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INTRODUCTION

Enzymes are common targets for the discovery of small-molecule drugs.
Scientists worldwide discovered numerous enzyme inhibitors to prevent or
treat a wide range of diseases. Rational drug design exploits the knowledge
about structure-activity relationships. Generally, inhibitors' chemical groups
are modified, and interactions with target protein are measured under various
experimental conditions to determine the inhibitory activity. Affinity and
selectivity towards the target enzyme are the main parameters describing an
inhibitor's potency to become a drug.

This thesis focuses on the carbonic anhydrase-sulfonamide recognition
mechanism. Humans have 12 active isoforms of carbonic anhydrases (CA)
that share high structural homology but have different physiological functions.
More than 30 CA inhibitors, mostly primary sulfonamides, are used in clinics
to treat glaucoma, altitude sickness, epilepsy, congestive heart failure,
idiopathic intracranial hypertension, congestive heart failure, and other
diseases. However, most of them lack selectivity towards a particular isozyme
and cause side effects such as panting, depression, vomiting, diarrhea, and
collapse. There is a huge demand for novel CA inhibitors with higher
selectivity and affinity towards particular isoforms to ensure higher efficiency
and fewer side effects.

For designing the highly selective and extremely strong drug candidates,
we must understand the inhibitor recognition mechanism. To investigate how
carbonic anhydrase recognises the sulfonamide (classical CA inhibitor), we
did the following research:

)} Modified the chemical groups of inhibitors.
1) Engineered the active site of CA Il to generate chimeric CA
(chCA).

1)} Measured affinities by fluorescent thermal shift assay (FTSA),
isothermal titration calorimetry (ITC), and stopped-flow CO.
hydration (SFA).

V) Performed structural studies by X-ray crystallography and
molecular modeling.

My colleagues at the Institute of Biotechnology, Life Sciences Center,
Vilnius University did a large amount of work, including synthesizing
sulfonamide compounds, producing recombinant CAs, performing molecular
modeling, and X-ray crystallographic studies. My contribution was to
characterize CA and chCA catalytic activity, thermal stability, as well as



binding and inhibition by chemical compounds. I have applied FTSA, ITC and
SFA methods to characterize the binding parameters and investigate the
recognition mechanism. The techniques have advantages and limitations,
especially when working with tight-binding inhibitors. Therefore, |
highlighted the importance of combining several methods to obtain reliable
binding parameters.

The dissertation contains two main parts. The first part describes the
advantages and disadvantages of enzymatic activity inhibition and biophysical
methods. The second part is devoted to analyzing the engineered carbonic
anhydrases and their recognition profiles for a series of inhibitors. The
principal scheme of constructing chimeric carbonic anhydrase XII is shown in
Figure 1.

chimeric
CA XI1

Figure 1. Chimeric carbonic anhydrase XII (chCA XII) is based on CA Il with six
CA Xll-specific amino acids in the active site. Therefore, chCA XII bound ligands as
CA XIlI but not CA 11

Goal:
The main aim of this thesis was to investigate the switching of inhibitor
recognition by engineering isozymes of carbonic anhydrase.

Objectives:
We have set the following objectives to achieve a dissertation's goal:
1. To characterize chCAVI's and chCA XIllI's thermal stability, catalytic
activity, and inhibition by sulfonamide compounds.
2. To evaluate the switching of inhibitor recognition from CA 1l to CA
X1l using chCA XII.



3. To compare FTSA, ITC, and SFA assays by measuring chemical
compound interactions with target and chimeric CA isozymes and
explain the advantages and limitations of these techniques for
determining affinities of tight-binding inhibitors.

Scientific novelty:
This study has shown that a chemical compound is being recognized by a

rather small set of up to six amino acids located in the active site of a protein.
Mutation of the six amino acids in the active site of CA Il caused the enzyme
to begin recognizing different chemical compounds. The mutations were
designed to resemble the active site of isozyme CA XII. The chCA XII bound
the same ligands that the native CA XII binds. However, the affinity for those
compounds that CA |1 preferred to bind was significantly diminished. Thus,
the mutated CA Il protein switched into CA XII in its small molecule
compound recognition profile. The structures of carbonic anhydrases were
rather rigid and did not significantly change during inhibitor binding.
Engineered chCA XII allowed us to determine the fundamental structural
difference between CA Il and CA XII. The research resulted in designing the
CA Xll-selective nanomolar inhibitor EA12-7.

Defending statements:
1. A chemical compound is being recognized in the active site of CA
VI or CA XIlI by a set of up to six key amino acids.
2. The chCA VI and chCA XII are good models of target isozymes
and could be used to design CA isozyme-selective inhibitors.
3. Combining biophysical and enzymatic activity inhibition assays is
essential to determine picomolar compound binding affinities.
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1. LITERATURE OVERVIEW

A family of human carbonic anhydrase (CAs; EC 4.2.1.1) catalyzes
carbon dioxide's reversible hydration (CO; + HO <» HCO3 + H*). CAs are
distributed in all kingdoms of life and are listed in eight categories: a, B, v, 0,
¢, M, 0, and 1. They are found in almost any live organism and are essential
for an endless list of physiological and biochemical processes all over the
body. In this thesis, I will focus on human CAs, called a-CAs. They contain
15 members, of which 12 are catalytically active. They differ in their
physiological role, organ and tissue distribution, expression levels, kinetic
properties, thermal stability, and inhibitor binding affinities®. CAs differently
localize in the cell: five are cytosolic (isoforms I, 11, 11, V11, and XI1II), two are
mitochondrial (isozymes VA and VB), four are membrane-bound (isoforms
IV, IX, XII, and XIV), and one is secreted (isozymeV1). Three members of
CA family - VIII, IX, and X are catalytically inactive due to the absence of
one or more critical Zn-coordinating histidines®!*, They are termed carbonic
anhydrase-related proteins — CARP VIII, IX, and X*2,

1.1. Catalytic mechanism

The active site of carbonic anhydrase Il is coned-shaped with a diameter
of about 12 A and a depth of about 13 A'3. One side is hydrophobic (Val121,
Vall43, Leul98, Val207, and Trp209), and the other is hydrophilic (Tyr7,
Asn62, His64, Asn67, Thr199, and Thr200). The crystal structure (PDB code
6LUU), including the entrance conduit, and hydrophilic and hydrophobic
residues, is shown in figure 2A. A catalytic zinc ion is tetrahedrally
coordinated in the active site by imidazole groups of three histidine residues
(His94, His96, and His119) and a water molecule/hydroxide ion*®. The proton
transfer and substrate/product/water exchange occur via water networks
during catalytic reaction, as demonstrated in figure 2B. The catalytic
mechanism of CO- hydration is represented in figure 2C.

Firstly, CO; hydration occurs in the hydrophobic part of the active site. A
nucleophilic attack by the zinc-bound hydroxyl ion onto CO, produces a
bicarbonate ion. The formed HCOs™ is subsequently displaced by the water
molecule®®. In this way, a catalytically inactive form is obtained. Secondly,
Zn-H,0 loses a proton, transferred to His64 via a water network. His64 is
called the "proton shuttle"?” and has two pH-dependent conformations: "in"
and "out"®. His64 adopts an "in" orientation to closely bring delta nitrogen
(N9) to the catalytic Zn atom. The proton transfer from Zn-H,O to His64 is a
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rate-limiting step of the reaction with the free energy barrier of 10.4
kcal/mol®®. After its protonation, His64 rotates to an "out" orientation to
release Ns's excess proton from the imidazole ring into the bulk solvent. The
cycle continues as Zn-bound water becomes deprotonated and His64 reorients
to "out" conformation?®.
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I RCOOR' Q oW CQ-OH Q HOR
. weldNe '-," —_— y R |
Hisgy i His1g i e Zne “‘Zn . 2N
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Figure 3. Catalytic mechanism of CA esterase activity?..

Carbonic anhydrases catalyze not only CO; hydration activity but also
hydrolysis of esters?. The reaction occurs in the active site of CA, and the
mechanism is shown in figure 3. It is pretty similar to the hydration of carbon
dioxide. The esters are hydrolyzed by the nucleophilic attack of a zinc-
coordinated OH" to the carbonyl CO with the formation of an oxyanionic
intermediate. Experimentally, the catalytic reaction is usually measured using
p-nitrophenyl acetate as a substrate??.

1.2. Inhibitor binding mechanism

Patients have been using CA inhibitors as treatment options in many
disease areas, including glaucoma drugs®*?*, diuretics®, and antiepileptic
drugs?-2%, However, most inhibitors used clinically lack selectivity towards
targeted CA isozymes and have various side effects. Thus, there is a demand
for selective inhibitors that target only the disease-associated CA isoform,
such as CA IX or CA XIl, that regulate the pH of the tumor
microenvironment®. However, the high homology amino acid sequence
between isozymes complicates the design and development of CA isoform-
selective inhibitors. The sequence identity of CAs catalytic domain is more
than 30 %?°. The active sites of CA isoforms are conical in shape and differ
by only a few amino acids. The top of the binding site is variable, and the most
conserved residues are found deep in the active site and close to the zinc ion®.
Thermodynamic, Kinetic, and structural analysis of interactions between more
than 400 inhibitors and 12 CA isozymes revealed that minor structural
differences between CA isoforms cause unpredictable effects how the ligand
is recognized®.

Primary sulfonamides are the substrate's (carbon dioxide) hydration
transition state analogs. They are classical inhibitors and interact with
carbonic anhydrases in the simplest case of reversible competitive 1:1
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inhibition. A single sulfonamide molecule competes with the carbon dioxide
and binds reversibly (non-covalently) to the CA's active site.

The binding occurs when the inhibitor's sulfonamide group is deprotonated
and the Zn-bound water molecule is protonated. The process is highly pH-
dependent. The calculations are provided in subsection 2.1 and the principal
scheme is shown in figure 4.

HPO,* = H.PO4~
5875 kJ/mol x (-0.996)= -2.865 ki/mol
H* n, = -0.996 o
o o . ) o pH 7.0, 37 °C
o) S% S}
K. = 9.4 N29.7 ki/mol x (-0.996)= 29.58 ki/mol N
PK, N/ \; N/ \>
H,O
E i H © o]
cA-{Zn)-on — cA-{2Zn}-H.0 cm@N—gM
pK, = 8.1 38.5 ki/mol x (0.074) = -2.849 ki/mol © S}_N
+ 4 Ny
H Nea= 0.074 N —
)i ApHopserves = -27.9 kI/mol
H,PO, ————— HPO,” ApHintrinsic = -51.98 kJ/mol

2.876 ki/mol x (0.074)= 0.21 kl/mol

Figure 4. The principle scheme of the sulfonamide inhibitor binding to CA 12, The
phosphate buffer participates as a proton donor or acceptor. Here, ngy is the number
of protons released during the deprotonation of the sulfonamide inhibitor, and nca is
the number of protonated hydroxide ions bound to the active site’s Zn. The “n” values
are calculated using the Henderson-Hasselbalch equation and multiplied by enthalpies
of an each related reaction yields the observed enthalpic contribution of each reaction
atpH 7.0, 37 °C.

All protonation events should be subtracted from the observed reaction to
evaluate the intrinsic binding parameters of the CA-sulfonamide interaction.

1.3. Carbonic anhydrase 11

Carbonic anhydrase Il is the best-studied and most abundant isoform of
CAs. CA 1l is a 29 kDa monomeric protein with dimensions of 40 x 42 x 56
A. The cytosolic CA 1l has a large expression in E. coli bacteria and
purification yield, highest catalytic efficiency among CAS (Kcat-max = 0.6-1.4
us1)®3% moderate thermal stability (Tm 55-59 °C)**% and is easily
crystallized. The CA Il is usually studied as a model protein®3. In addition,
scientists consider CA Il and CA 1 as off-target isozymes because they are
found in erythrocytes and play a significant role in respiration and regulating
blood ion concentration03%-41,
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1.4. Carbonic anhydrase VI

CA VI is the only isozyme of human CA produced by salivary and
mammary glands*>*, It has a dimeric structure*. Researchers also found the
CA VI in serum, respiratory airways, and gastrointestinal tract***°. In
addition, it is involved in saliva pH regulation, bitter taste perception, and
tooth formation*3*°, Increased salivary CA VI activity is related to the amount
of supragingival dental calculus®® and the development of dental caries in
school children®®52%3, Recently, Pemmari et al. assessed the regenerative
potential of CA VI for animal wound healing. However, the study showed that
CA is not responsible for the licking-associated improved wound healing in
animals®.

Our laboratory team has produced recombinant CA VI in E. coli bacteria,
and mammalian FreeStyle 293-F suspension cells, and directly purified it from
human saliva. Biophysical studies showed that CA VI from all three sources
bound a class of inhibitors with identical affinities within the error margin®.
In addition, this study confirmed that recombinant CA VI's from bacteria or
mammalian cells are good models of the native isozyme VI.

Recombinant and native CA VI have a low purification yield, which
complicates the screening of inhibitors and the determination of the first
crystal structure of CA VI bound to a ligand. For this reason, we need an
additional model of CA VI to accelerate the discovery of novel CA VI-
selective compounds.

1.5. Carbonic anhydrase XII

CA XllI is an essential isozyme in cancer development because it controls
the extracellular pH of cancer cells and acts as a hypoxia-induced tumor
marker. Estrogen receptors in breast cancer regulate CA XII%. High
expression of CA XII correlates with favorable survival of patients having
invasive breast or resectable non-small cell lung cancers®”8. However, it is
associated with poor prognosis in patients with colorectal, hepatocellular
carcinomas, and diffuse astrocytomas®®-®*. Furthermore, CA XIlI is considered
as a pharmacological target for overcoming chemoresistance in cancer cells®,
The lower wide-spread expression of CA XIlI has also been detected in the
human eye, gut, kidney, pancreas, gastric mucosa, epithelial components of
skin, endometrial epithelium, and male excurrent ducts*¢3-¢7, Additional roles
of CA XII in the human body include glaucoma progression, salt uptake in
sweat glands, and pH regulation of nucleus pulposus cells®®8%° \Waheed and
Sly, in great detail, reviewed CA XII's functional role in diseases.
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CA Xll is a highly challenging drug target. Traditional screening and drug
design protocols are limited because it is a membrane-associated dimeric
enzyme containing an N-terminal extracellular catalytic domain, a membrane-
spanning a-helix, and a 30-residue intracellular C-terminal region. Therefore,
CA XII has been the target of many studies to determine its structure and
function at the atomic level. Whittington et al. solved the first crystallographic
structure of CA XI1 with a resolution of 1.55 A in 20017 The composition of
the active site is analogous to the CA II: His94, His96, His119, and a water
molecule coordinates the zinc ion. The pK, of the zinc-bound water molecule
at 25°C is 7.0-7.17273, Our research group deposited to Protein Data Bank the
structural data for 24 crystal structures of chlorinated/ fluorinated mono-/di-
substituted benzenesulfonamides bound to CA XII complexes, forming a
valuable resource for CA XllI-selective inhibitor design.
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2. METHODS
| used and compared FTSA, ITC, and SFA methods in my dissertation.
2.1. Fluorescent thermal shift assay

Salemme and co-workers introduced fluorescent thermal shift assay
(FTSA, also termed ThermoFluor® or differential scanning fluorimetry) in
miniaturized format in 200174. The method is gaining popularity in academic
and industrial laboratories due to its precision, simplicity, and rapidity. The
protein thermal stability is measured upon heat-induced protein unfolding™
by recording the fluorescence of a solvatochromic dye, such as
SyproOrange™” or 1-anilino-8-naphthalene sulfonate (ANS)®7°. ANS is
more suitable for measuring the CA-sulfonamide interactions®. The ANS dye
binds to CA, forming ionic bonds via negatively charged sulfonate and
cationic groups of the soluble enzyme®:. The fluorescence of ANS highly
increases as it attaches to the hydrophobic interior of the protein while water
quenches it strongly®?. FTSA allowed us to characterize thermal stability
profiles of recombinant human CA | — CA XIV 3857288 and chCA XII®.
Furthermore, FTSA has also been effectively used in inhibitor binding studies
since the shift in protein melting temperature upon adding a ligand is related
to the binding affinity’®8087,

Experimental conditions:

| carried out CA or chCA thermal stability and inhibitor binding
experiments using a Corbett Rotor-Gene 6000 (QIAGEN Rotor-Gene Q)
instrument. The protein solution was heated from 25 to 99 °C (heating rate -
1 °C/min). The melting temperature T was determined by following the
fluorescence of ANS (Aex - 365 £ 20 nm, Aem - 460 £ 15 nm) or SyproOrange
(Aex - 470 £ 20 nm, Aem - 610 £ 15 nm). | used SyproOrange when ANS was
not suitable due to highly-fluorescent inhibitors. ANS stock solution was
prepared by dissolving its powder in DMSO at 10 mM concentration while
SyproOrange was bought as a commercial liquid solution with unavailable
information about concentration of the active molecules. The FTSA
experiment samples consisted of a constant 5 uM concentration of CA (except
10 uM for CA 1V) or chCA, 0-200 uM concentrations of a chemical
compound, 50 pM ANS or 2000-3000-fold diluted from stock SyproOrange
and 50 mM sodium phosphate buffer (at pH 7.0) containing 100 mM sodium
chloride and 2% (v/v) of DMSO. In addition, several experiments were
performed in a pH range of 5-10 using sodium phosphate or universal (50 mM
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sodium acetate, 25 mM sodium borate, 50 mM sodium phosphate, and 50 mM
sodium chloride) buffers. | obtained protein-ligand dosing curves as described
in Ref.80, Parameters used to fit dosing curves: the temperature was 37 °C, the
heat capacity of unfolding was 17 kJ/(mol-K), enthalpy of binding was -42
kJ/mol, the heat capacity of binding was -0.8 kJ/(molK), enthalpy of unfolding
was 602.5 kJ/mol for CA I, 690 kJ/mol for CA 1l, chCA VI, chCA XII, 480
kJ/mol for CA I, CA IV, CA VI, and CA VII, 400 kJ/mol for CA VA, 300
kd/mol for CA VB, 501.6 kJ/mol for CA 1X, 520 kJ/mol for CA XIlI, 460
kJ/mol for CA XIlI, and 450 kJ/mol for CA XIV.

The observed dissociation constants (Kg-ons) Were compared with intrinsic
values (Kg.inr.) independent of pH. The Ka.inr. Was calculated using an
equation®;

10PH-PKa-s4 10PH-PKa-ca

Kd—intr. = Kd—obs. X 1 + 10pH_pKa_SA X 1 + 10pH_pKa_CA
Here pKasa— pKa of the compound’s sulfonamide group; pKa.ca— pKa of CA's Zn-
bound water molecule.

2.2. Isothermal titration calorimetry

The isothermal titration calorimeter directly measures the heat
absorbed or released by the biochemical reactions. Due to high sensitivity,
ITC is especially suitable for characterizing typical non-covalent
biomolecular interactions®. Thus, ITC is a powerful method for observing the
enthalpy changes (AH), entropy changes (AS), Gibbs free energy changes
(AG), and stoichiometry of binding partners in a single experiment8®%,
Thermodynamic parameters AH and AG are measured directly, while AS is
calculated. Moreover, researchers could determine the heat capacity of
binding by measuring binding affinities at several temperatures (e. g. 13, 25,
37,49 °C)%L. To consider protonation effects, investigators could also perform
experiments in broad-range pH and several buffers with varying ionization
enthalpies®92:%,

Experimental conditions:

ITC experiments were carried out at 37 °C using VP-ITC or ITC-200
calorimeters. The solution containing 6-20 uM CA or chCA in the cell and
was titrated with 60-200 pM inhibitor solution in the syringe. Experiments
were performed in 50 mM sodium phosphate buffer containing 100 mM
sodium chloride at pH 7.0 with a final DMSO concentration of 2 %. CAs were
dialyzed in the reaction buffer before the titrations. Experimental setup used
for VP-ITC instrument: 25 injections of 10 puL every 180 s at reference power
of 4 pcal/s and stirring speed of 260 rpm; ITC200 instrument: 19 injections of
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2 pL every 180 s at reference power of 5 pcal/s and stirring speed of 750 rpm.
The binding thermodynamic parameters (AH, AS, and AG) were determined
using MicroCal Origin software. The single binding model was applied to fit
the experimental data after deleting the first injection point.

2.3. Stopped-flow CO; hydration assay

The stopped-flow apparatus was introduced in 1950 by Chance®. Since
then, the SFA method has been the most popular for determining CA catalytic
activity and chemical compounds' inhibitory effect®*72%-%, Researchers use
the pH indicators to follow the absorbance change while CA acidifies the pH.
Firstly, Gibbons and Edsall®1 and later Khalifah® introduced a buffer
factor and models, which correlate the activity of CA with the indicator's
absorbance change. The indicator and buffer pairs should be chosen according
to their pK, values and reaction pH. For example, if pH is 7.5, phenol red (pKa
7.5) and Hepes buffer (pK,7.5) are used. Substrate concentration is considered
to be 17 mM at 25 °C"™102103 However, gaseous CO; is lost when filling the
syringes and during the experiment (visually seen pistons moving up). The
unknown exact CO, concentration complicates determining the enzyme's
catalytic parameters — catalytic constant ke and Michaelis-Menten constant
Kwm.

Experimental conditions:

| performed SFA experiments using Applied Photophysics SX.18 MV-R
Stopped-Flow Spectrometer at 24 °C. | prepared the saturated substrate
solution by bubbling CO, gas into milli-Q water for 1 hour at room
temperature. | selected 25 mM buffer and 30-100 pM indicator pairs with
similar pK, values as follows: MES and bromocresol purple at pH 6.0-6.4
(As90), MOPS and bromothymol blue at pH 6.8-7.1 (Ae15), HEPES and phenol
red at pH 7.2-7.8 (Ass7), TRIS and m-cresol purple at pH 8.1-8.4 (As75), CHES
and thymol blue at pH 8.6-9.0 (Ases), sodium carbonate and phenolphthalein
pH 9.5-9.8 (Ases). Solutions also contained 0.2 M sodium sulfate for
maintaining ionic strength. Chosen CA concentration was directly related to
its activity: 200-600 nM for CA I and CA XIlII, 10-100 nM for CA 1l and CA
IX, 200-800 nM for CA I1l, 50-200 nM for CA IV, chCA VI, CA VI, CA
VII, chCA XIlI, CA XII, and CA XIV. | chose inhibitor concentrations
according to their ICso.

I determined kinetic parameters k. and Ky by performing experiments at
varying CO; concentrations. First, | diluted the saturated carbon dioxide
solution with milli-Q water and determined the final substrate concentrations
according to Ref.®. Then, | obtained the kinetic parameters using
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Lineweaver-Burk and Michaelis-Menten plots. In addition, | determined the
pKavalues of His64 (CA I, chCA VI, CA VI, chCA XIl, and CA XII) using
a single ionization model:
k — kcat—max
cat ™ 1 4 10PH-PKa
Here Kea-max — maximal catalytic constant, kca: — catalytic constant.

CA | has two pKavalues, and | obtained them by applying a two-site
ionization model:

. 10—(pH+pKa1) + k . 10—(pKa1+ng_2)

k kcat—maxl cat—-max2

cat 10-2PH 4 10~ ®PH+PKa1) 4 10~ PKa1+PKaz)
Here Kcat-max — maximal catalytic constant, keat — catalytic constant.

Inhibition constants were determined by varying inhibitor concentrations
at pH 7.5. | used two models to determine the dissociation constant. Firstly,
Hill's equation®* was applied:

1

1+ T30y

Here [ICsq] — half-maximal inhibitory concentration; h — Hill coefficient, [I] —
inhibitor concentration.

CA act. (%) = (1 - ) <100 %

Cheng-Prusoff equation is used to determine the inhibition constant Ki:

ICso

i = T
1+KM

Here [Ki] — inhibition constant; Ky — Michaelis-Menten constant, [S] — substrate
concentration.

For comparison, the Morrison's model'® was used:

([CA] + [I] + K4 — /(ICA] + [I] + Kz)? — 4[CA][I]
2[CA]

Here [CA] — carbonic anhydrase concentration, [I] — inhibitor concentration, Kg —

dissociation constant.

CAact.(%)=(1-

Y- 100%

2.4. Synthesis of sulfonamide inhibitors

Commercial inhibitors were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dr. Virginija Dudutiené, dr. Edita Capkauskaité, Audrius
Zaksauskas, and their students synthesized sulfonamide compounds.
Synthesis of them was published in Refs. 8106118 =~ AJl ysed chemical
compounds are insoluble in water. | have dissolved all chemical compounds
in DMSO at 10-50 mM concentration and diluted in buffers prior to the FTSA,
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SFA, and ITC experiments. The final DMSO concentration was 2 % in FTSA
and ITC experiments, and it was up to 1 % in SFA experiments. DMSO
concentration of 1-2% increases the solubility of chemical compounds in
buffers but do not significantly affect the stability and catalytic activity of the
CA (unpublished data).

2.5. Production of carbonic anhydrases

I used in-house recombinant carbonic anhydrases in the study. Aurelija
Matuliené, Jelena Jachno, dr. Justina Kazokaité-Adomaitien¢ and their
students produced the CAs. Productions of CA's is described in Refs,%7283-
8587119122 CA VI, CA IX and CA XII have dimeric structure, but in-house
they were recombinantly produced as monomers: amino acids 21 to 290 for
CA VI, 138 to 390 for CA IX, 30 to 291 for CA XII. | determined the
concentration of CA isozymes spectrophotometrically using extinction
coefficients: 44920 M-tcm for CA |, 50420 M~'cm™ for CA Il, 56045 M~
Iem ™ for CA 1ll, 55872.5 M~tcm=for CA IV, 71515 M~*cm™ for CA VA,
57597.5 Mcm for CA VB, 55872.5 M-tcm for CA VI, 46535 M*cm
for CA VII, 35075 M-tcm™ for CA IX, 42985 M*cm™ for CA XII, 50420
M-lcm? for CA XIII, and 41432.5 Mcm™? for CA XIV. The extinction
coefficients were calculated using the Expasy ProtParam tool
(https://web.expasy.org/protparam/protparam-doc.html).
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3. SUMMARY OF RESULTS

I have included six manuscripts in this thesis. In this part, |1 have
summarized the results of each publication and listed them not chronologically
to show the related outcomes of the dissertation in a sequence. SFA, FTSA,
and ITC methods in the manuscripts 1-3 are described. Next, publications 4—
5 are dedicated to chCA VI and chCA XIlI. Finally, the recognition of an
inhibitor according to the Lock-and-Key principle is represented in a
Manuscript 6.

3.1. MANUSCRIPT 1: A standard operating procedure for
an enzymatic activity inhibition assay

The Standard Operating Procedure describes the critical steps of the
experimental setup and data analysis for the enzymatic activity inhibition
assay to obtain highly reliable results. In addition, the protocol notifies the
correct selection of the following parameters:

o Enzyme-specific assay. The rates of enzymatically catalyzed
reactions could be measured by recording the product's appearance or
the substrate's disappearance over a period of time. Carbonic
anhydrases are one of the fastest known enzymes with ke, of up to 10°
s'1, and for this reason, a rapid mixing technique such as stopped-flow
123.124 is needed to follow the kinetic reaction. As the concentration of
inhibitor increases, the rates of catalytic reactions decrease until
complete inhibition of the CA is achieved. Complete inhibition of the
CA could be detected when the inhibited reaction's rate becomes
equal to the rate of spontaneous CO; hydration.

e Optimal experimental conditions. Optimal conditions for the
maximal catalytic efficiency of an enzyme should be determined to
reduce the CA concentration in a sample. The rates of catalysis are
affected by temperature, pH, ionic strength, buffer, and other
additives. Some buffer components and solvents may inhibit the
enzyme and must be tested before inhibition assays.

e Enzyme concentration. The enzymatic reaction rate linearly depends
on enzyme concentration. Thus, the CA concentration should be large
enough to detect the signal in an assay but significantly lower than the
I Cso.

e Substrate concentration. Enzymes catalyze reactions when excess
substrate exceeds enzyme concentration ([S] >> [E])!®. The
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Michaelis-Menten plot describes the dependence of the rate of
enzymatic reaction on substrate concentration. Furthermore, when
comparing the affinities of a series of inhibitors, enzyme inhibition
experiments should be performed at a constant substrate
concentration.

¢ Inhibitor concentration. Typically, a set of inhibitor concentrations
is obtained by a serial dilution, depending on the expected affinity and
enzyme concentration. For example, a three-fold dilution and nine
points of inhibitor concentration are optimal for determining dose-
response curves. The middle data point should be around ICs, and the
last data point should affect >90 % enzyme inhibition.

e Positive and negative controls. Experiments without the enzyme or
substrate provide the background of a tested reaction. Therefore, the
observed signals of positive and negative controls have to be
subtracted from catalyzed reactions.

e Fitting models. For simple cases, linear regression models can be
used to fit the rates of reactions, but more complex reactions require
nonlinear multi-parameter equations. In addition, dose-response
curves are usually fitted using a simple Hill's or more complex
Morrison's equation. The Hill coefficient must be 1, and the fitted
curve should represent experimental data points correctly when the
Hill model is applied.

3.2. MANUSCRIPT 2: Picomolar inhibitors of carbonic anhydrase:
Importance of inhibition and binding assays

The manuscript compares enzyme activity inhibition and biophysical
methods for studying protein-ligand interactions and highlights their
advantages and limitations. Stopped-flow CO, hydration assay is the most
popular for directly following CA enzymatic activity inhibition. However, the
method has several limitations.

Firstly, the exact concentration of substrate — carbon dioxide dissolved in
water is unknown. Several authors declare up to 17 mM CO- concentration at
25 °C126127 However, the CO; gas spontaneously evaporates from samples. In
this paper, we developed a new model for determining the CO concentration
in the sample. Moreover, | observed the Ky and ket of CA 1and CA Il in a
wide range of pHs. CA Il is one of the fastest enzymes with maximal Kea -
6-10° s, while CA I is less active with maximal ket - 2:10° st CA's activity
increases as pH increases and reaches the maximal value. The Ku values are
1.4+ 0.8 mM for CA l and 4.6 £ 1.0 mM for CA Il in the pH range of 7.0-
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9.0. Two-ionization groups were observed in the active site of CA I, yielding
pKa values of 6.9 + 0.1 and 8.8 + 0.1. CA Il has a single-ionization group with
apKyof 7.3+£0.2.

Secondly, the determination of inhibition constants by SFA is limited by
enzyme activity and concentration. A series of dose-response curves were
collected and fitted using Hill*** and Morrison'® equations. In the case of
weak to moderate inhibition, both models provided the same ICsy values.
However, the analysis demonstrated that only the Morrison'® model is
applicable for determining the Ky of tight-binding inhibitors.

In comparison, ITC is the only direct method to observe thermodynamic
parameters of inhibitor binding to protein. However, Wiseman's "c-factor"?®
limits the binding constant determination, and ITC could not be used to
measure very weak or tight interactions. Only the fluorescent thermal shift
assay is applicable to determine picomolar affinities of ligand binding. All
three assays need to be combined to characterize the CA-inhibitor interactions
fully, especially when binding is extremely strong.

3.3. MANUSCRIPT 3: Experimental approaches to identify selective
picomolar inhibitors for carbonic anhydrase IX

The review presents the design and identification of the nano- to
picomolar inhibitors VD11-4-2, VD12-09, and VR16-09 that selectively
target carbonic anhydrase IX. The review's part of biochemical and
biophysical assays for in vitro measurements of inhibitor affinity is related to
this dissertation.

Here, we discussed the structure-affinity relationship of 6 structurally
similar compounds. Firstly, 4-substituted-2,3,5,6-benzenesulfonamides
(VD10-13, VD10-35, and VR16-05) were discovered as nanomolar and
selective inhibitors of the off-target CA isozyme 114115, Substitution of a
fluorine atom to cyclooctylamino group at the ortho- position in
benzenesulfonamide ring (compound VD12-09) radically (>450 000-fold)
decreased binding affinity to CA I. The same substituent at meta- position
(compound VD11-4-2) resulted in a thousand-fold strengthened binding with
CA IX (Kg 0.05 nM). Substitution to even more bulky and hydrophobic
substituent — cyclododecylamino — at ortho- position (compound VR16-09)
resulted in high affinity (Kq 0.16 nM) towards CA IX and loss of affinity for
off-target isozymes | and Il (Kq > 200 pM). The tight-binding of para-
substituted compounds to CA | was enthalpy-driven, while para-, meta- and
para-, ortho- substituted inhibitors bound to CA IX with dominated
entropy®*1?°. A combination of FTSA, ITC, and SFA assays was necessary to
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characterize such tight-binding inhibitors. However, only the FTSA method
was suitable for determining the dissociation constants of the lead compounds.

3.4. MANUSCRIPT 4: Engineered carbonic anhydrase VI-mimic
enzyme switched the structure and affinities of inhibitors

The paper describes the design and characterization of chimeric CA VI
(chCA VI) protein. Kazokaité et al. engineered this model protein via site-
directed mutagenesis'®. CA Il was selected as a core isozyme, and five point
mutations - A65T, N67Q, F130Y, V134Q, L203T, were introduced to the
active site. The study aimed to evaluate a chCA VI as a model for X-ray
crystallographic studies and inhibitor screening. To my knowledge, there have
been no CA VIl-selective inhibitors discovered or crystal structures of CA VI
solved until now. | carried out SFA experiments to determine enzymatic
activity and inhibition of chCA VI and CA VI, and compared the kinetic
parameters to CA Il. | observed the maximum catalytic activity of CA VI at
pH 7.0-8.0 with catalytic constant ket — 1.9-10° st and it dropped at higher
pHs. ChCA VI had a similar pK, value (7.3) and catalytic activity as CA Il
(Keat — 1.9-10° '), and in the pH range 7.1-8.4, Michaelis-Menten constant Ky
(6.8 £ 2.0 mM) was closer to CA Il (4.7 £ 1.0 mM) than to CA VI (11.3 0.7
mM).

Observed and intrinsic thermodynamics were consistent with structural
results that confirmed chCA VI as a relevant model of CA VI. In addition,
most of the tested benzenesulfonamides consistently interacted with chCA VI
as with CA VI, but not CA 1l. Therefore, we confirmed chCA VI as a suitable
model for the design and screening of CA VI-selective inhibitors.

3.5. MANUSCRIPT 5: Switching the inhibitor — enzyme recognition
profile via chimeric carbonic anhydrase XII

In this paper, we used a protein engineering method to obtain a chCA XII
that recapitulates the CA XII enzyme activity and inhibitor binding. First, we
aligned the sequences of CA 1l and CA XIlI, which share 34% sequence
identity®®, Then, we detected six amino acids in the vicinity of the ligand-
binding site that differs between the two isozymes. Finally, we created a CA
I1-based mutant with six CA Xll-specific residues (A65S, N67K, I191T,
F130A, V134S, and L203N). To elucidate the role of crucial amino acids in
the active site of CA XII, | measured the catalytic activity and thermal stability
of chCA XII. Also, we performed ligand binding and inhibition studies with
63 small molecule compounds using SFA, FTSA, and ITC assays.
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Furthermore, we obtained nine crystal structures of inhibitors bound to chCA
Xl and compared the inhibitors' binding positions and affinities to CA Il and
CA XIlI.

The catalytic properties of chCA XllI had similarities with both CA
isoforms — Il and XII. Six mutations in the active site of CA Il slightly
stabilized the protein by 0.5 °C in the pH range 4.5-10.0 and retained the
catalytic efficiency (ke = 6.0 - 10°s™). CA XII's catalytic constant was Keat =
4.1-10°. However, a proton shuttle' His64 pK, has increased by 0.6 units (pKa=
7.9 £ 0.2 for chCA XII, pK,=7.3 £ 0.2 for CA Il, and pK,= 7.6 + 0.2 for CA
XI1) while the Km value decreased from 4.7 £ 1.0 mM to 3.6 mM £ 2.0 mM
to approach CA XII (Ku = 3.6 + 1.5 mM). We hypothesized that 191T
mutation increased the pK, of the mutant enzyme, and Thr88 (CA XIlI
numbering) played a major role in the catalytic mechanism of CA XIlI.

The binding, inhibition, and structural studies revealed that the engineered
chCA XII protein mimicked the active site of CA XII. ChCA XII bound
inhibitors with similar affinities as CA XII. There was a strong correlation
between pKq's of chCA X1l and CA XI1 with a coefficient of determination R?
=0.90 and a nearly absent correlation between binding affinities of chCA XII
and CA Il with R? = 0.24. The correlations of intrinsic values were also similar
to those observed. Moreover, chCA XII and CA XIl accommodated large
compounds with bulky substituents in the active site that hardly or did not fit
in the active site of CA II.

In this study, we designed and synthesized the new inhibitor — EA12-7,
an analog of the lead compound EA12-3"¢. | measured binding affinities with
all 12 catalytically active CAs and showed that compound EA12-7 bound all
CAs with lower affinity than EA12-3 but significantly increased selectivity. It
had 155-fold selectivity towards CA XII (Kq = 19 nM) over CA 1l (Kq = 3000
nM) and weakly bound or did not bind CAs I, IlI, VA, VB, VI, VII, and XIII
(K¢ > 10-200 puM). As a result, we have shown that chCA XII is a valuable
model for developing CA Xll-specific inhibitors, such as lead compound
EA12-3 and its newly synthesized analog EA12-7.

3.6. MANUSCRIPT 6: Isoform-selective enzyme inhibitors by exploring
pocket size according to the Lock-and-Key principle

The paper discussed the strategy for developing selective inhibitors by
augmenting the chemical compound's size and exploring the dimensions and
shape of CA's active site in this way. Di-ortho- and di-meta-substituted
benzenesulfonamides with gradually increasing hydrophobic substituents
were synthesized, and binding to CAs was measured. In most cases, as the
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inhibitor size increased, the binding affinity also increased until reaching the
border when the CA could not accommaodate the compound due to the binding
pocket's limited size. The study showed that anticancer target CA IX has the
most spacious active sites in volume and shape and can bind the inhibitors
with the largest diameter, such as compound VD17-18 (15b), possessing up
to 2000-fold selectivity over other CA isozymes. On the other hand, the active
site of another anticancer target CA XII was less spacious than CA IX, but
accommodated compound VD16-22 (15a), which did not fit in the active site
of CA Il. Furthermore, | observed that a well-known compound dansylamide,
used for fluorescent competition assay, is a selective inhibitor of CA IX (Kq =
0.4 nM).

The study showed that the mechanism of inhibitor binding to CA follows
the Lock-and-Key principle. The CA enzyme is structurally relatively rigid
and does not undergo significant conformational changes while binding
sulfonamide compounds. Therefore, the inhibitor must have an optimal size
and shape to fit the binding pocket of CA.

Moreover, in this paper, two types of recombinant human CA IX -
produced in mammalian FreeStyle 293-F suspension cells® and yeast (Pichia
pastoris) cells®! - were compared, how they bind inhibitors. The commercial
compound naphthalene-2-sulfonamide bound both CA [IX, expressed in
mammalian or yeast cells, with the same Ky of 130 nM by SFA method and
similar Kq's of 240 nM (mammalian) and 140 nM (yeast) by FTSA assay. CA
IX, expressed in yeast, was used in structural studies because the
crystallographers could not crystallize the human CA IX produced in
mammalian cells. CA IX produced in yeast had two mutations - C174S and
N346Q to avoid glycosylation to make easier crystallization. Binding and
inhibition studies confirmed that both forms of CA IX are suitable for
structure-activity relationship analysis and new CA IX-selective inhibitor
design.
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4. GENERAL DISCUSSION

The dissertation consisted of two main parts: comparing biophysical and
enzyme inhibition methods to determine picomolar affinities (I) and
investigating engineered chCA V1 and chCA XII for inhibitor recognition (11).
Both parts of the dissertation are essential for a deeper understanding of the
CA-inhibitor recognition mechanism.

4.1. Importance of combining biophysical and enzymatic
inhibition methods

Scientists worldwide test novel inhibitors for potential inhibitory
properties towards disease-related enzyme targets every day. They choose
binding and/or inhibition assays according to their protein-ligand system,
available instruments, and budget. Most popular techniques in drug design are
UV-Vis spectrophotometry, isothermal titration calorimetry, surface plasmon
resonance (SPR), microscale thermophoresis, etc. Miniaturized assays save
reagents and time. Sometimes fast reactions require a rapid mixing device
such as the stopped-flow?312 or quench-flow**?1% instruments. However, all
assays have advantages and limitations.

Compared to biophysical assays, the enzyme inhibition assays data
confirm that inhibitors alter the enzyme's catalytic activity. Enzyme inhibition
assays are usually specific for each enzyme. In this work, | performed a
specific stopped-flow CO, hydration assay. Enzyme-inhibitor binding can
proceed with a wide range of affinities that require significant differences in
the design of the enzyme inhibition assay. CAs catalyze a spontaneous CO;
hydration reaction. Uncatalyzed reaction rate is 0.037 s 133101 The CA
concentration should be sufficient to detect the difference between
uncatalyzed and catalyzed reactions enabling accurate measurement of the
catalyzed reaction rate. The sufficient CA concentration is practically 10-500
nM depending on the CA isoform, with different catalytic activity. However,
the concentration is usually unacceptable for measuring the picomolar
affinities. In tight-binding inhibition, an active site titration occurs that gives
the Kqvalue equal to half CA concentration (Kq= [CA concentration] / 2)%°13-
136 For this reason, CA activity and concentration limit the determination of
tight-binding inhibitors by SFA. The problem could be partly overcomed by
applying Morrison's equation instead of Hill's model. Morrison's equation
considers the CA concentration and provides a more exact Ky value. Data
reability could be enhanced by determining at least several data points near
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the expected Ky value. In this case, the 2-fold serial dilution of inhibitor
concentrations is preffered over 3-fold serial dilution.

The ITC method is also limited by CA concentration. However, a
limitation is described by the Wiseman c-factor (¢ = K, x [CA concentration],
5< ¢ <500)'?8, Using 5-20 uM protein allows measuring the micromolar to
nanomolar affinity range. Protein-ligand interactions with higher affinity can
be measured indirectly by the displacement ITC assay*"1%, This biophysical
method is time-consuming, requires a significant amount of purified protein
(~300 pg), and thus the technique is quite expensive. However, this is the only
method for direct determination of thermodynamic parameters of binding
(4H, 4G, 4S). In addition, the target protein used in an assay does not need to
be chemically modified, labeled, or immobilized®®,

FTSA assay also requires micromolar CA concentration (5-10 uM), but
this does not limit the determination of the CA's melting temperature without
or bound with an inhibitor. For FTSA experiments, proteins and chemical
compounds should be sufficiently stable and soluble!®°, and the melting
temperatures must be below water boiling temperature. Unfortunately, some
benzenesulfonamide inhibitors, even having several aromatic rings, have high
fluorescence and make determining the protein unfolding curve challenging.
For this reason, | used SyproOrange dye instead of ANS to obtain CA
unfolding curves. Despite the discussed obstacles, FTSA allows measuring
the binding affinities from the millimolar to the picomolar range. Therefore,
we calculate the inhibitor affinities from changes in melting temperatures from
the unbound and inhibitor-bound protein. It is the most accurate method
compared to ITC and SFA because CA activity and concentration in the
sample do not limit the determination of ligand binding affinities.

This thesis showed a good correlation between inhibitor affinities
determined by FTSA, SFA, and ITC assays under comparable conditions and
in the micromolar to nanomolar range. Previously, my colleagues showed that
the SPR?® assay yielded the same Kg within the error margin as those three
methods. In addition, for testing a class of chlorinated pyrrolidinone-bearing
benzenesulfonamides!®, | also performed a p-nitrophenyl acetate assay**’.
Again, the observed Kq's were in line with those determined by FTSA, SFA,
and ITCY, However, CAs exhibit weak esterase activity towards esters;
therefore, p-nitrophenyl acetate assay requires a large concentration
(micromolar) of CA. The advantage of this assay is that a standard UV/Vis
spectrophotometer is suitable for an experimental setup. The experiments
could be accelerated using multi-plate readers.

Scientists usually claim that the error margin of the Kq value is 5-10 %.
However, the Ky value is a reverse unit of binding constant K, (Kg = 1/ Ky,
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and is a logarithmic number. For this reason, the 2-fold error margin of the
binding/dissociation constant is normal**2 and could not be expected to be less.
Furthermore, up to a 10-fold difference in binding affinities was observed
while using and comparing several assays. Therefore, lead compounds
suitable for further development should possess at least 100-1000-fold
selectivity towards desired CA isoform over the other 11 CA isozymes.

Moreover, scientists usually assume that a p-value of <0.05 provides
statistically significant results. However, American Statistical Association
stated that "No single index should substitute for scientific reasoning"*3. To
get reliable results, scientists must have logical considerations, correctly
design the assay format, analyze results using several models and apply as
many techniques as possible. Third-party testing is always a good choice in
the drug design process to confirm the inhibitor binding properties.

4.2. Switching inhibitor recognition

Drug discovery begins in a tube while measuring interactions between the
target enzyme, responsible for disease development, and drug-candidate
molecules. Therefore, it is always a question of how to produce a recombinant
protein that would be equally biologically active as a native human body.
Usually, scientists use E. coli bacteria, mammalian cells, or yeast to make
recombinant human proteins or find ways to purify the native protein from
human blood, milk, saliva, etc. This thesis showed that recombinant human
CA IX, produced in mammalian and yeast cells, bound inhibitors with similar
affinities, and both could be used alternatively for inhibitors screening.
However, CA IX produced in yeast is less catalytically active than that from
mammalian cells, and researchers should use a larger concentration of it in the
SFA assay. Earlier our laboratory group compared the binding properties of
native CA VI from human saliva with recombinant CA VI from E. coli
bacteria and mammalian cells®. All three forms of CA VI bound a class of
inhibitors with the same binding affinities confirming recombinant proteins as
suitable models of the native one.

Despite biotechnological progress, some proteins are still challenging and
expensive to produce in E. coli bacteria, especially in large amount. In
addition and partly as a consequence, some crystal structures of proteins or
protein-ligand complexes are unavailable. Here, | present the engineering of
chCA VI and chCA XII as a solution for complex enzyme production and
crystallization. First, my colleagues constructed chCA VI and chCA XIl, and
then | conducted the kinetic and ligand binding studies to evaluate them as
models of target isozymes.
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4.2.1. Kinetic studies

During the study, I have determined the catalytic parameters of CA I, CA
I, chCA VI, CA VI, chCA XIlI, and CA XII using the SFA method. | have
summarized the data in Table 1. First, | used our derived model®® to determine
the exact substrate concentration in a sample. Then, | applied Lineweaver-
Burk and Michelis-Menten equations to observe the ke, Km, and pKa. Those
parameters were consistent with previously published data, including those
determined by other methods such as p-nitrophenyl acetate hydrolysis, 8O-
mass spectrometry, and Nuclear Magnetic Resonance®33471144-147 - Catalytic
constants differed up to 2—-3-fold, and pK, values differed up to 0.6 units.

Table 1. The catalytic parameters of CA I, CA I, chCA VI, CA VI, chCA XII, and
CA Xll at 23 °C.

