XII were also de-
termined from these data and are equal to 8.4, 6.8, and 7.0, respectively (Table
1).
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Figure 3 The observed FTSA and ITC data of EZA binding to CA IX at different pHs.
Panel A shows the protein melting temperature dependence on ligand concentration at
pH 5.0 (open squares) and 6.0 (filled squares). The inset shows the raw curves of CA
IX unfolding as a function of temperature in universal buffer at pH 5.0. Panel B shows
ITC titrations of EZA binding to CA IX in phosphate and TRIS buffers, and different
pHs. The inset shows the raw data of binding in phosphate buffer at pH 7.5. The filled
squares represent the ITC data in TRIS buffer at pH 8.5, filled triangles - in phosphate
at pH 8.5 and open squares - in phosphate at pH 7.5. The experiments were performed
at 25°C.

To determine the protonation enthalpies of the Zn(II)-bound hydroxide anion
in the active sites of studied CAs and the intrinsic enthalpy of EZA binding,
ITC titrations in buffers with highly different protonation enthalpies (TRIS and
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reaction

sodium phosphate) were performed in a series of pHs (Figure 4, panels B, D, and
F). The pH dependence of the observed enthalpy (∆bHobs) of EZA binding to
CAs exhibited an X-shape. The solid sigmoidal line shows the observed enthalpy
that would be determined if the buffers had zero enthalpy of protonation. It
means that only the protonation contributions from the ligand and protein would
be observed. The horizontal solid line shows the intrinsic enthalpy (∆bHintr) that
was obtained from this analysis of the ITC data. The dashed and dotted lines
represent the fits of experimental data in phosphate and TRIS buffers, respec-
tively. These fits show that the intrinsic enthalpy of EZA binding to studied
isozymes is ∆bHintr =−50.0 kJmol−1 for CA I, ∆bHintr =−53.0 kJmol−1 for CA
IX, ∆bHintr =−50.6 kJmol−1 for CA XII. Thus, the ∆bHintr was slightly less
exothermic for CA I than for CA IX and CA XII due to more exothermic proto-
nation enthalpy of CA I. The intrinsic enthalpies contribute the dominant fraction
to the Gibbs energy of binding of EZA to CAI, CA IX and CA XII. The entropy
contribution to binding affinities is negligible. Fit of ITC data also confirmed pKa

values determined by FTSA method.

In conclusion, the protonation pKa of the Zn(II)-bound hydroxide anion in
the catalytic domain of human recombinant CA isoforms I, IX, and XII is equal
to 8.4, 6.8, and 7.0, respectively, determined by FTSA and ITC methods at 25°C.
The enthalpies of protonation of the hydroxide bound to the Zn atom in the active
center of CAI, CA IX and CAXII are equal to -41.0 kJ mol−1, -24.0 kJmol−1, and
-28.0 kJ mol−1, respectively. Subtraction of the pH and buffer effects by using the
model of linked protonation reactions yielded the intrinsic binding enthalpies and
Gibbs energies of EZA binding to three isoforms of human CAs. The obtained
enthalpies of protonation of these three CA isoforms can be used to calculate
the intrinsic Gibbs energy and enthalpy of binding of any compound of interest
without the need to perform these large series of titrations at various conditions.
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Figure 4 EZA binding to CA I, IX, and XII dependence on pH. Panels A, C, and E
show the Gibbs energy as a function of pH. Filled circles are the datapoints observed
by FTSA, open circles - obtained by ITC method. Solid curve is a theoretical model
of binding according to equation 19, dotted and dashed lines show a contribution of
a fraction of deprotonated EZA and protonated CA. The straight line is the intrinsic
Gibbs energy of binding. Panels B, D, and F show binding enthalpy dependence on pH
obtained by ITC. Filled and open circles show the data observed in sodium phosphate
and TRIS buffer, respectively. Dashed and dotted curves correspond theoretical models,
solid curve is a theoretical model of ∆bHobs when buffer does not have protonation
enthalpy. Solid straight line is the intrinsic enthalpy of binding.
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9 Observed and intrinsic thermodynamics of meta-
and para-substituted benzenesulfonamide bind-
ing to CA

Modifications of benzenesulfonamide compounds influence their binding to car-
bonic anhydrases. Rational changes in tail moiety can modulate interactions with
the enzyme and increase or decrease binding affinity. It is known that active site of
several CA isoforms is composed of a hydrophobic and a hydrophilic side. For this
reason compounds bearing two tails, one more hydrophobic than the other one,
were synthesized and thermodynamic properties of complex formation were inves-
tigated. The binding thermodynamics of the two-tailed compounds was compared
to the single-tailed compounds.

The dissociation constants (or Gibbs energies) of 25 structurally related ben-
zenesulfonamides binding to 12 CA isoforms were experimentally determined by
FTSA. Figures 5 and 6 show the structures of studied compounds and Gibbs
energies of binding, where numbers on the arrows show the differences between
∆bGobss of two structurally similar compounds. Observed dissociation constants
are listed in Table 3. Comparison of Kd values observed by FTSA and ITC meth-
ods are shown in Fig. 7. Although both FTSA and ITC methods are in a good
agreement, binding constants determined calorimetrically were not used in this
analysis, because several compounds bound CAs with Kd_obs < 10 nM and Wise-
man c factor was too high for accurate Kb determination. To avoid discrepancies
only FTSA data were used. However, compound EA4-7 interaction to CA XIII
could not be observed by FTSA due to high fluorescence (Fig. 8) and Kb obtained
by ITC were used in analysis.

Table 3 Experimentally measured observed dissociation constants (Kd_obs (nM), deter-
mined by FTSA) of the compound binding to CA isoforms. Experiments were performed
in sodium phosphate buffer at pH 7.0, data shown for 37°C.

Observed dissociation constants Kd_obs (nM) for CA isoforms
Cpd I II III IV VA VB VI VII IX XII XIII XIV
EA8-1 50000 63 12000 10 3400 250 590 11 71 200 710 40
EA4-1-2 100000 63 50000 50 17000 670 1200 17 130 330 830 100
EA11-1 100000 50 50000 110 1200 67 1000 20 140 130 500 59
EA3-1 100000 83 83000 400 5000 400 620 10 170 130 560 67
EA4-1 200000 10 25000 7.1 8300 770 1000 10 50 170 620 63
EA5-1 33000 20 7100 83 5000 83 170 5.0 50 50 400 50
EA12-1 200000 140 45000 n/d 2000 2300 1400 67 290 40 670 87
EA10-1 25000 20 2000 22 670 7.7 140 5.0 91 130 330 13
EA9-1 71000 170 200000 170 2500 77 1400 29 250 1700 180 67
EA7-1 200000 200 100000 330 200000 4000 1400 33 150 400 1200 170
EA3-7 14000 420 500000 n/d 50000 50000 33000 3300 20 4.0 670 n/d
EA3-8 1100 77 20000 n/d 20000 14000 1200 360 1.4 130 180 20
EA4-7 33000 170 160000 n/d 160000 25000 25000 1400 8.3 21 526 77
EA4-8 25000 20 50000 n/d 48000 7700 13000 67 n/d 130 1100 48

Continued on next page
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Table 3 – Continued from previous page
Cpd I II III IV VA VB VI VII IX XII XIII XIV
EA3-3o 1400 3.3 25000 33 330 10 1200 4.0 3.1 20 25 1.8
EA3-3 1000 10 13000 10 590 77 1200 2.5 1.2 2.0 29 n/d
EA4-3 1200 3.7 25000 33 430 29 1700 0.67 0.71 1.0 67 2.0
EA4-3o 1000 1.1 33000 n/d 1400 11 1200 1.4 0.67 8.3 50 1.4
EA3-2o 2000 5.0 8300 n/d 1000 17 910 1.2 3.0 5.6 17 2.5
EA3-2 10000 31 15000 1.4 5600 330 1400 11 4.0 6.2 100 n/d
EA4-2 6700 5.0 33000 1.7 4500 130 830 1.2 2.0 0.83 180 5.6
EA4-2o 1400 3.3 17000 n/d 5600 19 1400 0.33 1.5 3.1 67 4.0
EA3-4o 6300 36 14000 250 710 77 2400 9.1 45 83 130 20
EA3-4 2100 13 5000 33 500 150 1600 3.3 15 10 91 13
EA4-2c 10000 25 77000 2.9 2200 100 1400 7.7 5.0 10 330 6.2
Italic value is for ITC data; the standard error of Kd measurements is ±2 times [31,134]; n/d – no data;
the weakest binders are determined with the limit of 200000 nM.

The enthalpies of compound binding to 4 isoforms (CA II, CA VII, CA XII, and
CA XIII) were also determined by ITC and the entropies were calculated using eq.
5 (Table 4). Several ITC experiments were repeated in the sodium phosphate and
TRIS chloride buffers, because peaks of raw curves were too small in phosphate
and accurate thermodynamic parameters could not be observed (Fig. 9, Panels
A and B) or raw curves were too noisy and baselines were not flat (Fig. 9, Panels
C and D). Several experiments were repeated in TRIS buffer solution even if the
results obtained in phosphate buffer were suitable, to compare thermodynamic
parameters of binding (Fig. 9, Panels E and F).

Table 4 Experimentally determined compound pKa and protonation enthalpy ∆pH
(listed in the first column below compound name), measured the observed Gibbs energies
(determined by FTSA), enthalpies (determined by ITC), and entropies (calculated from
the difference between ∆bH and ∆bG) of the compound binding to four isoforms of
recombinant human CAs. Binding experiments were performed in sodium phosphate
(Pi) and TRIS chloride (TRIS) buffers at pH 7.0. All values were determined at 37°C.

Observed thermodynamic parameters
Compound CA II CA VII CA XII CA XIII

EA3-1
∆bG, kJmol−1 -42.0 -47.5 -40.9 -37.1

pKa=8.8

∆bH
Pi, kJmol−1 -17.8 -21.9 -35.4 -22.4

∆pH=-29.7 kJmol−1

∆bH
TRIS , kJmol−1 n/d -44.4 n/d n/d

−T∆bS
Pi, kJmol−1 -24.2 -25.6 -5.5 -14.7

−T∆bS
TRIS , kJmol−1 n/d -3.1 n/d n/d

EA4-1
∆bG, kJmol−1 -47.5 -47.5 -40.2 -36.9

pKa=8.8

∆bH
Pi, kJmol−1 -17.0 -15.4 -27.6 -20.5

∆pH=-29.3 kJmol−1

∆bH
TRIS , kJmol−1 -38.7 -28.9 n/d n/d

−T∆bS
Pi, kJmol−1 -30.5 -32.1 -12.6 -16.4

−T∆bS
TRIS , kJmol−1 -8.8 -18.6 n/d n/d

EA4-1-2
∆bG, kJmol−1 -42.8 -46.1 -38.5 -36.1

pKa=8.7

∆bH
Pi, kJmol−1 -15.0 -19.5 -14.1 -16.4

∆pH=-27.6 kJmol−1

∆bH
TRIS , kJmol−1 n/d -22.0 n/d n/d

−T∆bS
Pi, kJmol−1 -27.8 -26.6 -24.4 -19.7

−T∆bS
TRIS , kJmol−1 n/d -24.1 n/d n/d

EA5-1 ∆bG, kJmol−1 -45.7 -49.3 -43.4 -38.0
pKa=8.8 ∆bH

Pi, kJmol−1 -18.7 -10.3 -19.0 -8.0
∆pH=-31.4 kJmol−1 ∆bH

TRIS , kJmol−1 n/d -27.8 n/d n/d
Continued on next page
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Table 4 – Continued from previous page
Compound CA II CA VII CA XII CA XIII

EA5-1
−T∆bS

Pi, kJmol−1 -27.0 -39.0 -24.4 -30.0
−T∆bS

TRIS , kJmol−1 n/d -21.5 n/d n/d

EA7-1
∆bG, kJmol−1 -39.8 -44.4 -38.0 -35.2

pKa=8.8

∆bH
Pi, kJmol−1 -8.9 -11.8 -20.5 -19.8

∆pH=-31.0 kJmol−1

∆bH
TRIS , kJmol−1 -20.6 -30.5 n/d n/d

−T∆bS
Pi, kJmol−1 -30.9 -32.6 -17.5 -15.4

−T∆bS
TRIS , kJmol−1 -19.2 -13.9 n/d n/d

EA8-1
∆bG, kJmol−1 -42.8 -47.3 -39.8 -36.5

pKa=8.8

∆bH
Pi, kJmol−1 -18.5 n/d -27.3 -16.0

∆pH=-29.7 kJmol−1

∆bH
TRIS , kJmol−1 n/d -41.1 n/d n/d

−T∆bS
Pi, kJmol−1 -24.3 n/d -12.5 -20.5

−T∆bS
TRIS , kJmol−1 n/d -6.2 n/d n/d

EA9-1
∆bG, kJmol−1 -40.0 -44.8 -34.3 -36.5

pKa=8.8

∆bH
Pi, kJmol−1 -9.9 n/d -14.6 -25.8

∆pH=-29.7 kJmol−1

∆bH
TRIS , kJmol−1 -35.64 -14.21 n/d n/d

−T∆bS
Pi, kJmol−1 -30.1 n/d -19.74 -10.7

−T∆bS
TRIS , kJmol−1 -4.4 -30.6 n/d n/d

EA10-1
∆bG, kJmol−1 -45.7 -49.3 -40.9 -38.5

pKa=8.8

∆bH
Pi, kJmol−1 -13.0 -17.4 -29.0 -22.0

∆pH=-27.6 kJmol−1

∆bH
TRIS , kJmol−1 -34.8 -36.2 n/d n/d

−T∆bS
Pi, kJmol−1 -32.7 -31.9 -11.9 -16.5

−T∆bS
TRIS , kJmol−1 -10.9 -13.1 n/d n/d

EA11-1
∆bG, kJmol−1 -43.4 -45.7 -40.9 -37.4

pKa=8.8

∆bH
Pi, kJmol−1 -13.5 n/d -26.6 -28.1

∆pH=-31.4 kJmol−1

∆bH
TRIS , kJmol−1 n/d -31.4 n/d n/d

−T∆bS
Pi, kJmol−1 -29.9 n/d -14.3 -9.3

−T∆bS
TRIS , kJmol−1 n/d -14.3 n/d n/d

EA12-1
∆bG, kJmol−1 -40.7 -42.6 -43.9 -36.7

pKa=8.9

∆bH
Pi, kJmol−1 -22.9 n/d -36.0 -36.5

∆pH=-29.3 kJmol−1

∆bH
TRIS , kJmol−1 n/d -32.3 n/d n/d

−T∆bS
Pi, kJmol−1 -17.8 n/d -7.9 -0.2

−T∆bS
TRIS , kJmol−1 n/d -10.3 n/d n/d

EA3-2
∆bG, kJmol−1 -44.6 -47.3 -48.7 -41.6

pKa=9.0

∆bH
Pi, kJmol−1 -21.5 n/d n/d -15.6

∆pH=-31.8 kJmol−1

∆bH
TRIS , kJmol−1 n/d -33.4 -64.1 n/d

−T∆bS
Pi, kJmol−1 -23.1 n/d n/d -26.0

−T∆bS
TRIS , kJmol−1 n/d -13.9 15.4 n/d

EA3-2o
∆bG, kJmol−1 -49.3 -53.0 -49.0 -46.1

pKa=8.3

∆bH
Pi, kJmol−1 -19.1 n/d n/d -19.4

∆pH=-26.8 kJmol−1

∆bH
TRIS , kJmol−1 n/d -40.0 -57.9 n/d

−T∆bS
Pi, kJmol−1 -30.2 n/d n/d -26.7

−T∆bS
TRIS , kJmol−1 n/d -13.0 8.9 n/d

EA3-3
∆bG, kJmol−1 -47.5 -51.1 -51.7 -44.8

pKa=9.0

∆bH
Pi, kJmol−1 -14.9 n/d n/d -14.2

∆pH=-32.6 kJmol−1

∆bH
TRIS , kJmol−1 n/d -29.5 -53.4 n/d

−T∆bS
Pi, kJmol−1 -32.6 n/d n/d -30.6

−T∆bS
TRIS , kJmol−1 n/d -21.6 1.7 n/d

EA3-3o
∆bG, kJmol−1 -50.4 -49.9 -45.7 -45.1

pKa=8.2

∆bH
Pi, kJmol−1 n/d n/d n/d -19.0

∆pH=-26.4 kJmol−1

∆bH
TRIS , kJmol−1 -31.3 -47.3 -48.0 n/d

−T∆bS
Pi, kJmol−1 n/d n/d n/d -26.1

−T∆bS
TRIS , kJmol−1 -19.1 -2.6 2.3 n/d

Continued on next page
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Compound CA II CA VII CA XII CA XIII

EA3-4
∆bG, kJmol−1 -46.8 -50.4 -47.5 -41.8

pKa=9.2

∆bH
Pi, kJmol−1 n/d n/d n/d -16.8

∆pH=-31.4 kJmol−1

∆bH
TRIS , kJmol−1 -43.2 -42.7 -62.5 n/d

−T∆bS
Pi, kJmol−1 n/d n/d n/d -25.0

−T∆bS
TRIS , kJmol−1 -3.6 -7.7 15 n/d

EA3-4o
∆bG, kJmol−1 -44.2 -47.7 -42.0 -40.9

pKa=8.2

∆bH
Pi, kJmol−1 n/d n/d n/d -17.0

∆pH=-25.9 kJmol−1

∆bH
TRIS , kJmol−1 -37.8 -33.8 -37.7 n/d

−T∆bS
Pi, kJmol−1 n/d n/d n/d -23.9

−T∆bS
TRIS , kJmol−1 n/d -6.4 -13.9 -4.3

EA3-7
∆bG, kJmol−1 -37.9 -32.5 -49.9 -36.7

pKa=9.7

∆bH
Pi, kJmol−1 n/d n/d -30.6 -12.1

∆pH=-39.3 kJmol−1

∆bH
TRIS , kJmol−1 -16.7 -16.8 n/d n/d

−T∆bS
Pi, kJmol−1 n/d n/d -19.3 -24.6

−T∆bS
TRIS , kJmol−1 -21.2 -15.7 n/d n/d

EA3-8 ∆bG, kJmol−1 -42.2 -38.3 -40.8 -40.0
pKa=10.2 ∆bH

TRIS , kJmol−1 -31.2 -33.7 -49.0 -57.7
∆pH=-38.1 kJmol−1 −T∆bS

TRIS , kJmol−1 -16.8 n/d -2.7 -13.3

EA4-2
∆bG, kJmol−1 -49.3 -53.0 -53.9 -40.0

pKa=9.0

∆bH
Pi, kJmol−1 -23.5 -23.3 -39.8 -21.1

∆pH=-29.3 kJmol−1

∆bH
TRIS , kJmol−1 -38.8 n/d n/d -62.6

−T∆bS
Pi, kJmol−1 -25.8 -29.7 -14.1 -18.9

−T∆bS
TRIS , kJmol−1 -10.5 n/d n/d -22.6

EA4-2o ∆bG, kJmol−1 -50.4 -56.3 -50.5 -42.6
pKa=8.3 ∆bH

Pi, kJmol−1 -19.4 -19.6 -19.4 -22.0
∆pH=-24.3 kJmol−1 −T∆bS

Pi, kJmol−1 -31.0 -36.7 -31.1 -20.6

EA4-3
∆bG, kJmol−1 -50.1 -54.5 -53.4 -42.6

pKa=8.9

∆bH
Pi, kJmol−1 -18.9 -13.7 -37.8 n/d

∆pH=-31.8 kJmol−1

∆bH
TRIS , kJmol−1 -31.3 n/d n/d -59.4

−T∆bS
Pi, kJmol−1 -31.2 -40.8 -15.6 n/d

−T∆bS
TRIS , kJmol−1 -18.8 n/d n/d 16.8

EA4-3o
∆bG, kJmol−1 -53.2 -52.6 -48.0 -43.4

pKa=8.3

∆bH
Pi, kJmol−1 n/d -12.0 -23.1 n/d

∆pH=-24.3 kJmol−1

∆bH
TRIS , kJmol−1 -34.7 n/d n/d -53.6

−T∆bS
Pi, kJmol−1 n/d -40.6 -24.9 n/d

−T∆bS
TRIS , kJmol−1 -18.5 n/d n/d 10.2

EA4-7
∆bG, kJmol−1 -40.2 -34.8 -45.6 -37.3

pKa=9.8

∆bH
Pi, kJmol−1 n/d n/d n/d -15.1

∆pH=-39.7 kJmol−1

∆bH
TRIS , kJmol−1 -23.0 -13.8 -27.6 n/d

−T∆bS
Pi, kJmol−1 n/d n/d n/d -22.2

−T∆bS
TRIS , kJmol−1 -17.2 -21.0 -18.0 n/d

EA4-8
∆bG, kJmol−1 -45.7 -42.6 -40.9 -35.4

pKa=9.7

∆bH
Pi, kJmol−1 -16.9 -11.6 -27.1 -16.1

∆pH=-36.8 kJmol−1

∆bH
TRIS , kJmol−1 n/d -27.4 n/d -47.7

−T∆bS
Pi, kJmol−1 -28.8 -31.0 -13.8 -19.3

−T∆bS
TRIS , kJmol−1 n/d -15.2 n/d 12.3

EA4-2c
∆bG, kJmol−1 -45.1 -48.2 -47.5 -38.5

pKa=9.0

∆bH
Pi, kJmol−1 -11.2 n/d -27.0 -13.1

∆pH=-28.5 kJmol−1

∆bH
TRIS , kJmol−1 n/d -25.8 n/d -53.6

−T∆bS
Pi, kJmol−1 -33.9 n/d -20.5 -25.4

−T∆bS
TRIS , kJmol−1 n/d -22.4 n/d 15.1
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CA I, CA II, CA II I, CA IV, CA VA, CA VB, CA VI, CA VII, CA IX, CA XII, CA XII I, CA XIV.
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Figure 5 Correlation map of the inhibitor chemical structures with the observed Gibbs
energies. Observed ∆bGobs values are shown next to the chemical structures. Differences
in the binding affinity between compounds are listed on the connecting arrows. Colors
show different CA isoforms.
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CA I, CA II, CA II I, CA IV, CA VA, CA VB, CA VI, CA VII, CA IX, CA XII, CA XII I, CA XIV.
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in the binding affinity between compounds are listed on the connecting arrows. Colors
show different CA isoforms.
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Figure 8 Raw FTSA curves of compound EA4-7 binding to CA XIII at pH 7.0, 37°C.
The Tm values cannot be determined due to the high fluorescence.

Analysis of observed thermodynamic parameters

As discussed above, the observed binding data should not be correlated with
compound structures. However, many researchers do not calculate intrinsic values
and compare observed parameters. Observed values can be compared only when
experiments are performed at identical conditions and at these cases it is useful
to take a look at the tendencies in the observed data too. However, we decided to
include both the observed and intrinsic values to help the reader to follow the path
how the intrinsic values could be obtained when there are additional developments
in the model and the calculation procedure changes.

The analysis of compound affinities to 12 CA isoforms is shown in Fig. 5
and 6. Values next to structures show the Gibbs energies of binding and values
next to arrows show the differences between the compounds linked by the arrow.
The error margin of the determinations is approximately 2 kJmol−1. The Kd

value of 1 nM corresponds to Gibbs energy of binding of −53.4 kJmol−1. The 10
times increase of binding affinity corresponds to the difference in Gibbs energies
∆∆bG=−5.93 kJmol−1. Therefore, only the differences above this value are of
interest.

In some cases even apparently small structural changes caused the affinities
to change significantly. For example, comparing compound EA3-1 with EA4-
1 we see that they differed by only one methylene group in the meta tail. This
difference had greatest influence for the compound binding to CA IV. The addition
of the methylene group increased the affinity towards CA IV by nearly 100 fold,
making the compound EA4-1 slightly selective for this isoform. Such significant
increase cannot be explained by simple hydrophobic effect and most likely involves
a hydrogen bond that can be formed for compound EA4-1 but most likely cannot
be formed for EA3-1. This is also confirmed by the fact that the removal of oxygen
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in compound EA5-1 the affinity towards CA IV dropped back by over 10 fold.
Overall, single-tailed compounds were more effective CA VII inhibitors, as

compared with other 12 CA isoforms. Compounds EA5-1 and EA10-1 were
selective CA VII inhibitors showing nanomolar binding affinity (Kd_obs=5 nM,
∆bGobs=−49.3 kJmol−1).

Comparing the influence of tail modification in para position of benzenesul-
fonamide it is interesting to see the differences between binding affinity of N- and
S-substituted compounds. In case of comparing EA3-7 vs EA3-3 and EA4-7 vs
EA4-3 all CA isoforms were bound stronger by S-substituted compounds, except
for CA IX binding with EA3-8 and EA3-4. In this case N-substituted benzene-
sulfonamide bound stronger to this isoform than S-substituted. This can be due
to the longer tail in para position. Therefore, EA3-2o vs EA3-4o and EA3-2 vs
EA3-4 were compared. Note that first pair of compounds has SO2- and the sec-
ond has S-substituted tails in para position. In first ligand pair, compound with
shorter tail EA3-2o showed stronger binding to all CA isoforms (except to CA
VA, ∆∆bGobs is 0.9 kJmol−1) than compound with longer tail moiety. However,
EA3-2 bound stronger to CA IV (8.1 kJmol−1) and CA IX (3.4 kJmol−1) than
EA3-4.

Five pairs of S- and SO2-substituted compounds bearing two tails were com-
pared as well. At first compounds bearing phenyl and benzyl groups as a tail
moiety were compared. Pair of EA3-4 and EA3-4o shows that S-substituted
compound bound with similar or higher affinity to all CA isoforms and pair of
EA3-2 vs EA3-2o shows that SO2-substituted compound was stronger binder
of all CA isoforms (∆∆bGobs varies from 0.3 to 7.6 kJ mol−1). However, EA4-
2 bound with higher affinity to CA XII, EA4-2o bound stronger to CA I, CA
VB, CA VII, and CA XIII. To other CA isoforms both these compounds bound
equally.

Comparing the pairs of SO2- and S-substituted compounds bearing cyclohexyl
group (EA3-3 vs EA3-3o and EA4-3 vs EA4-3o) there was no clear tendency.
Comparing binding affinities of compounds shown in Fig. 6 with different length
of the tails in meta position and compounds bearing phenyl group as a tail moiety
were compared with analogs bearing cyclohexyl group in the same position and
no tendency was found as well.

Two-tailed compounds are stronger binders of all CAs than single-tailed com-
pounds. The most effective CA VII inhibitor EA4-2o bound with Kd = 0.33 nM
(∆bGobs=−56.3 kJmol−1). Compounds EA4-3 and EA4-3o showed low nanomo-
lar binding affinities towards CA IX (Kd_obs ∼0.7 nM, ∆bGobs ∼−54.5 kJmol−1).

Differently from the Gibbs energies, the enthalpies and entropies of binding
(Table 4) highly depend on buffer. Therefore, the observed enthalpy and en-
tropy values have even less meaning than the Gibbs energies. There should be
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Figure 10 Observed thermodynamic parameters of compound EA7-1 binding to CA
VII in two different buffers. The graph shows the difference of enthalpy and entropy
values observed in sodium phosphate and TRIS chloride buffer at pH 7.0, 37°C. Black
bar is the Gibbs energy of binding observed by FTSA, grey bar - binding enthalpy
observed by ITC, and white bar is the calculated entropy.

no far reaching conclusions made on observations as e.g. CA VII interaction with
compound EA7-1 observed in sodium phosphate buffer is entropy driven, while
observed in TRIS buffer is enthalpy driven (Fig. 10).

Protonation of interacting components

To calculate the intrinsic binding parameters (Kd_intr and ∆bGintr) for all com-
pound interaction with CA isoforms the pKas of interacting components have to
be known. The ionization constants of sulfonamide group deprotonation were
determined spectrophotometrically as described in Methods part and are listed
in Table 4. Single-tail benzenesulfonamides had similar pKa values. The pKas
of two-tailed benzenesulfonamides differed due to the substituents in para po-
sition: SO2-substituted compounds had the lowest pKa (8.2 - 8.3), values for
S-substituted compounds were in range from 8.9 to 9.2, and N-substituted had
the highest pKa values (9.7 - 10.2). The example of pKa determination by spec-
trophotometric method is shown in Fig. 11, Panel A. Experimentally determined
pKas show linear correlation with the NMR chemical shifts of protons of sulfon-
amide group (Fig. 11, Panel B).

The enthalpies of protonation were observed for all compounds by ITC titra-
tion of alkaline inhibitor solution with HNO3 (Fig. 12, Table 4). The most
exothermic protonation enthalpies were determined for N-substituted compounds
(from −36.8 kJmol−1 to −39.7 kJmol−1). The least exothermic protonation en-
thalpies were measured for SO2-substituted compounds and values vary from
−24.3 kJmol−1 to −26.8 kJmol−1.

Thermodynamic parameters of protonation of the hydroxide bound to the zinc
in the active site of CAs were described in part 8 and listed in Table 1.
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Analysis of intrinsic thermodynamic parameters

The intrinsic binding parameters provides valuable information about energies of
complex formation, therefore detailed investigation of the ligand structure-activity
relationship is required for rational design of new compounds with desired proper-
ties. Studied compounds were mapped in the direction of incrementally changing
functional groups. Correlation of compound structures with the intrinsic thermo-
dynamic parameters provides the ability to assess the important contributions to
affinity and further compound modification.

The intrinsic dissociation constants Kd_intr of compounds binding to CAs are
listed in Table 5. All Kd_intrs are lower (higher affinities) comparing with the
observed and it can be seen in Figure 13 where the intrinsicKd_intrs for compounds
binding to CA II are arranged from the lowest to the greatest value. The observed
Kd_obss do not fully match the increasing order, because interacting fractions of
compounds differ due to different pKas. For example, as shown in inset of the
figure, the intrinsic Kd_intr values for two compounds EA3-2o and EA4-7 were
equal (Kd_intr = 0.12 nM), however the observed values differed 34 times (Kd_obs =
5 nM for EA3-2o and Kd_obs = 170 nM for EA4-7). The fraction of deprotonated
EA3-2o was 0.05 and fraction of deprotonated EA4-7 was 0.002 at pH 7.0. The
fraction of CA II in the active protonated Zn-bound water form was 0.4.

