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The development of isozyme-selective carbonic anhy-
drase inhibitors is currently still a great challenge. In
the present study, protein-ligand complex structures
were obtained by AutoDock Vina with SBR ((R)-N-(3-
indol-1-yl-2-methyl-propyl)-4-sulfamoyl-benzamide) as
the only inhibitor docked into the binding pockets of
human isozymes CA |, I, IV, VI, IX, Xll, and XIll. To
make the spatial structures of complexes comparable,
the co-ordinates for CA domains were reassigned
based on structural alignments. With preferred docking
poses of SBR been reduced to seed structures, the
LigBuilder was used to build up inhibitor molecules.
The results suggested that sulfonamide derivatives
with naphthalene, fluorene, and acridan as the scaffold
structures can be the potential isozyme-selective CAls,
especially for isozymes CA I, IV, and IX.
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Carbonic anhydrases (CAs, EC 4.2.1.1) are present in
humans in at least 15 different isoforms, 12 of which are cat-
alytically active (CA -V, CA VA, VB, VI, VII, IX, and CA Xll—-
XIV) (1-3). For their efficiently catalyzation on the chemical
interconversion of carbon dioxide to bicarbonate ions, CAs
are involved not only in respiration, pH changes, regulation
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of CO, fixation, and transport of COy/bicarbonate, also in
electrolyte secretion in a variety of tissues and in many bio-
synthetic reactions, such as lipogenesis, ureagenesis, glu-
coneogenesis, tumorigenicity, bone resorption, calcification,
and many other physiological or pathological processes
(8,4). Consequently, many of CAs are well-established drug
targets for the design of novel pharmacological agents use-
ful in the treatment or prevention of many disorders, such as
altitude sickness, epilepsy, glaucoma, obesity, tumor, acid—
base disequilibria, and other neuromuscular diseases (2-7).

The catalytic and inhibition mechanisms of CAs are under-
stood in great detail, and this favored the molecular design
of potent inhibitors, and some of which possess important
clinical applications (2). However, due to indiscriminate
inhibition of isoforms other than the target one, most of
the clinically available carbonic anhydrase inhibitors (CAls)
known to date are associated with undesired side-effects,
including numbness and tingling of extremities, metallic
taste, depression, fatigue, malaise, weight loss, decreased
libido, gastrointestinal irritation, metabolic acidosis, renal
calculi, and transient myopia (3). For the prospects of
overcoming the systemic side-effects and of achieving the
desired effect at lower dosages of a drug, selectivity of
inhibitors against closely related enzyme isoforms is very
attractive to researchers.

One of the major classes of CAls is the unsubstituted sulf-
onamides and their bioisosteres, that is, the sulfamates,
sulfamides, and related compounds (3). In fact, the impor-
tance of an unsubstituted sulfonamide group for CA inhibi-
tion has been confirmed by previously published reports
on structure—activity relationships for this class of inhibitors
(8). Sulfonamides disturb the catalytic cycle by binding in
their deprotonated form (RSO.NH’) to the Zn(ll) ion in
carbonic anhydrase (1,8,9). Figure 1 shows the structural
elements required for sulfonamide inhibitors of CAs (9,10),
and the side chain might possess a hydrophilic link able to
interact with the hydrophilic part of the active site and a
hydrophobic moiety which can interact in the hydrophobic
pocket. Several selective CAls against pharmacologically
relevant isozymes have been found by rational design
approaches based on X-ray crystal structures of enzyme-—
inhibitor complexes (9), 3D QSAR selectivity models (11),
tail approach (9,12), and dynamic combinatorial libraries
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Figure 1: Structure elements of sulfonamide inhibitors in the
carbonic anhydrase active site. A sulfonamide attached to the
scaffold binds the Zn(ll) ion and interacts with threonine by H
bond. The hydrophilic link and hydrophobic moiety of inhibitors
can interact with the hydrophilic and hydrophobic parts of the
active site, respectively.

(13), etc. However, it is still remains challenging to extract
selectivity discriminating features as a guideline to synthesis
of CAls.