CA pKa Keat, st Km, MM
CAI 6.9£0.1() 2.0-10° 47x1.0
8.8+ 0.1 (1)

CAll 7.3+0.2 6.0-10° 47x1.0
chCA VI 7.3+£0.2 6.0-10° 6.8+ 2.0
CA VI 6.6 £0.2 1.9-10° 11.3+0.7
chCA XII 7.9+0.2 6.0-10° 3.6x20
CA XII 76+£0.2 4.1-10° 3615

ChCA XII contained the same five-point mutations (A65S, N67K, 191T,
F130A, V134S) as chCA VI (A65T, N67Q, F130Y, V134Q, L203T) and one
— additional (191T). Replacement of CA Il active site amino acids to CA VI-
specific amino acids did not affect the pK, value of His64, but it increased in
the chCA XII protein. For this reason, | assumed that 191T mutation increased
the pKa of chCA XII and Thr88 (CA XII numbering) was a key member in the
catalytic mechanism of CA XIlI.

In the study Kwm values were determined with a large error margin. Most
studies claim that Ky is pH-independent®3148, However, in this study, Kv was
independent of pH only in a narrow range of near-neutral pH. At acidic and
basic pHs, the Kv values were larger than at neutral pH. A similar profile was
described in Ref.1% in 1964. Interestingly, the literature analysis was fruitless
in finding the graphs of experimental data for Ku dependence on pH.
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4.2.2. Binding and inhibition studies

We conducted binding and inhibition studies to evaluate the "switch" of
chCA VI and chCA XII. To the best of my knowledge, no CA VI-selective
inhibitors have been discovered yet. Screening of our more than 1000
compounds library showed that all inhibitors bind stronger to CA 1l than CA
VI. Moreover, no crystal structures of inhibitors bound to CA V1 are available.
Only the crystal structure of the human CA VI catalytic domain with
resolution of 1.9A was determined in 2012%. ChCA VI resembled the active
site of CA VI and was confirmed as a suitable model for inhibitor screening
and X-ray crystallographic studies. In that way, chCA VI has provided a
deeper insight into the efficiency of CA VI inhibitors. In addition, it could be
used to reveal the biological role of CA VI.

Carbonic anhydrase X1l already had been crystalized with more than 20
inhibitors that possess micromolar to nanomolar affinities. ChCA XII was
used to understand key differences between CA Il and CA XIlI for
benzenesulfonamide binding. The studies resulted in the synthesis of a new
compound EA12-7 that possesses significant selectivity towards CA XII over
other CA isoforms. Therefore, it could be selected as a lead compound for
further development in preclinical studies. Inhibitor binding analysis included
a well-known inhibitor 4-(4-fluorophenylureido)-benzenesulfonamide (U-
104/SLC-0111) that had been tested in patients with advanced solid tumors
and has finished clinical trial phase 1'*°. The Phase Ib/Il trials'*®® are ongoing
of SLC-0111 compound with a recommended dosage of 1000 mg/day. It has
been previously published as a strong inhibitor of CA XII (Ki = 4.5 nM) and
a moderate inhibitor of CA Il (Ki = 96 nM)®*!, However, we have observed
that the binding affinities of compound SLC-0111 were 17-fold stronger for
CA Il than for CA XIlI, and the Kq's are in the micromolar range, as confirmed
by three different assays (SFA, FTSA, and ITC). The data were consistent
with  other  published studies!06108114.152153  that  para-substituted
benzenesulfonamides bind to CA Il with more than ten-fold higher affinity
than to CA XII. Recently, Jonsson and Liljas have published a paper®®*
expressing doubts about proper experimental data for promoting the SLC-
0111 compound in preclinical research. Many scientists performed preclinical
assays®>1%¢ or molecular docking®’ studies with SLC-0111, but no other
biochemical or biophysical assay than SFA was used to verify the binding
affinities of the compound. As many techniques as possible are needed to
confirm the validity of the binding affinities, mainly because the enzyme
inhibition assay is limited by the enzyme activity and concentration in a
sample.
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A similar protein engineering approach has been used to construct CA
models that mimic CA I, CA 1ll, and CA I1X13158-161 The first active site
mutants of carbonic anhydrase Il were generated in the early 1990s!%86,
Behravan et al.'*® replaced the active site residues in CA 1l with the isozyme
I-specific amino acids (V62N, H67N, and H200T). It showed that His200 has
a dominant influence on the catalytic activity of CA | while VVal62 and His67
are insignificant. Ren et al.’®! mutated the active site of CA Il with residues
characterizing CA 11l (H64K, N67R, L198F, and VV2071); however, none of
the mutations were responsible for the low catalytic activity and low
sulfonamide affinity of CA I11. In 20092014 double mutant (A65S, N67Q)**°,
and septuplet mutant (A65S, N67Q, E69T, 191L, F131V, K170E, and
L204A)%*° of CA Il were made to mimic the anticancer target CA 1X. They
were reported as effective models for rapid screening of CA IX-targeting
novel compounds and X-ray crystallographic studies. The main reason for
constructing ch CA IX was its application for structural studies because until
then, only one crystal structure of CA IX bound to an inhibitor was
published!®2, Our laboratory also made the chCA IX with 7 point mutations
(AB5S, N67Q, 191L, F130V, V134L, and L204A)M3. | have measured
interactions with six fluorinated benzenesulfonamides, including the
anticancer lead compound VD11-4-2, and showed that chimeric CA I1X partly
switched binding affinities from CA Il to CA IX.

The detailed studies confirmed that isozyme engineering is a good
strategy for the design of selective inhibitors. The strategy could be applied
for the production of other chimeric CA isoforms that have low expression
and purification yields, and crystal structures are unavailable.
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5. CONCLUDING REMARKS
AND FUTURE PROSPECTIVES

Drug discovery is a very long and costly process that includes four main
milestones: in vitro studies (1), preclinical studies (1), clinical studies (111),
and the drug launch to the market (IV). The later the stage, the more complex
and costly it is. For this reason, it is imperative to choose the right drug-
candidate molecule in the "in vitro stage" in order not to fail in later preclinical
and clinical studies. In addition, a deep understanding of the protein-drug-
candidate recognition mechanism could accelerate the drug discovery process.

Medicinal chemists could apply the strategy discussed in this thesis to other
enzyme-inhibitor systems. Engineering chimeric isozymes could solve drug
discovery challenges such as low purification quantity and difficult
crystallization conditions. As published in the literature, there are no available
crystal structures of mitochondrial CA VA and CA VB, and they are purified
in insufficient quantities. Engineering of chCA VA and chCA VB would help
design novel inhibitors as anti-obesity drugs since CA VA and CA VB play a
role in obesity®,

The engineering of chimeric isozymes provides key structural differences
between several isozymes and give insights for design of isoform-selective
inhibitors. The approach could lead to discoveries of novel drug candidates.
For example, the lead compound EA12-7 was designed during the studies.
This nanomolar inhibitor selectively binds CA XII and is a suitable candidate
for preclinical anticancer studies.

I would recommend continuing molecular recognition studies as a key to
the genuinely rational design of high-affinity and high-selectivity drug
candidates. In the carbonic anhydrase field, the sulfonamide inhibitors have
the potential to become drugs for epilepsy, obesity, cancer and others diseases
treatment.

Conclusions:

1. Five to six mutations of the active site residues of CA 1l required to
generate chCA VI and chCA XII did not affect the maximal catalytic
activity of the enzyme, and had moderate effects on its melting
temperatures and Michaelis-Menten constants.

2. ChCA VI and chCA XII switched the inhibitor recognition profile
from CA Il to CA VI and CA XIlI, confirming that chimeric CAs are
good models for the design of isozyme-selective inhibitors.

3. There is a good correlation between protein-ligand binding affinities
determined by FTSA, SFA, and ITC assays under comparable
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conditions and in the micromolar to nanomolar affinity range.
However, the fluorescent thermal shift assay is the most accurate
method to measure picomolar affinities.
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6. SUMMARY IN LITHUANIAN LANGUAGE
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ANS
CA
[CA]
chCA
CHES
DMSO
FTSA
AG

h

AH
HEPES
[1]
1Cso
ITC
Kb

Keat
kCat-maX
Kqd

Ki

Kwm
MES
MOPS
AS

[S]
SFA
SPR
TRIS

SANTRUMPOS

8-anilino-1-naftalensulfonatas
karboanhidrazé

karboanhidrazés koncentracija

chimeriné karboanhidrazé
2-(cikloheksilamino)etansulfoniné riigstis
dimetil sulfoksidas

fluorescentinis terminio poslinkio metodas
Gibso laisvosios energijos pokytis

Hilo koeficientas

entalpijos pokytis
4-(2-hidroksietil)piperazino-1-etansulfoniné riigstis
slopiklio koncentracija

pusé didziausios slopinancios koncentracijos
izoterminio titravimo kalorimetrija
jungimosi konstanta

kataliziné konstanta

didziausia kataliziné konstanta

disociacijos konstanta

slopinimo konstanta

Michaelis-Menten konstanta
2-(N-morfolino)etansulfoniné riigstis
3-(N-morfolino)propansulfoniné ragstis
entropijos pokytis

substrato koncentracija

sustabdytos srovés CO> hidratacijos metodas
pavirSiaus plazmono rezonansas
tris(hidroksimetil)aminometanas
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[VADAS

Fermentai yra patrauklis taikiniai mazamolekuliniy vaisty karimui.
Racionalus vaisty kiirimas pagrjstas struktiiros-aktyvumo sarySiy tyrimais.
Cheminiy junginiy slopinamasis aktyvumas dazniausiai nustatomas
modifikuojant slopikliy chemines grupes ir matuojant jy saveikas su tiksliniais
fermentais. Pagrindiniai parametrai, apibtidinantys slopiklio potencialg tapti
vaistu, yra giminingumas ir atrankumas tiksliniam fermentui.

Sioje disertacijoje didziausias démesys skiriamas karboanhidrazés (CA) ir
sulfonamidinio slopiklio atpaZinimo mechanizmui. Zmogaus organizme yra
12 aktyviy CA izoformy, kuris pasizymi didele struktiirine homologija, taciau
atlieka skirtingas fiziologines funkcijas. Siuo metu daugiau nei 30 CA
slopikliy, daugiausia pirminiy sulfonamidy, yra naudojama glaukomos,
aukstumos ligos, epilepsijos, stazinio Sirdies nepakankamumo, idiopatinés
intrakranijinés hipertenzijos, ir kity ligy gydymui. Deja, dauguma jy
nepasizymi atrankumu tam tikrai CA izoformai ir dél Sios priezasties sukelia
Salutinius poveikius - dusima, depresija, vémima, viduriavimg ir pan. Tam kad
sukurti efektyvesnius vaistus su retesniais Salutiniais poveikiais, biitina ieSkoti
naujy slopikliy, pasizymin¢iy didesniu atrankumu ir gimingumu tiksliniam
CA izofermentui.

Siekiant issiaiskinti, kaip karboanhidrazé atpazjsta sulfonamida (klasikinj
slopiklj), buvo atlikti Sie tyrimai:

D) Slopikliy cheminiy grupiy modifikavimas.

I1) CA Il aktyvaus centro inzinerija chimeriniy karboanhidraziy (chCA)
sukarimui.

I11) Giminingumo nustatymas taikant fluorescentinio terminio poslinkio
metoda (FTSA), izoterminio titravimo kalorimetrijg (ITC) ir sustabdytos
srovés CO; hidratacijos (SFA) metoda.

IV) Struktiiriniai tyrimai, taikant rentgeno kristalografija ir molekulinj
modeliavima.

Mano kolegos Vilniaus universiteto Gyvybés moksly centro
Biotechnologijos institute atliko didele dalig darby, jskaitant sulfonamidiniy
junginiy bibliotekos sinteze, rekombinantiniy CA ir chCA gamyba,
molekulinj modeliavima, rentgeno kristalografinius tyrimus. Mano indélis yra
zmogaus CA ir chCA katalizinio aktyvumo ir terminio stabilumo
charakterizavimas bei sgveikos su slopikliais tyrimai. Jungimosi ir slopinimo
parametry nustatymui bei atpazinimo mechanizmo tyrimui taikiau FTSA, ITC
ir SFA metodus. Sie metodai turi savy prana$umy ir trikumy, ypa¢ dirbant su
labai stipriai besijungianciais slopikliais. Dél to iSrySkinau keliy metody
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kombinavimo svarba, siekiant nustatyti patikimus jungimosi ir/ar slopinimo
parametrus.

Disertacija sudaro dvi pagrindinés dalys. Pirmoje dalyje apraSomi
fermentinio aktyvumo slopinimo ir biofizikiniy metody privalumai ir
apribojimai. Antroji dalis skirta chimeriniy karboanhidraziy ir jy slopikliy
atpazinimo perjungimui.

Tikslas:
Disertacijos tikslas - istirti slopiklio atpazinimo perjungimg, panaudojant
chimeriniy karboanhidraziy izofermenty inzinerija.

UZdaviniai:
Tikslui pasiekti buvo iskelti Sie uzdaviniai:

1. Charakterizuoti chCA VIir chCA XII terminj stabiluma, katalizinj
aktyvumg ir slopinimg sulfonamidiniais junginiais.

2. Ivertinti slopiklio atpazinimo perjungimg i§ CA II j CA XII,
panaudojant chCA XIlI.

3. Palyginti biofizikinius ir fermentinio aktyvumo slopinimo
metodus (FTSA, ITC ir SFA), matuojant cheminiy junginiy
sgveikas su CA ir chCA, bei paaiskinti jy privalumus ir
apribojimus nustatant ypac stipriy slopikliy giminingumo
konstantas.

Mokslinis naujumas:

Disertacijos tyrimai parodé, kad cheminj junginj CA VI ar CA XlI
aktyviajame centre atpazjsta tik iki 6 pagrindiniy aminortig§¢iy rinkinys. Dél
5-6 aminoriig8¢iy mutacijy CA Il aktyviajame centre, fermentas pradeda
atpazinti skirtingus cheminius junginius. Tyrime mutacijos buvo parinktos
taip, kad atitikty CA VI ar CA XII aktyviuosius centrus. CA Il pagrindu
sukonstruotas chimerinis fermentas, aktyviajame centre turintis CA XIlI
budingas Sesias aminoraigstis, jungési su cheminiais junginiais taip, kaip ir CA
XIl. Be to, CA ll-atrankiy slopikliy grupés giminingumas CA II Zenkliai
sumazgjo. Tai parodo, kad CA 1I baltymas jgavo CA Xll budingg
mazamolekuliniy junginiy atpazinimo profilj. CA pasizyméjo gana standZia
strukttira, kuri zenkliai nekito jungiantis slopikliui. Sukurta chCA XII leido
mums nustatyti esminius strukttirinius skirtumus tarp CA Il ir CA XII. Tyrimy
déka suktiréme CA XlI-atranky nanomolin;j slopikli EA12-7.
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Ginamieji teiginiai:

1) Cheminis junginys CA VI ar CA Xl aktyviajame centre yra
atpazjstamas tik iki Sesiy pagrindiniy aminoriig§¢iy rinkinio.

2) Chimerinés karboanhidrazés VI and XII yra geri tiksliniy
izofermenty modeliai ir gali buti naudojami izoformai atrankiy
slopikliy kiirime.

3) Pikomoliniy slopikliy jungimosi konstanty nustatymui butina
kombinuoti biofizikinius ir fermenty aktyvumo slopinimo
metodus.

LITERATUROS APZVALGA

Zmogaus karboanhidrazés Seima (CA; EC 4.2.1.1) ) katalizuoja grjztamaja
anglies dioksido hidratacijos reakcija (CO, + HO < HCOs; + HY).
Karboanhidrazés aptinkamos visose gamtos karalystése ir yra skirtomos j 8
kategorijas: a, B, v, 8, {, m, 0, ir 1*®. Jos dalyvauja daugybéje fiziologiniy ir
biocheminiy procesy. Siame darbe démesj skyriau zmogaus a-CA. Jas sudaro
15 Seimos nariy, i§ kuriy 12 yra kataliziSkai aktyvios. CA skiriasi savo
fiziologiniu vaidmeniu, pasiskirstymu audiniuose ir organuose, raiskos
lygiais, Kinetinémis savybémis, terminiu stabilumu ir slopikliy jungimosi
giminingumu®. Lasteléje jos iSsidésciusios skirtingai: penkios yra citozolinés
(L 1L, 11, VI ir XIII izoformos), dvi yra mitochondrinés (VA ir VB izoformos),
keturios yra prisijungusios prie membranos (I1V, IX, XII ir XIV izoformos), o
viena yra sekretuojama (VI izoforma). Trys CA izofermentai - VIII, IX, ir X
yra kataliziskai neaktyvis.

KATALIZINIS MECHANIZMAS

CA 1I aktyvus centras yra kiigio formos, jo skersmuo apie 12 A, o gylis
apie 13 A, Viena pusé yra hidrofobiné, o kita — hidrofiliné'*. Aktyviajame
centre katalizinj cinko jong koordinuoja trijy histiding (His94, His96 ir
His119) imidazolo grupés ir vandens molekulé/hidroksido jonas'®. Protony
pernasa ir substrato / produkto / vandens mainai katalizinés reakcijos metu
vyksta per vandens molekuliy tinklg (zr. “figure 2 A—-C").

Pirma, CO. hidratacija vyksta aktyvaus centro hidrofobinéje dalyje.
Nukleofiliné Zn-OH- ataka j CO> sugeneruoja bikarbonato jong. Susidariusj
HCO;™ véliau pakeicia vandens molekulé®. Tokiu biidu gaunama kataliziskai
neaktyvi forma. Antra, Zn-H,O praranda protona, kuris per vandens molekuliy
tinkla perduodamamas j His64. His64 vadinamas "protony Saudykle"?’ ir turi
dvi nuo pH priklausan¢ias konformacijas: "j" ir "i5"8. His64 perima "j"
konformacijg, kad delta azotg (NO) priartinty prie katalizinio Zn atomo.
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Protono perdavimas i§ Zn-H,O j His64 yra greitj limituojantis reakcijos
etapas. Po $io protono perdavimo His64 persisuka j "i§" orientacija, kad i$
imidazolo ziedo atpalaiduoty No protono pertekliy j reakcijos tirpiklj. Ciklas
tesiasi, kai prie cinko prisijungusi vandens molekulé¢ deprotonizuojasi, o
His64 persiorientuoja j "is" konformacija®.

Karboanhidrazeés katalizuoja ne tik CO: hidratacija, bet ir esteriy
hidrolize?'. Reakcija vyksta CA aktyviajame centre (zr. "figure 3"). Ji gana
panasi | anglies dioksido hidratacijg. Esteriai hidrolizuojami déka Zn-OH"
nukleofilinés atakos i karbonilinj CO, susidarant oksianijono tarpiniam
junginiui. Eksperimentiskai kataliziné reakcija matuojama naudojant p-

nitrofenilacetata, kaip substratag?,

Slopikliy jungimosi mechanizmas

Didelé¢ aminoriigi¢iy homologija (>30 %) tarp skirtingy CA izoformy
apsunkina atrankiy slopikliy kiirima ir vystyma. CA izoformy aktyvis centrai
yra kiiginés formos ir skiriasi tik keliomis aminortigstimis. Slopiklio suriSimo
vietos virSus yra kintamas, o labiausiai konservatyvios aminortigs¢iy lickanos
aptinkamos aktyvaus centro gilumoje ir arti cinko jono®. Daugiau nei 400
slopikliy ir 12 CA izoformy saveikos termodinaming, kinetiné ir strukttriné
analizé atskleidé, kad mazi struktiriniai skirtumai tarp CA izoformy sukelia
nenuspéjamus efektus, kaip ligandas bus atpazjstamas®.

Pirminiai sulfonamidai yra substrato (anglies dioksido) hidratacijos
pereinamosios biisenos analogai. Jie yra klasikiniai slopikliai ir sgveikauja su
karboanhidrazémis per griztamajj konkurentinj 1:1 slopinimg. Viena
sulfonamido molekulé konkuruoja su anglies dioksidu ir griztamai
(nekovalentiSkai) jungiasi viename CA aktyviajame centre.

Prisijungimas vyksta, kai slopiklio sulfonamido grupé yra deprotonizuota,
o prie Zn prisijungusi vandens molekulé yra protonizuota. Procesas yra
priklausomas nuo pH (zr. "figure 4"). Visi protonizacijos reiskiniai turi bati
atimti i$ stebimosios jungimosi reakcijos, tam, kad nustatyti tikring (angl.
intrinsic) CA-slopiklio saveikos jungimosi konstanta.

Karboanhidrazeé 11

CA 1I yra labiausiai i$tyrinéta ir daugiausia paplitusi CA izoforma. Tai 29
kDa, 40 x 42 x 56 A dydzio baltymas. Citozoliné CA II pasizymi didele raiska
E. coli bakterijose ir gryninimo iSeiga, didziausiu i§ visy CA Kkataliziniu
aktyvumu (Keat 0.6-1.4 ps™)®-%, vidutiniu terminiu stabilumu (T 55-59
°C)%*-38 ir yra lengvai kristalinama. Taip pat, mokslininkai CA Il ir CA |
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vadina "netaikininémis" (angl. off-target) izoformomis, kuriy gyvajame
organizme nereikia slopinti, nes jos yra aptinkamos eritrocituose ir atlieka
svarby vaidmenj tiek kvépavime, tiek kraujo jony koncentracijos
reguliavimet®3%-41,

Karboanhidrazé V1

CA VI yra vienintelé zmogaus CA izoforma, kurig gamina seiliy ir pieno
liaukos**3, Ji yra dimerinés struktiros*. Tyréjai taip pat aptiko CA VI
izoformg serume, kvépavimo takuose ir virskinimo trakte’**°, Be to, ji
dalyvauja reguliuojant seiliy pH, kartaus skonio suvokimg ir danty

formavimasi®®. Padidéjes seiliy CA VI aktyvumas yra susijes su danty
akmeny dydziu®* ir mokyklinio amziaus vaiky danty éduonies
iSsivystymu®052:53,

Misy laboratorijos komanda pagamino rekombinanting CA VI E. coli
bakterijose, zinduoliy lgstelése ir tiesiogiai iSskyré i§ zmogaus seiliy.
Biofizikiniai tyrimai parodé, kad CA VI, i§gauta iS visy trijy Saltiniy, jungési
su slopikliais paklaidy ribose su identisku gimingumu®. Sie tyrimai
patvirtino, kad rekombinantinés zmogaus CA VI, pagamintos bakterijy ar
zinduoliy lgsteliy, yra geri natyvios CA VI modeliai.

Rekombinantinés ir natyvi CA VI turi mazg gryninimo iSeigg, o tai
apsunkina atrankiy slopikliy ktirima ir pirmosios CA VI kristalinés struktiros,
prisijungusios cheminj junginj, nustatymg. D¢l Sios priezasties reikalingas
papildomas CA VI modelis, kad paspartinti naujy CA VI-atrankiy slopikliy
sukiirima.

Karboanhidraze XII

CA XII kontroliuoja véziniy lasteliy ekstralastelinj pH ir veikia kaip
hipoksijos sukeltas naviko zymuo. Krities vézio estrogeny receptoriai
reguliuoja CA XI1I°®, Didelé CA XII raiska koreliuoja su palankiu pacienty,
serganCiy agresyviu krities arba nesmulkialgsteliniu plaudiy véziu,
iSgyveninamumu®”%®, Pacientams, turintiems kolorektalines, kepeny lasteliy
karcinomas ir difuzines astrocitomas®®®, CA XII rai¥ka asocijuojasi prasta
prognoze. Be to, CA XII laikoma farmakologiniu taikiniu véZziniy lasteliy
cheminiam atsparumui jveikti®2. Mazesné CA XII raiska taip pat buvo aptikta
zmogaus akyje, Zarnyne, inkstuose, kasoje, skrandZzio gleivinéje, odos epitelio
komponentuose, ir kt.#"8-%7  Papildomai CA XII dalyvauja glaukomos
vystymesi, druskos jsisavinime prakaito liaukose ir kt.%6%8%° \Waheed ir Sly
i§samiai apibiidino CA XII funkcine role apzvalgoje™.
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CA XII yra sudétingas vaisty taikinys. Tradiciniai vaisty kiirimo buidai yra
riboti, nes tai su membrana susijgs dimerinis fermentas, turintis N-galinj
ekstralgstelinj katalizinj domeng. Whittington ir kt. 2001 m. i§sprendé pirmaja
CA XII kristaling strukttrg. Aktyvaus centro struktiira yra analogiska CA II:
His94, His96, His119 ir vandens molekulé koordinuoja cinko jong’t. Miisy
tyréjy grupé patalpino j baltymy duomeny banka (PDB) 24 CA XII-slopikliy
kristalines struktiiras, suteikdama nemenkg duomeny Saltinj slopikliy ktirimui.

METODAI
Fluorescentinis terminio poslinkio metodas

Salemme su kolegomis 2001 m. pristaté miniatitirizuotg fluorescentinio
terminio poslinkio metoda (FTSA, dar vadinama ThermoFluor® arba
diferencine skenavimo fluorimetrija)’*. Baltymy  terminis  stabilumas
nustatomas, kai veikiant kar$¢iui, baltymas iSsivynioja’™ ir registruojama
solvatochrominio dazo, pvz. SyproOrange’®’” arba 1-anilino-8-naftaleno
sulfonatg (ANS)"®7°, fluorescencija. FTSA efektyviai naudojamas slopikliy
jungimosi tyrimuose, nes baltymy lydymosi temperatiros Tm pokytis
pridedant ligandg yra susijes su jungimosi konstanta’®8%8’, FTSA metodo
eksperimentinés salygos apraSytos moksliniuose straipsniuose®%106111 o
tikriniy parametry nustatymas - publikacijoje®.

[zoterming titravimo kalorimetrija

Izoterminio titravimo kalorimetras tiesiogiai matuoja biocheminiy reakcijy
metu sugeriama arba iSskiriamg Siluma. Dél didelio jautrumo ITC ypac¢ tinka
tipinéms nekovalentinéms biomolekulinéms sgveikoms charakterizuoti®®.
Taigi, ITC yra efektyvus metodas, leidziantis vieno eksperimento metu
nustatyti entalpijos (4H), entropijos (4S), ir Gibso laisvosios energijos (4G)
pokyCius bei jungimosi partneriy stechiometrija®®. Termodinaminiai
parametrai AH ir AG yra matuojami tiesiogiai, 0 AS yra apskaifiuojamas.
Doktoranttros studijy metu atlikty ITC eksperimenty sglygos apraSytos
publikacijoje®.

Sustabdytos srovés CO; hidratacijos metodas

Sustabdytos srovés CO- hidratacijos metodas yra pats populiariausias CA
kataliziniam aktyvumui nustatyti ir cheminiy junginiy slopikliniam efektui
tirti®3 739 Mokslininkai naudoja pH indikatorius, kad nustatyty optinio
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tankio pokyc¢ius CA rugstinant pH. Indikatoriaus ir buferinio tirpalo poros turi
biti parenkamos pagal jy pKa ir reakcijos pH vertes. Pvz., jei reakcijos pH yra
7.5, tai turi biti naudojami fenolio raudonasis (pKa 7.5) ir Hepes buferinis
tirpalas (pKa 7.5). Daznai teigiama, kad substrato koncentracija yra 17
mM73102108 Deja, dujinis CO, garuoja uzpildant $virkStus ir eksperimento
metu. Nezinoma tiksli COz koncentracija apsunkina CA kataliziniy parametry
nustatymg. CA aktyvumo ir slopinimo matavimy eksperimentinés salygos
apradytos publikacijose®® 99111164165 |Cy, nustatymui buvo panaudoti Hilo'%
ir Morisono*® modeliai.

Sulfonamidiniy slopikliy sintezé

Komerciniai slopikliai buvo nupirkti i§ Sigma-Aldrich tiekéjo. Kitus
sulfonamidinius junginius®1%-118 gysintetino dr. V. Dudutiené, dr. E.
Capkauskaité, A. Zak$auskas ir jy studentai (-és).

Karboanhidraziy gamyba

Siame tyrime naudojau VU GMC BTI Biotermodinamikos ir vaisty tyrimo
skyriuje pagamintas rekombinantines CA ir chCAS>7283-8587.119-122ja5 gamino
A. Mickeviciate, dr. V. Juozapaitien¢, V. Michailoviené, dr. J. Matuliené, J.
Jachno, dr. J. Kazokaité-Adomaitiené ir jy studentai (-és). CA koncentracija
nustatingjau spektrofotometriskai.

REZULTATU SANTRAUKA

[ disertacija jtraukiau 6 publikacijas. Sioje dalyje apibendrinau kiekvienos
publikacijos rezultatus ir i$vardijau juos ne chronologiskai, bet nuosekliai.

PUBLIKACIJA 1: Standartiné fermentinio aktyvumo slopinimo
nustatymo darbo procediira

Standartin¢je darbo procediiroje apraSomi kritiniai eksperimentinio
planavimo zingsniai ir duomeny analizé, skirta fermentinio aktyvumo
slopinimo nustatymui. Be to, procediira apraSo tinkamy parametry
pasirinkima:

e Fermentui specifinis metodas. Fermenty katalizuojamy reakcijy

greitis gali biiti matuojamas registruojant produkto susidarymg arba
substrato iSnykimg per tam tikra laikotarpj. Didéjant slopiklio
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koncentracijai, katalizinés reakcijos greitis mazéja, kol pasiekiamas
visiS8kas CA slopinimas, t. y., kai slopinamos reakcijos greitis tampa
lygus spontaninés CO; hidratacijos reakcijos greiiui.

Optimalios eksperimentinés salygos. Norint sumazinti CA
koncentracijg méginyje, reikia optimizuoti saglygas Kcat-max NUStatymui.
Katalizés greitj veikia temperatiira, pH, joniné jéga, buferiniai tirpalai
ir Kiti priedai. Kai kurie buferinio tirpalo komponentai ir tirpikliai gali
slopinti fermenta, todél turi bti patikrintas jy slopiklinis efektas pries
atliekant cheminiy junginiy slopinimo tyrimus.

Fermento koncentracija. Fermentinés reakcijos greitis tiesiskai
priklauso nuo CA Kkoncentracijos, kuri turi buti pakankama, kad
detektuoti signalg, bet Zenkliai mazesné, nei 1Csp.

Substrato koncentracija. Tam, kad palyginti keliy slopikliy
giminingumus, fermenty aktyvumo slopinimo eksperimentai turi biiti
atlikti pastovioje substrato koncentracijoje.

Slopiklio koncentracija. Ji parenkama atsizvelgiant | numatoma
giminguma ir CA koncentracija, o gaunamos atliekant serijinj
skiedima. Vidurinis eksperimentiniy duomeny taskas turéty biti apie
ICso, 0 paskutinis - slopinti >90 % fermento katalizinio aktyvumo.
Teigiamos ir neigiamos kontrolés. Sios kontrolés turi biti atliktos
reakcijos "fonui" nustatyti ir atimtos i§ katalizuojamos reakcijos.
Duomenuy apdorojimo modeliai. Reakcijy greiciy nustatymui
taikomi tiesinés regresijos modeliai arba netiesinés keliy kintamyjy
parametry lygtys, priklausomai nuo reakcijos sudétingumo. Taikant
Hilo modelj, Hilo koeficientas biitinai turi buti 1, o teoriné kreivé
privalo gerai atitikti eksperimentinius taskus.

PUBLIKACIJA 2: Pikomoliniai karboanhidraziy slopikliai:
slopinimo ir jungimosi metody svarba

Siame moksliniame straipsnyje buvo lyginami fermenty aktyvumo
slopinimo ir biofizikiniai baltymy-ligandy saveikos tyrimo metodai bei
pabréziami jy privalumai ir trikumai. SFA metodas yra pats populiariausias
tiesioginiam CA katalizinio aktyvumo slopinimo nustatymui, taciau turi keleta
apribojimy.

Pirmiausia, néra zinoma tiksli vandenyje iStirpusio anglies dioksido
koncentracija. Keli autoriai deklaruoja iki 17 mM CO- koncentracijg'?®?’,
tadiau CO, dujos spontaniskai garuoja i§ méginiy. Siame darbe sukiréme
naujg modelj CO> koncentracijai méginyje nustatyti. Be to, nustaciau CA I ir
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I Km ir keat placiame pH intervale. CA Il yra vienas i§ grei¢iausiy fermenty su
Keat-max - 6-10° %, 0 CA I yra maziau aktyvi su Keatmax - 2-10° 1. CA aktyvumas
auga didéjant pH vertei, kol pasiekia didziausig verte. CA I Ky verté yra 1.4
+0.8mM, 0 CA Il - 4.6 + 1.0 pH intervale 7.0-9.0. CA | aktyviajame centre
nustatytos dvi besijonizuojanéios grupés, kuriy pKa vertés - 6.9 £0.1ir 8.8 £
0.1. CA 11 turi vieng jonizacijos grupe, kurios pKayra 7.3 + 0.2.

Antra, slopinimo konstanty nustatymas SFA metodu yra ribojamas CA
aktyvumu ir koncentracija. Surinktos dozavimo kreivés buvo apdorotos
naudojant Hilo ir Morisono lygtis. Silpno ir vidutinio slopinimo atveju, abu
modeliai pateiké vienodas 1Cso. Visgi, analizé parodé, labai stipriai
besijungianciy slopikliy atveju tik Morisono modelis yra tinkamas |Csp
nustatymui.

Palyginimui, ITC yra vienintelis tiesioginis metodas, skirtas nustatyti
termodinaminius slopiklio prisijungimo prie baltymo parametrus. Deja,
Vaismano "c-faktorius"? riboja jungimosi konstanty nustatyma. Dél to ITC
negali biiti naudojamas labai silpnai ar stipriai sgveikai matuoti. Tik FTSA
metodas buvo tinkamas pikomoliniam ligandy jungimosi giminingumui
nustatyti. Visi trys metodai turi bati kombinuojami, siekiant iSsamiai
apibudinti CA-slopiklio sgveika, ypac kai jungimasis yra labai stiprus.

PUBLIKACHA 3: Eksperimentiniai metodai, skirti nustatyti atrankius
pikomolinius karboanhidrazés IX slopiklius

Apzvalgoje pristatomas slopikliy VD11-4-2, VD12-09 ir VR16-09, kurie
atrankiai ir ypa¢ stipriai jungiasi su CA IX, kiirimas ir charakterizavimas.
Apzvalginé biocheminiy ir biofiziniy metody, skirty slopikliy gimingumo
matavimams in vitro, dalis yra susijusi su $ia disertacija.

Cia mes aptaréme 6 struktiiriskai panasiy cheminiy junginiy struktiros-
giminingumo sarySius. Pirmiausia, 4-pakeisti-2,3,5,6-benzensulfonamidai
(VD10-13, VD10-35 ir VR16-05) buvo atrasti kaip nanomoliniai ir atrankiis
netaikininés (angl. off-target) CA I slopikliai***!*, Fluoro atomo pakeitimas
benzensulfonamido ziedo orto- pozicijoje j ciklooktilamino grupe¢ (junginys
VD12-09) radikaliai (>450 000 karty) sumazino giminguma CA 1. Toks pat
pakeitimas meta- pozicijoje tiikstantj karty sustiprino jungimasi su CA IX (Kg
= 0.05 nM). O pakeitimas j dar didesniy gabarity hidrofobin] pakaitg —
ciklododecilaming orto- padétyje (junginys VR16-09) suteiké didelj
gimingumg CA IX (K¢ = 0.16 nM) ir panaikino jungimgsi su netaikininémis
CA lir CAll (K¢ > 200 uM). Norint apibudinti taip stipriai besijungian¢ius
slopiklius, buvo butinas FTSA, ITC ir SFA metody kombinavimas. Visgi, tik
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FTSA metodas buvo tinkamas lyderiniy junginiy disociacijos konstantoms
nustatyti.

PUBLIKACIJA 4: Sukonstruotas CA VI imitacinis fermentas
perjunge slopikliy strukttiras ir gimininguma

Publikacijoje aptariamas chCA VI sukiirimas ir charakterizavimas.
Kazokaite ir kt. palygino CA Il ir CA VI sekas ir sukonstravo chCA VI,
taikydami taskine mutageneze!®. CA II buvo pasirinkta kaip Serdis ir 5
taskinés mutacijos - A65T, N67Q, F130Y, V134Q, L203T buvo jvestos |
aktyvy centra. Tyrimo tikslas buvo jvertinti chCA VI, kaip modelio,
tinkamuma rentgeno kristalografijai ir slopikliy skenavimui (angl. screening).
Mano ziniomis lyg Siolei néra sukurta CA VlI-atrankiy slopikliy ir néra
i8spresta CA VI kompleksy su slopikliais kristaliniy struktiiry. AS atlikau SFA
eksperimentus, kad nustaty¢iau chCA VI ir CA VI katalizinius aktyvumus ir
slopinimg sulfonamidais. Nusta¢iau, kad CA VI didZiausia kataliziné
konstanta yra Keat — 1.9-10° s pH 7-8 intervale, o aukstesniame pH fermento
aktyvumas zenkliai mazéja. ChCA VI turéjo tokig pacia pKa verte (7.3) ir
didziausig katalizj aktyvuma kaip CA II (Keat — 1.9-10° s%), 0 pH intervale 7.1~
8.4, Ku verté (6.8 £ 2.0 mM) buvo artimesné CA 11 (4.7 = 1.0 mM) nei CA VI
(11.3 £ 0.7 mM). Dauguma tirty benzensulfonamidy sgveikavo su chCA VI,
kaip ir su CA VI, bet ne su CA Il. Tyrimais patvirtinome, kad chCA VI yra
tinkamas CA VI modelis ir gali bati naudojamas slopikliy ktirimui ir atrankai.

PUBLIKACUHA 5: Slopiklio—baltymo atpazinimo profilio
perjungimas panaudojant chimering karboanhidraze XII

Sioje publikacijoje aprasoma chCA XII. Pirmiausia, mes palyginome CA
I1ir CA XII sekas ir nustatéme Sesias aminoriigstis slopiklio jungimosi vietoje,
kurios skiriasi tarp $iy dviejy izoformy. Tuomet, sukiireme CA II mutantg su
SeSiomis CA XII-specifinémis aminoraigstimis (A65S, N67K, 191T, F130A,
V134S, ir L203N). Siekdama i$siaiskinti esminiy aminoriigs¢iy vaidmenj CA
XII aktyviajame centre, pamatavau chCA XII katalizinj aktyvuma ir terminj
stabiluma. Taip pat su kolegemis atlikome jungimosi ir slopinimo tyrimus su
63 cheminiais junginiais.

ChCA XII katalizinés savybés buvo panasios j abiejy CA izoformy — Il ir
XII. Sesios mutacijos CA II aktyviajame centre stabilizavo baltymg 0.5 °C pH
intervale 4.5-10.0 ir i§laiké katalizinj efektyvuma (Keat = 6.0 - 10°s?). CA XII
kataliziné konstanta buvo mazesné (Keat = 4.1-10%. Vis tik, protony $audyklés
His64 pKa padidéjo 0.6 vieneto (chCA XII pKa=7.9+0.2, CAll pKa=7.3 %
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0.2 ir CA Xl pKa=7.6 £ 0.2), 0 Km verté sumazéjo nuo 4.7 = 1.0 mM iki 3.6
mM + 2.0 mM panaséjant j CA XII (Ku = 3.6 = 1.5 mM). Iskéliau hipotezg,
kad 191T mutacija padidino chCA XII His64 pK,, o Thr88 (CA XIllI
numeracija) atlieka svarby vaidmenj CA XII kataliziniame mechanizme.

Jungimosi, slopinimo ir strukttriniai tyrimai atskleidé, kad sukonstruota
chCA XII imitavo CA XII aktyvy centrg. ChCA XII jungési su slopikliais
vienodu giminingumu, kaip ir CA XII. Nustatyta stipri koreliacija tarp chCA
XII ir CA XII stebimyjy pKq veréiy su determinacijos koeficientu R? = 0.90 ir
beveik neaptikta koreliacijos tarp chCA XII ir CA 1l su R? = 0.24. Tikriniy
verciy koreliacijos buvo panasios, kaip ir stebimyjy parametry. Taip pat chCA
X1l ir CA XII "jsitalpino™ stambius cheminius junginius su dideliais
hidrofobiniais pakaitais, kurie sunkiai arba visai nesijungé CA II aktyviajame
centre, nes netilpo jame pagal dydi.

Siame tyrime sukiiréme ir susintetinome nauja slopiklj EA12-7, lyderinio
junginio EA12-3'% analogg. Slopiklis EA12-7 jungési su visomis 12 CA
izoformy silpniau nei EA12-7, bet turéjo didesnj atrankuma. Jis jungési su CA
XII (Kg =19 nM) 155 Kartus stipriau nei su CA Il (Kg = 3000 nM), o su CA I,
III, VA, VB, VI, VII, ir XIII jungési silpnai arba visai nesijungé (Kq> 10-200
HMM). Apibendrinant, mes parodéme, kad chCA XII yra vertingas modelis CA
Xll-atrankiy slopikliy, tokiy kaip EA12-3 ir jo naujai susintetinto analogo
EA12-7, kiirimui.

PUBLIKACNA 6: Izoformai atrankiy slopikliy kiirimas, tikrinant
kisenés dydj pagal Spynos-ir-Rakto modelj

Straipsnyje buvo aptarta atrankiy slopikliy kiirimo strategija, didinant
cheminio junginio dydj ir tokiu badu tikrinant CA aktyvaus centro matmenis.
Buvo susintetinti di-orto ir di-meta pakeisti benzensulfonamidai su
palaipsniui did¢janciais hidrofobiniais pakaitais ir iSmatuotas jy prisijungimas
prie CA. Daugeliu atvejy, padidéjus slopiklio dydziui, gimingumas fermentui
taip pat padidédavo, kol pasiekdavo ribg, kai CA nebegaléjo prisijungti
cheminio junginio dél riboto jungimosi kiSenés dydzio. Tyrimai parodé, kad
priesvézinis taikinys CA IX turi erdviausia aktyvy centra pagal tiirj ir forma,
todel gali suristi didziausio skersmens slopiklius, kaip pvz. VD17-18 (15b).
Kito priesvézinio taikinio CA XII aktyvusis centras buvo mazesnis nei CA IX,
taciau jame dar tilpo junginys VD16-22 (15a), kuris buvo per didelis
jungimuisi su netaikinine CA II.

Tyrimas parodé, kad slopikliy prisijungimo prie CA mechanizmas
atitinka "Spynos-ir-rakto"” principa. CA fermentas yra struktiiriskai santykinai
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standus ir jungdamasis su sulfonamidais junginiais nepatiria reikSmingy
konformaciniy pokyc¢iy.

Be to, Sioje publikacijoje buvo parodyta, kad dvi zmogaus CA IX —
pagamintos zinduoliy Igstelése® ir mielése®, jungiasi su slopikliais vienodu
giminingumu paklaidy ribose. Mielése pagaminta CA IX turi dvi mutacijas
glikozilinimo vietoje ir yra naudojama kristalografijoje. Sie tyrimai patvirtino,
kad abi CA IX formos yra tinkamos naujy CA-IX atrankiy slopikliy kiirimui.

BENDROJI DISKUSIUA

Disertacijoje palyginau biofizikinius ir fermenty slopinimo metodus
pikomoliniam gimingumui nustatyti ir iStyriau slopikliy atpaZinimo
perjungimg, panaudojant ChCA VI ir chCA XIlI.

Biofizikiniy ir fermentinio aktyvumo slopinimo metody
derinimo svarba

Mokslininkai visame pasaulyje kiekviena diena kuria naujus cheminius
junginius, kad jie slopinty su liga susijusius tikslinius fermentus. Jie renkasi ir
taiko jungimosi ir/arba aktyvumo slopinimo metodus pagal savo baltymy-
ligandy sistema, turimus instrumentus ir biudzeta. Deja, visi tyrimo metodai
turi privalumy ir apribojimy.
slopinimo duomenys patvirtina, kad slopikliai kei¢ia fermento katalizinj
aktyvuma. Fermento-slopiklio saveikos stiprumas gali stipriai skirtis, dél to
reikia tinkamai suplanuoti jungimosi eksperimenty atlikimg. CA katalizuoja
savaimine CO, hidratacijos reakcija, kurios greitis yra 0.037 st 133101
Eksperimento metu turi biiti naudojama tokia CA koncentracija, kad biity
detektuojamas zZenklus grei¢iy skirtumas tarp spontaninés ir katalizuojamos
CO:;, hidratacijos reakcijos. Praktiskai, CA koncentracija turi biiti 10-500 nM,
priklausomai nuo izofermento katalizinio aktyvumo. Esant ypac stipriam
jungimuisi (angl. tight-binding) stebimas CA aktyvaus centro nusititravimas,
ir taikant Hilo modelj nustatyta stebimoji Kgq biina lygi pusei CA
koncentracijos (Kq= [CA] / 2)%13413% D¢l $ios priezasties CA aktyvumas ir
koncentracija riboja labai stipriai besijungianciy slopikliy giminingumo
konstantos nustatyma, naudojant SFA. Problemg i§ dalies galima iSspresti
taikant Morisono lygtj, kuri atsizvelgia | CA koncentracija ir pateikia tikslesne
Kq reik§me.

Disociacijos konstantos nustatyma ITC metodu taip pat riboja CA
koncentracija. Naudojama 5-20 uM CA koncentracija leidzia i$matuoti
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gimingumus intervale nuo mikromolinio iki nanomolinio. ITC reikalauja daug
laiko, didelio baltymo kiekio (~300 pg) ir prietaisas yra gana brangus. Kita
vertus, tai vienintelis metodas, leidziantis jvertinti baltymo-ligando jungimosi
termodinaminius parametrus (4H, AG ir 4S).

FTSA metodui taip pat reikalingos mikromolinés CA koncentracijos (5—
10 uM), taciau tai neriboja fermento T nustatymo. Eksperimentuose baltymai
ir cheminiai junginiai turi biiti pakankamai stabiliis ir tirpts, o vienintelis
metodo apribojimas yra vandens virimo temperatira. Deja, kai Kkurie
benzensulfonamidai, ypac¢ turintys kelis aromatinius ziedus, pasizymi didele
fluorescencija, todél apsunkina baltymy iSsivyniojimo kreivés steb&jima.
Tokiu atveju vietoj ANS naudojau SyproOrange dazg, kad galééiau gauti CA
i8sivyniojimo kreives. Nepaisant aptarty kliti¢iy, FTSA leidzia iSmatuoti
jungimosi konstantas nuo milimolinio iki pikomolinio diapazono. Tai
tiksliausias metodas, lyginant su ITC ir SFA, nes CA aktyvumas ir
koncentracija méginyje neriboja Kq nustatymo.

Sis darbas parodé gera koreliacija tarp slopikliy gimingumy, nustatyty
FTSA, SFA ir ITC metodais panaSiomis salygomis, diapozone nuo
mikromolinio iki nanomolinio. Anks¢iau mano kolegos parodé, kad SPR®
metodu nustatytos tokios pacios Kq paklaidy ribose kaip ir aptartais trimis
metodais. Analogiska rezultata gavau ir taikydama p-nitrofenilacetato
metoda'®.