Table 5 Intrinsic dissociation constants (Kd_intr (nM)) of the compound binding to
CA isoforms. Values were calculated from FTSA data, listed in Table 3.

Intrinsic dissociation constants Kd_intr (nM) for CA isoforms
Cpd I II III IV VA VB VI VII IX XII XIII XIV
EA8-1 810 0.48 81 0.05 54 2.2 0.93 0.075 0.36 1.4 11 0.27
EA4-1-2 1700 0.51 354 0.26 283 6.1 2.0 0.12 0.65 2.4 14 0.71
EA11-1 1600 0.39 338 0.55 19 0.58 1.6 0.14 0.69 0.84 7.9 0.4
EA3-1 1400 0.58 501 1.8 71 3.1 0.89 0.06 0.74 0.75 7.9 0.4
EA4-1 2900 0.069 150 0.032 120 6.0 1.4 0.06 0.22 1.0 8.9 0.38
EA5-1 540 0.15 48 0.41 79 0.73 0.26 0.034 0.25 0.34 6.3 0.34
EA12-1 2500 0.84 230 n/d 24 15 1.7 0.34 1.1 0.21 8.1 0.45
EA10-1 360 0.14 12 0.099 9.5 0.06 0.2 0.03 0.4 0.75 4.7 0.078
EA9-1 1000 1.2 1200 0.74 35 0.6 2 0.17 1.1 10 2.6 0.4
EA7-1 3200 1.5 680 1.7 3200 35 2.3 0.23 0.77 2.7 19 1.1
EA3-7 26 0.37 390 n/d 91 50 6.0 2.6 0.011 0.0031 1.2 n/d
EA3-8 0.64 0.022 4.9 n/d 11 4.5 0.072 0.088 0.00026 0.032 0.1 0.0049
EA4-7 49 0.12 98 n/d 230 20 3.6 0.87 0.0038 n/d n/d 0.047
EA4-8 46 0.018 39 n/d 87 7.7 2.3 0.051 n/d 0.096 2.0 0.037
EA3-3o 75 0.084 550 0.54 17 0.28 6.5 0.088 0.051 0.44 1.3 0.04
EA3-3 9.2 0.044 50 0.028 5.3 0.38 1.1 0.0096 0.0035 0.0077 0.26 n/d
EA4-3 16 0.023 130 0.13 5.4 0.2 2.1 0.0036 0.0028 0.0054 0.84 0.011
EA4-3o 44 0.022 610 n/d 61 0.27 5.4 0.026 0.0091 0.15 2.2 0.026
EA3-2o 99 0.12 170 n/d 48 0.44 4.4 0.026 0.046 0.11 0.81 0.051
EA3-2 96 0.14 60 0.0042 53 1.7 1.3 0.045 0.012 0.025 0.94 n/d
EA4-2 69 0.025 140 0.0053 45 0.69 0.84 0.0054 0.0063 0.0036 1.8 0.024
EA4-2o 70 0.079 350 n/d 270 0.5 6.9 0.0069 0.023 0.064 3.2 0.082
EA3-4o 340 0.94 320 4.2 38 2.3 13 0.21 0.77 1.9 6.7 0.46
EA3-4 14 0.04 14 0.067 3.2 0.54 1.0 0.0091 0.029 0.027 0.58 0.035
EA4-2c 86 0.1 280 0.0076 18 0.46 1.2 0.028 0.013 0.036 2.8 0.022
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Figure 13 Comparison of experimentally measured Kd_obs (black bars) and calculated
intrinsic Kd_intr (grey bars) of CA II interaction with tested compounds. The Kd_obs

values were determined by FTSA in sodium phosphate buffer pH 7.0 at 37°C. The
additional graph compares Kd values of compounds EA4-7 and EA3-2o (structures
are shown) with equal Kd_intr values, but different pKas and different observed affinities.

All studied two-tailed compounds showed picomolar binding affinity to CA
II, CA IV, CA VII, CA IX, CA XII, and CA XIV. These compounds are low
nanomolar binders of CA VA, CA VB, CA VI, and CA XIII. The binding to CA
I and CA III was weakest as compared with other CA isoforms.

For easier comparison, the intrinsic affinities are shown in Figures 14 and 15
prepared with ∆bGintr listed near the structures of compounds and difference of
values on the arrows. The starting single-tailed EA3-1 and dual-tailed EA3-3
benzensulfonamides are shown in shaded areas.

The single-tailed starting compound EA3-1 was modified to understand how
structural changes in meta position influence binding energies and the results
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showed that binding affinity depended on the length and hydrophobicity of the
tail. The elongation of the tail (compounds EA3-1 vs EA4-1) was the most
favorable for CA IV (∆∆bGintr=−10.4 kJmol−1), however, the substitution of
hydroxy group (EA4-1) with methyl group (EA5-1) decreased the binding to
CA IV (∆∆bGintr=6.6 kJmol−1). All other modifications of tail group did not
improve the binding affinity to CA IV. Compound EA4-1 was the strongest binder
of CA IV in the series of single-tailed compounds. The nature of meta substituent
influenced the binding affinity for CA VA and CA VB, but had negligible effect
to the binding to other CA isoforms (∆∆bGintr ≤5.5 kJmol−1).

The dual-tailed starting compound EA3-3 was made by adding S-substituted
cyclohexyl group in para position of EA3-1. This modification increased binding
affinity to all CAs, only the Gibbs energy of interaction with CA VI remained the
same.

The change of S-substituted cyclohexyl group to N-substituted group (EA3-
7) decreased the binding affinity to all CAs or had minor effect to the binding to
CA XII. The S-substituted cyclohexyl group was changed to S-substituted phenyl
group (compounds EA3-3 and EA3-2, respectively) and this change increased
binding affinity to CA IV by −5.0 kJmol−1, however decreased binding affinity to
all other isoforms.

The elongation of the meta tail (compounds EA3-3 vs EA4-3 and EA3-2 vs
EA4-2) had negligible effect to the binding of all CAs.

Change of S-substituted cyclohexyl group to SO2-substituted moiety (EA3-
3→EA3-3o and EA4-3→EA4-3o) decreased binding affinity to all CAs. The
same change was made for analog of compound EA3-3 bearing longer tail in meta
position (EA4-3). Compound EA4-3o was weaker binder comparing with EA4-
3. Compounds bearing phenyl moieties were compared as well. Comparing pair
of EA3-2 vs EA3-2o SO2-substituted compound showed stronger affinity only
to CA VB (∆∆bGobs=−3.4 kJmol−1). To other CA isoforms compound EA3-
2o bound weaker or with equal affinity than EA3-2. Comparing EA4-2 with
EA4-2o, S-substituted benzenesulfonamide showed higher affinity to all CAs.

Phenyl group of compounds EA3-2 and EA3-2o was changed to benzyl yield-
ing EA3-4 and EA3-4o. Compound EA3-4 bearing longer and more flexible
S-substituted tail in para position was better binder of CAs (except CA IV and
CA IX) than EA3-2 bearing shorter phenyl group. However, the comparison of
SO2-substituted analogs shows that compound bearing shorter tail in para po-
sition was stronger binder to all CAs except CA III and CA VA (to these two
isoforms compounds EA3-2o and EA3-4o bound equally).

The most interesting finding was made after the comparison of weak binder
EA3-7 and its analog EA3-8 bearing N-substituted benzyl group. This com-
pound showed the greatest binding affinity to CA I, CA III, CA VI, CA IX, CA
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CA I, CA II, CA II I, CA IV, CA VA, CA VB, CA VI, CA VII, CA IX, CA XII, CA XII I, CA XIV.
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Figure 14 Correlation map of the inhibitor chemical structures with the intrinsic Gibbs
energies. Intrinsic ∆bGintr values are shown next to the chemical structures. Differences
in the binding affinity between compounds are listed on the connecting arrows. Colors
show different CA isoforms.

XIII, and CA XIV comparing with all tested dual-tailed benzensulfonamides. N-
substituted cyclohexyl group (compound EA3-7) and S-substituted benzyl group
(compound EA3-4) diminished binding affinity comparing with starting EA3-
3, but N-substituted benzyl group highly increased. However, longer meta tail
(EA4-8) diminished binding affinity to all CAs, except CA II and CA VII where
binding affinity remained the same comparing with EA3-8.

To better understand such affinities of protein-ligand interaction, contribution
arising from enthalpic and entropic reasons were analyzed. The ∆bGintr (bold),
∆bHintr (normal) and −T∆bSintr (italic) values are shown in Figures 16 and 17
near the structures and differences of these values – on the arrows. Figure 18
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Figure 15 Correlation map of the inhibitor chemical structures with the intrinsic Gibbs
energies. Intrinsic ∆bGintr values are shown next to the chemical structures. Differences
in the binding affinity between compounds are listed on the connecting arrows. Colors
show different CA isoforms.
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shows the intrinsic thermodynamic parameters as bars, lined from the strongest
to the weakest binding. These graphs show that compounds exhibit strongly
enthalpy-driven binding to CA XII (with the partial exception) and CA XIII,
while contribution arising from both enthalpic and entropic reasons are for CA II
and CA VII. There was no clear trend in the order of the compound structure-
binding affinity relationship, but some tendencies could be determined.

Carbonic anhydrase II interaction with analyzed compounds showed large con-
tributions of both enthalpy and entropy. The comparison of starting compound
EA3-1 with structurally similar EA4-1 showed that ∆bHintrs were very similar
and equal to −32.7 kJmol−1 and −30.4 kJmol−1, respectively. However, −T∆bS

of compound bearing longer and more flexible tail in meta position EA4-1 was
−29.9 kJmol−1, while −T∆bS of EA3-1 wass −22.2 kJmol−1 and due to this
greater entropic contribution EA4-1 bound to CA II with higher affinity.

Modifications of meta tails gave more favorable enthalpy contribution to the
binding affinity, except EA4-1-2, where values of enthalpy and entropy were
equal. Compounds EA7-1, EA9-1, and EA10-1 have cyclic tails and EA9-1 is
more enthalpically driven than EA7-1 and EA10-1.

It was interesting to compare how enthalpic and entropic contribution to the
Gibbs energy changes by adding and modifying tails in para position. The addition
and modification of a tail to a compound EA3-1 showed that only two compounds
had the greater entropic than enthalpic influence to ∆bGintr: 3-3o and 3-7, bear-
ing SO2- and N-substituted cyclohexyl groups, respectively. S-substituted phenyl
group in para position (EA3-2) made binding more enthalpically driven compar-
ing with EA3-3.

Change of S-substituted to SO2-substituted group diminished enthalpic con-
tribution to binding affinity.

The influence of entropy to the Gibbs energy became greater when one methy-
lene group was added to tail in meta position, except for compound EA4-8.

Replacing the cyclohexyl group to phenyl moiety increased the enthalpic and
decreased entropic contribution to binding affinity. The same tendency was found
by changing phenyl group to benzyl.

Binding of all studied single-tailed Cl-substituted bensensulfonamides to CA
VII was entropy driven, except EA8-1, where the contribution arising from en-
thalpic and entropic reasons was equal, and EA3-1, where enthalpic contribution
was greater than entropic. But enthalpic influence became lower when the second
tail in para position was added. The only exception was compound EA3-3o.

Modification of S-substituted compound EA3-3 by changing cyclohexyl group
to phenyl and benzyl groups increased enthalpic contribution to the binding affin-
ity of all tested CAs.

It seems that tails in meta position makes the greatest influence for enthalpic
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Figure 16 Correlation map of the inhibitor chemical structures with the intrinsic ther-
modynamic parameters (37°C). The ∆bGintr (bold), ∆bHintr (normal), and −T∆bSintr

(italic) values are shown next to the chemical structures. Differences in the binding
affinity between compounds are listed on the connecting arrows. Colors show different
CA isoforms: green color represents CA II, aqua - CA VII, orange - CA XII, and navy
- CA XIII.
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Figure 17 Correlation map of the inhibitor chemical structures with the intrinsic ther-
modynamic parameters (37°C). The ∆bGintr (bold), ∆bHintr (normal), and −T∆bSintr

(italic) values are shown next to the chemical structures. Differences in the binding
affinity between compounds are listed on the connecting arrows. Colors show different
CA isoforms: black color represents CA II, aqua - CA VII, orange - CA XII, and navy
- CA XIII.

63



Results

T
he

rm
od

yn
am

ic
sV

of
Vb

in
di

ng
V(

kJ
/m

ol
) E
A
3-
8

E
A
4-
8

E
A
4-
3o

E
A
4-
3

E
A
4-
2

E
A
3-
4

E
A
3-
3

E
A
4-
1

E
A
4-
2o

E
A
3-
3o

E
A
4-
2c

E
A
3-
2o

E
A
4-
7

E
A
10
-1

E
A
3-
2

E
A
5-
1

E
A
3-
7

E
A
11
-1

E
A
8-
1

E
A
4-
1-
2

E
A
3-
1

E
A
12
-1

E
A
3-
4o

E
A
9-
1

E
A
7-
1

-60

-40

-20

0

ΔbGintr
ΔbHintr
-TΔbSintr

CAVII

T
he

rm
od

yn
am

ic
sV

of
Vb

in
di

ng
V(

kJ
/m

ol
)

-60

-40

-20

0

E
A
3-
8

E
A
4-
8

E
A
4-
3o

E
A
4-
3

E
A
4-
2

E
A
3-
4

E
A
3-
3

E
A
4-
1

E
A
4-
2o

E
A
3-
3o

E
A
4-
2c

E
A
3-
2o

E
A
4-
7

E
A
10
-1

E
A
3-
2

E
A
5-
1

E
A
3-
7

E
A
11
-1

E
A
8-
1

E
A
4-
1-
2

E
A
3-
1

E
A
12
-1

E
A
3-
4o

E
A
9-
1

E
A
7-
1

CAVVII

E
A
3-
8

E
A
4-
8

E
A
4-
3o

E
A
4-
3

E
A
4-
2

E
A
3-
4

E
A
3-
3

E
A
4-
1

E
A
4-
2o

E
A
3-
3o

E
A
4-
2c

E
A
3-
2o

E
A
4-
7

E
A
10
-1

E
A
3-
2

E
A
5-
1

E
A
3-
7

E
A
11
-1

E
A
8-
1

E
A
4-
1-
2

E
A
3-
1

E
A
12
-1

E
A
3-
4o

E
A
9-
1

E
A
7-
1

T
he

rm
od

yn
am

ic
sV

of
Vb

in
di

ng
V(

kJ
/m

ol
)

-60

-40

-20

0

CAVXII

E
A
3-
8

E
A
4-
8

E
A
4-
3o

E
A
4-
3

E
A
4-
2

E
A
3-
4

E
A
3-
3

E
A
4-
1

E
A
4-
2o

E
A
3-
3o

E
A
4-
2c

E
A
3-
2o

E
A
4-
7

E
A
10
-1

E
A
3-
2

E
A
5-
1

E
A
3-
7

E
A
11
-1

E
A
8-
1

E
A
4-
1-
2

E
A
3-
1

E
A
12
-1

E
A
3-
4o

E
A
9-
1

E
A
7-
1

T
he

rm
od

yn
am

ic
sV

of
Vb

in
di

ng
V(

kJ
/m

ol
)

-60

-40

-20

0

CAVXIII

A

B

C

D

Figure 18 Intrinsic thermodynamics of compound binding to four CA isoforms: CA II
(A), CA VII (B), CA XII (C) and CA XIII (D). Compounds are arranged in the order
of increasing intrinsic affinities (∆bGintr, black bars). Enthalpies are colored grey, while
the entropies - white.
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and entropic contribution to the affinity of CA VII binding with tested benzene-
sulfonamides. Comparing compounds EA3-8 vs EA4-8, EA3-3o vs EA4-3o,
and EA3-2o vs EA4-2o it is clear that longer meta tail by one carbon atom
makes protein-ligand interaction entropically driven. However, entropic contribu-
tion to binding affinity of EA3-3 vs EA4-3 and EA3-2 vs EA4-2 to CA VII
was equal.

Binding of CA XII to all meta-substituted dichlorbenzenesulfonamides were
enthalpy driven, except EA4-1-2, where the contribution arising from enthalpic
and entropic reasons was almost equal. Compounds EA11-1 and EA12-1, bear-
ing quite similar tails, had dominant enthalpic contribution to the binding affinity.
Binding of these compounds and EA3-1 to CA XII was the most enthalpy driven
comparing with other studied single-tailed benzenesulfonamides. The addition
of second tail to para position of the compound EA3-1 increased the binding
affinity to all CAs (except EA3-4o). The entropic contribution to binding affin-
ity became smaller for compounds EA3-8 → EA3-2o → EA3-4 → EA3-2,
the entropic contribution for the latter compound was equal to −0.6 kJmol−1.
However, this compound is not the best CA XII binder. The best binder EA3-
7 (∆bGintr=−68.3 kJmol−1) had dominant enthalpic (∆bHintr=−53.1 kJmol−1)
contribution.

Two-tailed compound EA3-3 binding to CA XII was enthalpy driven. The
change of S-substituted cyclohexyl group of this compound to SO2- or N-substituted
derivatives, or lenghthening the tail in meta position by one methylene group did
not change entropic contribution. However, S-substituted phenyl (EA3-2) and
benzyl (EA3-4) groups highly diminished it. SO2-substituted compounds bear-
ing longer tails in meta position (EA4-3o and EA4-2o) increased entropic and
decreased enthalpic contribution to binding affinity, the same as N-substituted
compound EA4-7.

The interaction of CA XIII with single-tailed chlorinated compounds was en-
thalpy driven. Binding of EA11-1 and EA12-1 to CA XIII had the unfavorable
entropic contribution.

After the addition of a tail in para position binding to CA XIII became stronger
and entropic contribution slightly increased. The change of cyclohexyl group to
S-substituted phenyl and benzyl groups did not change enthalpic contribution.
N-substituted cyclohexyl group instead of S-alkylated analog showed increased
enthalpic conribution.

Compound EA3-8 was the strongest binder of CA XIII comparing with all
studied benzenesulfonamides and had the greater enthalpic contribution than
other dual-tailed compounds. It would be interesting to determine enthalpic
and entropic influence of modified EA11-1 and EA12-1 compounds bearing N-
substituted benzyl groups. Tail in para position increased entropic contribution,

65



Results

-50

-40

-30

-20

-10

0

10

20

-60 -50 -40 -30 -20 -10

ΔbHintr (kJ/mol)

-T
Δ
b
S
in
tr
 (

kJ
/m

ol
)

CA II
CA VII
CA XII
CA XIII

Kd = 100 nM

Kd = 0.01 nM
Kd = 1 nM

Figure 19 The intrinsic enthalpy-entropy compensation graph. Colors represent CA
isozymes (black - CA II, red - CA VII, green - CA XII, and blue - CA XIII). Squares
correspond the dual-tailed benzenesulfonamides, while triangles – benzenesulfonamides
bearing tail in meta position. Diagonal lines represent the Kds (solid line - 0.01 nM,
dashed is 1 nM, and dotted is 100 nM).

thus this thermodynamic parameter might become favorable after such modifica-
tion.

The longer tail in meta position of dual-tailed compounds increased enthalpic
contribution to binding affinity. It can be seen comparing EA3-7 vs EA4-7,
EA3-3 vs EA4-3, and EA3-2 vs EA4-2. However, SO2-substituted group in
para position diminished enthalpic contribution of benzenesulfonamides compar-
ing with S-substituted derivatives.

Figure 19 shows the enthalpy-entropy compensation graph for the studied
compounds binding to four CAs. Squares represents the dual-tailed benzenesul-
fonamides and triangles represents the benzenesulfonamides bearing a single tail
in meta position. Different colors show different CA isozymes. Binding affinities
span in a relatively narrow range, while the range of enthalpies and entropies are
very large. Thermodynamic properties of CA II and CA VII binding is very simi-
lar - enthalpies and entropies span equally and thus black and red squares overlap
in the figure. Equal contribution arising from enthalpic and entropic reasons to
CA XII binding affinity also overlap red and black datapoints, however part of
CA XII datapoints are shifted due to enthalpically driven interaction. Blue data-
points are the most separated, because CA XIII binding with these compounds is
exclusively enthalpy driven with two compounds exhibiting an unfavorable bind-
ing entropy.
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benzenesulfonamide binding to CA

In conclusion, the binding of chlorinated benzenesulfonamides to CA II, CA
VII, CA XII, and CA XIII is both enthalpy and entropy driven. There are only
two cases when singly-tailed compounds bound CA XIII with slightly unfavorable
entropy. Dual-tailed benzenesulfonamides are stronger binders of CA XII and
CA XIII and to a lesser extent CA II and CA VII than single-tailed derivatives.
Small structural changes in compound structure highly affect the thermodynamic
binding parameters.
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10 Introduction of intrinsic kinetics of protein-
ligand interactions and their implications for
drug design

The design of efficient and specific drugs requires a thorough understanding of
how lead compounds interact with their protein targets and interfere with their
function over time. The molecular details can be revealed by analysis of the
interaction mechanism and kinetics, where the intrinsic rate constants have to
be resolved in addition to the more easily accessible observed kinetics. Surface
plasmon resonance biosensor technology (SPR) is suitable for kinetic studies of
ligand–protein interactions, but is typically only used for estimation of observed
rate constants. However, we used SPR to determine the intrinsic rate constants
for sulfonamide inhibitors and pharmacologically relevant isoforms of carbonic
anhydrase. This enabled a structure-intrinsic kinetic relationship analysis.

Observed binding kinetics dependence on pH

The determined association and dissociation rates of protein-ligand complex for-
mation provide important information about interaction mechanisms and inhibitor
properties, allowing the rational modification of compounds and optimization of
their binding characteristics. After published doubts of CA-sulfonamide interac-
tion mechanism [104], to better understand it and its pH dependency, we have
considered that it is possible to determine the intrinsic rate constants for CA in-
hibitors by analyzing the pH-dependency of the interactions using surface plasmon
resonance (SPR) biosensor technology2.

The protonation effect on the kinetics of protein-ligand interactions was demon-
strated by analysing the interaction between the selected ligands (Fig. 20) and
CA II, CA IX, and CA XIII as a function of pH (Table 6). Representative sen-
sorgrams are shown in Fig. 21 for the interactions between VD10-39b and CA
II. Figure 22 demonstrates the dependency of observed kinetic parameters for the
interaction between AZM and three different CA enzymes. The top panels illus-
trate that the observed association rate constants ka are clearly pH-dependent,
with an optimum around 7. However, the intrinsic ka does not depend on pH
and it is shown as a straight solid line. In contrast, the observed dissociation rate
kd for CAs were essentially pH independent (middle panels). Consequently, the
equilibrium dissociation constants were pH-dependent, with a minimum around 7
for CA II and CA XIII (bottom panels). The KD for CA IX was low for pH up
to around 7, above which it increased linearly. As a reference, the corresponding
equilibrium data determined by FTSA is included for CA II, confirming that the

2Vladimir O. Talibov contributed equally to this work.
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two techniques give equivalent results. Figure 22 shows the same pH dependence
as Figure 4, except that the KD values are not calculated to the Gibbs energies
in Fig. 22.
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Figure 20 Compound structures used in the SPR kinetic determination of CA-
sulfonamide binding dependence on pH.

Table 6 Observed kinetic and thermodynamic parameters were determined at different
pHs by SPR (25°C). The pKa of each compound is written near it.

Compound Target pH ka kd KD

E67 CA II

5.5 2.07 × 104 3.79 × 10−2 1.83 × 10−6

pKa=9.2

6.0 9.05 × 104 3.82 × 10−2 4.23 × 10−7

6.5 3.45 × 105 4.42 × 10−2 1.28 × 10−7

7.0 7.75 × 105 3.69 × 10−2 4.77 × 10−8

7.5 1.10 × 106 3.16 × 10−2 2.88 × 10−8

8.0 1.63 × 106 3.44 × 10−2 2.12 × 10−8

8.5 1.48 × 106 3.21 × 10−2 2.16 × 10−8

9.0 1.11 × 106 2.78 × 10−2 2.50 × 10−8

VD10-39b CA II

5.5 3.48 × 104 5.52 × 10−2 1.59 × 10−6

pKa=8.0

6.0 1.50 × 105 5.60 × 10−2 3.74 × 10−7

6.5 3.67 × 105 4.59 × 10−2 1.25 × 10−7

7.0 1.03 × 106 5.88 × 10−2 5.73 × 10−8

7.5 1.42 × 106 4.95 × 10−2 3.49 × 10−8

8.0 1.37 × 106 4.69 × 10−2 3.43 × 10−8

8.5 7.50 × 105 4.33 × 10−2 5.77 × 10−8

9.0 2.71 × 105 3.22 × 10−2 1.19 × 10−7

AZM CA II

5.5 3.04 × 105 5.31 × 10−2 1.75 × 10−7

pKa=7.3

6.0 1.18 × 106 6.04 × 10−2 5.11 × 10−8

6.5 3.51 × 106 8.19 × 10−2 2.34 × 10−8

7.0 3.70 × 106 5.32 × 10−2 1.44 × 10−8

7.5 2.63 × 106 4.59 × 10−2 1.75 × 10−8

8.0 2.18 × 106 7.17 × 10−2 3.29 × 10−8

8.5 5.19 × 105 3.65 × 10−2 7.03 × 10−8

9.0 1.97 × 105 5.64 × 10−2 2.87 × 10−7

p-MBS CA II

5.5 1.04 × 104 7.83 × 10−2 7.55 × 10−6

pKa=10.2

6.0 3.77 × 104 7.69 × 10−2 2.04 × 10−6

6.5 7.96 × 104 6.59 × 10−2 8.29 × 10−7

7.0 1.39 × 105 6.02 × 10−2 4.32 × 10−7

7.5 1.88 × 105 4.60 × 10−2 2.44 × 10−7

8.0 2.38 × 105 5.23 × 10−2 2.19 × 10−7

8.5 2.37 × 105 5.16 × 10−2 2.18 × 10−7

9.0 3.03 × 105 5.97 × 10−2 1.97 × 10−7

Continued on next page
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Table 6 – Continued from previous page
Compound Target pH ka kd KD

E67 CA IX

6.0 4.19 × 105 1.42 × 10−1 3.40 × 10−7

pKa=9.2

6.5 7.05 × 105 9.36 × 10−2 8.65 × 10−8

7.0 1.65 × 106 6.80 × 10−2 4.13 × 10−8

7.5 1.95 × 106 3.04 × 10−2 1.56 × 10−8

8.0 1.17 × 107 1.75 × 10−1 1.49 × 10−8

8.5 4.46 × 106 6.40 × 10−2 1.44 × 10−8

9.0 2.49 × 107 3.19 × 10−1 1.28 × 10−8

E11-37 CA IX

6.0 1.33 × 105 4.71 × 10−1 3.54 × 10−6

pKa=9.7

6.5 4.29 × 105 6.42 × 10−1 1.50 × 10−6

7.0 5.34 × 105 3.53 × 10−1 6.60 × 10−7

7.5 5.41 × 105 2.74 × 10−1 5.07 × 10−7

8.0 7.07 × 105 2.83 × 10−1 4.00 × 10−7

8.5 7.65 × 105 3.26 × 10−1 4.26 × 10−7

9.0 6.50 × 105 3.37 × 10−1 5.17 × 10−7

AZM CA IX

6.0 1.55 × 106 1.62 × 10−2 1.05 × 10−8

pKa=7.3

6.5 2.25 × 106 2.37 × 10−2 1.06 × 10−8

7.0 2.52 × 106 2.52 × 10−2 1.00 × 10−8

7.5 1.43 × 106 1.68 × 10−2 1.18 × 10−8

8.0 1.12 × 106 3.39 × 10−2 3.02 × 10−8

8.5 5.74 × 105 4.00 × 10−2 6.98 × 10−8

9.0 2.59 × 105 5.22 × 10−2 2.02 × 10−7

VD10-39b CA XIII

6.0 6.30 × 104 8.93 × 10−3 1.42 × 10−7

pKa=8.0

6.5 3.31 × 105 1.48 × 10−2 4.46 × 10−8

7.0 9.71 × 105 1.16 × 10−2 1.19 × 10−8

7.5 2.80 × 106 1.38 × 10−2 4.93 × 10−9

8.0 7.49 × 106 1.14 × 10−2 1.53 × 10−9

8.5 5.18 × 106 9.57 × 10−3 1.85 × 10−9

9.0 3.36 × 106 1.25 × 10−2 3.72 × 10−9

E11-37 CA XIII

6.5 2.56 × 104 1.16 × 10−1 4.55 × 10−6

pKa=9.7

7.0 7.28 × 104 8.56 × 10−2 1.18 × 10−6

7.5 1.90 × 105 7.80 × 10−2 4.11 × 10−7

8.0 3.68 × 105 7.20 × 10−2 1.96 × 10−7

8.5 8.16 × 105 8.59 × 10−2 1.05 × 10−7

9.0 8.48 × 105 5.83 × 10−2 6.87 × 10−8

AZM CA XIII

6.0 1.04 × 105 1.45 × 10−2 1.40 × 10−7

pKa=7.3

6.5 1.78 × 105 1.34 × 10−2 7.52 × 10−8

7.0 4.90 × 105 1.56 × 10−2 3.18 × 10−8

7.5 7.97 × 105 1.28 × 10−2 1.61 × 10−8

8.0 6.80 × 105 1.49 × 10−2 2.20 × 10−8

8.5 2.64 × 105 8.31 × 10−3 3.15 × 10−8

9.0 1.29 × 105 1.72 × 10−2 1.33 × 10−7

The standard deviation did not exceed 1.4 fold of the value.

