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Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes
which are ubiquitous in nature and are found in a variety
of organisms. In mammals at least 16 different isozymes of
CAs have been found. CAs catalyze the reversible hydration
of carbon dioxide to bicarbonate with the release of protons.
Abnormal levels and/or activities of these enzymes have been
associated with many disorders such as glaucoma, obesity,
gastric ulcers, acid-base imbalances, cancer, and epilepsy.
Carbonic anhydrases, therefore, have emerged as a valuable
drug target for treatment or prevention of these disorders.
Many clinically established drugs are CA inhibitors, and it
is highly anticipated that many more will eventually find
their way into the market. Much development has beenmade
in this field; however, in order to find isozyme selective
inhibitors with increased CA inhibition activity, it is neces-
sary for new classes of compounds to be screened.This special
issue has been dedicated to showcasing recent developments
made in the field of CA inhibitors.

In “Carborane-Based Carbonic Anhydrase Inhibitors:
Insight into CA II/CA IX Specificity from a High-Resolution
Crystal Structure, Modeling, and Quantum Chemical in
Calculations,” P. Mader et al. report crystal structure of
CA II in complex with 1-methylenesulfamide-1,2-dicarba-
closo-dodecaborane at 1.0 Å resolution. Using computa-
tional chemistry techniques, they then modelled the same

carborane-based inhibitor inside the active site of cancer
related isozyme CA IX. This virtual model may provide
helpful insights into the structure based design of other
(more efficient and possibly selective) carborane-based CA
IX inhibitors.

In “Sulfa Drugs as Inhibitors of Carbonic Anhydrase:
New Targets for the Old in Drugs,” M. al-Rashida et al. have
identified N-substituted sulfonamide containing drugs, the
sulfa drugs, and their chlorotriazine derivatives as inhibitors
of CA II. The trichlorotriazine derivatives of sulfa drugs are
invariablymore active inhibitors than their parent drugs.This
study provides a rationale for investigating other derivatives
of sulfa drugs able to act as selective inhibitors against various
CA isozymes.

In “Saccharin Sulfonamides as Inhibitors of Carbonic
Anhydrases I, II, VII, XII, and in XIII,” V. Morkūnaitė et
al. have designed and synthesized a series of sulfonamide
containing saccharin derivatives and investigated their CA
inhibition activity against CA I, CA II, CA VII, CA XII, and
CA XIII. Saccharin itself contains a secondary sulfonamide
group and weakly binds to CAs. Introduction of another free
sulfonamide group greatly increases the CA inhibition activ-
ity of saccharin derivatives.Many isozyme selective inhibitors
were identified with binding affinities in nanomolar range.
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In “Hydrophobic Substituents of the Phenylmethylsul-
famide Moiety Can Be Used for the Development of New
Selective Carbonic Anhydrase in Inhibitors,” G. De Simone
et al. have reported the synthesis of a family of structurally
related compounds containing a sulfamide moiety together
with an inhibition study of these compounds for the CA
isoforms I, II, IX, and XII. The X-ray structure of the
cytosolic dominant isoform hCA II in complex with the best
inhibitor of the series is also reported, providing insights into
sulfamide binding mechanism to CAs. These results confirm
that such zinc-binding group, if opportunely derivatized, can
be usefully exploited for obtaining new potent and selective
CA inhibitors.

In “Natural Product Polyamines That Inhibit Human
Carbonic in Anhydrases,” R. A. Davis et al. have identified
a series of naturally occurring polyamines, based on either a
spermine or spermidine core, as inhibitors of CAs. Some of
these compounds were found to be submicromolar inhibitors
of cancer related isozymeCA IX. Interestingly, these naturally
occurring compounds do not contain the typical zinc bind
functional groups, which make up a large majority of CA
inhibitors known. This paves way for exciting new opportu-
nities to design and investigate CA inhibitors with alternate
mechanism of inhibition that may or may not involve zinc
binding.

In “Synthesis and In Vitro Inhibition Effect of New
Pyrido[2,3-d]pyrimidine Derivatives on Erythrocyte Car-
bonic Anhydrase I and in II,” H. Kuday et al. have synthesized
a series of indolylchalcones and pyrido[2,3-d]pyrimidine
derivatives containing indole ring. All compounds were
found to be able to inhibit CA I and CA II.These compounds
represent an interesting class of nonsulfonamide containing
CA inhibitors that need to be explored further to elucidate
their mechanism of inhibition and to exploit structural
features for the development of more effective and possibly
selective CA inhibitors.

In “Binding of Carbonic Anhydrase IX to 45S rDNA
Genes Is Prevented by Exportin-1 in Hypoxic in Cells,” E.
Sasso et al. have provided evidence for regulated binding
of CA IX to nucleolar 45S rDNA genes in human cells. In
their efforts to reveal novel mechanisms in cell and cancer
biology, the authors have described for the first time a
function for CA IX and XPO1 (one of its major interactors)
in nucleoli, highlighting a XPO1-based decoy mechanism.
In particular, in hypoxic conditions the occurrence of CA
IX/XPO1 complexes was related to decreased transcription
of 45S rDNA genes. Such findings are helpful to unravel the
complex hypoxic cancer cell biology and its inevitable link
with CA IX.

In “Probing the Surface of Human Carbonic Anhy-
drase for Clues towards the Design of Isoform Specific in
Inhibitors,”M. A. Pinard et al. have adopted a clever approach
in their quest for design of isozyme selective CA inhibitors.
In most of the alpha-CA isozymes the active site residues are
highly conserved, presenting a particular challenge for the
design of isozyme selective CA inhibitors. However, some
variation in amino acid residues occurs towards the exit of
the active site. A comparison of conserved and nonconserved
regions of CA catalytic site of various CA isozymes provides

a template by virtue of which these subtle differences can be
exploited for the design of isozyme selective CA inhibitors.
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The alpha carbonic anhydrases (𝛼-CAs) are a group of structurally related zincmetalloenzymes that catalyze the reversible hydration
of CO

2
to HCO

3

−. Humans have 15 different 𝛼-CAs with numerous physiological roles and expression patterns. Of these, 12 are
catalytically active, and abnormal expression and activities are linked with various diseases, including glaucoma and cancer. Hence
there is a need for CA isoform specific inhibitors to avoid off-target CA inhibition, but due to the high amino acid conservation of
the active site and surrounding regions between each enzyme, this has proven difficult. However, residues towards the exit of the
active site are variable and can be exploited to design isoform selective inhibitors. Here we discuss and characterize this region of
“selective drug targetability” and how these observations can be utilized to develop isoform selective CA inhibitors.

1. Introduction

Carbonic anhydrases (CAs, EC 4.2.1.1) are a family of ubiqui-
tous, mostly zinc metalloenzymes that catalyze the reversible
hydration of carbon dioxide to bicarbonate and a proton
[1, 2]. These enzymes are expressed in most living organisms
and are encoded by five evolutionary distinct gene families:
𝛼-, 𝛽-, 𝛾-, 𝛿-, and 𝜁-CAs [3–5]. The 𝛼-CAs are expressed
predominantly in vertebrates and are the only class observed
in humans. 𝛽-CAs are found in prokaryotes, algae, and
plants [6]; the 𝛾-CAs are present in archaebacteria [7], while
the 𝛿- and 𝜁-CAs are found in diatoms [8]. The 𝛼-CAs
have been extensively studied due to their role in human
physiology and disease pathology [9]. Humans express 15
different isoforms, 12 of which are catalytically active and
differ in their enzymatic efficiency. These isoforms also differ
in cellular distribution and physiological function (Table 1).
Specifically, there are eight cytosolic (CA I, II, III, VII, VIII,
X, XI, and XIII), two mitochondrial (CA VA, and VB), one
secreted (CA VI), three transmembrane (CA IX, XII and
XIV), and one GPI-anchored (CA IV) isoforms of CA [10].
CA VIII, X and XI are noncatalytic due to the absence of one
ormore of the coordinating histidine residues and are termed
CA related proteins (CA-RPs) [11].

The 𝛼-CA active site is located at the base of a large
conical cavity spanning from the protein’s surface to its
center. This cavity is approximately 15 Å wide at its opening
and 15 Å deep [4, 12, 13] based on observations in human
CA II. At the core of the active site is a Zn(II) ion in a
distorted tetrahedral coordination with His94, 96, and 119
(CA II numbering; used throughout) and a water/hydroxide
molecule [14] (Figure 1). The active site of CA exhibits an
amphiphilic nature and contains both a hydrophobic (Val121,
Val143, Leu198, Val207, and Trp209 in purple, Figure 1(b))
and hydrophilic side (Tyr7, Asn62, His64, Asn67,Thr199, and
Thr200 in green, Figure 1(b)) [15]. A high degree of residue
conservation between the CA isoforms exists in each region.

The first step of catalysis by CA is the nucleophilic attack
of a Zn-bound OH− (active basic form) on a CO

2
molecule,

(Figure 2, I-II) to produce HCO
3

− (III). The HCO
3

− remains
weakly bound to the Zn(II) ion (III) until it is displaced
by a water molecule (III-IV) (inactive acidic form) and
released into solution [16]. In the second step of CA catalysis
(IV-I) the Zn-bound water regenerates to OH−through a
proton transfer event mediated by a highly conserved (in
most isoforms). Histidine residue in combination with a
network of ordered water molecules that are stabilized by the
adjacent hydrophilic region of the enzyme’s active site [1, 2, 15]
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Figure 1: Structure of CA II. PDB ID: 3KS3. (a) Ribbon diagram depicting the overall structural fold.The active site zinc ion and coordinated
histidines shown. (b) Active site and ordered waters (red spheres). Also shown are the hydrophilic (green) residues as well as the hydrophobic
(purple) residues lining the active site.
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Table 1: Distribution, associated diseases, catalytic efficiency, and structural characterization of CAs.

Isoform
Localization

𝐾cat (s
−1) 𝐾cat/𝐾𝑀

(M−1 s−1) p𝐼 Oligomeric
state

Number
of PDB
entries

References
Organ/tissue Subcellular

Associated disease

I RBCs, GI tract, and eye Cytosol 2.0 × 105 5.0 × 107 6.6 Monomer 19 [2, 3, 9, 88, 89]
Hemolytic anemia

II RBCs, kidney, osteoclasts, eye, GI
tract, lung, brain, and testis

Cytosol 1.4 × 106 1.5 × 108 6.9 Monomer 454 [2, 3, 3, 9, 88–90]
Glaucoma,
epilepsy, edema,
altitude sickness

III Adipocytes, skeletal muscle Cytosol 1.0 × 104 3.0 × 105 7.0 Monomer 6 [2, 3, 9, 88, 89]
Oxidative stress

IV Lung, kidney, brain, eye, RBCs,
and colon

Membrane-bound 1.1 × 106 5.1 × 107 6.4 Monomer 4 [3, 9]
Retinitis
pigmentosa, stroke,
glaucoma

VA Liver
Mitochondria 2.9 × 106 2.9 × 107 7.2 Monomer 1∗ [4, 91]
Obesity, insulin
resistance

VB
Kidney, GI tract, spinal cord,
heart and skeletal muscle, and
pancreas

Mitochondria 9.5 × 105 9.8 × 107 7.7 Monomer N/A [4, 91]
Obesity, insulin
resistance

VI Salivary and mammary glands Secreted 3.4 × 105 4.9 × 107 6.5 Dimer 1 [5, 9, 92, 93]
Dental caries

VII Liver, colon, skeletal muscle, and
brain

Cytosol 9.5 × 105 8.3 × 107 6.9 Monomer 2 [6, 9, 94]
Epilepsy

IX GI mucosa, tumors Transmembrane 3.8 × 105 5.5 × 107 5.5 Dimer 2 [3, 7, 9, 88, 89, 95]
Cancer

XII Eye, tumors, reproductive
epithelia, intestines, and kidney

Transmembrane 4.2 × 105 3.5 × 107 5.8 Dimer 5 [3, 8, 96]
Cancer, glaucoma

XIII
Kidney, thymus, submandibular
glands, small intestine, and
reproductive organs

Cytosol
sterility 1.5 × 105 1.1 × 107 6.5 Monomer 6 [5, 44]

XIV Eye, brain, kidney, liver, bladder,
and spinal cord

Transmembrane 3.1 × 105 3.9 × 107 5.5 Monomer 1 [9, 97]
Retinopathy,
epilepsy

∗murine.

(Figure 1(b)). In crystal structures of CA II, His64 has been
observed to occupy two distinct positions: inward (pointing
towards the active site) and outward (pointing away from the
active site) conformations (Figure 1(b)). The general consen-
sus is that the inward conformation of His64 is poised to
accept the proton that has been transferred from the catalytic
zinc to the water network, while the outward conformation
is in an orientation that favors proton shuttling to the bulk
solvent [16–18].

