Brazilian Journal of
Pharmaceutical Sciences

Article

BIPS

Quantitative Characterization of the Chemical Space
Governed by Human Carbonic Anhydrases and
selenium-containing derivatives of solfonamides

http://dx.doi.org/10.1590/s2175-97902022e19704

Behnam Rasti’

Department of Microbiology, Faculty of Basic Sciences, Lahijan Branch,
Islamic Azad University (IAU), Lahijan, Guilan, Iran

Due to the fact that different isoforms of carbonic anhydrase play distinct physiological roles,
their diseases/disorders involvement are different as well. Involvement in major disorders
such as glaucoma, epilepsy, Alzheimer’s disease, obesity and cancers, have turned carbonic
anhydrase into a popular case study in the field of rational drug design. Since carbonic
anhydrases are highly similar with regard to their structures, selective inhibition of different
isoforms has been a significant challenge. By applying a proteochemometrics approach,
herein the chemical interaction space governed by acyl selenoureido benzensulfonamides and
human carbonic anhydrases is explored. To assess the validity, robustness and predictivity
power of the proteochemometrics model, a diverse set of validation methods was used. The
final model is shown to provide valuable structural information that can be considered for new
selective inhibitors design. Using the supplied information and to show the applicability of the
constructed model, new compounds were designed. Monitoring of selectivity ratios of new
designs shows very promising results with regard to their selectivity for a specific isoform of
carbonic anhydrase.
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INTRODUCTION consists of sixteen isoforms distributed in different
tissues. Isoform variation and diverse localisations
Crucial and diverse physiologic processes such as  has made CA a vital target for the treatment of many

lipogenesis, ureagenesis, gluconeogenesis, acid—base  disorders. As an example, isoform II with cytosolic

balance and oncogenesis are mediated by the members
of the carbonic anhydrase (CA) superfamily. CAs play
their critical roles through catalysing a simple reaction of
interconversion between bicarbonate and carbon dioxide
(Equation 1) (Supuran et al., 2004).
€0, + H,0 » HCO; + H* Equation (1)
There are seven classes of CA known to date,

a-, B-, y-, 6-, &, n- and 0, of which the class of a is
found in vertebrates (Supuran et al., 2004). Alpha-CA
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localisation is a target for glaucoma, while isoforms
IX and XII localised in transmembrane are involved in
tumorigenesis and therefore are major cancer therapy
targets (Ditte et al., 2011; Purkerson, Schwartz, 2007;
Henry, 1996). Various physiological roles in addition
to the structural resemblance of different isoforms
cause a great necessity for developing isoform-selective
inhibitors, to avoid unwanted side effects. Inhibitors
of CAs (CAls) can be put in two major classes of
sulfonamide and non-sulfonamide derivatives (Supuran
et al., 2003). The latter itself is divided into different
sub-groups such as polyamines (Carta et al., 2010),
phenols (Carta et al., 2013), thiols (Wischeler et al.,
2010) and coumarin derivatives (Bonneau et al., 2013),
all showing inhibitory mechanisms different than that
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of sulfonamide derivatives. Sulfonamide derivatives
with an unsubstituted functional group (-SO,NH,-)
have the highest inhibitory potency among sulfonamide
derivatives, suggesting that the sulfonamide group
is highly essential for the inhibitory mechanism of
sulfonamide derivatives (Supuran et al., 2004). To sum
up, given the importance of CA and non-selectivity
of many current inhibitors, the design of compounds
with selective inhibitory properties is of great essence.
To investigate the selectivity, the proteochemometrics
(PCM) approach is shown to be highly effective.
PCM can be considered as an extended form of the
traditional quantitative structure activity relationship
(QSAR) models in which, interaction space of different
ligands across multiple receptors is simultaneously
modelled (Prusis et al., 2001). Major protein families
including G protein-coupled receptors (Lapinsh et
al., 2005), proteases (Lapinsh et al., 2008), kinases
(Subramanian et al., 2013), aromatase (Simeon et al.,
2016), thymidylate synthase (Rasti, Shahangian, 2018),
carbonic anhydrase (Rasti, Karimi-Jafari, Ghasemi,
2016; Rasti et al., 2017a;2018), phosphodiesterase
(Rasti et al., 2017b), Dihydrofolate Reductase (Hariri
et al., 2019), and antimicrobial inhibitors (Rasti et al.,
2019) have been so far investigated using PCM, and
valuable information has been successfully gathered.
The inhibitory mechanism of acyl selenoureido
benzensulfonamides against human carbonic
anhydrases (hCAs) has been previously studied
(Angeli et al., 2017). However, the previously proposed
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inhibitors barely show selectivity towards a specific
isoform of hCA. Therefore, herein, the chemical
interaction space governed by the acyl selenoureido
benzensulfonamides and hCAs is explored. Applying
PCM, compound structural descriptors capable of
discriminating between hCA isoforms were found.
Utilizing these discriminative descriptors, novel
acyl selenoureido benzensulfonamides with better
selectivity towards different hCAs were then designed.