In fact, the lack of structural information about the nature
of the interactions between CAs and inhibitors has made it
a difficult task to discover a lead compound through struc-
ture-based drug design and docking studies. More than
that, the prediction of the bound conformation of a ligand
in the active site of a protein is a major challenge in
current structure-based drug design. In this work, we will
predict protein-ligand complex structures for human CA
isoforms with known structures using the docking program
AutoDock Vina (14) to place the same inhibitor in the bind-
ing pockets of isoforms. Our interest in the automatic
docking was stimulated by its significantly improving the
accuracy of the binding mode predictions. To make the
spatial structures of complexes comparable, the three-
dimensional co-ordinates for CA isoforms were reassigned
to share the same co-ordinate space based on structural
alignments. Based on the complex structures with correct
binding mode from AutoDock Vina, the de novo design
method will be used to build ligand molecules within the
binding pockets of human CAs. By so doing, novel
isozyme-selective inhibitor scaffolds could be expected to
be discovered.

Experimental Procedures

Multiple structural alignment of human CAs was computed
using program STAMP implemented in MultiSeq, which is
a part of VMD (15,16). The prediction of protein-ligand
complex structures was performed using AutoDock Vina
(14) version 1.0.3. The de novo design of selective inhibi-
tors was performed using LigBuilder (17) version 1.2.

Data set and structural alignment
Nine human CAs of known structure up to date were
selected from Protein Data Bank (PDB) for their high reso-
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lution and non-mutant: (CA I: 2foy; CA II: 7if7; CA lll: 1293;
CA IV: 1znc; CA VI: 3fe4; CA VIII: 2w2j; CA IX: 3iai; CA Xll:
1jd0; CA Xlll: 3czv). The crystal structure of CA I
complexed with SBR ((R)-N-(3-indol-1-yl-2-methyl-propyl)-
4-sulfamoyl-benzamide), that is, 7if7, was used as a
reference protein. For its high affinity for CA Il, Ky approxi-
mately 30 pm (18), SBR was used as the only inhibitor
docked into the binding pockets of 9 human CAs by pro-
gram AutoDock Vina (14) to obtain protein-ligand complex
structures for each isoform.

With metal ions being left and water molecular and bound
ligand being eliminated, all 9 isozymes were aligned using
program STAMP implemented in the software package
VMD (15,16) version 1.8.7. For structure comparisons, we
confine our attention to the protein domains of human
CAs. Based on the multidimensional QR factorization
(19,20) implemented in VMD, the non-redundant domain
data set of 9 human CA isozymes, corresponding to the
PDB code mentioned above, was composed of d2foya,
diifra, d1z93a, diznca, d3fedb, d2w2ja, d3iaib, d1jdOb,
and d3czva (the ‘d’ means domain, the ‘a’ and ‘b’ mean
A chain and B chain, respectively). With diif7a as the
reference structure, the co-ordinates for domains were
reassigned to share the same co-ordinate space after
structural alignment (shown in Figure 2), which can not
only make all domains share the same ‘search space’ (i.e.
grid box) required by AutoDock Vina program, but also
help to identify the potent complexes of SBR with 9
isozymes predicted by AutoDock Vina (14).

Structural similarity measures Qy and Qs are derived from
the structural identity measure Q, which is used in protein
folding to compare the pair distances in a protein confor-
mation to the native on (21). Qs is designed to calculate
structural similarity of each residue in a set of aligned struc-
tures, and Qg to measure the similarity between two struc-
tures (15). They ranges from O to 1, lower scores indicate
low similarity and higher scores high similarity.
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Figure 2: Structural superposition and similarity (Q) of nine
human carbonic anhydrase domains. The ball presents the
superposition of Mg(ll) in d3fe4b (CA VI) and Zn(ll)s in d2foya (CA ),
diifra (CA ), d1z93a (CA Ill), diznca (CA IV), d3iaib (CA IX),
d1jdOb (CA Xll), and d3czva (CA Xlll). There is no metal ion in
d2w2ja (CA V). Qu is designed to measure the similarity
between two structures. Q> 0.7 means strongly structural
homology.
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Docking simulation

