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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
twelve catalytically active human carbonic anhydrase (CA) isoforms until no binding was
observed due to inability of the compounds to fit in the active site. This approach led to the
discovery of high-affinity and high-selectivity compounds for the anticancer target CA IX and
antiobesity target CA VB. The X-ray crystallographic structures of compounds bound to CA IX
showed the positions of the bound compounds, while 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.

STATEMENT OF 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 conformational selection, however,
postulates that protein exists in multiple conformational states in solution and the ligand selects
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
ligand binding. In this case, it is important to design ligands that would fit the active site pocket
of the disease target protein being not too small and not too large in size to fit the pocket as
closely as possible.

Herein, 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 currently used. To demonstrate this
approach, we have used a family of enzymes that possesses the following important features: a) a



family consists of twelve structurally highly similar isoforms (isozymes) with essentially the
same fold, b) the active site pocket of all isoforms is highly similar, differing from each other by
only several amino acids, and c¢) the Zn(ll) 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 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 CO2 and maintains various physiological functions in
essentially every cell of any living organism from bacteria to humans. Humans express fifteen
CA isoforms, but only twelve of these forms contain Zn(Il) and are catalytically active (3, 4).
The 12 active isoforms have different subcellular localizations and can be found as cytosolic (I,
II, III, VII and XIIT), mitochondrial (VA and VB), extra-cellularly 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 anti-glaucoma, diuretic, anti-obesity, and anti-convulsant 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), while the first determination that sulfonamides inhibit
CA was made in 1940 (10). The first X-ray crystal structure of a carbonic anhydrase was solved
by Liljas et al in 1972 showing the presence 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(Il)) by approximately 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 contributed only -2.9 kcal/mol (15). The introduction of
substituents 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 affinity 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 structures of CA-
ligand complexes (4, 17, 18). The deepest part of the active site pocket has been called the
“conserved pocket” due to 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 “selective
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. Furthermore, differences in amino
acids change the pocket size as well as the maximal ligand sizes that can be accommodated.



Isoforms CA I and CA II exhibit more occluded active site entrance than CA IX and CA XII
(CA T and CA II have Tyr204 and Phel31 at the entrance of the binding pocket, while CA IX
and CA XII have Vall31 and Alal31 at isostructural positions) and these differences have been
used to design selective inhibitors >2°.

In addition, selective inhibitors have been made by exploiting different subcellular locations of
CAs. This strategy was especially useful to increase compound selectivity for extracellularly
bound CA 1X and CA XIlI by making membrane-impermeable inhibitors by the addition of
cationic or other groups (7, 19, 20).

We have previously designed a series of fluorinated benzenesulfonamides bearing substituents
at the para, para/ortho and para/meta positions with respect to the sulfonamide group (21-23)
and concluded that bulky hydrophobic groups at the ortho or meta positions are crucial for
selectivity towards 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 million-fold higher for CA IX than for CA I and CA
IT (23). Crystallographic studies rationalized the selectivity of the compound, 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 due to 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 peptide backbone between proteins
without inhibitor and complexes with inhibitor were in the range of 0.17-0.51 A showing that no
significant conformational changes occured 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 1I.

Here, we have synthesized di-ortho- and di-meta-substituted benzenesulfonamides with
hydrophobic substituents 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 allowed us to explore the features
of CA active site cavities, giving new insights into the rational design of CA selective inhibitors.
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Figure 1. Series of benzenesulfonamide-bearing compounds designed for probing of CA enzyme
active sites. Top line includes di-meta-substituted benzenesulfonamides while the bottom line
shows the tri-substituted (di-ortho and para) benzenesulfonamides and ligands containing
conjugated benzene ring systems. Compound synthesis is described in the Supporting Material.

MATERIALS AND METHODS
Protein preparation

Production and purification of twelve catalytically active human CA isoforms (CA I, II, II1, IV,
VA, VB, VLVII, IX, XII, XIII and XIV) was performed as previously described(26). The
catalytic domain of CA IX wused for co-crystalization 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

Thermal shift assay (FTSA) determinations of compound affinities were performed by heating
the protein samples containing various concentrations of an inhibitor from 25 to 99 °C while
recording extrinsic fluorescence of the solvatochromic dye ANS (8-anilino-1-naphthalene
sulfonate) 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) instrument using the blue channel (excitation 365+20 nm, detection 460+15 nm). Samples
contained 5-10 pM protein, 0-400 uM ligand, 50 uM ANS and 50 mM sodium phosphate buffer
containing 100 mM NaCl at pH 7.0, with a final DMSO concentration of 2%. The applied
heating rate was 1 °C/min. All experiments were repeated at least twice.