Slopiklio atpaZinimo perjungimas

Vaisty atradimas prasideda mégintuvélyje, jvairiais tyrimo metodais
matuojant saveikas tarp tikslinio fermento, atsakingo uz ligos vystymasi, ir
vaisty-kandidaty molekuliy. Dél to visada kyla klausimas, kaip pagaminti
rekombinantinj baltyma, kuris buty toks pat biologiskai aktyvus kaip ir esantis
Zzmogaus organizme. Paprastai mokslininkai naudoja E. coli bakterijas,
zinduoliy lasteles ar mieles rekombinantiniams Zmogaus baltymams gaminti
arba randa buidy, kaip iSgryninti natyvius baltymus i§ Zzmogaus kraujo, pieno,
seiliy ir kt. Sis darbas parod¢, kad rekombinantiné zmogaus CA IX, gaminama
tiek zinduoliy lastelése, tiek ir mielése, jungiasi su slopikliais vienodu
giminingumu paklaidy ribose ir abi alternatyviai gali biiti naudojamos
slopikliy atrankai.

Nepaisant biotechnologijy pazangos, kai kuriuos baltymus vis dar
sudétinga ir brangu gaminti E. coli bakterijose, o ypa¢ dideliais kiekiais. Be
to, dalies baltymy ir jy kompleksy su ligandais vis dar nepavyksta iskristalinti.
Cia pristatau chCA VI ir chCA XII inZinerija, kaip sudétingos fermenty
gamybos ir kristalinimo sprendimg. Pirmiausia, mano kolegos sukonstravo

50



chCA VI ir chCA XII, o tada a$ atlikau kinetinius ir ligandy jungimosi
tyrimus, kad jvertinciau juos kaip tiksliniy CA izofermenty modelius.

Kinetiniai tyrimai

Tyrimy metu naudodama SFA metoda nustaciau CA I, CA II, chCA VI,
CA VI, chCA Xl ir CA XII kinetinius parametrus. Duomenis apibendrinau 1
lenteléje. Pirmiausia pritaikiau miisy modelj® tiksliai substrato koncentracijai
méginyje nustatyti, o tuomet pagal Lineweaver-Burk ir Michelis-Menten
lygtis nustaciau Keat, Km, ir pKa. Gauti parametrai atitiko anksc¢iau paskelbtus
rezultatus3®3471144-147 - K atalizinés konstantos skyrési iki 2-3 karty, o pKa
vertés kito iki 0.6 vieneto.

ChCA XII turéjo 5 mutacijas tose paciose pozicijose (A65S, N67K, I91T,
F130A, V134S) kaip ir chCA VI (A65T, N67Q, F130Y, V134Q, L203T) ir
vieng - papildomg (I91T). CA II aktyvaus centro aminortig§¢iy pakeitimas CA
VI-specifinémis aminoriig§timis neturéjo jtakos His64 pKa vertei, taciau ji
padidéjo chCA XII baltyme. D¢l Sios priezasties manau, kad 191T mutacija
padidino chCA XII pKa, o Thr88 (CA XII numeracija) dalyvauja CA XII
kataliziniame mechanizme.

Tyrimy metu Kwm vertés buvo nustatytos su didelémis paklaidomis.
Dauguma studijy teigia, kad Km nuo pH nepriklauso. Nepaisant to, Siame
tyrime Km nepriklausé nuo pH tik siaurame intervale, artimo neutraliam pH.
Riigstinése ir bazinése salygose Ku vertés buvo didesnés nei neutraliame pH.
PanaSaus profilio rezultatai buvo paskelbti 1964 m. publikacijoje!®. Jdomu
tai, kad atliekant literatiiros analize nepavyko rasti Ky priklausomybés nuo pH
eksperimentiniy duomeny paveiksly.

Jungimosi ir slopinimo tyrimai

Mes atlikome jungimosi ir slopinimo tyrimus, kad jvertintume chCA VI ir
chCA XII ligandy atpazinimo perjungima. Mano Ziniomis, iki Siol néra atrasta
CA VI atrankiy slopikliy. Miisy laboratorijos daugiau nei 1000 cheminiy
junginiy bibliotekos skenavimas (angl. screening) parodé, kad visi slopikliai
stipriau jungiasi su CA II nei su CA VI Be to, néra su CA VI-slopikliy
kompleksy kristaly strukttry. 2012 m. buvo nustatyta tik zmogaus CA VI
katalizinio domeno kristaliné struktiira**. ChCA VI atitiko CA VI ir buvo
patvirtinta kaip tinkamas modelis slopikliy atrankos ir rentgeno
kristalografiniams tyrimams. Tokiu biidu chCA VI suteiké ziniy apie CA VI
slopikliy efektyvumg. Be to, ji galéty biiti panaudojama biologiniam CA VI
vaidmeniui nustatyti.
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ChCA XII buvo tyrinéjama siekiant suprasti pagrindinius CA II ir CA XII
strukttrinius skirtumus, susijusius su sulfonamidiniy slopikliy jungimusi.
Remiantis tyrimy rezultatais buvo sukurtas ir susintetintas naujas junginys
EA12-7, pasizymintis dideliu atrankumu CA XII, lyginant su kitomis 11 CA
izoformy. D¢l to jis galéty biiti pasirinktas kaip lyderinis junginys ir toliau
vystomas ikiklinikiniuose tyrimuose. Slopikliy jungimosi analizé apémé ir
gerai zinomg slopiklj 4-(4-fluorfenilureido)-benzensulfonamida (U-104 arba
gydymui. Anks¢iau buvo paskelbta, kad jis stipriai sgveikauja su CA XII (K;
=4.5nM), o sgveika su CA II yra vidutinio stiprumo (K; = 96 nM). Visgi, mes
nustatéme, kad junginio SLC-0111 jungimosi gimingumas CA Il buvo 17
karty stipresnis nei CA XII, o Kq yra mikromoliniame intevale, kaip tai
patvirtino rezultatai, gauti taikant tris skirtingus tyrimo metodus (SFA, FTSA
ir ITC). Rezultatai atitiko kitus anks¢iau paskelbtus tyrimus!06.108.114152.153 kaq
para-pakeisti benzensulfonamidai jungiasi su CA II daugiau nei deSimt karty
stipriau nei su CA XII. Neseniai paskelbtoje publikacijoje®™* isreiskiamos
abejonés dél eksperimentiniy duomeny kokybés, kurie lémé SLC-0111
junginio pasirinkimg klinikiniams tyrimams. Norint validuoti jungimosi
konstanty vertes, biitina naudoti kuo daugiau tyrimo metody.

Panasus baltymy inZinerijos metodas anksCiau buvo panaudotas CA
modeliy, kurie imituoja CA I, CA Il ir CA IX1131%8-161 "kirimg. Pirmieji CA
I mutantai buvo sugeneruoti apie 1990 m.**8161, Behravan ir kt.'%8 pakeité CA
IT aktyviajame centre tris aminortgstas j tas, kurios buidingos CA I, 0 Ren ir
kt.**! mutavo CA 11 aminoraigstis j tas, kurios biidingos CA 111. 2009-2014 m.
buvo sukurti du CA Il mutantai su dviejomis'®® arba septyniomis®?
mutacijomis, kurie imituoja priesvézinj taikinj CA IX. ChCA IX buvo
pagrinde kuriamos kristalografiniams tyrimams, kadangi iki tol buvo i$spresta
tik viena CA IX kristaliné struktiira'®>. Miisy laboratorijoje taip pat buvo
sukurta chCA IX, kurios sgveikos stiprumus iSmatavau su 6 fluorintais
benzensulfonamidais. Nustaciau, kad chCA IX dalinai perjungé slopikliy
atpazinimag i CA 11 ] CA IX.

ISsami analizé patvirtino izofermenty inZinerijg, kaip tinkama strategija
atrankiy slopikliy kiirimui. Ji galéty buti pritaikoma kity CA izoformy, pvz,
mitochondriniy CA VA ir CA VB, sukiirimui, kurios pasizymi ypa¢ mazomis
raiSkos ir gryninimo iSeigomis, ir vis dar néra jy kristaliniy struktiiry.

BAIGIAMOSIOS NUOSTATOS IR ATEITIES PERSPEKTYVOS

Vaisty kiirimas yra labai ilgas ir brangus procesas, apimantis keturis
pagrindinius etapus: in vitro tyrimus (1), ikiklinikinius tyrimus (1), klinikinius
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tyrimus (III) ir vaisty patekima j rinkg (IV). Kuo vélesnis etapas, tuo jis
sudétingesnis ir brangesnis. D¢l $ios priezasties “in vitro stadijoje” butina
pasirinkti tinkama vaisto-kandidato molekule, kad vélesniuose ikiklinikiniy ir
klinikiniy tyrimy etapuose pavykty gauti sekmingus rezultatus.

Medicininés chemijos specialistai gali pritaikyti Siame darbe aptarta
izofermenty inZinerijos strategija kitoms fermenty-slopikliy sistemoms.
Chimeriniy izofermenty inzinerija galéty spresti vaisty kiirimo i$§tikius, tokius
kaip maZa baltymo raiSka ir gryninimo iSeiga bei sudétingos kristalinimo
salygos. Mitochondriniy CA VA ir CA VB kristaliniy struktiiry vis dar néra,
0 jos iSgryninamos labai mazais kiekiais. ChCA VA ir chCA VB sukiirimas
padéty sukurti naujus slopiklius, kaip vaistus-kandidatus nuo nutukimo*62,

Chimeriniy izofermenty inzinerija suteikia informacija apie pagrindinius
struktiirinius keliy izoformy skirtumus ir pateikia jzvalgy izoformai atrankiy
slopikliy kiirimui. Si strategija gali padéti sukurti naujus vaistus-kandidatus.
Pavyzdziui, $iy tyrimy metu buvo sukurtas lyderinis junginys EA12-7. Sis
nanomolinis slopiklis atrankiai jungiasi su CA XII ir yra tinkamas kandidatas
ikiklinikiniams prie§véziniams tyrimams.

Rekomenduociau testi molekulinio atpazinimo tyrimus, kurie yra esminis
pagrindas tikrai racionaliam didelio gimingumo ir atrankumo vaisty-
kandidaty korimui. CA srityje, sulfonamidiniai slopikliai turi potencialg tapti
vaistais epilepsijos, nutukimo, vézio ir kity ligy gydymui.

ISvados:

1. 5-6 aminoraigs¢iy CA Il aktyviajame centre mutacijos, reikalingos
chCA VI ir chCA VI sugeneravimui, neturéjo jtakos fermento
didziausiam kataliziniam aktyvumui, ta¢iau turéjo vidutinj poveikj
lydymosi temperattiroms ir Michaelis-Menten konstantoms.

2. ChCA VI ir chCA XIlI baltymai perjungé slopikliy atpazinimo
profilj i§ CA II { CA VIir CA XII, patvirtindami, kad chimerinés
CA yra geri modeliai izoformai atrankiy slopikliy kiirime.

3. Nustatyta gera koreliacija tarp baltymo-ligando giminingumo
konstanty, iSmatuoty FTSA, SFA ir ITC metodais, esant
palyginamoms salygoms ir giminingumo diapazonui nuo
mikromolinio iki nanomolinio. Visgi, pikomoliniy konstanty
nustatymui tinkamiausias buvo FTSA metodas.
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Abstract

This Standard Operating Protocol (SOP) describes the key steps of experimental setup for an inhibition assay of enzymatic
activity. The protocol begins with the design of an experiment, including the choice of a catalytic reaction, optimal condi-
tions, fraction and concentration of the active enzyme, substrate and inhibitor concentrations and the positive and negative
controls. The protocol ends with the data analysis followed by a typical example of an experiment. Despite an apparently
standard procedure, the assay has a number of possible pitfalls such as low fraction of the active enzyme or errors in the
analysis such as application of an improper model or incorrect determination of the inhibition constant while not recognizing
the dependence on enzyme concentration. The protocol provides examples of necessary steps and controls to avoid these
problems and obtain highly reliable results.
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Biophysical binding assays usually employ universal
design and observed signal, which can be directly applied
for various protein—compound (ligand) systems, while
enzyme activity assays are usually specific for each enzyme.
A general requirement for enzyme activity measurement
is to quantify either the appearance of reaction products,
or decay of the substrate (Fig. 1a). Inhibition of the cata-
lytic activity of target enzymes directly shows that a small

molecule compound not only binds to it, but also alters
its biological function by affecting the catalytic activity.
A great variety of techniques can be used to monitor the
time-dependent spectrophotometric, fluorometric, chemi-
luminescent, mass spectrometric (Greis 2007), calorimetric
(Todd and Gomez 2001), electrochemical or other signal
of the enzymatic reaction progression. Standard instru-
ments could be applied to monitor simple slow reactions,
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Fig. 1 Measurements of enzyme catalytic activity and its inhibition.
a Theoretical curves showing formation of the product or consump-
tion of the substrate over time in a catalyzed reaction. b Raw curves
of 40 nM carbonic anhydrase XII inhibition by drug indapamide.
Observed signal—absorption of pH indicator phenol red at 557 nm,
occurring due to protons formed in the enzymatic or spontaneous
carbon dioxide hydration reaction. The steepest curve indicates
the fastest reaction. ¢ Raw curves of 2 nM matrix metalloprotein-
ase-2 inhibition by a drug inhibitor marismastat. The cleavage of
fluorogenic substrate Mca—Pro-Leu-Gly-Leu-Dpa—-Ala—Arg-NH,-
where Mca is 7-methoxycoumarin-4-yl-acetyl and Dpa is N-3-(2,4-
dinitrophenyl)-L-a,-diaminopropionyl by MMP-2 between Gly-
Leu generates the fluorogenic product Mca-Pro-Leu-Gly, whose
fluorescence is measured at 393 nm (A, =325 nm). d Example for
the determination of the concentration of enzyme active sites. Here,

@ Springer

Marimastat concentration (nM)

Inhibitor concentration (nM)

the inhibition of carbonic anhydrase 1I with drug ethoxzolamide is
shown. e Theoretical plot showing linear dependence between the
catalyzed reaction rate and the enzyme concentration. f Theoretical
Michaelis—Menten plot showing enzyme saturation with the sub-
strate. g Dose—response curve of carbonic anhydrase XII inhibition
with drug indapamide obtained after fitting curves such as in panel
B. h Dosing curves of matrix metalloproteinase-2 inhibition with
marismastat. i Dose-response curves for carbonic anhydrase II inhi-
bition with tight-binding chemical compound VD10-13 (Dudutiene
et al. 2013) at three enzyme concentrations: 5.0, 20 and 80 nM
yielding different apparent ICs's: 4.1, 10 and 40 nM. These values
are not representing the inhibition, but rather the concentration of
the enzyme. In panels g, h and i, experimental data-points shown
in light/dark cyan while models used for fitting are pink (Hill equa-
tion) and blue (Morrison equation) lines
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but miniaturization using multi-well plate readers could
save reagents and time. Following the kinetics of fast
enzyme reactions requires a rapid mixing device such as
the stopped-flow (Fink and Meehan 1979; Zhao et al. 2017)
or quench-flow (Liu et al. 2019; Ruangchan et al. 2011)
instruments.

An inhibitor can bind to an enzyme either reversibly or
irreversibly (covalently). The reversible inhibition may be
competitive, uncompetitive, noncompetitive or of a mixed
type (Ramsay and Tipton 2017; Strelow et al. 2004). All
the experimental considerations in this SOP will be pro-
vided for the simplest case of the reversible competitive 1:1
inhibition, when a single inhibitor molecule binds revers-
ibly (non-covalently) to the active site of the enzyme and
competes with the substrate. While the catalytic activity and
its detection are specific for every target enzyme, there are
general principles for the design of enzyme inhibition assays
that we will discuss here.

The enzymatic activity inhibition assay requires an opti-
mization process that could be cost-effectively speeded
up using Fisher’s Factorial, Taguchi and/or Shainin DoE
(Design of Experiments) approaches instead of a OFAT

(One Factor At a Time) approach (Kowang and Long 2015;
Onyeogaziri and Papaneophytou 2019). DoE methodology
builds a multidimensional space to read the relationships
between multiple factors such as enzyme concentration,
temperature, pH, salt type, salt concentration, solvent, and
many others.

Target protein-small molecule binding can proceed with
a wide range of affinities (Fig. 2). Different ranges of affin-
ity may require significant differences in the design of the
enzyme inhibition assay to obtain reliable results. It is very
important to have more datapoints around the inhibitor
concentrations range near the expected /Cs, to enhance
the data robustness.

When planning an enzyme inhibition or any other
experiment, it is usually assumed that experimental
factors should be statistically significant when p value
is < 0.05. However, the American Statistical Associa-
tion stated that “No single index should substitute for
scientific reasoning” (Wasserstein and Lazar 2016). A
qualified design and conduct of an experiment, proper
data analysis and logical considerations lead to advanced
results of the study.

A Inhibitor:
weak moderate strong tight
Ky= 1mM 1uM 1nM 1 pM
(millimolar) (micromolar) (nanomolar) (picomolar)
Ky, = 10°M 10°M 10°M 1012 M
- } } } >
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VAN AN AN AN AN AN AN AN
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Fig.2 Selection of inhibitor concentration range for an enzyme inhibition experiment. a Range of affinities between an enzyme and an inhibitor.

b Recommended inhibitor concentrations for a given ICs
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Protocol

Design of experiment

e Choose a suitable assay to determine the catalytic reac-
tion rates of the target enzyme

The rates of enzymatically catalyzed reactions could
be measured by recording the appearance of the product
or disappearance of the substrate over a period of time
(Fig. 1a). Increasing inhibitor concentrations slow down
the rates of catalytic reactions until full inhibition of
the enzyme is achieved. Figure 1b and ¢ show practical
examples of the following enzymatic reactions: (I) fast
consumption of carbon dioxide by carbonic anhydrase
XII (Jogaite et al. 2013) and its inhibition with the drug
indapamide by following the absorbance of a pH indica-
tor phenol red and (II) slow production of fluorogenic
peptide Mca-Pro-Leu-Gly- where Mca is 7-methoxycou-
marin-4-yl-acetyl by matrix metalloproteinase-2 and its
inhibition with marimastat. Full inhibition of the enzyme
could be detected when the reaction rate becomes equal
to the rate of spontaneous reaction involving the substrate
(e.g. CO, hydration, Fig. 1b) or the signal does not change
within the time scale (Fig. 1c¢).

e Define optimal experimental conditions for maximal
initial velocity

Determination of the inhibition constant is limited by
enzyme activity and its concentration (Smirnoviené et al.
2017). For this reason, it is advisable to determine optimal
conditions for the maximal catalytic efficiency of an enzyme.
The main factors affecting the catalytic activity are tempera-
ture, pH, ionic strength and various other additives. Some
enzymes also require specific cofactor(s) to be present in
the reaction mixture to perform their catalytic functions.
Suggestions would be to use the pH near the physiological
value (~7.5), 0.05-0.2 M buffer and salt concentration with
buffer pK, value near the optimal pH of the enzyme, and
choose 25, 30 or 37 °C temperature according to the stabil-
ity profile of the enzyme and thermostatting possibilities
(Bisswanger 2014). However, suggested conditions could
be completely unsuitable for thermophilic, halophilic, or
other specific enzymes and should be determined separately.
Moreover, some buffer components and solvents, in which
inhibitors are dissolved, could inhibit the catalytic activity
of the enzyme, and should be tested before the inhibition
studies with chemical compounds.

e Determine the fraction of active enzyme

@ Springer

Commercially available enzymes usually are provided
with the characterized specific activity of the sample and
can be used without validation. Target enzymes can also be
purified from a natural source, or produced recombinantly.
It is advisable to identify the fraction of catalytically active
enzyme preparation prior to its application for the inhibition
assay, since incorrect enzyme concentration can cause large
errors in the determination of affinity. Catalytically active
enzyme fraction can be specified by performing the active
site titration using any available tight binding inhibitor and
relatively high enzyme concentration: [E};/K,*PP > 200 (here
[E];— total enzyme concentration, KiApp—apparent inhibi-
tion constant). This can be performed either by maintain-
ing a constant enzyme concentration [E]y and titrating the
inhibitor (as in Fig. 1d) or by maintaining a constant inhibi-
tor concentration and titrating the enzyme. Both methods
are equally accurate (Copeland 2013). Alternative strategy
to determine tight-binding affinity constants and enzyme
concentration from a single dose-response curve has also
been described (Kuzmic et al. 2000).

e Select the enzyme concentration

It is useful to determine the region of suitable enzyme
concentration for the inhibition assay. The rate of a catalytic
reaction should depend linearly on the enzyme concentration
within a certain range (Fig. le). The enzyme concentration
should be much lower than the substrate and inhibitor con-
centrations to satisfy the Michaelis—Menten conditions. If
this is not possible, the measurements of apparent inhibi-
tion constants may still be practical to compare the binding
affinities of different inhibitors under the same experimental
conditions including the same enzyme concentration. How-
ever, it should be kept in mind that it may be impossible to
accurately determine affinities of inhibitors when their affini-
ties are much tighter than the applied enzyme concentration.
For example, inhibitors possessing pM affinities cannot be
determined while applying nM enzyme concentrations.

An optimal enzyme concentration for the inhibition assay
should be chosen to obtain a reliable difference between the
catalyzed and a spontaneous (Fig. 1b) or fully inhibited
(Fig. 1c) reactions, together with the reasonable duration
of the measurement. Since the enzyme concentration lim-
its the highest affinity to be determined (Smirnoviené et al.
2017; Straus et al. 1943), it should be as low as possible to
detect a wide enough window between the catalyzed and a
spontaneous or 100% inhibited reaction. Figure 1i shows that
the apparent half-maximal inhibitory constant /Cs, strongly
depends on the used enzyme concentration when tight
binding occurs. The /Cs is then equal to half the enzyme
concentration. Furthermore, Kuzmi¢ et al. demonstrated
that under very tight-binding conditions (K;*""=0.1x [E],
or 0.01x[E]y) only 10-20% error in presumed enzyme
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concentration might cause more than an order of magnitude
discrepancy in the apparent inhibition constant (Kuzmic
et al. 2000).

e Select the substrate concentration

Enzymes act catalytically at the large excess of substrate
over enzyme concentration ([S]> > [E]) (Strelow et al.
2004). Michaelis—Menten plot describes the enzymatic
reaction rate dependence on the substrate concentration in
a hyperbolic fashion (Fig. 1f). At the beginning, the initial
velocity gradually increases as a function of substrate con-
centration. When the enzyme’s active site becomes saturated
with the substrate, the reaction rate reaches a maximum
value (close to maximal initial velocity) and does not change
as the substrate concentration increases further.

Enzyme inhibition experiments should be performed at a
constant substrate concentration when comparing inhibitory
effect of a series of small molecules. The inhibitor competes
with the substrate and the inhibition constant is dependent
on the substrate concentration (Holdgate et al. 2018):
ICyy = K, (1 + %)

m

e Include negative and positive controls

Negative and positive controls help validate the method.
Perform the assay without the substrate and without the
enzyme for determination of the background. Some sub-
strates undergo spontaneous reactions, such as carbon diox-
ide hydration (Fig. 1b). Rates of such spontaneous reactions
must be subtracted from the catalyzed reaction rates.

e Select proper concentration range for the studied inhibitor

To determine enzyme inhibition, a series of samples with
a constant enzyme and substrate concentrations and varied
inhibitor concentration are prepared and an enzyme-specific
assay for its catalytic activity is applied. The stock solution
of an inhibitor is prepared in water or in an organic solvent
such as dimethyl sulfoxide (DMSO), acetonitrile, methanol,
etc. at the concentration of 10-50 mM. The final solvent
concentration should be determined by simple titration for
possible inhibitory effect before the measurements of /Cs,.
Widely used DMSO solvent is a highly hygroscopic liquid.
Note that if DMSO solution does not get frozen in a lab
refrigerator at+4 °C, it means that it contains more than
9% water (Rasmussen and MacKenzie 1968) and should not
be used for making compound stock solutions. Absorbed
water molecules decrease the solubility of hydrophobic com-
pounds and can lead to an incorrect final inhibitor concentra-
tion. Typically, a set of inhibitor concentrations is produced

by a serial dilution procedure, according to the expected
affinity and enzyme concentration (Fig. 2a, b). The inhibi-
tion of enzyme activity is expressed as follows:

7]

Inhibition (%) = ————
1] +1Cs,

X 100%,

where [I]—total added inhibitor concentration, /Cs;—nhalf
maximal inhibitory concentration. The inhibitor concentra-
tions should be chosen to cover full enzyme inhibition from
0 to 100%. We advise to design the serial dilution scheme
according to these rules (as shown in Fig. 2b):

e Use a series of at least 9 inhibitor concentrations.

e Use twofold, threefold or fourfold serial dilutions to
obtain the dose—response inhibition plot. Higher fold
dilutions could be used only for initial rough determina-
tion of the /C5, range. To assay tight-binding inhibitors,
twofold serial dilution is preferred or specific design of
non-serial dilution scheme with smaller intervals in a
lower concentration range has been proposed (Kuzmic
2011).

e The minimal inhibitor concentration should be at
least tenfold lower than the expected /C5,.When
[I]1=0.1 XICs, exactly 9.1% of the enzyme activity
should be inhibited:

[7]
[1]+1ICs,
_01xIC,

T 0.1xICsy + ICs,

= ?;i % 100% = 9.1%

Inhibition (%) = x 100%

X 100%

e The middle inhibitor concentration (well 6 in Fig. 2b)
should be very close to the expected /Cs5, When
[I1=1C5y, 50% of enzyme molecules are inhibited:

IC
—0 % 100%
ICs, +ICy,

=%><100%=50%

Inhibition (%) =

e The maximal inhibitor concentration should be at
least tenfold higher than the determined /Cs,. When
[I1=10X%1Cs, exactly 91% of the enzyme activity is
inhibited:

Inhibition (%) = ﬁ

_10XICy,
T 10X ICsy + ICs

:i—?xloo%zm%

x 100%

% 100%
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It is important to choose optimal pipetting volumes when
preparing serial-dilution samples. As sample size decreases,
the margin of error increases. Small error of the volume in
the first well plate would result in increasing the volume
error in every next sample and the final concentration of
the inhibitor could be misleading due to incorrect pipetting.
Furthermore, the samples containing enzyme and inhibi-
tor should be pre-incubated to form the enzyme-inhibitor
complex prior to adding substrate and performing enzymatic
reaction (Kuzmic¢ 2020).

Data analysis
e Ensure data reproducibility

Experiments should be performed at least in duplicate
or triplicate with independent preparations of enzyme and
inhibitor batches to ensure data reproducibility. It is sug-
gested to obtain the values of individual experiments and
avoid fitting the averaged values of replicates, because it
hides the information about reliability of each measurement
(Tonge 2019).

e Choose an appropriate model to fit initial velocities

Usually a linear regression model is used to fit the ini-
tial velocities of enzymatic reaction. This model is suit-
able for slow enzymatic reactions as shown in Fig. lc.
However, for more complex reactions, such in Fig. 1b,
nonlinear multi-parameter equations are required. In fast
mixing experiments, some noisy data-points are some-
times observed at the beginning of a progressive curve.
These data-points should not be included in the fitting or

Enzyme activity (%) =1 —

where /C5,—concentration of inhibitor that achieves inhibi-
tion of half enzymatic activity, [I] — total added inhibitor
concentration, and ~—Hill coefficient. This coefficient may
correlate with the cooperativity of interacting molecules to
produce a physiological response (Weiss 1997). However,
when a simple 1:1 enzyme-inhibitor binding occurs, the
Hill coefficient must be 1. Interestingly, H. Prinz analyzed
the NIH database and stated that in a classical enzyme
inhibition assay for HSD14B4 activity less than 1% of
dose-response curves (out of 5650) were fitted with a Hill
coefficient of 1 (Prinz 2009). When tight-binding occurs
and the enzyme concentration in an assay is higher than the
apparent /Cs,, the dose-response curve becomes steeper
and could be better fitted with 2> 1. Such curves usually
provide incorrect estimations of the inhibition constants,
because the enzyme concentration is not considered in the
Hill equation above.

The apparent inhibition constant could also be determined
using a competitive inhibition equation (Walsh 2018):

(]

[81+ Ky (1+2)

However, this equation also does not take into account the
concentration of active enzyme. For tight-binding inhibitors
it is better to apply the quadratic Morrison equation (Kuzmi¢
2015; Morrison 1969; Williams and Morrison 1979), which
takes into account the enzyme concentration:

Enzyme activity (%) =

(E1+ 1+ Ky~ \/ (IE)+ U1 +K,)* = 4IE]I]

X 100%

2[E]

additional variables should be added to the equation used
to fit the curves.

e Analyze the dose-response curves using appropriate
model

The most widely used model to fit a dose response curve
and determine the binding affinity is the Hill equation:

@ Springer

where [E]—total added concentration of active enzyme, [I]
— total added inhibitor concentration, and K —dissociation
constant.

When the applied enzyme concentration is much
lower than the ICs, ([E] < <1Cs), both models, Hill and
Morrison, predict similar affinity as provided in Fig. 1g
([E]=40 nM, ICs, or K;=2800 nM). However, when the
enzyme concentration is similar to /Cs,, the analysis
becomes more complex. Figure 1h shows an example,
when the applied enzyme concentration is 2.0 nM, the Hill
equation provides /Csy=2.2 nM with 2= 1.3 and the Mor-
rison equation yields a more accurate value K;=1.1 nM.
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The Hill equation does not take into account the enzyme
concentration and provides incorrect /Cs, for tight-binding
inhibition. In Fig. 1i there is an example of tight-binding
inhibition, when the apparent /Cj, is equal to half enzyme
concentration (/Csy=[E]/2). More detailed examination of
the correlations between enzyme concentration, observed
IC5, and the true affinities is provided in several arti-
cles (Copeland 2005; Straus et al. 1943). Analysis of the
dose-response curves should always start from considering
and comparing three main parameters: [E], ICs, and A. If
[E]>1C5yand h> 1, then the Morrison equation should be
used instead of the Hill equation. Alternatively, the experi-
ment may be repeated with smaller enzyme concentration,
if possible.

Example of a typical enzyme inhibition experiment

Protocol for the measurement of inhibition of matrix
metalloproteinase 2 (MMP2) enzymatic activity
by marimastat drug

The experiment of inhibition of MMP2 activity is per-
formed in a total volume of 200 pL per well in black-
walled, clear-bottom 96-microwell plates. Plate reader
with fluorescence detection is used for the monitoring of
formation of enzymatic reaction product. Raw experimen-
tal data and dose—response curves of MMP2 inhibition by
marimastat drug are shown in Fig. 1c and h.

Materials:

Inhibitor: marimastat (MedChemExpress, Cat.No:
HY-12169/CS-3456). Prepare 10 mM marimastat stock
solution in dimethylsulfoxide (DMSO) and store the solu-
tion at —20 °C.

Substrate: Mca—Pro-Leu—Gly—Leu-Dpa-Ala—Arg-NH,,
where Mca is 7-methoxycoumarin-4-yl)acetyl and Dpa is
N-3-(2,4-dinitrophenyl)-L-a,B-diaminopropionyl (Enzo
Life Sciences, Cat.No: BML-P126-0001). Prepare 1 mM
stock solution in DMSO. Dispense the prepared stock pep-
tide solution into smaller aliquots (20 or 50 ul) and store
at —20 °C.

Enzyme: recombinant human MMP-2 catalytic domain
(GiottoBiotech), stock concentration 0.15 mg/ml or 8.4 uM
(MW 17.9 kDa). Store the solution at —80 °C.

Assay buffer: 50 mM TRIS (pH 7.5), 150 mM NaCl,
10 mM CaCl,.

Reagent working solutions:

e Dilute | mM substrate solution 1:125 with assay buffer
yielding 8 uM concentration of the substrate.

e Prepare 8 nM concentration of MMP2 in the assay
buffer from the 8.4 uM enzyme stock solution (1050-
fold dilution).

e Prepare 16 inhibitor concentrations in DMSO following
a twofold serial dilution scheme, from a maximum con-
centration of 200 uM with the last one containing only
DMSO (no inhibitor). For this, add 49 uL of DMSO
and 1 pL of the 10 mM marimastat solution to the first
well and mix (50-fold dilution). Then add 5 uL DMSO
to all 15 following tubes.

e Transfer 5 pL of 200 uM marimastat solution from the
first tube to the second one, mix, then transfer 5 uL
of this mix to the third tube, and so on. After this,
dilute the prepared 16 inhibitor samples with the assay
buffer: mix 2 puL of each inhibitor sample prepared in
DMSO with 98 puL of assay buffer (50-fold dilution).
The prepared 16 inhibitor working solutions in 2%
(v/v) DMSO starts from the maximum concentration
of 4 uM and decreases 2-fold down to 0.24 nM.

Measuring the inhibition of MMP2 by marimastat:

1. Add 50 pL of 8 nM MMP2 solution to 16 wells.

2. Add 50 pL of each inhibitor working solution to the des-
ignated wells. Mix by shaking the plate gently.

3. Incubate at room temperature for 30 min.

4. Add 100 pL of 8 uM substrate to each well. Mix by shak-
ing plate gently.

5. Note that final concentrations of enzyme, substrate and
inhibitor are 2 nM MMP2, 4 uM substrate and 0-1 uM
marimastat.

6. Monitor the hydrolysis of the substrate at 37 °C tempera-
ture every 2.5 min for 60 min, by measuring the increase
in fluorescence (Fig. 1c) with a plate reader (in this case
Synergy H4) at an excitation wavelength of 325 nm and
an emission wavelength of 393 nm.

7. Analyze the data to evaluate the rate of substrate hydrol-
ysis (Fig. 1c) and to determine /Cs values (Fig. 1h).

Key points

e Ensure that enzyme concentration used in an assay is
significantly smaller than the /Cy;

e Ensure to achieve >90% inhibition of enzyme catalytic
activity by the studied compound;

e Ensure that the Hill coefficient 2=1 and the arrangement
of the dosing data-points is well represented by the fitted
curve.
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The K; of carbonic anhydrase (CA) inhibitors is often determined by the stopped- flow CO; hydration
assay, the method that directly follows the inhibition of CA enzymatic activity. However, the assay has
limitations, such as largely unknown concentration of CO, and the inability to determine the K; below
several nM. The widely used direct binding assay, isothermal titration calorimetry, also does not
determine the Ky below several nM. In contrast, the thermal shift assay can accurately determine
picomolar affinities.

New equations estimating CO, concentration were developed for the determination of k. and Ky, of
CA 1 and CA Il The inhibitor dose-response curves were analyzed using Hill and Morrison equations
demonstrating that only the Morrison model is applicable for the determination of tight-binding in-
hibitor K;. The measurements of interactions between ten inhibitors and seven CA isoforms showed the
limitations and advantages of all three techniques. Inhibitor 6 exhibited the K, of 50 pM and was highly
selective towards human CA IX, an isoform which is nearly absent in healthy human, but highly over-
expressed in numerous cancers. Combination of inhibition and binding techniques was necessary for

precise determination of CA-high-affinity inhibitor interactions and future drug design.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The carbonic anhydrases (CAs; EC 4.2.1.1) are a family of mostly
zinc metalloenzymes that catalyze reversible hydration of carbon
dioxide into bicarbonate and protons: CO; + Hp0 < HCO3 + H™.
CAs are widely distributed in all kingdoms of life and are catego-
rized in six classes: a, B, v, 9, {, and n [1-5]. Only the a-CAs are
found in human body. Out of 15 human CA isoforms, 12 are cata-
lytically active and differ in their subcellular localization, distribu-
tion in organs and tissues, expression levels, kinetic properties, and

Abbrevation: ANS, 8-anilino-1-naphthalenesulfonate; AZM, acetazolamide; CA,
carbonic anhydrase; CHES, 2-(cyclohexylamino)ethanesulfonic acid; EZA, ethox-
zolamide; FTSA, fluorescent thermal shift assay; HEPES, 4-(2-hydroxyethyl)piper-
azine-1-ethanesulfonic acid; ITC, isothermal titration calorimetry; MES, 2-(N-
morpholino)ethanesulfonic acid; MOPS, 3-(N-Morpholino)-propanesulfonic acid;
SFA, stopped-flow CO, hydration assay; SULFA, sulfanilamide; TRIS, tris(hydrox-
ymethyl)aminomethane.

* Corresponding author.

E-mail addresses: gylyte@ibtlt (J. Smirnoviené), vytautas@smirnovas.info,
vytautas.smirnovas@bti.vu.lt (V.  Smirnovas), daumantas.matulis@bti.vu.lt,
matulis@ibt.It (D. Matulis).

http://dx.doi.org/10.1016/j.ab.2017.01.022
0003-2697/© 2017 Elsevier Inc. All rights reserved.

inhibitor binding affinities [6,7]. Five isoforms are cytosolic (CA I, CA
11, CA I, CA VII, and CA XIII), two are mitochondrial (CA VA and CA
VB), one is secreted (CA VI), and four are membrane-bound (CA IV,
CA IX, CA XII, and CA XIV). The CA is a highly efficient catalyst of
reversible interconversion of carbon dioxide and bicarbonate ion.
The rate constant of uncatalyzed reaction is 0.037 s~! while CA
increases the rate by approximately 106 times [8,9]. The catalysis
proceeds via the two-step ping-pong mechanism [10—14]:

1.E-Zn-OH" + CO, 4 H,0 = E-Zn-HCO3 + H,0 = E-Zn-H,0 ++ HCO3
2. E-Zn-H,0 = H™-E-Zn-OH™ + Buffer = E-Zn-OH~ + BufferH"

In the first step, the active form of the enzyme (CA bearing the
hydroxide bound to catalytic Zn(Il) ion) catalyzes CO, intercon-
version to HCO3. The resulting zinc-coordinated HCO3 is displaced
by a water molecule leading to an acidic form of the enzyme, which
is catalytically inactive. In the next step, the proton from zinc-
bound water is transferred to the imidazole ring of His 64 or
another base via the water molecules in the active site, the rate-
limiting step [10]. The proton leaves the base for the buffer
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completing the catalytic cycle.

A wide range of chemical compounds have been reported to
inhibit the activity of CAs. The classical inhibitors are primary
benzenesulfonamides bearing various substituents, which bind to
zinc ion in a deprotonated form (RSO,NH™) by exchanging a water
molecule. Sulfonamides have numerous clinical applications and
have been used as drugs to treat glaucoma, epileptic seizures,
obesity, altitude sickness, and as diuretics [6,7,15,16]. Clinically
approved sulfonamides lack selectivity towards CA isoforms and
result in various side effects. Recently, extensive studies have been
performed in search of selective inhibitors targeting CA IX, which is
a therapeutic target for cancer treatment [17-22].

Accurate and precise determination of inhibition and binding
constants is an important task in drug discovery, especially in the
building of structure-activity relationships. A variety of assays have
been used to measure interactions between CAs and inhibitors [23].
Most common are the surface plasmon resonance spectroscopy
(SPR), stopped-flow CO; hydration assay (SFA), isothermal titration
calorimetry (ITC), and fluorescent thermal shift assay (FTSA)
[24,25]. While studying CA-inhibitor interactions, it has already
been shown that there is a good correlation between Kys deter-
mined by SPR, FTSA [26], and ITC [27]. In this study we have
determined the binding affinities of 7 synthetic compounds to CA |,
CA 11, CA VI, CAVII, CA IX, CA XII, and CA XIII by SFA, FTSA, and ITC.
The binding and inhibitory properties of these compounds were
compared to conventional CA inhibitors — acetazolamide (AZM),
ethoxzolamide (EZA), and sulfanilamide (SULFA).

SFA is based on measuring the absorbance change of an indi-
cator while the CA acidifies the pH. The calculation of the hydration
rate of carbonic acid was first proposed by Gibbsons and Edsall
[8,28] and later by Khalifah [9]. They suggested to use the buffer
factor in order to correlate the absorbance change of an indicator
with the activity of CA. It is usually considered that CO, concen-
tration in the sample of the stopped-flow syringe is 17 mM at 25 °C
[29—-31]. However, some amount of gas is lost during the filling of
the syringes in SFA and during the experiment. In this study we
describe modified Khalifah equations [9] for the determination of
[CO2] in the sample. Not only CO, concentration is important in the
SFA, but also an appropriate model for the determination of inhi-
bition constant. SFA as all enzymatic methods is limited by an
enzyme activity and concentration (Table 1). The Hill model is very
popular to fit the dose-response data, but in case of tight-binding
inhibitors often lead to inaccurate results, because total concen-
tration of an active enzyme is not considered. The Morrison equa-
tion [32,33] takes into account the total active enzyme
concentration and better prognoses the affinity of tight-binding
inhibitors. A number of publications discuss the Hill and Morri-
son equations in great details [34,35,36]. In this study we analyzed
the dose-response curves using both equations and compared SFA
results with FTSA and ITC data.

The FTSA, also known as the differential scanning fluorimetry
(DSF) or ThermoFluor®, is quite popular in industrial and academic
laboratories due to its precision, simplicity, rapidity and low
amount of protein required. The protein thermal stability is
measured by recording the fluorescence of a solvatochromic dye

upon heat-induced protein unfolding [37—40]. Furthermore, FTSA
is also effectively used in ligand binding studies since the shift in
protein melting temperature upon addition of a ligand is related to
the binding affinity [41,42]. FTSA is not limited in measuring the
binding affinities since ligands and proteins are soluble and the
melting temperatures are below water boiling temperature
(Table 1).

ITC is a method that directly measures the heat absorbed or
released by the reaction. In a single experiment, three thermody-
namic parameters are determined, the binding constant K} (Gibbs
energy AG), the enthalpy AH, and entropy AS. ITC is very useful in
thermodynamic studies for building the structure-thermodynamics
relationships [43,44,20]. For ITC experiments, the target protein
does not need to be chemically modified, labeled or immobilized
[45]. However, the method is time-consuming, requires a significant
amount of purified protein (~300 pg) and thus the technique is quite
expensive (Table 1). Determination of the binding constant Ky by ITC
is limited by the Wiseman c-factor (c = K}, + [Protein concentration],
1 < ¢ < 1000) [46]. Using 5—20 pM protein allows to measure the
affinity in the micromolar to nanomolar range. For higher affinities
the displacement ITC could be used [47].

Here we show the determination of the lead compound 6
[21,48,49,26], binding affinity and inhibition potency towards the
anticancer CA IX. The compound is highly potent, exhibiting the Ky
of 50 pM and it is difficult to determine such affinity by any tech-
nique. Only the combination of SFA, ITC, and FTSA could fully
characterize interaction between 6 and CA IX, necessary for its
further development as an anticancer drug candidate.

2. Materials and methods
2.1. Protein preparation

Recombinant human carbonic anhydrases were prepared as
previously described: CA 1 - [50], CA Il — [42], CAVI — [51], CAVII
and CA XIII — [52], CAIX — [21], CA XII — [53]. Protein identity was
confirmed by MS, purity - by SDS-PAGE, and the concentration -
spectrophotometrically.

2.2. Synthesis of inhibitors

The synthesis of chemical compounds has been previously
described: 1 - [54], 2—5 - [55], 6,7 - [21,56]. EZA, AZM, and SULFA
was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
without further purification. Instant JChem was used for structure
database management, search and prediction, Instant JChem 6.1.3,
2013, ChemAxon (http://www.chemaxon.com).

2.3. Stopped-flow CO, hydration assay (SFA)

The stopped-flow CO; hydration assay was performed using
Applied Photophysics SX.18 MV-R instrument at 25 °C. Saturated
CO, solution was prepared by bubbling the gas into milli-Q water at
room temperature for 1 h.

Table 1
Comparison of enzymatic vs biophysical assays for determination of K4/ICso, when 8 points are used in the dosing curve (FTSA and SFA).
SFA FTSA ITC
Parameters Keat, K, ICs0, Ki, Kg T, Ka, AG AH, AG, AS, Kg, n
Amount of enzyme 1.2—120 pg 24-96 pg 240-3000 pg
Concentration 5-500 nM 5-20 uM 4-50 pM
Volume 8 ml 0.16 ml 2ml
Time ~60 min 9 Ky per 90 min 60—150 min
Limitations Enzyme activity & concentration Water boiling temperature Solubility of proteins, ligands & c-factor
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2.3.1. The equations to determine CO» concentration in the sample

In this study we report a model for the determination of CO;
concentration in the stopped-flow apparatus syringe. Catalytic ac-
tivity of CAs is measured as a change in indicator absorbance per
time. Hydration of CO; releases protons that acidify the pH. For this
reason it is important to relate the absorbance of indicator with the
pH of a buffer. Coefficient k relates initial fraction of indicator's
deprotonated form fj,p with the initial pH of the sample. The k is
calculated according to the initial absorbance Ap of indicator and
initial pHo:

_ Ao _ Ao
Jino 1
Absorbance A is being measured experimentally and is

expressed as:

1
A:k'fln:k(]_m) (2)

The pH may be calculated from the absorbance A:

k (M

1
T 100 PRagn) 1

A
H=18(; %) + PKan ©

Buffer also participates in the reaction of CO, hydration, so
concentrations of acidic and basic forms of the buffer
([Blacidic: [Blpasic) are calculated using a Henderson-Hasselbalch
equation:

Bliotal
[Blacidic = % (4)
[Blpasic = Bltotal — [Blacidic (5)

where [B]so¢q is the total buffer concentration. Then the equations
derived by Khalifah [9] are applied. The first pH-dependent CO;
hydration equilibrium constant Kq1(coz) is:

o yfacos], ) fncos],
a1(C02) = [€0,]; + [HoC05];  [COa);

(6)

where subscript f means equilibrium conditions at the end of the
hydration reaction. The second equilibrium reaction is buffer ioni-
zation. At near neutral pH, equal amounts of HCO3 and H* are
produced, and the equilibrium constant of buffer is:

[H+}f[B]basic—f _ [Hﬂf([B]basicfo - [Hcoi]f)
(Blacidic—o + [HCOE ] .

Kap) = (7)

(B] acidic—f

where subscripts 0 and f refer to the conditions at the beginning
and completion of the hydration reaction. From this equation the
concentration of HCO3 is expressed as:

_ [H7]¢[Blbasic—o0 — Ka(e) Blacidic-o
f (H]¢ + Kagp)

[Hos | (8)

At higher pH, the CO3~ ions and more than 1 proton are
released. The ratio R of produced protons at high pH compared to
production of protons at low pH is:

Re1— Kaz(co,) )
[Hﬂ + ZKQZ(COZ)

At pH > 12, two protons are produced, so this equation

approaches R = 1/2. Concentration of HCO3 ions at pH > 8 is:

cos),

[Hcog]pH > 8 - T

(10)

The concentration of HCO3 ions produced by spontaneous
uncatalyzed reaction (kcoz = 0.037 s~1[8,9]) is subtracted from the
total amount of [HCO3].

Substituting eq. (8) (at pH < 8) and eq. (10) (at pH > 8) with eq.
(3-5), the production of [HCO3] as a function of time is obtained.
The [HCO3] dependence on time is fitted with an exponential
equation:

y:a(l—e’b")Jrc (11)

Despite very rapid mixing of solutions in stopped-flow appa-
ratus, the speed is insufficient and some noise is seen at the
beginning of the curve. Variable c in eq. (11) eliminates the influ-
ence of this noisy data jump. The initial velocity vg is expressed as
the product of multiplication of a and b:

vo =ab (12)

At acidic and neutral pH, not all CO, converts to HCO3 at equi-
librium. The concentration of unconverted CO; is calculated while
eliminating [H*] variable from carbon dioxide and buffer equilib-
rium constants in equations (6) and (7):

_ Ka(B) ([B]acidic—o + [HCO;} f) {HCO;]{
Ka](COz) ([B]basic—o - [HCO?T} f)

Initial CO, concentration is equal to the sum of [CO,]f and
[HCO3 )1

[CO¢ (13)

[COs]g = [CO,); + [HCO3 | (14)

The described model was used to determine the initial velocity
of enzymatic reaction and calculate the initial carbon dioxide
concentration. The obtained data was essential for the study of CA
kinetic parameters.