CAs are among the most efficient catalysts known, how-
ever there is variation in catalytic efficiency between isoforms
such that the members of the 𝛼-CAs with the exception of
the CA-RPs can be divided into three generalized categories.
As such, CA II, IV, VB, and VII are among the fastest of the
human CAs with CA II exhibiting a 𝑘cat of 1.4 × 10

6 sec−1. CA
VA, VI, IX, and XII exhibit relatively intermediate catalytic

activity, and CA III, XIII and XIV are considered the least
efficient CAs [3, 9] (Table 1). The efficiency of these enzymes
depends on the speed of proton shuttling during the two-step
catalytic mechanism [3, 18]. In most of the CAs, this proton
shuttling residue is the aforementioned histidine at position
64 [19–21]. In CA III, which is considered the slowest among
the CA isoforms (<1% of CA II activity), a lysine is at position
64 [16].

The human CAs are involved in various physiological
functions, ranging from bone resorption to pH regulation,
with abnormal levels or activities of these enzymes being
commonly associated with various diseases (Table 1). Two
main classes of CA inhibitors (CAIs) exist: themetal chelating
anions and sulfonamide-based inhibitors. Both classes of
CAIs are often referred to as “classical” inhibitors of CA and
bind directly to the Zn(II) ion in the active site, displacing



4 BioMed Research International

C

S

−N OH2

NHN
N NH N NH

Zn2+

His94
His96

His119

(a)

−Br

NHN
N NH N NH

Zn2+

His94
His96

His119

(b)

S

O

O
R

−HN

2+

NHN
N NH N NH

Zn2+

His94
His96

His119

(c)

Figure 3: CA inhibitionmechanism. (a) Anions such as thiocyanate form trigonal-bipyramidal adducts (b) Anions such as Br−form distorted
tetrahedral adducts (c) sulfonamides as well as some anions form regular tetrahedral adducts.

the Zn-bound solvent molecule. Metal chelating anions bind
as either a trigonal-bipyramidal, distorted tetrahedral, or
regular tetrahedral adduct [22] (Figures 3(a)–3(c)). Alterna-
tively, sulfonamides generate a tetrahedral geometry upon
binding to the catalytic zinc [9] (Figure 3(c)). This “classical”
mode of binding of sulfonamide-based and anion CAI will be
presented in more detail in later sections of this study.

Asmentioned previously, the 𝛼-CAs display a remarkable
diversity in regards to tissue distribution and overall physio-
logical function. As such, a brief overview of each of these
characteristics is presented and is summarized in Table 1.

Cytosolic CAs I and II are both expressed in red blood
cells and are necessary for maintaining physiological pH of
the blood through production of HCO

3

− [23]. Abnormal
levels of CA I in the blood are used as a marker for hemolytic
anemia. CA II is ubiquitously expressed in other tissues
including the kidney [24], bone, and also in ocular tissues
[25]. Interestingly, CA II has also been shown to be asso-
ciated with several transporters including the Cl−/HCO

3

−

exchanger, AEI [26], the Na+/HCO
3

− cotransporter, NCB1
[27], and the Na+/H+ exchanger, NHE1 [28]. This suggests
that CA II acts as amediator of certainmetabolic pathways by
further providing the substrates for these various transporters
[29]. As a result, CA II is often associatedwith several diseases

such as glaucoma, renal tubular acidosis, and osteoporosis
[3, 30]. In addition, CA II has also shown to be essential
for the proper functioning of the water-transport channel,
aquaporin-1 (AQP1) [31, 32]. Specifically, the relationship
between CA II and AQP1 has been shown to be essential for
maintaining proper CO

2
transport in oocytes, regulation of

AQP1 function, and also maintenance of a stable intracellular
pH [31].

CA III expression is limited to skeletalmuscle and adipose
(both white and brown) tissue [33–35]. Unlike CA I and II,
CA III displays (as mentioned previously) a remarkable 200-
fold decrease in catalytic activity compared to CA II [36].
Furthermore, CA III contains two surface cysteine residues
that can be glutathionylated thus acting as a vessel for reactive
oxygen species (ROS) sequestration providing cell protection
against oxidative damage [37]. These two attributes have
caused speculation that CA III might serve a different
physiological role unrelated to its primary catalytic function,
although this notion is still unclear. It has been observed
that CA III expression is directly correlated to adipogenesis
and could potentially act as a regulator of peroxisome
proliferator-activated receptor-𝛾2 (PPAR𝛾2) expression [38].
As a result CA III has not currently been linked to any
particular disease. CA VII is primarily expressed in colon,
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liver, skeletal muscle, and in the brain [39]. CA VII exists
as two forms; one form displaying the complete amino acid
sequence and the other containing a 56 residue N-terminal
truncation [39]. Like CA III, CAVII has two surface cysteines
that can be glutathionylated suggesting that it too can act in
preventing cellular oxidative damage [40]. Though the phys-
iological role of CA VII remains unclear, evidence suggests
that this enzyme plays a role in neuronal excitement through
HCO
3

− production [41]. HCO
3

− canmediate electric current
through channels that are coupled to gamma-aminobutyric
acid (GABAA) receptors, and upon inhibition of CA VII
interruption of the current-gated channel is induced causing
a suppression of neural excitement [42]. As a result CA VII
has been a proposed target for treatment of seizures and
neuropathic pain [43].

CA XIII is another active cytosolic CA. CA XIII expres-
sion has been shown to be localized to the thymus, kidney,
submandibular gland, small intestine, and predominantly
in both male and female reproductive organs [44]. It has
been postulated that CA XIII plays a significant role in
pH regulation of reproductive processes including sperm
mobility [45]. To date, no significant physiological function
regarding CA XIII has been observed. However, it should
be noted that downregulation of CA XIII has been seen in
cases of colorectal cancer; however the significance of this
observation has not yet been concluded [45].

The CA-RPs: CA isoforms VIII, X, and XI are also located
in the cytosol. It has been observed that the CA-RPs are
expressed predominantly in the brain and as mentioned
previously show no catalytic activity. To date, no known
physiological roles, or relation to particular disease have
been established [11]. As a result, we will not focus on these
isoforms.

CA VA and VB are the only isoforms expressed in
the mitochondrial matrix of hepatocytes and adipocytes,
respectively [46]. CA VA has been shown to be directly
associated with ureagenesis such that it provides HCO

3

− to
be utilized by carbamoyl phosphate synthetase I [47, 48].
Carbamoyl phosphate synthetase is responsible for synthesis
of carbamoyl phosphate which is the rate-determining step of
ureagenesis [47]. Furthermore, it has been shown that other
necessary carboxylase reactions, including that of pyruvate
carboxylase for gluconeogenesis, could be mediated by CA
VA activity [48]. This indicates that CA VA can act as a
key mediator in several metabolic pathways of the liver.
In addition the same effect is seen in the mitochondria of
adipocytes where CA VB facilitates carboxylase activity and
thus causes induction of lipogenesis [49]. The relationship
of CA VA and VB with certain metabolic pathways suggests
that both enzymes could be considered as drug targets for
modulating both gluconeogenesis and lipogenesis in cases of
obesity and insulin resistance [50].

CA VI is the only CA that is secreted and has been
found in tears, respiratory airways, epithelial lining of the
alimentary canal, enamel organs, and most significantly in
human saliva [51–55]. The physiological role of CA VI has
not been established although it has been suggested that it is
required for pH homeostasis of the mouth [56]. Maintenance
of proper pH levels in saliva are necessary to protect against

enamel erosions and acid neutralization in dental biofilms
caused by bacteria [57, 58]. As a result it is suggested that CA
VI plays a key role in these pathways. Interestingly, CAVI has
also shown to be associatedwith taste and inhibition of CAVI
has been shown to cause irregularities in taste perception or
sometimes loss of taste completely [59]. This effect however
is restored with exposure to high levels of zinc [60].

The membrane-associated CAs include the transmem-
brane isoforms: CA IX, XII, and XIV, and GPI-anchored
isoform CA IV. CA IV is expressed both in the kidneys and
lungs [61] and similarly to CA II, CA IV can interact with
the same aforementioned transporters that span the renal
cell surface [62]. It has therefore been established that the
presence of CA IV in the kidney is necessary for bicarbonate
resorption and normal kidney function [30]. Interestingly,
mutant forms of CA IV have been shown to be associated
with an autosomal dominant form of retinitis pigmentosa
despite intrinsic levels of wild-type CA IV not being observed
in ocular tissue [63].

Both CA IX and XII are often regarded as the tumor-
associated CAs [64]. CA IX however has garnered the
majority of the attention due to its intrinsically low level of
expression in normal tissues [65], in combination with being
a key modulator of tumor growth and survival. Specifically,
CA IX acts as amediator of tumorigenesis, pH control, tumor
cell proliferation and migration, and cell adhesion [66–70].
CA IX has been shown to be regulated by tumor hypoxia
and has not only been established as prognostic indicator for
a variety of cancers but also as a generic anticancer target
[71–73]. Similarly, CA XII expression has been observed to
be upregulated in multiple tumor tissues but it has not been
established as a prognostic marker [74–77]. Unlike CA IX,
CA XII also shows a wider range of expression in normal
tissue including the kidney, lung, prostate, ovaries, uterine
endometrium, breast, and basolateral membrane of gut
epithelium [64, 78–80]. Furthermore, it has been postulated
that CA XII is important for normal kidney function [81].

CA XIV displays high sequence similarity with CA XII
andhas been shown to be expressed inmost parts of the brain,
colon, small intestine, urinary bladder, kidney, and retina [82,
83]. Interestingly, immunohistochemical analysis indicates
that there is a strong correlation between CA XIV and CA IV
expression suggesting there is functional overlap between the
enzymes [84]. CA XIV has been shown to directly interact
with membrane-transporters and has been observed to be
important for pH balance in muscle and erythrocytes in
response to chronic hypoxia. Furthermore, CAXIV activity is
shown to be important in terms of hyperactivity of the heart
and pH regulation in the retina [85–87].

2. Methods

A multiple sequence alignment of all the human 𝛼-CAs
was performed in ClustalW2 [98, 99] and used to generate
a cladogram that illustrated the evolutionary relationship
between the isoforms. The primary sequence identity (%)
and number of conserved residues (among the catalytically
active isoforms) were calculated in ClustalW2 [98, 99] using
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Table 2: Primary sequence identity (%) (lower left) and number of conserved residues (upper right) among catalytic CAs.

I II III IV VA VB VI VII IX XII XIII XIV
I — 158 141 78 126 128 82 132 83 91 154 85
II 60.5 — 152 88 133 138 90 147 85 89 157 96
III 54.2 58.5 — 82 120 117 87 130 80 86 151 90
IV 30.0 33.5 31.2 — 89 93 97 90 84 91 84 62
VA 48.1 50.8 45.4 23.6 — 184 93 131 83 84 124 88
VB 46.9 51.9 43.5 23.1 58.7 — 82 134 89 79 131 88
VI 31.9 33.5 32.3 27.0 27.9 24.4 — 93 107 104 90 106
VII 50.8 56.2 49.6 31.8 48.5 49.2 34.9 — 95 103 139 97
IX 33.1 34.2 31.1 27.2 31.9 32.7 38.9 37.0 — 101 90 113
XII 35.8 34.2 32.3 28.1 31.6 29.7 38.0 38.0 38.9 — 91 123
XIII 59.2 59.6 57.7 28.2 46.2 47.7 33.2 52.7 35.0 34.7 — 98
XIV 34.2 35.8 34.2 29.0 31.9 29.0 35.8 36.0 44.4 46.0 37.4 —

hCA III
hCA II
hCA XIII

hCA VB 
hCA VII
hCA VI
hCA IV
hCA IX
hCA XII
hCA XIV

hCA VA
hCA I

Figure 4: Cladogram of the human 𝛼-CAs.

the same sequence alignment information. The coordinate
files for different CA II inhibitor-complexes were obtained
from the ProteinData Bank (PDB) (http://www.wwpdb.org/)
to compare the region in which these inhibitors bind in
CA II’s active site. One file was selected as a reference for
the alignment to the other coordinate files in the molecular
graphics program Coot [100]. A surface rendition of CA II in
complex with each of the inhibitors was generated in Pymol
[101]. The hydrophobicity scores for the residues constituting
the hydrophobic cleft were calculated based on the Kyte-
Doolittle hydropathy plot [102]. All figures were generated in
Pymol [101].

3. Results and Discussion

3.1. Enzyme Inhibition. The 𝛼-CAs are very closely related
(Figure 4) as per a >30% primary sequence identity amongst
them (Table 2). It is this similarity that leads to complications
when designing CAIs that are isoform selective as a majority
of the sequence identity translates to residues located in
the CA active site. Table 3 shows the number of conserved
residues among the different isoforms for residues in the
active site and surrounding areas. For example, the 60.5%
primary sequence identity that exists between CA I and II
(Table 2), in combinationwith both enzymes being expressed
in RBCs, makes CA I a potential off-target isoform when
targeting CA II for inhibition [103, 104]. Likewise, when

Asn62  

His64  

Asn67  

Gln92  

Thr200  
Thr199  

Ile91  
Val121  Val143

 

Leu141  

Pro202  
Leu204  

Leu198  

Val207  Phe131  
Val135  

Trp209  

Figure 5: Solvent accessible residues in and around CA II active
site. Hydrophilic cleft (blue) and hydrophobic cleft (red). Residues
in yellow indicate residues of the “selective pocket.”

designing selective inhibitors against CA IX, unwanted tar-
geting of CA I and II (with 33.1 and 34.2% identity, resp.)
can occur leading to an induced susceptibility to side-effects
[9, 105]. The same is true when considering CA VI inhibition
whereCA II acts as an off-target isoform (33.5% identical) [9].