To rationalize the difference between the observed and intrinsic rate constants
and the pH dependence of the kinetic parameters for sulfonamides interacting with
carbonic anhydrase, a mechanistic model was developed (Fig. 23). The molecular
species that occur and account for the observed interaction are indicated in the
Fig. 23 top scheme (A), while those involved in the intrinsic interaction, and their
inter-conversions, are specified below (Fig. 23, scheme B). This model assumes
that sulfonamides are in the deprotonated, anionic form when they interact with
the Zn cation in the active site of the CA, and that the water molecule occupying
the fourth coordination space of the metal ion has to be in a protonated, electro-
statically neutral form in order to be substituted by the deprotonated sulfonamide.
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Figure 21 Sensorgrams for interactions between VD10-39b and immobilised CA II.
The compound was injected in a 2-fold dilution series, starting at a concentration esti-
mated to be 10 time the expected KD. Running buffers were adjusted to the indicated
pH. Red lines represent best fit curves from non-linear regression analysis, using a re-
versible 1:1 interaction model.
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Figure 22 Observed kinetic and equilibrium data as a function of pH and the intrinsic
values that are independent of pH. The kinetic parameters of AZM interaction with CA
II, CA IX, and CA XIII were determined by SPR (solid symbols). KD values, obtained
by FTSA for the CA II–AZM interaction at various pH are included as open squares
in the left bottom panel. Solid curve is a theoretical model of binding according to
equation 21, dotted and dashed lines show a contribution of a fraction of deprotonated
AZM and protonated CA. Protein pKas were taken from Table 1.

Depending on the pH, two reactions may consequently have to occur before the
ligand can interact with the active site Zn(II): 1) protonation of the Zn(II)-bound
hydroxide (top, black), and 2) deprotonation of the sulfonamide (bottom, red).

The fraction of inhibitor in the deprotonated form (fRSO2NH−) and the fraction
of CA bearing a protonated water molecule in its active site (fCAZnH2O) were
described by equations 16 and 17, previously.

These equations were used to visualize how the fraction of the reactants vary
with pH (Fig. 23, C). The graph illustrates that the fraction of binding competent
CA is lower above the pKa, which for most CA isoforms is in the near-neutral pH
range. The opposite relationship applies to the sulfonamides, which have a higher
fraction of the binding competent form at pH values above their near neutral
pKa. The binding of sulfonamides to CA is thus expected to be optimal at near-
neutral pH, as the charges on the interacting groups are unfavourable in both
acidic and alkaline environments. To translate this structural information into
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Figure 23 Mechanistic principles for an interaction between a sulfonamide inhibitor and
a carbonic anhydrase. A) Scheme for the observed reaction and the molecular species
involved. B) Scheme for the intrinsic reaction (shaded in gray) and the molecular species
involved. C) pH-dependencies of the concentrations of protonated CA active site (black)
and deprotonated sulfonamide (red); mathematical expressions are given in Eq.s 17 and
16, respectively. D) Free energy (G) profile for the observed and the intrinsic reactions.

terms of kinetics and affinity, we modified the standard reversible second-order
rate equation.

The observed association rate is a function of the intrinsic association rate and
the available fractional concentrations of the interacting species:

ka_obs = ka_intrfCAZnH2OfRSO2NH− (37)

The intrinsic association constant ka_intr can thus be expressed as a function
of the observed association constant and the fraction of binding-competent forms:

ka_intr =
ka_obs

fCAZnH2OfRSO2NH−
(38)
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The fractional concentration of the associating species is pH-dependent but
opposite (Fig. 23, C). As the exact lateral position of two curves depend on the
pKas of the sulfonamide and the Zn(II)-bound water molecule, the exact pH for
the optimum is a characteristic for both the specific inhibitor and the CA isoform.

Furthermore, the model assumes that the observed and intrinsic dissociation
rates are equal and essentially pH independent as they both involve a simple
dissociation of the ligand-target complex:

kd_obs = kd_intr (39)

Taken together, these equations can be used to define affinities and their pH
dependencies, as the intrinsic equilibrium dissociation constant (KD_intr) is equal
to the ratio of association and dissociation rates:

KD_intr =
kd_intr

ka_intr

(40)

This is illustrated in the free energy diagram (Fig. 23, D), that also shows the
kinetic barrier of association and dissociation and why the observed rate of asso-
ciation and affinities vary with pH, while the rate of dissociation is pH insensitive.

Observed vs. intrinsic kinetic parameters

To determine intrinsic parameters, ka rates of protein ligand binding were ob-
served3. For this study 18 benzenesulfonamide-based inhibitors (Fig. 24) and 6
CA isoforms (CA I, II, VII, IX, XII, and XIII) were chosen. The affinities for the
interactions determined by SPR (KSPR

D ) were similar to the affinities obtained
using FTSA (KFTSA

D ), as shown in Table 7 and Figure 25. The largest mis-
matches were observed for the interactions with slow dissociation rates. However,
essentially irreversible interactions identified by SPR analysis had subnanomolar
KFTSA

D values.

Table 7 Kinetic parameters and equilibrium dissociation constants for the interactions
between benzenesulfonamides and recombinant human CA isoforms I, II, VII, IX, XII,
and XIII. The SPR-estimated dissociation constants (KSPR

D ) were determined from the
kinetic parameters according to Equation 9 and compared with dissociation constants
determined by FTSA (KFTSA

D ). Blue numbers represent approximate association con-
stants obtained for the tightest interactions that exhibited too slow dissociation rates
that could not be determined. SPR experiments were performed at pH 7.4, while FTSA
– at pH 7.0. Spectrophotometrically obtained pKas of compounds are listed in the first
column near the compound name. All data is shown for 25 ◦C

.

Observed kinetic and thermodynamic parameters of binding

Compound CA I CA II CA VII CA IX CA XII CA XIII
E79 ka_obs, M−1s−1 2.0 × 105 n/d 8.1 × 105 1.6 × 106 2.8 × 105 2.3 × 105

(1) kd, s−1 7.9 × 10−3 n/d 5.5 × 10−3 5.9 × 10−2 5.1 × 10−2 5.7 × 10−3

Continued on next page
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Table 7 – Continued from previous page
Compound CA I CA II CA VII CA IX CA XII CA XIII

pKa=9.1
KSPR

D , M 3.7 × 10−8 n/d 6.8 × 10−9 3.7 × 10−8 1.9 × 10−7 2.4 × 10−8

KFTSA
D , M 1.4 × 10−8 1.5 × 10−9 8.3 × 10−9 1.8 × 10−8 3.2 × 10−7 3.3 × 10−8

E11-36
ka_obs, M−1s−1 3.3 × 105 7.7 × 105 9.8 × 105 3.1 × 106 3.8 × 105 6.3 × 105

(2)
kd, s−1 7.5 × 10−3 4.6 × 10−3 1.7 × 10−2 1.4 × 10−1 1.7 × 10−1 2.0 × 10−3

pKa=8.6
KSPR

D , M 2.2 × 10−8 6.0 × 10−9 1.7 × 10−8 4.7 × 10−8 4.5 × 10−7 3.2 × 10−9

KFTSA
D , M 5.0 × 10−9 3.3 × 10−9 1.5 × 10−9 2.0 × 10−8 3.3 × 10−7 8.0 × 10−9

E11-37
ka_obs, M−1s−1 1.8 × 104 8.2 × 105 4.4 × 105 1.3 × 106 7.2 × 104 9.3 × 104

(3)
kd, s−1 7.9 × 10−1 6.2 × 10−1 6.5 × 10−1 3.1 × 10−1 5.1 × 10−1 4.9 × 10−2

pKa=9.7
KSPR

D , M 4.4 × 10−5 7.6 × 10−7 1.5 × 10−6 2.4 × 10−7 7.1 × 10−6 5.2 × 10−7

KFTSA
D , M 1.7 × 10−6 1.7 × 10−6 2.9 × 10−6 2.0 × 10−7 4.3 × 10−6 9.1 × 10−7

E2
ka_obs, M−1s−1 n/d 2.8 × 105 1.6 × 105 1.8 × 106 1.6 × 105 n/d

(4)
kd, s−1 n/d 1.5 × 10−1 2.7 × 10−1 8.4 × 10−1 1.4 × 10−1 n/d

pKa=9.0
KSPR

D , M n/d 5.3 × 10−7 1.7 × 10−6 4.6 × 10−7 9.0 × 10−7 n/d
KFTSA

D , M 4.8 × 10−6 5.9 × 10−7 3.3 × 10−7 3.0 × 10−7 7.7 × 10−7 1.1 × 10−7

E7
ka_obs, M−1s−1 n/d 3.8 × 105 2.0 × 105 n/d 1.0 × 105 8.3 × 104

(5)
kd, s−1 n/d 1.3 × 10−1 6.1 × 10−2 n/d 2.0 × 10−2 4.3 × 10−2

pKa=9.0
KSPR

D , M n/d 3.3 × 10−7 3.1 × 10−7 n/d 2.0 × 10−7 5.1 × 10−7

KFTSA
D , M 2.2 × 10−6 6.7 × 10−7 9.1 × 10−7 4.0 × 10−7 3.7 × 10−7 1.8 × 10−7

E90
ka_obs, M−1s−1 2.0 × 105 1.6 × 106 2.9 × 106 3.2 × 106 2.0 × 107 2.8 × 105

(6)
kd, s−1 1.2 × 10−2 8.0 × 10−3 2.2 × 10−2 2.1 × 10−1 2.7 1.7 × 10−2

pKa=9.4
KSPR

D , M 6.3 × 10−8 5.2 × 10−9 7.7 × 10−9 6.6 × 10−8 1.4 × 10−7 6.1 × 10−8

KFTSA
D , M 2.5 × 10−8 7.1 × 10−9 2.0 × 10−8 8.3 × 10−8 2.2 × 10−7 5.0 × 10−8

E11-8
ka_obs, M−1s−1 3.1 × 105 3.9 × 105 3.7 × 106 1.8 × 106 1.6 × 106 7.2 × 105

(7)
kd, s−1 8.4 × 10−3 4.2 × 10−3 4.4 × 10−2 2.6 × 10−1 3.2 × 10−1 4.6 × 10−3

pKa=8.9
KSPR

D , M 2.7 × 10−8 1.1 × 10−8 1.2 × 10−8 1.5 × 10−7 2.0 × 10−7 6.4 × 10−9

KFTSA
D , M 3.3 × 10−9 3.3 × 10−9 2.0 × 10−9 1.1 × 10−7 3.3 × 10−7 5.6 × 10−9

E67
ka_obs, M−1s−1 6.3 × 105 6.4 × 105 4.9 × 105 2.5 × 106 4.0 × 105 2.4 × 106

(8)
kd, s−1 1.7 × 10−3 3.0 × 10−2 2.5 × 10−2 8.4 × 10−2 2.5 × 10−2 1.0 × 10−2

pKa=9.2
KSPR

D , M 2.6 × 10−9 4.7 × 10−8 5.1 × 10−8 3.3 × 10−8 6.3 × 10−8 4.2 × 10−9

KFTSA
D , M 4.8 × 10−10 1.7 × 10−8 1.3 × 10−8 1.1 × 10−8 7.1 × 10−8 1.4 × 10−9

E11-9
ka_obs, M−1s−1 1.8 × 105 3.4 × 105 6.4 × 105 1.2 × 106 n/d 7.1 × 104

(9)
kd, s−1 2.1 × 10−1 1.8 × 10−1 1.4 3.1 × 10−1 n/d 5.1 × 10−2

pKa=9.6
KSPR

D , M 1.2 × 10−6 5.2 × 10−7 2.2 × 10−6 2.6 × 10−7 n/d 7.1 × 10−7

KFTSA
D , M 3.3 × 10−7 4.3 × 10−7 2.0 × 10−6 3.3 × 10−7 1.3 × 10−6 5.0 × 10−7

E89
ka_obs, M−1s−1 1.2 × 105 5.5 × 105 4.1 × 105 2.0 × 106 8.8 × 105 1.2 × 105

(10)
kd, s−1 4.3 × 10−1 7.3 × 10−2 1.5 × 10−1 4.0 × 10−1 1.6 × 10−1 2.2 × 10−2

pKa=8.9
KSPR

D , M 3.5 × 10−6 1.3 × 10−7 3.7 × 10−7 2.0 × 10−7 1.8 × 10−7 1.8 × 10−7

KFTSA
D , M 1.8 × 10−6 1.4 × 10−7 3.1 × 10−7 3.6 × 10−7 5.0 × 10−7 1.4 × 10−7

VD12-05
ka_obs, M−1s−1 8.1 × 105 s/d 5.2 × 106 9.2 × 106 1.3 × 106 1.4 × 106

(11)
kd, s−1 s/d s/d 3.3 × 10−2 1.1 × 10−1 2.5 × 10−2 s/d

pKa=8.3
KSPR

D , M s/d s/d 6.5 × 10−9 1.1 × 10−8 1.9 × 10−8 s/d
KFTSA

D , M 3.3 × 10−11 9.1 × 10−10 3.3 × 10−10 1.7 × 10−9 1.4 × 10−8 5.3 × 10−10

VD12-09
ka_obs, M−1s−1 n/d n/d 2.0 × 104 2.9 × 105 1.3 × 105 1.0 × 104

(12)
kd, s−1 n/d n/d 1.0 × 10−2 7.7 × 10−3 5.0 × 10−2 s/d

pKa=8.9
KSPR

D , M n/d n/d 5.1 × 10−7 2.7 × 10−8 4.0 × 10−7 s/d
KFTSA

D , M 9.1 × 10−6 4.5 × 10−7 7.4 × 10−8 1.7 × 10−10 1.0 × 10−7 3.3 × 10−8

VD11-4-2
ka_obs, M−1s−1 n/d 8.6 × 104 4.9 × 104 1.9 × 106 4.8 × 105 5.1 × 105

(13)
kd, s−1 n/d 8.7 × 10−3 2.0 × 10−3 s/d s/d 7.9 × 10−3

pKa=8.2
KSPR

D , M n/d 1.0 × 10−7 4.0 × 10−8 s/d s/d 1.5 × 10−8

KFTSA
D , M 3.3 × 10−7 2.0 × 10−8 3.2 × 10−9 6.7 × 10−12 1.1 × 10−9 2.2 × 10−9

VD11-26
ka_obs, M−1s−1 3.9 × 105 1.3 × 106 2.9 × 105 6.5 × 106 1.5 × 106 2.5 × 105

(14)
kd, s−1 1.0 × 10−2 8.2 × 10−3 1.3 × 10−2 1.0 × 10−1 1.4 × 10−1 s/d

pKa=8.0
KSPR

D , M 2.5 × 10−8 6.4 × 10−9 4.5 × 10−8 1.6 × 10−8 9.5 × 10−8 s/d
KFTSA

D , M 2.5 × 10−8 2.4 × 10−9 3.1 × 10−9 2.0 × 10−9 1.0 × 10−7 4.2 × 10−10

VD11-25 ka_obs, M−1s−1 n/d s/d 2.4 × 105 7.0 × 105 1.8 × 105 7.7 × 104

(15) kd, s−1 n/d s/d s/d 6.4 × 10−3 1.1 × 10−2 s/d
pKa=8.0 KSPR

D , M n/d s/d s/d 9.2 × 10−9 5.9 × 10−8 s/d
Continued on next page
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Table 7 – Continued from previous page
Compound CA I CA II CA VII CA IX CA XII CA XIII

KFTSA
D , M 2.2 × 10−7 5.9 × 10−10 7.7 × 10−11 2.0 × 10−10 1.7 × 10−8 1.5 × 10−9

VD12-63
ka_obs, M−1s−1 s/d 1.4 × 106 2.6 × 106 1.5 × 107 8.8 × 105 9.2 × 105

(16)
kd, s−1 s/d 9.3 × 10−3 7.1 × 10−2 1.5 × 10−1 4.1 × 10−2 1.1 × 10−2

pKa=8.4
KSPR

D , M s/d 6.8 × 10−9 2.7 × 10−8 1.0 × 10−8 4.6 × 10−8 1.1 × 10−8

KFTSA
D , M 2.9 × 10−11 4.5 × 10−9 56 × 10−9 2.0 × 10−8 3.3 × 10−8 4.0 × 10−9

VD12-69-1
ka_obs, M−1s−1 1.1 × 105 3.9 × 105 3.0 × 104 1.8 × 106 n/d 1.0 × 105

(17)
kd, s−1 6.6 × 10−3 2.6 × 10−2 1.4 × 10−1 2.6 × 10−1 n/d 2.2 × 10−2

pKa=8.7
KSPR

D , M 6.1 × 10−8 6.6 × 10−8 4.8 × 10−6 1.5 × 10−7 n/d 2.1 × 10−7

KFTSA
D , M 2.5 × 10−8 7.7 × 10−8 2.5 × 10−7 2.2 × 10−8 3.3 × 10−7 5.0 × 10−8

VD10-39b
ka_obs, M−1s−1 n/d 1.5 × 106 n/d n/d n/d 1.7 × 105

(18)
kd, s−1 n/d 5.1 × 10−2 n/d n/d n/d 7.7 × 10−2

pKa=8.0
KSPR

D , M n/d 3.3 × 10−8 n/d n/d n/d 4.5 × 10−7

KFTSA
D , M 6.7 × 10−8 7.7 × 10−8 4.2 × 10−8 2.0 × 10−10 1.0 × 10−8 6.3 × 10−9

n/d - no data, s/d - slow dissociation rate. The standard deviation did not exceed 1.4 fold of the value.
Blue numbers represent approximate ka_obs determined by SPR. Compounds exhibited too slow kd_obs.

In general, p-substituted acetylated heterocyclic derivatives of the studied ben-
zenesulfonamides showed higher affinities than m-substituted derivatives. With
some exceptions, the benzimidazole heterocyclic moiety within the benzenesul-
fonamide structure was more favorable than the pyrimidine. Within the com-
pound groups of N-substituted benzimidazole derivatives and S-substituted 2-
thiopyrimidine derivatives (Figure 24, compounds 1-5 and 6-10), the introduction
of chlorine at ortho position reduced the KD for the binding to all isozymes except
for CA IX. The highest affinities possessed fluorine containing derivatives (Table 7
and Figure 27). Fluorinated compounds bearing bulky hydrophobic functional
group such as tret-butyl (VD11-25), benzyl (VD10-39b) or cyclooctyl (VD12-
09 and VD11-4-2), demonstrated the lowest dissociation rate constants for the
interaction with CA IX.

As long as association constants are pH dependent, intrinsic kinetic parameters
were calculated. Figure 28 compares the intrinsic and observed thermodynamic
parameters of the fluorinated compounds interaction with five CA isoforms. The
most tightly binding compounds exhibited rates of dissociation that were too slow
to be reliably determined by SPR. Therefore, the values for these compounds were
estimated by multiplying the approximate association rates determined by SPR
by the KDs previously determined by the FTSA. They are found in the grey
shaded area of the graph with very slow dissociation rates. The intrinsic kas were
1 to 2 orders of magnitude greater than the observed ones, with slight differences
depending on the pKas of the compound and the CA isoform and several kas of
compounds interaction with CAs reach the diffusion-limited association rates (e.g.
6 with CA XII, 3 with CA IX). However, intrinsic kds were the same as observed
ones. It is clear that the rates are highly dependent both on the structure of the
compound and on the microenvironment in the active site of the CA isoform.

All intrinsic association rate constants (Figure 28) were between 3.3×105 and
8.8×108 M−1 s−1, while the observed rates varied between ∼ 104 and 107 M−1 s−1.
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Figure 24 Structures of the studied benzenesulfonamides: N-substituted benzim-
idazole derivatives E79, E11-36, E11-37 [135], E2, and E7 [136]; S-substituted
2-thiopyrimidine derivatives E90, E67, E89 [137], E11-8, and E11-9 [136]; and
fluorinated benzenesulfonamides VD12-05, VD12-63 [138], VD12-09, VD11-4-2
[139,140], VD11-26, VD11-25, VD12-69-1 [140], and VD10-39b.

The intrinsic dissociation rate constants spanned an even greater interval, from
1.0× 10−1 s−1 to 6.6× 10−5 s−1 (equivalent to residence times from 10 sec to 4.2
hours). The tightest binder of CA IX, compound 13, whose intrinsic thermody-
namic dissociation constant KD is equal to approximately 1 pM is such a great
binder of CA IX primarily due to its long residence time while the association rate
is not exceptional. Similarly, the high affinity of compound 11 to CA I, and 15 to
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Figure 25 Relationship between dissociation constants determined by FTSA and SPR.
Data taken from Table 7.

CA VII is exceptionally strong, primarily due to extremely long residence times.
It should be noted that association and dissociation rate constants and the Kds for
compounds in the right part of the Figure 28 were determined accurately by SPR.
In contrast, the parameters on the left shaded part of the figure are approximate
since they were generated indirectly using Kd values obtained by FTSA. However,
the leftmost datapoints are of great interest because these compounds possess an
exceptional stability in their interaction with certain CA isoforms.

To better understand the reasons behind the exceptional residence times of
selected compounds, the correlations between intrinsic kinetic constants and the
chemical structures of compounds were analyzed. The kinetic intrinsic interaction
values for CA isoforms and compounds are listed in Table 8. The kinetic parame-
ters of compounds with similar chemical structures are plotted in Figures 29 and
30.
Table 8 Intrinsic kinetic rate constants of association (ka) and dissociation (kd) and the
intrinsic thermodynamic equilibrium constants (KD) for all tested compound interaction
with 6 CA isoforms, 25°C. Blue numbers represent values, whereKDs were taken from
FTSA, ka from SPR data, and kds were calculated using these observed values. All
other intrinsic parameters were calculated from SPR data.

Intrinsic kinetic and thermodynamic parameters of binding

Compound CA I CA II CA VII CA IX CA XII CA XIII

E79
ka_intr, M−1s−1 1.1 × 107 n/d 1.5 × 108 4.1 × 108 5.0 × 107 1.3 × 107

(1)
kd, s−1 7.9 × 10−3 n/d 5.5 × 10−3 5.9 × 10−2 5.1 × 10−2 5.7 × 10−3

KD, M 7.0 × 10−10 n/d 3.8 × 10−11 1.5 × 10−10 1.0 × 10−9 4.3 × 10−10

E11-36
ka_intr, M−1s−1 5.5 × 106 3.5 × 107 5.2 × 107 2.3 × 108 2.0 × 107 1.1 × 107

(2)
kd, s−1 7.5 × 10−3 4.6 × 10−3 1.7 × 10−2 1.4 × 10−1 1.7 × 10−1 2.0 × 10−3

KD, M 1.4 × 10−9 1.3 × 10−10 3.3 × 10−10 6.0 × 10−10 8.4 × 10−9 1.9 × 10−10

E11-37
ka_intr, M−1s−1 4.0 × 106 4.9 × 108 3.1 × 108 1.3 × 109 5.1 × 107 2.1 × 107

(3)
kd, s−1 7.9 × 10−1 6.2 × 10−1 6.5 × 10−1 3.1 × 10−1 5.1 × 10−1 4.9 × 10−2

KD, M 2.0 × 10−7 1.3 × 10−9 2.1 × 10−9 2.4 × 10−10 1.0 × 10−8 2.3 × 10−9

E2 ka_intr, M−1s−1 n/d 3.1 × 107 2.1 × 107 3.3 × 108 2.1 × 107 n/d
Continued on next page
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Table 8 – Continued from previous page
Compound CA I CA II CA VII CA IX CA XII CA XIII
E2 kd, s−1 n/d 1.5 × 10−1 2.7 × 10−1 8.4 × 10−1 1.4 × 10−1 n/d
(4) KD, M n/d 4.9 × 10−9 1.3 × 10−8 2.6 × 10−9 6.8 × 10−9 n/d

E7
ka_intr, M−1s−1 n/d 4.2 × 107 2.6 × 107 n/d 1.3 × 107 3.4 × 106

(5)
kd, s−1 n/d 1.3 × 10−1 6.1 × 10−2 n/d 2.0 × 10−2 4.3 × 10−2

KD, M n/d 3.1 × 10−9 2.4 × 10−9 n/d 1.6 × 10−9 1.3 × 10−8

E90
ka_intr, M−1s−1 2.2 × 107 4.8 × 108 1.0 × 109 1.6 × 109 7.1 × 109 3.2 × 107

(6)
kd, s−1 1.2 × 10−2 8.0 × 10−3 2.2 × 10−2 2.1 × 10−1 2.7 1.7 × 10−2

KD, M 5.4 × 10−10 1.7 × 10−11 2.1 × 10−11 1.3 × 10−10 3.8 × 10−10 5.3 × 10−10

E11-8
ka_intr, M−1s−1 1.1 × 107 3.8 × 107 4.2 × 108 2.9 × 108 1.8 × 108 2.6 × 107

(7)
kd, s−1 8.4 × 10−3 4.2 × 10−3 4.6 × 10−3 2.6 × 10−1 3.2 × 10−1 1 × 10−8

KD, M 7.6 × 10−10 1.1 × 10−10 1.0 × 10−10 8.9 × 10−10 1.8 × 10−9 1.7 × 10−10

E67
ka_intr, M−1s−1 4.4 × 107 1.2 × 108 1.1 × 108 8.0 × 108 9.0 × 107 1.7 × 108

(8)
kd, s−1 1.7 × 10−3 3.0 × 10−2 1.0 × 10−2 8.4 × 10−2 2.5 × 10−2 1 × 10−8

KD, M 3.8 × 10−11 2.4 × 10−10 2.3 × 10−10 1.1 × 10−10 2.8 × 10−10 5.8 × 10−11

E11-9
ka_intr, M−1s−1 3.2 × 107 1.6 × 108 3.6 × 108 9.5 × 108 n/d 1.3 × 107

(9)
kd, s−1 2.1 × 10−1 1.8 × 10−1 1.4 3.1 × 10−1 n/d 5.1 × 10−2

KD, M 6.8 × 10−9 1.1 × 10−9 3.9 × 10−9 3.3 × 10−10 n/d 4.0 × 10−9

E89
ka_intr, M−1s−1 3.9 × 106 4.8 × 107 4.2 × 107 2.9 × 108 9.0 × 107 3.9 × 106

(10)
kd, s−1 4.3 × 10−1 7.3 × 10−2 2.2 × 10−2 4.0 × 10−1 1.6 × 10−1 1 × 10−8

KD, M 1.1 × 10−7 1.5 × 10−9 3.6 × 10−9 1.4 × 10−9 1.8 × 10−9 5.6 × 10−9

VD12-05
ka_intr, M−1s−1 8.5 × 106 s/d 1.7 × 108 4.4 × 108 4.3 × 107 1.5 × 107

(11)
kd, s−1 2.7 × 10−5 s/d 3.3 × 10−2 1.1 × 10−1 2.5 × 10−2 7.6 × 10−4

KD, M 3.2 × 10−12 s/d 1.9 × 10−10 2.5 × 10−10 5.8 × 10−10 5.0 × 10−11

VD12-09
ka_intr, M−1s−1 n/d n/d 2.1 × 106 4.2 × 107 1.3 × 107 3.3 × 105

(12)
kd, s−1 n/d n/d 1.0 × 10−2 7.7 × 10−3 5.0 × 10−2 3.3 × 10−4

KD, M n/d n/d 4.9 × 10−9 1.8 × 10−10 3.8 × 10−9 1.0 × 10−9

VD11-4-2
ka_intr, M−1s−1 n/d 1.8 × 106 1.2 × 106 6.6 × 107 1.2 × 107 4.0 × 106

(13)
kd, s−1 n/d 8.7 × 10−3 2.0 × 10−3 1.3 × 10−5 5.3 × 10−4 7.9 × 10−3

KD, M n/d 4.8 × 10−9 1.7 × 10−9 1.9 × 10−13 4.5 × 10−11 2.0 × 10−9

VD11-26
ka_intr, M−1s−1 2.3 × 106 2.1 × 107 5.5 × 106 1.7 × 108 2.8 × 107 1.5 × 106

(14)
kd, s−1 1.0 × 10−2 8.2 × 10−3 9.0 × 10−4 1.0 × 10−1 1.4 × 10−1 1 × 10−8

KD, M 4.3 × 10−9 3.9 × 10−10 1.7 × 10−10 5.8 × 10−10 5.0 × 10−9 4.5 × 10−10

VD11-25
ka_intr, M−1s−1 n/d s/d 4.5 × 106 1.9 × 107 3.4 × 106 4.6 × 105

(15)
kd, s−1 n/d s/d 1.8 × 10−5 6.4 × 10−3 1.1 × 10−2 3.8 × 10−4

KD, M n/d s/d 4.1 × 10−12 3.4 × 10−10 3.2 × 10−9 8.3 × 10−10

VD12-63
ka_intr, M−1s−1 s/d 4.9 × 107 1.1 × 108 8.8 × 108 3.6 × 107 1.2 × 107

(16)
kd, s−1 s/d 9.3 × 10−3 7.1 × 10−2 1.5 × 10−1 4.1 × 10−2 1.1 × 10−2

KD, M s/d 1.9 × 10−10 6.6 × 10−10 1.7 × 10−10 1.1 × 10−9 9.1 × 10−10

VD12-69-1
ka_intr, M−1s−1 2.7 × 106 2.6 × 107 2.4 × 106 2.0 × 108 n/d 2.5 × 106

(17)
kd, s−1 6.6 × 10−3 2.6 × 10−2 1.4 × 10−1 2.6 × 10−1 n/d 2.2 × 10−2

KD, M 2.4 × 10−9 10 × 10−10 5.9 × 10−8 1.3 × 10−9 n/d 8.7 × 10−9

VD10-39b
ka_intr, M−1s−1 n/d 2.2 × 107 n/d n/d n/d 1.4 × 107

(18)
kd, s−1 n/d 4.9 × 10−2 n/d n/d n/d 1.2 × 10−2

KD, M n/d 2.0 × 10−9 n/d n/d n/d 1.0 × 10−9

n/d - no data, s/d - slow dissociation rate. The standard deviation did not exceed 1.4 fold of the value.

Figure 29 compares the intrinsic kinetic binding parameters of compounds
with and without chlorine in ortho position of benzensulfonamides. In Panel A,
for compound 1, the Cl ortho-substitution reduced the affinity towards most tested
isoforms primarily due to slowing the association rate (CA VII, CA IX, and CA
XII) but also for one isoform due to slower dissociation rate. Similar observations
are shown in Panels B-D, for ortho Cl addition to compounds 3, 6, and 9.