Graphical representation of the derived model and experi-
mentally obtained data is shown in Fig. 1. Fig. 1A illustrates typical
raw data of the stopped-flow assay — the change of bromthymol
blue (BTB) absorbance in the 0—7 s timescale. The absorbance of
deprotonated BTB increases in basic pH with a peak maximum at
615 nm (inset of Fig. 1A). At 615 nm, the BTB absorbance is
sigmoidally dependent on pH in the range 2—12 (inset of Fig. 1B),
but a linear dependence is seen in a narrow pH interval such as 1-2
pH unit. Hydration of CO, drops the pH up to 2 units, so coefficient k
in eq. (1) is used to correlate the change of absorbance with the pH.
The pH dependence on time is calculated using eq. (3) and shown in
Fig. 1B. Release of HCO3 ions is then observed using eq. (8) (at
pH < 8 or, alternatively, eq. (10), valid at pH > 8, may be used) and is
represented in Fig. 1C. In the inset of Fig. 1C an enlarged view of
[HCO3] vs. time plot shows a noisy data jump at the beginning of
the reaction. The influence of this noisy data is eliminated using + ¢
variable in the exponential fitting curve (eq. (11)). Fig. 1D shows
that the rate of CO, hydration reaction drops in the timescale and
its inset represents the noisy data jump in more clear way. Because
the reaction rate is decreasing, taking initial 5—10% data points of
the curve for fitting the initial velocity, as usually done in CA
studies, may lead to inaccurate results. Exponential fit is much
more reliable in this case.
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Fig. 1. Graphical representation of the model for the determination of HCO3 concentration in the stopped-flow syringe. The experiment was performed using 490 nM CA [, 25 mM
MOPS buffer, 200 mM Na,SO4, 50 1M bromthymol blue (BTB, % - 615 nm), pH 7.124, 25 °C. (A) Raw data of a typical SFA experiment - the change of BTB absorbance as a function of
time. The inset shows BTB absorbance spectra in the range of pH 5.6—8.0, 20 mM phosphate buffer and 20 mM NaCl. (B) Calculated pH dependence on time using eq. (3). The inset
shows a sigmoidal BTB absorbance dependence on pH. (C) The plot of HCO5 concentration as a function of time, obtained using eq. (8). The red line represents an exponential fit of
eq. (11) for the determination of initial velocity. (D) Drop of reaction rate in the timescale. Insets of (C) and (D) show a noisy data jump at the beginning of the reaction, due to the
mixing of samples in the stopped-flow apparatus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3.2. Studies of catalytic properties

Catalytic constants k. and Michaelis constants Ky, of CAs were
determined in a wide pH range using 25 mM buffer and 30—300 uM
indicator systems with similar pK; values: MES (pK; 6.1) and Bro-
mocresol Purple (pKg 6.4, A - 590 nm, pH 6.0—6.4), MOPS (pK, 7.2)
and Bromothymol Blue (pK; 7.1, A - 615 nm, pH 6.8—7.1), HEPES (pK,
7.5) and Phenol Red (pK, 7.5, A - 557 nm, pH 7.3—7.5), Tris (pK, 8.06)
and m-Cresol Purple (pK; 8.3, A - 575 nm, pH 8.0—8.4), CHES (pK,
9.3) and Thymol Blue (pK; 8.9, A - 595 nm, pH 8.9-9.3), Sodium
Carbonate (pK; 10.25) and Phenolphthalein (pK; 9.7, A - 595 nm, pH
9.5-9.8). CA concentration was 400—600 nM for CA I and
16.6—60 nM for CA II. The ionic strength of solution was maintained
at 0.2 M by the addition of sodium sulfate. Data was analyzed as
described in the next subsection.

2.3.3. Determination of pK, of CAs
Single ionization event model was used to fit the k.4 values and
obtain the pK, of CA II:

kCG[meD(
T+ 10PH-PK;

Two-site ionization model was used to fit the k. values and
obtain the two pK;, values of CA I:

kcat = (15)

o — Keat—max1 10~ (PHFPKa)  fe o 10 (PKar+PKa2)
=" 10-20H 1 10 (PHPKn) 10~ (PKar +PKe2)

(16)

2.3.4. Inhibition experiments

Inhibition experiments were performed in a sample containing
the CA, 0—50 uM inhibitor, <0.1% DMSO, and the reaction buffer.
Majority of experiments were performed using 25 mM HEPES
buffer containing 200 mM Na,SO4, 30 uM Phenol-Red indicator (A -
557 nm), pH 7.5. Compound 3 binding to CA Il was tested using
10 mM HEPES buffer with 40 uM Bromthymol Blue (A - 615 nm)
indicator and 10 mM NaCl added, pH 7.4. The inhibition of CAs by
compound 1 was tested using 25 mM MOPS buffer containing
50 uM Bromthymol Blue, 100 mM NacCl, pH 7.0. CA concentration
was chosen according to its activity — 33—500 nM CA [, 5-100 nM
CA 11, 50 nM CA VI, 50 nM CA VII, 10—-20 nM CA IX, 40—100 nM CA
XII, and 23—500 nM CA XIII. Raw curves were fitted using a single
exponential model and the inhibition constants were determined
using Hill (eq. (17)), Cheng-Prusoff (eq. (18)) and Morrison (eq. (19))
equations.

2.3.4.1. Determination of the inhibition constants. The maximum
velocity was assigned 100% CA activity. The ICso was determined by
fitting the dosing curve to the experimental data using the Hill
equation:

100

CA activity(%) =1 — T%)h

(17)

where [I] is the total added inhibitor concentration, h is the Hill
coefficient.

The inhibition constant K; was calculated from the ICsg using the
Cheng-Prusoff [57] equation:
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Fig. 3. Chemical structures of compounds used in this manuscript.

(18)

model described above and Ky, is the Michaelis constant.
For comparison, the Morrison equation [32,33] was used that
takes into account the CA concentration:
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(CAJ+ [ +Kq) - \/([CA] +[+Kq)® = 4[CA]

CAact.(%) = [1- A

Table 2

100% (19)

Binding and inhibition of CAs by SFA (pH 7.0—7.5, 25 °C), FTSA, and ITC (pH 7.0, 37 °C). The Ky values were 1.4 mM (CA 1), 4.7 mM (CA II), 6.9 mM (CA VI), 11.4 mM (CA VII),
6.9 mM (CAIX), 12.0 mM (CA XII), and 13.8 mM (CA XIII) [6] except CA I, CA 1L Values are shown in regular font when the results match among all three methods, in bold to point
the most reliable result when significant differences are observed, and in italic to emphasize methodologically unreliable results.

Inhibitor CA SFA FTSA ITC
[CA] (nM) [CO,] (mM) h coef. ICso_spa (M) Hill K;_gga (nM) Hill + Cheng-Prusoff Kg_spa (nM) Morrison Ky_prsa (nM) [CA]  Kq_irc (nM) [CA]
=5-10 uM = 4-10 uM
AZM? CAl 300 11 1 400 45 290 1400 810
CAll 125 14 13 14 4.6 10 38 46
50 13 1.1 <35 <9.2 10 38 46
100 16 2 <50 <12 10 38 46
CAIX 20 12 13 18 6.4 6.7 20 22
CAXII 40 9.9 14 45 25 25 130 130
CAXII 100 79 2 <60 <38 <10 50 60
EZA CAVI® 50 13 1 55 19 40 33 53
CAXIII¢ 200 15 2 <100 <48 17 13 <10
SULFAY CAVII 50 14 1 40000 17900 40000 50000 ND
CAXI 50 14 1 3800 1760 3800 67000 ND
1¢ CAl 500 8.6 1 5550 780 5550 3100 2300
CAll 20 89 1 220 76 220 330 430
CAVII 50 73 1 830 470 830 710 660
CAXII 100 8.6 1 1100 640 1100 1300 370
CAXII 500 11 1 450 250 250 330 270
2f CAl 230 17 1 250 19 125 200 790
CAll 20 21 1 60 11 44 130 330
CAXI 40 13 1 3000 1420 3000 2500 1500
CAXII 310 14 1 1000 500 1000 1400 1000
3? CAl 300 12 2 <150 <15 <20 0.11 <10
CAll 5.0 16 0.9 4.1 0.9 <5 6.7 <10
20 20 1.5 <10 <19 <5 6.7 <10
80 14 2.1 <40 <10 <5 6.7 <10
CAIX 10 11 1 35 14 25 32 57
CAXII 40 11 1 110 58 110 220 94
CAXII 100 12 2 <50 <26 <10 83 18
4 CAll 9.5 23 1 <4 <0.7 1.0 17 <12
CAXII 85 23 1 120 41 83 250 143
CAXII 23 22 2 <10 <39 <1 29 74
5! CAl 33 16 1.1 <12 <0.9 <2 04 <12
100 11 1.5 <50 <5.5 <10 0.4 <12
300 11 2 <150 <17 <20 04 <12
6° CAl 300 14 1 700 65 560 710 1100
CAll 20 14 1 29 7.4 29 60 59
CAIX 10 14 3 <5 <17 <10 0.05 <10
20 17 3 <10 <29 <10 0.05 <10
CAXII 40 10 2 <20 <11 <10 33 20
CAXII 54 9.7 2 <25 <15 <10 3.6 42
7 CAIl 500 13 1 46000 4500 46000 50000 >10000
CATl 40 13 1 910 240 910 1300 730
CAIX 20 10 2 <13 <52 <5.0 1.1 15
CAXII 40 12 1 170 86 170 330 230
CAXII 150 14 13 180 90 130 140 420
SFA, FTSA, ITC data from * — [21], ® — [59], € — [43]; FTSA, ITC data from © — [60], f — [55]; FTSA data from ¢ — [61], ' — [55]; ND - not determined; the standard error of K4

measurements is +2 times [24], [62].

Where [CA] is the total concentration of the active CA molecules,
[1] is the total added inhibitor concentration, and Ky is the apparent
inhibition constant equal to the protein—ligand dissociation con-
stant under assumption of one inhibitor binding to one protein
molecule. A dose-response curve was fitted using fixed enzyme
concentration and assuming that the total CA concentration is
equal to the active CA concentration.

2.4. Fluorescent thermal shift assay (FTSA)

During a FTSA experiment, the protein melting temperature is
determined by following the fluorescence of 8-anilino-1-
naphthalene sulfonate (ANS), an extrinsic probe of hydrophobic
surfaces in proteins, as a function of temperature. Addition of an
inhibitor shifts the melting temperature in a concentration-
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Fig. 4. Theoretical and experimental dosing curves by SFA. (A, B) Modeling of Hill (A) and Morrison (B) equations when the protein concentration P, is 10 nM and the apparent ICso
are 1 mM, 1 uM, 1 nM, and 1 pM (red, green, blue, pink solid lines). The P, should be reduced to less than 1 nM or 1 pM to obtain reliable dosing curves (dashed blue and pink lines)
of nanomolar or picomolar affinity. (C, D) Experimental data of interactions between CA I-5 and CA II-3 at several CA concentrations. Data points were fitted to the Hill (blue dashed
line) and Morrison (red solid line) equations. The insets show linear apparent ICso dependence on CA concentration and the intercept of y-axis should be the true ICsg. (E, F) Raw
data of CA I-5 and CA I1-3 pairs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

dependent manner that is fit to an equation [41,42] and the affinity
is determined. FTSA experiments were performed using a Corbett
Rotor-Gene 6000 (QIAGEN Rotor-Gene Q) instrument (excitation
365 + 20, detection 460 + 15 nm). Samples consisted of 5-10 uM
CA, 0—200 pM inhibitor, 2% DMSO, 50 M ANS, and 50 mM sodium
phosphate buffer (pH 7.0) containing 100 mM NaCl. The samples
were heated from 25 to 99 °C with a heating rate of 1/min. Protein
unfolding profiles and the melting temperatures were determined
at each inhibitor concentration while recording extrinsic fluores-
cence of ANS. Data was analyzed as previously described [41,50].

2.5. Isothermal titration calorimetry (ITC)

ITC experiments were performed using VP-ITC instrument
(Microcal, Inc., Northampton, USA) with 4—10 uM CA in the cell and
40—100 puM of the inhibitor in the syringe at 37 °C. The buffer
contained 50 mM sodium phosphate (pH 7.0) and 100 mM NaCl.
Final DMSO concentration was 2% in the cell and the syringe. The
protein stock solution was dialyzed against the reaction buffer
before the ITC experiment. A typical experiment consisted of 25
injections (10 pl each, except initial injection of 3 pl) added at 3 min
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Fig. 5. Relative activity of used CAs and several examples of SFA dose-response curves fitted with the Hill (eq. (17), dashed blue lines) and Morrison (eq. (19), straight red lines)
equations. (A, B) Initial velocity dependence on CA concentration at constant CO, concentration. Data points represent different CA: CAI1(O), CAII (<), CAVI(V), CAVII(O), CAIX
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[CA]<ICso and the Hill coefficient h = 1. (D, F) Examples of tight-binding when [CA]>ICso and h > 1. The used CA IX, CA XIII and CO, concentrations, observed ICso/Ky and fitting
parameters are listed in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

intervals. The pre-titration delay was set to 200—600 s, the refer-
ence power - 4 pcal s~! and the stirring rate - 260 rpm. Data
analysis was performed using MicroCal Origin software. The first
point of integrated data was removed and the thermodynamic
parameters of binding were estimated by fitting the data with the
single binding site model.

3. Results
3.1. Determination of CA activity: Keq, Ky, and pKq

Using the model described in the methods part for the deter-
mination of [CO,] in the sample, the catalytic activity of CATl and CA
Il was measured in a wide pH interval. At the highest dissolved CO,
concentration at room temperature, the CAs are not fully saturated
with the substrate and reach only 60% of its maximal activity
compared to the saturated enzyme [29]. Therefore, the Lineweaver-
Burk coordinates were used to obtain the maximal velocity vmax

and the Michaelis constants Ky (Fig. 2A). To confirm these pa-
rameters, the Michaelis-Menten plot was constructed using the
same fitting parameters (Fig. 2B). The catalytic constant kcq: of CA |
and CA II increases at increasing pH and reaches maximum values
0f keqe = 2-10° s~ ! for CATand keqe = 6-10° s~ for CA I (Fig. 2C). For
CA 11, the single-ionization model yielded the pK, value of 7.3 + 0.2.
However, two ionizable groups in the active site of CA I were
observed yielding the pKj, values of 6.9 + 0.1 and 8.8 + 0.1. Fig. 2D
shows that in the pH range 7.0—9.0, the K, values are independent
of pH and are 1.4 + 0.8 mM for CAland 4.6 + 1.0 mM for CAIL In the
acidic and basic (pH > 9) solutions, the substrate has less affinity to
CA than in neutral and slightly basic pH.

3.2. SFA, FISA, and ITC for the determination of inhibition and
binding

Inhibition and binding of acetazolamide (AZM), ethoxzolamide
(EZA) and sulfanilamide (SULFA) and compounds 1-7, structures
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listed in Fig. 3, to recombinant human CA I, II, VI, VII, IX, XII, and XIII
was measured using SFA, FTSA, and ITC techniques.

The observed ICsg, K;, and Ky are listed in Table 2. Sulfanilamide
(SULFA) and compounds 1 and 2 are weak binders and weak in-
hibitors of CA and thus good examples when both the Hill and
Morrison equations yield nearly equal inhibition constants. When
ICs0 » [CA], the Hill coefficient h = 1, while h > 1 indicates that ICsq is
below [CA] and should be verified by the Morrison equation or
other methods. Fluorinated para-substituted compounds 3—5 are
stronger inhibitors of CAs than a non-fluorinated compound 2.
Addition of fluorine atoms to the benzenesulfonamide ring lowers
the pKg value of the compound and it leads to stronger binding
affinity to CAs, because sulfonamides bind to the active site in the
deprotonated form. The observed Kgs of compound 3 and 5 binding
to CAlare 0.1 and 0.4 nM. Substitution of cyclooctyl groups in meta-
or orto- positions (compounds 6 and 7) increases the selectivity
towards CA IX. The K of compound 6 binding to CA IX is 50 pM and
that is one the strongest known protein—small molecule in-
teractions. The compound 7 bound to CA IX with weaker affinity,
1.1 nM, than compound 6, but is 100—50000 times more selective
for CA IX over CA isoforms I, II, XII, and XIII. In vivo studies have
already shown low toxicity [49] and high inhibitory potency of
compound 6 against hypoxic CA IX in MDA-MB-231 breast cancer
cells, and intracellularly and extracellularly expressed CA IX in
Xenopus oocytes while possessing selectivity over CA II, CA IV, and
CA XII [48]. The described fluorinated compounds are more effec-
tive CA inhibitors than clinically used acetazolamide (AZM) and
ethoxzolamide (EZA) because they show stronger binding affinities
and selectivities towards CA I and CA IX. The observed inhibition
constants K;s of CA [, 11, IX, XII, XIIl by AZM and CA VI by EZA are in
good agreement (differ by less than 6 times) with the Kjs published

by Supuran group [6, 58].

Inhibitors, bearing the inhibition constant K; that is at or below
the enzyme concentration [K; ]«[E] used in the enzymatic assay are
considered tight-binding inhibitors [34]. Both the Hill and Morrison
models could be applied for the determination of such compound's
inhibition constant as shown in Fig. 4. Panels A and B represent
simulated curves using Hill and Morrison equations at fixed protein
concentration Pr = 10 nM and several inhibition/dissociation ICso/
Ky constants in the range of 1 pM—1 mM. Since the enzyme con-
centration is not considered in the Hill equation, the observed ICsq
would be half of the active enzyme concentration [E], in this case
IC50 = 5 nM. To measure the true inhibition constant, the [E] should
be reduced dramatically to 1 nM or to 1 pM. Unfortunately, it is
experimentally impossible to get a reliable signal, even using such
active enzymes as CAs. Another way is to perform experiments at
several enzyme concentrations and extrapolate the ICsg to the zero
[E] value. The Morrison equation allows to overcome these diffi-
culties and obtain a more realiable Ky value in a single experiment.
This equation takes into account the active enzyme concentration
and yields the Ky quite well and irrespective of used [E] as shown in
Table 2.

Several interactions between tight-binding inhibitors and CA
isoforms were measured at three CA concentrations as shown in
Fig. 4C and D. For the CA II-3 pair, the ICsq fitted with the Hill
equation and extrapolated to zero [CA] was 1.1 nM (inset of Fig. 4C),
and Morrison equation yielded the Ky - 0.4 nM. The FTSA and ITC
methods confirmed the constant to be 0.4 nM and <10 nM,
respectively. For the CA I-5 interaction, the extrapolation of ICsq to
zero [CA] was impossible because CA I is less active than CA II
(Figs. 2C, 5A and 5B) and a large concentration of CA I was used to
detect a reasonable signal. For reliable determination of inhibition
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surements is +2 times [24,62].

constant, the [E]/ICsq ratio should be less than 50 [36]. However, the
observed Ky by SFA method and Morrison equation was <5 nM and
Kgs by FTSA and ITC assays were 6.7 nM and <10 nM. Raw data of
both interactions between CA I-5 and CA II-3 are shown in Fig. 5E
and F. Increase of CA concentration gives a wider window between
CA catalyzed and a spontaneous CO; hydration reactions and leads
to a better quality data. Using too small concentrations of CA is not
recommended because it decreases the signal-to-noise ratio
dramatically. First, the catalytic activity of each CA isoform should

be determined to choose appropriate CA concentration for the in-
hibition experiments. Relative catalytic activities of used CA iso-
forms are shown in Fig. 5A and B and are arranged in the order of a
decreasing catalytic activity: CA II, CA IX, CA VII, CA XII, CA VI, CA
XIII, and CA L. A rather similar order of catalytic activities has been
published by Supuran [6, 63]. Several examples of weak and strong
inhibitor binding to catalytically highly efficient CA IX and having
low catalytic activity CA XIII are shown in Fig. 5C—F. To detect a
reliable signal and get a wide window between the catalyzed and a
spontaneous CO, hydration reactions in the raw data, an enzyme
concentration should be 10—20 nM for CA IX and as much as
50—300 nM for less active CA XIII. The enzyme activity and con-
centration limits the determination of a tight-binding compound
inhibition constant. In the search for selective sub-nanomolar in-
hibitors for low catalytic activity CA isoforms such as CA I and CA
XIII, other methods than enzymatic should be applied.

4. Discussion

The observed kinetic parameters of CA I and CA II are consistent
with the results published by other scientific groups. The deter-
mined ke values compare reasonably well to the previously pub-
lished keq values ranging 2.0—2.2 -10° s~! for CA I and 0.8—1.4
108 s~ for CA11[6,9,10,64,65]. In addition, previously reported pKj
values of a proton shuttle His 64 in CA Il were 6.8 by 4-nitrophenyl
acetate hydrolysis [66], 6.8 by '®0-mass spectrometry [65,67] and
7.1 by NMR [68]. The pKj of zinc-bound water molecule in CA Il was
determined to be 7.1 by FTSA/ITC [69] and 7.0 by '80-mass spec-
trometry [67]. As in this study, complex kinetic patterns of CO,
hydration by human CA I have been observed by Ren [64].
Futhermore, multiple proton-transfer pathways were also observed
in murine CA IV [70], murine CA V [71], and murine CA VII [72].
Earnhardt et al. [72] assigned one pKj to the zinc-bound water and
another pK, to His 64. In case of CA I the pK, for the catalytic group
was observed to be about 6.9 by NMR [73], 7.1 by 4-nitrophenyl
acetate hydrolysis [74], and pK, of zinc-bound water was deter-
mined to be 8.4 by FTSA/ITC methods [69]. Therefore, we interpret
our SFA data and assign the pK, value of 6.9 to His 64 and pK, value
of 8.8 to zinc-bound water molecule. The observed K); dependence
on pH is in agreement with the results obtained by Gibbons and
Edsall [28] where at increasing pH (6.3, 7.05, 7.55) the Ky values
decreased: 6.5, 2.6, and 1.0 mM for CA I and 18, 14, and 9.3 mM for
CA 1. However, it was later proposed that Michaelis constant of CAs
is independent of pH and is 4.0 mM for CAIand 9.0—9.3 mM for CA
11 [6,9]. However, the Ky versus pH plots or tables in the literature
are rather limited. Differences between the observed kcq, Ky, and
PKj values for CA T and CA Il as compared to previous works most
likely arise from the uncertain CO, concentration in the previous
studies. In this study, the model for the determination of CO,
concentration in the sample was developed and the ko and Ky, of
CA I and CA Il were obtained under well-characterized CO,
concentration.

For binding studies we recommend to use FTSA since it has no
limitations for determination of binding affinity and it is possible to
measure the K4 from 1 pM to 1 mM in a single experiment without
much adjustment of the protein concentration (Fig. 6A). ITC is also a
method of choice to measure CA-ligand interactions, but observed
affinities should fall in the nanomolar to micromolar range. Fig. 6C
illustrates that Ky = 10 uM is too low to be observed by ITC and
there is no significant difference between K; = 1 nM and
K4 = 10 nM to be determined experimentally. In Fig. 6B and D, the
experimental dosing curves of several nanomolar and sub-
nanomolar inhibitor binding to CA both by FTSA and ITC methods
are shown. The fits match experimental data perfectly and allow to
obtain the K values accurately. Moreover, the Ky values determined
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by both FTSA and ITC methods are in good agreement. Fig. 7 illus-
trates the correlation between the Kys observed by all three
methods - SFA, FTSA, and ITC. The Kys determined by SFA are a little
smaller than measured by FTSA (Fig. 7A) and by ITC (Fig. 7B) but the
differences are up to 5 times (except for CA XII-SULFA interaction
where the difference is 18 times). The FTSA and ITC data is in better
agreement and the Kgs vary up to 3 times. The reason could be due
to slightly different experimental conditions. The SFA experiments
were performed at pH 7.0—7.5, 25 °C, while FTSA and ITC experi-
ments were done at pH 7.0, 37 °C.

5. Conclusions

The combined use of enzymatic and biophysical methods pro-
vides a greater precision of the protein—ligand interactions and
helps to obtain the high-quality data. Despite different principles of
the methods, the observed ICso determined by an enzymatic
stopped-flow CO, hydration assay correlated with the K4 obtained
by biophysical fluorescent thermal shift assay and isothermal
titration calorimetry within the ranges when all three methods are
applied correctly. In enzymatic methods, the Morrison equation is
more suitable than the Hill equation for the determination of K, of
tight-binding inhibitors. However, only the fluorescent thermal
shift assay allowed to measure picomolar Kg and was essential for
the development of compound 6 as a 50 pM inhibitor of CA IX, an
anticancer target.
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Abstract: Background: Carbonic anhydrases (CAs) regulate pH homeostasis via the rev-
ersible hydration of CO,, thereby emerging as essential enzymes for many vital func-
tions. Among 12 catalytically active CA isoforms in humans, CA IX has become a rele-
vant therapeutic target because of its role in cancer progression. Only two CA IX inhibi-
tors have entered clinical trials, mostly due to low affinity and selectivity properties.

Objective: The current review presents the design, development, and identification of the
selective nano- to picomolar CA IX inhibitors VD11-4-2, VR16-09, and VD12-09.

Methods and results: Compounds were selected from our database, composed of over
400 benzensulfonamides, synthesized at our laboratory, and tested for their binding to 12
human CAs. Here we discuss the CA CO, hydratase activity/inhibition assay and several
biophysical techniques, such as fluorescent thermal shift assay and isothermal titration
calorimetry, highlighting their contribution to the analysis of compound affinity and struc-
DboI: ture-activity relationships. To obtain sufficient amounts of recombinant CAs for inhibitor
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screening, several gene cloning and protein purification strategies are presented, includ-
ing site-directed CA mutants, heterologous CAs from Xenopus oocytes, and native en-
dogenous CAs. The cancer cell-based methods, such as clonogenicity, extracellular acidi-
fication, and mass spectrometric gas-analysis are reviewed, confirming nanomolar activi-
ties of lead inhibitors in intact cancer cells.
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Conclusions: Novel CA IX inhibitors are promising derivatives for in vivo explorations.
Furthermore, the simultaneous targeting of several proteins involved in proton flux upon
tumor acidosis and the disruption of transport metabolons might improve cancer manage-
ment.

Keywords: drug development, organic chemistry, cancer, sulfonamide, thermal shift assay, isothermal titration
calorimetry, CA IX.
1. INTRODUCTION

The goal of target-based drug discovery is to
identify the key compounds which could induce a

therapeutically relevant response via modulation of the
disease-associated proteins [1, 2]. Nowadays, the devel-
opment of numerous therapeutics often fails in clinical
trials, most likely because of their improper selection
during the preclinical stage. To successfully translate
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in vitro data to a clinical disease setting, the combina-
tion of different experimental assays is required to suf-
ficiently characterize the inhibitor affinity properties
and mode of action.
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Upon their discovery over 80 years ago [3], carbon-
ic anhydrases (CAs, EC 4.2.1.1) have been involved in
different research fields, such as basic enzymology as
models for protein-ligand binding and clinical
medicine as drug targets. Based on the structural fea-
tures and predominant organisms of expression, CAs
are grouped into six evolutionarily distinct genetic fam-
ilies [4-8]. In humans, fifteen a-CA isoforms have
been described so far, with twelve catalytically active
among them. Through the catalysis of reversible CO,
hydration to bicarbonate and proton, CAs are involved
in many physiological processes, including bone re-
sorption, calcification, respiration, signal transduction,
electrolyte secretion, and biosynthetic reactions [9].

The deregulation of expression levels or catalytic
activities of human CAs has been linked with many dis-
eases. CA I has emerged as a marker for hemolytic ane-
mia [10], vision-impairing disorders [11], ankylosing
spondylitis [12], and prostate cancer [13]. CA II has
been linked with numerous pathologies, such as glauco-

a [14], edema [15], epilepsy [16], atherosclerosis
[17], osteoporosis [18], and certain forms of cancers
[19, 20]. CA III has been introduced as a biomarker for
several neuromuscular disorders [21] and a regulator
of obesity [22]. CA TV has been associated with retinal
degeneration [23] and renal injuries [24]. Both CA VA
and CA VB isozymes are important for obesity [25], in-
sulin resistance [26], and oxidative stress in the brain
[27]. CA VI has been linked with certain cancers, such
as that of salivary glands, although its role remains
speculative [28]. CA VII has been shown to play a role
in epileptic seizures [29] and neuropathic pain [30].
CA IX and CA XII have been associated with cancer
progression [31, 32]. Down-regulated levels of CA
XIII have been observed in colorectal cancer [33],
whereas elevated amounts of CA XIV have been found
in the hypertrophic myocardium [34]. Among the list-
ed CA-associated pathologies, most attention has been
directed toward tumorigenesis with a focus on CA IX
and CA XII as important enzymes of many hypoxic tu-
mors. To date, a broad library of CA IX and CA XII in-
hibitors has been published with the translation of two
sulfonamide-based chemical derivatives, SLC-0111
and E7070/Indisulam, into clinical trials. Most difficul-
ties in this area are caused by high structural homology
among human CAs [35], leading to difficulties in the
design of CA isoform-selective compounds.

The aim of this work is to summarize novel meth-
ods applied in the search for CA IX- or CA XlI-selec-
tive inhibitors. The integrative set of molecular biolo-
gy, cellular biology, and biophysical approaches is pre-
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sented in the current review, highlighting their contri-
butions to the characterization of CA-targeting inhibi-
tors VD11-4-2, VR16-09, and VD12-09, which exhibit
both great selectivity and up to picomolar affinity to-
wards CA IX [36, 37].

2. BIOCHEMICAL AND BIOPHYSICAL AS-
SAYS TO DETERMINE INHIBITOR AFFINITY
IN VITRO

The thermodynamics of binding of more than 400
benzenesulfonamides [38], synthesized at our laborato-
ry, to all twelve catalytically active recombinant hu-
man CAs, was determined using enzymatic and bio-
physical methods such as stopped-flow CO, hydration
assay (SFA), fluorescent thermal shift assay (FTSA),
and isothermal titration calorimetry (ITC). The experi-
ments were performed with various settings of assay
conditions, including different buffers, pH values, and
temperatures, to gain a more detailed picture of en-
zyme-inhibitor interactions and select the most potent
molecules for further development. The chemical struc-
tures of lead compounds and their binding affinities to
the anticancer target CA IX next to CA I and CA 1I
that are undesirable to be inhibited (thus are off-target-
s) are shown in Fig. (1).

Importantly, 4-substituted-2,3,5,6-benzenesulfon-
amides were discovered as extremely strong and selec-
tive inhibitors of the off-target CA I [39]. Substitution
of a fluorine atom to cyclooctylamino group at ortho-
or metha- in benzenesulfonamide ring resulted in in-
creased binding affinity up to 1000-fold towards the an-
ticancer target CA IX and up to 450000-fold decreased
binding constants of the off-targets CA I and CA II
[37]. Even more bulky and hydrophobic substituent at
ortho- position allowed gaining high selectivity and
affinity towards CA IX and losing affinity to the off--
targets [36]. A combination of inhibition and binding
assays was necessary for the identification of such
tight-binding inhibitors. Representative raw and dose-
response curves obtained by FTSA, SFA, and ITC tech-
niques are displayed in Fig. (2), while dissociation con-
stants (K,’s) of compound binding to all twelve recom-
binant human CAs are listed in Table S1.

2.1. Fluorescent Thermal Shift Assay

FTSA (differential scanning fluorimetry or Ther-
moFluor®) in miniaturized format was introduced by
Salemme and co-workers [43] in 2001. This method is
based on monitoring protein thermal denaturation upon
addition of a fluorescent dye, mostly SyproOrange
[44-46] or l-anilino-8-naphthalene sulfonate (ANS)
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Fig. (1). Chemical structures and binding affinities of fluorinated benzenesulfonamides binding to CA I, CA 11, and CA IX de-
termined by FTSA. Numbers on arrows show fold difference in binding constants between para-substituted and ortho/para- or
meta/para- disubstituted benzenesulfonamides. The figure was created originally according to previously published experimen-
tal data [36, 37]. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

[47, 48]. For the CA-benzensulfonamide system, ANS
is preferred [49]. The negatively charged sulfonate
group of ANS binds to cationic groups of soluble pro-
teins forming ion pairs [50]. The fluorescence of ANS
is strongly quenched in water but significantly in-
creased when the dye binds to the hydrophobic interior
of the protein [51]. Application of FTSA allows charac-
terizing thermal stability profiles of recombinant hu-
man CA [ - CA XIV [52-57]. CA inhibitors cause a sta-
bilization effect and result in increased CA melting
temperature 7. Fitting inhibitor dosing curves accord-
ing to a quantitative model [40, 49] provide the estima-
tion of binding affinity (binding/dissociation constant).
The method is the first choice to screen the library of
potential CA inhibitors due to rapidity, simplicity and
low-cost. The main advantage of FTSA is the possibili-
ty to determine binding affinities from millimolar to pi-
comolar range. Representative dose-response curves of
weak to extremely strong affinities are shown in Fig.
(2B). FTSA is the only suitable assay for measuring pi-
comolar affinities of para-substituted compounds
VD10-13, VD10-35, VR16-05 binding to CA I and or-
tho/para- or meta/para- disubstituted benzensulfon-

amides VD12-09, VD11-4-2, VR16-09 — to CA IX
(Fig. 1).

2.2. Stopped-flow CO, Hydration Assay

Since the introduction of the stopped-flow appara-
tus in 1950 by Chance [58], SFA has been most widely
used to measure the CA catalytic activity and inhibito-
ry effect of chemical compounds [59-70]. The CA cata-
lyzed reaction (CO, + H,OUHCO, + H") is followed
by the absorbance change of pH-indicators, e.g. phenol
red. To obtain high-quality results, it is important to
choose an appropriate CA concentration at which the
reaction rate » of the catalyzed reaction would be at
least 10-fold higher than the reaction rate of sponta-
neous CO, hydration reaction (» = 0.037 s™) [67, 71].
For this reason, the determination of nanomolar /C, is
limited by CA activity and concentration. Experiments
of 20 nM CA IX inhibition with compound VD11-4-2
would give a steep curve with apparent /C;, = 10 nM,
when the Hill equation is applied:

100

ICs0yn
1+([1])

CA activity (%) =1 —
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Where, ICj, is half-maximal inhibitory concentra-
tion, [/] is the total added inhibitor concentration and /
is the Hill coefficient. When /> 1 and IC,, = [CA]/2, it
is an indication of enzyme active site titration and
misleading inhibitory constant. Lower CA IX concen-
trations decrease the signal-to-noise ratio and make it
impossible to determine picomolar affinity, such as K|
= 0.05 nM of compound VDI11-4-2. CA I possesses
much lower catalytic activity than CA IX [68] and on-
ly micromolar inhibition constants could be measured
as shown in Fig. (2D) (CA I inhibition with compound
VD11-4-2). We recommend to fit dose-response
curves using the Morrison equation [41, 42], as this
takes into account the CA concentration and therefore
provides a more accurate K:

([CA] +[I] + Ka =V ([CA] + [I] + Ka)* — 4[CA][I])

. 0
21CA] 100%

CA activity (%) =1 —

Where [CA] and [/] are total added active CA and
inhibitor concentrations, K, is dissociation constant.
Several articles [72, 73] and a book [74] have dis-
cussed and evaluated the use of the Morrison equation
for determining tight-binding inhibition constants.
Tight-binding occurs when enzyme concentration in an
assay is greater than the dissociation constant.

2.3. Isothermal titration calorimetry

ITC is a powerful method to study the thermody-
namics of biomolecular interactions [75]. In a single ex-
periment, the enthalpy, entropy, Gibbs free energy
changes, and stoichiometry of binders are observed.
Determination of binding affinity at several tempera-
tures provides the heat capacity of binding. Moreover,
it is applicable considering protonation effects upon in-
hibitor binding to the target protein [76, 77]. Perform-
ing ITC experiments of compounds VDI0-13,
VD12-09, VD10-35, VD11-4-2 binding to recombi-
nant human CAs in broad-range pH and several buf-
fers with varying ionization enthalpies provide intrin-
sic binding parameters [54, 56, 78, 79] that are not de-
pendent on the experimental conditions. 4-substitut-
ed-2,3,5,6-benzenesulfonamides were characterized as
extremely strong and selective binders of CA I [39](K,
=0.11 - 0.20 nM, Table S1). In this case, the picomo-
lar dissociation constant could not be observed by di-
rect titration calorimetry due to Wiseman c-factor (¢ =
[Protein conc.] - K,, 5<c<500) [80], as shown in Fig.
(2F). The displacement ITC experiments [81, 82] were
performed to evaluate the binding energetics. ITC
showed that extremely tight-binding of compounds
VD10-13 and VD10-35 to CA I was associated with
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strong exothermic enthalpy (AH,,, = -84.0 kJ/mol and
-76.9 kJ/mol, 37 °C) and unfavorable entropy change
(-TAS,,, = 18.9 kJ/(mol - K) and 16.4 kJ/(mol - K), 37
°C) [79]. Contrarily, the extremely strong binding of di-
substituted compounds VD12-09 and VDI11-4-2 to-
wards CA IX is an entropy-dominated process (-
TAS,,.= -48.4 kJ/(mol - K) and -46.2 kJ/(mol - K), 37
°C) with contributing intrinsic enthalpy of one-third of
Gibbs energy (AH,,, =-18.7 kJ/mol and -24.9 kJ/mol,

37°C) [78].

3. MOLECULAR BIOLOGICAL TECHNIQUES
TO OBTAIN CARBONIC ANHYDRASE AS A
MODEL PROTEIN

The affinity and biological outcome of the interac-
tion between the inhibitor and mammalian protein can
be evaluated through a number of biophysical and bio-
chemical approaches [83], which employ the isolated
recombinant proteins. Large quantities of recombinant
proteins are necessary to determine the efficacy of com-
pounds and to identify hits. These steps are essential
for drug development because only proper compound
characterization in vitro may lead to therapeutic bene-
fit for patients during later clinical investigation.

The aim of our studies was to discover the com-
pound exhibiting the most favorable properties against
the anti-cancer target CA IX and low affinity toward
other vital CA isoforms. Therefore, we put much effort
into optimizing protocols to produce all 12 recombi-
nant CAs, which are catalytically active in humans.
Since yields of several recombinant CA isoforms, such
as CA VI, CA IX or CA XII, are low, we applied a
number of molecular biology-based procedures to get
sufficient amounts of CA model proteins to screen our
library composed of over 400 chemical derivatives
[38]. Thus, we used not only recombinant CAs from E.
coli or mammalian cells but also CA mutants, heterolo-
gous CAs, and native endogenous CAs, as presented in
this section.

3.1. Generation of Site-directed Carbonic Anhy-
drase Mutants

Site-directed mutagenesis belongs to the group of
versatile approaches applied for the functional and
structural enzymatic studies. The goal is to alter DNA
sequence via the polymerase chain reaction (PCR),
thereby investigating the effect of target mutation on
the protein properties. Among the extensively re-
viewed [84, 85] types of site-directed mutagenesis
methods, the QuickChange™(from Agilent or Strate-
gene) has been commonly used to carry out the point
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Fig. (2). Affinity determination ranges of FTSA (A-B, 50 mM sodium phosphate buffer, 100 mM NaCl, 50 pM 1,8-anilinon-
aphthalene sulfonate (ANS, fluorescent dye), pH 7.0, fitted at 37 °C), SFA (C-D, 25 mM Hepes buffer, 0.2 M sodium sulphate,
30 uM phenol-red (indicator) pH 7.5, 23 °C) and ITC (E-F, 50 mM Tris buffer, 100 mM sodium chloride, pH 7.0, 37 °C). The
figure was created originally according to previously published experimental data [36, 37]. (A) Thermal melting curves of CA
1 (10 uM), CA IX (10 uM), CA VI (5 uM) and CA VII (5 uM) in the absence of inhibitor and added compound VD10-35
(88.9 uM), VD10-13 (100 uM), VR16-05 (100 uM) or VR16-09 (88.9 uM) concentration determined by FTSA. (B) The ther-
mal shifts of CA I, CA IX and CA XII as a function of ligand VD10-13, VD10-35, VR16-05, VR16-09 concentrations. The
dosing curves were fitted according to those referenced [40]. (C) Decrease of phenol red absorbance (A - 557 nm) due to medi-
um acidification during CO, hydration. The dashed lines represent CO, hydration in the absence of CAs. Decreasing transparen-
cy curves show CA IX (20 nM, red and blue), CA XII (40 nM, magenta) and CA 1 (500 nM, dark yellow) catalyzed CO, hydra-
tion reaction in the presence of several inhibitor concentrations (VD11-4-2 — 15.6, 31.3 nM; VDI10-13 — 39.1, 156 or 156, 625
nM; VD12-09 — 25, 100 uM). The curves were fitted using a single exponential model. (D) Dose-response curves of CA I, CA
IX and CA XII inhibition, fitted using Morrison equation [41, 42]. (E) Raw isothermal titration curves of CA I (10 uM and 5
uM), CA XII (8 uM), CA 11 (10 pM). (F) Integrated isothermal titration curves fitted using a single binding model. (4 higher
resolution / colour version of this figure is available in the electronic copy of the article).
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mutations and delete or insert several bases. This strate-
gy requires specifically designed primers, which have
the desired mutations and are complementary to oppo-
site strands of the target plasmid DNA. Upon the
QuickChange™ experiment, DNA containing the de-
sired mutation is amplified during the single PCR. This
step is followed by digestion of the parental (methylat-
ed and hemimethylated) DNA template with endonu-
clease Dpn 1.

In the CA research field, site-directed mutagenesis
has been applied to identify residues which modulate
catalytic properties [86, 87] and to discover anti-cancer
compounds towards CA IX. High quantities of recom-
binant proteins are required for sufficient evaluation of
compound efficacy and selectivity before studies in
mammalians. However, the production of certain re-
combinant CA isoforms on a large scale is a complicat-
ed task [88]. Notably, human CAs are highly
conserved [35]. The recombinant CA II has been used
as a model protein for years due to the relatively easy
production, the highest catalytic efficiency among the
most enzymes in nature, and stability for structural in-
vestigations. Therefore, CA II has been selected as a
core protein for site-directed mutagenesis studies
aimed to design the target model CA protein featuring
a low yield, as listed in Table 1. The most widely in-
vestigated CA mutant is the CA II-based CA IX model
protein, named CA IX-mimic. McKenna’s group has
reported a number of kinetic and structural studies
which characterized CA II mutant with 2 mutations
(S65A, Q67N) [89-91], 7 mutations (A65S, N67Q,
E69T, I91L, F131V, K170E, L204A) [92-94] and 8
mutations (K9A, A65S, N67Q, E69T, 191L, F131V,
K170E, L204A) [95]. They showed these proteins as
suitable models for CA IX to determine the affinity
and selectivity of novel CA IX-targeting inhibitors,
such as sucrose, or well-defined drugs, such as acetazo-
lamide, benzolamide, chlorzolamide, ethoxzolamide,
methazolamide, brinzolamide, and dorzolamide.

Since we found difficulties in purifying recombi-
nant CA IX and CA XII in high yield for inhibitor
screening, we also started the production of CA II mu-
tants mimicking CA IX and CA XII. Our group has
published CA IX-mimic as CA II mutant with 6 muta-
tions (A65S, N67Q, I91L, F130V, V134L, L203A)
and CA XII as CA II mutant with 6 mutations (A65S,
N67K, I91T, F130A, V134S, L203N) [37]. These mu-
tants were applied for the kinetic and thermodynamic
exploration of novel fluorinated CA IX inhibitors, in-
cluding VD12-09 and VD11-4-2. The site-directed mu-
tagenesis approach enabled us to show VD11-4-2 as
the most selective compound for CA IX exhibiting
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0.05 nM affinity and to implement further analyses on
inhibitor selectivity towards CA isoforms. Further-
more, we did not manage to obtain recombinant CA VI
on a high scale. Therefore, we have recently designed
a CA II-based CA VI model protein with 5 mutations
(A65T, N67Q, F130Y, V134Q, L203T) [70]. The CA
VI-mimic has provided a deeper insight into the effica-
cy of CA Vl-selective inhibitors and thus may be a use-
ful model to reveal the biological role of CA VI be-
cause no crystallographic structures of inhibitors
bound to CA VI are available so far. In addition, the
low affinity of VD11-4-2 towards CA VI-mimic has
been indicated, thereby confirming CA IX as the major
target of VD11-4-2.

Table 1. Overview of studies on site-directed mutagene-
sis aimed to design model proteins mimicking the certain
CA isoform to investigate inhibitor affinity and selectivi-

ty.
Core | Model Mutations Type of Refs.
CA CA characterization
CAII| CAVI| A65T,N67Q, [Kinetic, thermodynam-|[70]
F130Y, V134Q, ic, and structural
L203T
CAII| CAIX S65A, Q67N Kinetic, structural, and | [90]
cell-biology based
CAII| CAIX | A65S,N67Q, Kinetic and structural | [94]
E69T, I91L,
F131V, K170E,
L204A
CAIl| CAIX KO9A, A65S, Kinetic and structural | [95]
N67Q, E69T,
I91L, F131V,
K170E, L204A
CAIl| CAIX | A65S,N67Q, [Kinetic, thermodynam- | [37]
191L, F130V, ic, and structural
V134L, L203A
CAII|CAXII| A65S,N67K, |Kinetic, thermodynam- | [37]
91T, F130A, ic, and structural
V1348, L203N

3.2. Heterologous Carbonic Anhydrases in Xenopus
laevis Oocytes

The African clawed frog (Xenopus laevis) is a wide-
ly-used laboratory animal for biological and biomedi-
cal research. Until the 1960s, Xenopus females served
as test animals in pregnancy diagnostics, after the find-
ing of Shapiro & Zwarenstein [96] that injection of pu-
rified urine from pregnant women induces ovulation in
the frog within a couple of hours. Today Xenopus lae-
vis is used in zoological and physiological courses and
its oocytes and larvae are the subjects of developmen-
tal studies. The frogs are easy to keep and breed at rela-
tively low costs. Xenopus oocytes are frequently used
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for heterologous expression of a variety of proteins.
That Xenopus oocytes can efficiently express proteins
upon injection of RNA was first shown by John Gur-
don and colleagues [97] using rabbit hemoglobin. To-
day Xenopus oocytes are used for the expression of pro-
teins from bacteria, plants and all kinds of animal spe-
cies, including humans.

Oocytes, which are normally placed into the harsh
environment of a pond or brackish water, are relatively
robust to environmental changes, including alterations
in the salinity and osmotic concentration of the incuba-
tion solution. Since post-vitellogenic oocytes are used
for protein expression, they do not take up nutrients
from the surrounding solution, instead they express on-
ly very few endogenous ion channels and transporters.
However, various studies have demonstrated the en-
dogenous expression of different membrane proteins
like Na"/H" exchangers [98] and a variety of ion chan-
nels which could interfere with the heterologously ex-
pressed proteins [99]. Therefore care should be taken
to always test for possible interference of endogenous
proteins with the expressed protein by use of adequate
controls, like native or H,O-injected oocytes.