The ligand, that is, SBR, was extracted directly from the
complex structure 7if7. AutoDock Vina (14) was used for
automatic placement of SBR in the binding pockets of 9
isozyme domains mentioned above. The correct prediction
of the binding mode was validated based on the extremely
similarity between the poses of SBR in the binding pockets
of dlif7a and /if7 (Figure 3A). Receptor and ligand prepa-
rations were carried out using the AutoDockTools (22) ver-
sion 1.5.4, including repairing missing atoms, adding polar
hydrogens, and assigning charges and solvation parame-
ters, etc. A grid of 36 x 40 x 36 points in the x, y, and
z-axis direction was built with a grid spacing of 1 A, and
co-ordinates of the center was: x = 0.074, y = 4.526,
and z = 12.46. In all cases, the grid box was large enough
to guarantee independence of the docking results from
small variations of the binding-site definitions. To look for an
optimal binding mode, each domain was computed 100
times using AutoDock Vina (14) with num_modes = 20.

De novo design

With the docked complex structure for each CA domain
being used as the starting point, the software package
LigBuilder (17) was used in the structure-based design of
potential selective CAls. The first step was to find the key
interaction residues in the active site using the POCKET
module with the minimal distance between any two phar-
macophore features being 3.00. The next step was to
construct molecules for the target protein by applying the
genetic algorithm as implemented in the GROW module.
The rough procedure of GROW is like this: (i) generate the
initial population based on the seed structure; (i) choosing

Figure 3: The poses of SBRin
the active sites of carbonic
anhydrase (CA) I, II, IV, VI, IX, XII,
and Xl predicted by program
AutoDock Vina, named as p1, p2,
p3, p4, p5, p6, and p7,
respectively. The hydrophobic half
of the active site cleft is shown in
yellow, while Zn(ll) in blue and Mg
() in red. (A) The superposition of
SBR (in magenta) and p2 (in
cyan). (B) The seed structure
derived from p1-7 with the
hydrogen attached to sulfur as the
growing site. Graphics were
generated with PyMOL software
(DelLano Scientific LLC, Palo Alto,
CA, USA).
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‘parents’ molecules from the current population into the
mating pool; (iiij copy the ‘elite’ of the current population
into the new population; (iv) fill out the new population by
performing structural manipulations on the molecules in
the mating pool; and (v) go to Step 2 until the preset num-
ber of generations has been reached. The numbers of the
population and the ‘parents’ molecules to be selected into
the mating pool were set to 8000 and 500, respectively. In
addition, both the linking manipulation, which will result in
intramolecular rings whenever it is possible, and the ‘smart
mutation’ manipulation employed by GROW were forbid-
den. Due to the stochastic nature of genetic algorithm, we
have run the program five times to sample the solution
space adequately. According to the Lipinski rules (23), 200
top candidates were selected with maximal molecular
weight and logP value being 500 and 5, respectively.

Table 1 presents the chemical structures and distributions
of CAl scaffolds derived from top-scored 200 molecules.

Cross-docking

Four molecules with multiple rings, which came from the
top hit compounds designed for CA II, IV, VI, and IX,
respectively, were selected to do cross-docking with CA |
(2foy), CA Il (1if7), CA IV (1znc), CA IX (Biai), CA Xl (7jd0),
and CA Xlll (8czv). CA VI was excluded for its Mg(ll) in
d3fedb. The four molecules B1, B2, B3, and B4 are naph-
thalenesulfonamide, N-sulfonamide-phthalimide, 3-sulfon-
amide-acridan, and fluorenesulfonamide  derivatives,
respectively (Table 2). The parameters for docking are the
same as above. Each domain was computed 10 times
using AutoDock Vina (14) with num_modes = 20.
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Results and Discussion