Compounds 3, 4, and 5 had higher kd values compared to compounds 1 and 2.
The fastest interaction occurred for compound 3 and CA IX. This compound as-
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sociated rapidly with CA II and CA VII and dissociated fast from all studied CAs
except CA XIII. Dissociation from CA XIII was the slowest of all 10 compounds,
shown in Fig. 29, with several exceptions, e.g. compound 5 dissociation from CA
XII. The fastest association (ka) and dissociation (kd) rates were determined for
the interaction between compound 6 and CA XII. Its analogue bearing chlorine
7 had lower affinity. Compounds with (10) and without (9) ortho-chlorine are
compared in Panel D, Figure 29. Compound 9 associated faster and dissociated
slower from to CA IX compared to compound 10. This tendency is illustrated in
Panels A, B and C, Figure 29.

Figure 30 shows the intrinsic kinetic parameters of the fluorinated compounds.
Compounds 11 and 16 are para-substituted benzenesulfonamides while the re-
maining compounds bear additional substitutions at ortho or meta positions that
cause selectivities towards particular CA isoforms. Compound 17 does not pos-
sess any para-substitution and only an ortho-substitution. Figure 30 shows only
the data where both the association and dissociation rates were accurately deter-
mined. The strongest binders with slow dissociation rates could not be determined
and thus only some of them are shown in the shaded area of Figure 28, as explained
above.

Addition of the octylamine ortho-substitution to compound 11 diminished
both the association and dissociation rates thus not affecting the affinity towards
CA IX. However, FTSA data indicated that 12 bound stronger than 11. This
slight inconsistency is likely due to different measurement approaches, SPR re-
quiring immobilization while FTSA involves heating. Still, the overall tendencies
are the same in both techniques. Addition of meta-substitution of octylamine to
compound 11, resulting in compound 13, caused significantly slower dissociation
from CA IX as shown in the grey area of Figure 28.

In conclusion, lower fractions of ready to interact components slow down the
observed association rates. Calculated intrinsic parameters show that carbonic
anhydrase – sulfonamide compound association can reach diffusion-limited rate.
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Figure 26 Interaction kinetic plots based on observed association and dissociation
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Figure 28 Comparison of observed (bottom squares) and intrinsic (upper shapes) ki-
netic parameters for sulfonamides 11-17 interacting with CA IX (olive down-pointing
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Discussion

Structure-thermodynamic and structure-kinetic relationships provide valuable in-
formation for structure based drug design. However, the observed experimental
parameters should not be directly translated into structure-activity relationship.
The observed gain in inhibitor potency after chemical modification can be at-
tributed to a change in pKa value for ionizable group and corresponding change
in observed affinity instead of an improvement in the interaction network [139].

To obtain the intrinsic parameters of sulfonamide binding to CAs, it is neces-
sary to dissect contributions of three linked protonation reactions - deprotonation
of sulfonamide, protonation of the active site zinc hydroxide and protonation-
deprotonation of buffer. The calculated intrinsic thermodynamic and kinetic pa-
rameters were independent of the fractions of sulfonamide and CA in the active
forms. To obtain them, a large series of FTSA, ITC, and SPR experiments were
necessary to be performed at various pHs.

Here we determined the pKas of the hydroxide anion bound to the Zn(II) lo-
cated in the active sites of CA I, CA IX, and CA XII and found it to be equal
to 8.4, 6.8, and 7.0, respectively (at 25°C). The pKa of zinc hydroxide protona-
tion of CA I was assumed by other researchers to be the same as that of the
CA I containing cobalt atom in the active site. The presence of cobalt enabled
pKa determination by spectral methods [141]. The Co(II) hydroxide protonation
pKa was equal to 7.41 ± 0.04. Therefore, an assumption that Co(II) and Zn(II)
enzymes will have the same pKa is not correct.

The pKas of the full length and the catalytic domain of the CA IX were previ-
ously determined to be 6.49 and 7.01, respectively [112]. Wingo et al. determined
the pKa equal to 6.3 [126]. Our obtained pKa confirms previous determinations.
The pKa of CA XII nicely confirms previous determinations (pKas of 7.1 [127]
and 6.9 [112]) as well.

It is clear that pKa of CA I is similar to the pKa of CA XIII, CA IX is similar
to CA IV and CA XII is equal to CA VII (Table 1). However, there is no clear
pKa correlation with the enthalpy and entropy of Zn(II)-bound hydroxy anion
protonation.

Thermodynamic dissection of contributing linked reactions should improve the
design of CA inhibitors. This study of the intrinsic thermodynamics of sulfon-
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amide inhibitor binding to CA isoforms enabled to determine the intrinsic binding
parameters of other compounds. It will be possible to calculate the Kd_intr and
the ∆bGintr of studied compounds binding to CA I, CA IX, and CA XII, only
the pKa of the newly-synthesized compound had to be determined experimen-
tally. Furthermore, the observed enthalpies of binding (∆bHobs) of the studied
compounds were determined by ITC, therefore it will be possible to calculate the
intrinsic enthalpy and entropy of the compound binding to CAs as well.

Taking this into account, observed and intrinsic thermodynamic parameters
of 25 structurally related chlorinated benzenesulfonamides binding to CAs were
obtained. Part of these compounds bearing one tail in meta position and others
were meta- and para-substituted two-tailed compounds. All of them showed good
binding properties to the target protein.

Small structural changes can highly influence thermodynamic parameters.
Therefore, it is difficult to make the conclussions about binding properties of
CA isozymes, because enthalpic and entropic contribution differ significantly even
if binding affinities are similar. However, with some exceptions, two-tailed ben-
zenesulfonamides show greater intrinsic binding to CAs than compounds bearing
one tail in meta position (in EA3-1 and EA4-1 cases). These results oppose
the data published by Tanpure et al. [142]. However, compounds used in the
mentioned manuscript and in this study are completely different. Synthesis of
compounds described in the manuscript are based on compound acetazolamide
(AZM), while compounds used in this study are benzenesulfonamide derivatives.
Moreover, only 9 compounds are described in publication. After comparison of 25
inhibitors in this study it is still difficult to make conclusions about binding based
on compound structure. To achieve this goal, big databases of thermodynamic
and kinetic binding parameters have to be analyzed.

Quantification of intrinsic interaction parameters, including ∆bHintr, ∆bSintr,
KD_intr, ka_intr and kd_intr provide a better link between the ligand structure and
its activity towards the target. In addition, knowledge of the intrinsic parameters
allows one to predict the desired activity of a compound in a certain environment
and how it depends on pH or ionic strength.

It was possible to quantify intrinsic association rate constants using Equation
38. As expected, for a given interaction, the value of kintra is significantly higher
than the maximal observed kobsa . Comparison of the observed and intrinsic associ-
ation rates shows that for this series of compounds, the difference may reach 1–4
orders of magnitude. If the structure-activity analysis of the interaction kinetics
is performed by using the observed association rates, the error may be more than
1000-fold and the compounds may be ranked in a wrong order, assigning the ob-
served gain of the interaction potency to wrong structural changes. Therefore, it
is important to determine the intrinsic rates for any protein-ligand binding sys-
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tem where binding-linked protonation events occur either for the protein or for
the ligand.

Interestingly enough, sulfonamides are generally considered to be “slow” lig-
ands, with second-order rate constants for the association below expected from
a small molecule that encounter and interact within relatively huge active site
cavity. This observed phenomenon is explained here by inconsistency between the
total concentration of various ligand and protein forms and the real concentration
of reactive species. Similar conclusions can be drawn for other families of proteins
and ligands chemotypes.
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• The protonation pKas of the Zn(II)-bound hydroxide anion in the catalytic
domain of human recombinant CA isoforms I, IX, and XII are equal to 8.4,
6.8, and 7.0, respectively, as determined by FTSA and ITC methods (25°C).
The enthalpies of protonation of the hydroxide bound to the Zn(II) ion in
the active site of CA I, CA IX and CA XII are equal to -41.0 kJmol−1, -24.0
kJmol−1, and -28.0 kJmol−1, respectively.

• After the determination of the observed thermodynamic parameters of lig-
and binding to CAs, the subtraction of the pH and buffer effects by using
the model of linked protonation reactions yielded the intrinsic binding en-
thalpies and Gibbs energies of sulfonamide binding.

• Application of the novel model that dissected the intrinsic kinetic parameters
of sulfonamide inhibitor association-dissociation kinetics showed that the
compounds behave as common ligands with diffusion-limited kinetics.

91



Conclusions

92



Bibliography

[1] Hopkins, A.L., Groom, C.R.: The druggable genome. Nature Reviews Drug
Discovery 1(9), 727–730 (2002). doi:10.1038/nrd892

[2] Hodgson, T.H.: The Carbonic Anhydrase Content of Blood in Pathological
States in Man. British Journal of Experimental Pathology 17(1), 75–80
(1936)

[3] Meldrum, N.U., Roughton, F.J.W.: Carbonic anhydrase. Its preparation
and properties. The Journal of Physiology 80(2), 113–142 (1933)

[4] Alterio, V., Di Fiore, A., D’Ambrosio, K., Supuran, C.T., De Simone, G.:
Multiple Binding Modes of Inhibitors to Carbonic Anhydrases: How to
Design Specific Drugs Targeting 15 Different Isoforms? Chemical Reviews
112(8), 4421–4468 (2012). doi:10.1021/cr200176r

[5] Supuran, C.T., Fiore, A.D., Simone, G.D.: Carbonic anhydrase inhibitors
as emerging drugs for the treatment of obesity. Expert Opinion on Emerging
Drugs 13(2), 383–392 (2008). doi:10.1517/14728214.13.2.383

[6] Supuran, C.T.: How many carbonic anhydrase inhibition mechanisms ex-
ist? Journal of Enzyme Inhibition and Medicinal Chemistry 31(3), 345–360
(2016). doi:10.3109/14756366.2015.1122001

[7] The Molecules of Life: Physical and Chemical Principles. https://www.
crcpress.com/The-Molecules-of-Life-Physical-and-Chemical-Principles/
Kuriyan-Konforti-Wemmer/p/book/9780815341888 (2012)

[8] Krimmer, S.G., Klebe, G.: Thermodynamics of protein–ligand interactions
as a reference for computational analysis: How to assess accuracy, reliability
and relevance of experimental data. Journal of Computer-Aided Molecular
Design 29(9), 867–883 (2015). doi:10.1007/s10822-015-9867-y

[9] Liu, Y., Sturtevant, J.M.: Significant discrepancies between van’t hoff
and calorimetric enthalpies. II. Protein Science 4(12), 2559–2561 (1995).
doi:10.1002/pro.5560041212

[10] Naghibi, H., Tamura, A., Sturtevant, J.M.: Significant discrepancies be-
tween van’t Hoff and calorimetric enthalpies. Proceedings of the National
Academy of Sciences of the United States of America 92(12), 5597–5599
(1995)

93

https://www.crcpress.com/The-Molecules-of-Life-Physical-and-Chemical-Principles/Kuriyan-Konforti-Wemmer/p/book/9780815341888
https://www.crcpress.com/The-Molecules-of-Life-Physical-and-Chemical-Principles/Kuriyan-Konforti-Wemmer/p/book/9780815341888
https://www.crcpress.com/The-Molecules-of-Life-Physical-and-Chemical-Principles/Kuriyan-Konforti-Wemmer/p/book/9780815341888


Bibliography

[11] Martin, S.F., Clements, J.H.: Correlating Structure and Energetics in
Protein-Ligand Interactions: Paradigms and Paradoxes. Annual Review of
Biochemistry 82(1), 267–293 (2013). doi:10.1146/annurev-biochem-060410-
105819

[12] Jogaitė, V., Zubrienė, A., Michailovienė, V., Gylytė, J., Morkūnaitė, V.,
Matulis, D.: Characterization of human carbonic anhydrase XII stability
and inhibitor binding. Bioorganic & Medicinal Chemistry 21(6), 1431–1436
(2013). doi:10.1016/j.bmc.2012.10.016

[13] Perozzo, R., Folkers, G., Scapozza, L.: Thermodynamics of Protein–Ligand
Interactions: History, Presence, and Future Aspects. Journal of Receptors
and Signal Transduction 24(1-2), 1–52 (2004). doi:10.1081/RRS-120037896

[14] Klebe, G.: Applying thermodynamic profiling in lead finding and
optimization. Nature Reviews Drug Discovery 14(2), 95–110 (2015).
doi:10.1038/nrd4486

[15] Baranauskienė, L., Matulis, D.: Intrinsic thermodynamics of ethoxzolamide
inhibitor binding to human carbonic anhydrase XIII. BMC Biophysics 5, 12
(2012). doi:10.1186/2046-1682-5-12

[16] Kišonaitė, M., Zubrienė, A., Čapkauskaitė, E., Smirnov, A., Smirnovienė, J.,
Kairys, V., Michailovienė, V., Manakova, E., Gražulis, S., Matulis, D.: In-
trinsic Thermodynamics and Structure Correlation of Benzenesulfonamides
with a Pyrimidine Moiety Binding to Carbonic Anhydrases I, II, VII, XII,
and XIII. PLoS ONE 9(12) (2014). doi:10.1371/journal.pone.0114106

[17] Pilipuitytė, V., Matulis, D.: Intrinsic thermodynamics of trifluo-
romethanesulfonamide and ethoxzolamide binding to human carbonic an-
hydrase VII. Journal of Molecular Recognition 28(3), 166–172 (2015).
doi:10.1002/jmr.2404

[18] Kazokaitė, J., Milinavičiūtė, G., Smirnovienė, J., Matulienė, J., Matulis, D.:
Intrinsic binding of 4-substituted-2,3,5,6-tetrafluorobenezenesulfonamides
to native and recombinant human carbonic anhydrase VI. FEBS Journal
282(5), 972–983 (2015). doi:10.1111/febs.13196

[19] Copeland, R.A., Pompliano, D.L., Meek, T.D.: Drug–target residence time
and its implications for lead optimization. Nature Reviews Drug Discovery
5(9), 730–739 (2006). doi:10.1038/nrd2082

[20] Holdgate, G.A., Anderson, M., Edfeldt, F., Geschwindner, S.: Affinity-
based, biophysical methods to detect and analyze ligand binding to
recombinant proteins: Matching high information content with high
throughput. Journal of Structural Biology 172(1), 142–157 (2010).
doi:10.1016/j.jsb.2010.06.024

[21] Renaud, J.-P., Chung, C.-w., Danielson, U.H., Egner, U., Hennig, M., Hub-
bard, R.E., Nar, H.: Biophysics in drug discovery: Impact, challenges
and opportunities. Nature Reviews Drug Discovery 15(10), 679–698 (2016).
doi:10.1038/nrd.2016.123

94



Bibliography

[22] Matulis, D., Kranz, J.K., Salemme, F.R., Todd, M.J.: Thermodynamic
Stability of Carbonic Anhydrase: Measurements of Binding Affinity and
Stoichiometry Using ThermoFluor. Biochemistry 44(13), 5258–5266 (2005).
doi:10.1021/bi048135v

[23] Pantoliano, M.W., Petrella, E.C., Kwasnoski, J.D., Lobanov, V.S., Myslik,
J., Graf, E., Carver, T., Asel, E., Springer, B.A., Lane, P., Salemme, F.R.:
High-Density Miniaturized Thermal Shift Assays as a General Strategy for
Drug Discovery. Journal of Biomolecular Screening 6(6), 429–440 (2001).
doi:10.1177/108705710100600609

[24] Kranz, J.K., Schalk-Hihi, C.: Chapter eleven - Protein Thermal Shifts
to Identify Low Molecular Weight Fragments. In: Kuo, L.C. (ed.) Meth-
ods in Enzymology. Fragment-Based Drug DesignTools, Practical Ap-
proaches, and Examples, vol. 493, pp. 277–298. Academic Press, ??? (2011).
doi:10.1016/B978-0-12-381274-2.00011-X

[25] Cimmperman, P., Baranauskienė, L., Jachimovičiūtė, S., Jachno, J., Torre-
san, J., Michailovienė, V., Matulienė, J., Sereikaitė, J., Bumelis, V., Mat-
ulis, D.: A Quantitative Model of Thermal Stabilization and Destabiliza-
tion of Proteins by Ligands. Biophysical Journal 95(7), 3222–3231 (2008).
doi:10.1529/biophysj.108.134973

[26] Freyer, M.W., Lewis, E.A.: Isothermal Titration Calorimetry: Experimental
Design, Data Analysis, and Probing Macromolecule/Ligand Binding and
Kinetic Interactions. Biophysical Tools for Biologists, Volume One: In Vitro
Techniques, vol. 84, pp. 79–113. Academic Press (2008). doi:10.1016/S0091-
679X(07)84004-0

[27] Damian, L.: Isothermal Titration Calorimetry for Studying Protein–Ligand
Interactions. In: Williams, M.A., Daviter, T. (eds.) Protein-Ligand Inter-
actions. Methods in Molecular Biology, pp. 103–118. Humana Press, ???
(2013)

[28] Ladbury, J.E.: Counting the calories to stay in the groove. Structure 3(7),
635–639 (1995). doi:10.1016/S0969-2126(01)00197-6

[29] Brautigam, C.A., Zhao, H., Vargas, C., Keller, S., Schuck, P.: Integra-
tion and global analysis of isothermal titration calorimetry data for study-
ing macromolecular interactions. Nature Protocols 11(5), 882–894 (2016).
doi:10.1038/nprot.2016.044

[30] Tellinghuisen, J.: Isothermal titration calorimetry at very low c. Analytical
Biochemistry 373(2), 395–397 (2008). doi:10.1016/j.ab.2007.08.039

[31] Linkuvienė, V., Krainer, G., Chen, W.-Y., Matulis, D.: Isothermal titration
calorimetry for drug design: Precision of the enthalpy and binding constant
measurements and comparison of the instruments. Analytical Biochemistry
515, 61–64 (2016). doi:10.1016/j.ab.2016.10.005

95



Bibliography

[32] Mueller, W.H., Francis: Biomolecular Interaction Analysis in Drug
Discovery Using Surface Plasmon Resonance Technology. http://www.
eurekaselect.com/58060/article

[33] Cooper, M.A.: Optical biosensors in drug discovery. Nature Reviews Drug
Discovery 1(7), 515–528 (2002). doi:10.1038/nrd838
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a b s t r a c t

Human carbonic anhydrase isozyme XII is a transmembrane protein that is overexpressed in many
human cancers. Therefore CA XII is an anticancer drug target. However, there are few compounds that
specifically target CA XII. The design of specific inhibitors against CA XII relies on the detailed under-
standing of the thermodynamics of inhibitor binding and the structural features of the protein–inhibitor
complex. To characterize the thermodynamic parameters of the binding of known sulfonamides, namely
ethoxzolamide, acetazolamide and trifluoromethanesulfonamide, we used isothermal titration calorime-
try and fluorescent thermal shift assay. The binding of these sulfonamides to CA XII was buffer and pH-
dependent. Dissection of protonation–deprotonation reactions of both the water molecule bound to the
CA XII active site and the sulfonamide group of the inhibitor yielded the intrinsic thermodynamic param-
eters of binding, such as binding enthalpy, entropy and Gibbs free energy. Thermal shift assay was also
used to determine CA XII stabilities at various pH and in the presence of buffers and salts.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbonic anhydrases (CAs) are metalloenzymes that catalyze
reversible CO2 hydration reaction observed in all kingdoms—from
bacteria to humans. Fifteen human CA isozymes belonging to alpha
class have been identified. Twelve of them are catalytically active
and widely differ in their cellular localization, distribution in or-
gans and tissues, expression levels and enzymatic properties. CAs
play an important function in such crucial physiological processes
as maintaining an appropriate acid–base balance, respiration,
transport of bicarbonate and CO2, electrolyte secretion in various
tissues, biosynthetic reactions (such as gluconeogenesis, lipogene-
sis and ureagenesis), tumorigenicity, and many other processes. CA
enzymes and inhibitors have been extensively reviewed.1–5

CA XII is a transmembrane protein that is overexpressed in hu-
man cancers, such as renal, breast, non-small lung, gastrointestinal,
pancreatic, uterine, ovarian, and brain carcinomas.6–8 In hypoxic
tumor cells CA XII, together with other transmembrane protein
CA IX, contribute to extracellular acidification and maintain intra-
cellular pH more alkaline, thus promoting tumor cell survival in an
acidic environment and low bicarbonate medium. The silencing of
both CA IX and CA XII significantly reduces tumor xenograft cell
growth.9 In many types of cancers such as oral squamous cell car-

cinoma,10 astrocytomas,11 glioblastomas, the expression of CA XII
is related with poor prognosis of patient‘s survival. Therefore CA
XII is implicated as target for development of new specific antican-
cer drugs.12 However, the application of CA XII inhibitors in treat-
ment of cancer is likely to depend on the cancer cell type. High CA
XII expression in cancer cells do not always correlate with patients’
prognosis. Two studies demonstrate that a high CA XII tumor tissue
expression is related to a better outcome in a large series of pa-
tients with non-small cell lung cancer13 and breast cancer.14

The catalytic properties of recombinant form of wild type CA XII
have been characterized.15 The kinetic properties of this enzyme
are very similar to that of another membrane-bound isozyme, CA
IV and also similar to CA I. The value of kcat for CA XII is 0.4 ls�1.
The pH profile for the rate constant kcat/Km for hydration of CO2

catalyzed by CA XII was determined by stopped flow spectropho-
tometry and showed the pKa of zinc bound water at 7.1. The same
pKa was determined by measuring the hydrolysis of 4-nitropheny-
lacetate catalyzed by CA XII. The crystal structure of the extracellu-
lar catalytic domain of human CA XII at 1.55 Å resolution has been
solved.16 Two domains of CA XII form an isologous dimer. The ac-
tive site clefts of each dimer are exposed on one face of the dimer
and poised for catalysis.

Numerous inhibitors have been designed to inhibit various CAs.
However, there are a limited number of sulfonamides that would
exhibit high selectivity toward CA XII. Recently Supuran group
demonstrated that 7,8-disubstituted coumarins having ethyl or
propyl groups at 7 position and acetyl group at 8 position are CA
XII-selective inhibitors with inhibition constants of 1 nM and of
0.98 nM, respectively.17 A series of 2-thioxo-coumarin derivatives

0968-0896/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.10.016
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were submicromolar inhibitors of CA XII and CA IX whereas CA II
was not inhibited at all.18 According to the proposed mechanism
of action of this class inhibitors, CA catalyzes the hydrolysis of cou-
marins to cis/trans-2-hydroxycinnamic acid derivatives, which
bind very differently to the CA active site than sulfonamides.19

The structure–activity relationship (SAR) of CA XII inhibitors is
not fully understood because most inhibitors are only character-
ized by determining their enzyme inhibition constant (Ki). In our
opinion, it is also important to determine the intrinsic thermody-
namic parameters of inhibitor binding to any protein in order to
more deeply understand the SAR of a compound series that are
being designed as drug leads.20 Carbonic anhydrase inhibitor bind-
ing is linked to several reactions. Among them most important are
linked protonation–deprotonation reactions of both the water mol-
ecule bound to the CA active site and the sulfonamide group of the
inhibitor.2,21–24 These linked reactions strongly affect the observed
thermodynamic parameters of binding and often do not correlate
with the intrinsic parameters. Only the intrinsic parameters should
be used for compound SAR analysis.

Determination of the first compound intrinsic thermodynamic
parameters requires numerous ITC experiments at various pH
and in several buffers. However, consequent determinations could
use the thermodynamic parameters of protonation determined for
the first compound and would require only one ITC experiment at
one pH in a defined buffer. The intrinsic parameters of binding then
could be calculated by subtracting protonation contributions.

Here we determine the intrinsic parameters of three commonly
used inhibitors, namely acetazolamide, ethoxzolamide, and trifluo-
romethanesulfonamide, binding to CA XII by combining two tech-
niques. The observed binding enthalpies are determined by
isothermal titration calorimetry (ITC) while Gibbs free energies
(binding constants) are determined by ITC and fluorescent thermal
shift assay (TSA). TSA is a rapid screening method used in pharma-
ceutical industry for the identification of binders and requires low-
er amounts of protein.25–30 The TSA is not limited in the range of
affinities while ITC has limitations.

The TSA technique was also used to determine CA XII stability in
various buffers and salts. This is useful for protein purification,
storage, and also fundamental understanding of factors determin-
ing protein stability. Interestingly, differently from some other
CA isozymes, CA XII is significantly stabilized in high salt
concentrations.

2. Results

2.1. Dissection of binding-linked protonation reactions

Aromatic and aliphatic sulfonamides, that are good inhibitors of
carbonic anhydrase enzymes, undergo a protonation–deprotonation
reactions dependent on the pH of the medium (Figure 1). The
protonation pKa is dependent on the electron-withdrawing
capability of the adjacent functional groups. Fluorine atoms possess
strong electron-withdrawing capacity and therefore trifluorome-
thanesulfonamide (TFMSA) has lowest pKa of the three commonly
studied inhibitors (Figure 1).

At pH 7.0, ethoxzolamide (EZA) will primarily be protonated,
while TFMSA-deprotonated. However, only the deprotonated form
of the inhibitor binds to the CA active site zinc atom. Therefore,
EZA binding data at pH 7.0 would include a linked deprotonation
reaction and thus influence the observed thermodynamic parame-
ters. In order to study any structure–activity relationships of such
inhibitors, it is important to study the intrinsic parameters that
would not have contributions from other linked reactions.

Furthermore, in order for CA to bind sulfonamide inhibitor, the
active site zinc-bound water molecule must be in its electrically

neutral protonated form. Most CA isozymes have their pKas in
the vicinity of 7. Therefore, their inhibitor binding capacity will
also be pH-dependent. This binding-linked reaction must also be
dissected from observed thermodynamics in order to obtain the
intrinsic pH-independent parameters.

The intrinsic binding constant is related to the observed binding
constant and the fractions of active binding species31:

Kb ¼ Kb obs=ðfRSO2NH� fCAZnH2OÞ ð1Þ

Where the fractions of deprotonated sulfonamide and protonated
CA as a function of pH are:

fRSO2NH� ¼
10pH�pKa—sulfonamide

1þ 10pH�pKa—sulfonamide
ð2Þ

fCAZnH2O ¼ 1� 10pH�pKa—Zn—water

1þ 10pH�pKa—Zn—water
ð3Þ

The intrinsic enthalpy of binding has contributions from the
observed binding enthalpy (DbHobs), enthalpies of inhibitor
(Db_proton_inhH), CA (Db_proton_CAH), and the buffer protonation
(Db_proton_bufH):

DbH ¼ DbHobs � ninhDb proton inhH � nCADb proton CAH

� nDb proton buf H; ð4Þ

where ninh ¼ fRSO2NH� � 1; nCA ¼ 1� fCAZnH2O, and n = �(ninh + nCA).
Ethoxzolamide binding to the catalytic domain of CA XII was

measured by ITC in two buffers with different protonation enthal-
pies—phosphate and TRIS. The enthalpies of binding were different
indicating a linked protonation reaction(s) (Figure 2 and Table 1).
Similarly, the binding ITC curve was strongly pH-dependent.

In addition to ITC measurements, the inhibitor binding reaction
was studied by fluorescent thermal shift assay (TSA). The CA XII
protein melting curves in the presence of varied inhibitor concen-
tration and the dosing curves are shown in Figure 3. TSA has
advantage over ITC in its higher speed and lower reagent consump-
tion. TSA can also determine very tight subnanomolar binding
reactions where ITC requires displacement experiments. However,
the enthalpies and entropies of binding may be determined only by
ITC. Therefore, both techniques are important and complimentary
for accurate determination of the intrinsic binding parameters.

Figure 4 shows the pH-dependencies of the observed inhibitor-
CA binding Gibbs free energies and enthalpies as determined by
TSA and ITC. The Gibbs free energies exhibit U-shape pH depen-
dence that can be approximated by Eq. 1. The binding reaction ap-
pears strongest at near-neutral pH where the concentrations of the
deprotonated sulfonamide and protonated CA are highest. The
binding reaction weakens toward more acidic pH due to dimin-
ished concentration of deprotonated sulfonamide and toward alka-
line pH due to diminished concentration of protonated CA. The
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Figure 1. Chemical structures and deprotonation equilibria of commonly used CA
inhibitors: ethoxzolamide (EZA), trifluoromethanesulfonamide (TFMSA), and acet-
azolamide (AZM).
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intrinsic Gibbs free energy, shown by solid straight line, cannot be
reached at any pH.

The observed enthalpies of EZA binding to CA XII exhibit even
more complicated pH dependence (Figure 4c) due to large contri-
butions of linked buffer protonation reactions. The lines in the Fig-
ure show approximation of the observed datapoints by applying
Eq. 4. Dissection of linked reactions yielded the intrinsic thermody-
namic parameters of sulfonamide inhibitor and CA protonation
(Table 2) and the intrinsic parameters of all three studied inhibitor
binding to CA XII (Table 3). The observed Kb_obs of EZA binding to
CA XII reached 1.15�108 M�1 at pH 7.0, but the intrinsic Kb was
2.3�109 M�1. This difference is significant and the difference
would be even more significant if the pKa of the inhibitor is greater.

In the case of TFMSA binding to CA XII, the observed and intrin-
sic parameters are quite similar. The observed binding constant
Kb_obs of TFMSA binding to CA XII is 4.8�107 M�1 at pH 7.0, and
the intrinsic Kb is 7.0�107 M�1. This insignificant difference from
the observed value is due to the low pKa of TFMSA.

Intrinsic binding of AZM was tighter to CA XII than to CA XIII by
about an order of magnitude while the binding of EZA and TFMSA
to both isozymes was similar. The intrinsic enthalpies of EZA and
AZM binding to CA XII were similar and equal to -50.6 and -50.9
kJ/mol, respectively. However, the intrinsic entropy of binding
was positive for EZA and negative for AZM. Therefore, EZA exhib-
ited the highest intrinsic affinity for CA XII of the three studied
ligands.

It was also interesting that structurally simple TFMSA binds to
CA XII with less favorable enthalpy but more favorable entropy
than the other two ligands. Hakansson and Liljas had previously
shown32 that trifluoromethyl moiety of this ligand forms hydro-
phobic contacts with a hydrophobic pocket of CA II. Such contacts
could explain the relatively higher entropic contribution to the
Gibbs free energy of TFMSA binding to CA XII.