Oogenesis in Xenopus occurs asynchronous, mean-
ing that all developmental stages of oocytes present si-
multaneously. Six developmental stages of Xenopus oo-
cytes have been classified by James Dumont [100],
based on the cell’s anatomy. Post-vitellogenic stage VI
oocytes, which are preferentially used for protein ex-
pression, have a size of 1200 — 1300 um, with a dark-
-brown pigmented animal hemisphere and a weak pig-
mented vegetal hemisphere, the two of which are se-
parated by a near unpigmented equatorial band [100].

Oocytes are collected by surgically removing small
parts of the ovary from anesthetized frogs. Given suffi-
cient time, parts of the ovary can regenerate, allowing
the repeated use of an animal. The oocytes are singu-
larized and defolliculated either mechanically using
fine forceps or by collagenase treatment. Single oo-
cytes are handpicked for further treatment.

Protein expression is usually initiated by microinjec-
tion of cRNA, coding for the protein of interest into
the oocyte’s cytosol. The cRNA is produced by in
vitro transcription. Therefore the gene of interest is
cloned into a so-called “oocyte expression vector”, like
pGemHe, which carries the 3’ and 5’ untranscribed re-
gions of the Xenopus B-globin, a well-translated
Xenopus gene, flanking the multiple cloning site. It
should be noted that the vectors are not expression vec-
tors in the proper sense but are used for the production
of cRNA by in vitro transcription. The procedure of
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protein expression in Xenopus oocytes has been de-
scribed in detail in several reviews [101, 102]. An alter-
native to protein expression by injection of cRNA is
the direct injection of the mature protein into the oo-
cyte cytosol. For cytosolic proteins like CA 11, this pro-
cedure could allow better control over the amount of
protein within the cell.

Xenopus oocytes have been used to investigate the
activity of various CA isoforms, including the intracel-
lular isoforms CA 1, CA 1I, CA 111, the extracellular iso-
forms CA 1V, CA IX, CA XII and also the catalytical-
ly inactive carbonic anhydrase-related proteins (CARP-
s) VIII, CARP X, and CARP XI [103-111]. Further-
more, Xenopus oocytes have been used to study func-
tional interactions between CAs and different mem-
brane proteins, including monocarboxylate transporters
(MCTs, EC 2.1.3.1) [111-116], Na'/HCO, cotrans-
porters (NBCel) [104, 117], CI/HCO, exchangers
[118] and aquaporins [103, 108]. No endogenous CA
activity is observed in Xenopus oocytes [103], render-
ing them the ideal model for studying a specific CA
without interference from other CA isoforms.

Catalytic activity of heterologously expressed CA
can either be measured by mass spectrometric (MS)
gas-analysis, as described in a subsequent 4.3.2
chapter, or by measuring pH changes in the cytosol or
at the cell surface, using ion-sensitive microelectrodes.
The use of pH-sensitive microelectrodes in Xenopus oo-
cytes has been described in detail previously [101,
106, 119].

Xenopus oocytes have been successfully used to
characterize newly developed CA IX inhibitors in sev-
eral studies [36, 110, 120]. In a previous study [110],
we investigated both potency and isoform-selectivity
of the new CA IX inhibitor VD11-4-2 by measuring in-
tracellular and surface pH in CA-expressing Xenopus
oocytes with pH-sensitive microelectrodes. By this, we
could determine /Cj, values of 25 nM for CA IX at the
extracellular side of the plasma membrane and of 15
nM for intracellular CA IX (Xenopus oocytes express
significant amounts of cytosolic CA IX upon cRNA in-
jection [109]). By the expression of different CA iso-
forms, we could demonstrate that VD11-4-2 is signifi-
cantly less efficient against extracellular CA IV and
CA XII, as well as intracellular CA 11 [110].

3.3. Native Endogenous Carbonic Anhydrases

Most 0-CA isoforms were initially isolated as en-
dogenous native proteins from diverse biological
sources. For instance, CA I and CA II isoforms were
purified from bovine and human blood [3, 121, 122].
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The rabbit skeletal muscle was used to isolate CA III
[123]. CA IV was purified from bovine lung [124] and
human kidney [125]. The guinea pig liver was used to
isolate mitochondrial CA V [126]. The secreted CA VI
was purified from the saliva of sheep [127] and hu-
mans [128]. Other CA isoforms were mostly expressed
in E. coli, mammalian or insect cells and isolated as re-
combinant proteins [129, 130].

For high-throughput inhibitor screening, the produc-
tion of native proteins on a large scale is a complicated
task owing to the lack of biological source or tricky
procedure. Therefore, E. coli is usually applied as a
host system because of low cost and relatively quick
purification methods. However, proteins expressed in
E. coli lack the post-translational modifications which
might cause improper folding [131] and thus signifi-
cantly affect the inhibitor binding affinity. Hence, it is
fundamentally essential to assure that recombinant pro-
tein properly represents the native target of the human
body for in vitro approaches. Interestingly, the compari-
son of inhibitor binding to both recombinant and re-
spective endogenous native proteins can be carried out
by using CA VI isozyme. In our study [54], CA VI
was obtained from three sources; native CA VI was iso-
lated from human saliva and two forms of recombinant
CA VI were purified from E. coli and mammalian
FreeStyle 293-F suspension cells. A series of sulfon-
amides bound with identical affinities towards CA VI
isolated by three different methods were measured by
FTSA and ITC. Thus, the recombinant CA VI from E.
coli was characterized to be a suitable model of human
native CA VI for in vitro inhibitors screening.

4. CELLULAR APPROACHES TO DETERMINE
FUNCTIONAL INHIBITOR ACTIVITY

Next to biochemical and biophysical assays, there
is a broad spectrum of methods to confirm compound
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efficacy and mode of action in the complex physiologi-
cal environment of a cell. The quality, efficacy, and
safety of the drug candidates are evaluated during this
step of preclinical development using cell cultures and
animal models. For anti-cancer compounds, the investi-
gation mostly begins with viability and clonogenic sur-
vival assays in cancer cells followed by in vivo experi-
ments using diverse mouse models [132]. The National
Cancer Institute in the United States has a regulation to
study the cytostatic or cytotoxic activity of a new deri-
vative in eight cancer cell lines, which represent the
most common human malignancies, and only after-
wards, start investigation in mice [132]. In addition,
large-scale toxicology studies focused on a rodent (rat-
s) and a non-rodent (beagle dogs) species are common-
ly carried out before entering a clinical trial. If preclini-
cal testing is prospective, the clinical development of a
drug candidate is initiated.

Biological evaluation of our lead VD compounds
was conducted via a number of cancer cell-based as-
says, including clonogenicity, extracellular acidifica-
tion (pH), and MS gas-analysis. They provided signifi-
cant clues for further exploration of anti-cancer activi-
ties of compounds in vivo using tumor-bearing mice.

4.1. Cell Viability Assay

Cytotoxicity of a derivative can be determined in
vitro by various methods. Nowadays, the alamar blue
method is a common choice over other cell viability
and proliferation assays, such as 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide dye, known
as MTT, and 3H-thymidine incorporation. The princi-
ple of alamar blue method was initially applied by
Pesch and Simmert to detect bacteria in milk [133], fol-
lowed by a number of studies on milk quality [134].
Since that time, the alamar blue assay has been opti-
mized for a broad range of cell types, including bacte-
ria [135], yeast [136], fungi [137], protozoa [138],

Table 2. EC;, values (uM) for VR16-09, VD11-4-2, and VD12-09 determined by alamar blue viability assay. HeLa,
H460, A549, and MDA-MB-231 cells were exposed to the compounds under normoxia (21% O,) or hypoxia (0.2% O,)
for 72 h. Cytotoxic ratios (CR) of selectivity to hypoxia are indicated. Results of at least 3 independent repeats are

shown (mean + SD).

- VR16-09 VD11-4-2 VD12-09
[0,] 21% 0.2% CR 21% 0.2% CR 21% 0.2% CR
HeLa 20.2+4.3 40.8+9.6 0.46 47.849.6 92.24+8.3 0.52 21.6+4.1 46.9+7.0 0.44
H460 19.3+3.6 40.0+9.6 0.49 21.443.1 44.6+6.4 0.48 17.8+2.2 37.0+7.6 0.46
A549 17.0£1.0 76.7£2.9 0.22 43.842.5 105+6 0.42 33.84£2.5 98.8+8.5 0.34
MDA-MB-231 74.2+3.8 84.2+4.9 0.88 52.8+7.1 64.3£11.5 0.83 55.4£6.6 67.6£7.1 0.82
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plants [139], and cultured mammalian cells [140]. The
non-toxic and membrane-permeable resazurin is used
for measurements by alamar blue, thereby enabling
continuous monitoring of experiments without cell ly-
sis. The reduction reaction of non-fluorescent resazurin
to fluorescent resarufin is mostly catalyzed by mito-
chondrial enzymes [141]. Consequently, the experi-
ment can be evaluated colorimetrically or fluorometri-
cally according to the change of culture medium from
indigo blue to fluorescent pink. However, the alamar
blue method has several limitations. The investigated
derivatives might affect the mitochondrial activity or
reduce resazurin by themselves, resulting in mislead-
ing interpretations. Moreover, some cell lines exhibit
the capability to reduce resorufin further until the high-
ly toxic dihydroresorufin is obtained [140].

The anti-cancer activity in vitro of numerous CA
IX-targeting derivatives has been evaluated by diverse
viability methods, including MTT [142], 3H-thymidine
incorporation [143], and alamar blue [144]. To investi-
gate the cytotoxicity of our lead inhibitors VD11-4-2,
VD12-09, and VR16-09, alamar blue assay was ap-
plied involving two-dimensional (2D) monolayer
A549 (lung), AsPC-1 (pancreatic), MDA-MB-231
(breast), H460 (lung), and HeLa (cervical) cancer cells
[36]. The increase of CA IX in these cell lines grown
under hypoxia compared to normoxia was confirmed
by Western blot analysis. Briefly, 96-well plates were
used to seed cells in densities aiming to get 80% con-
fluence after 96 h (the end of the experiment). Cells
were allowed to attach overnight in normoxia. The
next day, cells were exposed to normoxia or hypoxia
(0.2% O,) and the culture medium was replaced with
pre-incubated normoxic or hypoxic medium containing
10-150 pM inhibitor or 0.25% DMSO. After 72 h,
cells were incubated with 10% alamar blue reagent for
2 h, followed by measurements of fluorescence signal
at 580 nm. For quantification, the sigmoidal dose-re-
sponse curves were generated by a Hill fit to determine
the concentration of inhibitor that leads to half-maxi-
mum viability response (EC;,). The tested inhibitors ex-
hibited lower ECj, values for normoxic than hypoxic
cells (Table 2), thereby indicating the higher cytotoxici-
ty for normoxic cells without/with significantly lower
CA IX expression compared with CA IX-expressing
hypoxic cells.

Our results are in line with several previous studies
which showed the more efficacious cell kill in nor-
moxia than hypoxia by CA IX inhibitors, such as SL-
C-0111 [145], sulfamate S4 [146], and dual-targeting
compounds [147]. We speculate that the reason for this
outcome might be the inhibitor binding towards CA
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XII, which is often upregulated to compensate CA 1X
absence, as demonstrated in many CA IX knockdown/-
knockout cellular models [148-150]. Therefore, the de-
velopment of single and double CA IX and/or CA XII
knockout cell lines would significantly contribute to
the identification of functional mechanisms of inhibi-
tors.

4.2. Clonogenic Cell Survival Assay

The clonogenic assay monitors the ability of a sin-
gle cell to grow into a colony composed of at least 50
cells. Over 60 years ago, this in vitro cellular technique
was applied for the first time to evaluate the effect of
radiation on the clonogenicity of HeLa cells [151,
152]. Since this experiment, the clonogenic assay has
been adapted for a variety of cell lines [153] and differ-
ent culture models. Next to 2D monolayers, clonogenic
assay using three-dimensional (3D) cell culture models
(spheroids) has been implemented to determine the re-
productive viability under physiologically relevant mi-
croenvironment which is created by numerous impor-
tant factors, including cell-cell interactions and oxygen
gradients [154-156]. Upon the investigation of control
untreated and treated groups, the impact of diverse
treatments, including ionizing radiation and chemical
agents, on clonogenic capacity can be evaluated. This
information is valuable in radiation biology and drug
development.

The 2D and 3D clonogenic assays have been wide-
ly applied in the development of CA IX-selective in-
hibitors. 2D cultures of canine kidney epithelial MD-
CK cells were used to show a significant reduction of
clonogenicity by the derivative of temozolomide con-
taining sulfonamide moiety which is important for tar-
geting the active site of CA IX [147]. The 3-Hydrazi-
noisatin-based benzenesulfonamides significantly low-
ered the ability of HCT-116 monolayer colon cancer
cells to proliferate [157]. Moreover, 3D clonogenic as-
say, using breast cancer MDA-MB-231 cells, was car-
ried out to show the capability of CA IX inhibitor
FC9403A, in combination with irradiation, to decrease
colony formation in comparison to each separate treat-
ments [146]. Several CA IX-targeting derivatives, such
as acetazolamide, indanesulfonamide, and nitroimida-
zole-based compounds, were investigated in combina-
tion with irradiation by clonogenic survival of HT-29
colorectal carcinoma cells in vitro and further in tu-
mor-bearing mice, resulting in the decreased tumor
growth rate and sensitization of tumor to irradiation
without toxic side effects [158, 159].

For our lead VD compounds, both 2D and 3D
clonogenic assays were employed [36]. Briefly, 2D
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HeLa cells were treated with 10-50 uM VR16-09,
VD11-4-2, VD12-09 or 0.05% DMSO for 72 h upon
normoxic or hypoxic conditions (0.2% O,). Then cells
were trypsinized, reseeded in triplicate with known
cell densities and allowed to form colonies for 14 days.
Colonies were stained and fixed with 0.4% methylene
blue in 70% ethanol followed by quantification. In line
with results obtained by alamar blue assay, 50 pM
VR16-09 and 50 uM VD12-09 decreased clonogenic
survival of normoxic HeLa cells (survival fraction 0.22
+ 0.10 and 0.67 £ 0.21, respectively) in a more effi-
cient way than hypoxic cells (survival fraction 0.50 +
0.18 and 0.85 + 0.11, respectively), whereas the impact
of VD11-4-2 on clonogenic survival of both normoxic
(survival fraction 0.69 = 0.18) and hypoxic cells (survi-
val fraction 0.76 + 0.18) did not differ significantly
[36]. Furthermore, 3D clonogenic assay using H460
spheroids was applied. According to immunofluores-
cence, the overlap between CA IX expression and pi-
monidazole-positive hypoxia was investigated in sec-
tions of H460 spheroids grown for 11 days, whereas
both factors were found in spheroids grown for 7 days.
Therefore, non-hypoxic (grown for 4 days) and hypox-
ic (grown for 11 days) H460 spheroids were exposed
to 5-15 uM VR16-09 or 0.25% DMSO for 24 h. Subse-
quently, single cell suspensions were made, followed
by plating them in triplicate with known densities and
allowing to form colonies for 14 days. After quantifica-
tion, the effect of VR16-09 on clonogenic survival of
3D H460 cells was determined to be dependent on CA
IX expression and hypoxia. After exposure to 15 uM
VR16-09, the survival fraction was found to be 1.1 +
0.10 for normoxic spheroids and 0.82 = 0.12 for hypox-
ic spheroids, contrary to the results obtained by 2D via-
bility and clonogenic survival methods.

4.3. Methods to Determine pH-linked Functional
Activity

Upon progression of many cancers, overexpressed
CA IX significantly contributes to the acidification of
extracellular pH and alkalization of intracellular pH
[31, 160]. Therefore, many strategies have been de-
scribed in literature to aid in developing anti-cancer
derivatives modulating CA IX catalytic activity. The
most common in vitro method to evaluate the impact
of inhibitor on catalytic activity of recombinant CA IX
is the stopped-flow CO, hydration assay. At cellular
level, the functional activities of CA-targeting inhibi-
tors to reduce hypoxia-induced acidosis can be deter-
mined by two techniques: extracellular acidification as-
say by measuring pH directly inside a hypoxic cham-
ber and MS gas-analysis following the "*O depletion of
doubly labeled *C"*0,.
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4.3.1. Extracellular Acidification Assay

Cellular pH homeostasis under hypoxic conditions
is mediated through several proteins, including CA IX.
The elevated levels of extracellular H" ions lead to the
tumor aggressiveness-promoting acidosis [161]. Gene
silencing studies have confirmed that the depletion of
CA IX decreases extracellular acidification in vitro
[158]. Thus, measuring the rise of pH under normoxic
conditions or directly inside a hypoxic chamber using
a pH-meter is a convenient approach to evaluate the
functional activity of new derivatives targeting extra-
cellular CA IX. This type of extracellular acidification
assay has been applied in a number of previous studies
which showed the reduction of hypoxia-induced acido-
sis by fluorescein-labeled sulfonamide [162] and ni-
troimidazole-based inhibitors [159, 163].

We investigated the impact of our VD inhibitors on
extracellular acidification of HeLa, H460, MDA-M-
B-231, and A549 cells [36]. HeLa, H460, and MDA-M-
B-231 cells were cultured in DMEM with 10% FBS,
while A549 cells were grown in a home-made analo-
gous medium containing a lower amount (10 mM) of
sodium bicarbonate. Densities for each cell line were
optimized to obtain 100% confluence after 96 h (the
end of the experiment) in normoxia and hypoxia (0.2%
0,) after the exposure to 0.05% DMSO. These condi-
tions were crucial to get the maximal level of CA IX-
dependent extracellular acidification. Cells were plated
in dishes (6 cm diameter) and allowed to attach for 24
h in normoxia. Subsequently, cells were treated with
5-50 uM of each inhibitor or DMSO for 72 h in paral-
lel under normoxic or hypoxic conditions. The pH of
the culture medium was measured at the end of the ex-
periment using a pH-meter as previously published
[162]. Hypoxia-induced acidification of cells was signi-
ficantly reduced by VR16-09, VDI11-4-2, and
VD12-09 and was dependent on the concentration,
whereas the effect of inhibitors on cellular acidifica-
tion in normoxia was negligible (Table 3). This functio-
nal property was the most prominent for VR16-09 at
50 uM, while VD12-09 featured the lowest activity
among the tested compounds [36].

4.3.2. Mass Spectrometric Gas-analysis

Determination of CA catalytic activity in vitro by
MS gas-analysis, using "*O exchange technique, was
first carried out by David Silverman and colleges in
the early 1970s on CA from human erythrocytes [164].
Since then, this technique has served in numerous
studies to determine the catalytic activity of various
CA isoforms and CA mutants under a variety of chemi-
cal conditions. The technique is based on measuring
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Table 3. The pH of culture medium after the treatment of HeLa, H460, A549, and MDA-MB-231 cells in parallel with
0.05% DMSO (pH) or 50 pM VR16-09, VD11-4-2 and VD12-09 (pH,) for 72 h under hypoxia (0.2% O,). Results of at

least 3 independent repeats are shown (mean + SD).

- VD16-09 VD11-4-2 VD12-09
- pH pH, ApH pH pH, ApH pH pH, ApH
HeLa 6.97 £ 0.06 7.44 £ 0.06 0.47 6.97 +0.06 7.21 +0.05 0.24 6.97 +0.06 7.22£0.09 0.25
H460 6.67+0.13 7.19+£0.14 0.52 6.67+0.13 6.84+0.14 0.17 6.67+0.13 6.75+0.28 0.08
A549 6.70 £ 0.04 6.79 £ 0.07 0.09 6.70 + 0.04 6.81 +0.03 0.11 6.70 + 0.04 6.72 £ 0.04 0.02
MDA-MB-231 6.37+£0.11 6.83 £0.20 0.46 6.37 +0.11 6.63 +0.07 0.26 6.37+0.11 6.65+0.11 0.28
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Fig. (3). Determination of CA activity by MS gas-analysis. The figure was created originally according to previously published experimen-
tal data [36]. (A) Simplified reaction sequence of O exchange by the hydration and dehydration of CO, and HCO;’. (B) Original recording
of the three CO, species "C"*0"*0 (m/z=49), “C"*0"°0 (m/z=47), and °C'"°0"°0 (m/z=45). (C) "*O atom fraction (log enrichment), as calculat-
ed from the data shown in (B). The spontaneous "“O exchange is determined from linear regression of the curve before the addition of CA
(LEy). Application of lysate from 20 CA II-expressing Xenopus oocytes increases the rate of “O exchange (LE..,). Intact cancer cells also can
be used here. Application of 10 uM 6-Ethoxy-2-benzothiazolesulfonamide (EZA) inhibits CA II catalytic activity, resulting in a reduction of

the rate of O exchange (LE,,).

the rate of isotopic depletion of *O-labelled bicarbo-
nate using a gas-analysis mass spectrometer. This is
usually achieved by measuring the "*O to '°O exchange
from "’C"*0, caused by the hydration and dehydration
of CO, and HCO;, as shown in (Fig. 3A).

Subsequent depletion of 'O from CO, results in a
subsequent change of the atomic weight from m/z=49
(°C"®*0"0), over m/z=47 (°C"0"0), to m/z=45
(°C'"*0'"°0). The exchange is practically irreversible
since the produced H,"0 is strongly diluted in H,'°O.
The concentration of the three CO, species is constant-
ly recorded over the course of the experiment Fig.
(3B). From these data, various kinetic parameters can
be calculated, as described in numerous studies
[164-167]. An easy method to calculate CA catalytic
activity was described by Dieter Siiltemeyer and col-
leagues [168]; first the "*O atom fraction (also termed
percent enrichment or log enrichment (LE)) is calculat-
ed from the three masses, using the formula:

_ 1. (Bctoypx100 _ [49]x100
LE = log Bco, T lo [49]+[47]+[45] °

The equation yields a curve, as shown in Fig. (3C).
From the slopes of this curve, CA catalytic activity can
be calculated as units of enzymatic activity (U), as
defined by Badger and Price [169]:

LEca—LEs
LEs

U= with

LEca = CA catalyzed **O exchange
LEs = spontaneous, unanalyzed '*0 exchange

The measurements are carried out in a measuring
cuvette that is connected to a quadrupole mass spec-
trometer via a semipermeable membrane or by a direct
inlet which is placed above the surface of the measur-
ing solution. This setup allows to determine CA activi-
ty in a variety of samples, including purified protein
[164, 170], lysates of CA-expressing Xenopus oocytes
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[112, 171], cell suspensions of erythrocytes [172], can-
cer cells [36, 142], cardiomyocytes [173], hepatocytes
[174] or intact oocytes [106, 109], isolated organelles
like mitochondria [175] or chloroplasts [168], or even
artificial phospholipid vesicles [176].

MS gas-analysis has been successfully used to char-
acterize novel CA IX inhibitors in several studies [110,
120, 142]. In a recent study, we determined half-maxi-
mal inhibitory concentrations (/Cs,) for three CA IX in-
hibitors VR16-09, VD11-4-2, and VD12-09 by measur-
ing CA activity in hypoxic MDA-MB-231 breast can-
cer cells by MS gas-analysis. Results indicated a dose-
dependent reduction of CA activity with /C, values of
1.29 + 0.11 nM for VR16-09, 2.95 = 0.69 nM for
VDI11-4-2, and 167.4 + 1.3 nM for VDI12-09 [36].
Thereby, we could demonstrate that the tested deriva-
tives inhibit CA IX activity at low nanomolar concen-
trations in intact cancer cells.

5. DISCUSSION

In recent years, the quantity of new drug approvals
by the US Food and Drug Administration (FDA) and
recommendations for authorization by the European
Medicines Agency (EMA) has increased with a record
number of 59 novel approved drugs in 2018 [177,
178]. Despite advances in molecular sciences, the de-
velopment of many chemical or biological derivatives
often fails so far with a rate of over 90% [179]. The
outcome for 2016-2018 indicated that inaccurate
studies on safety or efficacy cause 79% of clinical fail-
ures [180]. Therefore, there is a significant demand for
the improved combination of biophysical, biochemical
and cellular approaches in the initial stage of drug dis-
covery, leading to deep insight into the characteriza-
tion of drug candidates with promising clinical applica-
tions.

Herein, we have summarized the integrative set of
our preclinical results obtained by enzymatic, biophysi-
cal, molecular, and cellular biology-based methods
aiming to develop CA-targeting benzenesulfonamides
VDI11-4-2, VDI12-09, and VR16-09 as anti-cancer
drug candidates. The recent studies presenting the de-
velopment of these compounds are listed in Table 4. In
humans, many vital functions are regulated by CA iso-
forms. The abnormal levels or activities of CAs are as-
sociated with diverse diseases. Thus, the development
of chemical compounds targeting the specific CA iso-
form linked with certain pathology has been a major fo-
cus of attention over decades. Notably, CA IX has
emerged as the relevant target for cancer therapy due
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to its unique expression pattern. CA IX is absent in nor-
mal tissues except for the epithelia of the gastrointesti-
nal tract [181], whereas high overexpression of CA IX
is detected in a wide spectrum of tumors. A number of
reviews have already covered the biological signifi-
cance of CA IX upon cancer progression [32, 182], a
vast collection of compounds against CA IX [183], and
diverse variations to deliver CA IX-targeting deriva-
tives [184, 185]. The most successful strategies of mod-
ulating CA IX catalytic activity to date include the ap-
plication of sulfonamide-based compounds. However,
the design of CA isoform-selective compounds has
been a challenging goal for many researchers because
of the high conservation between human CA isoforms.
Hence, only several chemical derivatives, such as sulfo-
namide SLC-0111, have progressed to clinical trials
with unfavorable or unavailable results so far, indicat-
ing a need to improve preclinical characterization of
compounds in vitro leading to more efficient CA IX--
targeting options.

For the discovery of drug-lead compounds target-
ing CA IX, we have developed and analyzed a
database of more than 400 benzensulfonamides to in-
vestigate their binding capacity to the twelve catalyti-
cally active recombinant human CA I — CA XIV iso-
forms [38]. Identification and characterization of pico-
molar affinities were challenging due to limitations of
conventional enzymatic, calorimetric, or biosensing as-
says. Only several techniques, including fluorescence
detected sedimentation velocity analytical ultracentrifu-
gation (FDS-SV) [186, 187], microscale thermophore-
sis [188], and FTSA [189], are suitable for measuring
dissociation constant below 1 nM. We applied FTSA
as the primary technique to determine the affinities of
a library of chemical compounds targeting CAs. In ad-
dition, SFA was used to validate the inhibition of CA
catalytic activity and ITC was employed to dissect pro-
tonation events upon CA-ligand binding. Not only ther-
modynamic analysis but also kinetic studies have con-
firmed the potency of our lead compound VD11-4-2 to
be suitable for clinical use. SPR experiments revealed
that VD11-4-2 has a subnanomolar affinity with a low
dissociation rate (~1-10 s) towards CA IX [190]. An
excellent correlation has been observed between FT-
SA, ITC and SFA [68] and SPR [38] assays while
studying CA-inhibitor interactions with a wide range
of affinities. It was necessary to combine several bio-
chemical and biophysical assays to obtain high-quality
data and select potential drug molecules for further test-
ing in biological systems.
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Table 4. Timeline of discovery of benzenesulfonamides VD11-4-2, VD12-09, and VR16-09 as CA IX inhibitors.

Year The Goal of the Study Ref.

2013 |Discovery of 4-substituted-2,3,5,6-tetrafluorobenzenesulfonamides (including VD10-13 and VD10-35) as selective picomolar in-| [39]
hibitors of CA 1

2014 Discovery and characterization of lead compounds VD11-4-2 and VD12-09 as selective picomolar inhibitors of CA IX [37]

2015 Evaluation of intrinsic thermodynamics of compounds VD10-13 and VD10-35 binding to CAs [79]
2016 Biological evaluation of lead compounds VD11-4-2 and VD12-09 in Xenopus oocytes and human cancer cultures [110]
2016 Thermodynamic characterization of human CA IX [55]
2017 Evaluation of intrinsic thermodynamics of compounds VD11-4-2 and VD12-09 binding to CAs [78]
2017 Comparison of inhibition and binding assays for the identification of picomolar inhibitors [68]
2018 Thermodynamic, kinetic, and structural characterization of more than 400 inhibitors binding to 12 human CAs [38]

2018| Biological evaluation of lead compounds VD11-4-2, VD12-09, and VR16-09 as selective inhibitors of CA IX in 2D and 3D | [36]

models of human cancer cell cultures

2018 First in vivo study on the dual derivative composed of VD11-4-2 and tubulysin B [143]

2019 Design of CA VI-mimic enzyme as a model for inhibitor screening [70]

Next to biochemical approaches described in the
present review, many other methods have been applied
to determine the functional in vitro efficacy of CA IX
inhibitors and their activated cellular programs. First,
lactate dehydrogenase (LDH, EC 1.1.1.27) release as-
say allows evaluation of cytotoxicity, causing necrotic
cell death. This colorimetric detection of serum LDH
was applied by Mboge et al. to show that a series of
ureido-substituted benzenesulfonamides inhibit cell
growth without inducing cell death [142]. Second, de-
tection of apoptotic markers, such as annexin V or
cleaved caspases, is important to uncover apoptotic in-
hibitor-induced type of cell death. Several sulfon-
amide-based CA IX inhibitors have been reported by
Koyuncu et al. to possess apoptotic roles in HeLa cells
according to the increased amounts of cleaved caspase
3 (EC 3.4.22.56), caspase 8 (EC 3.4.22.61), caspase 9
(EC 3.4.22.62), and PARP (EC 2.4.2.30) [191]. More-
over, diamide-based benzenesulfonamides have been
described by Abdelrahman et al. to induce apoptosis
due to the increase of annexin V [192]. Third, the im-
pact of CA IX-targeting compound on cell motility has
been investigated by diverse migration and invasion as-
says, including wound healing assay [193], chemotaxis
migration assay [194], and invasion through matrigel
[194]. Taken together, the listed methods may provide
detailed preclinical information on the mechanism of
action of CA IX inhibitors, which would be essential
for further in vivo investigations.

During cancer development, hypoxia induces many
alterations in metabolic pathways, including the upreg-
ulation of CA IX and other proteins which are in-

volved in cellular energetics. Recently, a number of
studies have been actively pursued aimed at a synergis-
tic effect through the combination of CA IX inhibitors
with compounds directed against various proton and
lactate exchangers and transporters, such as vacuolar
ATPases (V-ATPases, EC 3.6.1.3), Na'/H" exchangers
(NHEs, EC 7.2.2.1), and MCTs [195]. The simultane-
ous targeting of CA IX by using sulfamate S4 or the
ureido-sulfamate derivative FC9-399A and V-ATPase
by applying lansoprazole has been reported to be more
efficient than single treatments [196]. In addition,
NHEI! inhibitor 5-(N,N-Dimethyl)amiloride hydrochlo-
ride (DMA) in combination with CA IX inhibitor
FC9403A significantly reduced clonogenicity of
MDA-MB-231 spheroids when combined with 0.5 Gy
irradiation compared to either irradiation or single com-
pound exposures [146]. However, the gene silencing
study did not reveal the synergistic effect of both CA
IX and NHE1 knockouts in vivo due to the upregula-
tion of CA XII [150], emphasizing the cross-talk be-
tween CA isoforms and thus a need for the further in-
vestigation of molecular pH compensatory mech-
anisms.

Recently, CA IX has been identified to form di-
verse transport metabolons by interfering both directly
and functionally with other proteins, such as NBCel
[193], NHE1 [197], MCT1 [115], and MCT4 [115].
Thus, the disruption of transport metabolons has
emerged as a promising anti-cancer strategy to disbal-
ance cellular homeostasis and thus impair tumor pro-
gression [198]. Ames et al. have shown that MCT
chaperone CD147 is necessary for the formation of
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transport metabolon between MCT1/4 and CA IX
[116]. Interestingly, antibodies recognizing CD147 or
PG domain of CA IX have been demonstrated to signif-
icantly decrease CA I[X-facilitated lactate flux by
MCTs, resulting in a reduction of cellular proliferation
[116, 171]. Furthermore, the compound KB-R7943, a
selective inhibitor of type 1 Na'/Ca® exchanger
(NCX1), has been characterized by Liskova ef al. to
prevent the formation of NCXI1-CA IX-NHEl
metabolon, leading to reduced cell motility [197]. Th-
ese studies indicate that targeting the interaction of CA
IX, a marker of hypoxic tumors, with widely expressed
acid/base transporters might be a more efficient thera-
peutic option compared to targeting a single pH-regu-
lating protein.

CONCLUSION

In conclusion, the newly designed fluorinated
benzenesulfonamides VDI11-4-2, VDI12-09, and
VR16-09 differ from previously reported CA IX inhibi-
tors by bulky hydrophobic groups at ortho- and meta-
positions. These groups ensure high selectivity and pi-
comolar affinity towards CA IX as confirmed by the
enzymatic inhibition, biophysical binding assays, and
crystallographic analysis. Importantly, the combination
of this data with results from biological assays signifi-
cantly strengthens the conclusions of compound struc-
ture-activity relationships and is essential for sufficient
in vitro characterization. For future directions, combi-
natorial approaches to applying our VD compounds
with either biological derivatives, which suppress the
formation of metabolons, or the standard treatment mo-
dalities may lead to improved biological efficacies. In-
deed, the enhanced anti-tumor effect has recently been
presented for a combination of SLC-0111 with gemc-
itabine to treat pancreatic cancer [199] (clinical Phase
I/II trial: NCT03450018) and SLC-0111 with sunitinib
to treat triple-negative breast cancer [200]. Further-
more, Marks et al. have reported the design of a dual
derivative composed of VD11-4-2 and tubulysin B
which impaired tumor growth in vivo and was not tox-
ic [143], emphasizing that our lead VD compounds can
be used as targeting moieties for the delivery of cyto-
toxic drugs and other diagnostic applications because
of high affinity and great selectivity properties. Over-
all, we hope that the present review focusing on CA
model proteins may serve as a constructive guideline
to design and optimize picomolar hits in preclinical
studies, leading to the development of therapeutically
beneficial compounds without undesired side effects
and thus the successful translation of basic research in-
to clinic.

Kazokaité-Adomaitiené et al.

LIST OF ABBREVIATIONS

ANS = 1,8- Anilinonaphthalene sulfonate

c = Wiseman c-factor

CA = carbonic anhydrase

EC,, = half-maximum viability response

EZA = 6-Ethoxy-2-benzothiazolesulfonamide

FDS-SV = fluorescence detected sedimentation velocity
analytical ultracentrifugation

FTSA = fluorescent thermal shift assay

h = Hill coefficient

AH.,. = intrinsic enthalpy change

Hepes = 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid

[1] = total added inhibitor concentration

ICs, = half-maximal inhibitory concentration

ITC = isothermal titration calorimetry

K, = binding constant

K, = dissociation constant

LDH = lactate dehydrogenase

LE = log enrichment

MCT = monocarboxylate transporter

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NBCel = sodium bicarbonate co-transporter

NCXI = type 1 Na'/Ca® exchanger

SFA = stopped-flow CO, hydration assay

AS,.. = intrinsic entropy change

SPR = surface plasmon resonance

Tris = 2-Amino-2-(hydroxymethyl)-1,3-propanediol

VDI10-13 = 2,3,5,6-Tetrafluoro-4-[(2-hydroxyethyl)thio]

benzenesulfonamide

VDI10-35 = 2,3,5,6-Tetrafluoro-4-[(2-hydroxyethyl)sulfonyl]
benzenesulfonamide

VD11-4-2 = 3-(Cyclooctylamino)-2,5,6-trifluoro-4-
[(2-hydroxyethyl)sulfonyl]benzenesulfonamide

VDI12-09 = 2-(Cyclooctylamino)-3,5,6-trifluoro-4-
[(2-hydroxyethyl)thio]benzenesulfonamide

VR16-05 = 4-(2-{[4-(Aminosulfonyl)-2,3,5,6-
tetrafluorophenyl]thio} ethyl)benzoic acid

VR16-09 = 4-(2-{[4-(Aminosulfonyl)-3-(cyclododecylamino)
-2,5,6-tetrafluorophenyl]thio} ethyl)benzoic acid
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Engineered Carbonic Anhydrase
VI-Mimic Enzyme Switched the
Structure and Affinities of Inhibitors

Justina Kazokaité'%, Visvaldas Kairys?, Joana Smirnoviené!, Alexey Smirnov?,
Elena Manakova?, Martti Tolvanen*, Seppo Parkkila® & Daumantas Matulis®?

Secretory human carbonic anhydrase VI (CA VI) has emerged as a potential drug target due to

its role in pathological states, such as excess acidity-caused dental caries and injuries of gastric
epithelium. Currently, there are no available CA Vl-selective inhibitors or crystallographic structures
of inhibitors bound to CAVI. The present study focuses on the site-directed CA Il mutant mimicking
the active site of CA VI for inhibitor screening. The interactions between CA VI-mimic and a series of
benzenesulfonamides were evaluated by fluorescent thermal shift assay, stopped-flow CO, hydration
assay, isothermal titration calorimetry, and X-ray crystallography. Kinetic parameters showed

that A65T, N67Q, F130Y, V134Q, L203T mutations did not influence catalytic properties of CA 11,

but inhibitor affinities resembled CA VI, exhibiting up to 0.16 nM intrinsic affinity for CA VI-mimic.
Structurally, binding site of CA VI-mimic was found to be similar to CAVI. The ligand interactions with
mutated side chains observed in three crystallographic structures allowed to rationalize observed
variation of binding modes and experimental binding affinities to CA VI. This integrative set of kinetic,
thermodynamic, and structural data revealed CA VI-mimic as a useful model to design CA VI-specific
inhibitors which could be beneficial for novel therapeutic applications.

Human carbonic anhydrases (CAs) are widespread enzymes known for over 80 years'. CAs regulate both intra-
cellular and extracellular pH homeostasis through the catalysis of reversible carbon dioxide hydration to bicar-
bonate and proton. To date, there are twelve catalytically active human CAs, which display diverse sub-cellular
localization, tissue-specific expression, and kinetic properties**>. Among a broad spectrum of CA-linked research
areas, clinical investigation is a major focus due to the implication of abnormal CA levels or their activities in
diseases, such as glaucoma*, epilepsy®, obesity®, and cancer’. Therefore, many efforts have been dedicated over
years to design CA isoform-selective compounds exhibiting sufficient affinity properties®. These derivatives would
be prospective for the translation into the clinic because of therapeutic efficacy without inducing undesired side
effects caused by inhibited vital off-target CAs. However, it is a challenging task because of the high structural
homology among human CAs’.

CA VI is the only secreted human CA isoform found in saliva'®, serum'!, milk'?, respiratory airways'?, and ali-
mentary canal'’. Several studies have indicated the immunological CA VI function'>'® and have presented asso-
ciations of CA VI with bitter taste perception!”!® or protection of excess acidity-caused complications, including
dental caries'*?° and injuries of esophageal or gastric epithelium?®'. The link of CA VI with certain cancers, such as
that of salivary glands, has been speculated by gene comparison study®?, which have shown close relation of CA
VI with CA IX, a marker of tumors®. Thus, there is a demand for effective and selective CA VI inhibitors, which
would be relevant to determine the exact physiological role of CA VL.

For more than five decades, the most widely applied method in the search of CA isoform selective inhibitors
has been the stopped-flow assay of the catalytic activity of CO, hydration (SFA)****. However, SFA has several
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limitations, such as the largely unknown CO, concentration and unfeasibility to measure inhibition constant
below several nM?°. Therefore, biophysical techniques, such as the fluorescent thermal shift assay (FTSA) and
isothermal titration calorimetry (ITC), are promising alternatives to screen CA-targeting derivatives. FTSA is a
high-throughput method exhibiting minimized biomolecule consumption and low limitations for binding affin-
ity, thereby both strong (picomolar) and weak (millimolar) compounds can be identified during the same experi-
ment**?. ITC allows the direct determination of stoichiometry and thermodynamic parameters, such as affinity,
enthalpy, entropy, and heat-capacity, during a single or several titration experiments but it demands relatively
large quantities of proteins and has limitations for assessing the binding affinity®***3!,

Importantly, two types of variables can be distinguished when binding reactions are carried out by FTSA or
ITC: the observed parameters obtained from experimental setup and the intrinsic values calculated according
to the corresponding observed data. Most studies on the development of CA inhibitors usually provide only
observed binding parameters, which are dependent on experimental conditions and might be misleading. Both
the CA and inhibitor exist in different protonation states in the solution compared with ones in the complex.
Therefore, protonation-deprotonation reactions are required to initiate the binding of inhibitor to CA. Only
intrinsic values subtract energetic contribution of binding-linked protonation events and thus are relevant for the
rational drug design®-.

Due to the recent advances in the structural and in silico biology, production of target recombinant proteins,
including CAs, in large quantities is of high demand for in vitro inhibitor screening of drug-candidates during
preclinical research. The literature lists a number of host cells for expression of recombinant proteins. Among
microorganisms, the enterobacterium Escherichia coli (E. coli) is selected frequently owing to numerous advan-
tages, such as rapid growth, easy genetic manipulation, and relative cost effectiveness***”. However, the stability
of heterologous protein in E. coli can be influenced by the several factors, including mRNA instability, codon bias,
protein aggregation, toxicity, and lack of post-translational modification®®. Therefore, different, more efficient
strategies to obtain functionally active recombinant proteins in high yield are required for screens of chemical
compounds with the aim to identify hits in the initial stages of drug discovery.

The goal of the present study was to design a CA II-based CA VI model protein, named as CA VI-mimic, for
the search of CA-isoform selective inhibitors. As CA VI-mimic, mutant of CA II containing five point mutations,
such as A65T, N67Q, F130Y, V134Q, L203T, was generated via site-directed mutagenesis. CA II was selected as a
core for CA VI-mimic because purification yield of CA II from E. coli is ~10-fold higher than CA VI, CA IT has
highest catalytic efficiency among CAs, and CA II is confirmed as a stable CA protein for X-ray crystallography.
Here enzymatic activity and inhibition of CA II, CAVI-mimic, and CA VI was determined by SFA. Biophysical
studies on inhibitor binding to CA II, CA VI-mimic, and CA VI were carried out by ITC and FTSA. X-ray crys-
tallography and computational modeling were used to compare positions of several inhibitors in the active sites
of CA II, CA VI-mimic, and CA VI. Observed and intrinsic thermodynamics were in line with structural results
which confirmed the relevance of CA VI-mimic as a CA VI model protein. The most tested benzenesulfonamides
bound to CA VI-mimic in a manner corresponding to their interactions with CA VI but not CA II, thereby
emphasizing suitability of the investigated CA II mutant mimicking CA VT for inhibitor screening.

Results

Enzymatic activity of CA VI-mimic correlates with CA Il, but not CAVI.  Studies on inhibitor selec-
tivity towards diverse human CA isoforms are important to develop efficient compounds for the treatment of
diseases caused by abnormal levels or activities of a particular CA isoform. Therefore, it is essential to evaluate
inhibitor affinity to all human CAs, including CA V1. Since our previous study”’ indicated a low yield of recom-
binant CA VI from E. coli, we generated CA II mutant as a CA VI model protein (CA VI-mimic) for inhibitor
screening. Inhibitor affinities towards CA Il and CA VI-mimic were expected to differ in the way imitating inhibi-
tor binding to CA VI, but not CA II (Fig. 1A). Thus, negligible differences between inhibitor affinities towards CA
VIand CA VI-mimic were presumed. According to computational modeling, five point mutations A65T, N67Q,
F130Y, V134Q, L203T were chosen (Figs 1B-D and S1) and introduced into the active site of CA II.

The catalytic activity of CA VI and CA VI-mimic to catalyze CO, hydration reaction was measured by SFA
(Figs 2A and S3). Analysis of kinetic data showed that site-directed mutagenesis did not significantly affect either
the catalytic activity or pK, of zinc-bound water molecule of CA II. Catalytic constants (k,,) of CA IT and CA
VI-mimic did not differ (k.,, values were 6.0 x 10°s!), whereas k_,, for CA VI was lower than CA VI-mimic by
3-fold (1.9 x 10°s7!). In the pH range 5.9-7.0 Michaelis constants (K) as well as k,,, values of the carbon dioxide
hydration reaction were comparable: 7.3 +2.9mM for CA I, 8.8 £ 1.8 mM for CA VI-mimic and 9.9+ 3.2mM
for CA VI. However, in the pH range 7.1-8.4 K, values of CA VI-mimic (6.8 £ 2.0 mM) were closer to CA II
(4.7 4+ 1.0mM) than to CA VI (11.3 0.7 mM). Interestingly, maximum catalytic activity of CA VI was observed
at pH 7.0-8.0 and it decreased at pH above 8.0. The determined pK, value of zinc-bound water molecule of CA
VI was 6.6 £ 0.2. The observed inhibition constants by SFA correlated with dissociation constants determined by
FTSA. Typical SFA curves of CA II, CA VI-mimic and CA VI inhibition by compound 39 are shown in Fig. 2B.

Influence of buffer and pH for the observed binding affinity of ethoxzolamide to CA VI-mimic.
Biophysical methods, such as ITC and FTSA, enable measurements of observed thermodynamics and thereafter
calculations of intrinsic affinities. The observed binding profiles are altered by linked reactions and therefore, only
intrinsic binding parameters can be correlated with compound structures, thereby revealing structural reasons
for protein-ligand binding affinity.

Binding energetics are significantly affected by several protonation-deprotonation events which are necessary
for the binding of sulfonamide derivative to CA. Only deprotonated sulfonamides can interact with the zinc cat-
ion in the active site of pronated CA, containing zinc-coordinated water molecule (protonated hydroxy group). In
this study, observed and intrinsic affinities of inhibitor binding to CA VI-mimic were determined and compared
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Figure 1. (A) The mimic of CA VI was prepared from CA II by site-directed mutagenesis of amino acids that
differ between two CA isoforms. The CA VI-mimic protein served as a model of compound binding to CA VI.
(B) Active site of CA II (PDB ID: 3KS3). Dark red molecular surfaces mark the positions of point mutations
introduced in the active site of CA II to resemble CA VI by making a multiple-residue mutant of CA II (CA VI-
mimic). (C) Active site of CA VI (PDB ID: 3FE4). The light blue areas are buried molecular surfaces between
interacting molecules in the homodimeric complex. Dark red molecular surfaces mark the equivalent positions
between multiple-residue mutant of CA II (CA VI-mimic) and CA V1. The labels belong to CA VI (CA II
numbering). (D) Superposed structures of the binding pockets of CA II (rose; PDB ID: 3M96), CA VI (blue;
PDB ID: 3FE4), and CA VI-mimic (green; PDB ID: 6QL2). The mutated residues of CA Il are colored dark red.
The zinc ion in the active site of each CA isoform is shown as a grayish sphere in panels (B-D).

to their affinities towards CA IT and CA VI. The obtained experimental data by FTSA on interactions between
ethoxzolamide (EZA) and CA VI-mimic in buffers with different pH showed that pH remarkably influenced
the observed binding Gibbs energy (A,G,,, Fig. 3A). The dependence of A,G,,, on pH has also been observed
previously*>#! when EZA binding to CA II or CA VI was measured. The strongest interaction was determined
near neutral pH and became weaker both in acidic and alkaline pH. Sulfonamide group usually has pK, in the
range between 7 and 10, whereas CA isoforms have pK, around 7. Therefore, diminished EZA affinity in acidic
solution was because the fraction of binding-ready deprotonated form of EZA decreased by 10-fold with every
pH unit. Similarly, EZA affinity decreased in alkaline solution because the fraction of binding-ready CA with the
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Figure 2. Catalytic activity, inhibition and binding profiles of CA II (red squares), CA VI-mimic (wine triangles)
and CA VI (royal circles). (A) The plot of k,,, dependence on pH by stopped-flow CO, hydration assay (SFA).