Therefore, to design highly selective CAIs requires the
exploitation of subtle active site differences; predominantly
residues found in the hydrophilic and hydrophobic pockets
[22] (Figure 4). Comparative analysis of structures of ligand
bound CA molecules shows that exploitable residues that
contribute to ligand stabilization include residues N67, I91
and F131 (Figure 5), which are also highly variable between
isoforms (Table 4). In addition, Q92, though conserved, has
also shown to be important in inhibitor binding. Further-
more, structural interpretation of ligands bound to CA II
show that inhibitors can extend out of the active site and
form extensive and unique contacts with residues of either
the hydrophilic or hydrophobic pocket.

3.2. Classical Inhibitors. Both the catalytic and inhibition
mechanism of the 𝛼-CAs have been studied for several
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Table 3: Active site residues of catalytic CAs (CA II numbering).

Residues Isozyme
I III IV VA VB VI VII IX XII XIII XIV

Y7 Y Y Y W Y Y Y Y Y Y Y
N62 N N N N N N N N N N N
N67∗ H R M Q L Q Q Q K N Q
I91∗ F R K K K Q K L T R A
Q92 Q Q Q Q Q Q Q Q Q Q Q
H94 H H H H H H H H H H H
H96 H H H H H H H H H H H
H119 H H H H H H H H H H H
V121 A V V V V V V V V V V
F131∗ L F V Y F Y F V A F L
V135 A L Q V A Q A L S A A
V143 V V V V V V V V V V V
L198 L F L L L L L L L L L
T199 T T T T T T T T T T T
T200 T T T T T T T T T V T
P202 P T P P P P P P P P P
W209 W W W W W W W W W W W
∗residues making up the selective pocket.

Zinc 
binding 
group

Linker,
e.g., Benzene/ 
heterocyclic 

ring
Tail

Figure 6: Schematic of the components of a classical CA inhibitor.

decades and have aided in designing potent isoform specific
inhibitors that are important in a wide range of clinical
applications (Table 1). This includes CAIs used such as
antiglaucoma, antiepileptic, and antiobesity agents, as well as
diagnostic tools [41]. A schematic of the basic components
of a typical CAI is illustrated in Figure 6. It consists of a
zinc-binding group (ZBG), a linker region (heterocyclic or
benzene ring) and a variable “tail” region.

As discussed previously CAIs that bind directly to the
Zn(II) ion can be divided into two groups based on how
they coordinate to themetal center.Those that form trigonal-
bipyramidal adducts through way of binding directly to
the zinc-bound hydroxyl/water (e.g., cyanates and formates)
[9, 16, 22], and those that form tetrahedral adducts and
interact directly to the catalytic zinc (e.g., sulfonamides and
bisulfites) (Figure 3) [9, 16, 22].

The classical CAIs: the metal-chelating anions and the
sulfonamides and their isoesters (sulfamides/sulfamates) are
the most studied of the CAIs [22]. However, “nonclassical”
CAIs that do not bind directly to the Zn(II) ion also exist.This
includes compounds such as coumarins and nitrates [106].

3.3. Metal-Chelating Anions. The inorganic anions (e.g., Br−)
are weaker inhibitors than the sulfonamides and have inhibi-
tion constants (Ki’s) in the millimolar to submillimolar range

[9]. However, for certain isoforms some anions show binding
affinities in the low micromolar range (e.g., azide, cyanate,
and trithiocarbonate) [88, 107–109]. Unlike the sulfonamides
the anions may bind to the metal ion in three differ-
ent coordination geometries: trigonal-bipyramidal geometry,
tetrahedral geometry, or in a distorted tetrahedral geometry.
The ability to bind in multigeometries is due primarily to the
ligand’s structural features. For example, hydrogen sulfide’s
(HS−) ability to act as an H-bond donor toThr199 allows it to
displace the hydroxyl bound zinc and maintain a tetrahedral
coordination [9]. On the other hand, unprotonated ligands
such as azide (N

3

−) and bromide (Br−) adopt either the trigo-
nal bipyramidal geometry or distorted tetrahedral geometry
[9, 16, 22]. These inhibitors lack the ability to form H-bonds
with the O𝛾 of Thr199 and so the geometry about the zinc
sphere is distorted from the regular tetrahedral geometry [110,
111]. Formate and thiocyanate anions bind as a bipyramidal
adduct shifting the zinc bound solvent [12, 112]. Other anions
like the nitrates are not coordinated to the metal ion and
instead are located in close proximity to it [9, 106].

3.4. Sulfonamide-Based CAIs. The sulfonamide-based com-
pounds and their isoesters (sulfamides/sulfamates) are by
far the most widely represented and clinically used CAIs.
This class consists of several compounds, many of which
have adapted long-term clinical applications [22]. Brinzo-
lamide, dorzolamide, acetazolamide, methazolamide, and
zonisamide have been used as antiglaucoma agents, diuretics,
and antiepileptics [9]. Sulfonamides and their bioesters are
potent inhibitors with Ki’s in the nanomolar range and
bind in deprotonated forms to the Zn(II) ion displacing the
zinc-bound hydroxyl/water while maintaining a tetrahedral
coordination about the active site (Figure 3(c)) [113]. X-ray
crystallographic structures of CA I, CA II, and CA IV in
complex with these sulfonamide inhibitors are available in
the PDB and in all complexes the deprotonated sulfonamide
group is coordinated to the Zn(II) ion, while the O𝛾 atom of
Thr199 makes a hydrogen bond with the sulfonamide’s NH
moiety. Thr199 also forms a second hydrogen bond to the
carboxylate group of Glu106 [16]. Depending on the nature of
theR-group, additional interactionswith hydrophobic and/or
hydrophilic residues in the region of the active site also
influence inhibitor binding. However, it is the combination
of the negative charge of the monoprotonated sulfonamide
group with the positively charged zinc coupled with the
ability of Thr199 to form two strong H-bonds that lends the
sulfonamides their unique potency for CA inhibition [9].

3.5. Nonclassical CAIs. Aside from the classical metal chelat-
ing anion and sulfonamide-based inhibitors, which currently
represent the majority of CAIs, other potent inhibitors exist.
These include thiocarbonates, phenols [114, 115], coumarins
[116, 117], polyamines [118], carbohydrate-based sulfonamide
derivatives [119–121], and steroid sulfatases [122]. In addition
peptidomimetic and monoclonal antibody CAIs have also
been utilized [123–125].

The thiocarbamates are anion based chemotypes that
exhibit monodentate coordination by way of one sulfur
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Table 4: Hydrophobicity of CA active sites (CA II numbering).

Residues Isozyme
I1 II2 III3 IV4 V5∗ VI6 VII7 IX8 XII9 XIII10 XIV11

I91 F I R K K Q K L T R A
V121 A V V V V V V V V V V
V135 A V L Q S Q A L S A A
V141 L L L I L L L L L L L
V143 V V V V V V V V V V V
L198 L L F L L L L L L L L
P202 P P T P P P P P P P P
L204 Y L E D A T S A N L Y
W209 W W W W W W W W W W W
Total hydrophobicity 14 26 8 4 11 7 11 23 9 15 16
12FOY; 23KS3; 33UYN; 41ZNC; 51DMX ∗murine; 63FE4; 73MDZ; 83IAI; 91JC2; 103DAZ; 114LU3.

atom binding to the Zn(II) ion in the CA active site.
This interaction is coupled with a hydrogen bond observed
between an adjacent sulfur molecule reacting with Thr199
[126]. Several compounds currently exist of this chemotype
that display nanomolar affinity for CA II and other isoforms.
Structural data show that these compounds make unique
contacts with several amino acids in the enzymes hydrophilic
and hydrophobic binding pockets that can be exploited for
design of isoform specific CAIs [127]. Other interesting
“nonclassical” CAIs, the phenols, show an alternativemode of
binding that is different from both classical sulfonamides and
most anions (Figure 8(d)).These compounds anchor directly
to the zinc-bound water molecule/hydroxyl rather than the
Zn(II) ion itself [114]. However these compounds exhibit a
reduction in potency typically in the millimolar range, but
there is still a large interest to develop these compounds into
potent isoform selectiveCAIs as they are derived fromnatural
products [128].

Other forms of nonclassical CAIs are the coumarins,
which have been both engineered synthetically and isolated
as natural products. These compounds vary in regards to
isoform inhibition and selectivity [116, 117]. Coumarins,
unlike classical CAIs, exhibit “prodrug” characteristicswhere,
prior to binding to the active site, they are hydrolyzed by the
esterase activity exhibited by CA that further induces binding
at the entrance of the enzymes active site (Figure 8(c)) [116,
117].This mechanism-based binding event of coumarins sug-
gests that these compounds have potential use in CA isoform
selectivity [129–134]. Based off of these observations, sulfur-
based derivatives of this chemotype have been formulated
and labeled as the “sulfocoumarins” [135]. These compounds
also exhibit the same mechanism-based mode of CA binding
but show increased affinity via the added sulfurmoiety, which
forms direct interactions with the catalytic zinc [135].

Polyamines, which belong to an alkaloid structural class,
have also shown utility as CAIs [115, 118]. Several polyamine
derivatives that have been isolated display high levels of CA
isoform selectivity with potencies ranging frommillimolar to
low nanomolar levels [118]. Unlike the aforementioned CAIs,
polyamines exhibit a mode of binding reliant on hydrogen
bond formation throughout the active site cavity. Specifically,

they anchor to the zinc-bound water/hydroxide (similar to
phenols) with the terminal amine interacting with residues
in positions 200 and 201 [118]. Most likely this attribute
contributes to isoform selectivity of various polyamine CAIs
and can thus be further developed to engineer more specific
and potent CAIs of this class.

Several glycosyl primary sulfonamides and glycoconju-
gate sulfamates have been recognized asCAIs [120, 121].These
compounds are typically modifications of classical sulfon-
amide CAIs that usually have an aromatic-ring branched
to the primary sulfonamide group (Figure 6). Instead these
compounds replace the aromatic attachments of primary
sulfonamides with mono- or disaccharide moieties [119–
121]. Interestingly, the addition of a specific sugar moiety
induces variable isoform selectivity ranging frommicromolar
to low nanomolar levels between CAs. More notably, these
compounds have found use in inhibiting tumor associated
isoforms IX and XII [119–121]. Not only do these compounds
exhibit high affinity for CA IX/XII but the bulky sugar moi-
eties cause a reduction in membrane permeability allowing
for selective targeting of the extracellular facing catalytic
domain of both tumor associated isoforms thus acting as
location specific CAIs [119–121].

Similar to adding bulky-carbohydrate moieties to sul-
fonamides, steroid sulfatase inhibitors, which have been
designed based on previously seen antimitotic inhibitors
[136, 137] are able to take advantage of the variable residues
in the hydrophobic pocket of specific CAs via van Der
Waals contacts of the steroidal backbone [136–138]. The
same trend was seen in energy calculations from molecular
docking studies of such compounds with CA IX [137]. These
particular compounds are also useful in locating specific
targeting of extracellular CAs due to their reducedmembrane
permeability [136, 137].

In addition to the development of small-molecule
inhibitors of CAs, there are several biologics used for CA
inhibition. Utilization ofmonoclonal antibodies, such asM75
and G250, to recognize the proteoglycan-like (PG) domain
(the N-terminal extension unique to this isoform) of CA
IX have shown effectiveness in disrupting the ability of
the enzymes function in regulating tumor cell adhesion and
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motility [139, 140]. More recently, the monoclonal antibody
6A10 has been developed to mediate CA XII activity also
acting as a potential anticancer therapeutic [124, 125]. This
becomes promising as such monoclonal antibodies exhibit
high affinity to their target and can thus be used to distinguish
between isoforms [124, 125]. More recently, peptide based
inhibitors for CA IX have also been discovered utilizing a
phage-display library [123]. However the benefits of these
types of ligands are still unclear. Although there is postulation
that the specific binding region of such peptides can be
further exploited for the development of a biologic drug that
is isoform selective [123].

3.6. Preferential Binding. Aswe have seen themajor hurdle in
developing isoform selective CAIs is to design inhibitors that
can distinguish between the similarities of the 𝛼-CA active
site architecture. This would require the CAI to have limited
interactions with conserved regions of the active site such
as the three histidine residues coordinating the Zn(II) ion
seen in all 12 catalytically active isoforms, residues that have
shown to contribute to inhibitor binding such as Thr199 and
Glu106 in CA II, andmost of the residues that constitute both
the hydrophobic and hydrophilic cleft as they are conserved
(Figure 7).