Thermodynamic parameters of CA hydroxide protonation were
similar to previously determined parameters for CA XIII21 as listed
in Table 2. However, there is significant difference between the
pKas of both enzymes. CA XII has pKa 7.0 while CA XIII has pKa of
8.3. As seen from Table 2, this difference can be attributed primar-
ily to entropic contribution. The enthalpies of protonation were
essentially indistinguishable within the error of the experiments.

2.2. Characterization of CA XII stability by TSA

Fluorescent thermal shift assay is an efficient way to determine
and compare protein stabilities at various pH values and in the
presence of various substances, buffers, excipients, etc., among
which may be an inhibitor. Figure 5 shows CA XII stability pH pro-
files in the presence of various concentrations of EZA or TFMSA
inhibitors. The protein is most stable at pH 6.0 with an abrupt drop
below about pH 5 and above pH 10. Similar stability profiles are in
the presence of inhibitors despite significant stabilization of
the protein by bound ligand. The equilibrium of bound ligand is
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Table 1
Observed thermodynamic parameters of EZA, TFMSA and AZM binding to CA XII in
phosphate and TRIS buffers are listed as a function of pH, determined by ITC at 25 �C

Compound pH Kb_obs

(M�1)
DbGobs (kJ/
mol)

DbHobs (kJ/
mol)

TDbSobs (kJ/
mol)

Phosphate buffer
EZA 5.0 5.26 � 106 �38.4 �28.2 10.2

6.0 1.12 � 107 �40.2 �30.1 10.1
7.0 1.15 � 108 �46.0 �39.5 6.5
8.0 9.76 � 107 �45.6 �57.1 �11.5
9.0 2.28 � 107 �42.0 �67.4 �25.4

TFMSA 7.0 4.84 � 107 �43.9 �35.5 8.3
AZM 7.0 1.89 � 107 �41.5 �50.4 �8.8

TRIS buffer
EZA 5.0 1.20 � 107 �40.5 �62.2 �21.7

6.0 2.20 � 107 �41.9 �64.2 �22.3
7.0 6.00 � 107 �44.4 �55.7 �11.3
8.0 7.00 � 107 �44.8 �45.6 �0.8
9.0 2.80 � 107 �42.5 �38.2 4.3
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reversible and therefore the stabilizational effect is greater at
greater inhibitor concentration. This is due to the entropy of
mixing. However, the stabilization effect is not identical at all
pHs as predicted by weaker binding at low or high pH values. For
example, CA XII stabilization by TFMSA at pH 10.0 or 10.5 is small
compared to the effect at pH 6.0.
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Figure 4. The observed Gibbs free energy of binding (binding constant) and
observed enthalpy dependence on pH. (a) The observed and intrinsic Gibbs free
energies of EZA binding to CA XII as a function of pH. Datapoints show DbGobs

obtained by ITC in phosphate (j) and TRIS (h) buffers and by TSA (N). Solid bent
line is the fit according to Eq. 1 recalculated to Gibbs free energies. Dashed and
dotted lines show the contributions of the fractions of deprotonated EZA and
protonated CA XII, respectively. Straight line shows the intrinsic Gibbs free energy
of EZA binding, independent of pH. (b) Comparison of TFMSA (j) and EZA (N)
binding pH profiles. Curves show the fits according to Eq. 1 using parameters listed
in Tables 1 and 2. Datapoints show DbGobs obtained by TSA. (c) The observed
enthalpies of EZA binding to CA XII in sodium phosphate (j) and TRIS chloride (h)
buffer, at 25 �C, as a function of pH. Data points represent observed enthalpies
obtained by ITC, while the curves are fit according to Eq. 4.

Table 2
Intrinsic thermodynamic parameters of protonation of the ionized inhibitor sulfon-
amide group or carbonic anhydrase-bound hydroxide anion to water molecule are
listed as determined by ITC at 25 �C

Inhibitor/protein pKa DGprot (kJ/mol) DHprot (kJ/mol) TDS (kJ/mol)

EZAa 8.0 �45.7 �29.5 16.2
TFMSAb 6.3 �35.7 �22.4 13.3
AZMb 7.3 �41.7 �23.0 18.7
CA XII–Zn–H2O 7.0 �40.0 �28.0 12.0
CA XIII–Zn–H2Oa 8.3 �47.1 �26.0 21.1

a Data taken from Ref. 21.
b Data taken from Ref. 24.
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Figure 5. CA XII melting temperature (Tm) dependence on pH at different
concentrations of EZA (a) and TFMSA (b). The protein is most stable at pH 6.0 and
becomes increasingly destabilized below pH 5.0 and above pH 10.0. The presence of
increasing concentrations of EZA or TFMSA stabilized the protein, but to a different
extent at various pH values. The decreased effect of the inhibitor is especially visible
at high pH for both inhibitors.

Table 3
Intrinsic thermodynamic parameters are listed for EZA, TFMSA, and AZM binding to
CA XII, and XIII, determined by ITC at 25 �C

Inhibitor DbHintr (kJ/
mol)

Kb_intr

(M�1)
DbGintr (kJ/
mol)

TDbSintr (kJ/
mol)

CA XII
EZA �50.6 2.3 � 109 �53.5 2.9
TFMSA �28.9 7.0 � 107 �44.8 15.9
AZM �50.9 1.2 � 108 �46.0 �4.9

CA XIII
EZAa �42.1 1.8 � 109 �52.8 10.7
TFMSAa �33.5 4.6 � 107 �43.8 10.2
AZMa �50.4 1.9 � 107 �41.5 �8.9

a Data taken from Ref. 21.
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CA XII stability is also highly affected by the pH, buffer, and the
presence of various salts (Figure 6). For example, CA XII at pH 6.0 is
significantly (by 5 �C) less stable in MES buffer than in sodium
phosphate or sodium succinate buffer. Destabilization of CA XII
by MES is observed at pH 5.0, 6.0, and 7.0. Similar effect is observed
by HEPES. These buffers may have to be avoided in CA XII storage
or production.

Regular salts such as sodium chloride, sodium sulfate, or ammo-
nium sulfate exhibit strong stabilization effect on CA XII (Figure 6c).

Addition of 1 M ammonium sulfate stabilized CA XII by more than
10 �C. The effect of sodium chloride was significantly weaker, but
still substantial. These results indicate that there are cation and an-
ion-binding sites on CA surface that stabilize the protein molecule.
Protein melting transition is more cooperative in high salt as seen
in Panel (b). These results help practical aspects of choosing condi-
tions for CA XII purification and storage.

3. Discussion

This study determined the intrinsic thermodynamic parameters
of three inhibitors, namely, EZA, TFMSA, and AZM, binding to
human CA XII. To obtain these parameters, it was necesssary to
dissect contributions of three linked protonation reactions—
deprotonation of sulfonamide, protonation of the active site zinc
hydroxide and protonation-deprotonation of buffer. Dissection
yielded the thermodynamic parameters of Zn-bound water mole-
cule protonation. The calculated intrinsic thermodynamic parame-
ters were independent of the fractions of sulfonamide and CA XII in
the active forms. To obtain these parameters, a large series of ITC
experiments were necessary to be performed in several buffers
and at various pH.

However, further studies with other inhibitors would not need
to perform these large series of titrations at various conditions. It
will be sufficient to perform two ITC and/or TSA experiments: a
single well-controlled CA-inhibitor ITC titration in a buffer with
known protonation enthalpy and at known pH and determine
the pKa and enthalpy of ionization of the sulfonamide inhibitor
to be able to calculate the intrinsic Gibbs free energy and intrinsic
enthalpy of the inhibitor binding to CA XII using Eqs. 1 and 4 and
the parameters in Table 2.

Table 3 showed that there was no evident selectivity of the
intrinsic binding of studied inhibitors to CA XII or CA XIII isozymes,
despite the differences in the protein pKas. Only AZM bound 10
times stronger to CA XII than to CA XIII. In order to build inhibitors
that would bear significant difference in affinities between CA XII
and XIII, one needs to have significantly larger functional groups
than in AZM, TFMSA, or EZA.

The determined intrinsic parameters of inhibitor binding to CA
XII should enable a more efficient determination of intrinsic bind-
ing parameters for other inhibitors. Most inhibition studies are so
far usually limited to the determination of the observed thermody-
namic parameters33 that are primarily performed by stopped-flow
inhibition assay of the CO2 hydration activity by the CA. Such ob-
served inhibition constants may not be correlated with structures
because they are pH-dependent due to linked protonation
reactions.

4. Conclusions

The binding affinity of EZA to CA XII is dependent on the buffer
and pH. The pH dependence of the binding energetics is associated
with linked inhibitor and protein deprotonation–protonation reac-
tions. Dissection of binding-linked reactions yielded the intrinsic
parameters of binding. The intrinsic enthalpy contributes the dom-
inant fraction to the Gibbs free energy of binding of EZA, AZM and
TFMSA to CA XII. The entropy of binding contributes favorably for
EZA and TFMSA. The difference in the observed binding constants
among the studied inhibitors is primarily due to the differences
in sulfonamide pKas.

Thermal shift assay showed that CA XII is most stable at pH 6
with significantly reduced stability below pH 5 and above pH 10.
Regular salts such as sodium chloride, sodium sulfate, and ammo-
nium sulfate stabilize CA XII.
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Figure 6. CA XII stability in various buffers, pH and salts. (a) CA XII melting
temperature (Tm) dependence on pH in various buffers (100 mM): sodium acetate
(NaAcetate), sodium citrate (NaCitrate), sodium phosphate (NaPi), sodium succi-
nate (NaSuccinate), sodium carbonate (NaiCO3), glycine (Gly), TRIS (Tris), MES
(Mes), HEPES (Hepes) and PIPES (Pipes). (b) Thermal melting fluorescence curves of
CA XII in 5 mM sodium phosphate buffer, pH 7.0, in the presence of various NaCl
concentrations, 5 mM (j), 250 mM (h), 500 mM (s), 1000 mM (�). (c) CA XII
melting temperature as a function of various salts concentrations: (NH4)2SO4 (N),
Na2SO4 (d), and NaCl (j).

V. Jogaitė et al. / Bioorg. Med. Chem. 21 (2013) 1431–1436 1435



5. Materials and methods

Ethoxzolamide (EZA) was purchased from Aldrich (Milwaukee,
WI, USA), trifluoromethanesulfonamide (TFMSA) was purchased
from Alfa Aesar, and acetazolamide was purchased from Sigma.

5.1. Construction, expression and purification of CA XII

Recombinant protein encoding CA XII from 30 to 291 amino
acids was created according to Whittington.16 DNA fragment of
810 bp was amplified by PCR from full CA XII gene cloned in
pDNR-LIB-CA XII (RZPD) plasmid using forward primer with NdeI
recognition site—50 AGTGCATATGTCCAAGTGGACTTATTTTG 30 and
reverse primer with BamHI recognition site—50 TAC-
AGGATCCTTATTGGGAGAAGGAGGTG 30. The PCR product was
cloned into the bacterial expression vector pET21a (Novagen).
The recombinant CA XII has catalytic domain and lacks the signal,
transmembrane and cytoplasmic domains. Expression of the re-
combinant CA XII was done in Escherichia coli Rosetta (DE3) strain
(Novagen). Transformed cells colony was transferred to LB med-
ium, containing 100 lg/ml ampicillin, 34 lg/ml chloramphenicol
and grown at 37 �C and 220 rpm for 16 h. Then the saturated cul-
ture was diluted (1:50) in fresh LB medium, containing 100 lg/
ml ampicillin, 34 lg/ml chloramphenicol, 60 lM ZnSO4 and grown
to OD600 � 0.8. The expression of CA XII was induced with 1 mM
isopropyl b-D-thiogalactoside (IPTG) and 0.5 mM ZnSO4. The cul-
ture was grown for 4 h at 30 �C and 220 rpm. The cells were har-
vested by centrifugation at 4000g for 20 min at 4 �C.

The pellet was suspended in lysis buffer (20 mM Hepes, 0.1%
Triton X-100, 0.15 M NaCl, (pH 8.5) and 1 mM PMSF) containing
protease inhibitor cocktail (Roche applied Science, Indianapolis,
IN). The cells were incubated at 4 �C for 60 min and then disrupted
by sonication. The supernatant, containing soluble proteins, was
obtained after centrifugation at 30,000g for 25 min. The soluble
protein was purified using a CA-affinity column containing p-
aminomethylbenzene sulfonamide-agarose (Sigma-Life Science
Aldrich). Eluted CA XII protein was dialyzed into a storage buffer
containing 10 mM Hepes (pH 7.5), 50 mM NaCl, and stored at
�80 �C.

The purity of the CA XII preparations was analyzed by SDS–
PAGE. Protein concentrations were determined by UV–vis spectro-
photometry using extinction coefficient e280 = 42922.5 M�1 cm�1

and confirmed by standard Bradford method.

5.2. Isothermal titration calorimetry (ITC)

ITC measurements were performed using a VP-ITC instrument
(Microcal, Inc., GE-Healthcare, Northampton, MA, USA). Protein
solution (6–8 lM in the cell, volume 1.4 ml) was titrated with
compound solution in the syringe (60–80 lM, 250 ll). A typical
experiment consisted of 25–30 injections, 10 lL each, with 3–
4 min intervals between injections. Experiments were performed
at 25 �C in 50 mM TRIS chloride or sodium phosphate buffers con-
taining 100 mM NaCl and 0.5–2% DMSO concentration both in the
cell and syringe. ITC data was integrated, fit and analyzed as previ-
ously described.34

5.3. Thermal shift assay (TSA)

TSA experiments were performed with Corbett Rotor-Gene
6000 (QIAGEN Rotor-Gene Q) instrument using the blue channel
(excitation 365 ± 20, detection 460 ± 15 nm), applying the heating

rate of 1 �C/min. Usually, the samples contained 20 lL of 10 lM
protein, 0–400 lM ligand, 50 lM 8-anilino-1-naphthalene sulfo-
nate, 50 mM sodium phosphate at pH 7.0, 50 mM NaCl, and 2%
DMSO. The pH dependence of the observed binding constant (Kb)
was determined in the buffer containing 50 mM sodium phos-
phate, 50 mM sodium acetate, and 25 mM sodium borate, pH
4.5–10.5. TSA data was fit and analyzed as previously described.34
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Abstract

Human carbonic anhydrase (CA) I and II are cytosolic proteins, where their expression disorders
can cause diseases such as glaucoma, edema, epilepsy or cancer. There are numerous inhibitors
that target these isozymes, but it is difficult to design compounds that could bind to one
of these proteins specifically. The binding of sulfonamide inhibitor to a CA is linked to several
protonation reactions, namely, deprotonation of the sulfonamide group, protonation of the
active site zinc hydroxide and the compensating protonation–deprotonation of buffer.
By performing binding experiments at various pHs and buffers, all those contributions were
dissected and the ‘‘intrinsic’’ binding parameters were calculated. Intrinsic thermodynamic
binding parameters to CA I and II were determined for such widely studied drugs as
acetazolamide, ethoxzolamide, methazolamide, trifluoromethanesulfonamide and dichloro-
phenamide. The assignment of all contributions should enhance our understanding of the
underlying energetics and increase our capability to design more potent and specific CA
inhibitors.

Keywords

Carbonic anhydrase, enthalpy, fluorescent
thermal shift assay, intrinsic parameters,
isothermal titration calorimetry, ligand
binding, thermal shift assay, ThermoFluor

History

Received 29 January 2014
Revised 21 March 2014
Accepted 22 March 2014
Published online 23 April 2014

Introduction

Carbonic anhydrases (CAs) are metalloenzymes that catalyze
carbon dioxide and water conversion to bicarbonate ion and
proton. This reaction occurs slowly at physiological pH
[kCO2¼ 0.037 (±0.002) s�1], but CAs make it faster about 106

times1. Carbon dioxide is an essential metabolite in all living
systems, therefore, five different CA classes have been identified
in different kingdoms of living organisms: a-, b-, c-, d- and
z-CA2. They have little chain or structure similarities, but perform
the same function3. a-CA is the most investigated of all five
classes, because it is most spread and is the only class that is
found in human. There are 15 different CA isoforms in human
body, only 12 of them are catalytically active4–6.

CA I and II are cytosolic CA isoforms, as are CA III, VII and
XIII. Three-dimensional structural analysis shows a high degree
of structural similarity between CA I and II isoforms7. High
concentrations of CA I and II isozymes are found in erythrocytes.
CA I is the most abundant non-hemoglobin protein in red blood
cells and it is important for bone ossification process. However,
its overexpression can cause retina and brain edema. CA II is the
most spread isoform that has the highest catalytic activity. It is
found in almost all organs and tissues but disorder of expression
can be a reason of edema, epilepsy, glaucoma or several tumors,
such as esophagus, kidney, pulmonary and others8. Therefore,

these CA isoforms are important targets for pharmaceutical
research.

Numerous compounds have been designed as CA inhibitors.
Best known are ligands that have primary sulfonamide group.
About 30 of them are used as drugs. However, the main problem
is to find an inhibitor that would be selective for one isoform.
Design of such inhibitors requires detailed investigation of the
structure–activity relationships (SARs) of the new compound.
Most inhibitors are only characterized by determining their
binding or inhibition constants. We think that it is important to
determine the full thermodynamic profile, including the enthal-
pies and entropies of binding and estimate intrinsic parameters of
protein–ligand binding. This would let us more deeply understand
the SAR and allow the design of isoform-specific inhibitors4,9.
Sulfonamide inhibitors bind CAs as anions, whereas they exist in
solution at pH 7.0 as electrostatically neutral molecules10,11,
thus exhibiting linked protonation events upon binding that should
be subtracted.

Determination of intrinsic thermodynamic parameters of
binding requires predetermination of Zn-bound hydroxy ion
protonation parameters by performing numerous experiments
by isothermal titration calorimetry (ITC) at various pHs in at
least two different buffers. However, it is enough to perform
this analysis only once for each CA isoform by using one
model inhibitor. Intrinsic parameters of binding of other
inhibitors can then be calculated by subtracting protonation
contributions12,13.

Here, we determine the intrinsic parameters of well-known
inhibitors, ethoxzolamide (EZA), trifluoromethanesulfonamide
(TFS), acetazolamide (AZM), dichlorophenamide (DCP) and
methazolamide (MZM) binding to CA I and CA II isoforms.
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Vilnius University, Graičiūno 8, Vilnius LT-02241, Lithuania. Tel:
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Experiments were performed by ITC and fluorescent thermal shift
assay (FTSA) methods.

ITC is the method that can determine the binding constant and
binding enthalpy in a single experiment. However, there is a limit
of binding constants that can be determined by ITC (about 108 M�1

depending on protein concentration). As some inhibitors bound
stronger6, the binding constants of all inhibitors were also
confirmed by FTSA (also called differential scanning fluorimetry
and, in high-throughput format, ThermoFluor�). This method
measures the increase in protein melting temperature in the
presence of the inhibitor14–18. FTSA is a rapid screening method,
that requires small amounts of proteins and can be applied to nearly
all soluble protein–ligand systems16,17,19–22. A good agreement
between the ITC and ThermoFluor� data confirmed the accuracy
of binding constant determination by ITC.

Materials and methods

Proteins

CA isozymes I and II were purified as described in previous
studies27,28. For comparison, we used CA isozyme I (from human
erythrocytes, cat. # C4396) and II (from human erythrocytes, cat.
# C6165) purchased from Sigma Chemical Company, St. Louis,
MO. Concentration was determined by dry weight and spectro-
photometrically (discrepancy between the methods did not exceed
15%). The observed thermodynamic parameters of inhibitor
binding to CA I and II purchased from Sigma and the CAs
purified from Escherichia coli cells in our laboratory were
identical within the error margin of the experiment.

Inhibitors

EZA was purchased from Aldrich, TFS was purchased from Alfa
Aesar and Lancaster Synthesis, AZM, DCP and MZM were
purchased from Sigma Chemical Co, St. Louis, MO. All inhibitors
were used without further purification. Inhibitors, purchased from
different suppliers, bound to the same enzymes with identical
affinity.

Isothermal titration calorimetry

ITC experiments were performed by using VP-ITC and ITC200

instruments (Microcal, Inc., GE-Healthcare, Northampton, MA).
Measurements of protein–ligand binding reactions were per-
formed using 4–20 mM protein solution in the cell and 40–200 mM
ligand solution in the syringe. A typical experiment consisted of
25 injections, 10 mL each. Intervals between injections were 2 or
3 min. Experiments were performed at 25�C in 50 mM sodium
phosphate and Tris-chloride buffers, containing 100 mM NaCl
and 2% DMSO, concentration equal in the syringe and the cell.
For the determination of ligand binding at various pHs, the
solution pH was carefully checked in the syringe and cell solution
before and after the experiment. ITC data were integrated, fit and
analyzed as described previously29.

Fluorescent thermal shift assay

FTSA experiments were performed with Corbett Rotor-Gene 6000
(QIAGEN Rotor-Gene Q, Hilden, Germany) instrument using the
blue channel (excitation 365 ± 20, detection 460 ± 15 nm), apply-
ing the heating rate of 1 �C/min. The samples contained 20mL of
10mM protein, 0–400 mM ligand, 50 mM 8-anilino-1-naphthalene
sulfonate (ANS), 50 mM sodium phosphate at pH 7.0, 50 mM
NaCl and 2% DMSO. The pH dependence of the observed binding
constant (Kb) was determined in the buffer containing 50 mM
sodium phosphate, 50 mM sodium acetate and 25 mM sodium
borate. The fluorescence and ligand dosing curves were fit as
described previously17,27.

Results

Protonation reactions occurring upon binding

At least three protonation–deprotonation reactions (R2, R3 and
R4) accompany the reaction of sulfonamide anion binding to CA
(R1). First, the hydroxide ion that bound to zinc atom at the
active site, must be protonated (R2). Second, amino group of the
sulfonamide must become negatively charged – deprotonated
(R3). Third, there will be a compensating protonation or
deprotonation of the buffer (R4). Such reactions may be
summarized as follows (R – inhibitor chemical groups other
than sulfonamide):

RSO2NH�þCA� Zn�H2O$ CA� Zn� NH�SO2RþH2O

ðR1Þ

CA� Zn� OH�þHþ $ CA� Zn�H2O ðR2Þ

RSO2NH2 $ RSO2NH
�þHþ ðR3Þ

BufferþHþ $ BufferHþ ðR4Þ

RSO2NH2þCA� Zn� OH�þBufferþHþ

$ CA� Zn� NH�SO2Rþ BufferHþþH2O ðR5Þ

Observed thermodynamic parameters represent the sum of all
linked events (R5), whereas (R1) is the intrinsic binding reaction,
free of protonation–deprotonation contributions representing a
displacement of water molecule by a deprotonated inhibitor
molecule.

Observed thermodynamics of inhibitor binding to CA

Chemical structures of sulfonamide inhibitors used in this study
are shown in Figure 1. These inhibitors exhibited the observed
binding affinities spanning the range from 106 to 108 M�1

(Table 1). Figure 2 shows several typical FTSA data for inhibitor
binding to CA. Figure 2(A) shows the CA II melting curves in the
presence of EZA, whereas Figure 2(B) – in the presence of TFS.
Figure 2(C) shows the dosing curves obtained from the data in
panels A and B. Same concentration of EZA shifted the melting
temperature of CA II more than TFS. Therefore, EZA is a stronger
binder than TFS at pH 7.0. However, these are only the observed
binding parameters.

Binding is highly dependent on buffer and pH. ITC experi-
ments were carried out in buffers of different protonation enthalpy
to determine the protonation reactions linked to the binding
reaction. ITC curves in Figure 3 illustrate the binding dependence
on buffer and its pH. If a net change in protonation occurs upon
ligand binding, a corresponding change in buffer protonation
should add to the observed enthalpy. We have performed the
binding experiments in the sodium phosphate and Tris-chloride
buffers at 25 �C. Deprotonation enthalpies of these buffers at this
temperature are 5.10 kJ/mol and 47.5 kJ/mol, respectively.

The observed binding constants (observed Gibbs free ener-
gies), enthalpies and entropies are listed in Table 1 and in
Figure 4. Both the observed binding constants and the observed
enthalpies are dependent on pH and buffer. For example,
EZA binding to CA I in phosphate buffer was about 10-fold
weaker at pH 9.0 than at pH 7.0, but the enthalpy was much
more exothermic at pH 9.0 (�75.60 kJ/mol) than at pH 7.0
(�29.07 kJ/mol). In Tris buffer, however, the enthalpy was
more exothermic at pH 7.0 (�63.39 kJ/mol) than at pH 9.0
(�46.44 kJ/mol). The trend for CA II was generally similar but
had significant differences discussed below.

Furthermore, binding of a given sulfonamide ligand to CA will
be strongest at the pH when the ligand is deprotonated and the
hydroxide ion bound to zinc is protonated. Therefore, optimal
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binding is in the pH region between the respective pKas when
pKa-sulfonamide5pKa-Zn-water. When pH is below the pKa-sulfonamide

or above the pKa-Zn-water, then the binding is weaker. The observed
binding constant Kb-obs is equal to the intrinsic binding constant
Kb multiplied by the available fractions of deprotonated inhibitor
and protonated zinc hydroxy anion:

Kb�obs ¼ KbfRSO2NH� fCAZnH2O ð1Þ
The Gibbs free energy in turn is:

Db�obsG ¼ �RT ln KbfRSO2NH� fCAZnH2Oð Þ ð2Þ

Fraction of deprotonated sulfonamide can be calculated when the
protonation pKa is known:

fRSO2NH� ¼
10

pH�pKasulfonamide

1þ 10
pH�pKasulfonamide

¼ 1� 10
pKasulfonamide

�pH

1þ 10
pKasulfonamide

�pH
ð3Þ

Similarly, the fraction of enzyme molecules with protonated water
molecules bound to the active site Zn atom can be calculated if
respective protonation pKa is known:

fCAZnH2O
¼ 1� 10pH�pKa Zn water

1þ 10pH�pKa Zn water
¼ 10pKa Zn water�pH

1þ 10pK
a Zn water

�pH
ð4Þ

Figure 5 shows the pH dependence of the observed binding
constants obtained by using FTSA and ITC methods. Both
methods yielded similar pH dependence as seen for TFS binding
to CA I. However, due to high EZA affinity to CA II at pH range
from 7.5 to 8.5, it was difficult to observe the binding constants by
ITC because the Wiseman (c¼Kb�C, where C is protein molar
concentration) factor falls out of the useful range of 5–500.

The binding constant does not depend on the chemical nature
of the buffer provided that the buffer does not bind the ligand or
the protein. There was essentially no difference between the
binding Gibbs free energies obtained in phosphate and Tris
buffers.

The intrinsic enthalpy of binding has contributions from the
observed binding enthalpy (DbHobs), enthalpies of inhibitor
(Db_proton_inhH), CA (Db_proton_CAH) and the buffer protonation
(Db_proton_bufH):

DbH ¼ DbHobs � ninhDb proton inhH

� nCADb proton CAH þ nDb proton buf H

where:
ninh ¼ fRSO2NH� � 1

nCA ¼ 1� fCAZnH2O
ð6Þ

n ¼ ninh þ nCA

Energetics of inhibitor protonation

Equation (R3) represents the deprotonation of the sulfonamide
group. Only the deprotonated sulfonamide form is thought to bind
to the CA23. The ionization form of inhibitor depends on the pKa

and pH of the solution. Most sulfonamide inhibitors are
protonated at physiological pH and must undergo a linked
deprotonation reaction upon binding to the protein.

Figure 1. Chemical structures and abbrevi-
ations of the CA inhibitors used in this study.
Every inhibitor bears a sulfonamide group
that binds to the zinc atom of the CA active
site.
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Table 1. The observed thermodynamic parameters of EZA, TFS and
AZM binding to CA I and II in phosphate and Tris buffers at various pH,
25�C, determined by ITC.

Compound pH
Kb_obs,
M�1

DbGobs,
kJ/mol

DbHobs,
kJ/mol

TDbSobs,
kJ/mol

CA I, Phosphate buffer
EZA 6.6 3.59� 107 �43.12 �27.42 15.70

7.0 2.55� 107 �42.28 �29.07 13.21
7.9 1.68� 107 �41.24 �44.10 �2.86
9.0 4.12� 106 �37.76 �75.60 �37.84

TFS 7.0 2.58� 107 �42.31 �53.10 �10.79
AZM 7.0 1.19� 106 �34.68 �44.70 �10.02
MZM 7.0 1.14� 107 �40.29 �44.43 �4.14
DCP* 7.0 1.85� 106 �35.77 �32.34 3.43

CA I, Tris buffer
EZA 6.6 2.98� 107 �42.66 �65.52 �22.86

7.0 5.31� 107 �44.09 �63.39 �19.30
7.9 2.22� 107 �41.93 �61.38 �19.45
9.0 1.74� 107 �41.33 �46.44 �5.11

CA II, Phosphate buffer
EZA 6.0 2.59� 108 �48.02 �49.29 �1.27

7.0 7.00� 107 �44.76 �64.68 �19.92
7.5 1.94� 108 �47.30 �70.79 �23.49
7.9 1.99� 108 �47.37 �82.59 �35.22

TFS 7.0 4.84� 107 �43.86 �35.53 8.33
AZM 7.0 5.91� 107 �44.36 �53.35 �8.99
MZM 7.0 2.89� 107 �43.76 �52.05 �8.29
DCP* 7.0 8.19� 107 �45.17 �27.20 17.97

CA II, Tris buffer
EZA 6.0 1.45� 108 �46.58 �87.11 �40.53

6.9 2.91� 108 �48.31 �74.39 �26.08
7.4 5.30� 107 �44.09 �70.96 �26.87
7.9 2.48� 108 �47.92 �63.64 �15.72

*Thermodynamic parameters of DCP binding to CA I and II from Sigma.
Uncertainty of the DbGobs is ± 4 kJ/mol, DbHobs is ± 4 kJ/mol and
TDbSobs is ± 6 kJ/mol.
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The inhibitor protonation enthalpy is observed by titrating
alkaline solution of the inhibitor (1.5 equivalent of base was
added) with acid (Figure 6). The enthalpy of the second
transition is equal to the enthalpy of inhibitor protonation. The
first transition is due to neutralization of 0.5 equivalent
of NaOH.