Solid lines were fit using single protonation model. (B) Inhibition of CAs by compound 39 using SFA. Data points
were fit to the Morrison eq. (solid lines)”*”>. The insets show raw activity curves of CA catalyzed reaction without
added inhibitor (red, wine, royal lines), CA inhibited reaction with 313 nM added compound 39 (magenta, dark
yellow, purple lines) and spontaneous CO, hydration reaction (pink, orange, cyan lines) in the absence of CA.

(C) Dosing curves of compound 39 binding to CAs by fluorescent thermal shift assay (FTSA). Data points show
the AT, as a function of the total concentration of compound 39 added and the lines are simulated using fitting
parameters when temperature is 37 °C, CA concentration is 10 uM, enthalpy of unfolding is 690 kJ/mol for CA II
and CA VI-mimic, and 480 kJ/mol for CA VI, enthalpy of binding is —42 kJ/mol, heat capacity of binding is —0.8]/
(molK) and the reference melting temperature is 56.8 °C for CA II, 63.1 °C for CA VI-mimic, and 47.6°C for CA
VI. The AT, shift is equal for CA VI-mimic and CA VI, but Ks differ due to different enthalpies of unfolding. The
insets show CA unfolding curves at 0 and 200 uM inhibitor 39 concentrations. (D) Isothermal titration calorimetry
(ITC) curves of EZA binding to CA VI-mimic in phosphate (Pi, pH 6.1 (A) and 8.4 (®)) and TRIS buffer (pH

6.9 (M)) at 25°C. Lines were fitted using single binding site model. The insets show raw data ITC curves at 10 uM
CA VI-mimic concentration. Different observed enthalpies of binding illustrate the presence of binding-linked
protonation reactions that must be accounted for the determination of intrinsic binding parameters.

zinc-bound protonated hydroxide (water molecule) decreased. According to U-shaped curve as the global fit of
experimental data extrapolated to 25 °C, intrinsic binding Gibbs energy (A,G;,,) change upon EZA interaction
with CA VI-mimic was determined to be —52.4k]/mol which was 7.8 k]/mol greater than the highest experimen-
tally observed value (—44.6kJ/mol at pH 7.1). Difference of A,G;,,, (AA,G,,,,) between EZA interaction with CA
VI-mimic and CA VI were smaller (AA,G;,,,= —1.5k]J/mol) compared to that between CA VI-mimic and CA
11 (AAG;,,=6.1k]/mol).

Observed standard enthalpy changes (A,H,,,,) upon EZA binding to CA VI-mimic formed an X-shaped curve
which depended on pH and buffer (Fig. 3B). The same tendency has been found previously***! when A,H,,, of
EZA binding to CA II or CA VI was analyzed. Results were obtained by ITC titration at 25°C in two buffers
exhibiting different protonation enthalpies: sodium phosphate (Pi) and TRIS. Upon EZA-CA VI-mimic titration,
more than 20k]J/mol difference in A,H,,, was observed in same buffer at different pHs (in TRIS buffer: —81.6k]/
mol at pH 6.5, —57.2kJ/mol at pH 8.5; in Pi buffer: —38.9k]J/mol at pH 5.2, —84.9Kk]/mol at pH 8.4). To dissect
protonation influence, intrinsic enthalpy (A H;,,,) of EZA interaction with CA VI-mimic was globally fitted to
be —62.0k]J/mol. Difference of A H;,,, (AA,H,,,) between EZA interaction with CA VI-mimic and CA VI were
smaller (4.0kJ/mol) compared to that between CA VI-mimic and CA II (11.0kJ/mol). Thus, A,H,,, were in line
with AG;,,» confirming that CA I mutant was mimicking CA VI for EZA binding.

Furthermore, analysis of U- and X-shaped curves obtained by FTSA and ITC, respectively, led to the charac-
terization of two important parameters of CA VI-mimic: ionization constant (pK,) and enthalpy of protonation
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Figure 3. (A) Comparison of observed Gibbs energy changes (A,G,;,) upon EZA binding to CA II (red), CA
VI-mimic (dark red), and CA VI (blue) as a function of pH (25 °C). Experiments were performed by FTSA in
universal buffer (50 mM sodium phosphate, 50 mM sodium acetate, and 25 mM sodium borate). The pK, for
CA VI-mimic was determined to be 7.1. (B) The observed enthalpy changes (A,H,,,) upon EZA binding to
CAII (red), CA VI-mimic (dark red), and CA VI (blue) as a function of pH in two different buffers (sodium
phosphate (Pi) and TRIS), which have different protonation enthalpies. Experiments were performed by
isothermal titration calorimetry (ITC) at 25 °C. The dashed line shows the intrinsic binding enthalpy (A,H,,,,),
which is independent of pH. The pK, for CA VI-mimic was determined to be 7.3. Thermodynamic binding
parameters of EZA binding to CA Il and CA VI have been previously published**#!. Red arrows indicate
difference in A,G,,,, or A H,,, of EZA binding to CA VI-mimic compared to CA IT or CA VL.

Protein pK, A,G, kJ/mol A H,kJ/mol | TA,S, kJ/mol
CAIP 7.1 —40.5 —26.0 14.5
CA VI-mimic 7.2 —41.1 —38.0 31
CA VI 6.2 —35.4 —32.0 34

Table 1. Thermodynamic parameters of protonation of zinc-bound hydroxide anion of studied CA isoforms
as determined by FTSA and ITC at 25 °C. The uncertainty of the pK,, values determined by FTSA and ITC is
approximately 0.2 pH units, while for the change in Gibbs energies and enthalpies it is approximately 2 kJ/mol.
*Data taken from*'; ®Data taken from*.

(A,H) of the zinc-bound water molecule (Table 1). The pK, of CA VI-mimic was determined to be 7.2 at 25°C as
the average of two pK,, values evaluated independently by two techniques: 7.1 by FTSA and 7.3 by ITC. The pK,s
of CA Il and CA VI-mimic matched each other within the error margin of 0.2 pH unit*?, whereas pK,s of CA VI
and CA VI-mimic significantly differed by 1.0 pH (25°C). Thus, target five point mutations of CA II, which were
introduced to design CA VI-mimic, did not affect amino acids surrounding zinc in active sites of CA II at the level
causing significant difference of pK,s between CA Il and CA VI-mimic. Moreover, A H for CA VI-mimic was
assessed to be —38.0kJ/mol at 25 °C. The difference of A,H between CA VIand CA VI-mimic (6.0 kJ/mol) was
2-fold lower than difference of A ,H between CA 1T and CA VI-mimic (12.0k]/mol). Therefore, experiments with
one inhibitor EZA resulted in both pK, and A H for CA VI-mimic, which are essential parameters to determine
intrinsic energetics of any other inhibitor binding to CA VI-mimic.

Hydrophobic substituents and fluorine substituents significantly affected intrinsic inhibitor
binding affinity for CA VI-mimic. Here 43 benzenesulfonamide derivatives binding to CA VI-mimic
was measured by FTSA and inhibition constants of several selected compounds were confirmed by SFA.
Trifluoromethanesulfonamide (TFS), EZA, and methazolamide (MZM) were used as controls. Structures of
tested compounds are shown in Fig. 4, while dissociation constants (K,) are listed in Tables 2 and S1 (examples
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Figure 4. Chemical structures of 1-46 compounds designed as CA inhibitors. Compounds 1-3 are standard
inhibitors of CAs that we used here as control compounds (TFS, EZA, and MZM).

of raw and integrated data of inhibitor binding to CA VI-mimic by FTSA and ITC at different pHs are indicated
in Fig. 2C,D, respectively).

According to observed thermodynamics, EZA was shown to be the strongest binder to CA VI-mimic with
observed K, (K; ;) of 17nM. From a series of fluorinated benzenesulfonamides, compounds 22 and 26 bear-
ing substituents at para position were characterized to be the most potent CA VI-mimic inhibitors bound with
observed K, (K; ) in the range of 50-67 nM. The comparison between binding affinities of corresponding fluor-
inated and nonfluorinated compounds (6 vs 30, 15 vs 16, and 22 vs 23) showed that fluorination significantly
increased observed binding affinity and diminished pK, of inhibitor sulfonamide amino group. For instance,
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Ky_ops (M) Ko juir (nM)
Inhibitor | Lab. name PK,sa |CAIL CA VI-mimic | CAVI CAIl | CAVI-mimic | CAVI
1. TFS 6.02 20 33 14 8.0 15 1.2
2. EZA 7.82 1.3(<5.0) | 17 (<54) 33 (<54) 0.073 1.1 0.40
3. MZM 6.86 100 330 830 27 97 44
4. VDI10-9 8.12 46 130 430 1.4 4.7 2.7
5. VD10-12 8.61 18 100 1100 0.19 1.2 24
6. VD10-13 8.14 11 130 200 0.32 4.2 1.2
7. VDI10-14 8.84 91 330 1000 0.57 2.4 13
8. VDI10-16 8.47 9.1 200 1200 0.13 3.3 3.7
9. VDI10-18 7.80 3.4 140 200 0.20 9.8 25
10. VD10-35 7.28 17 130 67 25 22 2.1
11. VD10-39b 7.85 83 140 130 4.6 8.8 1.5
12. VD10-45 7.69 5.8 140 140 0.43 12 22
13. VD10-49 7.83 0.65 110 200 0.037 7.2 23
14. VD10-50 802 |9.6(<43) |330(140) 1000 (630) | 037 |15 7.9
15. VDI11-9 8.05 1.7 100 400 0.061 4.1 3.0
16. VDI11-36 10.1 12 500 1100 0.0039 |0.20 0.077
17. VDI11-67 8.67 5900 100 000 100 000 55 1000 190
18. VD11-51 7.07 33 130 160 0.68 31 6.6
19. VDI11-56 7.97 20 330 500 0.86 16 44
20. VDI11-71 8.67 500 2500 3300 4.6 26 6.3
21. VDI12-04 8.67 1800 3300 20000 17 35 38
22. VD12-05 8.15 22 50 140 0.065 1.7 0.86
23. VDI12-10 10.2 25(<36) 500 (200) 830 (3900) 0.0070 | 0.16 0.048
24. VDI12-17 8.67 1300 5000 11 000 12 52 21
25. VDI11-4-2 8.01 56 100 67 22 4.5 0.54
26. VD11-10 7.22 1.2 67 140 0.21 13 4.8
27. VDI11-16 7.87 35 1000 2000 19 59 22
28. VDI11-17 7.87 50 140 330 2.6 8.5 3.6
29. VDI11-28 7.87 6.7 200 110 0.35 12 1.2
30. VD11-31 9.96 140 1000 5000 0.070 0.55 0.50
31. VDI11-39 7.87 33 2000 1000 1.8 120 11
32. VDI11-61 8.53 33 140 330 0.042 2.1 0.87
33. E46 8.90 50 50 200 0.28 0.31 0.23
34. El1-6 8.70 5.6 330 1100 0.048 33 2.0
35. El11-11 9.40 1000 2000 13 000 1.8 4.0 4.5
36. El1-12 8.90 8.5 500 5000 0.047 3.1 5.7
37. El1-14 8.90 7.1 330 3300 0.039 2.1 3.8
38. E11-15 9.40 560 1300 5000 0.98 25 1.8
39. Ell-18 890 | 28(<54) | 500(300) 2500 (1600) | 0.15 | 3.1 28
40. E11-37 9.60 3600 3300 6700 4.0 42 15
41. El11-36 8.30 8.3 500 3300 0.16 12 14
42. E11-52 8.70 29 330 1400 0.025 3.3 25
43. E11-53 9.60 1700 3300 10 000 1.9 4.2 23
44. E11-57 9.60 140 500 3300 0.16 0.63 0.75
45. E11-60 8.70 250 500 3300 2.2 4.9 59
46. El11-64 9.40 100 1100 17 000 0.16 2.2 5.5

Table 2. The K; ,, and K ;,,, values (nM) for interactions between inhibitor and three CA proteins: CAII,
CA VI-mimic, and CA V1. The observed inhibitor affinities for CA VI-mimic were obtained experimentally
by FTSA (pH 7.0, 37 °C), whereas the intrinsic parameters were calculated from the corresponding observed
data using pK, of 7.0 for CA VI-mimic at 37 °C as explained in the methods part. The standard error of K,
measurements is +2-fold. The pK,, values of applied sulfonamide amino group (pK, s,) and inhibitor affinities
towards CA Il and CA VI have been already reported®*®. Dissociation constants K,s of selected compounds
were confirmed by SFA (pH 7.5). Experiments were performed at 23 °C and observed K;s were extrapolated
to 37 °C using van't Hoff equation when enthalpy of binding is —42kJ/mol. The values at 37 °C are given in

parentheses. The determined K;s at 23 °C are given in Table S2.
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Figure 5. Comparison of logK,, values representing observed (A) and intrinsic (B) inhibitor binding affinities
towards CA VI-mimic and CA II (red squares) or CA VI-mimic and CA VI (blue squares). Straight line
represents a model of equal affinity of inhibitor binding to pairwise proteins. Red and blue dashed lines show
linear regression models for inhibitor binding to CA Il and CA VI, respectively. R? values and linear equations
are indicated. Experiments were performed by FTSA (pH 7.0, 37°C).

K ops for 30 and 6 binding to CA VI-mimic increased 8-fold upon fluorination (from 1000 nM to 130 nM),
whereas K ,, for 23 and 22 increased affinity 10-fold (from 500 nM to 50 nM). Fluorines reduced pK,, of sulfon-
amide group significantly: from 9.96 to 8.14 for inhibitors 30 and 6, respectively, and from 10.2 to 8.15 for com-
pounds 23 and 22, respectively (Table 2). Correspondingly, chlorine in most compounds also increased observed
affinity and reduced pK;, of inhibitor sulfonamide amino group. For example, upon chlorination K;; ,,, for 40 and
41 interaction with CA VI-mimic increased 430-fold (from 3600 nM to 8.3 nM, respectively), while pK,, values
were lowered by 1.30 unit (from 9.60 to 8.30, respectively).

To investigate structure-activity relationships, intrinsic K; (K ;,,,) values for interactions between CA
VI-mimic and investigated series of compounds were calculated. The largest differences between K, ,,,and Ky
values were determined for nonfluorinated benzenesulfonamides (16, 23, and 30), where the binding to CA
VI-mimic differed 2500, 3200, and 1800-fold, respectively. Only five compounds (10, 18, 26, TFS, and MZM)
exhibited lower than 10-fold difference between the K; ,;, and K, . According to intrinsic thermodynamics,
the strongest binders were inhibitors 16, 23, 30, and 33 with K,; ;,,, in the range of 0.16-0.55nM. Therefore, the
strongest intrinsic interaction between inhibitor and CA VI-mimic was observed when inhibitor did not possess
any fluorines in benzenesulfonamide scaffold and contained a hydrophobic substituent at para position, such
as SCH2CH2CH3 (K, ;,,, for inhibitor 23 was 0.16 nM) and SCH2CH2Ph (K, ;,, for inhibitor 16 was 0.20 nM).
Exceptionally, inhibitor 33 was the strongest binder to CA VI-mimic with chlorine at ortho position and large
hydrophilic group at meta position (K, ;,, was 0.31 nM). Replacement of the methyl group (inhibitor 23) by
hydrophilic hydroxyl group (inhibitor 30) weakened intrinsic binding affinity more than 3-fold (from to 0.16 nM
to 0.55nM). Moving on to the structural analysis of fluorinated benzenesulfonamides, two inhibitors were deter-
mined to be the strongest binders to CA VI-mimic: compound 5 bearing 4-Morpholinyl group at para position
(K inty was 1.2nM) and 22 with SCH2CH2CH3 group at para position (K ;,,, was 1.7 nM). In line with results
obtained from nonfluorinated compounds, hydrophobic contacts between inhibitors and CA VI were identified
to be significant because the exchange of methyl group (inhibitor 22) by hydroxyl group (inhibitor 6) or car-
boxyl group (inhibitor 19) weakened intrinsic interaction by 2 and 9-fold, respectively. Apparently, the number
of methyl groups of substituents at para position had significant effect on intrinsic binding affinity. The inhibitor
32 with SCH2Ph bound to CA VI-mimic 2-fold stronger than inhibitor 15 with SCH2CH2Ph and 4-fold stronger
than inhibitor 9 with SPh. Most often, introducing diverse substituents at meta position did not change intrinsic
binding affinity significantly (6 vs 25, 26 vs 28, and 26 vs 29), except for 26 vs 31 bearing large hydrophobic group
which weakened interaction 9-fold. The compound 17 bearing two large and highly hydrophobic substituents
at ortho and para positions was the weakest binder not only according to the observed parameters (K, ., was
100 uM), but also intrinsic data (K ;,,, of 1000 nM).

Thermodynamically CA VI-mimic binds benzenesulfonamides similarly to CA VI but differing
from CA Il. To evaluate if CA VI-mimic based on CA II is a suitable CA VI model protein for inhibitor
screening, observed and intrinsic affinities represented by logarithmic K values of inhibitor binding to CA II,
CA VI-mimic, and CA VI were compared by applying linear regression. A higher linear correlation was deter-
mined between observed affinities of inhibitor binding to CA VI and CA VI-mimic (R*=0.79) compared to the
observed affinities of inhibitor interaction with CA ITand CA VI (R*=0.61; Fig. 5A). Analysis of the calculated
intrinsic parameters were in line with experimentally measured observed data, emphasizing a stronger correla-
tion of the intrinsic thermodynamics of inhibitor binding to CA VIand CA VI-mimic (R?=0.74) compared to
that of CA Il and CA VI-mimic (R?=0.56; Fig. 5B). Furthermore, regression line slopes indicating the compar-
ison of inhibitor binding to CA VI and CA VI-mimic (0.74 for observed affinity, 0.95 for intrinsic affinity) were
larger than the corresponding slopes for CA ITand CA VI (0.54 for observed affinity, 0.58 for intrinsic affinity),
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thereby indicating a lower difference between the inhibitor binding towards CA VI-mimic and CA VI compared
to CAIL

The influence of investigated CA II mutations on inhibitor binding thermodynamics was further analyzed by
calculating the absolute error (AE) values from logarithmic observed or intrinsic K s of inhibitor binding to CA
VI-mimic, CAIL, and CA VI. According to the observed thermodynamics, binding affinities of only 12 inhibitors
out of 46 tested compounds towards CA VI-mimic was more similar to CA II than CA VL. For the intrinsic data,
only 6 compounds were identified as CA VI-mimic binders with the affinity more alike CA IT compared to CA
VI. Moreover, mean absolute errors (MAEs) as the averages for each AE were also evaluated. MAEs of AE a1t
and AE;, c, i were equal to 1.1, while MAEs of AE o4 v and AE;, ca v Were significantly smaller, 0.47 and 0.41,
respectively. Therefore, CA VI-mimic designed via site-directed mutagenesis from CA II was characterized to be
a proper model of CA VI for observed and intrinsic inhibitor binding reactions.

Differences in inhibitor binding affinities are due different binding modes as determined by
crystallographic analysis of CA Il and CAVI-mimic. Despite numerous attempts, the crystal structures
of recombinant CA VI complexes with sulfonamide-based inhibitors were not obtained by soaking. Even though
CA VI crystals survived soaking procedure, crystals did not contain the clear electron densities of inhibitors. The
co-crystallization of CA VI protein with several inhibitors failed, as we did not obtain any crystals suitable for
X-ray diffraction experiment. Most likely, CA VI complexes with sulfonamide-based inhibitors cannot be crys-
tallized using crystallization conditions that are effective for the unbound CA VI protein.

To structurally investigate the binding of benzenesulfonamides with CA V1, we have engineered CA VI-mimic
and applied in crystallographic studies. We have solved crystal structures of CA VI-mimic complexes with three
inhibitors (Fig. S2): EZA (PDB ID: 6QL2), inhibitor 14 (PDB ID: 6QL1), and 25 (PDB ID: 6QL3). These com-
plexes were compared with the corresponding complexes composed of CA IT and same ligands (EZA (PDB IDs:
3CAJ (X-ray), 6BCC (neutron diffraction)), inhibitor 14 (PDB ID: 4HTO), and 25 (4PYY)). The space groups
and unit cell parameters of CA VI-mimic crystals were similar to those of CA II (Table 3). There was one unique
protein-ligand complex in the asymmetric unit. CA VI-mimic binding pocket was found to be similar to CA VI
according to crystallographic studies (Fig. 1D) followed by thermodynamic analysis. For this reason, the insights
into the compound binding mode to CA VI-mimic are likely to be valid for analyzing the ligand binding data to
CAVL

The comparison of binding mode of inhibitor 14 in the active sites of CA VI-mimic and CA II is shown in
Fig. 6A. Inhibitor 14 in the active site of CA VI-mimic had two alternative binding modes characterized by differ-
ent positions of the fluorinated ring: the ring was either lodged between Leu198 and Thr200 side chains (colored
cyan in Fig. 6A), or located in the hydrophilic part of active site (colored blue). On the other hand, in the active
site of CA II we had only one position of fluorinated ring — between Leul98 and Thr200. It looks like the replace-
ment of Phe130 in CA II with tyrosine in CA VI-mimic enabled additional position of fluorinated ring of ligand
due to a steric collision between the fluorine atom of fluorinated ring and the oxygen atom of Tyr130 side chain
(the close contact found in the structure was 2.5 A). The alternative position of the fluorinated ring of compound
14 in the active site of CA VI-mimic probably was available only due to spatial fluctuations of Tyr130 side chain.
Also, due to a significantly larger size and the hydrophilicity of the side chain of GIn134 in CA VI-mimic com-
pared to Val134 in CA II, the hydrophobic dimethylpyrimidine tail of inhibitor 14 was repelled in CA VI-mimic
(see para-group of the cyan ligand, Fig. 6A). Therefore, the change of size and the hydrophobicity/hydrophilicity
of the residues 130 and 134 upon mutation could be rationalized as the main causes for the relatively significant
difference in the binding affinities: inhibitor 14 bound to CA II 40-fold better than to CA VI-mimic (K, ;,, values
were 0.37nM and 15nM for CA I and CA VI-mimic, respectively; Table 2).

The model compound EZA was bound similarly in active sites of CA IT and CA VI-mimic (Fig. 6B). Some
discrepancy was present only in the positions of highly flexible ethoxy moiety. The aliphatic-aromatic interactions
between the methyl group of Leu198 and the first ring of EZA was present in both cases. The larger side chain of
Tyr130 slightly changed the position of EZA aromatic ring in CA VI-mimic as compared with CA II due to steric
conflicts. It is important also to note the role of the residue 134 interacting with the hydrophobic tail of EZA,
similarly to the observation for inhibitor 14 above. The hydrophobic Val134 sidechain in CA I was mutated into
hydrophilic GIn134 in CA VI, leading to the worsening of the interaction. Thus, the mutations of residues 130 and
134 were the likely reasons for 15-fold stronger binding of EZA to CA 1II, as determined by intrinsic thermody-
namics (K ;,, values were 0.073nM and 1.1 nM for CA IT and CA VI-mimic, respectively; Table 2).

The intrinsic binding parameters of inhibitor 25 towards CA II and CA VI-mimic were comparable (2.2nM vs
4.5nM, respectively; Table 2). In contrast, the binding modes of the compound found in crystal structures were
different in these active sites. In CA II, inhibitor 25 had two alternative conformations: (1) the fluorinated ring
located between Leu198 and Thr200, whereas the cyclooctyl ring replaced the side chain of Phe130 (Fig. 6C, pink
ligand); (2) the fluorinated ring positioned in the hydrophobic part of active site, while the cyclooctyl ring - in
the hydrophilic part (Fig. 6D, pink ligand). In CA VI-mimic, compound 25 had one well-defined conformation
(Fig. 6C, D, blue) in which the cyclooctyl ring replaced the Tyr130 side chain, whereas the fluorinated ring occu-
pied the hydrophilic part of active site. We can explain the presence of the single conformation of inhibitor 25
bound to CA VI-mimic. It seems that the mutation in position 67 (asparagine to glutamine) allows the position
of fluorinated ring in hydrophilic part of active site when the para-substituent of ligand does not have sterical col-
lision with side chain of residue 67 (compare side chain conformations of asparagine (CA II) and glutamine (CA
VI-mimic), Fig. 6C, D). The same position of glutamine is found in the complexes of CA VI-mimic with inhibitor
14 and EZA ligands which means that compound 25 does not influence the position of side chain of residue 67
in CA VI-mimic. The replacement of asparagine (CA II) to glutamine (CA VI-mimic) creates the additional free
space in the active site and allows for another binding mode.
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Isoform-ligand CA VI-mimic - inhibitor 14 | CA VI-mimic - EZA CA VI-mimic - inhibitor 25

PDBID 6QL1 6QL2 6QL3

Data-collection statistics

Space group P12,1 P12,1 P12,1

Unit-cell parameters (&) ?i42.3,l::41.4,c:71.2, fii42.1,l°>:41.3,c:71.4, ?i42.2,]g:41.4,c:71.9,
3=104.3 3=104.2 B=104.2

Resolution range (A) 1.42-69.0 1.30-40.9 1.35-69.7

Wavelength (A) 0.976300 0.975522 0.975522

Radiation source EMBL, P14 EMBL, P14 EMBL, P14

Unique reflections number 42097 56403 52382

Riperge> Overall (outer shell) 0.042(0.241) 0.067 (0.334) 0.088 (0.338)

1/o overall (outer shell) 22.7(7.2) 13.1(5.0) 10.8 (4.1)

Multiplicity overall (outer shell) 7.0 (6.6) 6.9 (6.9) 6.8 (6.7)

Completeness (%) overall (outer shell) | 92.8 (74.1) 96.4 (94.5) 98.8 (99.0)

Wilson B-factor 13.2 13.1 9.3

Refinement statistics:

Ryon 0.157 0.119 0.116

Rie 0.185 0.157 0.156

RMSD bond lengths, (A) 0.011 0.013 0.033

RMSD bond angles (°) 2.000 1.991 2.195

Average B factors (A2):

all 16.7 20.4 15.0

main-chain 13.5 16.3 10.3

side-chain 16.2 217 14.8

inhibitors 26.9 133 17.3

waters 27.6 331 313

zinc 7.7 9.1 4.7

other molecules 40.5 37.0 36.9

Number of atoms:

all 2562 2380 2482

protein 2181 2111 2127

inhibitor 69 16 28

water 287 226 275

zinc 1 1 1

other molecules 24 26 51

Ramachandran statistics (%):

most favored regions 96 97 97

additionally allowed regions 4 3 3

outliers 0 0 0

Table 3. Data collection and refinement statistics of human CA VI-mimic and its complexes with inhibitors
inhibitor 14, 25, and EZA. All datasets were collected at 100K, test set size was 10%.

Discussion

Nowadays enzymes encompass over one-third of drug targets investigated by large pharmaceutical companies*®,
thereby emphasizing the relevance of target-based drug approach. This strategy aims to identify the compounds
which would exhibit the most therapeutically beneficial effect via modulating catalytic activity or expression
levels of disease-associated enzymes. The present study is focused on CA VIisoform as a drug target due to the
link of CA VI with several pathologies'***?2. Even though several studies on the design of compounds targeting
CA VI have been reported*®***>, CA VI-selective inhibitor has not been discovered so far. Therefore, there is an
interest in inhibitors with high affinity and selectivity against CA VI which would be crucial to reveal biological
function of CA VI.

During preclinical development, numerous high-throughput screening assays are employed to design and
optimize hits toward a target protein. Therefore, in vitro techniques require high quantities of recombinant pro-
teins for the proper evaluation of compound quality, efficacy, and safety before testing in humans. Despite recent
advances in molecular sciences, difficulties in the production of recombinant proteins in large scale are observed.
Our previous study*’ indicated low yield of CA VI from E. coli. Here we have presented a strategy to apply CA
VI-mimic as CA VI model protein for the investigation on enzymatic inhibition and inhibitor binding thermody-
namics. The CA VI-mimic was designed via site-directed mutagenesis from CA II by introducing five point muta-
tions, such as A65T, N67Q, F130Y, V134Q, and L203T. Such approach to obtain CA protein based on the CA II
mutant for the search of CA-selective inhibitors has been successfully applied previously. It was due to troubles to
obtain sufficient amounts of recombinant CA isoforms and enabled by high structural homology between human
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A CAIllvs CAVI-mimic B CAIllvs CA VI-mimic

Figure 6. Differences in the binding structural modes of three compounds in CA I and CA VI-mimic as
determined by X-ray crystallography. The zinc ion in active sites of CAs is shown as a light blue sphere. CA II
side chain residues and ligands bound to CA II are colored pink and are shown transparent. CA VI-mimic side
chains as well as its ligands are colored blue and also shown transparent. Mutated CA II side chains are labeled
red for CA II, blue for CA VI-mimic. Hydrogen bonds are shown as dashed lines and distances are marked.
Hydrophobic part of active site is shown as white surface, whereas hydrophilic part is shown as gray surface. (A)
Compound 14 bound to active sites of CA VI-mimic (two alternative conformations of 14 are shown in cyan
and blue, PDB ID: 6QL1) and CA II. The second ring of the “cyan” conformation of 14 in CA VI-mimic is not
resolved in crystal structure, and not shown. (B) EZA bound to active site of CA VI-mimic (PDB ID: 6QL2) and
CAII (PDB ID 3CA]J). Interaction of L198 with the first ring of compound is marked by thick dashed yellow
line. Yellow line designates hydrophobic pocket for binding of para-substituent. The typical interactions for
sulfonamide moiety are indicated, whereas they are omitted for clarity in other panels. (C, D) Compound 25
bound to active site of CA VI-mimic (PDB ID: 6QL3) and CA II (two alternative conformations of the ligand
are indicated, PDB ID 4PYY). Blue line designates a hydrophilic part of the active site of CA VI-mimic.

CAs. McKenna’s group reported a number of structural studies on CA IX-mimic based on CA II mutant with 2
mutations (S65A, Q67N)*-48, 7 mutations (A65S, N67Q, E69T, I191L, F131V, K170E, L204A)*->! or 8 mutations
(A9K, S65A, Q67N, T69E, L91I, V131F E170K, A204L)*. Our group also published the exploration on inhibition
parameters and binding thermodynamics via the application of CA IX-mimic as CA II mutant with 6 mutations
(S65A, Q67N, L91I, V130F, L134V, A203L) and CA XII-mimic as CA II mutant with 6 mutations (S65A, K67N,
T91I, A130F, $134V, N203L)%. The significant findings of the listed studies promoted the present investigation
of CA II mutant mimicking CA VI. Over 10-fold higher purification yield of CA VI-mimic compared to CA VI
from E. coli allowed kinetic, thermodynamic, and structural analyses of 43 benzenesulfonamides binding to CA
VI-mimic. Even though the most tested inhibitors exhibited moderate affinities towards CA VI-mimic, this study
provided insight into the structure-based design of inhibitors with better affinity and selectivity towards CA VL.
The observed kinetic parameters of CA VI and CA VI-mimic are consistent with previous works. The deter-
mined catalytic constant of CA VI compares reasonable well to published k., value (3.4 x 10°s~')*. The differ-
ence of k., values most likely arise from the uncertain CO, concentration in the previous work. The CA VI-mimic
had the same catalytic activity as CA II (k, - 6.0 X 10°s7!) and confirmed previously published results that A65,
N67, F130, V134, L203 amino acids in the active site of CA II are not important for catalytic activity>*-*. Three
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times higher catalytic activity of CA VI-mimic than CA VI is an advantage in measuring nanomolar inhibition
constants by SFA, because similar to all enzymatic methods it is limited by both CA activity and concentration®.

The relevance of protonation-deprotonation reactions occurring additionally upon inhibitor binding to CA
has been reviewed by several groups®”*. Such protonation events have been recently confirmed by neutron crys-
tallography®*®. To generate compounds with great affinities by rational design, it is essential to understand the
structural reasons for the changes in binding affinities of the investigated compounds towards the target. Only
intrinsic parameters subtract the contribution of protonation reactions occurring in conjunction with the bind-
ing reaction between the CA and inhibitor. In the present study, nonfluorinated benzenesulfonamides exhibited
stronger intrinsic and weaker observed binding affinity than corresponding fluorinated compounds. This result is
in line with the previous investigation®, emphasizing the impact of fluorine electronegativity on the lowering of
the pK,, of inhibitor sulfonamide group but not the direct recognition of CA VI-mimic surface. The diminished
pK,, of fluorinated inhibitors led to the elevated observed affinity due to the increased fraction of inhibitor in
the deprotonated form that bound to CA VI-mimic with the protonated zinc-bound hydroxide ion in the active
site. Furthermore, substituents at ortho and para, but not meta positions were identified to be significant for the
molecular recognition between the compound and CA VI. However, ortho and meta-substituted benzenesulfona-
mides have been recently shown to act as tight CA IX binders®?. Therefore, such findings confirmed that intrinsic,
but not observed parameters should be applied to analyze the dependence of binding efficiency on compound
chemical structures, thereby allowing important structure-thermodynamics correlations to design CA-isoform
selective inhibitors.

Inhibitor binding affinity can be significantly affected by structural properties of CA VI which have been
widely investigated. The crystal structure of recombinant CA VI catalytic domain, lacking signal sequence and
C-terminal region, has revealed its dimeric arrangement with the active sites of monomers facing each other and
directed towards the center of the dimer®'. Interestingly, the recent study®* has indicated that pentraxin domain
(PTX) is present in non-mammalian CA VI, whereas PTX-coding exon is not found in mammalian CA6 gene
most likely due to rearrangements occurring upon the duplication of the adjacent glucose transporter genes.
Instead of the PTX domain, mammalian CA VI contains a C-terminal region of at least 25 residues which is not
detected in other vertebrate CA isoforms. This part of CA VI may be important to form oligomers and bind other
proteins affecting CA VI enzymatic activity or causing biological effect as a consequence of CA VI-protein inter-
actions. Therefore, in vitro and in vivo studies on targeting CA VI can yield discrepancies in results because of the
structural differences between recombinant CA VI applied for inhibitor screening and endogenous CA VI of live
model organisms, such as mice or zebrafish.

The combination of data obtained from enzymatic inhibition and biophysical binding methods, such as
FTSA and ITG, significantly strengthens the conclusions of compound structure-activity relationships. Since
techniques are based on different strategies to characterize inhibitor efficacies, the precision and accuracy of the
measurements are necessary to reliably select the most potent and strongest inhibitors/binders. The uncertainty
and repeatability of FTSA*? and ITC®* measurements have been previously discussed. Furthermore, correlation
between the affinities determined by FTSA and SFA or FTSA and ITC have been recently reported®*** and con-
firmed in the present study. Therefore, both enzymatic inhibition and biophysical binding techniques are neces-
sary for precise identification of inhibitors with great affinity and selectivity towards the particular CA isoform,
thereby leading to the success in clinical development.

In conclusion, this study on site-directed mutagenesis of residues in the active site of CA II to resemble CA VI
gave clues to the basis for isoform specificity of benzenesulfonamides towards CA VI over CA II. The characteri-
zation of numerous properties, such as kinetics of binding, inhibition profiles and the mechanism of action, pro-
vided the deeper insight into the efficacy of CA VI-targeting inhibitors. This in vitro step is crucial because only
sufficiently characterized compound can result in the success on translating experimental data to a clinical disease
setting. Moreover, the present kinetic, thermodynamic, and structural information is important for experiments
in silico, such as machine learning, when current binding information will be determined, filtered, and extracted.

Methods
Synthesis of CA inhibitors. The synthesis of CA inhibitors has been previously described®-%%. EZA, MZM
and TFS were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used without further purification.

Production of CA VI-mimic protein. The structural superpositions of proteins for Figs 1D and 6(A-D)
were performed using UCSF Chimera v. 1.12%. The residues within 5 A from the typical CA II inhibitor in PDB
entry 3M96 in both isoforms were analyzed, and five residues which were different between the isoforms were
selected to create CA VI-mimic. The structure-based alignment was generated using PROMALS3D web server”.
The sequence alignment figure was prepared using TeXshade package’'.

The expression vector pET15b-CA 117, encoding full length CA II (1-260), was used in site-directed mutagen-
esis. The residues located in CA II active site, A65, N67, F130, V134, and L203, were replaced to T, Q, Y, Q, and T,
respectively. For each mutagenesis reaction two oligonucleotide primers (sense and antisense) with target muta-
tion were used: A65T_s: 5CTC AAC AAT GGT CAT ACT TTC AAC GTG GAG3’ and A65T_a: CTC CAC
GTT GAA AGT ATG ACC ATT GTT GAG; N67Q_s: CAA TGG TCA TAC TTT CCA GGT GGA GTT TGA
TGA Cand N67Q_a: GTC ATC AAA CTC CAC CTG GAA AGT ATG ACC ATT G; F130Y_s: CCA AAT ATG
GGG ATT ATG GGA AAG CTG TGC AG and F130Y_a: CTG CAC AGC TTT CCC ATA ATC CCCATATTT
GG; V134Q_s: GAT TAT GGG AAA GCT CAG CAG CAA CCT GAT GG and V134Q_a: CCA TCA GGT TGC
TGC TGA GCT TTC CCA TAA TC; L203T_s: GAC CAC CCC TCC TCT TAC GGA ATG TGT GAC CTG and
L203T_a: CAG GTC ACA CAT TCC GTA AGA GGA GGG GTG GTC. PCR was carried out with high fidelity
Pfu DNA polymerase (Thermo Fisher Scientific), except V134Q created with Phusion DNA polymerase (Thermo
Fisher Scientific). Composition of PCR: 1x polymerase buffer, 50 ng template DNA, 0.2 mM dNTPmix, 125ng

SCIENTIFICREPORTS|

(2019) 9:12710 | https://doi.org/10.1038/s41598-019-49094-0



www.nature.com/scientificreports/

each sense and antisense primer, and 1.5 U DNA polymerase. Thermal cycling conditions: initial denaturation
- 95°C for 10 min, then 18 cycles: 95°C for 3 min, annealing - 66 °C (A65T and F130Y), 63°C (N67Q), 71°C
(V134Q), or 72°C (L203T) for 2 min, extension — 72 °C for 8 min, final extension — one time 72 °C for 10 min.
After temperature cycling, PCR product was treated with Dpn I restriction endonuclease in order to digest the
parental DNA template and to select new synthesized mutated DNA’3. The mutations were confirmed by DNA
sequencing.

Expression of CA VI-mimic protein was carried out in E. coli BL21(DE3) strain. Transformed cells colony was
transferred to LB medium, containing 100 ug/ml ampicillin, grown at 37 °C and 220 rpm for 16 h. Then the satu-
rated culture was diluted (1:50) in fresh LB medium, containing 100 pug/ml ampicillin and 60 uM ZnSO, and grown
to ODgg ~ 0.8. The expression of CA VI-mimic protein was induced with 0.2 mM isopropyl-3-D-thiogalactoside
(IPTG) and 0.4mM ZnSO,. The cells were grown over night at 19°C, 220 rpm and harvested by centrifugation at
4000 g for 20 min at 4°C.

The biomass was suspended in the lysis buffer (20mM HEPES, 0.15M NaCl, and 1 mM PMSE pH 7.4), incu-
bated at 4 °C for 60 min and then disrupted by sonication. Debris of cells and insoluble proteins precipitated after
centrifugation at 30 000 g for 25 min. The soluble CA VI-mimic protein was purified using a metal chelate and
CA-affinity chromatography. For the metal chelate chromatography the column was equilibrated with 20 mM
HEPES, 0.15M NaCl (pH 7.4). For elution of CA VI-mimic protein, solution composed of 20mM HEPES, 0.15M
NaCl, and 0.2 M imidazole (pH 7.4) was used. Eluted protein was purified using a CA-affinity column containing
p-aminomethylbenzene sulfonamide-agarose (Sigma-Life Science Aldrich). Sorbent was equilibrated with 20 mM
HEPES, 0.15M NaCl (pH 7.4). For the protein elution, solution composed of 0.1 M sodium acetate and 0.5 M
sodium perchlorate (pH 5.6) was used. Eluted CA VI-mimic protein was dialyzed into storage buffer containing
20 mM HEPES, 0.05M NaCl, pH 7.4, and stored at —80°C.

The purity of CA VI-mimic protein was analyzed by SDS-PAGE. Protein concentrations were determined
by UV-vis spectrophotometry using extinction coefficient €,50=51910 M~ cm~! and confirmed by standard
Bradford method. Molecular mass of CA VI-mimic protein was confirmed by Mass spectrometer: observed -
29192.4 Da, theoretically predicted - 29323.0 Da. The difference is due to Met residue removed during production.

Enzymatic activity and inhibition by SFA. Enzymatic activity and inhibition experiments were per-
formed using an Applied Photophysics SX.18MV-R stopped-flow spectrophotometer at 23 °C. Saturated CO,
solution was prepared by bubbling the CO, gas in Milli-Q water at 23 °C for 1 h. The concentration of CO, was
determined using a model described previously®.

Catalytic constants k., and Michaelis constants Ky; of CA VI and CA VI-mimic were determined in a pH
range from 6.0 to 8.4 using 25 mM buffer and 30-300 uM indicator systems with similar pK, values: MES (pK,
6.1) and Bromocresol Purple (pK, 6.4, X - 590 nm, pH 6.0-6.4), MOPS (pK, 7.2) and Bromothymol Blue (pK, 7.1,
X - 615nm, pH 6.8-7.1), HEPES (pK, 7.5) and Phenol Red (pK, 7.5, \ - 557 nm, pH 7.2-7.8), TRIS (pK, 8.06) and
m-Cresol Purple (pK, 8.3, X - 575nm, pH 8.0-8.4). CA VIand CA VI -mimic concentration was 50-100 nM. The
ionic strength of solution was maintained at 0.2 M by the addition of sodium sulfate. Maximal velocities v,,,, were

'max
obtained using Lineweaver-Burk coordinates, and k_,,, pK, values were determined using single ionization model:

kcal— max

T 1t 10K

cat

Enzyme inhibition experiments were performed using 25 mM HEPES buffer containing 0.2 M sodium sulfate
and 50 uM Phenol Red indicator, pH 7.5. Enzyme concentration was 10-30 nM for CA I, and 50 nM for CA VI
and 50-107nM CA VI-mimic. Inhibitor concentration was 0-20 uM in <0.2% DMSO. Raw curves were fitted
using a single exponential model and the inhibition constants were determined using Morrison equation*7*:

([CA] + [I] + IC55 — [ ([CA] + [1] + ICSQ)Z — 4[CA][1])
2[CA]

CAact. (%) =1 — - 100%

where [CA] is the total concentration of the active CA molecules, [I] is the total added inhibitor concentration,
and IC;, is the concentration of inhibitor that achieves 50% inhibition of enzymatic activity. A dose-response
curve was fitted using fixed CA concentration and assuming that it is equal to the active enzyme concentration.

Inhibitor binding by FTSA.  FTSA measurements were performed using a Corbett Rotor-Gene 6000 (Qiagen
Rotor-Gene Q) instrument using the blue channel (excitation 3654 20 nm, detection 460 + 15 nm). Samples contained
10uL of 10puM CA VI-mimic protein, 10 uL of 0-200 uM inhibitor in 50 mM phosphate buffer at pH 7.0 containing
100 mM NaCl, 50 uM solvatochromic dye 8-anilino-1-naphthalene sulfonate (ANS) and a final DMSO concentration
of 2%. The applied heating rate was 1°C/min. The pH dependence of the observed binding constant was measured in
universal buffer containing 50 mM sodium phosphate, 50 mM sodium acetate, 25 mM sodium borate at pH 5.0-10.0.
Data were fitted and analyzed as previously described’>°. Experiments were repeated at least twice.

Inhibitor binding by ITC.  ITC measurements were performed using a VP-ITC instrument (Microcal Inc.,
Northampton, USA) with 1.4 mL of 4-6 uM CA VI-mimic protein solution in the cell and 300 uL of 40-60 uM
ligand solution in the syringe. A typical experiment consisted of 25-30 injections (10 uL each) added at 200-240's
intervals. In order to determine the pH dependence of the observed binding enthalpy, experiments were per-
formed at 25 °C in 50 mM phosphate or 50 mM TRIS buffer containing 100 mM NaCl at pH 5.0-10.0 with a final
DMSO concentration of 1%, equal in the syringe and the cell. Data were integrated, fitted and analyzed as previ-
ously described””. Experiments were repeated at least twice.
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Calculation of the intrinsic thermodynamics. The enzymatic or biophysical assays allow the determi-
nation of observed inhibitor affinity for CA. However, observed parameters depend on buffer or pH. Therefore,
observed values are only relevant for the comparison of inhibitor binding affinities towards the target using the
same experimental conditions and should not be used in structure-thermodynamics correlations in drug design.

Several protonation events take place upon the interaction between the inhibitor and CA: protonation of
zinc-bound hydroxide in the active site of CA, deprotonation of inhibitor sulfonamide group, bond formation
between CA and inhibitor, and compensating protonation-deprotonation reactions of buffer. To develop com-
pounds with great affinities in the rational drug design, intrinsic parameters must be determined by subtracting
the contribution of protonation reactions occurring in the conjunction with the inhibitor binding to CA%.

The parameter of K, ;,, is directly related to K, ,;, and fractions of deprotonated sulfonamide-based inhibitor
(Frs 0,NH" )and CA with protonated zinc-bound hydroxide (water molecule) in the active site (f., H,0 ).

Ki_intr = Ki_ops X fRSOZNH’ X fCAZnHZO

The fractions of binding-ready inhibitor and CA depend on the pK,, of sulfonamide amino group (pK, s,) and
the pK, of water molecule in the active site of CA (pK, c,), respectively.

IOPH —PKq_sa

fRSOZNH = 1+ 1077 PKisn

10PH—PKo_ca
Jeaznmo =1~ H—pK,
Aty 1 + 10PHPRa_ca

The intrinsic Gibbs energy change (A, G,,,,) is associated with the change in K, ;,,, for the binding reaction.

intr

AbGimr =RT andfmrr

The K, ., values for the tested benzenesulfonamide binding to CA VI-mimic were calculated using the pK,
of 7.0 for CA VI-mimic at 37°C.

The A,H,,, was measured by ITC as the sum of enthalpies caused by inhibitor binding to CA and protonation
events, such as protonation enthalpies of buffer (Apruf)’ sulfonamide inhibitor (APHS 1)» and hydroxide bound
to zinc in the active site of CA (APHCA):

AyHyy = AyHyye — ngy A Hgy — nca Dy Hey + 1y A Hyyps

intr

whereng, = f,. oNH- 1is the number of protons released from the inhibitor to buffer,n, =1 — f., a0 1S

the number of protons bound to zinc-bound hydroxide of CA, and n,,,; = n¢, + ng, is the sum of uptaken or
released protons by buffer. The enthalpy of protonation of TRIS and sodium phosphate buffers at 25 °C is equal to
—47.4Kk]/mol and —5.1k]/mol, respectively’.