Stopped-flow CO. hydration assay

Carbonic anhydrase inhibition experiments were performed by applying the stopped-flow CO2
hydration assay (SFA) by using an Applied Photophysics 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:2 gas in Milli-Q water for 1 h at 24 °C. Enzyme concentration was 200 nM for
CA 1, 50-100 nM for CA 11, 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. Inhibitor concentration was 0-150 uM (in a row of two-fold or three-fold serial
dilution) in <1.5 % DMSO. Raw curves were fitted using a single exponential model and the
inhibition constants were determined using the Morrison equation:

([CA] + [I] +1Cso — y/([CA] + [1] + 1Cs0)? — 4[CA]II])
2[CA]
where [CA] is the total added CA concentration assuming that it is equal to the active enzyme

-100%

CAact.(%) =1-

concentration, [I] is the total added inhibitor concentration, and /Cso is the concentration of
inhibitor that achieves 50% inhibition of the enzymatic activity. 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 100 mM 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 of each compound buffer solution at 25 °C. The ratio of normalized
absorbances (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 Hendersson-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 /Cso values or inhibition 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 binding
constant K inr should be calculated by dividing the experimentally determined observed binding
constant K» by the available fractions of deprotonated inhibitor and protonated Zn(II)-bound

water form of CA:
Kp

Ky ingy = 1
b,intr (frRso,NH- fcaznH,0) (1)

The fractions of the deprotonated inhibitor and the Zn(II) bound water form of CA depend on
the pK. of the sulfonamide amino group (pKa_suif) and the pK. of the water molecule attached to
Zn(1II) in the active site of CA (pKa ca), respectively:

f _ 10pH_pKa_sulf (2)
RSOZNH 1+ 10pH_pKa,sulf

10PH-PKa_caznHy0
fCAZnHZO - - 1+ 1OpH_pKa,CAZnH20 (3)

The pK. values of water molecules coordinated to Zn(Il) in the active site of CA isoforms were
taken from the following (30): CA isoform — pKs: CAT1—-8.1, CAII - 6.9, CAIII - 6.5, CAIV —
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):

AGintr = —RT In(Kb,intr) 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 Supporting Material Figures
S4 and S5. The intrinsic Kainr values for all CA isoforms are presented in Table S1. 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.

Molecular docking in silico

Molecular docking was performed using Smina (31), an AutoDock Vina (32) because it
supports a variety of scoring functions, including user-defined custom ones. Vinardo scoring
function (33) was employed during the docking. Because of the importance of coordination bond
between Zn(II) and sulfonamide nitrogen, a pseudo-atom was generated using AutoDock4zn tool
(34) at a tetrahedral Zn(II) coordination site, and an additional quadratic potential between the
generated pseudo-atom and the sulfonamide nitrogen with —10 weight was added on top of the
default Vinardo scoring function. 22.5x22.5x22.5 A3 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 Convex-PL v. 0.3 scoring function (35). The human carbonic anhydrase
isoforms CA VA and CA VB which did not have structures in Protein Data Bank (PDB) were