Structural alignment

All nine CA domains in non-redundant set are readily
structurally aligned by the STAMP algorithm and display
clear structural homology. In Figure 2, all nine CA domains
are superposed, and the Mg(ll) in d3fedb and Zn(ll)s in
d2foya, diifra, d1z93a, diznca, d3iaib, di1jdOb, and
d3czva are overlapped well with rmsd from 0.7791 A to
1.9211 A. A striking feature is that the structural core is
well conserved, with Q4 from 0.6889 to 0.9218. In gen-
eral, Q> 0.4 corresponds to structures with 5 A root-
mean-square deviations or less, and this value indicates

visible structural similarity (21), and Qg > 0.7 means
strongly structural homology. The high structure conserva-
tion contributes to the non-selective inhibition of CAs. After
alignment, the co-ordinates for CA domains in non-redun-
dant set were reassigned with dlif7ra as the reference
structure. In so doing, the failure of the scoring function
implemented in docking program AutoDock Vina can be
avoided and the receptor-ligand complexes predicted with
correct binding mode can be manually screened out with-
out difficulty. More than that, the search space required by
AutoDock Vina can be shared the same one after the
reassignment of co-ordinates for all nine CA domains in
non-redundant set.

Table 1: The chemical structures and distributions of CAl scaffolds from top 200 molecules

The chemical structures and distributions of CAl scaffolds®

Isozyme
R R R
S R, R, R,
\ {10
SO,NH, SO,NH, SO,NH,
R R R R (o) R
R, H R
1 N R, Ry 1 R,
s ( “
\
RZ E R2
SO,NH, SO,NH, SO,NH, SO,NHO R;  SO,NH,
CAl
A1 (126/63%) A2 (59/29.5%) A3 (6/3%)

R’ ~
N
O I‘V SN H
SOzNHz R3 SO2NH2
COOH
A4 (4/2%) A5 (3/1.5%) A6 (1/0.5%) A7 (1/0.5%)
R' R, R

R
R R, N R R, R’ R,
SEIIES S PIESs o
CAIl Rj SO,NH, SO,NH, .O Ry Ry
SO,NH,

A8 (189/94.5%) A9  (6/3%)

A10 (3/1.5%) A1 (2/1%)
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Table 1: continued

Isozyme The chemical structures and distributions of CAl scaffolds®
SO,NH, R R;
R N
N—SO,NH, R’ N O O
SO,NH, SO,NH,
R, R,
CA IV A12 (172/86%) A13 (9/4.5%) A14 (6/3%) A15 (6/3%)

R,/N R, o )
R, SO,NH, '\ ¢
0=5=0 l g l

: g
HZNOZS R,

A16 (3/1.5%) A17 (2/1%) A18 (1/0.5%) A19 (1/0.5%)
\ 3
N
"~ OO O O
SO,NH; Rj SO,NH, SO,NH, SO,NH,
A20 (80/40%) A21 (48/24%) A22 (37/18.5%) A23 (20/10%)
R N R
s R, \ i SO,NH,
CA VI \ | 0=S=0 \
R, |
(N
SO,NH, SO,NH, R g
A24 (8/4%) A25 (2/1%) A26 (2/1%)

\ F
SO,NH,
. 0
SONY )y on
SO,NH,
0 o~ o~
A27 (1/0.5%) A28 (1/0.5%) A29 (1/0.5%)
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Table 1: continued

Isozyme The chemical structures and distributions of CAI scaffolds®
R, R R; Ry
Z “$0,NH N Z “S0O,NH
2 2 H 2 2 Rz
Ry R, R;
A30 (134/67%) A31 (63/31.5%) A32 (3/1.5%)
R
R R R
R' R, H !
S R, N
BN O O
Rj R, R' SO,NH,
SOZNHZ SO,NH, R, R; Ry
CAXII A33 (179/89.5%) A34 (11/5.5%) A35 (6/3%)
R R K
& / (D)
e .
SO,NH, H
R' SO,NH, SO,NH,
A36 (2/1%) A37 (1/0.5%) A38 (1/0.5%)
R
N—SO,NH,
CAXII

A39 (190/95%)

A40 (9/4.5%)

A41 (1/0.5%)

®The substitutions R and R’ means necessary, while R, (0 = 1, 2, 3, 4, 5) substitutes occasionally.