METHODS
Interaction data

A data set of 64 complexes (hCAs-acyl selenoureido
benzensulfonamides) along with their bioactivities (Ki)
(Angeli et al., 2017) was applied for the purpose of the
modeling. A schematic workflow representing the steps
of PCM modeling is summarized in figure 1. Besides the
popularity of sulfonamide derivatives as CAls and their
clinical involvement in major disorders such as glaucoma
and obesity, the following facts were also considered
for dataset selection: i) the selected sulfonamides are a
novel group of derivatives belong to the acyl selenoureido
benzensulfonamides; i7) the majority of these acyl
selenoureido benzensulfonamides are hardly selective
for a specific isoform of hCA. The chemical scaffold of
these compounds are represented in figure 2. Biological
activities were subjected to negative logarithmic
transformation (pKi) to give more spread data points.
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FIGURE 1 - Workflow of PCM modelling.
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FIGURE 2 - Chemical scaffolds of acyl selenoureido benzensulfonamides as CA inhibitors.

Descriptors of organic compounds

Chemical structures were drawn in SYBYL7.3
(Version, S., 6.9, Tripos Associates, St. Louis, Mo, 2001)
and the optimisation was performed applying Tripos
force field with a distance-dependent dielectric and the
Powell conjugate gradient algorithm with convergence
criterion of 0.001 kcal/mol A. Partial atomic charges and
Grid Independent Descriptors (GRINDs) were calculated
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using Gasteiger-Huckel method and Pentacle 1.05 software,
respectively (Pastor et al., 2000). Regarding the nature of
the Grid Independent Descriptors, the final information
provided by the GRINDs approach is directly correlated
to the structures of inhibitors. In the present study, the
following probes were applied to calculate the MIFs: DRY
(hydrophobic probe), N1 (representing H-bond donor), O
(representing H-bond acceptor) and TIP (representing
molecular shape). Grid points distances, the number of
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filtered nodes for each MIF and the smoothing window were
adjusted to 0.5 A, 100 and 0.4 A, respectively. Utilizing
these parameters, 73 descriptors were calculated for each
MIF-MIF multiplication. Considering the application of
four types of MIF, a total number of 730 descriptors were
generated with regard to each structure. All descriptors
showing the same value for all compounds were removed.

Descriptors of carbonic anhydrases

Carbonic anhydrase is a metalloenzyme with a zinc
ion positioning in the center of protein cavity. To identify
the key positions interacting with chemical compounds, a
cutoff of 10 A from the location of the Zn>* was applied.
Residues falling within the 10 A cutoff were considered
as ligand interacting residues. Of the 55 amino acids,
26 positions were found to be mutated as represented

in figure 3. Regarding the proteins, the sequence based
Z-scale descriptors are the most widely used descriptors
in PCM modeling (Hellberg et al., 1987; Sandberg et al.,
1998). Z-scales are based on a PCA analysis originally
performed by Hellberg et al. on physicochemical data
gathered from experiments like NMR and thin-layer
chromatography (TLC). Using 26 properties derived for
87 natural and unnatural amino acids, the original three-
component Z-scales were then extended to five-membered
Z-scales by Sandberg et al.. Z1, Z2 and Z3 are the three
first principal components, representing the largest
variations of physicochemical properties. The fourth
and fifth components, Z4 and Z5, are more difficult to
interpret due to properties such as electronegativity, heat
of formation, electrophilicity and hardness. Z1, Z2, 73, Z4
and Z5 are representing lipophilicity, size/polarizability,
electronic and electrostatic properties, respectively.
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FIGURE 3 - Structure and Sequence alignment of hCA. Upper panel represents the structure of hCA II (PDB ID: 2VVB).
Major cavity non-conserved residues are indicated in illustration. Lower panel shows the sequence alignment of hCA isoforms.
Conserved positions are marked by asterisks. All the numberings are based on the sequence numbers of hCA 1.
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Feature selection

GRINDs were subjected to genetic algorithm
(GA) (Rogers, Hopfinger, 1994) to select the best
fitted structural features. A population size of 256,
a generation size of 100, a mutation rate of 0.01 and
double crossing over with the rate of 0.8 were utilised as
GA parameters. The Equation 2, representing predictive
squared correlation coefficient (Q?), was used as fitness
function. 120 most fitted GRINDs were selected by
the algorithm.