Human CA II is the most well studied and characterized
of the CA isoforms [141]. Over 400 X-ray crystallographic
structures of CA II (both wild-type and variants) exist in the
PDB with over 150 submissions containing CA II inhibitors
[106]. Using the CA II active site as a reference it can be
observed that the majority of inhibitors are buried deep
in the enzymes active site (Figure 8(a)) and are restricted
to the highly conserved region, which can be termed the
“conserved pocket” (green shaded region, Figure 8(a)). Most
of these inhibitors are sulfonamides (with short organic
scaffolds) and somaintain the tetrahedral coordination about
the zinc sphere while the variable “tails” of these inhibitors
interactmainlywith residuesmaking up the hydrophobic and
hydrophilic clefts. Furthermore, these variable “tail” regions
are observed to be stabilized by H-bonds and hydrophobic
interactions withThr199, Thr200, Val121, Val143, and Leu198.

Despite the structural similarities observed between the
CA isoforms, amino acid differences exist in specific regions
of the active site. This region is defined as the “selective
pocket” [106] (yellow shaded region, Figure 8(b)) and lies
towards the edge of the active site relative to the catalytic zinc.
Those inhibitors that are restricted to the conserved pocket
are unable to form interactions with residues residing in the
selective pocket due to the compact nature of their chemical
scaffolds. Simply, the tails of these inhibitors are too short to
interact with the residues that constitute the selective pocket
and therefore cannot establish extensive contacts that can
contribute to isoform selective inhibition. Residue positions
67, 91, and 131 establish this region termed the selective pocket
(Table 3). Gln92, though conserved in all the isoforms, is also
instrumental in contributing to inhibitor binding along with
these select residues.

In addition to exploiting residues in the selective pocket
between isoforms, selective CAIs can be designed based on

overall hydrophobicity of the active site cleft. For example,
CA II and CA IX display the most hydrophobic (hydropho-
bicity sores of ∼26 and ∼23, resp.) active site implying that
designing CAIs with long flexible tails of a more hydrophobic
nature may be beneficial to induce desired selective binding
(Table 4). Notably, this attribute of the CA IX active-site
coupled with its extracellular location provides an avenue to
(1) design more hydrophobic CAIs that favor CA IX binding
over other extracellular CAs and (2) engineer more bulky
CAIs such that membrane permeability becomes poor thus
eliminating the potential for CA II inhibition.

In order to design new isoform specific inhibitors that
circumvent off-target CA inhibition, the structural dissim-
ilarities that exist between the isoforms, particularly in
the selective pocket, can be exploited. In addition, taking
advantage of the global hydrophobic nature of the CA II
or CA IX active site cleft provides a method to selective
CAI design. It is already known that the sulfonamides are
the most potent CAIs and this knowledge has been used
to develop what is known as the “tail approach” to aid in
the development of new inhibitors [142, 143]. This approach
involves the appending of variable “tails” to the scaffolds of
aromatic/heterocyclic sulfonamides to elongate themolecule.
This allows the inhibitor to interact with amino acids from the
middle to the edge of the active site relative to the catalytic
zinc, which ultimately vary between different isoforms [106].
Small molecules such as phenols (Figure 8(c)) and coumarin
(Figure 8(d)) also exhibit this same property by directly
interacting with residues of the selective pocket.

4. Conclusions

A comparison of the conserved and nonconserved regions
in the CA catalytic-site between isoforms revealed areas
that can be exploited for rational design of selective CAIs.
Specifically, highly variable areas amongst active site residues
occur outwardly relative to the catalytic zinc inwhat has been
defined as the selective pocket. Sequence alignments show that
residues in positions 67, 91, and 131 vary between isoforms
and structural analysis of CA II in complex with various
inhibitors, show that “tails” of inhibitors make extensive
contacts with these residues (Figures 5 and 8). Residues at
position 91 seem to have the highest variability, in terms of
specific residues type and between amino acid properties (i.e.,
hydrophilicity/hydrophobicity) between isoforms (Table 3).
Interestingly, it is observed that CA II and IX exhibit the
most hydrophobic catalytic domain and are the only isoforms
(with exception to CA I and XIV) that contain hydrophobic
residues at this position as well (Leu91 in CA IX). Position
91 can be termed a “hot-spot” for the design of isoform
specific inhibitors, such that it contains both high variations
between physical properties of amino acid, but (in the case
of CA II and IX) there is also observable variation specific
side-chain associated with the residues in this position. This
attributes position 91 as being a key area that can be exploited
by specific chemotypes and thus provides an alternative
path for the design of selective CAIs. Overall, it is observed
in Figure 8(b) that the residues farthest from the catalytic
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Figure 8: CA inhibitor: (a) several inhibitors binding in the conserved region (green) of CA II’s active site. These inhibitors are buried in
the active site and are stabilized predominantly by hydrophobic residues (b). Several inhibitors occupying the “selective pocket” (yellow) of
CA II. The tails of these inhibitors are extending out of the active site. (c) Coumarin binding on the perimeter of the active site. (d) Phenol
binding in the proximity of the active site.

domain (relative to the zinc) remain the least conserved.
This provides an exceptional advantage to the rational design
of isoform specific inhibitors in that these variable regions
can also be exploited by specific chemotypes. This notion
is analogous to the idea of utilizing sulfonamide inhibitors

with variable “tail” regions for isoform selective inhibitor
development however in this study we have presented a more
guided approach to this method of CAI design [106].

In summary our observations provide a template to
exploit the variable regions of the catalytic domains of
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different CA isoforms.These guidelines can be utilized for the
development of classical and nonclassical CAIs to overcome
the potential of off-target CA inhibition and further lead to
the development ofmore selective CAIs that can be employed
in the clinic.
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Carbonic anhydrase IX (CA IX) is a surrogate marker of hypoxia, involved in survival and pH regulation in hypoxic cells. We
have recently characterized its interactome, describing a set of proteins interacting with CA IX, mainly in hypoxic cells, including
several members of the nucleocytoplasmic shuttling apparatuses. Accordingly, we described complex subcellular localization for
this enzyme in human cells, as well as the redistribution of a carbonic anhydrase IX pool to nucleoli during hypoxia. Starting from
this evidence, we analyzed the possible contribution of carbonic anhydrase IX to transcription of the 45S rDNA genes, a process
occurring in nucleoli. We highlighted the binding of carbonic anhydrase IX to nucleolar chromatin, which is regulated by oxygen
levels. In fact, CA IX was found on 45S rDNA gene promoters in normoxic cells and less represented on these sites, in hypoxic
cells and in cells subjected to acetazolamide-induced acidosis. Both conditions were associated with increased representation of
carbonic anhydrase IX/exportin-1 complexes in nucleoli. 45S rRNA transcript levels were accordingly downrepresented. Inhibition
of nuclear export by leptomycin B suggests a model in which exportin-1 acts as a decoy, in hypoxic cells, preventing carbonic
anhydrase IX association with 45S rDNA gene promoters.

1. Introduction

Reprogrammed energy metabolism was considered among
the emerging hallmarks in cancer [1]. Cancer cells developing
inside a hypoxic environment, but also cancer cells exposed to
normal oxygen levels, switch energetic metabolism towards
glycolysis. Thus, gene expression programmes mediated by
HIF1𝛼 transcription factor allow cells to increase the effi-
ciency of glycolysis via enhanced ability to uptake glucose, via
stimulation of glycolytic enzymes, and via increased ability to
buffer the acidic, pyruvate- and lactate-enriched intracellular
environment. The carbonic anhydrases (CAs), a large family
of metalloenzymes with wide subcellular distributions, are
central to the adaptation of the cancer cells to the glycolytic

switch. Namely, CA IX, amembrane carbonic anhydrase pos-
sessing an extracellular catalytic domain, is actively involved
in the acidification of extracellular space, as a consequence of
the need for buffering the intracellular compartments [2, 3].
Cancer cells may also take advantage from the acidic features
of their extracellular space, since it may enhance invasiveness
potential [4].

CA IX structure was recently defined [5]; these authors
proposed a dimeric assembly for the enzyme, exposing a
highly glycosylated proteoglycan-like domain and the cat-
alytic domain towards the extracellular compartment, and
a short C-terminal tail exposed to the intracellular environ-
ment.These regions are separated by a single transmembrane
helical region. An intact intracellular domain is required for
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extracellular acidification by CA IX [6], implying that its
interactions with intracellular proteins are fundamental for
biological properties. Due to its ability to participate in the
adaptation of the cancer cells to the metabolic stresses, CA
IX is actively involved in cancer cell survival [7].This renders
CA IX a cancer biomarker for prognosis and resistance to
treatments [8] and an attractive target of therapy. Several
classes of inhibitors are currently available to target CAs:
among these, sulfonamides and derivatives, acting as metal
ion binders; compounds, such as phenols, polyamines, esters,
carboxylates, and sulfocoumarins, possessing the ability to
anchor to the zinc-coordinated water molecule/hydroxide
ion; coumarin and related compounds which bind at the
entrance of CA active site [9, 10]. Current efforts in the
design and exploitation of selective CA inhibitors deal with
the structure-based rational search [11–13] and with their
potential as agents sensitizing to combined treatments in
cancer [14].

The characterization of protein interactomes is a potent
tool to discover and annotate protein functions in cellular
physiology and in disease [15], as well as for the design
of tumour-targeting peptides and mimetics [16]. We have
recently annotated the CA IX interactome [17], highlighting
the hypoxia-regulated interaction of CA IXwith a list of com-
ponents of the nuclear import and export machineries.These
proteins also shared HEAT/ARM repeat protein domains.
Additional intracellular proteinswere also able to bindCA IX,
such as CAND1, in an interaction occurring also in normoxic
cells. The C-terminal region of CA IX was also shown to be
necessary and sufficient for these interactions. In agreement
with these results, immunofluorescence analysis in permeabi-
lized cells showed a complex subcellular distribution for CA
IX, which appeared to be widely distributed in normoxic and
hypoxic mammalian cells of different origin. Interestingly, a
pool of CA IX and of one of its main interactors, exportin-
1 (XPO1), was clearly redistributed to perinuclear regions
and nucleoli as a consequence of hypoxia. Finally, occurrence
of CA IX in nuclear and/or perinuclear compartments was
also highlighted in cases of clear-cell kidney carcinomas
[7, 17], confirming previous evidences, describing nuclear
CA IX in tumours characterized by poor prognosis [18, 19].
Taken together, these evidences can extend the classical view
of CA IX as a cell surface protein, towards a concept of
intracellular signalling component andmultifunctional effec-
tor in cellular physiology and cancer biology. Accordingly,
experimental evidences support a constitutive shedding of
CA IX ectodomain, which may regulate surface availability
of the protein, but also signalling properties of the released
N- and C-terminal protein domains both in the extracellular
and in the intracellular compartments, respectively [20]. CA
IX is also actively internalized in the endocytic pathways, the
latter being a route for CA IX redistribution in intracellular
compartments, including perinuclear regions and nuclei.

Nucleolus is the organelle for ribosomal 45S rRNA
precursor synthesis and processing, as well as for ribosome
biogenesis (see [21] for a recent review). 45S rDNA genes
are present in 300–400 copies in mammalian genomes. They
are typically arranged in tandemly repeated arrays at few
chromosome loci. 45S rDNA genes can also show different

chromatin states, which well correlate with the expression
state, thus justifying the occurrence of epigenetic mecha-
nisms underlying transcriptional activity. However, nucleoli
are also the sites for regulated sequestration and release of
important signalling proteins, such as those modulating p53
activity, such as MDM2 [22]. Thus, nucleoli are currently
believed to be multifunctional organelles and modulators of
cellular responses to stresses. Cells also cope with nucleolar
stress, so that overcoming nucleolar stress can be viewed as
an emerging hallmark in cancer [23].

In this paper, we report on a novel, putative nucleolar
function for CA IX, since we demonstrate binding of the pro-
tein to the 45S rDNA genes in normoxic cells. We also show
that hypoxic stimulation releases CA IX from occupancy
of the nucleolar chromatin, releasing the protein, which
becomes part of complexes with XPO1. Concurrently, 45S
rRNA transcript levels are decreased, supporting a functional
role, for CA IX, as a regulator of transcription for rDNA
genes.

2. Materials and Methods

2.1. Cell Cultures and Manipulations, DNA Constructs. The
HEK293 and SHSY-5Y cell lines were purchased fromATCC.
Cells were cultured in standard conditions using DMEM
complemented with 1% penicillin/streptomycin, 2mM glu-
tamine, and 10% fetal bovine serum (Euroclone), at 37∘C, in
5% CO

2
humidified atmosphere.

Putative and canonical NLS and NES sequences were
frame-fused at the C-terminus of EGFP in the vector of
expression pEGFP C1. The corresponding primers were the
oligonucleotides 1 and 2 for the construct pEGFP NLS-SV40
(TAg) and the oligonucleotides 3 and 4 for pEGFP NES-
PKIA. The construct pEGFP CA IX putative NLS, encom-
passing sequence from amino acids 434 to 459 of the full
length protein, was generated by PCR from cDNA of full
length CA IX using the oligonucleotides 5 and 6. The
construct pEGFP CA IX putative NES, including CA IX
sequence from amino acid positions 412 to 429, was produced
by annealing of the synthetic oligonucleotides 7 and 8.