Figure 4 presents the sequence alignment corresponding
to the structural alignment of active site residues of nine
CA domains in non-redundant set. Thirty-six active site
residues previously defined as forming the cavity of the
enzyme (24) were aligned with a combination of + (active-
site hydrogen bond network) and Z (zinc-liganded histidine)
signs. As shown in Figure 4, CA VI and CA IV present
thirty-five residues for missing a residue in position 7 and
131, respectively. The residues with great variations in
sequence are signed by boxes in Figure 4. It is worthy of
note that the residues in positions indicated by boxes have

252

high structure similarity with Q.5 > 0.6, which means the
selectivity profile against various isozymes may contribute
to the small variation in the structure of CAls. In fact,
several amino acids located in the active site had been
reported to be involved in inhibitor recognition and to have
a role in the selectivity of various inhibitors toward different
isozymes (25-28). The amino acid in position 65, which is
Ala for CA II; Thr for CA lll and CA VI; and Ser for CA |,
CA IV, CA IX, CA Xll, and CA XIll, has been reported to
have an important role in discriminating inhibitor binding
affinity toward different isozymes (26). The Asn 67 of CA

Chem Biol Drug Des 2014; 83: 247-258
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Table 2: Cross-docking of de novo designed molecules against CA isozymes

Isozymea
Inhibitor
CAl CAIl CA IV CAIX CAXIl CAXIll
O.__NH,
s 7
_ + _ _ — _
O
SO,NH,
B1 (CAll)
- - + + + +
_ — _ + — _

O‘Q SO,NH, - - +

0O
HOO,S
B4 (CA IX)

@— shows interaction without sulfonamide binding the Zn(ll) ion in active site; + shows interaction with sulfonamide binding the Zn(ll) ion.

was shown to be involved in the binding of many classes
of inhibitors (25,29). It is worth mentioning that the amino
acid in position 67 is His for CA I, Arg for CA Ill, GIn for
CA VI and IX, Met for CA IV, and Lys for CA XII. In particu-
lar, a difference among various CA isozymes in both
sequence and structure is the amino acid in position 131,
which is Phe for CA I, lll, and Xlll; Leu for CA I; Tyr for CA
VI; Val for CA IX; and Ala for CA Xll (see Figure 4). In fact,
Phe 131 is known to be very important for the binding of
sulfonamide inhibitors to CAs (25): In the case of CA Il, the
bulky side chain of this Phe residue not only increases
steric hindrance for the inhibitors, also may participate in
stacking interactions with groups present in it. Except for
Tyr in CA VI, other residues, that is, Leu, Val, and Ala, are
less bulky than Phe in CA I, which make the active sites

Chem Biol Drug Des 2014; 83: 247-258

of CA I, IX; and Xll as a consequence being larger than
the CA Il active site. Correspondingly, CA IV active site is
larger than CA Il active site for missing a residue in posi-
tion 131 (Figure 4). So, bulky inhibitors can be more
accommodated within the active sites of CA I, IV, IX, and
Xl than those of CA Il and VI.

Docking simulation

Molecular docking aims to predict and rank the structure
(s) arising from the association between a given ligand and
a target protein of known 3D structure, and it thus can be
used to try to predict the bound conformation of known
binders, when the experimental structures are unavailable
(80). The accuracy of the docked binding poses and the
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of nine human carbonic
anhydrase domains. Thirty-six
active site residues forming the
active site are aligned. Symbols:
+, means active site hydrogen
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histidine. Amino acid residues
poorly conserved are indicated by
boxes. Residue numbers are
based on the CA Il sequences.
Qres is designed to measure
structural similarity of each residue
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correct predictions of the binding affinities are the two
main problems in docking. Especially, the reliable scoring
function remains inaccessible and is a key weakness with
today’s docking and scoring algorithms (31). Based on
strongly structural conservation, the SBR from complex
1if7 can be used as the reference to select manually the
docking poses of SBR in 9 CA domains after co-ordinates
being reassigned, which can remedy the defects of the
scoring function implemented in docking software Auto-
Dock Vina.