built using SWISS-MODEL web server (36), based on murine CA V template (PDB ID: 1KEQ).
For the rest of catalytic human CAs, the receptor models were taken from the PDB (chain A
except where noted): 1AZM (CA 1), 3HS4 (CA 1I), 3UYQ (CA III), chain C of 5IN8 (CA 1V),
3FE4 (CA VI), 6H38 (CAVII), 31IAI (CA IX), 1JD0 (CA XII), 3CZV (CA XIII), and 4LU3 (CA
XIV). In the PDB structure 3FE4 of CA VI the magnesium ion was present instead of zinc,
therefore it was replaced by Zn for the purposes of docking. Additional dockings were also
performed into CA VI-mimic, PDB ID: 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, v. 1.13.1(38). The ligands
were optimized using MMFF94s force field (39) within Avogadro program, v. 1.2.0 (40). The
conversions of the files into various formats was done with AutoDock Tools, 01.26.2015 version
(labeled as “latest”) (41) and Open Babel v. 2.4.1 (42). Open Babel Application Programming
Interface (API) 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 II), 25 mg/mL (CA XII)
and 10 mg/mL (CA IX prepared in yeast). Crystallization conditions (buffers) are listed in
Supporting Material- Table S6. The ligand solutions for crystal soaking were made by mixing of
50 pL of corresponding reservoir solution and 0.5 pL 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 datasets of CA II-17a, CA II-2-NSA were collected at the EMBL (DESY, Hamburg,
Germany) beamline P14, four datasets CA 1I-2a, CA 11-24, CA XII-10, CA XII-15a — at
beamline P13, CA 11-21 at beamline X11. The dataset of CA 1X-15a was collected at BESSY 11
(Berlin, Germany) beamline 14.1 and CA IX-2NSA at MAX IV (Lund, Sweden) beamline
BioMAX. Most of the datasets were processed using XDS (43) program, whereas datasets of CA
11-21, CA 1X-15a — by MOSFLM (44). The molecular replacement was made by MOLREP (45)
program using the following initial models: 3HLJ for CA II, 1JDO for CA XII and 6FE2 for CA
IX. The 3D models of compounds were created using AVOGADRO (40) program. The library
files which contain complete chemical and geometric descriptions of compounds were created
using LIBCHECK program (46). The models were prepared using COOT (47) and refined by
REFMAC (48). All represented graphics were made using PyMOL programs (PyMOL, version
1.8.x). Coordinates and structure factors have been deposited to the RCSB. Data processing,
refinement, and validation statistics are shown in Supporting Material- Table S3.



RESULTS
Compound binding and structure-affinity relationship

The binding of synthesized compounds to twelve catalytically active human CA isoforms was
determined by the fluorescent thermal shift assay (FTSA). The K4 values for all compounds are
listed in Table 1. Since FTSA only demonstrates binding and does not determine inhibition of
enzymatic activity, the compound inhibitory properties were confirmed by the stopped-flow
enzymatic inhibition of the CO:2 hydration assay (SFA) (data are listed in the parentheses in
Table 1).

Table 1. The observed dissociation constants Ks (uM) for compound interaction with human
recombinant CA isoforms are listed as determined by FTSA at 37 °C and pH 7.0. For comparison,
the dissociation constants K4 (uUM) were determined from the /Cso values obtained by the stopped-
flow CA inhibition assay (SFA) at 24 °C and pH 7.5 (SFA data are listed in the brackets).

Dissociation constants K (UM) of CA isoforms

CA CA CA CA CA
Cmpd CAIl CAIl CAIIl | CAIV VA VB CA VI VII CAIX | CAXII XTI XIV
BSA 7.1 1.8 >400 17 8.3 33 14 6.7 1.5 13 7.5 8.7
2a 21 18 >400 28 17 2.5 110 25 8.3 83 6.3 5.0
2b 67 3.8 >400 6.7 >400 0.13 33 4.6 (01'393) 17 0.91 1.7
2.5 0.056 59
10 >200 (1.25) >200 11 >200 4.4 83 2.0 (0.18) (1) 0.50 1.4
58 0.0065 0.83
15a >200 (>100) >400 1.3 >400 >400 125 >400 (0.067) (0.50) 1.4 0.40
>200 0.091
15b >200 (>100) >200 >200 >200 >200 >200 >200 (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 2.5 33 0.83 5.0 1.6 0.33 2.5 0.83 0.56
0.067
5.0 ) 9.8 1.3
24 >400 6.7 >400 (5.9) >400 (<0).15 8.3 10 1.0 (1.1) (12.5) 1.3 (1.1)
0.24
2-NSA 0.91 0.77 >400 10 13 5.0 17 2.2 (0.13) 6.3 5.0 0.29
0.40 1.9 10 1.0 12.5 3.2 0.0040 0.50 0.50 0.17
DNS (<0.05) 2.0(25) | =400 (0.67) (2.8) (4.0) (5.0 (1.7) | (<0.015) | (0.03) (<0.1) (0.22)
AZM( 2.4 0.046 0.021 0.13 0.12
30) (0.29) (0.010) 40 0.087 0.84 0.14 0.22 0.013 (0.0067) | (0.025) | (<0.01 0.063