Oligo 1, NLS SV40(TAg) US: 5-GATCTCCAA-
AAAAGAAGAGAAAGGTAG-3;

Oligo 2, NLS SV40 (TAg) LS: 5-TCGACTACC-
TTTCTCTTCTTTTTTGGA-3;

Oligo 3, NES PKIA US: 5-GATCTTTAGCCTTGA-
AATTAGCAGGTCTTGATATCG-3;

Oligo 4, NES PKIA LS: 5-TCGACGATATCAAGA-
CCTGCTAATTTCAAGGCTAAA -3;

Oligo 5, CA9 Cterm For: 5-ATAAGATCTCAG-
ATGAGAAGGCAGCACAGA-3;

Oligo 6, CA9 Cterm Rev: 5-ACTGTAGTCGAC-
GGCTCCAGTCTCGGCTACCT-3;

Oligo 7, CA9 NES FWD: 5-GATCTGCTGGTG-
ACATCCTAGCCCTGGTTTTTGGCCTCCTTT-
TTGCTGTCACCAGCG-3;
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Oligo 8, CA9 NES RV: 5-TCGACGCTGGTGACA-
GCAAAAAGGAGGCCAAAAACCAGGGCTAGG-
ATGTCACCAGCA-3.

All the primers were synthesized at CEINGE Biotecnologie
Avanzate. The analysis of putative and canonical NES and
NLS sequences was performed inHEK293 and SHSY-5Y cells
after transfection of the previously described constructs with
the calcium phosphate method [24]. Leptomycin B (Sigma
Aldrich) was dissolved in 70% methanol (v/v); treatments
with solvent or leptomycin B (20 ng/mL) were performed for
4 hours. Hypoxic treatments were performed for six hours,
in an incubator (STEMCELLTechnologies), with atmosphere
containing 95% N

2
and 5% CO

2
. CA inhibitor acetazolamide

was dissolved in DMSO and challenged to cell cultures for 16
hours at 1mM concentration. Vehicle DMSO was used as a
carrier control at 0.1% v/v.

2.2. Antibodies, Fluorescence Microscopy, and Immunological
Methods. The antibodies used in this study were M75 and
VII-20 anti-CA IX mouse monoclonals [25]; anti-XPO1 goat
polyclonal (CRM1 C-20, Santa Cruz Biotechnology); anti-
UBF mouse monoclonal (F-9, Santa Cruz Biotechnology);
anti-HIF1𝛼 mouse monoclonal (BD Transduction Labora-
tories); and anti-𝛽-actin mouse monoclonal (AC-15, Santa
Cruz Biotechnology). Western blot analysis was carried out
on cellular lysates obtained as described [26]; the latter were
resolved on 10% SDS-PAGE gels and transferred to PVDF
membranes (Millipore). Filters were probed with the anti-
HIF1𝛼 antibody or with the M75 antibody for CA IX and
the AC-15 antibody for 𝛽-actin, followed by anti-mouse
secondary antibody.

For fluorescence analysis of the EGFP fusion constructs,
cells were fixed with 3% (w/v) paraformaldehyde and 1%
(w/v) sucrose in PBS for 20 minutes at room tempera-
ture (RT). Immunofluorescence analysis was carried out, as
described [17], with VII-20 anti-CA IX mouse monoclonal
[25] and with anti-XPO1 goat polyclonal (CRM1 C-20, Santa
Cruz Biotechnology). Samples were observed on a Zeiss
LM510 confocal microscope.

About 1 × 107 cells from triplicate cultures were used for
each chromatin immunoprecipitation assay, which were fixed
with 1% formaldehyde for 10 minutes at RT. Glycine 125mM
was added to inactivate the excess of formaldehyde. Chro-
matin was sonicated in a way to enrich the DNA fragments
in the 200–1,000 bp size. Soluble fraction of chromatin was
extracted by centrifugation and it was immunoprecipitated
using CA IX VII-20, UBF1 (F-9, Santa Cruz) antibodies, and
mouse IgGs as control.

2.3. Quantitative PCR Analysis. Triplicate sets of samples
were used for quantitative PCR analyses (ChIP and qRT-
PCR). Statistical analyses were carried out according to
Student’s 𝑡-test. Real-time PCR was used to detect enrich-
ments of immunoprecipitated DNA in relation to total input
chromatin. Supernatant obtained without antibody was used
as input control. All the primers were used to a final con-
centration of 0,5 𝜇M in a 20𝜇L real-time reaction containing
10 𝜇L of SYBR Green (Applied Biosystem) and 2𝜇L DNA.

The results were expressed as percent of total chromatin
according to the following formula: 2ΔCt × 10, where Ct
represents the cycle threshold and ΔCt = Ct (input) − Ct
(immunoprecipitation).

Oligonucleotide sequences used to amplify the
45S rDNA region of interest were the following: 5-
GGTATATCTTTCGCTCCGAG-3 and 5-AGCGACAGG-
TCGCCAGAGGA-3. The region of amplification was
located between the promoter region and the start site of
rDNA [27]. To analyze the relative abundance of cellular
RNAs, quantitative RT-PCR was performed as described
[28] on individual biological triplicates for each sample. Cells
were lysed by Trizol (Euroclone), and the total RNA was
extracted with phenol/chloroform. DNase-treated total RNA
was reverse-transcribed (Im-Prom II, Promega), and then
it was amplified in a 7500 Real-Time PCR System (Applied
Biosystem) using SYBR Green PCR MASTERMIX (Applied
Biosystem). All primers were used to a final concentration
of 0,2 𝜇M. The oligonucleotide primers were designed using
the bioinformatic tool Primer-BLAST (NCBI/ Primer-
BLAST). Their sequences were the following: For CAIX:
5-CGGAAGAAAACAGTGCCTATGA-3; Rev CAIX:
5-CTTCCTCAGCGATTTCTTCCA-3; For rRNA45S:
5-CTCCGTTATGGTAGCGCTGC-3; Rev rRNA45S;
5-GCGGAACCCTCGCTTCTC-3; hLDHA FOR: 5-
TGGCCTGTGCCATCAGTATC-3; hLDHA REV: 5-
CGATGACATCAACAAGAGCAAGT-3; BActin FOR:
5-CGTGCTGCTGACCGAGG-3; BActin REV: 5-
GAAGGTCTCAAACATGATCTGGGT-3. The relative
abundance of each RNA was evaluated in relation to ACTB
(𝛽-actin) transcripts by ΔΔCt method [29, 30].

3. Results and Discussion

3.1. Putative NLS and NES Sequences in CA IX Direct the
Nuclear Trafficking of EGFP in Human Cell Lines. In a previ-
ous study we described the interaction of CA IX with the cel-
lularmachinery of nuclear import and export [17]. CA IXwas
indeed found in native complexes with the importin, TNPO1,
and the exportin, XPO1; accordingly, CA IX appeared to be
widely distributed in the cellular compartments, including
nuclei, of several human cell lines. Putative NLS and NES
sequences in the CA IX sequence interacting with these
proteins were predicted by bioinformatic tools. Thus, we
evaluated the function of the putative NES and NLS signals,
exploring their ability to direct the subcellular localization
of EGFP, used as a reporter. In particular, the function of
the putative NLS and NES sequences in CA IX was analyzed
comparing the subcellular distribution inHEK293 cells of the
isolated EGFP protein and of EGFP fusions bearing either
canonical NES and NLS sequences or the putative NES and
NLS sequences of CA IX. Figure 1(a) shows the subcellular
distributions of isolated EGFP (left panel), of EGFP fused to
the reference NLS of the SV40 T antigen (middle) and of
EGFP fused to the putativeNLS of CA IX (right panel).While
the isolated EGFP was distributed widely in the transfected
cells, the putative NLS signal of CA IX led to some nuclear
accumulation of the protein, despite a lower extent, compared
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Figure 1: Analysis of the putative nuclear localization and nuclear export signals in CA IX. (a) EGFP protein or its fusions with a canonical
NLS from SV40 Ta or with the region encompassing the putative NLS of the CA IX protein sequence (amino acid positions 434–459), as
indicated, were expressed in HEK293 cells and visualized by confocal fluorescence microscopy. Arrowheads indicate cells, in which the EGFP
protein fused to the putative CA IX NLS was almost exclusively nuclear. White bars: 10𝜇m. (b) In the upper panels, EGFP protein or its
fusions with a canonical NES from PKI𝛼 or with the putative NES-containing region of the CA IX protein sequence (amino acid positions
412–429), as indicated, were expressed in HEK293 cells and visualized by confocal fluorescence microscopy. In the lower panels, transfected
cells were treated with leptomycin B (LMB) to inhibit XPO1-mediated nuclear export. White bars: 10𝜇m.

to the NLS of SV40 Ta. In a complementary manner, as
shown in the upper panels of Figure 1(b), the reference PKI𝛼
(middle) and the region containing the CA IX putative NES
(right panel) sequences led to evident nuclear exclusion of the
EGFP fluorescent proteins, compared to the isolated EGFP
(left).

In order to confirm the actual function of the putative
CA IX NES signal, the cells transfected with the various
constructs were treated with leptomycin B, an inhibitor
of nuclear export mediated by XPO1 [31]. Images (lower
panels of Figure 1(b)) reveal that the isolated EGFP did not
change its distribution (left) in the presence of leptomycin,
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Figure 2: Chromatin immunoprecipitation analysis of CA IX and UBF1 binding to 45S rDNA precursor gene clusters. Normoxic or hypoxic
HEK293 (a) and SHSY-5Y (b) cells were subjected to ChIP analysis with UBF1 or CA IX monoclonal antibodies, as indicated (upper charts).
Binding of the proteins to 45S rDNA genes was evaluated via quantitative PCR analysis from triplicate samples. Calculated 𝑃 values for
pairwise comparisons of ChIP data were in the 0.0038 to 0.03 range (Student’s 𝑡-test).Themiddle panels show the results of qRT-PCR analysis
of CA IX or 45S rRNA transcripts fromnormoxic or hypoxicHEK293 (a) and SHSY-5Y (b) cells. Calculated𝑃 values for pairwise comparisons
of qRT-PCR data were in the 0.0027 to 0.04 range. Lower panels show the hypoxia-induced increases in HIF1𝛼 and CA IX protein levels in
normoxic (N) or hypoxic (H) HEK293 (a) and SHSY-5Y (b) cells. Filters were reprobed to 𝛽-actin, which was used as a loading control.

while a clear redistribution in nuclear compartments was
appreciated for the fluorescent PKI𝛼 NES (middle) and for
the region containing the CA IX putative NES (right panel),
in comparison to the untreated cells (upper panels). Similar
results were obtained in neuroblastoma SHSY-5Y cells (data
not shown).Thus, the putativeNLS and, to amajor extent, the
NES sequence in CA IX are actually functional. This indeed
suggests that the nuclear trafficking of CA IX and its putative
function are dependent on the binding to its interactors.
Taken together, these results support a nuclear function for
CA IX in human cells.

3.2. CA IX Is Bound to Nucleolar Chromatin in Human Cell
Lines. One additional feature, emerging from our previous
analysis of CA IX interactome, was the increased abundance
of CA IX/XPO1 complexes and their peculiar enrichment in

nucleoli in hypoxic cells. Thus, we hypothesized a nucleolar
function for CA IX and for its complexes with XPO1. Nucleoli
are the districts in which 45S rRNA synthesis and processing
occur to allow ribosome biogenesis. 45S rRNA precursor
is actively transcribed from arrays of 45S rDNA genes in
nucleoli. We then evaluated, by chromatin immunoprecip-
itation (ChIP) analysis, the potential binding of CA IX
to nucleolar chromatin in normoxic and hypoxic HEK293
and SHSY-5Y cells. ChIP analysis was also performed for
UBF1, an architectural factor regulating RNA polymerase I
transcription. The data shown in the panel A of Figure 2
demonstrated that both UBF1 and CA IX are actually bound
to rDNA 45S genes in normoxic HEK293 cells. Even in
the presence of increases in CA IX protein levels (lower
panels of Figure 2(a)), the exposure of the cells to a hypoxic
environment resulted in a decreased association of CA IX
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to nucleolar chromatin, while UBF1 was stabilized on 45S
rDNA genes. This was associated with decreased levels of
45S rRNA in hypoxic cells, as shown by the results of qRT-
PCR in the middle panel of Figure 2(a). These data were
consistently replicated in SHSY-5Y cells (Figure 2(b)). As
previously demonstrated [17], CA IX levels and its nucleolar
presence are increased in hypoxic cells, as for its participation
in molecular complexes with XPO1.These novel results show
that the increased formation of CA IX/XPO1 complex in the
nucleoli of hypoxic cells is indeed associated with a decreased
representation of CA IX on nucleolar chromatin and with a
decreased transcription of 45S rDNA genes, both in HEK293
and in SHSY-5Y cells. These data support the hypothesis that
in human cell lines CA IX might be associated with active
transcription of 45S rDNA genes in normoxic condition.