For each isozyme, 2000 docking poses of SBR were gen-
erated by AutoDock Vina software. AutoDock Vina is a new
program for drug discovery, molecular docking and virtual
screening, offering multicore capability, high performance,
and enhanced accuracy (14). The most preferred docking
poses of SBR in CA I, II, IV, VI, IX, Xll, and Xlll are pre-
sented in Figure 3 and named as p1, p2, p3, p4, p5, p6,
and p7, respectively. When aligned in PyMOL the rmsd
between SBR and p2 is 1.23 A with 1 atom rejected and
0.78 A with 4 atoms rejected (Figure 3A), indicating a high
degree of similarity between the two poses. Reproducing
the docked conformation of SBR in CA Il with a reasonable
rmsd is the basis for our motivation to use AutoDock Vina
software to predict the most preferred docking poses of
SBR in human CA domains. With SBR as a reference, no
proper docking poses were found in CA lll and VIII. In fact,
CA VIl is non-catalytically active (1-3) for the amino acid in
position 94 being Arg not His (Figure 4). CA I, unlike CA
VI, has a weak binding affinity to sulfonamides. The Phe in
position 198 (Figure 4) was identified as a major contributor
to such a unique feature of CA IIl (32).

According to Figure 3, p1, p2, p4, p5, p6, and p7 show a
similar spatial arrangement with the indole group oriented
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T T T T in a set of aligned structures.
2222222 i
2065133 Qres > 0.7 means hlghly
4679146 structural conservation.

toward the hydrophobic part of the active site cleft, mak-
ing numerous van der Waals interactions with residues
placed in this region. Figure 5 presents the active site
regions in the CA |-p1, CA ll-p2, CA IV-p3, and CA VI-p4
complexes showing the residues involved in the hydropho-
bic interactions. These residues, in position 121, 131, 135,
198, 200, 202, and 204 (Figures 4 and 5), have been
already reported to establish important interactions with
the organic scaffold of other CA inhibitors (33), especially
contributing to stabilize the inhibitor within the active site
cleft. CA IV loses a residue in position 131 and forms a
loop not helix at the hydrophobic part (Figures 2 and 4),
which lead to the entrance of active site cleft of CA IV
become more planar than those of other isozymes (Fig-
ure 3). Consequently, the indole group of p3 pointed
toward the hydrophobic pocket comprised of Leu 69, Lys
91, and Val 121 (Figures 3 and 5). In particular, the ionized
sulfamate NH™ group donates a hydrogen bond to the
hydroxyl group of Thr 199 (Thr 220 in CA VI-p4), which
has been observed in all adducts of sulfonamides/sulfa-
mates with various CA isozymes (33-35), while one of the
two sulfamate oxygens accepts a hydrogen bond from the
backbone NH group of Thr 199.

Isozyme-selective scaffolds of CAls

With the structural constraints of human CA domains, the
de novo drug design program LigBuilder 1.2 was used to
build up inhibitor molecules iteratively using a library of
organic fragments (17). Programs of this type normally
require the user to define an initial ‘seed’ in a binding site,
after which the computer builds a series of molecules by
adding to the growing structures the most suitable frag-
ments taken from a given library (36). So, choosing a
proper seed structure is very important because all the

Chem Biol Drug Des 2014; 83: 247-258
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resultant molecules are the derivatives of the seed struc-
ture. To build seed structure, the preferred pose of SBR in
each docked complex (i.e. p1-7 shown in Figure 3) was
reduced to the form H*-SO,NH, with the H* as the grow-
ing site (Figure 3B). With H*-SO,NH, used as the starting
structure of de novo design, fragments will be added to
the growing site to generate new molecules. All the mole-
cules are developed and evolved with a genetic algorithm
procedure. To score the derivatives according to the rela-
tive binding affinity, the program LigBuilder 1.2 employs
the empirical binding free energy function including van
der Waals, hydrogen bond, hydrophobic, and entropic
terms (37). In addition, the bioavailability rules were also
applied to screen the derivatives with good physicochemi-
cal properties as a drug (23).