Uncertainties of the FTSA and SFA measurements are approximately 1.6-fold in K




Augmentation of substituents was performed on the benzenesulfonamide scaffold in three
directions: 1) substituting 3,5-positions, 2) substituting 2,4,6-positions, and 3) extending the
condensed ring system, having a significant effect on the binding affinities to the CA isoforms
(Figure 2). Substitution of 3,5-positions had an important effect on CA IX, an anticancer drug
target, binding profile. The affinity towards 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 nM to
330 nM, to 56 nM and 6.5 nM, respectively (Figure 2A). The last modification of 3,5-diphenyl
groups (15a) to 3,5-dimethylphenyl groups (15b) decreased the affinity for CA IX by a factor of
10 (Ks = 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 selectivity
for CA IX exceeded 2000-fold compared to 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- positions in benzenesulfonamide (BSA). Compounds bearing methyl (17a),
ethyl (17b), and isopropyl (17¢) 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. Since 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 aromatic 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 where the affinity was micromolar or lower.

10
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Figure 2. The observed binding constants of compound interactions with twelve CA isoforms of
3,5-substituted compounds (A), 2,4,6-substituted compounds (B) and ligands with fused benzene
rings (C). Compound structures are shown on the top of each panel, and the gradual increase in
the compound size and hydrophobicity compared with that of the neighboring compound is
shown in red. A higher position means greater affinity, and the ratios of affinities (colored
numbers inside the plots) show the selectivity over other isoforms. The gray area at the bottom of
each plot shows the limit of detection of the assay.
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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 available 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 (Kain) and
intrinsic Gibbs energy (AGinr) values for interactions between CA isoforms and compounds were
calculated (Tables S1, S2, Supporting Material). 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 reaction has been confirmed by neutron diffraction
crystallography as the reaction taking place when sulfonamides bind to CA(49-51). In the
compound structure-affinity correlation analysis, only intrinsic parameters are meaningful,
providing insight into molecular recognition.

Using AGinr values, we constructed compound structure-affinity correlation maps (Figure 3
and Figure S3 (Supporting Material)). 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 AGin gradually increasing from -
54.1 kJ/mol for 2a to -71.9 kJ/mol for 15a. Compound 15a with the diphenyl groups at the meta
positions of benzenesulfonamide was the strongest binder of CA IX (K4 of 0.8 pM).
Compound 15a was the optimal compound for efficient 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 energetically unfavorable.

12
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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 while 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 relatively large changes in the binding energy and at the same time provides the
selectivity of binding to a particular CA isoform.

The interaction thermodynamics of the synthesized compounds with the twelve 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 inhibitor diameter and shape for the efficient inhibition of cancer-related isoform CA 1X
and mitochondrial CA VB, which is implicated in obesity-related pathologies.

X-ray crystal structures of compound-CA complexes
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Nine X-ray crystallographic structures of the inhibitors bound in the active sites of several CA
isoforms were determined to study the structure-thermodynamics correlations and the binding
recognition (Figure 4 (and Figure S5 in the Supporting Material)). 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(Il) while the hydrophobic part of each
compound was exposed to the solvent.

CA 1II exhibits a narrower active site than CA IX because CA II contains Phel31 instead of Val
(Figure 4). The limitation of the size of the binding pocket was likely the main reason for the
differences in the binding affinities of bulky compounds to CA II and CA IX.

A CAIll:17avs 21 B CAIl: 2-NSA vs 2a

Figure 4. Pair-wise comparison of the structural arrangement of related compounds bound to CA
IT and CA IX as determined by X-ray crystallography. Inhibitors bound to CA II are all shown in
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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 bottom of the active site. The CA protein
surface is colored orange for hydrophobic 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 ID 6T4N, pink) and 21 (PDB ID 6T4P,
green) bound to the active site of CA II. (B) Compounds 2-NSA (two alternately oriented
positions, PDB ID 6T81, pink) and 2a (PDB ID 6T40, green) bound to the active site of CA II.
(C) Compounds 2-NSA (two alternately oriented positions, PDB ID 6T81, pink) and 21 (PDB ID
6T4P, green) bound to the active site of CA II. (D) Compound 2-NSA (PDB ID 6TL6, pink) and
15a (PDB ID 6TL5, green) bound to the active site of CA IX. Electron-density maps, the
refinement statistics and additional figures are provided in the Supporting Material.