3.3. Binding of CA IX to Nucleolar Chromatin Is Regulated
by Its Interaction with XPO1 and by CA Activity. The data
obtained so far support the hypothesis that CA IX acts as
a positive modulator of transcription for rDNA 45S genes.
In fact, decreased CA IX binding to nucleolar chromatin
observed in hypoxic cells was associated with decreased 45S
rRNA precursor transcript levels. What was also occurring
in hypoxic cells was the increased representation of CA
IX/XPO1 complexes in nucleoli [17]. Thus, XPO1 and its
interaction with CA IX in the nucleoli of hypoxic cells may
act as a decoy mechanism to prevent 45S rDNA genes’
transcription during hypoxia. To validate this hypothesis,
we evaluated 45S rDNA promoter binding by CA IX, 45S
rRNA transcript levels, and CA IX/XPO1 colocalization
in hypoxic HEK293 cells treated with the XPO1 inhibitor
leptomycin B. As shown in Figure 3, CA IX binding to rDNA
gene promoters (Figure 3(a)) was significantly decreased,
and rRNA 45S transcript levels (Figure 3(b)) were under-
represented in hypoxic cells. As expected, the transcripts of
the HIF1𝛼 targets, CA IX and LDHA, were upregulated in
hypoxic cells (Figure 3(b)). Accordingly, some hypoxic cells
showed increased representation of CA IX/XPO1 complexes,
as demonstrated by the appearance of yellow nucleoli or
nucleolar spots in the merged immunofluorescence exper-
iment shown in Figure 3(c). Treatment of hypoxic cells
with leptomycin B led to disappearance of these complexes
(Figure 3(c)) and to increased representation of CA IX on
rDNA 45S genes (Figure 3(a)). The levels of rRNA 45S tran-
scripts were extremely lowunder this condition (Figure 3(b)),
in agreement with the loss of UBF1 binding (Figure 3(a)).

Exposure of cells to stresses, including hypoxic condition,
is characterized by altered cellularmetabolism and attenuated
protein synthesis [32]. In order to cope with this stressful
condition and to support survival, glucose-deprived and
hypoxic cells may decrease transcription of 45S rDNA genes
by RNA polymerase I [33, 34], which is among the most
energy-demanding processes in a cell, normally accounting
for up to 60% of total cellular transcription [35]. While the
increases in CA IX protein levels may represent a survival
strategy for the hypoxic cells, concentration of a CA IX pool
to complexes with exportins, and potentially with additional
proteins of the nuclear trafficking, on one handmay represent

a mechanism to decrease the energy-demanding 45S rDNA
gene transcription. On the other hand, this can also represent
a mechanism for CA IX storage in the nucleolar compart-
ments, for putative adaptation of cells to the chronic hypoxia.
XPO1 (also known as CRM1 homolog) function is commonly
related to nuclear export of both proteins and RNAs [36, 37];
since XPO1 was also heavily redistributed to nucleoli in the
hypoxic cells, this may represent a mechanism to decrease
the nuclear export of mature ribosomal RNAs and of proteins
exiting nuclear compartments during hypoxia, thus allowing
the cells to react to nucleolar stress.

Thus, CA IX was able to interact with 45S rDNA gene
promoters in normoxic cells, in which CA IX/XPO1 com-
plexes were underrepresented or absent [17]. Acute hypoxia
resulted in decreased binding of CA IX to the ribosomal gene
clusters in nucleoli and in decreased expression of 45S rRNA
precursor transcripts. Acetazolamide, a general inhibitor of
CA enzymes, is known to induce metabolic acidosis in cul-
tured cells and in mammals, including rats and humans [38–
40]. Accordingly, acetazolamide induces normoxic induction
of HIF1 alpha in cultured cells [38]. Thus, acetazolamide
treatment should mimic what is actually observed dur-
ing acute hypoxia, as shown in previous experiments. We
then treated HEK293 cells with acetazolamide which, as
expected, upregulated CA IX transcripts (Figure 4(a)). In
a complementary manner, 45S rRNA transcript levels were
downregulated. These results were associated with decreased
binding of CA IX to 45S rDNA gene promoters (Figure 4(b)).
Accordingly, as shown in Figure 4(c), treatment with aceta-
zolamide induced, in HEK293 cells, the relocalization of CA
IX and XPO1 in nucleoli. Thus, a drug-induced activation
of cellular responses to hypoxic stress faithfully recapitulated
themolecular events associated with regulated binding of CA
IX to 45S rDNA promoters, adding support to the role of
XPO1 in preventing this interaction during hypoxia. UBF1
binding to 45S rDNA genes was increased in hypoxic cells
(Figure 3(a)), in accordance with a previous report [34],
in which restriction of rRNA biosynthesis during hypoxia
was associated with increased occupancy of UBF1 on 45S
ribosomal gene clusters. Interestingly, UBF1 binding to 45S
rDNA genes was decreased in acetazolamide-treated cells
(Figure 4(b)), since cellular acidosis may not recapitulate in
full the molecular effects, raised by acute hypoxia, on UBF1
interaction with rDNA genes.

4. Conclusions

The data reported in this paper for the first time describe a
function for CA IX and for XPO1, one of itsmajor interactors,
in nucleoli. Firstly, we showed evidence for regulated binding
of CA IX to nucleolar 45S rDNA genes in human cells.
Additionally, we revealed, in hypoxic cells, a XPO1-based
decoymechanism, resulting inCA IX removal fromnucleolar
chromatin. The presence of the CA IX/XPO1 complexes,
highly enriched in extrachromatinic nucleolar sites, was
consistently associated with decreased transcription of 45S
rDNA genes, both in hypoxic cells and in cells treated with
acetazolamide, in which cellular acidosis was generated, as
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Figure 3: XPO1 controls binding of CA IX to 45S rDNA gene promoters. (a) Chromatin immunoprecipitation analysis of CA IX and UBF1
binding to 45S rDNA precursor gene clusters in a triplicate set of samples of normoxic and hypoxic HEK293 cells. Hypoxic cells were also
exposed to leptomycin B (LMB) for 4 hours. Calculated 𝑃 values for pairwise comparisons of ChIP data were in the 0.001 to 0.01 range
(Student’s 𝑡-test). (b) HEK293 cells from a triplicate set of samples exposed to normoxia, hypoxia, and hypoxia in the presence of leptomycin
B were lysed for RNA extraction and qRT-PCR analysis of CA IX and LDHA mRNAs and 45S rRNA transcripts, as indicated. Calculated
𝑃 values for pairwise comparisons of qRT-PCR data were in the 0.0005 to 0.01 range, with the exception of the CA IX transcript levels in
normoxic and hypoxic/+LMB condition (𝑃 = 0.4, not significant) (Student’s 𝑡-test). (c) Cells subjected to the same treatments, as in (a) and
(b), were fixed, permeabilized, and exposed to antibodies for CA IX (green) and XPO1 (red) immunofluorescence analysis. Confocal images
from representative fields were taken. White arrowheads in hypoxic cells (middle panels) indicate strong colocalization of CA IX and XPO1
in some nucleolar and subnucleolar areas. White arrowheads in hypoxic cells treated with leptomycin B (LMB) indicate the nucleoli, devoid
of CA IX/XPO1 complexes. White bars: 10 𝜇m.
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complexes with XPO1. (a) Analysis of CA IX mRNA and 45S rRNA transcripts in cells exposed to carrier DMSO and to acetazolamide.
Transcript levels were evaluated via quantitative RT-PCR analysis from triplicate samples. Calculated 𝑃 values for pairwise comparisons of
qRT-PCR data were in the 0.003 to 0.03 range (Student’s 𝑡-test). (b) Cells, treated as in (a), were subjected to chromatin immunoprecipitation
analysis of CA IX and UBF1 binding to 45S rDNA precursor gene clusters in a triplicate set of samples. Calculated 𝑃 values for pairwise
comparisons of ChIP data were in the 0.03 to 0.01 range (Student’s 𝑡-test). (c) Cells subjected to the same treatments, as in (a) and (b), were
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a consequence of general CA inhibition. We believe that
these events are related to cellular responses to both hypoxic
and hypoxia-induced nucleolar stresses, in which survival
mechanisms should be activated. These mechanisms, in first
instance, should attenuate energy-demanding processes, such
as ribosome biogenesis and translation, to allow cell survival
in the progression towards the adaptation to the stressful
conditions.The contribution of CA IX and its complexes with
XPO1 to such responses may reveal novel mechanisms in cell
and cancer biology.
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Carborane-based compounds are promising lead structures for development of inhibitors of carbonic anhydrases (CAs). Here,
we report structural and computational analysis applicable to structure-based design of carborane compounds with selectivity
toward the cancer-specific CAIX isoenzyme. We determined the crystal structure of CAII in complex with 1-methylenesulfamide-
1,2-dicarba-closo-dodecaborane at 1.0 Å resolution and used this structure to model the 1-methylenesulfamide-1,2-dicarba-closo-
dodecaborane interactions with CAIX. A virtual glycine scan revealed the contributions of individual residues to the energy of
binding of 1-methylenesulfamide-1,2-dicarba-closo-dodecaborane to CAII and CAIX, respectively.

1. Introduction

Carbonic anhydrases (CAs) play important roles in many
physiological and pathophysiological processes. For example,
extracellular CAs participate in tumor growth and progres-
sion [1]. CAIX, which is selectively expressed in a range of
hypoxic tumors, is a validated diagnostic and therapeutic
target (recently reviewed in [2–4]). There are 15 human CA
isoenzymes, and due to the ubiquity of these enzymes in
human tissues, selective inhibition is a very important aspect
of drug design.

Three main classes of CA inhibitors have been described
to date (reviewed in [5]): (i) metal ion binders (sulfonamides,
sulfamides, sulfamates, dithiocarbamates, thiols, and hydro-
xamates); (ii) compounds that anchor the zinc-coordinated

water molecule/hydroxide ion (phenols, carboxylates, poly-
amines, esters, and sulfocoumarins); and (iii) coumarins and
related compounds that bind further away from themetal ion.

CA inhibitors from the first class (metal ion binders) con-
tain specific functional groups that interact with the catalytic
Zn2+ ion in the CA active site.These metal-binding function-
alities are typically joined to a “ring” structure.This moiety is
not necessarily aromatic; however, it is usually consisting of a
5- or 6-membered hydrocarbon ring or conjugated ring sys-
tem containing nitrogen, oxygen, and/or sulfur. Numerous
functional groups have been added to the ring structure scaf-
fold to modify inhibitor properties such as specificity toward
a particular CA isoenzyme, pKa, or solubility (reviewed in
[6]). Recently, we reported design ofCA inhibitors containing

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 389869, 9 pages
http://dx.doi.org/10.1155/2014/389869

http://dx.doi.org/10.1155/2014/389869


2 BioMed Research International

space-filling carborane clusters in place of the typical ring
structure [7]. We showed that various carborane clusters
act as CA inhibitors and that modifying these clusters with
an appropriately attached sulfamide group and other sub-
stituents leads to compounds with selectivity toward the
cancer-specific CAIX isoenzyme.

Boron is one of few chemical elements that can form
binary hydrides composed of more than two atoms, which
leads to formation of boron cluster compounds (boron
hydrides or boranes). Their basic structural feature is forma-
tion of a polyhedronwith triangular facets held together by 3-
center 2-electron bondswith an extensive electron delocaliza-
tion [8]. A typical structural archetype is represented by the
divalent closo-B

12
H
12

2− anion, an extremely stable compound
with a symmetrical 12-vertex icosahedron structure [9].
Replacement of one or more {BH−} in borane cage with {CH}
leads to series of carboranes and removal of BH vertices leads
to various open-cage (nido-) species. Carboranes thus offer a
large variety of structural archetypes that provide interesting
counterparts to organic compounds [10].

Many features of icosahedral 12-vertex carboranes are
useful in the design of biologically active compounds. Carbo-
ranes have high thermal and chemical stability; therefore,
they generally do not undergo catabolism and are nontoxic
to the host organism [11, 12]. The basic closo-C

2
B
10
H
12

carborane cluster is highly hydrophobic [13]; however, its
controlled deboronation can generate water soluble 11-vertex
nido-C

2
B
9
H
12

−. These anions represent important interme-
diates in the synthesis of a family of mainly anionic metal
bis(dicarbollides) accessible via metal insertion. Incorpora-
tion of carborane cages into the structures of certain sub-
stances of medicinal interest can enhance hydrophobic inter-
actions between the boron cluster-coupled pharmaceuticals
and their protein targets, increase in vivo stability, and facili-
tate uptake through cellular membranes [14, 15].The success-
ful use of boron clusters as hydrophobic pharmacophores has
recently been increasing [16, 17]. Examples of carborane phar-
macophores include boron-containing antifolates [18], HIV
protease inhibitors [19, 20], and estrogen receptor agonists
and antagonists [21], among others [16, 22, 23].