PRESS

2 — 1-—

n
2
PRESS = Z (Ypredicted, i~ yi)

i=1

Equation (2)

where the is the data values not used to construct
the CV model, the is the mean of the experimental
bioactivities, and PRESS is the predictive residual sum
of the squares.

Ligand-receptor cross-term descriptors

In PCM models, interactions between ligands and
receptors are represented by cross-terms. Herein, cross-
terms were calculated by multiplying descriptors of
proteins by those of ligands. Mean-centering and scaling
to unit variance was performed for all descriptors prior
to modelling.

Data splitting

Considering 16 compounds and 4 carbonic anhydrase
isoforms, the final chemical space being investigated
consists of 64 receptor-ligand complexes. Prior to the
modelling, the dataset was split (Kennard et al., 1969)
into two internal validation (nearly 85% of dataset) and
external test sets (nearly 15% of dataset).
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Multivariate modelling

Partial least squares (PLS) is an extension of PCA
that simultaneously projects descriptors and biological
activities to PLS components and finds linear relationships
between them. PLS is capable of making reliable
predictive models even in the presence of collinearity and
redundancy of variables. Regression coefficients derived
from the PLS regression equation reveals the direction
and magnitude of the influence of X on Y. Regarding the
protein-ligand system, the PLS regression equation can
be expressed as follows:

P P+L P P+L
y=y+ Z coeff,,D, + Z coef f,D, + Z Z coeff,,D,D,
p=1 1=P+1 p=11=P+1

Equation (3)

where, and are regression coefficients, and and stand for
receptor and ligand descriptors, respectively. The PLS
Toolbox 3.5 was applied to conduct PLS regression.

Validation of model performance

The internal validation set was subjected to
training and venetian blinds cross-validation. The
external set was then used to validate the predictability
of the constructed models. An applicability domain
(AD) analysis was also performed on internal and
external sets to estimate the likelihood of reliable
prediction for compounds. The leverage value together
with the William’s plot is usually used to assess the AD
of a QSAR model (Gramatica., 2007). The William’s
plot was built by plotting the standardised residuals of
compounds versus their leverage values. In addition,
Y-scrambling approach was applied to assess the
robustness of the PCM models. The response vector
(Y) was randomly scrambled for 100 times, while
the X-data were kept untouched. Each time a new
model was generated with the scrambled Y and the
correspondent R? and Q* were calculated. The R? and
Q? values of the original model together with the R? and
Q? values of 100 scrambled models were plotted versus
correlation coefficients between original and scrambled
Ys. Afterwards, a regression line was conducted and
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the intercepts for R? and Q? (R2imercelot and Q2imercept) were
calculated. It has been already shown that the R2imercept
of < 0.3 and the Qﬂmercept of < 0.05 are acceptable for a
robust model (Eriksson ef al., 2003).

Contribution of ligand properties for receptor
selectivity

Unlike traditional QSAR, PCM applies compounds
and proteins chemical spaces and their intercepts (cross-
terms) to show the ability of compounds and proteins
for making non-covalent interactions. Cross-terms,
which are considered as a representation of interactions
between compounds and proteins, can be used to assess
the significance of a compound descriptor in selective
inhibition of different receptors (Equation 4).

P
dy
Ayrec.l . d—Dl . Coeffl + Z Coeffp.le
p=1
Equation (4)

where rec is a receptor with descriptors D, D, .... D, and
shows the change in the selectivity of the I'" descriptor of
compounds for this particular receptor. Moreover, and
are regression coefficients, and and stand for receptor
and ligand descriptors, respectively.
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RESULTS AND DISCUSSION