For each isozyme, the top-scored 200 molecules were
then selected to discover CAl scaffolds with isozyme
preferences. Except for a single-ring structure, that is,
benzene ring, most of the scaffolds are multiple-ring struc-
tures as shown in Table 1. In particular, the predominant
structures of the inhibitor molecules designed by program
LigBuilder 1.2 for CA I, Il, IV, VI, IX; and Xlll are multiple
rings, while that for CA Xl is benzene ring (A1, A8, A12,
A20, A30, A33, and A39).

As for CA Xll, the molecules with benzene ring scaffold
account for 89.5%, while only 3 and 2 benzenesulfona-
mide derivatives for CA | and Il, respectively. It should be
noted that the substitutions at the para and/or meta posi-
tions of benzenesulfonamide are necessary (A5, A11, and

Figure 5: Stereo view of the
active site regions in the CA |-p1,
CA ll-p2, CA IV-p3, and CA VI-p4
complexes, showing the residues
participating in recognition of the
inhibitor molecule. Hydrogen
bonds are shown as dotted lines
in yellow. Graphics were {HR:199
generated with PyMOL software '
(DelLano Scientific LLC, Palo Alto,
CA, USA).

THR-200
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A33). For the preference for benzene ring scaffold, the
benzenesulfonamides with substitutions at the para and
meta positions can be the potential isozyme-selective
inhibitors of CA XIl. In fact, CA Xll is a sulfonamide-avid
isoform, being strongly inhibited by many types of sulfona-
mides, and the most selective human CA Xll over CA I
inhibitors are benzenesulfonamide derivatives (38).

As for CA |, the compounds with indole, indene, indan, and
thionaphthene rings used as the scaffolds reach 66% of 200
molecules (A1 and AS3). Interestingly, these multiple rings,
especially the indole ring, have been designed for each
isozyme as shown in Table 1. Thereinto, the compounds
with indole ring as the scaffold structure account for 3%,
7.5%, 41%, 31.5%, and 4.5% of 200 top molecules
designed for isozymes CA I, IV, VI, IX; and X lll, respectively
(A9, A13, A14, A20, A26, A31, and A40). For CA VI, there
is a compound with indan ring as the scaffold (A27), and the
compounds with thionaphthene ring as scaffolds account
for 22.5% (A22 and A24). The compounds with indene ring
as the scaffold structure reach 67% for CA IX (A30). With
benzene ring as the predominant scaffold structure, 5.5%,
0.5%, and 0.5% of 200 molecules designed for CA Xl
possess the thionaphthene, indole, and indene scaffold
structures, respectively (A34, A37, and A38). Consequently,
the sulfonamide derivatives with multiple-ring structures
such as indole, indene, indan, and thionaphthene as the
scaffolds lack the preference for CA isozymes.

The predominant structures of inhibitor molecules designed
for CA Il and Xlll are naphthalene ring, which account for
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94.5% and 95% of top 200 molecules, respectively (A8
and A39). In addition, there are 2, 48, and 2 naphthalene-
sulfonamide derivatives designed for CA I, VI, and XII,
respectively (A6, A7, A21, and A36). It is worth noting that
all the molecules are 2-naphthalenesulfonamide derivatives,
and the substitutions at 5 and 6 positions of naphthalene
ring are necessary for compounds A8 and A21. These
results implied that the sulfonamide derivatives with naph-
thalene ring scaffold can be the potential isozyme-selective
CAls, especially for isozymes CA Il and Xlll. In fact, it has
been demonstrated that compounds of the RSO,NH, type
(where R is a benzene, naphthalene, or pyridine ring) spe-
cifically inhibit carbonic anhydrase in very small concentra-
tions (39). As seen from Table 1, the preferences of
benzenesulfonamide and naphthalenesulfonamide deriva-
tives for CA isozymes depend on the substitutions in the
benzene and naphthalene rings, respectively.