Drug design efforts benefit greatly from knowledge of the
3D structures of protein-ligand complexes. X-ray crystallog-
raphy has contributed considerably to the development of
CA inhibitors; more than 500 structures of human CA isoen-
zymes (wild-type andmutant forms) in complex with various
inhibitors have offered unprecedented insight into inhibitor
binding modes (reviewed in [24]). Structural information
coupled with experimental inhibition data can be used to
validate various computational approaches to assess inhibitor
binding strength. Once a particular theoretical approach
reproduces the knowndatawell, it can be used for prospective
design. For studies involving metal ions and unusual com-
pounds such as boranes, the use of quantum chemistry (QM)
is warranted [25, 26]. Indeed, we recently used a quantum
mechanics/molecular mechanics (QM/MM) methodology
to quantitatively describe the binding of two carborane-
based sulfamides to CAII [7] and to explain fundamental
differences in the binding modes of closo- and nido-cages
[27].

Here, we report the X-ray structure of CAII with bound 1-
methylenesulfamide-1,2-dicarba-closo-dodecaborane (com-
pound 1, Figure 1(a)) determined at 1.0 Å resolution. This
atomic-level resolution allowed us to assess in detail the
positions of carbon and boron atoms in the carborane cage
of 1. Additionally, we modeled the complex of 1 with CAIX.
We employed a virtual glycine scan to analyze the differences
between the interactions of 1 with CAII and CAIX.

2. Materials and Methods

2.1. Protein Crystallization and Diffraction Data Collection.
For crystallization of human CAII (Sigma, catalogue number
C6165) in complex with 1-methylenesulfamide-1,2-dicarba-
closo-dodecaborane (compound 1), we adapted a previ-
ously described procedure [28]. CAII (at a concentration of
4mg⋅mL−1, dissolved in water) was incubated in aqueous
solution containing a 2-fold molar excess of p-hydroxymer-
curibenzoate (Sigma, catalogue number 55540). The protein
was concentrated to 10mg⋅mL−1 and unbound p-hydroxy-
mercuribenzoate was removed with AmiconUltra-4 concen-
trators (Merck-Millipore MWCO 10 kDa).

The complex of CAII with 1 was prepared by adding a 1.1-
fold molar excess of 1 (in DMSO) to the 10mg⋅mL−1 solution
of CAII in water without pH adjustment (the final DMSO
concentration did not exceed 5% v/v).

The best diffracting crystals were obtained using the
hanging-drop vapor diffusion method under the following
conditions: 2𝜇L protein-inhibitor complex solution was
mixed with 2 𝜇L precipitant solution [2.5M (NH

4
)
2
SO
4
,

0.3M NaCl, and 100mM Tris-HCl, pH 8.2] and equilibrated
over a reservoir containing 1mL of precipitant solution at
18∘C. Crystals with dimensions of 0.3mm × 0.1mm × 0.1mm
grew within 7 days.

For cryoprotection, the crystals were incubated inmother
liquor supplemented with 25% glycerol for approximately
30 s, flash-frozen, and stored in liquid nitrogen. Diffraction
data for the CAII complex were collected at 100K at the
X14.2 BESSY beamline in Berlin, Germany [29]. Data were
collected in two passes: the high-resolution range (11.75–
1.00 Å) and the low-resolution range (21.08–1.20 Å). The two
datasets were integrated with iMOSFLM [30] and merged
and scaled with SCALA [31]. Data collection and refinement
statistics are summarized in Table 1.

2.2. Structure Determination, Refinement, and Analysis.
Crystal structures were solved by difference Fourier method
using the CAII structure (PDB code 3IGP [34]) as a starting
model. The model was refined using REFMAC5 [35], part of
the CCP4 program suite [36].Themodel was initially refined
with isotropic atomic displacement parameters (ADPs);
hydrogen atoms in riding positions were added later. For
the final rounds of refinement, we used a mixed isotropic-
anisotropic model of ADPs: anisotropic ADPs were used for
all atoms, and only atoms in alternative conformations were
refined isotropically. Atomic coordinates for the structure
of 1 were generated by quantum mechanics computation
with DFT-D methodology [37] using the B-LYP functional
and SVP basis set [38] in the Turbomole program [39].
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Figure 1: (a) Structural formula of 1 with atom numbers used in the crystal structure coordinate file. The vertices in carborane cluster
represent BH groups. (b) Crystal structure of CAII in complex with 1. The CAII active site is shown in cartoon representation; residues
involved in interactions with the Zn2+ ion (purple sphere) and 1 are shown in stick representation with carbon atoms colored green. Boron
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A geometric library for 1 was generated using the Libcheck
program from the CCP4 suite. Coot [40] was used for
rebuilding. The quality of the refined model was assessed
using MolProbity [33]. The coordinates and structure factors
were deposited in the PDB under accession code 4Q78. Final
refinement statistics are summarized in Table 1. All structural
figures were prepared using PyMOL 1.4.1 [41].

2.3. Model of CAIX-1 Complex. The complex of CAIX and 1
was modeled by aligning the existing crystal structures of the
CAIX catalytic domain (PDB code 3IAI [42]) with the CAII-
1 complex (PDB code 4MDG [7]) using PyMOL version
1.2 [43]. Preparation of structure coordinate files for further
calculations was performed as described before for CAII [27].

The complex was fully optimized using a QM/MM pro-
cedure. We used ONIOM-like subtractive scheme [44] with
link atoms and mechanical embedding to be consistent with
our previous studies [27, 45–48]. The QM part is described
at the DFT-D TPSS/TZVP//BLYP/SVP level of theory [39]
and comprises 218 atoms including the atoms present in
1 and 8 amino acids (Trp5, Asn62, His64, Gln67, Gln92,
Val131, Leu135, and Pro202). The MM part constituted the
remainder of the protein, and the surrounding solvent was
approximated by a generalized Born (GB) implicit model.
Detailed description of the procedure was published in [27].
One crystal water molecule (Wat272) bridging the inhibitors
and CAII residues Thr199, Glu106, and Tyr7 was retained
to maintain the integrity of the active site. Other water
molecules present in the crystal structures were omitted.

The positions of the added hydrogen atoms, 1, and 15
amino acids surrounding the ligand (Trp5, Asn62, Gly63,
His64, Gln67, Leu91, Gln92, Leu123, Val131, Leu135, Leu141,
Thr200, Pro201, Pro202, and Ala204) were relaxed in a GB
implicit solvent model using the FIRE algorithm followed

by 10 ps annealing from 100K or 150K to 0K using the
Berendsen thermostat [49] in the SANDER module of the
AMBER 10 package [50].

2.4. Virtual Glycine Scan. The contribution of the active site
amino acids to inhibitor binding was examined by virtual
glycine scanning. Individual amino acids in contact with
1 in the CAIX-1 model and CAII-1 crystal structure were
substituted with glycine. The energy contributions (ΔΔGint)
were calculated as the difference between the original ΔGint
at the QM/MM level with the wild-type amino acid and the
new ΔGint with the mutated glycine residue [27].

3. Results and Discussion

3.1. Crystal Structure of CAII in Complex with 1 at Atomic Res-
olution. The overall structure of CAII in complex with 1 was
refined to 1.0 Å resolution.This high resolution allowed us to
observe details that could not be fully resolved in the complex
structure determined previously at lower resolution. Atomic
resolution was achieved by derivatization of CAII using the
4-(hydroxymercury)benzoic acid (abbreviated MBO in the
cif library of small molecules) method described by [28].The
mercury atom ofMBO covalently binds to S𝛾 of Cys206.This
modification allows formation of a hydrogen bond between
the OZ1 oxygen of the MBO carboxyl group and the main-
chain amino group of Tyr40 in the neighboring protein
molecule, reinforcing the crystal lattice and increasing the
diffraction quality of the crystal. In our structure, MBO is
modeled in two alternative conformations with occupancies
of 0.6 and 0.2.

When our atomic resolution structure is compared with
the structure of the CAII-1 complex determined at 1.35 Å
resolution (PDB code 4MDG [7]), the RMSD value for
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Table 1: Data collection and refinement statistics.
Data collection statistics

Space group 𝑃2
1

Cell parameters (Å; ∘) 42.20, 41.73, 72.16;
90.0, 104.4, 90.0

Wavelength (Å) 0.9184
Resolution (Å) 21.08–1.00 (1.05–1.00)
Number of unique reflections 108,781 (15,490)
Multiplicity 3.5 (2.5)
Completeness (%) 83.1 (81.4)
𝑅merge

a 0.056 (0.375)
Average 𝐼/𝜎(𝐼) 10.8 (2.3)
Wilson B (Å2) 6.5

Refinement statistics
Resolution range (Å) 69.90–1.00 (1.03–1.00)
No. of reflections in working set 97,856 (7,831)
No. of reflections in test set 5,426 (412)
𝑅 value (%)b 17.5 (24.4)
𝑅free value (%)c 20.0 (26.2)
RMSD bond length (Å) 0.011
RMSD angle (∘) 1.53
Number of atoms in AU 2297
Number of protein atoms in AU 2081
Number of water molecules in AU 176
Mean ADP value protein/inhibitor (Å2) 12.0/17.6

Ramachandran plot statisticsd

Residues in favored regions (%) 96.56
Residues in allowed regions (%) 3.44

The data in parentheses refer to the highest-resolution shell.
a
𝑅merge = ∑ℎ𝑘𝑙 ∑𝑖 𝐼𝑖(ℎ𝑘𝑙) − ⟨𝐼(ℎ𝑘𝑙)⟩ | /∑ℎ𝑘𝑙 ∑𝑖 𝐼𝑖(ℎ𝑘𝑙), where 𝐼𝑖(ℎ𝑘𝑙) is the
individual intensity of the 𝑖th observation of reflection ℎ𝑘𝑙 and ⟨𝐼(ℎ𝑘𝑙)⟩ is
the average intensity of reflection ℎ𝑘𝑙 with summation over all data.
b
𝑅 value = ||𝐹𝑜| − |𝐹𝑐||/|𝐹𝑜|, where 𝐹𝑜 and 𝐹𝑐 are the observed and calculated
structure factors, respectively.
𝑐
𝑅free is equivalent to 𝑅 value but is calculated for 5% of reflections chosen at
random and omitted from the refinement process [32].
das determined by Molprobity [33].

superposition of the C𝛼 atoms of residues 4–261 is 0.142 Å,
a value typical for superposition of identical structures [51].
The N-terminal residue His3 is traced differently in the two
structures; double conformations of numerous side chains
(e.g., Glu14, His64, and Gln74) are resolved in the atomic
resolution structure. We found an additional difference in
the loop formed by amino acid residues 124–139, with a
maximum difference of 0.738 Å for the position of Gln136
C𝛼. Gln136 forms van der Waals contacts with the MBO
covalently attached to Cys206. The positions of Phe131 and
Val135, which form a hydrophobic rim at the active site, are
also influenced by MBO binding. This results in a subtle
positional shift of the inhibitor, with an RMSD of 0.145 Å for
superposition of 12 atoms in the carborane cage of 1 bound to
CAII and CAII derivatized by MBO. This value is below the
value observed for superposition of identical structures [51].

Atomic-level resolution allowed us to resolve the carbon
and boron atom positions in the symmetrical carborane

Phe131

Gln92
Val121

Leu198

His94

His96

His119Thr200

Thr199

Figure 2: Interactions of 1 with CAII. The protein is shown in
cartoon representation; residues involved in interactions with the
Zn2+ ion (gray sphere) and 1 are shown in stick representation.
Polar interactions are represented by blue dashed lines; Zn2+ ion
coordination is shown as black dashed lines.

cage of 1. When analyzing the values of the electron density
map at positions of atoms bonded to the C1 atom, we can
assume that positions with higher density levels are more
likely to be carbon than boron atoms. Similar analysis was
done by others for boron-containing inhibitor of human
dihydrofolate reductase [18]. The C2 atom of the carborane
cage (Figure 1(a)) was modeled into the position with an
electron density value of 1.16 e/Å3, which was approximately
0.15 e/Å3 higher than those for the B3, B4, B5, and B6 atoms.
To exclude the possibility that higher density is caused by
model bias, we altered the composition of the cage by
replacing the C2 atom with a boron atom. Electron density
values did not change significantly after several rounds of
refinement cycles.

Thus, we can conclude that the most probable position
of the second carbon atom in the carborane cage of 1 is the
position assigned to the C2 atom in our crystal structure.This
is in good agreement with the recently published QM/MM
modeling study [27].

3.2. Detailed Analysis of Inhibitor Interactions with CAII.
The crystal structure of human CAII in complex with 1
determined at 1.0 Å resolution confirmed the key interactions
that our group observed previously [7]. The compound fits
very well into the CAII active site cavity andmakes numerous
polar and nonpolar interactions with the residues in the
enzyme active site. The sulfamide moiety, which forms key
polar interactions with the active site Zn2+ ion, also makes
polar interactions with Thr199 typical of other sulfamide
inhibitors of CAII (Figure 2). The linker NH group forms
an additional polar interaction with O𝛾 of Thr200. The
compound makes several van der Waals interactions with
residues Gln92, His94, His96, His119, Val121, Phe131, Leu198,
andThr200 (Figure 2). All interactions between the inhibitor
and protein are summarized in Table 2.
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Figure 3: (a) Structural formulas of 2 and 3. (b) Interactions of 2 and 3 with the CAII active site. Compound 2 is represented with golden
carbon atoms, while the carbon atoms of 3 are colored turquoise. Surface of residues making contacts with the isoquinoline moiety of 2 and 3
are highlighted in yellow and blue, respectively. Surface of residues colored orange make contacts with both compounds. Atoms involved
in contacts with the sulfonamide groups are not highlighted. (c) Interactions of 1 with the CAII active site. Surface of residues making
contacts with the carborane and linker moiety of 1 are highlighted in green. Atoms involved in contacts with the sulfonamide groups are
not highlighted. (d) Superposition of binding poses of 1, 2, and 3 in the CAII active site. Superposition of the complex structures was based
on the best fit for C𝛼 atoms of CAII residues 6–261.