PCM modeling of carbonic anhydrase activity

Prior to construct the PCM models, GRINDs were
subjected to genetic algorithm to select the best fitted
structural descriptors. Combinations of GRINDs and
Z-scales were used to build PCM models. Compared to
GRINDs/Z-scales-5 based model (model 2: R? ~ 0.98,
Q°, ~ 0.63, Q°, . ~ 0.6), GRINDs/Z-scales-3 based
model showed better metrics (model 1: R* ~ 0.97, Q° .,
~0.70, QZEXT ~0.79). As mentioned earlier, Z1, Z2 and Z3
are the first three PCs, representing the largest variations
of physicochemical properties. Therefore, herein, it
seems that introducing more variance (Z4 and Z5) is
not in favour of the modelling. Therefore, GRINDs/Z-
scales-3 based model was considered for further analyses.
Robustness and likelihood of reliable prediction were
confirmed for the final model by Y-scrambling approach
and AD analysis, respectively. BothR*, and Q*
show acceptable values of ~0.1 and ~0, confirming the
robustness of the PCM model. As is illustrated in the
Williams plot (Figure 4), almost all compounds are

intercept

located within the boundaries of applicability domain,
suggesting a well-defined AD for the proposed PCM
model. There are only two compounds (one belongs to
the internal set and the other belongs to the external set)
falling outside the + 3 standardised residual ranges.
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FIGURE 4 - Evaluation of applicability domain using William plots for PCM model. Internal and external set compounds are

indicated by gray and red circles, respectively.

Assessing the significance of compound descriptors
in receptor selectivity

Applying PCM, discriminative information with
regard to receptors chemical space was entered into the
models. Consequently, specific contributors showing high
selectively for a particular isoform of carbonic anhydrase
were found. Equation (4) was used to assess the significance
of compound de<eriptors in receptor selectivity. Figure
5 illustrates — *=ed values for structural descriptors of
compounds, selected by genetic algorithm. The vertical
dashed separators represent a distance range from 0 A
to 29.2 A. Inspecting figure 5 with regard to DRY-DRY
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descriptors reveals their positive values at short and medium
range distances in case of isoform IX, in particular. This
finding suggests that the presence of hydrophobic groups,
with certain distances, in the structure of compounds
strongly favours isoform IX inhibition. A similar situation
applies to N1-N1 descriptors with regard to isoform VII.
Their positive values at short range distances suggests that
the presence of HBA (H-bond acceptor) moieties, with short
range distances, in the structure of compounds is strongly
in favour of isoform VII inhibition. GRINDs with highly
discriminative selectivity (coefficient) towards a specific
isoform of carbonic anhydrase are circled and discussed
in details below.
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O-0 descriptors: Inspecting O-O descriptors
indicates two regions at distances of 5.2 A and 6.4
A (Figure 5, blue oval) with significantly positive
coefficients for isoform I, in particular. In case of other
isoforms, the correspondent descriptors seem to be at
expense of compound-protein interactions, since they
have highly negative PLS coefficients. Subsequently,
this finding suggests that emplacement of HBD (H-bond
donor) moieties, within the correspondent distances, can
substantially turn the selectivity of compounds in favour
of receptor .

NI-NI and O-NI descriptors: A close look at N1-
N1 and O-NI descriptors reveals that they have highly
positive PLS coefficients for isoform II with regard to
distances of 21.2 A and 20.4 A, respectively (Figure
5, red ovals). In case of other isoforms, however, the
correspondent descriptors are either at expense of or
barely involved in compound-protein interactions.
Therefore, it can be concluded that emplacement of dual
moieties of either HBA/HBA or HBD/HBA, within the
correspondent distances, can be in favour of selective
inhibition of isoform II.

DRY-0 descriptors: Observing DRY-O descriptors
reveals that there are two regions at distances of 16.8 A
and 17.6 A with highly PLS coefficients for isoform IX, in
particular (Figure 5, green oval). Since the correspondent
descriptors in other isoforms are not involved in their
inhibition, compounds with dual hydrophobic/HBD
moieties, within the correspondent distances, are expected
to act as selective inhibitors for isoform IX.