Crystallization. The CA VI-mimic was concentrated by ultrafiltration to 19 mg/mL. Crystallization condi-
tion (buffer) was 0.1 M sodium BICINE (pH 9.0), 0.2 M ammonium sulfate and 2 M sodium malonate (pH 7.0).
The ligand solutions for crystal soaking were made by mixing of 50 uL of corresponding reservoir solution and
1pL of 50 mM ligand solution (in DMSO).

Data collection and crystallographic structure determination. Three datasets of X-ray diffrac-
tion (CA VI-mimic in complex with inhibitor 14 (VD10-50), 25 (VD11-4-2), and EZA) were collected at the
EMBL beamline P14. The datasets were processed by XDS program’. The molecular replacement was made by
MOLREP program® using as initial model 4HTO. The 3D models of compounds were created by AVOGADRO
program®'. The library files which contain complete chemical and geometric descriptions of compounds were
created using LIBCHECK program®?#3. The models were prepared using COOT® and refined using REFMAC®.
All represented graphics were made using Pymol programs (PyMOL, version 1.8.4.0). Coordinates and structure
factors have been deposited to the RCSB Protein Data Bank (PDB). The PDB access codes are listed in Table 3.
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A key part of the optimization of small molecules in
pharmaceutical inhibitor development is to vary the molecular
design to enhance complementarity of chemical features of the
compound with the positioning of amino acids in the active site
of a target enzyme. Typically this involves iterations of syn-
thesis, to modify the compound, and biophysical assay, to
assess the outcomes. Selective targeting of the anti-cancer
carbonic anhydrase isoform XIl (CA XIl), this process is
challenging because the overall fold is very similar across the
twelve CA isoforms. To enhance drug development for CA Xl
we used a reverse engineering approach where mutation of the
key six amino acids in the active site of human CA XIl into the
CA |l isoform was performed to provide a protein chimera

1. Introduction

The development of selective inhibitors targeted at structurally
highly similar enzyme isoforms is a challenging task in drug
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(chCA Xll) which is amenable to structure-based compound
optimization. Through determination of structural detail and
affinity measurement of the interaction with over 60 com-
pounds we observed that the compounds that bound CA Xl
more strongly than CA I, switched their preference and bound
more strongly to the engineered chimera, chCA XIlI, based on
CA I, but containing the 6 key amino acids from CA XIl,
behaved as CA Xll in its compound recognition profile. The
structures of the compounds in the chimeric active site also
resembled those determined for complexes with CA XlI, hence
validating this protein engineering approach in the develop-
ment of new inhibitors.

discovery. Enzyme-inhibitor binding interactions occur via key
amino acids at defined positions, usually in the active site of the
enzyme. lIdentifying the bonding patterns of the residues
participating in the intermolecular interactions provides insight
into the catalytic mechanism and the opportunity for inhibitor
recognition.” In the case of inhibition of protein isoforms,
detecting the distinguishing amino acid interactions is crucial
for the design of isoform-selective inhibitors.

Carbonic anhydrases (CAs, EC 4.2.1.1) catalyze reversible
hydration of carbon dioxide to bicarbonate and protons. Their
isoforms play roles in numerous physiological and pathological
processes by regulating the pH and bicarbonate balance.*™ CA
inhibitors have been used as therapeutic options in a number
of disease areas including anti-glaucoma agents,®” diuretics®
and antiepileptics.*'” However, most of the clinically used
inhibitors lack selectivity towards targeted CA isoforms and
exhibit various side effects. There is thus, a demand for selective
inhibitors that target only the disease-associated CA isoform, for
instance, isoforms IX or Xll, which regulate the pH of a tumor
microenvironment.""®!

Design and development of CA isoform-selective inhibitors
is challenging due to the high amino acid sequence homology
between isoforms. Humans have twelve catalytically active CA
isoforms: CA I, CA Il, CA I, CA VII, CA Xl (cytosolic), CA VA and
CA VB (mitochondrial), CA VI (secreted), CA IV, CA IX, CA XII, CA
XIV (membrane-bound). Active sites of CA isoforms are cone-
shaped and differ from each other by several residues.

CA XIl is an important isoform since it controls the
extracellular pH of cancer cells under physiological conditions

567 © 2021 The Authors. Published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202100042

and acts as a hypoxia-induced tumor marker. CA Xl is regulated
by estrogen receptor in breast cancer." High expression of CA
XIl correlates with favorable survival of patients having invasive
breast™ or resectable non-small cell lung cancers."® However,

it is associated with poor prognosis in patients with
colorectal,"”  hepatocellular™®  carcinomas, and diffuse
astrocytomas."” Furthermore, CA XIl is considered as a

pharmacological target to overcome chemoresistance in cancer
cells.® The lower wide-spread expression of CA XIl has also
been detected in human eye,?" gut,?? kidney,” pancreas,®”
gastric mucosa,*’ epithelial components of skin,” endometrial
epithelium®” and male excurrent ducts.”® Additional roles of
CA Xl in the human body include glaucoma progression,”" salt
uptake in sweat glands,”” and pH regulation of nucleus
pulposus cells.*® CA XII function in disease is reviewed in detail
by Waheed and Sly 2"

CA Xl is an important but highly challenging drug target.
Traditional screening and drug design protocols are limited
because it is a membrane-associated dimeric enzyme contain-
ing N-terminal extracellular catalytic domain, a membrane-
spanning a-helix, and a 30-residue small intracellular C-terminal
region. CA XIl has been the focus of numerous studies to
determine its structure and function down to the atomic level.
The first crystallographic structure of CA XII at 1.55 A resolution
was solved in 2001.%? The protein has GXXXG and GXXXS
dimerization motifs in the transmembrane segment, two
glycosylation sites, Asn52 and Asn136, exposed on the surface
and a single disulfide linkage between Cys23 and Cys203. The
active site composition is analogous to the most studied CA II:
the zinc ion is coordinated by His94, His96, His119 and a water
molecule. The pK, of the zinc-bound water molecule at 25°C is
7.0-7.1.%*3*4 A large body of work has resulted in the deposition
of structural data for 24 crystal structures of chlorinated/
fluorinated mono-/di-substituted benzenesulfonamides bound
to CA Xl complexes®*™? to the PDB. This forms a valuable
resource for CA XlI inhibitor design.

The high-resolution structural data is complemented by a
wealth of thermodynamic, kinetic and structural analysis of
interactions between more than 400 inhibitors and 12 CA
isoforms. These reveal that minor structural differences between
CA isoforms can cause unpredictable effects to the changes of
selective recognition between a ligand and target isoform."
Most conserved residues are found deep within the active site
(close to the zinc ion),*¥ whilst the top of the binding site is
more variable.

Here we use a protein engineering approach to produce a
chimeric version based on the CA Il isoform which is soluble
and highly amenable to drug development strategies. In an
earlier study we showed that CA Il-based mutant with six CA
Xll-specific residues (A65S, N67K, 191T, F130A, V134S, and
L203N), resembled the active site of CA XIL.? We, therefore,
produced a chimeric CA Xl protein (chCA XlI) which recapit-
ulates the CA XIl enzyme activity and function. We have
characterized the catalytic activity and thermal stability of chCA
XIl, as well as conducted ligand binding and inhibition studies
with 63 small molecule compounds by enzymatic and biophys-
ical assays. For the design of novel and selective anticancer

ChemistryOpen 2021, 10, 567 -580 www.chemistryopen.org

drug candidates we have analyzed the structural differences
between the targeted CA XIl and off-target, ubiquitously
expressed, CA Il, which share 34% sequence identity.*” We
have obtained nine crystal structures of inhibitors bound to
chCA XII and compared the binding modes together with
binding affinities of inhibitors to CA Il and CA XII. The detailed
analysis validates the protein engineering a route to selective
inhibitors of the CA Xl isoform.

2. Results

The principal hypothesis and approach in constructing chCA Xl
is shown in Figure 1. The chimeric protein produced is
essentially the same CA |l, except that it would recognize
inhibitors that would be normally recognized by CA XIl. The
sequences of CA Il and CA XIlI were aligned (supplementary
Figure S1) and six amino acids (A65S, N67K, 191T, F130A, V134S,
and L203N) in the vicinity of the ligand binding site that differ
between CA Il and CA XII were mutated resulting in a chimeric
form of CA Il (chCA XIlI) whose ligand recognition mirrored that
of CA XII.

2.1. Catalytic Properties of chCA XIlI Closely Mimic CA XII

To ascertain the role of key amino acids in the active site of CA
Xll, the thermal stability and catalytic activity of the chCA Xil
was measured in a wide pH range and compared to the
properties of CA Il and CA XIL.“**” Six mutations (A65S, N67K,
191T, F130A, V134S and L203N) in the active site of CA I
resulted in increased thermal stability by 0.5°C in the pH range
4.5-10.0 (Figure 2A). The CA Il and chCA XIl were most stable at
pH 6.0-8.0 with melting temperature T,, 55.6+0.1°C and 56.1+
0.1°C, respectively. The CA Xl had different stability profile with
the maximum T,,=53.6+0.2°C at pH 6.0. In addition, the chCA
Xl had similar maximal catalytic activity as CA Il (kg =
6.0 x10°s™"), but larger pK, value of His64 by 0.6 units (pK,=
7.9+0.2 for chCA XIl and pK,=7.3+0.2 for CA Il) as shown in
Figure 2B. The determined maximal catalytic constant of CA XII
was (4.14£0.9) x 10°s™" with pK, of 7.640.2. Interestingly, the
Michaelis-Menten constant of chCA Xl (K,,=3.6+2.0 mM) was

chCA XII

Figure 1. The general scheme of engineering the chimeric CA XII (chCA XII).
The CA Xll-selective inhibitor is shown in gray. The hypothetical inhibitor is
unable to bind to CA Il (violet) but is supposed to bind well to chCA Xl
(violet-green) and CA XlI (green). To obtain chCA XI, six residues in the
active site of CA Il were replaced by the ones present in CA XII at the same
locations of the active site (N67—K67, A65—565, 191—T91, F130—A130,
V134—S5134, and L203—N203).

568 © 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Experimental data of stability, catalytic activity and inhibitor binding of CA Il (violet squares), CA XII (dark green circles) and chCA Xl (light green
squares) by FTSA (panels A, C, E, H), ITC (panels D, F) and SFA (panels G, 1) techniques. (A) Thermal stability profiles of CA’s at pH 4.5-10.0. (B) Catalytic
constant of CA dependence on pH in the range 6.0-9.0. (C) Unfolding curves of the proteins at 0, 25 and 200 uM inhibitor 24 concentrations. (D) Raw curves
of CA titrations with inhibitor 13. (E) Thermal shifts of CA melting temperature at increasing inhibitor 24 concentrations up to 200 uM. (F) Integrated titration
curves for inhibitor 13 binding to CA. (G) Acidification curves of spontaneous and catalyzed CO, hydration reaction by CA at several inhibitor 34
concentrations. (H) Correlations of observed pK,'s between chCA XIl and CA XII (R*=0.90) or CA Il (R*=0.24). The theoretically perfect positive correlation is
represented as a black dashed line and linear regression models are shown as green (y =1.03x-0.31) and violet (y=0.52x+ 3.20) lines. (I) Dose-response
curves of inhibition of CA enzymatic activity by 34. Overall, all shown figures here confirm that the chCA XIl protein is recognized by compounds similarly to
CA XII, but different from CA Il

similar to CA XIl (Ky,=3.6+1.5mM) and differed from CA Il
(Kw=4.7+1.0 mM) in the pH range 6.8-9.0 (Figure S2). The site-
directed mutagenesis of CA Il slightly stabilized the enzyme and
retained the catalytic efficiency (k. has not changed), but the

pK, of a proton shuttle His64 has increased while the K;, value
decreased to approach the CA XII.

ChemistryOpen 2021, 10, 567 - 580 www.chemistryopen.org 569 © 2021 The Authors. Published by Wiley-VCH GmbH
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2.2. chCA XII Structure-Affinity Data Recapitulate Wild Type
Interactions

To understand the reasons for affinity and selectivity of
inhibitors targeting CA Il and CA XII, we measured interactions
between a series of 63 sulfonamide-based inhibitors and chCA
Xl by fluorescent thermal shift assay (FTSA, also called
Thermofluor® or differential scanning fluorimetry) and com-
pared the binding constants to those of CA Il and CA XI.**) We
also used stopped-flow CO, hydration assay (SFA) to confirm
the inhibitory properties of chemical compounds and isother-
mal titration calorimetry (ITC) to determine the thermodynamic
parameters of binding. As control compounds, we used
commercially available inhibitors - ethoxzolamide (EZA),
acetazolamide (AZM), methazolamide (MZM), naphthalene-2-
sulfonamide (2-NSA) and 1-(4-fluorophenyl)-3-(4-sulfamoyl-
phenyl)urea (U-104/SLC-0111). Figure 2 shows representative
experimental data by FTSA (panels C, E), ITC (panels D, F) and
SFA (panels G, I).

X-ray crystallographic structures of chCA Xl were solved in
complex with nine compounds (6, 9, 11, 13, 43, 44, 48, 50, and
52). Electron densities of compounds are shown in Figure S3
and data collection and refinement statistics are presented in
the Table S1. Several compounds bound to CA Il and CA XIl
have been characterized previously, so we compared the
binding of inhibitors by chCA XII with parental CA Il and CA XII
isoforms. Inhibitors used in the study could be arranged to 3
groups according to binding affinities: first that possessed more
than 10-fold selectivity towards CA Il over CA XII, second that
possessed more than 10-fold selectivity for CA Xl over CA II,
and third that bound CA Il and CA XII with similar dissociation
constants. The binding affinities determined by FTSA were in
good agreement with ITC and SFA assays as previously
discussed."****¥ As shown there, we use the K, values obtained
by FTSA method since this technique provides the most
accurate results.

2.3. CA lI-Selective Compounds

The compounds analyzed formed three broad groups. The first
group comprised drug ethoxzolamide (1), non-halogenated,
chlorinated, or fluorinated benzensulfonamides with substitu-
ents at para- (2-16), ortho- (17) or meta- (18-22) positions
(Figure 3, upper part) that bind to CA Il more strongly than CA
XII. The binding affinities are provided in Table 1. The majority
of chemical compounds 1-22 (with exception of 2, 4 and 17)
are strong nanomolar inhibitors of CA Il (Ky 0.65-67 nM)
possessing up to 200-fold selectivity over CA Xl (Ky 37-
1100 nM) and chCA Xl (K4 25-2900 nM). Ureidosulfonamide 2
(U104/SLC-0111) has been previously published as a strong
inhibitor of CA Xl with K;=4.5 nM and a moderate inhibitor of
CA Il with K;=96 nM.*” However, we have observed that the
binding affinities of compound 2 were stronger for CA Il (K4
330 nM by FTSA, 150 nM by SFA, 200 nM by ITC) than for CA Xl
(K4 5500 nM by FTSA, 1900 nM by SFA, unobservable Ky by ITC
due to weak binding). According to our results, this compound

ChemistryOpen 2021, 10, 567 - 580 www.chemistryopen.org

inhibits CA 1l, chCA Xll and CA XIlI weaker than other para-
substituted compounds 3-16.

The observed binding affinities of nonfluorinated com-
pounds 3 and 4 were approximately ten-fold lower than
analogous fluorinated compounds 9 and 10 due higher pkK,
value of sulfonamide group of inhibitors 3 and 4.*" Modifica-
tion of methyl group in 3 and 9 to hydroxy group (compounds
4 and 10) of para-substituent weakened the binding by several
times. The additional morpholine substituent at ortho- position
(compound 17) decreased the binding affinity for CA Il by over
1000-fold (K4 5.9 uM) and chCA XiII, CA XII (K4 100 uM). However,
additional substituents at meta- position (compounds 18-21)
did not have notable change of binding affinity or selectivity.
Dichloro meta-substituted compound 22 also bound CA Il 14—
17-fold stronger than chCA XII or CA XIl. The binding affinities
of compounds 1-22 representing the first group were similar
for chCA Xl and CA XII, thus chCA XII closely mimicked the CA
XIL.

Crystal structures of four para-substituted compounds (6, 9,
11, and 13) bound to chCA XII were solved and compared to
the complexes of CA Il and CA XIl with these inhibitors. The
superimposed binding modes of compounds 6,9, 11 and 13 in
the active sites of CA I, CA Xl and chCA XIlI are shown in
Figure 4. This group of compounds bound CA Il stronger than
CA XII (as well as chCA XiI): 6-75-fold (11 vs 830 nM), 9-17-fold
(2.2 vs 37 nM), 11-15-fold (17 vs 250 nM), and 13-29-fold (9.6 vs
280 nM). The fluorinated ring of para-substituted benzenesulfo-
namides (9, 11, 13) could be found in two orientations in the
active site of CA Il, chCA XIl and CA XII. For example, compound
13 (Figure 4D) had identical orientation of fluorinated ring in
CA 1l and chCA XII active sites, whereas in CA XIl we found two
alternative positions of fluorinated ring. Despite such differ-
ences in the binding mode of compound 13 to CA XIl and chCA
XIl, the binding affinities were similar. The stronger binding to
CA Il could be due to dimethyl pyrimidine interaction with the
phenylalanine side chain Phe131, whereas in chCA XIl and CA
XIl the position of dimethyl pyrimidine varied. The electron
density of the dimethyl pyrimidine in the crystal structure of
chCA XII was rather weak, suggesting mobility. Compound 11
had two alternative positions of fluorinated ring in active site of
chCA XII, whereas in the crystal structures of CA Il and CA XII it
had a single but different position of fluorinated ring (Fig-
ure 4C). In CA I, the side chain of Phe130 reduced the mobility
of the flexible tail. In chCA XII, the electron density of the tail
was also weak. The electron density of 9 bound in chCA XII was
well-defined and compound was modeled in a single orienta-
tion. In the crystal structures of CA ll, the position of the ligand
was different. Compound bound in all four subunits of
asymmetric unit of CA Xll is found in multiple conformations
with variable positions of the tail (Figure 4B). The position of
the chlorinated benzene ring of compound 6 as in the case of
other chlorosubstituted benzenesulfonamide derivatives was
fiXed.Bg'SU]

There were differences of binding mode in the position of
para-substituent. The positions of the pyrimidine ring in CA XII
differed from that in CA Il and chCA XII (Figure 4A). Despite the
differences in the position of para-substituent, compound 6
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Figure 3. Chemical structures of compounds 1-34 used in this study arranged according to their selectivity. Benzenesulfonamides 1-22 bound more than 10-
fold stronger to CA Il than to CA XII, while compounds 23-34 were more than 10-fold stronger binders of CA XII.

showed the same binding affinities towards chCA Xl and CA
XII. Note that the affinities of compound 6 for CA Il and CA Xl
differed 75-fold. The reason for this was that pyrimidine
substituent of compound 6 in CA Il is located in the hydro-
phobic cavity formed by side chains of Phe130, Val134, Leu203
and conservative between CA Il and CA XII-Pro201 and Leu197.
The para-substituents of compounds 9 and 13 also had close
interactions with this hydrophobic cavity in active site of CA II.
Active site of CA XIl does not contain such hydrophobic cavity
and has alanine instead Phe130 (in CA II), serine instead Val134
and asparagine instead Leu203.

ChemistryOpen 2021, 10, 567 -580 www.chemistryopen.org

2.4. CA XilI-Selective Compounds

The second group of compounds included halogenated
benzensulfonamides 23-34 that possess higher than ten-fold
selectivity for anticancer target CA XIl over off-target CA II
(Figure 3 lower part). The chemical compounds are nanomolar
inhibitors of CA XIlI (as well as chCA XlI) as listed in Table 1.
Inhibitors 23-29 have Cl— or Br— atom at the ortho- position,
cyclohexylamino or cyclohexylsulfanyl tail at para- position and
varying tail with amide linkage (except 23) at meta- position.
Compound 23 with methyl substituent at meta- position bound
CAs with K, 420-5000 nM while compounds 24-29 with amide
linkage at the same position strengthens the binding up to
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Table 1. The observed dissociation constants (K, nM) of CA ll-selective compounds 1-22 and CA Xll-selective compound 23-34 binding to recombinant
human CA II, chCA Xl and CA XII, determined by fluorescent thermal shift assay (pH 7.0, 37 °C) and confirmed by isothermal titration calorimetry (shown in
the parentheses, pH 7.0, 37 °C) and stopped-flow CO, hydration assay (shown in the parentheses as second value in italic font, pH 7.5, 24 °C).
Compound Carbonic anhydrase Ky [nM]® K, ratio
No. Lab. name CAll chCA Xl CAXIl CAXII/CA I
> 10-fold selectivity for CA Il over CA Xl
1 EZA 13 25 71 55
2 U-104/ SLC-0111 330 (200, 750) 1800 (780, 300) 5500 (NA, 71900) 17
3 VD12-10 25 330 330 13
4 VD11-31 140 (100) 2200 (330) 2900 (5000) 21
5 E79 4.0 770 910 228
6 E11-8 11 (38) 910 (920) 830 (600) 75
7 E11-18 28 770 330 12
8 E53 67 2860 1100 16
9 VD12-05 2.2 (<12) 86 (44) 37 (47) 17
10 VD10-13 11 310 220 20
1 VD10-35 17 (<£12) 250 (180) 250 (140) 15
12 VD10-12 18 670 500 28
13 VD10-50 9.6 (<12) 300 (150) 280 (230) 29
14 VD10-49 0.65 84 120 185
15 VD11-9 17 75 76 45
16 VR16-05 2.0 175 83 42
17 VD11-67 5900 100000 100000 17
18 VD11-26 5.9 290 290 49
19 VD11-25 1.7 77 67 39
20 VD11-15 1.2 450 150 125
21 VD12-42 29 27 41 14
22 EA4-1 10 140 170 17
> 10-fold selectivity for CA XIl over CA Il CA 1/ CAXII
23 E13-4 5000 2000 420 12
24 EA1A-2 31 0.4 1.9 16
25 LJ15-32 6.3 0.77 0.53 12
26 EA12-3 13 1.6 0.4 33
27 EA3-7 420 50 (< 12) 24 (<12) 17
28 EA8-7 330 (120) 7.2(<12) 17 (19) 20
29 EA12-7 3000 (500) 59 (21, <25) 19(<12, <25) 160
30 EA11-7 530 17 (25) 20 (56) 27
31 VD11-4-2 56 6.7 29 19
32 VD12-39 710 25 65 11
33 VD12-65 > 200000 220 500 >400
34 VD16-22 58000 (200000) 3330 (910) 830 (500) 70
[a] FTSA data for CA Il and CA XII were taken from,“**! except for compounds 23, 25,°9 34,%? 2 (U-104/SLC-0111) and 16-determined in this study; NA-not
available due to weak binding, below the level of detection by ITC.

5000-fold. The strongest binders 24-26 (K; 0.4-1.9 nM for CA
Xll, Ky 0.4-1.6 for chCA XII, and K4 6.3-31 nM for CA Il) bear
phenylsulfanyl or cyclohexylsulfanyl substituent at para posi-
tion. Replacement of cyclohexylsulfanyl to cyclohexylamino tail
decreased the binding affinities approximately ten-fold. In this
study we have synthesized two new inhibitors - 29 (EA12-7)
and 30 (EA11-7) that were analogues to lead compound 26
(EA12-3).59 We have measured binding affinities towards all 12
catalytically active CAs (Figure 5, Table S2) and showed that
compound 29 (EA12-7) bound all CAs with decreased affinity
compared to 26 (EA12-3), but significantly increased selectivity.
It has 155-fold selectivity towards CA Xl (K;=19 nM) over CA Il
(K3=3000 nM) and bound very weakly or did not bind CAs |, IlI,
VA, VB, VI, VIl and CA XII (K;>10000-200000 nM). Methylation
of carboxy group at meta-substituent (compound 30) did not
increase affinity or selectivity in comparison to 26 and 29.

In our previous study we showed that fluorinated com-
pounds with bulky substituents on benzensulfonamide ring
have greater affinity for CA XII than CA 11.“” The lead compound

ChemistryOpen 2021, 10, 567 -580 www.chemistryopen.org

31 (VD11-4-2) of anticancer target CA IX (K;=50 pM)** bound
CA Xl and chCA XII stronger than CA Il (Ky=2.9, 6.7 and 56 nM,
respectively). Replacement of cyclooctylamino group to cyclo-
dodecylamino substituent at meta- position and addition of
phenyl ring to para- position (32) decreased the affinity for all
tested CAs. However, the same displacement of hydrophobic
ring and addition of 2-(4-hydroxyphenyl)ethylamino group at
second meta- position with SO,CH,CH,OH tail (33) increased
the size of inhibitor so that it could not fit in the active site of
CA lI, but bound to CA XIl and chCA XII (Ky 500 and 220 nM).
Another di-meta-substituted benzenesulfonamide bearing
phenyl groups 34 also very weakly bound CA Il (K4 58000 nM)
but stronger to CA Xll and chCA Xll (K;=830 and 3300 nM).
Overall, the chCA XII was a suitable model for screening of CA
Xll-selective inhibitors. It bound halogenated benzenesulfona-
mides 23-34 with similar affinities as CA Xll and accommodated
large compounds with bulky substituents in the active site that
hardly or did not fit in the active site of CA Il.
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Figure 4. X-ray crystallographic structures of CA Il-selective compounds
bound to CA II, chCA XIl and CA XII. Zn(ll) is shown as magenta sphere. Black
line denotes the shape of the active site, whereas blue transparent ellipse
denotes the hydrophilic part of active site which contains water molecules.
Protein side chains and ligands bound to CA Il are colored magenta, chCA
XlI-light green, CA XIl-dark green. (A) Compound 6 bound in the active site
of CA Il (PDB: 4KNJ), chCA XII (PDB: 6YH5) and CA XII (PDB: 4KP5). (B)
Compound 9 bound in the active site of CA Il (PDB: 4WW6), chCA XII (PDB:
6YHA) and CA XII (PDB: 5MSA). (C) Compound 11 bound in the active site of
CA Il (PDB: 4PZH), chCA XII (PDB: 6YH4) and CA XII (PDB: 5MSB). (D)
Compound 13 bound in the active site of CA Il (PDB: 4HTO0), chCA XII (PDB:
6YHB) and CA XII (PDB: 4HT2).

2.5. Nonselective Inhibitors

The third group incorporated inhibitors 35-63 that bound to
CA II, chCA Xl and CA XII with affinities differing by up to ten-
fold (Figure 6, Table 2). Drugs acetazolamide (35) and methazo-
lamide (36) were nanomolar inhibitors of CA Il (K; 46 and
100 nM) and bound up to 9-fold stronger than chCA XIl or CA
Xll, while naphthalene-2-sulfonamide (37) similarly bound CA II
stronger than chCA XIl and CA XIl (K; for CA Il was 770 nM,

ONH,

a EJQ a.
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9 33*
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5 1 ] I
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Carbonic anhydrase isoform
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The chlorinated benzensulfonamides bearing thiazole (38),
benzimidazole (39) or pyrimidine (40, 41) fragments at para-
position were weaker inhibitors of CA Il, chCA XlI and CA XII
than acetazolamide (35) and 2,3,5,6-tetrafluoro-4-(phenylthio)
benzensulfonamide (42). The weak binding for CA XIl and chCA
Xl also shown by ortho-substituted with bulky hydrophobic
groups fluorinated benzenesulfonamides 43 (Ky; 10000 and
12500 nM), 44 (K4 720 and 4000 nM).

Structural arrangement of 43 and 44 in the active site of
chCA Xll is compared in Figure 7A. Compounds differed in the
position of the sulfonamide group at Zn(ll). Compound 43
contains relatively rigid hydrophobic group in the ortho-
position. Due to its geometry, 43 could not occupy the
canonical position of sulfonamide group in the active site. Only
the positions of the sulfonamide nitrogen atoms of both
compounds coincided. The sulfonamide nitrogen atom of 43
also formed the hydrogen bond with hydroxyl of Thr199 and
the coordination bond with Zn(ll). Compound 44 contains in
the ortho-position bulky but flexible hydrophobic cyclooctyla-
mino group. The sulfonamide group of this compound occupies
the canonical position of sulfonamide-based inhibitors in the
active site of human CA isoforms (sulfonamide made two
hydrogen bonds with Thr199 and coordinated Zn(ll)).

Fluorinated benzensulfonamides 45-47 with cyclooctylami-
no substituents at ortho- position and varying tails at para-
position also exhibited moderate affinity towards tested CAs (K
240-12500 nM). Stronger binders of CA II, chCA XII and CA Xl
were meta-, para- di-substituted tri-fluorinated, or chlorinated/
brominated at ortho- position benzensulfonamides 48-63. They
showed similar binding affinities for all three proteins (Ky 3.3—
88 nM for CA I, 0.25-46 nM for chCA XII, and Ky=0.8-330 nM
for CA Xll). The crystal structures of compounds 48, 50, 52
bound to chCA XII were determined.

The compound 50 was synthesized by modifying 11: the
hydrophobic substituent was added to the meta- position of
fluorinated ring. Compounds 50 and 11 have similar binding
affinities to CA Il (K; 17 nM) so the impact of additional surface
was not detected. The additional hydrophobic surface at the
meta-position of fluorinated ring has improved the binding
affinity (Ky) of the 50 for CA XIl and chCA XII by 20-fold and 30-

N,
a -

L e UEe
QN” S Cpd30

I 11V va Vb VI VIE X XIEXIEXIV
Carbonic anhydrase isoform

Figure 5. CA Xll-selective inhibitors: 26 (EA12-3), 29 (EA12-7) and 30 (EA11-7) and their affinities for all twelve human CA isoforms determined by fluorescent
thermal shift assay. The white line on the bars represents the limit of affinity determination (Ky 200 uM). Substitution of sulfur atom to nitrogen atom in the
para position decreased the binding affinity for all 12 CAs, but increased inhibitor selectivity for CA XII over CA Il from 33-fold to 155-fold and up to 10000-
fold over remaining 10 CA isoforms. However, additional methylation of carboxy group at meta substituent increased the binding affinity for all CAs up to 25-

fold, but reduced selectivity towards CA XII.
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Figure 6. Chemical structures of compounds 35-63, that bound to CA Il and CA XII with similar binding affinities (< 10-fold differences). Their binding affinities
were also close for chCA Xl and thus were uninformative about the switch of affinities in the chimeric protein.

fold, respectively. The binding mode of 50 was the same in the
active sites of CA Xll and chCA XII, whereas in CA Il the position
of the compound was different (Figure 7C). The binding
affinities of 48 and 52 for CA XIl were 5-6-fold higher compared
to 11 (10-16-fold for chCA XIl). Despite the similar binding
affinities of the compound 52 for CA I, CA Xll and chCA XIl, the
binding modes also differed as in case of 50. The binding mode
of compound 52 was similar only in the active sites of CA Xl
and chCA XII (Figure 7D). The binding mode of 48 was the same
in the active sites of CA Il and chCA XIl and in one protein chain
out of four in CA XII. In the other three protein chains of CA XIl,
the meta-substituent of the compound was located on the
opposite side (Figure 7B). The bulky 48 molecule fully occupied
the middle part of the active site cavity closing the access of
water molecules to the deeper parts of active site. The
consequence of this could be a decreased dissociation rate.*”
The possible reasons of similar binding affinities of 11 and 50 to
CA Il have been analyzed®” and the enthalpy-entropy
compensation was observed for this pair of compounds.

ChemistryOpen 2021, 10, 567 -580 www.chemistryopen.org

Compounds 11 and 50 bound to CA XII differently (compare
Figure 4C and Figure 7C). Compound 50 efficiently filled the
active site of CA XIl. Thus, the meta-substituent of 50 was
located in the hydrophobic environment and sterically dis-
placed the remaining part of the compound into the hydro-
philic part of CA XIl active site, where the formation of
hydrogen bonds with protein surface is more likely. Such
explanation could be also applicable to the comparison of 11
and 52.

The binding, inhibition and structural studies revealed that
the engineered chCA XII protein mimicked the active site of CA
XIl. The experimental dosing/titration curves of chCA Xl were
closer to CA Xll, but not CA Il (Figure 2E, F, I). Figure 2H
summarizes the binding data and shows the correlations
between observed pK,'s of chCA XIl and CA Il or CA XII. There is
a strong correlation between pKj's of chCA XIl and CA Xl with
coefficient of determination R’=0.90, and nearly absent
correlation between binding affinities of chCA XIl and CA Il with
R’=0.24. The correlations of intrinsic values were also similar to
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Table 2. The observed dissociation constants (K, nM) of nonselective compound 35-63 binding to recombinant human CA II, chCA XII and CA XII,

determined by fluorescent thermal shift assay (pH 7.0, 37 °C).

Compound Carbonic anhydrase Ky [nM]*! K, ratio

No. Lab. name CAll chCA XII CAXII CAXII/CA Il

Similar binding (< 10-fold selectivity)

35 AZM 46 415 130 2.8

36 MZM 100 550 500 5.0

37 2-NSA 770 6700 6300 8.2

38 E11-64 100 625 500 5.0

39 E2 1600 5000 3100 1.9

40 E50 140 2600 1200 8.6

4 E45 120 2900 1100 9.2

42 VD10-18 34 50 18 53

43 VD12-29-2 2200 12500 10000 4.5

44 VD12-36 230 4000 720 3.1

45 AZ13-2-2 2200 2000 250 0.1

46 VD12-09 1000 500 240 0.2

47 VD12-14 10000 12500 1400 7.0

48 VD12-25-2 64 46 16 0.3

49 VD12-30 42 1.25 5.0 0.1

50 VD12-34 17 125 83 0.5

51 VD11-28 6.7 33 40 6.0

52 VD10-39b 83 40 25 0.3

53 EA3-3 10 1.7 2.0 0.2

54 EA11-3 10 20 13 8.0

55 EA4-2 5.0 0.25 0.83 0.2

56 LJ15-22 13 4.0 1.7 7.6

57 LJ14-9 10 0.29 0.8 0.1

58 LJ15-33 53 6.7 4.0 0.8

59 EA4-8 20 28 130 6.5

60 EA10-8 40 31 330 83

61 LJ15-37 31 26 9.5 0.3

62 EA4-20 33 33 3.1 0.9

63 EA12-4 15 10 6.4 0.4

[a] FTSA data for CA Il and CA XII were taken from,"*¥ except for 37 (2-NSA) from,*? 55, 56, 58, and 63 from.*®

observed ones and were provided in Figure S4. The binding
affinities of several compounds were closer between CA Il and
chCA XIl, than between chCA Xl and CA XIlI, but all of them
belonged to the group of nonselective inhibitors.

3. Discussion

This study has used a reverse engineering approach to provide
an opportunity to develop selective inhibitors to the difficult
target CA XIl. In achieving this it has shed light on outstanding
questions surrounding protein-ligand recognition. Despite dec-
ades of effort on drug development aimed at the carbonic
anhydrases even the apparently most basic questions remain
open. For example, is carbonic anhydrase behaving as rather
rigid protein that does not undergo significant conformational
or other structural changes upon ligand binding, or is the
protein rather flexible where motions of substantial parts are
essential for ligand recognition? Recent studies indicated that
motion is important even for an allegedly “rigid protein”, a
prototypical textbook example such as CA 1L.°" In our opinion,
carbonic anhydrase active sites are rather rigid and recognize
ligands primarily via a Lock-and-Key mechanism.*? However,
the question is largely open and requires further studies to
understand the principles of recognition and enable truly
rational design of high-affinity and high-selectivity compounds.

ChemistryOpen 2021, 10, 567 -580 www.chemistryopen.org
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Several studies***3 have distinguished the active site

residues that differ between CA Il and CA XII and could be
exploited for selective inhibitor design. The first active site
mutants of CA Il were generated in the early 1990 s.5*** CA I
was used as a model isoform due to simple expression and
purification, ultra-high catalytic activity (k.,,=0.6-1.4x10°s™"),
moderate thermal stability (T, 55-59°C)***” and off-target
function - it is found in erythrocytes and regulates blood ion
concentrations.*®

By engineering chCA Xl we have shown that six mutations
in the active site of CA Il (A65S, N67K, 191T, F130A, V134S, and
L203N) were sufficient to switch its inhibitor recognition profile
to the CA XIl. The kinetic studies showed that these mutations
did not affect the catalytic activity (k. of CA Il and chCA XIl is
6.0x10°s™") but increased the pK, value of the proton shuttle
His64 from 7.3 to 7.9. The observed maximal catalytic constant
of CA XIl was (4.1+0.9)x10° s™' and pK, of His64 was 7.640.1.
The parameters closely matched the previously published k.,
value of (4.041.7)x10°s™" and pK, of 8.0+0.2 by stopped-flow
spectrophotometry and 7.54+0.1 by '®0-mass spectrometry.*¥
Our previous study showed, that A65T, N67Q, F130Y, V134Q,
and L203T mutations did not affect the pK, value of His64 in CA
1.5% For this reason, we assumed that 191T mutation increased
the pK, of mutant enzyme and Thr88 (CA XIl numbering) was a
key member in catalytic mechanism of CA XII.

© 2021 The Authors. Published by Wiley-VCH GmbH



Chemistry

Full Papers Europe -
ChemistryOpen doi.org/10.1002/0pen.202100042 e hemical
ryOp g p
A B Phel31
Val135 Alal31l
g Lys67 Ser135 [ o Alal29  lle9l
4 Ser133 Throl
’ 4 Thr88
Ala131
Serl35
2.8A% g
Asn204 ' Thr200
chCA Xl
CA Xl
Thr199
C Phe131 D Phe131
Val135 Alal31 Val135 Ala131
Ser135 Alal29 lleol Ser135 Ala129 lle91
Ser133 Throl Ser133 R Throl
Nrse Nhrga
Asn67
Lys67
Lys69
Leu20Q4 Leu204
Asn2 \ Alab5 Asn204
Asn203 SHr65 Asn203
CANl er67
chCA XII chCA XII
CA Xl CA Xl

Figure 7. X-ray crystallographic structures of several nonselective compounds bound to CA Il, chCA XIl and CA XII. Zn(ll) is shown as magenta sphere. Black
line denotes the shape of active site, whereas blue transparent area marked the hydrophilic part of active site which contains water molecules. Protein side
chains and ligands bound to CA Il are colored magenta, chCA XII-light green, CA Xll-dark green. (A) Compounds 43 (PDB: 6YH8) and 44 (magenta, PDB: 6YH6)
bound in chCA XIl. (B) Compound 48 bound in CA Il (PDB: 4QlY), chCA XII (PDB: 6YH9) and CA XII (PDB: 4QJO, main orientation (from 4 protein subunits: 3 vs
1)). (C) Compound 50 bound in CA Il (PDB: 5DRS), chCA XII (PDB: 6YH7) and CA XII (PDB: 5LLO). (D) Compound 52 bound in CA Il (PDB: 5EHE), chCA XII (PDB:

6YHC) and CA XII (PDB: 4QJW).

The chCA Xl recognized the substrate with similar K,
constant as CA XII (K, = 3.6 mM) as well as observed pKjy's of 63
inhibitors binding to chCA XII were significantly more similar to
CA XII (R?=0.90) than to CA Il (R?=0.24). Compounds 9, 11, 13,
48 and 50 occupied similar positions in the active sites of CA XII
and chCA XlI, and binding modes differed from CA Il. These
crystal structures supported the similar binding by CA Xl and
chCA XII, as suggested by binding data. However, several cases
demonstrated different binding modes of the ligand in chCA XIl
and CA XII, and the binding modes in chCA XlI resembled CA II.
Despite similar position, the key residues interacting with ligand
in CA Il and chCA XII differed and contacts between ligand and
protein differed. Detailed interaction analysis of multiple bind-
ing modes as in CA Xl could be helpful here.

In this study we have compared inhibitor binding properties
of CA Il, chCA XlI and CA XII using the observed parameters,
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because both isoforms have similar pK, value of zinc-bound
water equal to 7.0-7.14+02 at 25°C.***¢% The binding of
sulfonamide compound to CA occurs only when sulfonamide
group is in the deprotonated form and zinc-bound water in the
active site is protonated.”**" For this reason, attention should
be paid to the pK,’s of zinc-bound water molecule and
sulfonamide group of an inhibitor when comparing binding
affinities of several CAs or inhibitors. Structure-affinity correla-
tion analysis should be performed using intrinsic parameters of
binding“'*%¢*%? that are independent on experimental con-
dition (pH, buffer, etc.). Our previous studies with chimeric
carbonic anhydrase VI revealed that intrinsic binding affinities
had a better linear correlation between chCA VI and CA VI than
the observed affinities.””

However, in the case of chimeric chCA XIl, the pK, of the
Zn(l)-bound water molecule did not differ from CA Il or CA XII.

576 © 2021 The Authors. Published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202100042

The pK, values were 6.9 for CA II, 6.9 for chCA XIl and 6.8 for CA
Xl at 37°C. Therefore, in the calculation of intrinsic binding
constants, the only reason for the differences from the observed
constants remained the pK, of the compound sulfonamide
amino group. Furthermore, when comparing binding to these
three proteins, the relative ratio of observed or intrinsic values
remained essentially the same and thus Figure 2H compares
the switch of the observed values, while the corresponding
intrinsic constants and their switch is provided in the supple-
mentary materials. The switch was equally well observed in
both approaches.

When studying correlations between compound’s chemical
structure and observed binding affinity for CA Il or CA XII, the
studied para-substituted benzenesulfonamides bound to CA II
with more than ten-fold higher affinity than to CA XII. The data
were consistent with other published studies.“>*%9 Despite
the fact that 4-(4-fluorophenylureido)benzenesulfonamide U-
104/SLC-0111" (2 in this study) has been tested in patients
with advanced solid tumors and has finished Phase 1 clinical
trial,”® our study indicates, that as confirmed by three different
assays (FTSA, ITC and SFA), the U-104/SLC-0111 exhibits rather
weak, micromolar, affinity for anticancer target CA Xl and binds
it 17-fold weaker than off-target CA Il. Recently, Jonsson and
Lilias have expressed doubts about proper experimental data
for promoting the U-104/SLC-0111 compound into preclinical
studies.”" Our results show that lead compound EA12-3 (26)"°
is a significantly stronger inhibitor of CA XlI (K;=0.4 nM) and its
newly synthesized analogue EA12-7 (29) possessed significant
selectivity for CA XII. Further studies are needed, by as many
techniques as possible, to confirm the validity of the affinities,
especially because the enzyme inhibition assay is limited by the
concentration of the enzyme and is therefore difficult to apply
it for determination of sub-nanomolar affinities.

4. Conclusions

The detailed thermodynamic and kinetic profiling combined
with X-ray structural studies revealed that CA Il-based chimeric
protein chCA XII resembled the active site of CA XIl. Amino
acids S67, K69, T88, A129, S133, and N203 were confirmed as
key residues of CA Xl for inhibitor recognition, while T88 played
a major role in the catalytic mechanism. A series of 63
sulfonamide compounds bound chCA XII with similar affinities
to CA XII, but not CA Il. Structurally, the switch from CA Il to CA
XIl was very sensitive and therefore both alternative inhibitor
binding positions were observed in the crystal structures of
chCA XIlI. As a result, chCA XIl was shown as a suitable model
for designing CA Xll-selective inhibitors, such as compound
EA12-3 and a newly synthesized analogue EA12-7. Our study
provided additional insight to the basis for isoform selectivity of
sulfonamides binding to CA XII, over CA Il. The strategy could
potentially be applied to other drug design projects in
medicinal chemistry if the protein was sufficiently rigid.
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Experimental Section

Protein Preparation

Carbonic anhydrase protein isoforms 1-XIV, including chCA XIl were
expressed and purified as described previously.*” The molecular
weight of enzymes was confirmed by mass-spectrometry, purity
was analyzed by SDS-PAGE and concentrations were determined by
UV-Vis spectrophotometry.

Synthesis of Chemical Compounds

Ethoxzolamide (EZA), acetazolamide (AZM), methazolamide (MZM),
naphthalene-2-sulfonamide (2-NSA), and all starting materials and
reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Compounds 2, 23, 29 and 30 were newly designed and synthesis is
reported in electronic supplementary information. Synthesis of
other chemical compounds was described earlier.252638-40425267.72-74]
All compounds were dissolved in dimethyl sulfoxide (DMSO) at 10—
30 mM concentration and diluted in aqueous buffers just prior to
the FTSA, ITC or SFA experiments.

Crystallization

The chCA XII protein was concentrated by ultrafiltration to 28 mg/
mL. Crystallization buffer contained 0.1 M sodium bicine (pH 9.0),
0.2 M ammonium sulfate and 2 M sodium malonate (pH 7.0). The
ligand solutions for crystal soaking were made by mixing of 50 pL
of corresponding reservoir solution and 3 pL of 50 mM ligand
solution (in DMSO).

Data Collection and Structure Determination

All datasets of X-ray diffraction were collected at the EMBL
beamline P13. The datasets were processed by XDS program” and
scaled with SCALA.” The molecular replacement was made using
MOLREP program.”” The initial phases were received from PDB
entry 4HTO. The 3D models of compounds were built by AVOGA-
DRO program.” The library files with complete chemical and
geometric descriptions of compounds were generated using
LIBCHECK program.”®”' The models were built using COOT®" and
refined by REFMAC.®2® Coordinates and structure factors have
been deposited to the RCSB Protein Data Bank (PDB). The PDB
access codes, data collection and refinement statistics are listed in
supporting information Table S1.

Fluorescent Thermal Shift Assay

Thermal stability of chCA XII and inhibitor binding affinities were
determined using fluorescent thermal shift assay, also known as
ThermoFluor® or differential scanning fluorimetry (DSF). QIAGEN
Rotor-Gene Q (Corbett Rotor-Gene 6000) cycler with the blue
channel (365420 nm excitation and 460+ 15 nm detection) was
used to monitor the fluorescence of T7-anilino-8-naphthalene
sulfonate (ANS) upon carbonic anhydrase unfolding. The temper-
ature of samples was elevated from 25 to 99°C at a heating rate of
1°C/min.

Thermal stability experiments at different pH’s (from pH 4.5 to 10.0)
were performed using 10 uM chCA XII in universal buffer (50 mM
sodium acetate, 25 mM sodium borate, 50 mM sodium phosphate
and 50 mM sodium chloride) containing 2% DMSO compound and
50 uM ANS. The melting temperature T,, was determined using a
model for fluorescence yield upon protein unfolding.®*#
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Inhibitor binding affinities were determined upon addition of 0-
200 uM (in 2% DMSO) to the 5 uM CA (except 10 uM for CA IV)
solution in 50 mM sodium phosphate, 100 mM sodium chloride
buffer (pH7.0). The thermal shift data were fitted using a
quantitative model®** yielding the Kj values.

Isothermal Titration Calorimetry

Isothermal titration calorimetry experiments were carried out at
37°C using VP-ITC and iTC-200 calorimeters. The solution contain-
ing 6-20 uM carbonic anhydrase in the cell was titrated with 60—
200 uM inhibitor solution in the syringe. Experiments were
performed in 50 mM sodium phosphate buffer containing 100 mM
sodium chloride at pH 7.0 with a final DMSO concentration of 2%.
CAs were dialyzed in the reaction buffer before the titrations.
Experimental setup used for VP-ITC instrument: 25 injections of
10 uL every 180 s at reference power of 4 ucal/s and stirring speed
of 260 rpm; iTC200 instrument: 19 injections of 2 pL every 180 s at
reference power of 5 ucal/s and stirring speed of 750 rom. The
thermodynamic parameters of binding were determined using
NITPIC,®” SEDPHAT® and/or MicroCal Origin software. The first
injection point was deleted in the integrated data and a single
binding model was applied to fit the data.