The same solutions and volumes as in the calorimetric
experiments were used for potentiometric titration by using a
pH-meter. A function describing two transitions was derived
according to another study24 and curves were simulated to match
the experimental datapoints. Two representative titration curves
are shown in Figure 6(C). The midpoint of the second transition
matches the pKa of the inhibitor.

The heat capacities of sulfonamide protonation were also
determined by carrying out the ITC titration at different
temperatures (Figure 6D). The slope of the enthalpy dependence
on temperature is equal to the heat capacity of inhibitor
protonation.

TFS has a pKa of 6.25; therefore, at pH 7.0, almost all of the
inhibitor exists in a negatively charged form (fraction¼ 0.91) and
the affinity to CA is strong. The pKa values of other measured
inhibitors were 47. The enthalpies of inhibitor protonation
(25 �C) were quite similar (�22.4 to �29.5 kJ/mol). Entropies of
protonation were from 13.3 to 18.7 kJ/(mol�K).
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concentrations. Datapoints are the experimental values obtained from the upper graphs and the solid lines are simulated according to the model as
described in the methods.
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The thermodynamic parameters of EZA and TFS protonation
have been previously described12. Parameters for AZM, MZM
have been described in other studies23,25, DCP also25 and are
consistent with these results.

Energetics of zinc hydroxy anion protonation

The hydroxy anion bound to the active site Zn must be protonated
(electrostatically neutral) in order for the sulfonamide inhibitor
binding reaction to occur. Equation (R2) shows this reaction.
Table 2 lists the thermodynamic parameters of protonation of the
hydroxide bound to Zn atom. The pKa of CA II was found to be
7.1. However, the pKa of CA I was significantly higher,¼ 8.4.
Therefore, the Gibbs free energies of reaction (R2) for CA I and II
differed by about 5 kJ/mol.

The enthalpies of (R2) for CA I and II were �41 kJ/mol and
�26 kJ/mol, respectively. Thus, the enthalpy was slightly more
exothermic for CA I than for CA II. The entropies were also
contributing favorably to the protonation reaction. Comparison of
observed parameters shows that the entropy contribution to the
CA I protonation was greater than to CA II.

Comparing the thermodynamics of (R2) for CA I and II with
other CAs (Table 2), it is clear that the pKa of CA I is similar to
the pKa of CA XIII, whereas that of CA II to CA VII and XII.
However, there is no clear pKa correlation with the enthalpy and
entropy of hydroxy anion protonation. The enthalpies varied from

�26 to �41 kJ/mol, whereas the entropies varied from 5.3 to
21.1 kJ/mol. The process of protonation is primarily enthalpy-
driven but also has smaller favorable entropy contribution.

Intrinsic thermodynamics of binding parameters

Table 3 lists the intrinsic thermodynamic parameters of inhibitor
binding to CA I and II. These parameters are independent of pH,
buffer and linked protonation events. Intrinsic binding constants
of CA II are greater than the observed Kb values by about one
order of magnitude except for EZA. However, the difference of
intrinsic and observed binding constants for CA I is generally
smaller than for CA II. Inhibitors bound tighter to CA II than to
CA I by about an order of magnitude. This difference may be due
to the different recognition of the surface of the binding pocket.
The difference is not due to the linked protonation events and thus
may be correlated to structure. In terms of Gibbs free energy, it is
clear that TFS, MZM and DCP bind to CA I with nearly identical
intrinsic affinity of �42.9 to �43.9 kJ/mol. The value for AZM is
also quite similar (�37.8 kJ/mol), but EZA bound significantly
tighter (�51.4 kJ/mol). Similar tendency is also observed for CA
II. All these values differed significantly from the observed Gibbs
free energies.

Inhibitor binding was enthalpy driven and had relatively
negligible entropic contribution to binding except intrinsic
thermodynamic parameters of DCP binding to CA II.
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Figure 4. The observed enthalpies of binding are shown as a function of buffer pH. Panel A: CA I-EZA, Panel B: CA I-TFS and Panel C: CA II-EZA.
Filled circles show the observed binding enthalpies in sodium phosphate buffer, open circles show binding enthalpies observed in Tris-chloride buffer.
Experiments were performed by ITC at 25�C. Dotted line represents the intrinsic binding enthalpy. Curves are fit according to Equation (5).
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Discussion

Structure–activity relationships in drug design are usually limited
to the analysis of enzyme inhibition constants or inhibitor binding
constants. However, other thermodynamic parameters describing
protein–inhibitor interaction, such as enthalpy, entropy, heat
capacity and volume add significant information for inhibitor
improvement and may lead to the design of drugs with better
properties of target binding9,26.

Thermodynamic parameters of ligand–protein binding are
often thought to be determinable by a single titration calorimetry
experiment. Unfortunately, most such determinations cannot be
understood in terms of structural features of protein–ligand
interface. Instead, a detailed study is needed to be able to correlate
binding parameters with structure. First, it is necessary to perform
experiments in various buffers to show that there are no linked
protonation–deprotonation reactions. Only if there are no linked
reactions one can relate such parameters to structure. In reality,
even the simplest reactions of one inhibitor molecule binding to a
specific site on a protein is usually linked to a series of
complicated protonation–deprotonation and other reactions such
as conformational changes or other ion binding.

CA–sulfonamide inhibitor binding is linked to at least three
protonation reactions. Their impact on observed thermodynamic
parameters is very significant. Without the dissection of the linked

reactions, the structural reason for the observed parameters cannot
be understood. The enthalpy of hydroxide or amino group
protonation (�40 to �50 kJ/mol) is comparable with the enthalpy
of binding.

The contributing linked reactions of MZM binding to CA I
were determined earlier23. Their obtained enthalpy of MZM
binding to CA I (�56.5 kJ/mol) is close to our intrinsic enthalpy
(�56.9 kJ/mol) (Table 3). The pKa of zinc hydroxide protonation
was assumed to be the same as that of the CA I containing cobalt
atom in the active site. The presence of cobalt enabled pKa

determination by spectral methods. The Co hydroxide protonation
pKa was equal to 7.41 ± 0.04. Our determined zinc hydroxide pKa

in CA I was¼ 8.4. Therefore, an assumption that Co and Zn
enzymes will have the same pKa is not correct. Furthermore, our
results show that CA I and CA II zinc hydroxide pKas differ
significantly (it is¼ 7.1 for CA II).

Interestingly, DCP-bound CA I with the negative entropy
(TDbSintr¼�11.7 kJ/mol) while CA II with the positive entropy
(16.2 kJ/mol). Furthermore, DCP bound stronger to CA II than to
CA I, but the enthalpy was more exothermic for the binding to
CA I. There is no clear reason for such behavior, but there is
enthalpy–entropy compensation effect.

Thermodynamic dissection of contributing linked reactions
should improve the design of CA inhibitors. The major contribu-
tor to the binding weakness of some of the studied inhibitors is a

Δ b
G

ob
s 

(k
J/

m
ol

)

Δ b
G

 (
kJ

/m
ol

)

Δ b
G

ob
s 

(k
J/

m
ol

)

(A) (B)

(C)

−55

−50

−45

−40

−35

−30

pH

5 6 7 8 9 10

pH

5 6 7 8 9 10

pH

5 6 7 8 9 10

CA I-EZA

intrinsic

−50

−45

−40

−35

−30

Method (buffer):
ITC (Tris)
ITC (Pi)
FTSA

CA I-TFS

intrinsic

−60

−55

−50

−45

−40

−35

CA II-EZA

intrinsic
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large pKa of inhibitor deprotonation. It should be advantageous
to design inhibitors with pKas58. This may be achieved by
introducing electron withdrawing groups on the inhibitor
molecule.

Specificity and selectivity of the studied inhibitors is limited.
There is about 10� preference to bind CA II over CA I.
Apparently, large differences in chemical structures of ligands
such as TFS and MZM actually lead to very small differences in
intrinsic binding constants. Instead, most of the difference lies in
the deprotonation of sulfonamide group necessary for the binding
to occur. In order to be more specific, inhibitors need to bear
larger structural differences.

Conclusions

Dissection of all contributing reactions to the observed thermo-
dynamics of inhibitor binding to a protein is necessary in order to
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Figure 6. Panel A – representative raw ITC data of alkaline inhibitor (MZM) protonation with HCl at 25�C. About 1.5 equivalents of NaOH were
added to the neutral inhibitor solution. Concentrations and volumes used for ITC experiments were identical to pH titration experiments shown in
Panel C. First portion of the titration curve represents the reaction between H+ and excess OH�. The second portion of the titration curve having the
stoichiometry of 1.0 represents the inhibitor protonation. Solid line is the baseline. Panel B – integrated ITC curves of TFS (open diamond) at 13 �C and
MZM (filled diamond) at 37 �C titration with HCl. The enthalpy of the first portion of the titration (stoichiometry �0.5, DH � �54 kJ/mol) is a value
close to the expected value for the reaction of H+ + OH�¼H2O. The enthalpy of the second portion of the titration curve (stoichiometry �1.0)
represents the enthalpy of sulfonamide protonation. Panel C – the pH titration curves for MZM (filled diamond) and TFS (open diamond), determined
potentiometrically at 24 �C. Concentrations and volumes were identical to ITC experiments (panels A and B). Two transitions are seen: 0.5 equivalent
of H+ reaction with OH�, and one equivalent of sulfonamide protonation. The pKa is approximately equal to the pH at the midpoint of the second stage
of the titration. Datapoints are experimental pH values and the line is fit according to another study24. Panel D – the temperature dependence of
inhibitor sulfonamide group protonation (reaction R3 in reverse) enthalpy as determined by ITC. Datapoints are experimentally determined integral
enthalpies for, TFS (open square), AZM (filled circle), MZM (inverted open triangle), and DCP (filled diamond). Lines are linear fits of the
experimental data. Slopes of the lines are positive and equal to the heat capacities of about 190–290 J�mol�1 K�1.

Table 2. Thermodynamic parameters of inhibitor sulfonamide groups and
also CA I and CA II Zn-bound hydroxide anion protonation at 25�C.

Inhibitor/protein pKa DGprot, kJ/mol DHprot, kJ/mol TDS, kJ/mol

EZA* 8.0 �45.7 �29.5 16.2
TFSy 6.25 �35.7 �22.4 13.3
AZMy 7.3 �41.7 �23.0 18.7
MZMy 7.1 �40.5 �25.1 15.4
DCPy 8.2 �46.8 �29.3 17.5
CA I-Zn-H2O 8.4 �46.3 �41.0 5.3
CA II-Zn-H2O 7.1 �40.5 �26.0 14.5
CA VII-Zn-H2Oz 7.0 �40.0 �33.0 7.0
CA XII-Zn-H2O� 7.0 �40.0 �28.0 12.0
CA XIII-Zn-H2O* 8.3 �47.1 �26.0 21.1

*Data taken from Reference12.
yData taken from Reference25.
zData taken from Reference30.
�Data taken from Reference13.
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correlate the thermodynamic parameters with the structure of the
protein–ligand complex. Sulfonamide inhibitors bound stronger to
CA II isozyme than to CA I. An especially large difference of
about two orders of magnitude was observed for AZM. The
smallest difference among the two isozymes was observed for
TFS binding. The major difference in affinities of the inhibitors
lay within the differences of sulfonamide group pKas. For all
ligands, the binding was enthalpy driven.
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Table 3. Intrinsic thermodynamic parameters of deprotonated inhibitor
binding to CA I and CA II containing the protonated Zn-bound water
molecule at 25� C.

Inhibitor
DbHintr,
kJ/mol Kb_intr, M�1

DbGintr,
kJ/mol

TDbSintr,
kJ/mol

CA I
EZA �50.0 1.0� 109 �51.4 1.4
TFS �47.0 5.0� 107 �43.9 �3.1
TFS* �49.0 4.0� 107 �43.4 �5.6
AZM* �48.1 4.2� 106 �37.8 �10.3
MZM* �56.9 3.3� 107 �42.9 �14.0
DCP* �54.8 3.5�107 �43.1 �11.7

CA II
EZA �73.0 1.8� 1010 �58.5 �14.5
TFS �36.7 1.0� 108 �45.7 9.0
TFS* �36.8 2.0�108 �47.4 10.6
AZM �56.0 3.5� 108 �48.8 �7.2
AZM* �59.8 4.8�108 �49.5 �10.3
MZM �47.8 1.3� 108 �46.4 �1.4
MZM* �53.6 2.2�108 �47.6 �6.0
DCP* �38.5 3.8�109 �54.7 16.2

*Thermodynamic parameters of inhibitor binding to CA purchased from
Sigma.
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Background: Human carbonic anhydrase 9th isoform (CA IX) is an important marker of numerous cancers and is
increasingly interesting as a potential anticancer drug target. Various synthetic aromatic sulfonamide-bearing
compounds are being designed as potent inhibitors of CA IX. However, sulfonamide compound binding to CA
IX is linked to several reactions, the deprotonation of the sulfonamide amino group and the protonation of the
CA active site Zn(II)-bound hydroxide. These linked reactions significantly affect the affinities and other thermo-
dynamic parameters such as enthalpies and entropies of binding.
Methods: The observed and intrinsic affinities of compound binding to CA IXwere determined by the fluorescent
thermal shift assay. The enthalpies and entropies of binding were determined by the isothermal titration
calorimetry.
Results: The pKa of CA IXwas determined to be 6.8 and the enthalpy of CA IX-Zn(II)-bound hydroxide protonation
was−24 kJ/mol. These values enabled the analysis of intrinsic thermodynamics of a library of compounds bind-
ing to CA IX. The most strongly binding compounds exhibited the intrinsic affinity of 0.01 nM and the observed
affinity of 2 nM.
Conclusions: The intrinsic thermodynamic parameters of compound binding to CA IX helped to draw the com-
pound structure to thermodynamics relationship.
General significance: It is important to distinguish the intrinsic from observed parameters of any disease target
protein interactionwith its inhibitors as drug candidateswhen drawing detailed compound structure to thermo-
dynamics correlations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The measurements of the affinity of protein–ligand interaction are
an important phase of target-based rational drug design. Compound
hits from the high-throughput screening are often ranked according to
their affinities towards the disease targets. However, often there are
various binding-linked reactions, primarily protonation reactions, that
affect the observed affinity. Therefore it is important to distinguish the
‘intrinsic’ affinity from the ‘observed’ affinity. Furthermore, it is impor-
tant to select the lead binders not only according to their affinities but
also according to other thermodynamic parameters of binding, primar-
ily enthalpy and entropy [1]. Here we determine the intrinsic binding
enthalpies, entropies and Gibbs energies (affinities) of a series of
substituted benzenesulfonamides to carbonic anhydrase IX (CA IX)
and characterize this anticancer target protein.

CA IX is a zinc-containing metalloenzyme that reversibly converts
carbon dioxide to bicarbonate ion and acid protons. It is one of the 12
catalytically active CA isoforms present in the human body. The protein
is composed of several domains: the signaling sequence, the proteogly-
can (PG) domain, the catalytic domain, transmembrane helix and an in-
tracellular domain. The PG domain is required for focal adhesion of
tumor cells [2]. The catalytic activity of CA IX is similar to or slightly ex-
ceeds that of CA II [3–8]. The expression of CA IX occurs only in few nor-
mal human tissues, the gastrointestinal tract epithelium [9–11], ovarian
coelomic epithelium, pancreatic ductal cells, cells of thehair follicles and
fetal rete testis [12,13]. In most cases, CA IX expression is strongly asso-
ciated with tumors [9,14]. Increased CA IX expression has been shown
to participate in the acidification of the extracellular environment [15]
and help tumor cells survive, migrate and invade [2].

The most common CA inhibitors are various sulfonamides, many of
them are clinically used to treat diseases related to unbalanced expres-
sion of CAs [16]. Novel CA inhibitors were often designed by attaching a
tail to the pharmacophoric benzenesulfonamide headgroup [17–19].
Benzenesulfonamide makes hydrogen bonds with the zinc ion and
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Thr199 [20] while different substituents interact with other residues
and solvent molecules in the CA active site [19,18,21].

CA IX has become an attractive therapeutic target since the first re-
port showing that the inhibition of this enzyme reduces the growth of
cancer cells [22]. Numerous compounds exhibit high affinity towards
CA IX, but also strongly bind to undesired off-target CAs showing side
effects. Several partially selective CA IX inhibitors have been synthe-
sized and their binding and inhibition constants to CA IXweremeasured
[23–25]. However, only the ‘observed’ parameters were determined
that depend on experimental conditions such as the buffer and its pH.
Herewe emphasize the importance of the ‘intrinsic’ binding parameters

that were determined by subtracting the linked protonation events
from the observed reactions [26].

Thermodynamic parameters provide an insight into the energetic
reasons of the binding reaction. Gibbs energy (ΔG) shows the overall af-
finity of the interactionwhile the changes in enthalpy (ΔH) and entropy
(ΔS) upon binding provide additional molecular information about the
process. The ΔH shows the heat evolved during complex formation (at
constant temperature and pressure). It is related to the strength and
number of formed and broken bonds [1]. The entropy indicates an in-
crease and decrease of the degrees of freedom of the free and bound li-
gand, protein and water. The decrease of enthalpy and increase of
entropy contributes favorably to the binding process. These parameters
of binding may also provide insight into the structure of water at the
binding interface [27].

Isothermal titration calorimetry (ITC) provides all these three pa-
rameters in a single experiment. ITC directly measures the heat evolved
(ΔH) while the Kb can be estimated from the slope of ITC curve and ΔG
can be calculated using the equation:

ΔG¼−RTlnKb ð1Þ

where R is the universal gas constant and T is the absolute temperature.
Entropy can be estimated by subtraction:

TΔS¼ΔH−ΔG: ð2Þ

ITC experiments determine the observed thermodynamic parameters
that may depend on various factors such as pH, buffer, salt, temperature,
etc. However, it is important to determine the intrinsic thermodynamic
parameters of binding that would be observed in the hypothetical ab-
sence of any linked reactions. For example, if a protein should bind a pro-
ton in order to be able to bind the ligand, the observed energy would be
lower by the amount necessary to protonate the protein. This energy
would be pH-dependent and increased 10-fold upon increasing the pH
of the medium by one unit (when pH N pKa).

Fluorescent thermal shift assay (FTSA, also called Thermofluor, differ-
ential scanning fluorimetry, DSF) can be conveniently used to character-
ize protein stabilities in various buffers [28,29] and determine the ligand
binding affinities based on a shift in protein melting temperature (Tm)
[30–33]. The Tm is observed when the fluorescence of a solvatochromic
dye changes upon heat-induced protein unfolding [34,35,31,36–38].

During sulfonamide inhibitor binding to CAs, there are two linked
protonation reactions, the protonation of the protein and deprotonation
of the ligand. Such reactionsmay reduce the affinity thousands of times.
Determination of the intrinsic thermodynamic parameters (Kb_intr,
ΔGintr, ΔHintr, ΔSintr) requires multiple measurements in several buffers
at various pHs. Upon protonation, the protons are picked up from or re-
leased to the buffer and the effect should be subtracted to determine the
actual binding reaction [27,39–45].

2. Materials and methods

2.1. Proteins

The cDNA of human carbonic anhydrase IX (CA IX) was purchased
from RZPD Deutsches Ressourcenzentrum für Genomforschung GmbH
(Germany). To prevent the dimerization of CA IX monomers, the site-
directed mutagenesis of cysteine (41) to serine was performed using
the sense (5′-TCGCCGCCTTCAGCCCGGCCCTG-3) and antisense (5′-
CAGGGCCGGGCTGAAGGCGGCGA-3′) mutagenic primers according to
the procedure described in QuikChange Site-Directed Mutagenesis in-
struction manual (Stratagene).

Expression of CA IX and CA IXmutant (CAIXc41s) proteinswas carried
out using pCEP4dS [46] or pCEP4S vectors designed for the secretion of
recombinant mammalian proteins. The pCEP4S vector was made from
the pCEP4 vector (purchased from Invitrogen) by introducing a secretion

Fig. 1. Correlation map of the inhibitor chemical structures with their intrinsic binding
affinities (ΔbGintr) to CA IX. Numbers within compound boxes show the ΔbGintr

calculated from FTSA data, while the numbers next to the arrows show the differences
between closely structurally related compounds.
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signal into a multiple cloning site. Two complementary single stranded
oligonucleotides, containing the secretion signal from the V-J2-C region
of murine Ig kappa chain were chemically synthesized and annealed.
The resultant double stranded oligonucleotide was digested at the 5′
and 3′ ends with KpnI and HindIII, respectively, and ligated into the vec-
tor cut with the same enzymes.

For the construction of CA IX expression plasmids, the DNA frag-
ments, corresponding to the catalytic domain of CA IX (amino acids
138 to 390) and the mutated CA IX catalytic domain (amino acids 138
to 390, containing the Cys41Ser mutation) were inserted into the
multicloning site of pCEP4dS or pCEP4S vector. Due to the linker located
between the secretion signal and the coding sequences of CA IX, both CA
IX and CAIXc41s recombinant proteins have additional 5 amino acids
(DAAHM) at the N terminus.

Expression of the pCEP4dS-CA IX and pCEP4dS-CA IXc41s plasmids in
mammalian cells was performed using FreeStyle Max 293 expression
system (Invitrogen) according to the procedure described in Dudutiene
et al. [23]. However, the pCEP4S-CA IX and pCEP4S-CA IXc41s plasmids
were expressed according to a modified protocol as explained below.
FreeStyle 293-F suspension cell culture was maintained in Erlenmeyer
flasks containing FreeStyle medium in a 37 °C incubator with a humid-
ified atmosphere of 8% CO2, on an orbital shaker platform rotating at
135 rpm. 20–30 mL of FreeStyle 293-F cell suspension was transfected
with the purified pCEP4S-CA IX or pCEP4S-CA IXc41s plasmids according
to the manufacturer's recommendations. After two days, the culture
was transferred to a 50 mL tube and kept for 1–2 min to sediment the
cell clumps. Two thirds of the culture was aspirated from the top and
transferred to a new flask, containing fresh FreeStyle medium (one
third of the culture volume). Hygromycin B was added to the culture
(100 μg/mL) to select for a hygromycin-resistant transfected cells.

After two days of culturing, the cells were counted and diluted ~3
times with hygromycin B-containing FreeStyle medium to the cell den-
sity of ~7 × 105/mL and cultured further for three days until the final ~3
times dilution to ~7 × 105/mL density. Three days later, the culture was
centrifuged at 6000g for 20 min and the secreted recombinant proteins
were purified from the supernatant using a CA-affinity column contain-
ing p-aminomethylbenzene sulfonamide-agarose (Sigma-Life Science
Aldrich). The eluted CA IX and CA IXc41s proteins were dialyzed into a
storage buffer containing 20mMHEPES, pH 7.5 and 50mMNaCl. All pu-
rified proteins were stored at−80 °C.

2.2. Compounds

Ethoxzolamide (EZA) was purchased from Aldrich. Compound syn-
thesis has been previously described: 1–3(a–j) were described by
Zubrien_eet al. [47], 4(a–j)were described by Čapkauskaitė et al. [48]. In-
stant JChem (Instant JChem 6.1.3, 2013, ChemAxon, http://www.
chemaxon.com) was used for structure database management, search
and prediction.

2.3. Fluorescent thermal shift assay (FTSA)

FTSA is a rapid screening method used for the identification of com-
pounds that bind to target proteins. FTSA experiments were performed
in Corbett Rotor-Gene 6000 (QIAGEN Rotor-Gene Q) instrument using
the blue channel (excitation 365 ± 20, detection 460 ± 15 nm). Pro-
tein samples containing various compound concentrations were heated
from 25 to 99 °C at a rate of 1 °C/min while observing the fluorescence
yield. The samples contained constant concentration of protein, varied
concentrations of a compound and were prepared in 50 mM phosphate
buffer (pH 7.0) containing 50 μM ANS (8-anilino-1-naphthalene sulfo-
nate), 100 mM NaCl and up to 2% DMSO. The protein melting tempera-
tures were determined at each inhibitor concentration. Data analysis
was performed as previously described [7,35].

2.4. Isothermal titration calorimetry (ITC)

Compound binding to proteins was also determined by ITC, the ex-
periments were performed by using VP-ITC instrument (Microcal, Inc.,
part of Malvern, Northampton, MA, USA).

For the binding reactions of 1–4(a,c) to CA IXc41s, the calorimeter cell
contained 4 μM protein, 2% DMSO, 50 mM sodium phosphate buffer
(pH 7.0) and 100mM sodium chloride. Syringe contained 40 μM ligand,
2% DMSO, 50 mM phosphate buffer (pH 7.0) and 100 mM sodium chlo-
ride. Experiments consisted of 25 injections, volumeof thefirst injection
was 5 μL, while others were 10 μL, added at 200 s intervals, at 25 °C.

The experiments of EZA binding at various pHs were performed
using 4 μMof protein, 2%DMSO, 50mMsodiumphosphate or TRIS buff-
er containing 100mM sodium chloride in the cell and 40 μM of EZA, 2%

Fig. 2. Correlation map of the inhibitor chemical structures with their intrinsic thermodynamics of binding to CA IX. Panel A. The map includes the ΔbGintr(top number), ΔbHintr (bold
number) and −TΔbSintr (bottom number in italic) of binding. Panel B. The enthalpy–entropy compensation graph. Open circles represent compounds 1–4(a), filled rectangles — 1–
4(c). Diagonal lines represent protein-ligand binding affinity.

Fig. 3. Spectrophotometric determination of the pKa of the compound sulfonamide group.
The compound absorbance spectra were taken in various buffers as a function of pH for
compounds 1a and 2c at 25 °C. (insets). The normalized absorbance ratio (A250/A280)
was plotted as a function of pH and fit to the model Eq. (5).
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DMSO and phosphate or TRIS buffer containing 100 mM sodium chlo-
ride in the syringe. Buffer solution was the same in the syringe and in
the cell and pH values were checked before and after the experiment.
Experiments consisted of 25 injections, volume of the first injection
was 5 μL, while others were 10 μL, added at 200 s intervals, at 25 °C.

The enthalpy of inhibitor protonation was measured by titrating
with 5 mM HNO3 the cell solution containing the inhibitor (0.25 mM)
and 1.5 equivalent (0.375 mM) of NaOH. The experiment consisted of
56 injections. The volume of each injection was 5 μL, added at 200 s in-
tervals. DMSO concentrations in the syringe and the sample cell were
equal (2.5%). Experiments were performed at 25 °C. ITC data was inte-
grated, fit and analyzed as previously described [49].

2.5. Measurements of pKa of the compound's sulfonamide group

The pKa values of the sulfonamide group of the compounds were
measured with the spectrophotometer Agilent 89090A as previously
described by Snyder et al. [34]. Ultraviolet spectra in the wavelength
range from 200 to 380 nmwere collected at each half pH unit between
5.0 and 12.0. Samples contained 30–50 μM compound, 1% DMSO,
50 mM NaCl and the universal buffer (containing 50 mM sodium ace-
tate, 50 mM sodium phosphate and 25 mM sodium borate). The nor-
malized ratio of absorbances at two wavelengths (above and below
the isosbestic point) was plotted as a function of pH. The pKa value
was determined as the midpoint of the fitted curve.

2.6. Calculation of intrinsic thermodynamic parameters

The CA can bind a compoundwhen the zinc-bound hydroxide anion
is protonated (watermolecule) and the sulfonamide compound is in the

deprotonated form. However, at the physiological pH the CA mostly
contains the hydroxide anion and the compound sulfonamide is mostly
protonated. Thus, the observed enthalpy of the CA-sulfonamide binding
highly depends on the pH.

The intrinsic binding constant Kb_intr is equal to the observed binding
constant divided by the fractions of binding-active species:

Kb intr¼
Kb obs

f RSO2NH− f CAZn IIð ÞH2O
ð3Þ

The Gibbs energy in turn is:

ΔbGintr ¼ −RTln Kb intrð Þ ð4Þ

where fRSO2NH
− is the fraction of the deprotonated sulfonamide com-

pound and fCAZn(II)H2O is the fraction of the protonated hydroxide mole-
cule (H2O) bound to the zinc cation in the active site of CA. fRSO2NH

− and
fCAZn(II)H2O can be calculated when the pKas of both the sulfonamide and
the Zn(II)-bound water molecule are known:

f RSO2NH
− ¼ RSO2NH

−½ �
RSO2NH

−þRSO2NH2½ � ¼
10pH−pKaSO2NH

−

1þ 10pH−pKaSO2NH
−

ð5Þ

f CAZn IIð ÞH2O¼
CAZn IIð ÞH2O½ �

CAZn IIð ÞH2OþCAZn IIð ÞOH−½ � ¼
10pKaCAZn IIð ÞH2O

−pH

1þ 10pKaCAZn IIð ÞH2O
−pH ð6Þ

To calculate the intrinsic enthalpy (ΔbHintr), the protonation/depro-
tonation of the buffer, the deprotonation of sulfonamide and the

Fig. 4. The thermodynamics of EZA binding to CA IX at various pHs. Panel A shows theΔbGobs dependence on pH and theΔbGintr that is independent of pH (solid straight line). The observed
binding constants of EZA binding to CA IX (nonmutated, filled rectangles) and CA IXc41s were determined by FTSA. The solid U-shape line is the fit according to the Eq. (4). The dashed line
shows the contribution of the protonated CA and the dotted line shows the contribution of the deprotonated ligand. Panel B shows the observed binding enthalpy (ΔbHobs) dependence on
pHwhile the intrinsic enthalpy (ΔbHintr) is independent of pH (solid straight line). ITC titrations were performed in sodium phosphate (open symbols) or TRIS chloride (filled symbols) at
25 °C. The observed enthalpies formedanX-shapedependence on pH. Rectangles represent titrations to CA IXwhile the circles—CA IXc41s. Dashed (in TRIS) and dotted (in Pi) lineswerefit
according to Eq. (7). Solid curve represents the fit of a situation if the buffer had zero enthalpy of protonation.

Table 1
The intrinsic thermodynamics of compound binding to CA IX at 25 °C. The Kd_intr and the
ΔbGintr were calculated from the values determined by FTSA of compound binding to CA
IX. The ΔbHintr and the−TΔbSintr were calculated from the values obtained by ITC of com-
pound binding to CA IXc41s except forEZAwhere ITCwasperformedwith non-mutatedCA
IX.