New inhibitor design

To show the applicability of the GRINDs,
discovered to highly discriminate the investigated
1isoforms, some of current inhibitors were modified
and their selectivity specification toward CA isoforms
were monitored. Structural modifications were exerted
based on the discovered discriminative contributors to
change the selectivity ratio of the compounds. Original
structures and their modified versions are represented
in figure 6. Compounds 7, 11 and 19 were chosen to
test the applicability of the GRINDs discovered to
be discriminative with respect to isoforms II, I and
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IX, respectively (the discovered GRINDs are already
discussed above). The main reason why these compounds
were chosen, other than non-selectivity for their
correspondent receptors, underlies the fact that their
original structures lack the discovered discriminative
GRINDs. Therefore, any possible inhibitory alternation
raised by the modified structures was surely caused by
the newly added GRINDs. As is illustrated in figure
6, compound-7 (Comp_7) lacks both O-N1 and N1-N1
descriptors at distances of 20 A and 21.2 A, respectively.
To generate the missing descriptors, a —CF, moiety was
added to the phenyl ring (Mod_7). The modifications
were expected to increase selectivity of compound-7
for CA II. Compound-11 (Comp_11) which lacks O-O
descriptors at distances of 5.2 A and 6.4 A, was selected
to test the effect of these GRINDs on selectivity of CA
L. To generate the missing descriptors, -NH, moieties
were substituted in positions 3 and 6 of the phenyl ring
(Mod_11). The modifications were expected to change
the selectivity in favor of CA I. Finally, compound-19
(Comp_19) which lacks DRY-O descriptor at distances
of 16.8 A and 17.6 A, was modified through adding a
—CH, group to the phenyl ring (Mod_19). The modified
compound was then expected to show better selectivity
against CA IX. Three modified compounds were then put
in the test set and their activities were predicted using the
constructed PCM model. The activity ratios of designed
compounds for CA isoforms are presented in Table 1.
As it is indicated, the results are very promising with
regard to all three modified compounds. In the majority
of cases, introducing the missing discriminative GRINDs
has altered the selectivity ratios as expected. Significant
examples where the ratio was reversed for two isoforms
are as follows: i) Comp_7 shows selectivity ratio of ~ 2.6
for CA II/CA IX, while it’s modified version (Mod 7)
shows selectivity ratio of ~ 0.14 for CA II/CA IX. ii)
Comp 19 with selectivity ratios of ~ 4.24 and ~ 2.83 for
CA IX/CA 1II and CA IX/CA VII, respectively. After
modification (Mod_19) the selectivity ratios have been
inverted in favour of CA IX, by values of ~ 0.95 and ~ 0.59
respectively. Other significant favourable changes belong
to selectivity ratios of CA I/CA IX, CA 1I/ CA T and CA
IX/CA T with ~ 8.95, ~ 5.6 and ~ 4.62 folds, respectively. In
case of recent descriptors; however, the selectivity ratios
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are not inverted. In three cases (CA I/CA 11, CA I/CA
VII, CA II/CA VII) the selectivity ratios are not changed
enough to be commented on. Taken together, it seems
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that applying the discriminative structural contributors
captured by the constructed PCM model, can increase the
selectivity of a compound for a specific receptor.
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FIGURE 6 - Original and modified compounds used to explore the impact of discriminative GRINDs on CAs selectivity. Original
and modified structures are indicated by Comp and Mod tags, respectively.

TABLE I - Experimental/experimental and predicted/predicted ratio values of Kis for original (Comp) and modified (Mod)

compounds, respectively

CAII/CAT CA II/CA VII CA II/CA IX
~0.28 ~5.84 ~2.60 Comp_7
~0.05 ~5.20 ~0.14 Mod 7
CAI/CATI CA I/CA VII CA I/CA IX
~777 ~17.94 ~16.05 Comp 11
~7.60 ~7.60 ~1.79 Mod_11
CAIX/CAT CAIX/CA T CA IX/CA VII
~4.62 ~4.24 ~2.83 Comp_19
~1.00 ~0.95 ~0.59 Mod_19
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CONCLUSIONS

Due to diverse biological engagements of CA
isoforms, availability of isoform-selective inhibitors is
of great importance. Complementary physicochemical/
structural contributors of ligands and receptors mediate
their interactions. Using a proteochemometrics approach,
information extracted from ligands-receptors chemical
interaction spaces can be applied to investigate selective
inhibition of a protein isoform by a set of compounds.
Herein, a set of sequence based descriptors and their
combinations together with 3D-based GRINDs were
used to assess the impact of sequence based descriptors
on modelling. Robustness and predictivity power of
models were validated using a diverse set of approaches;
and based on the obtained results, GRINDs/Z-scales-3
based model showed the best indices. Furthermore, major
structural contributors with regard to hydrophobic and
H-bond interactions have been captured by the PCM
model and shown to be discriminative against different
CA isoforms. Such contributors can be applied to design
new potent inhibitors with better selectivity toward a
specific isoform of carbonic anhydrase.
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