Stopped-Flow CO, Hydration Assay

Catalytic properties of chCA Xll, CA XlI and inhibition constants
were determined using the stopped-flow CO, hydration assay.
Experiments were performed using Applied Photophysics SX.18
MV-R Stopped-Flow Spectrometer at 24°C temperature. Saturated
substrate solution was prepared by bubbling CO, gas into milli-Q
water for 1 hour at room temperature.

The catalytic constant k. and Michaelis-Menten constant Ky of
chCA XII and CA Xl in pH range 6.0-9.0 was determined using
25 mM buffer and 30-100 uM indicator pairs with similar pK, values:
Mes and Bromocresol purple (A 590 nm, pH 6.0-6.4), Mops and
Bromothymol blue (A 615 nm, pH 6.8-7.1), Hepes and Phenol red (A
557 nm, pH 7.2-7.8), Tris and m-Cresol purple (A 575 nm, pH 8.1-
8.4), Ches and Thymol blue (A 595 nm, pH 8.6-9.0). Solutions also
contained 0.2 M sodium sulfate to maintain ionic strength. Enzyme
concentration was 150-200 nM for chCA XII and 50-150 nM for CA
XII. The saturated substrate solution was diluted with milli-Q water
and final carbon dioxide concentrations were determined according
to Ref.”® The kinetic parameters were obtained using Lineweaver-
Burk and Michaelis-Menten plots. The pK, values of His64 were
determined by fitting k., dependence on pH data using a single
ionization event model:

Keat-—max

ket = 75 1000

m

Inhibition of enzymatic activity experiments were performed in
25 mM Hepes buffer, containing 30 uM Phenol red indicator, 0.2 M
sodium sulfate, pH 7.5. The samples consisted of 30-100 nM CA I,
50-200 nM chCA XII, 50-100 nM CA XIlI and 0-100 uM inhibitor (in
<1% DMSO). The raw curves of time-dependent absorbance
change were fitted using a single exponential model. The rates of
spontaneous CO, hydration reaction were subtracted from the
observed catalyzed reaction rates. The K, values were calculated by
fitting dose-response curves to a Morrison equation:***"!
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CA act.(%) =

([CA] + [ + Ky — /(ICA] + [I] + Kq)* — 4[CA][l] o @
2CA )-100%

(1-

Supporting information

Synthesis of chemical compounds 2, 23, 29 and 30; sequence
alignment of CA Il and CA XII; the dependence of Michelis-
Menten constant on pH; the electron densities of inhibitors
bound to CAs of the crystal structures described in this study;
correlations of intrinsic pKy's between chCA XIl and either CA Xl
or CA II; data collection and refinement statistics of chimeric CA
XII complexes with inhibitors 6, 9, 11, 13, 43, 44, 48, 50, and 52;
the observed dissociation constants (Ky, nM) of compounds 26,
29 and 30 binding to recombinant human carbonic anhydrases
I-XIV; the pK, values of compound’s sulfonamide group and the
intrinsic dissociation constants of compounds 1-63 binding to
recombinant human CA 1I, chCA Xl and CA XII.
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ABSTRACT In the design of high-affinity and enzyme isoform-selective inhibitors, we applied an approach of augmenting the
substituents attached to the benzenesulfonamide scaffold in three ways, namely, substitutions at the 3,5- or 2,4,6-positions or
expansion of the condensed ring system. The increased size of the substituents determined the spatial limitations of the active
sites of the 12 catalytically active human carbonic anhydrase (CA) isoforms until no binding was observed because of the
inability of the compounds to fit in the active site. This approach led to the discovery of high-affinity and high-selectivity com-
pounds for the anticancer target CA X and antiobesity target CA VB. The x-ray crystallographic structures of compounds bound
to CA IX showed the positions of the bound compounds, whereas computational modeling confirmed that steric clashes prevent
the binding of these compounds to other isoforms and thus avoid undesired side effects. Such an approach, based on the Lock-

and-Key principle, could be used for the development of enzyme-specific drug candidate compounds.

SIGNIFICANCE

In the design of isoform-selective enzyme inhibitors, a series of homologous compounds with augmented
substituent groups was designed. Larger inhibitors bound with greater affinity until reaching a limit of accommodation to the
active site followed by an abrupt decrease in affinity upon further augmentation of the substituent, thus demonstrating the
validity of the Lock-and-Key principle in determining the affinity and selectivity of protein-ligand recognition.

INTRODUCTION

Compounds may bind to proteins via different mechanisms,
ranging from a rigid “Lock-and-Key” to flexible “induced
fit” or “conformational selection” (1,2) modes. The induced
fit emphasizes ligand ability to alter protein structure and
dynamics upon binding. The ligand-bound and ligand-free
states of a protein would differ significantly. The conforma-
tional selection, however, postulates that protein exists in
multiple conformational states in solution, and the ligand se-
lects and binds to the most favored conformation. In this
case, ligand binding does not “induce” a conformational
change. On the other hand, the Lock-and-Key principle
may be valid when the protein is conformationally rather
rigid and does not substantially change its structure upon
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ligand binding. In this case, it is important to design ligands
that would fit the active site pocket of the disease target pro-
tein, being not too small and not too large in size to fit the
pocket as closely as possible.

Here, we designed a series of compounds of increasing
sizes until the ligand compound could not fit in the active
site and the affinity dropped thousands of fold. Modulating
the size of the ligand yielded both high-affinity and high-
selectivity compounds, and the principle could be applied
to drug design to a much greater extent than is currently
used. To demonstrate this approach, we have used a family
of enzymes that possesses the following important features:
1) a family consists of 12 highly similar structural isoforms
(isozymes) with essentially the same fold; 2) the active site
pocket of all isoforms is highly similar, differing from each
other by only several amino acids; and 3) the Zn(II) metal
ion, bound in tetrahedral geometry to four nitrogen atoms,
three protein histidines, and the nitrogen of sulfonamide
group, forming a coordination bond between the ligand

Biophysical Journal 119, 1513-1524, October 20, 2020 1513
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and protein, increasing the affinity, orienting the ligand, and
allowing the prediction of how to increase the molecule size
to fully fit the active site pocket.

The family of zinc metalloenzymes used in this study is
carbonic anhydrase (CA), an enzyme that catalyzes the
reversible hydration of CO, and maintains various physio-
logical functions in essentially every cell of any living or-
ganism, from bacteria to humans. Humans express 15 CA
isoforms, but only 12 of these forms contain Zn(II) and
are catalytically active (3,4). The 12 active isoforms have
different subcellular localizations and can be found as cyto-
solic (I, II, III, VII, and XIII), mitochondrial (VA and VB),
extracellularly oriented but membrane-bound via a trans-
membrane helix (IX, XII, and XIV) or via a lipid anchor
(IV), and secreted (VI). Some of these isoforms have been
therapeutic drug targets for decades and are currently used
as targets for the development of antiglaucoma, diuretic,
antiobesity, and anticonvulsant drugs. The isoforms CA IX
and CA XII have emerged as possible targets against cancer
(5-8). However, many of the current clinical CA inhibitors,
mostly used to treat glaucoma and high altitude sickness,
demonstrate little selectivity for a particular CA isoform
and, as a consequence, indiscriminately inhibit most of the
isoforms.

The first CA was purified in 1933 (9), whereas the first
determination that sulfonamides inhibit CA was made in
1940 (10). The first x-ray crystal structure of a carbonic anhy-
drase was solved by Liljas et al. in 1972, showing the pres-
ence of Zn(Il) in the active site (11-13). The removal of
Zn(Il) from the native holoCA II decreased the affinity of
primary sulfonamides to apoCA II (missing Zn(II)) by
~6 kcal/mol (14). The Whitesides group determined
that approximately —8 kcal/mol of benzenesulfonamide
binding energy is contributed by the Zn-N bond and only
—1 kcal/mol by the hydrogen bonding network. The contacts
between CA II and the un-substituted benzene ring contrib-
uted only —2.9 kcal/mol (15). The introduction of substitu-
ents on the benzene ring could significantly influence the
orientation and binding mode of compounds in the active
site and consequently strengthened the interaction with CA
and enabled the generation of inhibitors with increased affin-
ity and selectivity for several CA isoforms (16).

The group of R. McKenna has made significant efforts
into designing human CA isoform-specific inhibitors by
determining and reviewing the x-ray crystallographic struc-
tures of CA-ligand complexes (4,17,18). The deepest part of
the active site pocket has been called the “conserved
pocket” because of high similarity among isoforms. A
group of amino acids that differ among isoforms and could
form a basis for selective recognition has been called a “se-
lective pocket” and is situated somewhat further from the
active site. Any ligand has to make contacts with those
amino acids to exhibit a selective binding profile. Further-
more, differences in amino acids change the pocket size as
well as the maximal ligand sizes that can be accommodated.
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Isoforms CA I and CA II exhibit more occluded active
site entrance than CA IX and CA XII (CA I and CA 11
have Tyr204 and Phel31 at the entrance of the binding
pocket, whereas CA IX and CA XII have Vall31 and
Alal31 at isostructural positions), and these differences
have been used to design selective inhibitors (7).

In addition, selective inhibitors have been made by ex-
ploiting different subcellular locations of CAs. This strategy
was especially useful for increasing compound selectivity
for extracellularly bound CA IX and CA XII by making
membrane-impermeable inhibitors through the addition of
cationic or other groups (19,20).

We have previously designed a series of fluorinated ben-
zenesulfonamides bearing substituents at the para, para/
ortho, and para/meta positions with respect to the sulfon-
amide group (21-23) and concluded that bulky hydropho-
bic groups at the ortho or meta positions are crucial for
selectivity toward CA IX. For example, compound
VR16-09, bearing a bulky aminocyclododecyl group at
the ortho position and another polar tail at the para position
exhibited a selectivity that was more than a millionfold
higher for CA IX than for CA I and CA 1II (23). Crystallo-
graphic studies rationalized the selectivity of the com-
pound, showing that the bulky 12-member carbon ring
occupies the hydrophobic part of the CA IX active site,
whereas binding to CA II was not favorable because of
the clash with Phel31 (24).

CA isoforms are relatively rigid enzymes and based on
crystallographic data seem to not undergo substantial
conformational changes upon ligand binding. Recently we
have compared 24 crystal structures of CA isoforms in the
absence and presence of various benzenesulfonamides
(25). The resultant RMSD values of the peptide backbone
between proteins without inhibitor and complexes with in-
hibitor were in the range of 0.17-0.51 A, showing that no
significant conformational changes occurred upon ligand
binding. Other studies reviewed in (16) showed the RMSD
around 0.2-0.4 A between ligand-free and ligand-bound
forms of CA II.

Here, we have synthesized di-ortho- and di-meta-
substituted benzenesulfonamides with hydrophobic substit-
uents of a systematically increasing size. The augmentation
of the inhibitor size allowed determination of the maximal
contact area and maximal size that could fit in the protein
pocket. Variation of the substituent size and bulkiness al-
lowed us to explore the features of CA active site cavities,
giving new insights into the rational design of CA-selective
inhibitors.

MATERIALS AND METHODS

Protein preparation

Production and purification of 12 catalytically active human CA isoforms
(CALILIIL IV, VA, VB, VI, VII, IX, XII, XIII, and XIV) were performed



as previously described (26). The catalytic domain of CA IX used for co-
crystallization with inhibitor was produced in methylotrophic yeast Pichia
pastoris as described in (27).

The purity of all recombinant CAs was analyzed by SDS-PAGE, and the
molecular weights were confirmed by HR-MS.

Fluorescent thermal shift assay

Fluorescent thermal shift assay (FTSA) determinations of compound affin-
ities were performed by heating the protein samples containing various con-
centrations of an inhibitor from 25 to 99°C while recording extrinsic
fluorescence of the solvatochromic dye 8-anilino-1-naphthalene sulfonate
(ANS) or Sypro Orange and determining the protein melting temperatures
at each compound concentration by fitting the melting curves to a two-state
model of the protein unfolding (28,29). The resultant melting temperatures
were plotted as a function of added ligand concentration, and the binding
constants were obtained according to the model, taking into account the
thermodynamics of protein unfolding and ligand binding (28,29).

The FTSA experiments were performed in a Corbett Rotor-Gene 6000
(QIAGEN Rotor-Gene Q, Hilden, Germany) instrument using the blue
channel (excitation 365 * 20 nm, detection 460 = 15 nm). Samples con-
tained 5-10 uM protein, 0—400 uM ligand, 50 uM ANS or 2000-3000-fold
diluted Sypro Orange, and 50 mM sodium phosphate buffer containing
100 mM NaCl at pH 7.0, with a final dimethyl sulfoxide (DMSO) concen-
tration of 2%. The applied heating rate was 1°C/min. All experiments were
repeated at least twice.

Stopped-flow CO, hydration assay

Carbonic anhydrase inhibition experiments were performed by applying the
stopped-flow CO, hydration assay (SFA) by using an Applied Photophysics
(Leatherhead, UK) SX.18MV-R stopped-flow spectrophotometer at 24°C.
Reaction buffer contained 25 mM Hepes, 0.2 M sodium sulfate and 50
uM Phenol Red indicator (A-557 nm) (pH 7.5). Saturated CO, solution
was prepared by bubbling the CO, gas in Milli-Q water for 1 h at 24°C.
The enzyme concentration was 200 nM for CA I, 50-100 nM for CA II,
300 nM for CA III, 100-200 nM for CA 1V, 113 nM for CA VA, 264—
300 nM for CA VB, 100 nM for CA VI, 50 nM for CA VII, 10-50 nM for
mammalian CA IX, 150 nM for yeast CA IX, 50-200 nM for CA XII,
200-500 nM for CA XIII, and 40-45 nM for CA XIV. The inhibitor concen-
tration was 0—150 uM (in a row of twofold or threefold serial dilution) in <
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1.5% DMSO. Raw curves were fitted using a single exponential model, and
the inhibition constants were determined using the Morrison equation:

CAact.(%) = |1

<[CA] + ]+ K- \/ ([CA] + ] + K,)* — 4[CA] [1])
B 2[CA]

x 100%,
where [CA] is the total added CA concentration, assuming that it is equal to
the active enzyme concentration, [I] is the total added inhibitor concentra-
tion, and K, is the dissociation constant. Fixed CA concentration was used
to fit dose-response curves.

Determination of the pK, of compound
sulfonamide group

Compound was added to a series of 50 mM universal buffer solutions
(ranging from pH 7.5 to 12.0 at every half pH unit) at the concentration
of 60-200 uM, containing 2% DMSO. The UV-VIS spectra were recorded
for each compound buffer solution at 25°C. The ratio of normalized absor-
bances (typically 10 nm above and below the isosbestic point) was plotted
as a function of pH. The pK-value was determined by fitting the curve to
the Henderson-Hasselbach equation. The pK,-values determined at 25°C
were recalculated to 37°C by using the Van’t Hoff equation.

Intrinsic binding thermodynamics

Experimentally observed affinity constants and the /Cs,-values or inhibi-
tion constants K; are dependent on variables, such as pH, because of
ligand-binding-linked protonation/deprotonation reactions occurring
simultaneously with inhibitor binding. These dependencies may mislead
the chemical reasons for the structure-affinity relationships. Therefore,
the experimentally observed constants are called “observed,” and these
constants should not be used to explain the compound structural reasons
for drug design, as previously explained (30). Instead, the intrinsic bind-
ing constant K, ;,, should be calculated by dividing the experimentally
determined observed binding constant Kj, by the available fractions of

SO,NH, SO,NH, \/&/ SO,NH, SO,NH,

; | l Xéﬁ (‘% U .
SO,NH, SO,NH, )\ﬁij\ SO,NH, SO,NH, SO,NH,
17a 17b 17¢ 24 2NSA A ons

FIGURE 1

Series of benzenesulfonamide-bearing compounds designed for probing of CA enzyme active sites. Top line includes di-meta-substituted ben-

zenesulfonamides; the bottom line shows the tri-substituted (di-ortho and para) benzenesulfonamides and ligands containing conjugated benzene ring sys-
tems. Compound synthesis is described in the Supporting Materials and Methods.
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deprotonated inhibitor and protonated Zn(II)-bound water form of CA as
follows:

K b

Kpir = 2
" (f RSO,NH~ fCAZnHz())

(6]

The fractions of the deprotonated inhibitor and the Zn(II)-bound water
form of CA depend on the pK, of the sulfonamide amino group (pK,_suir)
and the pK,, of the water molecule attached to Zn(Il) in the active site of
CA (pK,_ca), respectively:

10PH—PKa_suy
Jrsoann- = T4 107 s and ?2)
10PH—PKa_cazatiyo
fC/\ZnHzO =1 (3)

_1 + 10" —PKa_caziryo

The pK,-values of water molecules coordinated to Zn(II) in the active
site of CA isoforms were taken from the following (30): CA isoform,
pK.: CA 1L, 8.1; CA 1L, 6.9; CA III, 6.5; CA 1V, 6.6; CA VA, 7.3; CA
VB, 7.0; CA VI, 6.0; CA VII, 6.8; CA IX, 6.6; CA XII, 6.8; CA XIII,
8.0; and CA XIV, 6.8).

The intrinsic Gibbs energy of binding was calculated using Eq. 4:

4Gy = —RTln(Kh,inn‘) (4)

The maps listing the intrinsic Gibbs energies of compound binding to
each isoform and the differences after applying functional group additions
are shown in Figs. 3 and S3. The intrinsic K ,,-values for all CA iso-
forms are presented in Table SI. It is important that intrinsic rather than
observed values are listed. However, the observed affinities are listed in
Table 1 for the convenience of the reader who is accustomed to evaluating
the observed constants at particular experimental conditions such as
pH 7.0.

TABLE 1
Listed as Determined by FTSA at 37°C and pH 7.0

Molecular docking in silico

Molecular docking was performed using Smina (31), a fork of AutoDock
Vina (32), because it supports a variety of scoring functions, including
user-defined custom functions. Vinardo scoring function (33) was em-
ployed during the docking. Because of the importance of the coordination
bond between Zn(Il) and sulfonamide nitrogen, a pseudoatom was gener-
ated using the AutoDock4y, tool (34) at a tetrahedral Zn(II) coordination
site, and an additional quadratic potential between the generated pseudoa-
tom and the sulfonamide nitrogen with —10 weight was added on top of the
default Vinardo scoring function. A 22.5 x 22.5 x 22.5 Al-size grid box
was used during the docking. The search exhaustiveness during the docking
was increased to 50 instead of the default 8. After the docking, the lowest
energy docked pose was rescored using the unmodified Vinardo scoring
function (33) as well as the Convex-PL v0.3 scoring function (35). The hu-
man CA isoforms CA VA and CA VB, which did not have structures in the
Protein Data Bank (PDB) were built using SWISS-MODEL web server
(36), based on murine CA'V template (PDB: 1KEQ). For the rest of cata-
lytic human CAs, the receptor models were taken from the PDB (chain A
except where noted): 1AZM (CA I), 3HS4 (CA 1I), 3UYQ (CA III), chain
C of 5IN8 (CA 1V), 3FE4 (CA VI), 6H38 (CA VII), 31AI (CA IX), 1JDO
(CA XII), 3CZV (CA XIII), and 4LU3 (CA XIV). In the PDB structure,
PDB: 3FE4 of CA VI the magnesium ion was present instead of zinc; there-
fore, it was replaced by Zn for the purposes of docking. Additional dockings
were also performed into CA VI-mimic, PDB: 6QL2 (37). The receptor was
kept rigid during the docking, except for the cases noted in the text in which
one or two specified side chains were mobilized. The protein structures
were prepared using UCSF Chimera v1.13.1 (38). The ligands were opti-
mized using MMFF94s force field (39) within Avogadro program v1.2.0
(40). The conversions of the files into various formats were done with Au-
toDock Tools version 01.26.2015 (labeled as “latest”) (41) and Open Babel
v2.4.1 (42). Open Babel Application Programming Interface was used to
calculate heavy atom RMSDs between the docked and x-ray structures.

Crystallization of CA-compound complexes

The proteins were concentrated by ultrafiltration to 20-38 mg/mL
(CA 1I), 25 mg/mL (CA XII), and 10 mg/mL (CA IX prepared in
yeast). Crystallization conditions (buffers) are listed in Table S7. The

The Observed Dissociation Constants K, (uM) for Compound Interaction with Human Recombinant CA Isoforms Are

Dissociation Constants K,; (uM) of CA Isoforms

Cmpd CAl CA Il CAIIl CAIV CAVA CAVB CAVI CAVI CAIX CA XII CA XII CA XIV
BSA 7.1 1.8 >400 17 8.3 33 14 6.7 L.5 13 75 8.7
2a 21 18 >400 28 17 25 110 25 8.3 83 6.3 5.0
2b 67 38 >400 6.7 >400 0.13 33 4.6 0.33 (1.9) 17 091 1.7
10 >200 2.5(1.25)  >200 11 >200 44 83 2.0 0.056 (0.18) 5.9 (L1.1) 0.50 1.4
15a >200 58 (>100)  >400 1.3 >400 >400 125 >400  0.0065 (0.067)  0.83 (0.50) 1.4 0.40
15b >200  >200 (>100) >200 >200 >200 >200 >200  >200 0.091 (0.33) >200 >200 >200
17a 29 14 >600 50 25 18 125 50 17 100 17 5.0
17b >400 >400 >400 >400 >400 100 >400  >400 50 >400 >400 10
17¢ >400 >400 >400 >400 >400 >400 >400  >400 >400 >400 >400 >400
21 2.6 29 >400 25 33 0.83 5.0 1.6 0.33 2.5 0.83 0.56
24 >400 6.7 >400 5.0(5.9) >400 0.067 8.3 10 1.0 (1.1) 9.8 (12.5) 1.3 1.3 (1.1)
(<0.15)
2-NSA 0.91 0.77 >400 10 13 5.0 17 22 0.24 (0.13) 6.3 5.0 0.29
DNS 0.40 2.0(25) >400 1.9 (0.67) 10(2.8) 1.04.00 125 3.2(1.7) 0.0040 (<0.015) 0.50 (0.03) 0.50 0.17
(<0.05) (5.0) (<0.1) (0.22)
AZM (30) 2.4 0.046 (0.010) 40 0.087 0.84 0.14 0.22 0.013  0.021 (0.0067) 0.13 (0.025) 0.12 0.063
(0.29) (<0.01)

Uncertainties of the FTSA and SFA measurements are ~1.6-fold in K;. For comparison, the dissociation constants K,; (uM) were determined by the SFA at

24°C and pH 7.5.
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ligand solutions for crystal soaking were made by mixing of 50 uL of
corresponding reservoir solution and 0.5 uL of 50 mM ligand solution
(in DMSO). In the case of CA IX, the ligands were added via co-
crystallization. The protein was incubated for an hour in a 5 mM ligand
solution dissolved in DMSO before mixing it with the crystallization
buffer.

X-ray data collection and structure determination

Two data sets of CA II-17a, CA 1I-2-NSA were collected at the European
Molecular Biology Laboratory (DESY, Hamburg, Germany) beamline
P14; four data sets CA II-2a, CA 1I-24, CA XII-10, CA XII-15a were
collected at beamline P13; CA II-21 was collected at beamline X11.
The data set of CA IX-15a was collected at BESSY II (Berlin, Germany)
beamline 14.1, and CA IX-2-NSA was collected at MAX IV (Lund, Swe-
den) beamline BioMAX. Most of the data sets were processed using the
XDS (43) program, whereas data sets of CA II-21, CA IX-15a were pro-
cessed by MOSFLM (44). The molecular replacement was made by the
MOLREP (45) program, using the following initial models: 3HLJ for
CA 1II, 1JDO for CA XII, and 6FE2 for CA IX. The three-dimensional
models of compounds were created using the AVOGADRO (40) pro-
gram. The library files, which contain complete chemical and geometric
descriptions of compounds, were created using the LIBCHECK program
(46). The models were prepared using COOT (47) and refined by RE-
FMAC (48). All represented graphics were made using PyMOL pro-
grams (version 1.8.x; PyMOL). Coordinates and structure factors have
been deposited to the Research Collaboration for Structural Biology

Mechanistic Insights into the Modulation

(RCSB). Data processing, refinement, and validation statistics are shown
in Table S3.

RESULTS

Compound binding and structure-affinity
relationship

The binding of synthesized compounds (Fig. 1) to 12 cata-
lytically active human CA isoforms was determined by
the FTSA. The K-values for all compounds are listed in Ta-
ble 1. Because FTSA only demonstrates binding and does
not determine inhibition of enzymatic activity, the com-
pound inhibitory properties were confirmed by the SFA of
enzymatic inhibition of the CO, hydration (data are listed
in the parentheses in Table 1).

Augmentation of substituents was performed on the ben-
zenesulfonamide scaffold in three directions: 1) substituting
3,5-positions; 2) substituting 2,4,6-positions; and 3) extend-
ing the condensed ring system, having a significant effect on
the binding affinities to the CA isoforms (Fig. 2). Substitu-
tion of 3,5-positions had an important effect on the CA IX,
an anticancer drug target, binding profile. The affinity
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toward CA IX increased some 10-fold when changing from
methyl (2a) to ethyl (2b), to tert-butyl (10), and to phenyl
(15a) modifications from 8300 to 330, to 56, and 6.5 nM,
respectively (Fig. 2 A). The last modification of 3,5-di-
phenyl groups (15a) to 3,5-dimethylphenyl groups (15b)
decreased the affinity for CA IX by a factor of 10 (K; =
91 nM). However, the bulky 15b did not bind to any other
CA isoform, making it the most selective for CA IX in the
whole series of compounds presented in this study. Its selec-
tivity for CA IX exceeded 2000-fold compared with that for
any other isoform.

The second series of compounds involved variation of the
length and the branching of the alkyl chain in the 2,4,6- po-
sitions in benzenesulfonamide (BSA). Compounds bearing
methyl (17a), ethyl (17b), and isopropyl (17c¢) groups
were investigated. Unexpectedly, methyl substitution with
ethyl led to the almost completely inactive compound 17b.
Compound 17¢ with isopropyl groups failed to bind any
CA isoforms, indicating that two isopropyl substituents in
ortho positions make it impossible for the sulfonamide to
find a binding-suitable position in any CA isoform. It also
means that the active site arrangement is rather rigid.
Because the binding affinity is substantially reduced with
the size of the substituent at the 2,4,6- positions
(methyl < ethyl < isopropyl), the available space for the
ligand is increasingly limited.

In the third series of compounds containing fused aro-
matic rings, the bulkiest anthracene-9-sulfonamide 24 was
found to be a nanomolar inhibitor of CA VB (K, =
67 nM), selective over the remaining CAs, in which the af-
finity was micromolar or lower.

The overall tendency was that the substituents of
increased size bound with higher affinity, presumably due
to better contacts with the protein until they filled the avail-
able space. Further increase in the size of the compound led
to a sharp decrease in affinity due to inability to fit in the
active site.

To investigate the structure-affinity relationship, intrinsic
dissociation constants (K, ;,,) and intrinsic Gibbs energy
(4G;)-values for interactions between CA isoforms and
compounds were calculated (Tables S1 and S2). The
intrinsic parameters represent the actual binding reaction
between the sulfonamide with a deprotonated amino group
and the Zn-bound water form of CA. Such a binding reac-
tion has been confirmed by neutron diffraction crystallog-
raphy as the reaction taking place when sulfonamides bind
to CA (49-51). In the compound structure-affinity correla-
tion analysis, only intrinsic parameters are meaningful,
providing insight into molecular recognition.

Using 4G;,,,~values, we constructed compound structure-
affinity correlation maps (Figs. 3 and S3). The modification
of the simplest compound BSA by introducing hydrophobic
substituents at di-meta positions in the direction of 2a—
2b—10—15a was the most favorable for CA IX, with
the absolute value of 4G, gradually increasing from
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—54.1 kJ/mol for 2a to —71.9 kJ/mol for 15a. Compound
15a with the diphenyl groups at the meta positions of benze-
nesulfonamide was the strongest binder of CA IX (K, . of
0.8 pM). Compound 15a was the optimal compound for effi-
cient CA IX inhibition, and further modification to 15b was
unfavorable for binding to CA IX and all other CAs.

The binding affinity increased slightly for CAs in the
direction 2a—17a (dimethyl — trimethyl groups) but
decreased for all isoforms in the direction 17a—17b—
17¢ (from trimethyl to triethyl and triisopropyl substituents),
showing that such compounds are too bulky to fit in the
active sites of CAs or that the positions of the two ortho-
methyl groups make the arrangement of the inhibitor ener-
getically unfavorable.

The interaction thermodynamics of the synthesized com-
pounds with the 12 CA isoforms clearly showed that the
active site cavities of the CA isoforms differ in volume
and shape. The variation of substituent size and bulkiness
in the benzene ring allowed us to determine the optimal in-
hibitor diameter and shape for the efficient inhibition of can-
cer-related isoform CA IX and mitochondrial CA VB, which
is implicated in obesity-related pathologies.

X-ray crystal structures of compound-CA
complexes

Nine x-ray crystallographic structures of the inhibitors
bound in the active sites of several CA isoforms were deter-
mined to study the structure-thermodynamics correlations
and the binding recognition (Figs. 4 and S5). The structures
show the most energetically favorable orientations of the
bound ligand. In each case, the sulfonamide amino group
formed a direct coordination bond with the Zn(II), whereas
the hydrophobic part of each compound was exposed to the
solvent.

CA II exhibits a narrower active site than CA IX because
CA II contains Phel31 instead of Val (Fig. 4). The limitation
of the size of the binding pocket was likely the main reason
for the differences in the binding affinities of bulky com-
pounds to CA II and CA IX.

The sulfonamide group of compounds 21 and 17a,
bearing either the naphthalene ring (in 21) or 2,4,6-trime-
thylbenzene (in 17a), occupied similar positions in both
crystal structures of CA II (Fig. 4 A). Both crystal
structures had comparable resolutions of 1.4 and 1.8 A,
respectively, and therefore, the solvent molecules in both
structures could be compared. Water molecules in the hy-
drophilic part of the active site in these structures could
be found in very similar positions (marked by yellow cir-
cles in Fig. 4). Sulfonamides 17a and 21 had similar
intrinsic binding affinities to CA 1I, and the K ,in,-values
were equal to 0.65 and 1.7 nM, respectively (Table S1).
Interestingly, binding of compound 21 to CA II induced
rotation of the Leul41 and Leul98 side chains to better
accommodate the ligand in the binding site compared
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FIGURE 3 The map of correlations between the compound chemical structures and the intrinsic standard Gibbs energy changes upon compound binding to

all 12 CA isoforms is shown. Chemical structures of compounds are listed according to their similarities while growing in molecular size in the direction of
arrows. Intrinsic Gibbs energies of binding are listed next to the chemical structures. Differences in the intrinsic Gibbs energies upon binding between the
structurally similar compounds are shown next to the arrows. The values are in kJ/mol. Negative values show tighter binding, whereas positive values indicate
weaker affinities. Colors represent the 12 catalytically active human CA isoforms. This map shows how small changes in compound structure lead to rela-
tively large changes in the binding energy and, at the same time, provide the selectivity of binding to a particular CA isoform. To see this figure in color, go

online.

with the Leul41 and Leul98 geometries in CA II com-
plexes with compounds 17a, 2a, 2-NSA, and 24, solved
in this study, as well as other smaller ligands, including
AZM (PDB: 3HS4) and BSA (PDB: 6GDC).

The next pair of compounds to be compared is 2-NSA and
2a (Fig. 4 B). Naphthalene derivative 2-NSA differed from
21 by the position of sulfonamide on the naphthalene ring,
and benzenesulfonamide derivative 2a differs from 17a by
the positioning of the methyl groups. The 2-NSA in CA II
was modeled by two alternate conformations, but the elec-
tron density of the second conformation (Fig. S4 A) is
weak. Benzene rings of benzenesulfonamide of both com-
pounds formed aliphatic-aromatic interactions with the
side chain of residue Leul41. The positions of sulfonamides
are similar in both crystal structures. The distribution of

water molecules in the hydrophilic parts of the CA II active
site was similar (Fig. 4 B), as were the conformations of
the active site residues. The intrinsic binding affinities of
both compounds were also comparable (Table S1, K,
0.57 nM (2-NSA) vs. 2.6 nM (2a)). Two alternate conforma-
tions of naphthalene derivative 2-NSA could be due to a
quasisymmetry of the shape of the naphthalene ring when
it is flipped around the sulfonamide C-S bond.

Fig. 4 C compares the binding modes of naphthalene de-
rivatives 2-NSA and 21 in CA II. These inhibitors differed
by the position of sulfonamide on the naphthalene ring.
Because of the fixed position of sulfonamide specifically
bound to the zinc atom, the positions of the naphthalene sub-
stituent were determined by the geometry of the active site
cavity. The narrower compound 2-NSA was found in an
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A CAll:17avs 21 B CAIll: 2-NSA vs 2a

FIGURE 4 Pair-wise comparison of the structural arrangement of related
compounds bound to CA II and CA IX as determined by x-ray crystallog-
raphy. Inhibitors bound to CA II are all shown in the same orientation. The
structures and names of the inhibitors in pairs are shown in pink or green.
Water molecules found in corresponding crystal structures are shown as
green or pink spheres. The Zn(II) ion is shown as a pink sphere at the bot-
tom of the active site. The CA protein surface is colored orange for hydro-
phobic residues (Val, Ile, Leu, Phe, Met, Ala, Gly, and Pro) and blue for
residues with charged and polar side chains (Arg, Asp, Asn, Glu, Gln,
His, Lys, Ser, Thr, Tyr, Trp, and Cys). (A) Compounds 17a (PDB: 6T4N,
pink) and 21 (PDB: 6T4P, green) bound to the active site of CA II. (B) Com-
pounds 2-NSA (two alternately oriented positions, PDB: 6T81, pink) and 2a
(PDB: 6T40, green) bound to the active site of CA II. (C) Compounds 2-
NSA (two alternately oriented positions, PDB: 6T81, pink) and 21 (PDB:
6T4P, green) bound to the active site of CA II. (D) Compound 2-NSA
(PDB: 6TL6, pink) and 15a (PDB: 6TLS5, green) bound to the active site
of CA IX. Electron density maps, the refinement statistics, and additional
figures are provided in the Supporting Materials and Methods. To see this
figure in color, go online.

alternate conformation in the crystal structure. The naphtha-
lene ring of compound 21 was located in the hydrophobic
environment beneath the Phel31 side chain, whereas the
naphthalene ring of compound 2-NSA could not have the
same orientation because both alternate conformations
should clash sterically with Phel31. Despite dissimilar
orientations of naphthalene rings and different positions of
water molecules, these compounds had comparable affinity
to CAII (K iy 1.7 nM for 21 vs. 0.57 nM for 2-NSA; Table
S1). The resolution of the crystal structure of CA II with the
naphthalene derivative 2-NSA was much better than of the
complex with 21 (1.0 Avs. 1.8 A, respectively). As shown
in Fig. 4 C, compound 21 rather tightly filled the hydropho-
bic part of the active site cavity.

Fig. 4 D compares the binding mode between compounds
2-NSA and 15a in the active site of CA IX. The sulfonamide
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groups in both compounds were slightly tilted (the S-C bond
was tilted by ~30°) with respect to each other because of
spatial restraints imposed by the cavities on the hydrophobic
ring systems. Compound 2-NSA occupied the hydrophobic
part of the active site of CA IX in a manner similar to that in
complexes with CA II (Fig. 4 B or Fig. 4 C). Sulfonamide
15a more efficiently occupied the active site of CA IX,
and the benzene ring of one meta-substituent was located
in the hydrophilic part of the active site, where it displaced
water molecules. The meta-terphenyl derivative 15a bound
to CA IX 143-fold stronger than the naphthalene derivative
2-NSA. The K ;,,,» were 0.00077 and 0.11 nM, respectively
(Table S1). The large difference between the two binding
affinities was due to different binding modes and better
filling of the binding pocket by compound 15a. The dis-
placed water molecules from the hydrophilic part of the
active site could not reach the sulfonamide group during
Zn(II)-15a dissociation, as discussed in (52).

The binding mode of compound 15a was similar in the
active sites of CA XII and CA IX (compare Fig. 4 D (green)
and Fig. S5 D (pink)). Compound 15a bound significantly
better to CA IX than to CA XII (K., 0.00077 and
0.13 nM, respectively; Table S1). The active site of CA
XII is more hydrophilic than that of CA IX (compare blue
(hydrophilic) and orange (hydrophobic) surfaces in Figs.
4 D and S5 D). The binding is weaker to CA XII than to
CA IX, likely because of hydrophobic compound 15a bind-
ing to a more hydrophilic binding site of CA XII.

In silico docking of the compounds to the active
sites of enzymes

Molecular docking can often give useful insight about the
ligand-receptor structural arrangement, especially if the
experimental structures are not available, and also provide
the binding energy estimates. For this purpose, all studied
compounds were docked to all 12 CA isoforms by using
Smina (31), a fork of AutoDock (32), using Vinardo (33)
and Convex-PL (35) scoring functions. In many cases, the
best binders for the isoforms were correctly predicted by
docking. The full analysis of the docking results can be
found in the Supporting Materials and Methods. Below,
we describe some of the insights into the binding of two
highest-affinity compounds for CA IX revealed by docking.

An example of the docked structures of CA IX-selective
ligands 15a and 15b compared with the x-ray structure of
15a in the CA IX binding site is shown in Fig. 5. The picture
displays superposed solvent-accessible surfaces of CA IX
with CA T (Fig. 5 A) and CA 1I (Fig. 5 B) and shows the
clashes of CA I and CA 1II surfaces with the two terminal
rings of the bifurcated ligand in Fig. 5, C and D. Compounds
15a and 15b could not bind to CA I because of clashes with
Phe91, Leul31, His67, and His200 or to CA II because of
clashes with Phel31 and Asn67. The smaller Asn67 of CA
II clashes with the ligand more than the bulkier GIn67 does
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FIGURE 5 X-ray crystal structure of 15a (green sticks) bound to CA IX
(protein shown in opaque cyan surface) superimposed with the structures of
CA I (pink) or CA I (yellow), showing that the compound cannot bind in
the same orientation to either CA T or CA II because of steric clashes, shown
as dashed areas in the bottom panels. The docked orientations of two CA
IX-selective compounds 15a (blue sticks) and 15b (purple sticks) to CA
IX closely resembled the x-ray position of 15a. The solvent-accessible sur-
face for CA IX is shown as an opaque cyan surface. The solvent-accessible
surfaces of CA I (transparent pink in A) and CA 11 (transparent yellow in B)
are shown, and the CA I and CA II protein atoms that extend out beyond the
CA IX surface are visible as pink and yellow sticks. (C) and (D) show com-
pound 15a in the same orientation as that in the crystal structure, and the
protein surfaces of CA I and CA II (in the same coloring) show clashes
with both terminal rings of the bifurcate ligands. The numbering of amino
acids in CA I and CA IX is presented according to CA II. Correlations be-
tween experimentally determined and calculated binding affinities are pro-
vided in the Figs. S6 and S7. To see this figure in color, go online.

in the same position in CA IX because GIn67 is flipped and
its CO group forms a hydrogen bond with the amino group of
GIn92. Interestingly, in some zones, CA IX is bulkier than
CA I and CA 11, but there are no clashes with the ligands.
The docking in these cases fully reproduced the experimental
crystallographic and thermodynamic binding data.

DISCUSSION

Despite the numerous studies concerning enzyme isoform-
specific inhibitors, we do not have sufficiently well-defined
tools for rational design of selective inhibitors. In this
work, we present a method of CA isoform cavity investiga-
tion in which a benzenesulfonamide series with a substituted
hydrophobic group of increasingly larger size was used.
When the ligand size is incrementally increased, there ought
to be a limiting size after which the molecule cannot fit into
the binding site. This size limit should vary for every isoform
and could be employed to search for isoform-selective inhib-
itors. Additionally, the aim was to increase the size of the
ligand until, hopefully, it cannot fit in the binding pocket of
some CA isoforms that we would not want to target. In partic-
ular, ubiquitous isoform CA II has a bulky Phe131 side chain
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pointing toward the binding site, whereas in clinically rele-
vant isoform CA IX it is replaced by a smaller valine residue.

Variation of the substituent length and bulkiness was
performed on the benzenesulfonamide scaffold by three
approaches: 1) substituting 3,5-positions; 2) substituting
2,4,6-positions; and 3) extending the condensed ring system.
This strategy proved to be successful and led to the discovery
of several inhibitors specific for CA IX and CA VB. Prom-
ising CA IX inhibitors were revealed, namely 15a (observed
K, = 6.5 nM, 60-fold higher selectivity than that of the next
best binding isoform), 10 (K; = 56 nM, 9-fold higher selec-
tivity), and 15b (K,; = 91 nM, >2000-fold higher selectivity).
For 15b, no binding was detected to any other catalytically
active CA isoform; it bound solely to CA IX. Anthracene-
9-sulfonamide 24 turned out to be a selective inhibitor for
CA VB (K; = 67 nM, 15-fold selectivity).

Some other compounds among the investigated series
appear to be promising scaffolds for further development.
For example, compared with BSA, naphthalene-1-sulfon-
amide 21 and 2-NSA bound better to most CA isoforms;
therefore, compared with BSA, they could potentially be
better lead compounds in designing new CA inhibitors
because the solved crystal structures with these compounds
show that certain positions on these ligands could be advan-
tageously expanded as substituents. DNS is an example of
such improvement for 21. The addition of a 5-(dimethyla-
mino) group led to another selective nanomolar CA IX
inhibitor (K; = 4 nM, 40-fold higher selectivity).

It appears that the dominating mechanism or mode of ac-
tion of the inhibitors followed the Lock-and-Key principle,
in which the protein is structurally rather rigid and the con-
formations of the unliganded and ligand-bound protein are
similar. The analysis of numerous available crystallographic
structures of unliganded CA enzymes and enzyme-ligand
complexes largely indicate that there is no major conforma-
tional change upon ligand binding (16,25). However, a pre-
vious study has indicated otherwise and preferred to
conclude that the binding mechanism is occurring primarily
according to the conformational selection principle (53).

Searching for leads or improving their selectivity is a
routine approach in drug discovery. However, to the best of
our knowledge, systematic exploration by increasing the
ligand size in search of the expansion limit for a particular
CA isoform is a novel approach that has not been attempted
before for enzyme inhibition. Certainly, this approach would
not have been possible without the presence of a sulfonamide
group, which serves as an “anchor” group ensuring binding
to the zinc ion situated in the deep cleft of the active site.
The first and general rule was that the sulfonamide group
had to achieve a favorable position for interaction in the
active site of the CA isoform. The coordination bond between
the nitrogen atom of the sulfonamide group and Zn(II) and
the two hydrogen bonds between sulfonamide and the resi-
dues of the active site make the right conditions for tight
interaction. Another part of the inhibitor is important for
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the formation of additional interactions between the inhibitor
and active site of the protein and to some extent affects the
binding geometry of the sulfonamide moiety. The successful
results herein were obtained by using exclusively hydropho-
bic substituents (except the dimethylamino substituent in
DNS) in benzenesulfonamides, which simplified the task
by avoiding the concern about matching hydrogen bond do-
nors and acceptors in the receptors, etc. On the other hand,
the obtained selective inhibitors were merely frameworks
consisting of carbon atoms, and the properties of the obtained
leads can be further improved by substituting some of the car-
bon atoms with other elements (nitrogen, oxygen, etc.) or by
attaching additional, more finely tailored, or hydrophilic
substituents.

The use of large, bulky hydrophobic substituents is not
new (54,55). However, in similar cases, the hydrophobic
groups targeted a specific position somewhere in the fringes
of the binding pocket. In this study, the large hydrophobic
group was targeted to fill the whole binding pocket as
much as possible to probe its limits and to discover essential
differences between the isoforms.

The x-ray structure of the best binding compound/receptor
combination 15a-CA IX provided insights into the origin of
the strong binding, as well as the selectivity toward CA IX.
The bulky Phe131 side chain in CA Il is replaced by a smaller
valine side chain in CA IX, allowing for a good fit of com-
pound 15a in the CA IX binding site. CA XII has an even
smaller alanine side chain in that position, and the 15a/CA
XII complex exhibited a binding mode similar to that of the
complex with CA IX. However, the ~130-fold weaker bind-
ing of the hydrophobic ligand 15a to CA XII than to CA IX
was probably attributable to the more hydrophilic character
of the binding pocket in CA XII than in CA IX.

X-ray crystallographic analysis of several compounds
bound to CA II, CA IX, and CA XII essentially confirmed
that the most successful ligands nearly completely filled
the binding site. X-ray crystallography confirmed that the
selectivity of 15a toward CA IX was due to the combination
of the optimal size of the binding site at a strategically
important distance from zinc (e.g., because of the decreased
size of residue 131, which is mutated from Phe in many CA
isoforms to Val in CA IX).

Because only some crystal structures involving investi-
gated compound/receptor complexes were available, dock-
ing of all compounds to all CA isoforms was employed to
test the extent to which we could predict the structural posi-
tions and the binding energetics. To obtain two slightly
different results for the binding affinities, docking was per-
formed using two scoring functions with different underpin-
nings (Vinardo is a physics-based fitting function, and
Convex-PL is a knowledge-based potential). The docking
calculations were able to correctly reproduce the binding
modes of larger ligands, such as 24, 10, and 15a, with mixed
success in reproducing the binding modes of the smaller
ligands. For the smaller ligands, it can be argued that the ac-
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curate reproduction of the binding mode was not essential
for the success of the undertaken task of finding selective in-
hibitors because of the following: 1) the observed small
ligand scores are relatively close to each other, irrespective
of geometry, and 2) the small ligands turned out to have a
low isoform selectivity and therefore were less interesting.
For the important CA IX and CA XII isoforms, the docking
essentially confirmed conclusions drawn from the x-ray
structures. It is concluded that docking has a predictive
capability that can be used to design better drugs.

CONCLUSIONS

The carbonic anhydrase model enzyme active site cavity was
explored with sulfonamide ligands by gradually augmenting
their hydrophobic substituents. The funnel-like binding
pockets in the 12 catalytically active human CA isoforms
were able to differently accommodate ligands containing hy-
drophobic substituents at the benzene ring of the sulfonamide.
Benzenesulfonamides bearing bulky hydrophobic substitu-
ents at meta positions yielded promising CA IX inhibitors,
and di-meta compounds filled well the CA IX active site cav-
ity. Extension of the condensed ring system allowed the dis-
covery of new CA VB-selective inhibitors. The application
of di-meta compounds distinguished the CA IX isoform as
having the most spacious active site cavity. In contrast, substi-
tution of ortho positions with more bulky substituents than
methyl groups led to loss of interaction, revealing a rather nar-
row “neck” of the CA active site cavities not far from the zinc
ion. All these observations indicate that the primary mecha-
nism of ligand binding occurs according to the rigid Lock-
and-Key principle. Optimal inhibitor and active site cavity
sizes appear to be of great importance for the design of novel
selective inhibitors for CA enzymes, and the approach could
find use in drug design for other ligand-enzyme systems.
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