Compound Kd_intr, nM ΔbGintr, kJ/mol ΔbHintr, kJ/mol −TΔbSintr, kJ/mol

1a 0.462 −53.3 −51.9 −1.4
2a 0.249 −54.8 −35.5 −19.3
3a 0.110 −56.9 −29.9 −27.0
4a 1.16 −51.0 −33.9 −17.1
1c 0.196 −55.4 −45.2 −10.2
2c 0.293 −54.4 −35.0 −19.4
3c 0.345 −54.0 −40.5 −13.5
4c 2.61 −49.0 −34.4 −14.6
EZA 0.0357 −59.6 −53.0 −6.6

Table 2
Thermodynamics of compound protonation at 25 °C. The pKa, Ka and Δb_prot_inhG was de-
termined spectrophotometrically, the Δb_prot_inhH was determined by ITC and the
−TΔb_prot_inhSwas determined by the subtraction.

Compound pKa Ka,
nM

Δb_prot_inhG,
kJ/mol

Δb_prot_inhH,
kJ/mol

−TΔb_prot_inhS,
kJ/mol

1a 9.1 0.79 −51.9 −36.8 −15.1
2a 8.6 2.5 −49.1 −31.8 −17.3
3a 9.4 0.40 −53.7 −37.2 −16.5
4a 9.0 1.0 −51.4 −30.5 −20.9
1c 9.1 0.79 −51.9 −36.4 −15.5
2c 8.6 2.5 −49.1 −32.2 −16.9
3c 9.5 0.32 −54.2 −38.5 −15.7
4c 9.0 1.0 −51.4 −31.8 −19.6
EZAa 8.0 10 −45.7 −29.5 −16.2

a Data taken from [44].
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protonation of the Zn(II)-bound hydroxide anion in the active site
should be subtracted from the observed enthalpy (ΔbHobs) value:

ΔbHintr¼ΔbHobs−ninhΔb prot inhH−nCAΔb prot CA
HþnbufΔb prot bufH

ð7Þ

where ΔbHobs is the observed binding enthalpy, ninh is the number of
protons released during the deprotonation of the sulfonamide and
equal to ninh= fRSO2NH

−−1, Δb_prot_inhH is the enthalpy of inhibitor pro-
tonation, nCA is the number of protonated hydroxide ions bound to the
active site Zn(II) and can be calculated according to equation nCA=
1− fCAZn(II)H2O, Δb_prot_CAH is the enthalpy of CA protonation, nbuf is the
number of protons taken or released by the buffer and equal nbuf=
ninh+nCA, Δb_prot_bufH is the buffer protonation enthalpy [50].

3. Results

3.1. Intrinsic thermodynamic parameters of compound binding to CA IX

The intrinsic Gibbs energies (ΔbGintr) of 40 sulfonamide compound
binding to the catalytic domain of CA IX were determined. Compounds
are benzenesulfonamides with benzimidazole moiety divided into four
groups: the para-substituted benzensulfonamides without chlorine in
meta-position (1(a–j)) and bearing chlorine atom (2(a–j)) and the
meta-substituted benzenesulfonamides without chlorine atom in
para-position (3(a–j)) andwith the Cl (4(a–j)). TheΔbGintr of each com-
pound binding to CA IX are listed next to the compound structure
(Fig. 1) while the differences (ΔΔbGintr) are shown on the arrows
connecting the compound structures. The horizontal arrows show the
differences between four head-groups with the same tail moiety,
while the vertical arrows compare the compounds with different tails,
but the same benzenesulfonamide head-group moieties. These values
help us to determine different functional group contributions to the in-
trinsic binding affinity.

The para-substituted benzenesulfonamides (1 and 2) exhibited
stronger binding affinity than the meta-substituted compounds. There

Table 3
Thermodynamics of protonation of Zn(II)-boundhydroxide in the active site of several CA isoforms at 25 °C. The pKa andΔb_prot_CAGwere determined by a combined fit of the FTSA and ITC
U-shape and X-shape data as shown in Fig. 4.

Protein pKa Δb_prot_CAG, kJ/mol Δb_prot_CAH, kJ/mol −TΔb_prot_CAS, kJ/mol

CA I-Zn(II)-H2Oa 8.4 −47.9 −41.0 −6.9
CA II-Zn(II)-H2Oa 7.1 −40.5 −26.0 −14.5
CA VB-Zn(II)-H2Ob 7.2 −41.1 −30.0 −11.1
CA VI-Zn(II)-H2Oc 6.2 −35.4 −32.0 −3.4
CA VII-Zn(II)-H2Od 7.0 −40.0 −33.0 −7.0
CA IX-Zn(II)-H2O 6.8 −38.8 −24.0 −14.8
CA XII-Zn(II)-H2Oe 7.0 −40.0 −28.0 −12.0
CA XIII-Zn(II)-H2Of 8.3 −47.4 −44.0 −3.4

a Data taken from [40].
b Data taken from [45].
c Data taken from [41].
d Data taken from [42].
e Data taken from [43].
f Data taken from [26].

Table 4
Thermodynamics of compound binding to CA IX at 25 °C. TheKd_obs andΔbGobswere deter-
minedby FTSAwith standard error from two independent repeats. Experimentswere per-
formed inphosphate buffer at pH 7.0. TheKd_intr andΔbGintrwere calculated from theKd_obs

values except EZAwhere intrinsic energies were obtained from the U-shape data in Fig. 4.

Compound Kd_intr, nM ΔbGintr, kJ/mol Kd_obs, nM ΔbGobs, kJ/mol

1a E79 0.054 −58.6 17.5 −44.3 ± 1.4
2a E11-36 0.190 −55.5 20.0 −43.9 ± 0.7
3a E11-37 0.307 −54.3 200 −38.2 ± 1.0
4a E2 1.16 −51.0 303 −37.2 ± 0.6
1b E80 0.047 −59.0 15.4 −44.6 ± 1.6
2b E11-38 0.130 −56.4 11.0 −45.4 ± 2.4
3b E11-39 0.465 −53.3 303 −37.2 ± 1.1
4b E3 1.67 −50.1 435 −36.3 ± 0.6
1c E86 0.046 −59.0 14.9 −44.7 ± 0.3
2c E11-50 0.079 −57.7 8.30 −46.1 ± 0.7
3c E11-51 0.167 −55.8 137 −39.2 ± 0.8
4c E6 0.618 −52.6 161 −38.8 ± 0.8
1d E87 0.508 −53.1 167 −38.7 ± 1.3
2d E11-52 0.211 −55.2 22.2 −43.7 ± 0.9
3d E11-53 0.061 −58.3 40.0 −42.2 ± 0.8
4d E7 0.982 −51.4 256 −37.6 ± 0.7
1e E81 0.019 −61.2 6.2 −46.8 ± 2.1
2e E11–40 0.027 −60.3 2.9 −48.8 ± 0.6
3e E11–41 0.170 −55.8 111 −39.7 ± 0.8
4e E12 0.958 −51.5 250 −37.7 ± 0.5
1f E85 0.013 −62.2 4.2 −47.8 ± 2.3
2f E11–42 0.045 −59.1 4.8 −47.5 ± 0.7
3f E11–43 0.073 −57.9 47.6 −41.8 ± 0.5
4f E18 1.42 −50.5 370 −36.7 ± 0.9
1g E93 0.024 −60.7 7.7 −46.3 ± 0.8
2g E11–44 0.033 −59.9 3.5 −48.3 ± 0.8
3g E11–45 0.256 −54.8 167 −38.7 ± 0.9
4g E14 1.60 −50.2 417 −36.4 ± 0.7
1h E82 0.014 −62.0 4.6 −47.6 ± 2.3
2h E11–46 0.032 −59.9 3.3 −48.4 ± 0.5
3h E11–47 0.096 −57.2 62.5 −41.1 ± 0.9
4h E13 0.451 −53.3 118 −39.6 ± 0.9
1i E83 0.012 −62.3 4.0 −47.9 ± 2.4
2i E11–48 0.026 −60.5 2.7 −48.9 ± 0.5
3i E11–49 0.107 −56.9 55.6 −41.4 ± 0.8
4i E19 0.696 −52.3 182 −38.5 ± 0.7
1j E84 0.012 −62.3 4.0 −47.9 ± 0.7
2j E11-54 0.041 −59.3 4.4 −47.7 ± 0.6
3j E11-55 0.110 −56.9 71.4 −40.8 ± 0.7
4j E22 0.723 −52.2 189 −38.4 ± 1.0
EZA 0.0357 −59.6 2.11 −49.5 ± 0.6

Table 5
Thermodynamics of selected compound binding to CA IXc41s as determined by ITC at 25 °C.
TheKd_obs andΔbGobswere obtained from the ITC data and significantly differs from the da-
ta in Table 4. ITC underestimated the affinity in reactionswhere theWiseman parameter c
is near or above the limit of 500 and thus the FTSA data in Table 4 are more accurate than
the ITC data, shown in this table only for the comparison of two methods. ITC data are in
singlicate except for EZA. ITC experiments were performed in sodium phosphate buffer
at pH 7.0.

Compound Kd_obs, nM ΔbGobs, kJ/mol ΔbHobs, kJ/mol

1a 152 −38.9 −32.0
2a 26.3 −43.3 −21.0
3a 71.4 −40.8 −9.5
4a 714 −35.1 −20.3
1c 64.4 −41.0 −25.7
2c 31.0 −42.9 −20.2
3c 283 −37.4 −18.8
4c 680 −35.2 −19.6
EZA 3.46 −47.4 −46.5
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was an exception where 2d and 3dwere stronger binders than 1d and
4d. In most cases, the para-substituted benzenesulfonamides bearing
chlorine atom in the meta-position were stronger binders to CA IX
than compounds without the chlorine. However, when sulfonamide
group was in the meta-position, the benzenesulfonamides bound

stronger to CA IX when the compounds did not possess the chlorine
atom on the benzene ring.

The ΔbGintr for 1–2(a–j) was in the range from −53.1 kJ/mol to
−62.3 kJ/mol, while the ΔbGintr of 3–4(a–j) was in the range from
−50.1 kJ/mol to −58.3 kJ/mol. The highest binding affinity to CA IX
was exhibited by the compounds 1i, 1j, 1f and 1h (ΔbGintr ≈−62.0 kJ/
mol) and the weakest were 4b, 4g and 4f.

The intrinsic enthalpies (ΔbHintr) and entropies (−TΔbSintr) of com-
pound binding to CA IX were determined by ITC for 8 compounds
(from series a and c). All three intrinsic thermodynamic parameters of
binding for these 8 ligands are shown in Fig. 2 (Panel A) (ΔbHintr is in
bold, −TΔbSintr is in italic). The differences between compounds are
listed next to the arrows. The ΔbGintr were calculated from the FTSA
data. The intrinsic enthalpy–entropy compensation graph is shown in
Panel B of Fig. 2. The enthalpies and entropies spanned a wide range,
while dissociation constants were distributed in a relatively narrow
range. All compound binding reactions were primarily enthalpically
driven with a relatively minor favorable entropy contribution (at

Fig. 5. FTSA data of EZA binding to CA IX as a function of pH. Panel A shows the protein
melting temperature dependence on ligand concentration at pH 5.0 and pH 6.0. The
Kd_obs values were equal to 1.0 × 108 M and 3.5 × 108 M, respectively. The inset shows
the raw curves of unfolding of the CA IX as a function of temperature. The shift of the Tm
depends on ligand concentration: ‘0’ marks the protein in the absence of the ligand and
‘200’ labels the protein with 200 μM added ligand concentration. Panel B. Protein Tm
dependence on pH at various added EZA concentrations, at 25 °C.

Fig. 6. ITC titrations of EZA binding to CA IX in various buffers and at various pH. The inset
shows the raw ITC data of EZA binding to CA IX in Pi buffer at pH 7.5. The filled squares
represent the ITC data in TRIS chloride buffer at pH 8.5, filled triangles — in Pi buffer at
pH 8.5 and open squares— in Pi buffer at pH 7.5. The experimentswere performed at 25 °C.

Fig. 7. FTSA data of 2i and 4b binding to CA IX at 25 °C. Panel A. ANS fluorescence curves of
CA IX (5 μM) thermalmelting in thepresence of various concentrations of 2i and 4b (Panel
B). Panel C. The dose response curves as a function of added concentration of 2i (filled
circles) and 4b (open circles). Datapoints are experimental data while the lines
represent the fit as explained in the methods section. Partial inconsistency of the
modeled and experimental Tm at higher compound concentrations are due to the
limited aqueous solubility of the compounds.
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25 °C). Only for compound 3a the enthalpy and entropy contributions
were nearly identical.

3.2. Thermodynamics of the compound protonation

In order to determine the intrinsic binding parameters it is necessary
to know the protonation state of the compound sulfonamide group. The
compound at physiological pH exists primarily in the protonated form
while it binds to a CA in the deprotonated formwhose fraction depends
on solution pH and the pKa of the compound. The pKas of compounds
were measured spectrophotometrically as previously described [51,
52]. The ratio of absorbances at two wavelengths where the pH effect
is large was normalized and plotted as a function of pH yielding the
pKa of the sulfonamide head-group (Fig. 3). Due to limited solubility of
compounds, the ionization constants were determined only for 12 li-
gands. For compounds 1(a–c) the pKa values were equal to 9.1. For
2(a–c) the pKa values were equal to 8.6 (±0.1). For 3c, 3d, 3i the pKas
were 9.5, 9.4 and 9.3, respectively. For 4a, 4c and 4d the pKas were 9.0.

These values show that the four head-groups of 40 compounds
have different ionization constants, but the tails have minor effect:
the pKa of para-substituted benzenesulfonamides is 9.1, for para-
substituted benzenesulfonamides bearing chlorine atom is 8.6, for
meta-substituted benzenesulfonamides pKa is 9.4 and for meta-
substituted benzenesulfonamides with chlorine atom is 9.0. The
chlorine atom lowered the ionization constant of a compound. The low-
est pKas were measured for the para-substituted benzenesulfonamides
bearing chlorine atom and the highest pKa for the meta-substituted
benzenesulfonamides without the Cl.

The enthalpies of protonation (Δb_prot_inhH) were measured for 8
compounds (1–4(a,c)) using ITC as previously described in [40], [26],
[53] by titrating the deprotonated compound (containing excess base)
with acid. The enthalpies of protonation together with other proton-
ation thermodynamic parameters are listed in Table 2. Compounds con-
taining electron-withdrawing Cl atoms exhibited slightly reduced pKas
and slightly less exothermic enthalpies than the compounds that did
not bear the Cl atoms.

Since the compound pKa is around 9.0, most of the compound at
physiological pH exists in the protonated form. Significant energy is re-
quired to remove the proton in order for the compound to bind the CA.
This energy will reduce the affinity and therefore the intrinsic affinities
of such compounds are significantly larger than the observed affinities.

3.3. Thermodynamics of the Zn(II)-bound hydroxide anion protonation

The zinc cation is bound in the active site of all 12 catalytically active
human CA isoforms through three histidines and has the fourth coordi-
nation bond exposed towards the solvent. This bond is occupied by a
hydroxide anion or a water molecule. Only the water molecule can be
displaced by the negatively charged sulfonamide inhibitor amino
group. The hydroxide group must be protonated into a water molecule
in order to be displaced. The pKas of CAs are usually between6 and 8 and
their protonation state varies depending on the pH and the buffer. If the
pKa is low, around 6, then at pH 7.0 the CA should undergo the proton-
ation reaction upon inhibitor binding and this binding-linked proton-
ation reaction will reduce the inhibitor binding affinity.

Fig. 8. ITC data of 1–4(c) binding to CA IXc41s. Integrated ITC binding curves were observed in sodium phosphate buffer at pH 7.0. Insets show the raw ITC curves.

Fig. 9. Thermal stability of CA IX in various buffers as a function of pH. The melting
temperature of CA IX (5 μM) was determined by FTSA in various buffers (100 mM). The
protein is strongly destabilized by citrate and to a lesser extent — by the Pi buffer.
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The pKa value of CA IXwas determined by both FTSA and ITCmethods
(Fig. 4). Ethoxzolamide (EZA) was chosen for the determination of the
pKa of CA IX. The ligand binding affinity as determined by FTSA as a func-
tion of pH is shown in Fig. 4A. The affinity has a U-shape dependence on
pH. Therewas essentially no difference observed between the native and
the Cys mutant CA IX catalytic domain. The solid U-shape line is a fit of
experimental data to themodel [54,52,44] and the intrinsic Gibbs energy
of binding (solid straight line) was determined (ΔbGintr=−59.6 kJ/mol,
Table 1). The pKa that best fit the U-shape line for both the native and
mutated CA IX was equal to 6.8 ± 0.1 (Table 3).

To determine the protonation enthalpy of the CA-bound hydroxide
anion and the intrinsic enthalpy of EZA binding to CA IX, the ITC titra-
tions were performed in TRIS and sodium phosphate (Pi) buffers (that
have different protonation enthalpies) at a series of pHs (Fig. 4B). Sever-
al experiments were performed also with CA IXc41s yielding essentially
same results as nonmutated CA IX. The pH dependence of the observed
enthalpy (ΔbHobs) of EZA binding to CA IX exhibited an X-shape when
performed in TRIS and Pi buffers. The solid sigmoidal line shows the ob-
served enthalpy that would be observed if the buffers had zero enthalpy
of protonation. Only the protonation contributions from the ligand and
proteinwould be observed. The horizontal solid line shows the intrinsic
enthalpy (ΔbHintr) that was obtained from this analysis of the ITC data.
The dashed and dotted lines represent the fits of experimental data in
TRIS and Pi buffers, respectively. These fits confirmed that the pKa of
CA IX is 6.8 (Table 3) and the intrinsic enthalpy of EZA binding to CA
IX was determined to be (ΔbHintr=−53.0 kJ/mol, Table 1).

3.4. Observed thermodynamic parameters of compound binding to CA IX

Fig. 5 shows FTSA results of EZA binding to CA IX. Addition of the
compound to the solution of CA IX shifts the protein melting tempera-
ture upwards (inset in Panel A). The Tms plotted as a function of added
ligand (Panel A) exhibit a continuously increasing behavior. The binding
is stronger at pH 6.0 than at pH 5.0 because the upshift is greater. Panel B
shows the shifts at various added EZA concentrations as a function of
pH. This results in a U-shape dependence of affinities on pH (Fig. 4A).

Fig. 6 shows ITC data at various pHs indicating that the pH influences
not only the binding constants but also the enthalpies. Furthermore, the
observed enthalpies are strongly dependent on buffer, while the ob-
served Gibbs energies are not.

When measuring the affinities of the 40 compounds shown in Fig. 1
by using FTSA, direct observation yields the observed affinities (ΔbGobs).
Application of the protonation model yields the intrinsic affinities
(ΔbGintr). Intrinsic and observed affinities of the 40 compounds are com-
pared in Table 4. It can be seen that the intrinsic affinities are significant-
ly greater than the observed affinities. It is important to note that the
binding affinities at physiological pH of 7.0 would be equal to the ob-
served values. Compound potency as a drug should be equal to the ob-
served values. However, intrinsic values become important when we
compare numerous compounds and make attempts to correlate which

chemical structureswould cause particular increments in the energetics
of binding. Then it is important to use the intrinsic values of the
interaction.

The tendency of the observed binding is similar to the intrinsic param-
eters (the para-substituted benzenesulfonamides have a higher binding
affinity than themeta-substituted compounds, except (1–4)d group and
2d and 3d are better binders than 1d and 4d). The ΔbGobs of 1–2(a–j) de-
rivatives are in the range from−38.7 kJ/mol to−48.9 kJ/mol,whileΔGof
3–4(a–j) differs from−36.3 kJ/mol to−42.2 kJ/mol. The highest affinity
of binding to CA IX is exhibited by compounds 2i, 2e, 2h and 2g
(ΔbGobsb−48.0 kJ/mol) and the smallest— by 4b and 4g. The FTSA curves
of 4b and 2i binding to CA IX are shown in Fig. 7. Several data points at
higher concentrations of the compound are below the model line due to
the limited solubility of the ligands. ITC data of four compound (1–4(c))
binding to CA IXc41s is shown in Fig. 8. Experimentally measured by ITC,
the observed thermodynamic parameters of 8 compound binding to CA
IXc41s are listed in Table 5.

3.5. Stability profile of CA IX

FTSA is useful to determine the stability of a protein at various con-
ditions such as pH, salt concentration, buffer and other. The stability
profile of CA IX in sodium phosphate buffer at various pHs can be seen
in Fig. 5C. The highest stability of the protein (without a ligand) is at
the lowest pH values and from pH 7.0 to 10.0 stability remains almost
the same. However, various buffers significantly affect the protein sta-
bility. The CA IX Tm dependence as a function of pH is shown in Fig. 9.
The CA IX is most stable in MES buffer at pH 5.0 while at higher pHs
the Tm is lower. The effect of sodium acetate buffer shows the limit of
CA IX stability in acidic buffers. Significant reduction in stability is ob-
served below the pH 4.0. CA IX is quite stable between pH 5 and 9 in
MES, TRIS, PIPES, HEPES and acetate buffers, but significantly
destabilized by the sodium citrate buffer and to a lesser extent— by so-
dium phosphate. This information could be useful for the purification of
CA IX when it is important to use conditions that do not destabilize the
protein.

4. Discussion

In the studies of protein-ligand binding thermodynamics it is impor-
tant to determine whether the protein or the ligand undergoes a
binding-linked reaction that could influence the measurements. The
most common binding-linked reaction is the protonation (or deproton-
ation) of the ligand or protein. Sulfonamide ligand binding to carbonic
anhydrases at nearly all conditions involves binding-linked protonation
of the Zn(II)-bound hydroxide and deprotonation of the compound sul-
fonamide group [54]. Only a small fraction of the ligand and the protein
exists in solution at pH 7.0 in the binding-ready ionization form. The
linked reactions affect the observed parameters variably.

Fig. 10. Comparison between the intrinsic (Panel A) and the observed (Panel B) parameters of compound binding to CA IXc41s at 25 °C. The black bars represent Gibbs energy, red bars—
enthalpy and green bars — entropy. There is a large difference between the intrinsic and the observed parameters. Only the intrinsic parameters are meaningful for structure-
thermodynamics correlation analysis while the observed parameters represent a snapshot of a situation at the particular given conditions, pH 7.0 and sodium phosphate buffer.
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The intrinsic and observed thermodynamic parameters of com-
pound binding to CA IX are shown in Fig. 10. Panel A shows the intrinsic
parameters while panel B— the parameters observed at pH 7.0 in sodi-
um phosphate buffer (Fig. 11). First, the intrinsic affinities are signifi-
cantly greater than the observed ones. Second, the intrinsic enthalpies
are also significantly more exothermic than the observed ones. The en-
tropies are not experimentally measured. Instead, they are obtained by
subtraction and thus may lead towards an artificial compensation if not
carefully measured and analyzed [55]. The error analysis of our intrinsic
parameters indicate that the standard deviations for ΔbGintr did not ex-
ceed about 2 kJ/mol, for ΔbHintr — about 4 kJ/mol and for −TΔbSintr —
about 5 kJ/mol. Such relatively small errors should not significantly af-
fect the compound enthalpy–entropy contribution. All 8 compound

binding was both enthalpy and entropy-driven, always dominated by
the enthalpy at 25 °C.

Unfortunately, most researchers do not determine the intrinsic
binding thermodynamics. Usually only the observed affinities or inhibi-
tion constants are determined at particular conditions (usually at
pH 7.0). Such determinations are valid and desirable to directly observe
the potency of each compound at physiologically relevant conditions.
Unfortunately, the observed parameters could mislead us when com-
paring compounds with significantly different pKas. In such cases, the
structure — thermodynamics correlations may lead to incorrectly un-
derstood physical reasons for an increased or decreased affinity. Fur-
thermore, the importance of intrinsic parameters are not limited to
protonation. For example, if a protein should undergo a conformational
change upon ligand binding, the observed energy would be lower by
the amount necessary for the conformational change. Thus, the ob-
served affinity would be lower than the intrinsic affinity. Since we are
interested only in the binding process, it would be important to subtract
the energy required for the conformational change.

On the other hand, determination of the intrinsic binding parame-
ters may not always be straightforward and practical. It is often suffi-
cient in medicinal chemistry compound screening to determine only
the observed parameters and select the best binding leads. However,
caution should be used when attempting to assign particular functional
groups of the compound to an increased or decreased affinity. Further-
more, such affinity rankingwould be valid only for the tested conditions
and should not be extrapolated to significantly different conditions.

Here we determined the pKa of the hydroxide anion bound to the
Zn(II) located in the active site of CA IX and found it to be equal to 6.8.
Values of the pKa of the full length and the catalytic domain of the CA
IX were previously determined to be 6.49 and 7.01, respectively [6]
and 6.3 [8]. Our determined value reasonably confirms previous deter-
minations. The mutation of the cysteine that participates in the dimer-
ization of CA IX did not affect the pKa.

However, the value of the protonation enthalpyΔb_prot_CAH of the CA
IX-bound hydroxide has been determined by ITC here for the first time.
The thermodynamics of the protonation of CA IX was determined to be
quite similar to CA II. This correlates with the high affinity of EZA to
these two CA isoforms.

Our most potent and most selective inhibitors towards CA IX isoform
have been previously described [23]. None of the 40 compounds de-
scribed in this study exhibited extremely high observed affinity nor ex-
treme selectivity towards isoform CA IX. However, previous publications
described only the observed and did not describe the intrinsic parameters
of binding. As discussed above, the present analysis is necessary for the
proper structure-thermodynamics analysis of the compounds.

This study of the intrinsic thermodynamics of sulfonamide inhibitor
binding to CA IXwill enable other researchers to determine the intrinsic
binding parameters of other compounds. The researcherswill be able to
calculate the Kd_intr and the ΔbGintr of any compound binding to CA IX if
the pKa of the newly-synthesized compound is determined experimen-
tally or estimated computationally. Furthermore, if the observed enthal-
py of binding (ΔbHobs) of the newly-synthesized compounds is
determined by ITC, then the researcher will be able to calculate the in-
trinsic enthalpy and entropy of the compound binding to CA IX. This
should be useful in the future design of anticancer CA IX inhibitors.
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ABSTRACT: To get a better understanding of the possibility of developing selective carbonic anhydrase (CA) inhibitors,
interactions between 17 benzenesulphonamide ligands and 6 human CAs (full-length CA I, II, VII, and XIII and catalytic
domains of CA IX and XII) were characterized using surface plasmon resonance and fluorescent-based thermal shift assays.
Kinetics revealed that the strongest binders had subnanomolar affinities with low dissociation rates (i.e., kd values around 1 ×
10−3 s−1) or were essentially irreversible. Chemodynamic analysis of the interactions highlighted an intrinsic mechanism of the
CA−sulphonamide interaction kinetics and showed that slow dissociation rates were mediated by large hydrophobic contacts.
The studied inhibitors demonstrated a high cross-reactivity within the protein family. However, according to chemical
phylogenetic analysis developed for kinetic data, several ligands were found to be selective against certain CA isozymes, indicating
that it should be possible to develop selective CA inhibitors suitable for clinical use.

■ INTRODUCTION

Carbonic anhydrases (CAs) catalyze the reversible conversion
of carbon dioxide and water into hydrocarbonate and a proton
(or a hydronium cation).1 Enzymes of this family, being
involved in a basic homeostasis reaction, are present in all
biological species.2,3 A prominent class within the family is
represented by the α-carbonic anhydrases. They are found
predominantly in mammals, and at least 15 homologous
variants are expressed in humans.4 The cellular localization of
the isozymes varies and includes cytosolic (CA I, II, III, VII, and
XIII), membrane bound (CA IV, IX, XII, and XIV), secreted
(CA VI), and mitochondrial (CA VA and VB) forms.5 The α-
carbonic anhydrase domain is usually formed by 10 β-strands
and 7 right-handed α-helices.6 The active site cleft is cone-
shaped and consists of hydrophobic and hydrophilic walls, with
the Zn2+ ion at the bottom. The zinc cation is a prosthetic
cofactor, tetragonally coordinated by three histidine residues
and a water molecule or a hydroxide anion.
A variety of cellular functions are mediated by CAs,7 and the

tissue-dependent expression of these isozymes makes them a

target for the treatment of different diseases. CA inhibitors
serve as diuretic agents and are used for glaucoma, epilepsy, and
osteoporosis therapy. Today, approximately 30 CA inhibitors
are used in clinical practice.8 The majority of these compounds
are sulphonamides or isosteres thereof. Although other groups
exist, the sulphonamide functional group serves as the most
efficient pharmacophore in CA inhibitors. It provides tight
binding to the active site and inhibits activity by substitution of
the water molecule within the zinc coordination sphere, which
is crucial for catalysis.9

Of particular interest to us is that recent studies have shown
the importance of certain CA isozymes in tumorogenesis. For
example, the membrane-bound isozyme CA IX is a low-
abundance protein in healthy tissues but is overexpressed in
several types of cancer.10 CA XII, another membrane-bound
isozyme, is also a tumor-associated protein.11 Development of
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specific CA inhibitors is, therefore, a possible route to novel
chemotherapeutic agents.12

A major challenge is the diffuse distribution of different
isozymes across all tissue types, which is linked to potential
adverse effects of CA inhibitor medication. The high structural
similarity of the active site of all isoforms in the protein family
makes selective inhibition of certain isozymes difficult.5 A
detailed biophysical characterization is expected to be
important in order to better understand how efficient,
potentially selective drugs can be designed. Kinetic parameters,
simplified to association and dissociation rate constants (ka and
kd, respectively), and the residence time are useful for ranking
and optimization of leads.13,14 Among kinetic methods, surface
plasmon resonance (SPR) biosensor technology remains the
state-of-the art technique for characterization of the dynamic
properties of interactions.
In contrast to previous studies that have used CA as a model

system for SPR application development15−18 and that typically
involve human CA II or its bovine orthologue,19 the present
research is focused on studying interactions with CAs with
relevance as drug targets. In addition, a library of inhibitors was
kinetically characterized against different species of the CA
protein family in order to better understand isozyme selectivity.
The compounds designed as leads have previously been

characterized with respect to binding thermodynamics to
various CA isoforms,20−22 but their interaction kinetics had
not been studied previously.
Here, we report the interaction between 17 benzenesulpho-

namide-based inhibitors (Figure 1) and 6 recombinant human
carbonic anhydrases, namely, CA I, II, VII, and XIII and the
catalytic domains of CA IX and XII. The equilibrium
interaction parameters were determined using a fluorescence-
based thermal shift assay (FTSA), and the kinetics of the
interactions were determined using SPR biosensor assays.