The sulfonamide group of compounds 21 and 17a bearing either the naphthalene ring (in 21)
or 2,4,6-trimethylbenzene (in 17a) occupied similar positions in both crystal structures of CA Il
(Figure 4A). Both crystal structures had comparable resolutions of 1.4 A and 1.8 A, respectively,
and therefore, the solvent molecules in both structures could be compared. Water molecules in
the hydrophilic part of the active site in these structures could be found in very similar positions
(marked by yellow circles in Figure 4). Sulfonamides 17a and 21 had similar intrinsic binding
affinities to CA Il, the Ka,inrr Values were equal to 0.65 and 1.7 nM, respectively (Table S1).
Interestingly, binding of compound 21 to CA 1l induced rotation of the Leul41 and Leul98 side
chains to better accommodate the ligand in the binding site, compared to the Leul41 and Leul98
geometries in CA 1l complexes with compounds 17a, 2a, 2-NSA and 24, solved in this study, as
well as other smaller ligands, including AZM (PDB ID 3HS4) and BSA (PDB ID 6GDC).

The next pair of compounds to be compared is 2-NSA and 2a (Figure 4B). 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 Il was modeled by two alternate conformations, but the electron density of the
second conformation (Figure S4A) is weak. Benzene rings of benzenesulfonamide of both
compounds formed aliphatic-aromatic interactions with the side chain of residue Leul4l. The
positions of sulfonamides are similar in both crystal structures. The distribution of water
molecules in the hydrophilic parts of the CA Il active site was similar (Figure 4B), as were the
conformations of the active site residues. The intrinsic binding affinities of both compounds were
also comparable (Table S1, Kginr 0.57 nM (2-NSA) vs 2.6 nM (2a)). Two alternate
conformations of naphthalene derivative 2-NSA could be due to a quasi-symmetry of the shape
of the naphthalene ring when it is flipped around the sulfonamide C-S bond.

Figure 4C compares the binding modes of naphthalene derivatives 2-NSA and 21 in CA II.
These inhibitors differed by the position of sulfonamide on the naphthalene ring. Due to the fixed
position of sulfonamide specifically bound to the zinc atom, the positions of the naphthalene
substituent were determined by the geometry of the active site cavity. The narrower compound
2-NSA was found in an alternate conformation in the crystal structure. The naphthalene ring of
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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, as 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 CA Il (Ka,intr: 1.7 nM for 21 vs 0.57 nM for 2-NSA, Table S1). The resolution of the
crystal structure of CA Il with the naphthalene derivative 2-NSA was much better than of the
complex with 21 (1.0 A vs 1.8 A, respectively). As shown in Figure 4C, compound 21 rather
tightly filled the hydrophobic part of the active site cavity.

Figure 4D compares the binding mode between compounds 2-NSA and 15a in the active site
of CA 1X. The sulfonamide groups in both compounds were slightly tilted (the S-C bond was
tilted by ~30°) with respect to each other due to 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 Il (Figure 4B or 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 Ka,ntr 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 displaced water molecules from the hydrophilic part of
the active site could not reach the sulfonamide group during Zn(11)-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 Figure 4D (green) and Figure S5D (pink)). Compound 15a bound significantly better
to CA IX than to CA XII (Ka,intr 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 Figures 4D and S5D). The binding is weaker to CA XII than to CA IX
likely due to hydrophobic compound 15a binding to a more hydrophilic binding site of CA XIlI.

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 Supporting Material. 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 Figure 5. The picture displays
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superposed solvent-accessible surfaces of CA IX with CA I (Figure 5A) and CA II (Figure 5B)
and shows the clashes of CA I and CA II surfaces with the two terminal rings of the bifurcated
ligand in panels C and D. Compounds 15a and 15b could not bind to CA I due to clashes with
Phe91, Leul31, His67 and His200 or to CA II due to clashes with Phel31 and Asn67. The
smaller Asn67 of CA II clashes with the ligand more than the bulkier GIn67 does 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 II, but
there are no clashes with the ligands. The docking in these cases fully reproduced the
experimental crystallographic and thermodynamic binding data.