The phthalimide scaffold accounts for 86% of top 200
molecules and becomes the predominant structures of
inhibitors designed for CA IV (A12). Such scaffold struc-
tures are observed in one and fifty-nine molecules
designed for CA Xlll (A41) and CA | (A2), respectively. As
seen from Table 1, the important difference between A2
and A12 is the substitution of the sulfonamide group. Like
as naphthalenesulfonamide derivatives, the N-sulfonamide-
phthalimide derivatives can be the potential isozyme-selec-
tive CAls, especially for isozyme CA IV.

The sulfonamide derivatives with multiple rings, such as
acridan and fluorene, as scaffold structures have been
observed. The compounds with acridan as the scaffold
structure account for 2%, 3%, and 3% of 200 top mole-
cules designed for isozymes CA |, IV, and XIl, respectively
(A4, A15, and A35). In particular, the 3-sulfonamide-acri-
dan derivatives reach 10% of 200 molecules designed for
CA VI (A23). It is worth noting that the compounds
designed for CA | and Xl are 2-sulfonamide-acridan
derivatives (A4 and A35) and those for CA IV and VI are
3-sulfonamide-acridan derivatives (A15 and A23). More
than that, there are different substitutions among A4, A15,
A23, and A35. Based on these observations, one can
conclude that the acridan can be the isozyme-selective
scaffold of CAls. Compare with acridan-sulfonamide deriv-
atives, less fluorenesulfonamide derivatives were designed
for CA isozymes. As seen from Table 1, there are 3 fluo-
renesulfonamide derivatives designed for CA Il and IX (A10
and A32), two for CA IV (A17), and only one for CA VI
(A29). Such results implied that the fluorene can be the
isozyme-selective scaffold of inhibitor molecules against
CAl, IV, VI, and IX.

Cross-docking

To ascertain the isozyme-selective inhibitor scaffolds, four
sulfonamide derivatives with naphthalene, phthalimide,
acridan, and fluorene as multiple-ring scaffolds, respec-
tively, were selected to perform cross-docking experiment.
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A comparison of the cross-docking result is illustrated in
Table 2. Not unexpectedly, de novo designed molecule
B1, which was designed for CA I, interacts selectively
with CA Il. By contrast, B2, which was designed for CA
IV, has less selectivity against CA IV, IX, Xll, and Xlll. B3
and B4, which were designed for CA VI and IX, respec-
tively, were selected to do cross-docking for their novel
scaffold structures. As with B1, they have selectivity
against CA IX and IV, respectively. It is worth noting that
the cross-docking experiments with B2, B3, and B4 are
not in agreement with de novo molecular design. In fact,
the de novo design builds inhibitor molecules based on
an initial seed structure in an active site by adding to the
growing structures, the most suitable fragments taken
from a library of organic fragments. The designed mole-
cules then were constrained to the inner structure of
isozyme active site. In other words, even though the
designed molecules could be appropriate for the inner
structure of active site, it can be too bulky to enter into
the active site. It is the reason why B4 does not dock to
CA IX in cross-docking experiments, even though that is
the isozyme for which it was designed. However, regard-
less of the difference between cross-docking and de novo
design, cross-docking results presented in Table 2 indi-
cated that sulfonamide derivatives with naphthalene, fluo-
rene, and acridan as the scaffold structures can be the
potential isozyme-selective CAls, especially for isozymes
CAll, IV, and IX.

Conclusions

In the present study, the complexes of CA isozymes with
SBR were predicted using structural alignment and molec-
ular docking approaches. With the structural constraints of
human CA domains, de novo drug design produced pre-
ferred molecular structures for each isozymes based on
complex structures. The results from cross-docking and
de novo design suggested that sulfonamide derivatives
with naphthalene, fluorene, and acridan as the scaffold
structures can be the potential isozyme-selective inhibitors
against CA I, IV, and IX.

Finally, it is the authors’ opinion that the approaches used
in this study can be combined with tail approaches
reported previously to find novel virtual sulfonamide
compounds, which can be a potent approach to develop
isozyme-selective CAls.
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