■ RESULTS

Interaction Kinetic Analysis. Preparation of Sensor
Surfaces. In order to evaluate the kinetics of the interactions
of the benzenesulphonamide-based inhibitors with different
isozymes of the human CA family, SPR biosensor analysis was
employed. Full-length CA I, II, VII, and XIII and the catalytic
domains of CA IX and XII (CA IXcd and XIIcd) were
immobilized to the dextran matrix of standard sensor chips.
Despite the high similarity among the structures of the selected
proteins, it was impossible to use the same conditions for the
immobilization of all enzyme variants. Thus, both protein
concentration and coupling buffer pH were adjusted for each
isozyme. The level of immobilization ranged from 4000

Figure 1. Structures of the studied benzenesulphonamides: N-alkylated benzimidazole derivatives 1−3,20 4, and 5;23 S-alkylated 2-thiopyrimidine
derivatives 6, 8, 10,24 7, and 9;21 and fluorine-substituted benzenesulphonamides 11, 16,25 12, 13,22,26 14, 15, and 17.26
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resonance units (RU) for CA IXcd to 12 000 RU for CA XIIcd,
whereas CA I, II, VII, and XIII were immobilized at
approximately the same level, 6000 RU.
In general, the generated sensor surfaces were stable enough

under the developed assay conditions to be used for a couple of
days. An exception was the sensor surface for CA IXcd, which
demonstrated a reduction of the baseline level during the assay
cycles, approaching half of the initial immobilization level.
However, the surface decay was slow and did not influence the
Rmax value within a concentration series.
CA XIIcd tended to precipitate on the surface when 10 mM

acetate buffer was used for the immobilization, resulting in
unexpectedly high immobilization levels. This effect was
observed not only for the activated carboxymethyl-dextran
matrix but also for the intact or activated/deactivated surface.
Uncovalently bound enzyme could be removed by 10 mM
phosphate buffer in the presence of 1 M NaCl, indicating the
electrostatic nature of the aggregation.
Kinetic Experiments. Time-resolved interaction curves

(sensorgrams) were collected for the interactions between 6
human CA isozymes and 17 ligands. The sensor surfaces had a
high enough sensitivity to detect all of the interactions and to
provide sufficient levels of signal for the kinetic analysis despite
the low molecular weight of the studied compounds (300−400
Da; exemplified in Figure 2 by CA VII and compound 14).

The kinetic analysis was severely restricted by the high
stability of the formed complexes. Several interactions (for
example, between CA VII and compound 15; Figure 2) did not
have any observable dissociation. A variety of common
regeneration strategies were explored, such as forced complex
dissociation using elevated or decreased pH values, chaotropic
agents, and high detergent concentrations. These approaches
were unsuccessful or resulted in irreversible protein denatura-
tion. An alternative strategy involved displacement of the tight
binder by an injection of an excess of a low-affinity binder. This
methodology allowed the kinetics of the majority of the potent
binders to be analyzed, but it did not work for the tighest

complexes, i.e., those with subnano- or picomolar affinities, as
estimated by FTSA.
Obtaining replicate data for the majority of the interactions

became a practical limitation because a proper replicate
experiment requires not only the preparation of fresh ligand
but also the generation of a new surface. In the present study,
the number and diversity of the proteins used for the
immobilization resulted in the experiments being time-
consuming and expensive. Therefore, only experiments with
the most interesting interaction pairs, for example, the
interactions of benzenesulphonamides with CA IXcd, were
repeated in duplicates and triplicates.

Data Analysis. To extract the kinetic parameters for the
interactions, the processed sensorgrams were analyzed using
nonlinear regression. A reversible one-step model with mass-
transport limitations (Scheme 1) was the simplest model that

provided satisfactory fits for the majority of the interactions.
Mass-transport effects for the given interactions could be
considered negligible since the diffusion rate constants were a
few orders of magnitude higher than the association rate
constants and satisfied the empirical criterion proposed by
Karlsson27 (ka × Rmax/kt < 5). This model is in agreement with
the current model of sulphonamide binding to the active site of
CAs.28 The extracted kinetic parameters are listed in Table 1.
A one-step binding model with variable Rmax between the

different cycles for a concentration series was used to analyze
the tight interactions that resulted in surfaces that could not be
regenerated or that could be partially regenerated. For such
surfaces, the Rmax decreased with increasing analyte concen-
tration, indicating irreversible blocking of the protein binding
sites (reduction of the surface-specific binding capacity). The
approximate values for the kinetic parameters were used,
therefore, only for a qualitative description of the kinetics.
The affinities for the interactions determined by SPR (KD

SPR)
were similar to the affinities obtained using FTSA (KD

FTSA), as
shown in Figure 3. The largest mismatches were observed for
the interactions with slow dissociation rates (Table 1).
Essentially irreversible interactions identified by SPR analysis
had subnanomolar KD

FTSA values.
Structure−kinetic relationships were identified through the

kinetic analysis. To visualize the kinetics and analyze the
difference between the interactions of the isozymes and the
ligands, the data was graphed in interaction kinetic plots as
log10(kd) vs log10(ka) (Figure 4). In general, p-substituted
acetylated heterocyclic derivatives of the studied benzenesul-
phonamides showed higher affinities than m-substituted
derivatives. With some exceptions, the benzimidazole hetero-
cyclic moiety within the benzenesulphonamide structure was
more favorable than the pyrimidine. The highest affinities were
found among the fluorine-substituted derivatives (Table 1 and
Figure 4). Within the first and second compound groups

Figure 2. Sensorgrams for the interactions between CA VII and two
structurally related ligands, 14 and 15. For compound 14, a reversible
one-step model was fitted to the processed experimental data (red
line).

Scheme 1. Reversible One-Step Interaction with Mass
Transport for the Interaction between Protein and Liganda

aP, protein; Lsol, ligand in the flow phase; L, ligand within the surface
layer. ka and kd are the association and dissociation rate constants,
respectively, and kt is the diffusion rate constant.
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(Figure 4A,B), the ortho-chlorine substitutent reduced the KD
for binding to all isozymes except CA IXcd. Ligands with a bulky
hydrophobic functional group, such as a t-butyl (Figure 2;
compound 15), phenyl, or cyclooctyl, demonstrated the lowest
dissociation rate constants for the interaction.
Selectivity Analysis. The generated data was used to analyze

the selectivity of the studied compounds. Although all
compounds involved in the experiments interacted with KD
values equal to or less than 10−6 M, it was possible to identify
compounds with a higher affinity toward particular isozymes. In
addition, compounds with affinities within a few orders of
magnitude for the different protein variants demonstrated a
clear difference in the interaction kinetics. This is exemplified

for the interactions between compound 8 and all six studied
proteins in Figure 5. The affinity was highest for CA I and XIII
and resulted in the formation of a stable complex. The rest of
the isozymes had lower affinities, primarily as a result of faster
dissociation rates. Thus, we consider compound 8 to be an
example of a kinetically selective inhibitor. Likewise, com-
pounds 12 and 13 are selective for the catalytic domain of CA
IX, as justified by the interaction kinetics.
Comparison of the common trends for interactions between

a set of compounds and multiple isozymes, considering the
diversity of ligands and proteins, is difficult for a large data set.
Thus, we performed a chemical phylogenetic analysis for the
interaction kinetics of 6 human CAs and 17 benzenesulpho-
namides (Figure 6). Bidirectional hierarchical clustering was
performed in a manner similar to that proposed by Bradner et
al.,29 but the interactions were weighted by their kinetic
parameters (ka and kd). It revealed that compounds interacted
with CA IXcd and, to some extent, CA XIIcd with faster
association and dissociation rates than with other isozymes.

pH Profiling of Interaction Kinetics. The catalytic
domains of CA IX and XII were chosen for pH-dependent
interaction profiling. Ligands were chosen to be structurally
related (compounds 6−8) or selective against CA IX (12), an
enzyme isoform that may physiologically be influenced by
varying pH.11,30

The kinetic analysis of the interactions at different pH values
showed a clear pH dependence (Figure 7 and Table 2). Higher
pH values of the reaction medium resulted in lower equilibrium
dissociation constants and more rapid association kinetics. For
the pyrimidine derivatives (6−8), an effect of pH was observed
for both the apparent association and dissociation rate
constants. Interestingly, the unhalogenated derivative 6 had

Figure 3. Agreement between equilibrium dissociation constants
determined by SPR and FTSA, shown as a Bland−Altman correlation
plot (data from Table 1).

Figure 4. Interaction kinetic profiles for the benzenesulphonamides: (A) p- and (B) m-substituted benzimidazole analogues, (C) p- and (D) m-
substituted thiopyrimidine analogues, and (E) fluorine-substituted analogues.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.5b01723
J. Med. Chem. 2016, 59, 2083−2093

2087



faster association rates than its halogenated analogue 7, whereas
larger compounds (e.g., 8) had slower interactions.
The observed pH dependence should correlate with the pKa

of the sulphonamide group as it can be attributed to the
protonation state of the amide. It needs to be deprotonated in
order to establish a stable interaction with the Zn2+ cation in
the active site. Moreover, the hydroxide anion within the metal
coordination sphere should be protonated prior to the
substitution by the deprotonated SA9 (Scheme 2).
As a means to interpret the pH-dependencies of the rate

constants, the effects of the protonation of the active site and
the inhibitor were analyzed. By expressing the fractions of
protonated enzyme and deprotonated inhibitor as

=
−

− + −

+

+ −f
[[(His) Zn OH ] ]

[[(His) Zn OH ] ] [[(His) Zn OH] ]P
3 2

2

3 2
2

3 (1)

=
+

−

−f
[RSO NH ]

[RSO NH ] [RSO NH ]L
2

2 2 2 (2)

the second-order rate equation for complex formation (Scheme
1 with no mass transport) can, in the simplest case, be derived
in the following way

= −
t

k f f k
d[PL]

d
[P] [L] [PL]a

int
P L d

int
(3)

Figure 5. Selectivity analysis for compound 8 and six different CA isozymes. A reversible one-step model was fitted to the processed experimental
data (red line).

Figure 6. Chemical phylogenetic analysis of the interaction kinetics between studied benzenesulphonamides and six CA isoforms. Each entry in the
rectangular array (A) corresponds to the individual set of association and dissociation rate constants from SPR analysis, distributed and scaled as
shown in panel B. Protein and ligands are grouped according to structural similarity. Yellow-to-red gradient filling represents essentially irreversible
interactions; white color corresponds to the absence of SPR data.
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where ka
int and kd

int in eq 3 correspond to intrinsic rate constants
and concentrations are total reactant concentrations equal to

the sum of protonated/deprotonated forms. The apparent ka
values should be pH-dependent. However, this is not case for

Figure 7. pH-dependent interaction profiling for CA IXcd, CA XIIcd, and compounds 8 and 6 at pH 6.0, 7.0, and 8.0. Insets correspond to the
binding isotherms. Estimated kinetic and equilibrium parameters are presented in Table 2.

Table 2. pH Dependence of the Interactions between the Catalytic Domains of CA IX and XII and Structurally Related
Inhibitors 6−8 and CA IX-Selective Inhibitor 12a

pH 6.0 pH 7.0 pH 8.0

compound parameter CA IXcd CA XIIcd CA IXcd CA XIIcd CA IXcd CA XIIcd

6 ka, M
−1 s−1 (9.2 ± 2.8) × 105 (2.5 ± 0.8) × 105 (2.3 ± 0.8) × 106 (6.1 ± 1.5) × 105 (3.3 ± 0.3) × 106 (1.3 ± 3) × 106

kd, s
−1 (2.9 ± 0.1) × 10−1 (2.5 ± 0.5) × 10−1 (1.4 ± 0.5) × 10−1 (1.6 ± 0.5) × 10−1 (1.2 ± 0.5) × 10−1 (1.2 ± 0.4) × 10−1

KD
kin, M (3.3 ± 0.9) × 10−7 (1.1 ± 0.6) × 10−6 (6.2 ± 0.6) × 10−8 (2.6 ± 0.3) × 10−7 (3.8 ± 1.3) × 10−8 (9.0 ± 1.1) × 10−8

KD
ss, M (3.3 ± 0.1) × 10−7 (1.1 ± 0.7) × 10−6 (8.0 ± 1.7) × 10−8 (3.3 ± 0.7) × 10−7 (1.1 ± 0.8) × 10−7 (1.4 ± 0.6) × 10−7

7 ka, M
−1 s−1 (4.4 ± 2.0) × 105 (3.6 ± 0.5) × 105 (1.8 ± 0.8) × 106 (8.6 ± 0.9) × 105 (1.7 ± 0.2) × 106 (1.8 ± 1.0) × 106

kd, s
−1 (4.3 ± 0.3) × 10−1 (3.1 ± 0.2) × 10−1 (3.0 ± 1.5) × 10−1 (1.8 ± 0.3) × 10−1 (1.8 ± 0.1) × 10−1 (2.0 ± 1.1) × 10−1

KD
kin, M (1.1 ± 0.6) × 10−6 (8.6 ± 1.8) × 10−7 (1.6 ± 0.2) × 10−7 (2.1 ± 0.2) × 10−7 (1.0 ± 0.1) × 10−7 (1.2 ± 0.1) × 10−7

KD
ss, M (9.4 ± 2.5) × 10−7 (1.1 ± 0.2) × 10−6 (2.6 ± 1.0) × 10 −7 (2.7 ± 0.5) × 10 −7 (1.9 ± 0.6) × 10−7 (1.9 ± 0.8) × 10−7

8 ka, M
−1 s−1 (4.0 ± 0.1) × 105 (5.7 ± 1.1) × 104 (3.1 ± 0.3) × 106 (2.5 ± 0.3) × 105 (3.3 ± 1.0) × 106 (1.1 ± 0.1) × 106

kd, s
−1 (1.5 ± 0.1) × 10−1 (7.1 ± 0.9) × 10−2 (1.4 ± 0.3) × 10−1 (5.6 ± 0.5) × 10−2 (4.0 ± 1.3) × 10−2 (4.9 ± 0.8) × 10−2

KD
kin, M (3.6 ± 0.1) × 10−7 (1.3 ± 0.4) × 10−6 (4.6 ± 0.5) × 10−8 (2.3 ± 0.2) × 10−7 (1.3 ± 0.2) × 10−8 (4.4 ± 0.3) × 10−8

KD
ss, M (4.4 ± 0.7) × 10−7 (1.4 ± 0.5) × 10−6 (5.6 ± 1.7) × 10−8 (2.6 ± 0.4) × 10−7 (2.0 ± 0.3) × 10−8 (8.2 ± 4.3) × 10−8

12 ka, M
−1 s−1 (5.8 ± 0.1) × 104 n/d (1.6 ± 0.4) × 105 n/d (3.3 ± 0.3) × 105 n/d

kd, s
−1 (7.9 ± 0.8) × 10−3 n/d (7.2 ± 0.5) × 10−3 n/d (6.2 ± 1.0) × 10−3 n/d

KD
kin, M (1.4 ± 1.1) × 10−7 n/d (4.6 ± 1.0) × 10−8 n/d (1.9 ± 0.5) × 10−8 n/d

KD
ss, M n/d (2.6 ± 2.0) × 10−6 n/d (8.4 ± 1.9) × 10−7 n/d (3.9 ± 2.1) × 10−7

aKinetic assays were performed in 50 mM sodium phosphate, 150 mM NaCl at pH 6.0, 7.0, and 8.0; KD
kin, dissociation constant calculated from the

kinetic parameters; KD
ss, dissociation constant calculated from the saturation signals using eq 5. Data is given as an average from triplicates with a

corresponding standard deviation.
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apparent kd values, as kd = kd
int. As expected, the present data

showed a pH dependence of the ka values as well as an
unexpected pH dependence of kd values. This indicates that the
interaction with inhibitors 6−8 has a more complex intrinsic
mechanism of dissociation than that described by eq 3.
Curiously, the kd values for compound 12 were not strongly
influenced by pH.
The pKa values for compound 6 and 8 are similar; however,

the t-butyl substituent considerably decreased the dissociation
rate.

■ DISCUSSION
The designed SPR assay proved to be a powerful method for
characterizing the interactions between sulphonamide inhib-
itors and the closely related CA isozymes. The main restriction
was that the kinetic parameters could not be quantified for
some interactions due to the high stability of the formed
complexes. We have reported this problem earlier,31,32 and no
universal solution has yet been found. Instead, a qualitative
analysis was used to discriminate the kinetic profiles for the
tight binding ligands.
A low surface density was achieved for CA IXcd, which is

most likely a result of the presence of only two lysine residues
in the primary structure of the domain, namely, Lys133 and
Lys354. This explains the low immobilization level of the
isozyme when standard amine coupling was employed. The
observed decay of the baseline level is in accordance with the
fact that CA IX exists as a cystine-linked covalent dimer, which
is also the case in the truncated form containing the catalytic
domain alone.33,34 Surface stabilization by the injection of
reducing reagent (e.g., β-mercaptoethanol or dithiothreitol)
was considered but not employed as such reagents were
avoided due to the presence of a conservative intramolecular
disulfide bridge.33

As can be seen from the structures of human CA currently
deposited in the PDB, the active site is highly conserved within
the whole α-CA family and is formed by almost the same amino
acid residues.35 Still, there is a difference in the topology of the
active site and variations in the accessibility of the prosthetic
Zn2+ cation. However, any sulphonamide-containing com-
pound is a potential binder to the catalytic site of a carbonic
anhydrase. Thus, the simplest approach in the design of CA
inhibitors is the introduction of a sulphonamide functional
group as a warhead that can provide the majority of the binding
energy. Our data suggest that compounds with such a strong
pharmacophore cross-reacts with all isoforms in the CA family.
Therefore, an approach in the design of isozyme-selective
inhibitors is to search for compounds that fit into the active site
while being structurally unfavorable (i.e., due to steric
hindrance) for paralogous proteins. It has been reported earlier
that fluorine-substituted benzenesulphonamides with a bulky
hydrophobic moiety, such as a cyclooctyl-substituted secondary
amine (compounds 12 and 13), have higher free binding
energy for CA IXcd than for other isozymes.22 Current
interaction kinetic analysis confirmed this observation.

A clear pH dependence of the affinity for interactions
between several CA isozymes and sulphonamides has
previously been determined by numerous techniques.28,36−41

Our interest was to investigate the pH dependence of the
interaction kinetics, as we have done for several enzymes
previously, including BACE-1,42 HIV-1 protease,43 and HCV
polymerase.44 The present study revealed an unexpectedly
complex dissociation mechanism for the studied sulphonamides
that was detected via an observed pH dependence of the
dissociation rates. We suggest that the reverse reaction is linked
to protonation/deprotonation events in a similar manner as
association. This can be attributed to a water molecule (or
hydroxide anion) involved in the dissociation reaction, keeping
Zn2+ in a favorable tetragonal coordination, and/or the
protonation of sulphonamides within the Zn coordination
sphere prior the initiation of dissociation. Following this logic,
the minor influence of pH on the apparent kd of compound 12
is interesting. It is likely that this compound (and 13, which is
similar) efficiently blocks the active site of the enzyme, making
the prosthetic group inaccessible and changing the rate-limiting
step for the dissociation reaction. Inhibitors targeting
membrane-bound forms of CA have to be charged to avoid
membrane permeability and thus the risk of cross-targeting
intracellular forms of CA. They should also be potent under
acidified conditions, considering the role of membrane-bound
isozymes in tumor acidosis. From this consideration,
polyfluorinated benzenesulphonamides with bulky hydrophobic
moieties serve as promising scaffolds for membrane-bound CA
inhibitors.
The pKa values for compounds 6 and 8 are similar; however,

the t-butyl substituent of 8 considerably decreased the
dissociation rate of this compound. We suggest that the
formation of large hydrophobic contacts is essential for the
design of ligands whose complexes demonstrate an extended
half-life. This observation is even more evident considering the
dissociation rates for the interactions between the studied
isozymes and compounds with cycloalkyl substituents, e.g., CA
IXcd and compound 12, or interactions between CA VII and
inhibitors 14 and 15 (Figure 2). Such interactions are often
stable enough to be essentially irreversible in the SPR
experimental setup (Figure 6).
Affinities determined by SPR were close to those determined

by FTSA. The advantage of SPR was the ability to dissect
thermodynamic equilibrium information into kinetics in terms
of association and dissociation rates. However, for tight
interactions, such as compound 13 binding to CA IX, the
dissociation rates were too slow for the unambiguous
determination of kinetic rate constants and affinity parameters
via SPR. In such cases, FTSA is a useful method capable of
quantifying even picomolar affinities.

■ CONCLUSIONS
Development of isoform-selective ligands (e.g., isozyme-
selective inhibitors) requires use of biophysical methods that
reveal the details of the actual molecular recognition

Scheme 2. Sulphonamide Interaction with Carbonic Anhydrase Active Site and Linked Protonation/Deprotonation Reactions
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mechanism. SPR-based biosensor analysis allows the study of
interactions under different conditions, resolving the interaction
into its individual components. Also, the binding kinetics reveal
the dynamics of the interaction. However, orthogonal assays for
interaction analysis are required to exclude the misidentification
of leads and to extend the biophysical space for ligand
characterization. A combination of SPR-based analysis with
thermodynamic methods, like the fluorescent thermal shift
assay and isothermal titration calorimetry, is therefore necessary
for the design and development of efficient drug candidates.
Enzymes of the CA family are important not only as targets

for chemotherapy but also as good models for ligand selectivity
studies. Similar logic can be applied to other protein families
that are important as drug targets or functionally significant for
fundamental research. Taking into account the existence of
structurally similar proteins will result in reduced cross-
reactivity of a potential drug lead and in the development of
highly selective chemical probes.

■ EXPERIMENTAL SECTION
Enzymes and Ligands. CA isozymes were expressed and purified

according to the following previously published protocols: CA I by
Baranauskiene ̇ et al.,45 CA II by Cimmperman et al.,46 CA VII and XIII
by Su ̅dzǐus et al.,

47 CA IX by Dudutiene ̇ et al.,22 and CA XII by Jogaite ̇
et al.38

Compounds were synthesized according to the following previous
publications: 1−3 in Zubriene ̇ et al.,20 compounds 4 and 5 in
Čapkauskaite ̇ et al.,23 compounds 6, 8, and 10 in Čapkauskaite ̇ et al.,24
compounds 7 and 9 in Čapkauskaite ̇ et al.,21 compounds 11 and 16 in
Dudutiene ̇ et al.,25 compounds 12 and 13 in Dudutiene ̇ et al.,22,26 and
compounds 14, 15, and 17 in Dudutiene ̇ et al.26
The purity of the synthetic ligands was verified by HPLC to be

>95% using an Agilent 1290 Infinity instrument with a Poroshell 120
SB-C18 (2.1 mm × 100 mm, 2.1 μm) reversed-phase column. Analytes
were eluted using a linear gradient of water/methanol (20 mM
ammonium formate in both phases) from 60:40 to 30:70 over 7 min,
from 30:70 to 20:80 over 1 min, and then 20:80 over 5 min at a flow
rate of 0.2 mL min−1. UV detection was at 254 nm.
Marvin v15.11.2.0 (ChemAxon, http://www.chemaxon.com) was

used for drawing, displaying, and characterizing (including properties
prediction) chemical structures.
Fluorescence-Based Thermal Shift Assay. Fluorescent thermal

shift assay (FTSA, also termed ThermoFluor and differential scanning
fluorimetry) experiments were performed using a Corbett Rotor-Gene
6000 (QIAGEN Rotor-Gene Q) instrument. The blue channel was
used for measurements, with excitation at 365 ± 20 and detection at
460 ± 15 nm. Samples contained 5 or 10 μM protein, 0−200 μM
ligand, 50 μM solvatochromic dye ANS (8-anilino-1-naphthalenesul-
fonate), 100 mM NaCl, 50 mM phosphate buffer at pH 7.0, and a final
DMSO concentration of 2%. The samples were heated from 25 to 99
°C at a rate of 1 °C min−1 while recording the ANS fluorescence. The
melting temperature was determined for each isozyme at every
inhibitor concentration. Data was analyzed as described previously.48

Interaction Kinetic Studies. General. Interaction kinetic assays
were performed using the following SPR biosensor instruments:
BIAcore 2000, BIAcore S51, and BIAcore T200 (GE Healthcare,
Uppsala, Sweden). For protein immobilization, research-grade CM5
and Series S CM5 sensorchips were used (GE Healthcare, Uppsala,
Sweden). Protein samples dissolved in buffers with primary amines
(e.g., Tris-HCl) before experiments were buffer-exchanged into the
required coupling buffer using spin desalting columns with a molecular
weight cutoff of 7 kDa (Thermo Scientific, Rockford, IL, USA)
following the supplied instructions.
Immobilization of Isozymes. Isozymes were immobilized using

amine coupling chemistry at 25 °C. For all six isozymes, the running
buffer used for immobilization consisted of 10 mM Na2HPO4, 1.8 mM
KH2PO4, 137 mM NaCl, and 2.7 mM KCl, pH 7.4 (PBS),

supplemented with 0.05% Tween-20 (PBST). The surface was
activated by a 10 min injection of 0.4 M 1-ethyl-3-(3-
(dimethylamino)propyl)-carbodiimide (EDC) and 0.1 M N-hydrox-
ysuccinimide (NHS) at a flow rate of 20 μL min−1, followed by a 7
min injection (flow rate 5 μL min−1) of a protein dissolved in the
appropriate coupling buffer (described bellow). Unreacted activated
groups of the dextran matrix were deactivated by a 10 min injection of
1 ethanolamine, pH 8.5, at a flow rate of 20 μL min−1.

The protein concentration and the pH of the coupling buffer (10
mM sodium acetate buffer) were adjusted to suit each isozyme: 75 μg
mL−1 at pH 5 for CA I, 100 μg mL−1 at pH 5 for CA II, 25 μg mL−1 at
pH 5 for CA VII, 100 μg mL−1 at pH 4.5 for CA IX, 25 μg mL−1 at pH
5 for CA XII, and 75 μg mL−1 at pH 5 for CA XIII. The CA XII-
modified surface was washed by a 30 s pulse injection of 10 mM
sodium phosphate, 1 M NaCl, pH 7.4, after the immobilization.

Interaction Kinetic Assay. All assays were performed at 25 °C using
buffer consisting of PBST supplemented with 2% (v/v) dimethyl
sulfoxide (DMSO), pH 7.4. All ligands were stored in 10 mM, 100
μM, 50 μM, or 25 μM aliquots in 100% DMSO as stock solutions.
Ligands were prepared as concentration series in 2-fold dilutions
ranging from 15.6 to 2000 nM and injected over the surface at a flow
rate of 30 or 90 μL min−1. Association was monitored for 30 s, and
dissociation, for 180 s. For ligands with a slow dissociation rate, a
regeneration step was included in the assay cycle. Regeneration was
performed by a 60 s injection of 200 μM sulphanilamide dissolved in
the running buffer. At the end of each cycle, the flow system except for
the flow cell itself was washed with 25% DMSO to avoid carry-over
effects.

pH-Dependence Studies. To evaluate the pH dependence of the
interaction kinetics, kinetic analysis was performed for CA IXcd, CA
XIIcd, and selected ligands. Surfaces were prepared as described above
except that for the reference surfaces proteins were immobilized and
denaturated by sequential 3 min injections of 50 mM NaOH, 6 M
guanidinium chloride, and 0.5 M ethylenediaminetetraacetic acid
(EDTA). A set of 50 mM sodium phosphate, 150 mM NaCl buffers
with pH values of 6.0, 7.0, and 8.0 was prepared by mixing the
calculated amounts of 0.2 M Na2HPO4 and NaH2PO4, according to
the Henderson−Hasselbach equation, additionally titrated to adjust
the required pH values with 0.1 M H3PO4 or NaOH and
supplemented with 0.05% Tween-20 and 2% DMSO.

Ligands were prepared as 2-fold concentration series ranging from
62.5 to 2000 nM (compounds 6−8) or from 31.3 to 1000 nM
(compound 12) at different pH values and were further injected over
the surface for 60 s followed by dissociation from 90 to 360 s.

All assays were performed in triplicates with a new surface for each
replicate.

SPR Data Analysis. Data was analyzed using BIAcore T200
evaluation software v.1.0 and BIAEvaluation software v.3.0 (GE
Healthcare, Uppsala, Sweden). Sensorgrams were solvent-corrected
and double-referenced by subtracting the signals from a reference
surface and average signals from two blank injections for each
concentration series. The sensorgrams were fitted in the software
according to 1:1 Langmuir binding model with mass-transport
limitation to extract values of the association and dissociation
constants (ka and kd). The equilibrium dissociation constant was
calculated from the kinetic parameters using eq 4.

=K
k
kD

d

a (4)

For pH-dependent interaction studies, KD values were also
determined using the steady-state approximation (eq 5)

=
×

+
R

R
K
[L]

[L]
max

D
ss (5)

where Rmax is the maximal theoretical signal, [L] is the concentration
of a ligand injected over a surface, and R is the saturation signal level
for the given concentration of a ligand (corresponds to average from
three points within 10 s before the end of the injection).
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Chemical Phylogenetic Analysis. All sequence manipulations
were done using Jalview v2.9.0b2 software.49 Amino acid sequences for
the protein variants were obtained from UniProtKB database: CA I
accession number (a/n) P00915 aa2−261, CA II a/n P00918 aa2−
260, CA VII a/n P43166, CA IXcd a/n Q16790 aa113−414, CA XIIcd
a/n O43570 aa25−301, and CA XIII a/n Q8N1Q1. Alignment of
multiple protein sequences was performed using MUSCLE50 with the
Protein Alignment server preset. The PAM250 scoring matrix was
used for calculating the phylogenetic tree. JKlustor was used for
structure-based hierarchical clustering of synthetic ligands, JChem
v15.11.2.0 (ChemAxon, http://www.chemaxon.com).
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