His200

C | D

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 1 (pink) or CA II (yellow) showing that the
compound cannot bind in the same orientation to either CA I or CA II due to 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 surface for CA IX is shown as an opaque cyan surface.
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The solvent-accessible surfaces of CA I (transparent pink in panel A) and CA II (transparent
yellow in panel B) are shown, while the CA I and CA II protein atoms that extend out beyond the
CA IX surface are visible as pink and yellow sticks. Panels C and D show compound 15a in the
same orientation as that in the crystal structure, while the protein surfaces of CA I and CA 1I (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 between
experimentally determined and calculated binding affinities are provided in the Supporting
Material (Figures S6-S7).

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 investigation 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 inhibitors. 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 particular, ubiquitous isoform CA II has a bulky Phel31 side chain pointing towards
the binding site, while in clinically relevant 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. Promising CA IX inhibitors were
revealed, namely, 15a (observed Ks = 6.5 nM, 60-fold higher selectivity than that of the next best
binding isoform), 10 (Kz = 56 nM, 9-fold higher selectivity), and 15b (Kz = 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 (Ks = 67 nM, 15-fold selectivity).

Some other compounds among the investigated series appear to be promising scaffolds for
further development. For example, compared to BSA, naphthalene-1-sulfonamide 21 and
naphthalene-2-sulfonamide 2-NSA bound better to most CA isoforms; therefore, compared to
BSA, they could potentially be better lead compounds in designing new CA inhibitors, since the
solved crystal structures with these compounds show that certain positions on these ligands could
be advantageously expanded as substituents. DNS is an example of such improvement for 21: the
addition of a 5-(dimethylamino) group led to another selective nanomolar CA IX inhibitor (Ks =
4 nM, 40-fold higher selectivity).
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It appears that the dominating mechanism or mode of action of the inhibitors followed the
Lock-and-Key principle where the protein is structurally rather rigid and the conformations 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 conformational change upon ligand binding (16, 25). However, a
previous 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 residues of the active site make
the right conditions for tight interaction. Another part of the inhibitor is important for 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 hydrophobic substituents (except the dimethylamino
substituent in DNS) in benzenesulfonamides, which simplified the task by avoiding the concern
about matching hydrogen bond donors 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 carbon
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 towards CA IX. The bulky
Phel31 side chain in CA II is replaced by a smaller valine side chain in CA IX, allowing for a
good fit of compound 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 binding 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.

19



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 towards CA IX was due to the
combination of the optimal size of the binding site at a strategically important distance from zinc,
e.g., due to the decreased size of residue 131, which is mutated from Phe in many CA isoforms
to Val in CA IX.

Since only some crystal structures involving investigated compound/receptor complexes were
available, docking of all compounds to all CA isoforms was employed to test the extent to which
we could predict the structural positions and the binding energetics. To obtain two slightly
different results for the binding affinities, docking was performed using two scoring functions
with different underpinnings (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 accurate
reproduction of the binding mode was not essential for the success of the undertaken task of
finding selective inhibitors since (a) the observed small ligand scores are relatively close to each
other irrespective of geometry and (b) 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

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
twelve catalytically active human CA isoforms were able to differently accommodate ligands
containing hydrophobic substituents at the benzene ring of the sulfonamide.
Benzenesulfonamides bearing bulky hydrophobic substituents at meta positions yielded
promising CA IX inhibitors, and di-meta compounds filled well the CA IX active site cavity.
Extension of the condensed ring system allowed the discovery 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, substitution of ortho positions with more bulky
substituents than methyl groups led to loss of interaction, revealing a rather narrow “neck” of the
CA active site cavities not far from the zinc ion. All these observations indicate that the primary
mechanism 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.

SUPPORTING MATERIAL
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Additional, detailed information for Results, Materials and Methods sections is given. Results
subsections (Compound binding and structure-affinity relationship, X-ray crystal structures of
compound-CA complexes, In Silico docking of the compounds to the active sites of enzymes)
are described with additional tables and figures. Materials and Methods section consists of
several subsections: Chemistry (description of compound synthesis); Compound characterization
(description of experimental procedures); Crystallization of CA — compound complexes.

The Supporting Material is available free of charge via the Internet at http://doi.org.
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