The idea of designing CA inhibitors containing a carbo-
rane cluster moiety originated from our previous structural
studies of isoquinoline-containing sulfonamide inhibitors
(Figure 3(a)). Structural analysis of CAII in complex with 6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-ylsulfonamide (2,
PDB code 3IGP, [34]) and 6,7-dimethoxy-1-methyl-1,2,3,4-
tetrahydroisoquinolin-2-ylsulfonamide (3, PDB code 3PO6,
[52]) revealed two distinct binding modes that engage two
opposite sides of the enzyme active site cavity (Figure 3(b)).
Following this analysis, we hypothesized that the binding
space within the enzyme active site cavity could be effectively
filled with a bulky hydrophobic molecule with a spherical
structure. This led to design of 1 which exhibited inhibitory
property to CAII and CAIX with Ki values in submicro-
molar range. Structural analysis of CAII-1 indicates that our
structure-based design was sound. We found that the carbo-
rane cluster interacts with both sides of the enzyme active site
as predicted (Figure 3(c), Table 3) and that the position of 1

in the CAII active site superposes well with the two binding
modes observed for 2 and 3 (Figure 3(d)).

3.3. Model of the CAIX-1 Complex. The CAII-1 crystal struc-
ture was used tomodel binding of compound 1 into the CAIX
active site using QM/MMmethods (Figure 4).

The substrate binding sites of CAII and CAIX differ by
only six amino acids: Asn67 of CAII is replaced by Gln in
CAIX, Ile91 by Leu, Trp123 by Leu, Phe131 by Val, Val135 by
Leu, andLeu204 byAla.These variations result in a differently
shaped active site cavity, which accommodated 1 in a slightly
different pose (Figure 4). While the position of the sulfamide
anchor remained unchanged, the carborane cluster shifted by
2.1 Å (expressed as a difference in the position of B12) away
from the central 𝛽-sheet. In CAIX-1, the carborane interacts
more with the opposite site of the active site, specifically with
amino acid residues His94, His96, Glu106, Leu198, Thr199,
Thr200, and Pro201 (Figure 4, Table 3). All polar and van der
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Table 2: List of contacts between CAII and 1.
CAII 1

Residue Atom Atoma Distance [Å]b

Zn ZN N2 1.87c

Zn ZN S 3.04
Zn ZN O2 3.05

92 Gln OE1 B6 3.47
92 Gln OE1 B11 3.52
92 Gln CD B6 3.84
94 His CE1 O2 2.97
94 His NE2 N2 3.23
94 His NE2 O2 3.31
94 His CE1 C3 3.67
94 His NE2 S 3.81
94 His CE1 N2 3.82
94 His CE1 S 3.84
94 His NE2 C3 3.94
96 His NE2 N2 3.14
96 His CE1 N2 3.56
119 His ND1 N2 3.39
119 His ND1 O2 3.88
119 His CE1 N2 3.96
121 Val CG2 O2 3.82
131 Phe CZ B8 3.83
131 Phe CZ B7 3.97
198 Leu CA O1 3.09
198 Leu C O1 3.36
198 Leu CB O1 3.60
198 Leu CD2 O1 3.63
198 Leu CD1 B3 3.86
199 Thr N O1 2.70
199 Thr OG1 N2 2.74
199 Thr OG1 O1 3.58
199 Thr OG1 S 3.78
199 Thr N S 3.83
199 Thr CA O1 3.83
199 Thr CB N2 3.98
200 Thr OG1 N1 3.02
200 Thr OG1 C3 3.14
200 Thr OG1 B4 3.36
200 Thr OG1 B3 3.56
200 Thr OG1 C1 3.66
aAtom labels correspond to those shown in Figure 1(a).
bAll contacts with a distance between ligand and protein (or Zn) atoms less
than or equal to 4 Å are listed.
cPolar interactions are highlighted in bold.

Waals interactions between CAIX and 1 are summarized in
Table 4.

We used a virtual glycine scan to study the roles of indi-
vidual amino acid side chains in the active sites of CAII
and CAIX in binding of 1. The changes in free energy of

Trp5
Glu106

His96
His119

Val121

Trp209

Leu198
Thr199

Thr200

Pro201

His94

Figure 4: Interactions of 1with the CAIX active site. Atomsmaking
contacts with the carborane and linkermoiety of 1 are highlighted in
magenta. Atoms involved in contacts with the sulfonamide groups
are not highlighted. Superposition of the binding pose of 1 in CAII
is shown as black lines. Superposition is based on the best fit for C𝛼
atoms of all residues of CAII onto CAIX.

Table 3: CAII or CAIX residues interacting with 1, 2, and 3.

CAII CAIX
1a 2b 3c 1d

Trp5
Asn62
Asn67e

Gln92 Gln92 Gln92
His94 His94 His94 His94
His96 His96 His96 His96

Glu106
His119 His119 His119 His119
Val121 Val121 Val121
Phe131 Phe131 Phe131

Val143 Val143
Leu198 Leu198 Leu198 Leu198
Thr199 Thr199 Thr199 Thr199
Thr200 Thr200 Thr200 Thr200

Pro201 Pro201
Pro202
Trp209 Trp209

Interacting residues were identified from acrystal structure 4Q78 (this work);
bcrystal structure 3IGP [34]; ccrystal structure 3PO6 [52]; dcomputational
model (this work); eresidues making polar interactions are highlighted in
bold.

interaction (ΔΔGint) upon mutation of a given amino acid
residue to glycine are shown in Figure 5.

The largest energy change (2.6 kcal/mol) occurred for
Trp5, which is positioned closer to 1 in CAIX-1 than in CAII-
1. The side chain of Trp5 forms several dihydrogen bonds
with the carborane cage of 1. The shortest one has a H ⋅ ⋅ ⋅H
distance of 2.3 Å. The other major contributor to strong
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Table 4: Interactions between CAIX and 1.

CAIX 1
Residue Atom Atoma Distance [Å]b

Zn ZN N2 2.1c

Zn ZN S 3.3
Zn ZN O2 3.5

5 Trp CZ2 B5 3.74
5 Trp CZ2 B10 3.81
94 His CE1 O2 3.15
94 His CE1 C3 3.74
94 His NE2 N2 3.36
94 His NE2 S 3.88
94 His NE2 O2 3.45
94 His NE2 C3 3.76
96 His CE1 N2 3.99
96 His NE2 N2 3.49
106 Glu OE2 N2 3.71
119 His ND1 N2 3.37
119 His CE1 N2 3.83
121 Val CG2 O2 3.58
198 Leu CA O1 3.04
198 Leu CB O1 3.4
198 Leu CD2 O1 3.43
198 Leu C O1 3.38
199 Thr N S 3.88
199 Thr N O1 2.79
199 Thr CA O1 3.96
199 Thr CB N2 3.85
199 Thr OG1 N2 2.63
199 Thr OG1 S 3.69
199 Thr OG1 O1 3.65
200 Thr OG1 C1 3.77
200 Thr OG1 B5 3.56
200 Thr OG1 N1 3.13
200 Thr OG1 C3 3.31
200 Thr OG1 B4 3.64
201 Pro O B4 3.6
201 Pro O B10 3.49
201 Pro O B8 3.96
209 Trp CZ2 O1 3.74
aAtom labels correspond to those shown in Figure 1(a).
bAll contacts with a distance less than or equal to 4 Å between ligand and
protein (and Zn) atoms are listed.
cPolar interactions are highlighted in bold.

CAIX-1 binding was Asn62; the energy of binding exceeded
that in CAII-1 by nearly 1 kcal/mol. These contributions were
cancelled out by differences in binding energy contributions
of amino acid residues 131 (Phe/Val) and 135 (Val/Leu), which
were lower in CAIX by 0.7 and 0.9 kcal/mol, respectively.The
energy changes of other residues were small.

When we compared binding of 1 to CAII and CAIX, we
noted that the favorable energy changes in CAIX-1 due to
the binding of residues Trp5, Asn62, and His64 were slightly
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Figure 5: Results of virtual glycine scan showing contributions of
individual residues to the energy of binding of 1 to CAII and CAIX,
respectively.

larger than the unfavorable changes in binding caused by
the different amino acids at residues 131 and 135. This is in
qualitative agreement with the experimental𝐾

𝑖
values, which

are 700±141 nm for inhibition of CAII and 380±111 nM for
inhibition of CAIX [7].

4. Conclusions

We determined to atomic resolution the crystal structure
of CAII in complex with 1-methylenesulfamide-1,2-dicarba-
closo-dodecaborane (1), a parent compound of a recently
reported series of CA inhibitors containing carborane cages
[7]. Comparing this crystal structure with those of CAII
complexes with conventional organic inhibitors showed that
the three-dimensional cluster fills the enzyme active site
cavity. Atomic-level resolution allowed us to distinguish
the positions of carbon and boron atoms in the carborane
cage. The crystal structure also served as a model for
construction of the CAIX-1 computational model. Virtual
glycine scan enabled us to quantify the contributions of
individual residues to the energy of binding of 1 to CAII
and CAIX and uncover differences of the enzyme active site
cavities. Structural and computational analysis will be used in
future structure-based design of carborane compounds with
selectivity toward the cancer-specific CAIX isoenzyme.
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mechanical scoring: structural and energetic insights into
cyclin-dependent kinase 2 inhibition by pyrazolo[1,5-a]pyrimi-
dines,” Current Computer—Aided Drug Design, vol. 9, no. 1, pp.
118–129, 2013.
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Sulfa drugs are well-known antibacterial agents containing N-substituted sulfonamide group on para position of aniline ring
(NH
2
RSO
2
NHR). In this study 2,4-dichloro-1,3,5-triazine derivatives of sulfa drugs, sulfamerazine (1b), sulfaquinoxaline (2b),

sulfadiazine (3b), sulfadimidine (4b), and sulfachloropyrazine (5b) (1a–5a) were synthesized and characterized. Their carbonic
anhydrase inhibition activity was evaluated against bovine cytosolic carbonic anhydrase isozyme II (bCA II). For the sake of
comparison the CA inhibition activity of the parent sulfa drugs (1b–5b) was also evaluated. A significant increase in CA inhibition
activity of sulfa drugs was observed upon substitution with 2,4-dichloro-1,3,5-triazine moiety. Molecular docking studies were
carried out to highlight binding site interactions. ADME properties were calculated to evaluate drug likeness of the compounds.

1. Introduction

Carbonic anhydrase (CA, EC 4.2.1.1) is a well-known ubiqui-
tous zinc containing metalloenzyme that is found in animals
including man, plants, bacteria, and archaea. The active site
zinc ion (Zn2+) has been conserved in all classes of carbonic
anhydrases [1]. This enzyme catalyzes an apparently simple
yet physiologically important reaction of interconversion of
water and carbon dioxide into bicarbonate and protons.
Therefore CA has an important role to play in the transport of
CO
2
frommetabolizing tissues to lungs. It is also responsible

for maintaining acid/base and electrolyte balance in blood
[2, 3]. Certain biosynthetic reactions are also assisted by CA
such as lipogenesis, at the level of pyruvate carboxylation [4,
5], ureagenesis [6], and gluconeogenesis [6, 7]. In mammals
carbonic anhydrase has sixteen different isozymes based on
their distribution in tissues and subcellular localization. The
cytosolic isozymes are CA I, CA II, CA III, CA VII, and CA
XIII, whereas CA IV, CA IX, CA XII, CA XIV, and CA XV
are membrane bound isozymes, and CA VA and CA VB are

mitochondrial isozymes; CA VI is secreted isozyme mainly
present in the saliva [8]. There are certain physiological
disorders that are characterized by overexpression of CA [9–
11], hence CAs have emerged as valuable drug targets. Many
clinically established drugs are CA inhibitors and are used
to treat disorders such as glaucoma, acidic ulcers, moun-
tain/sea sickness, and epilepsy [12]. Carbonic anhydrase is
also an important drug target for treating obesity and many
sulfonamide inhibitors have proved to be efficient antiobesity
agents [13–16]. The transmembrane isozymes CA IX and CA
XII have been found to be overexpressed in hypoxic tumors
(having acidic environment) whereas their distribution in
normal cells remains low [17–22].

Sulfonamides and their derivatives are well-known
inhibitors of carbonic anhydrase [18, 23]. Sulfa drugs are
derived from sulfonamides; however all sulfonamides are not
sulfa drugs, and the term sulfa drug is only used for clinically
used antibacterial agents that are structurally derived from
4-aminobenzenesulfonamide, where the sulfonamide nitro-
gen is substituted (NH

2
RSO
2
NHR) [24, 25]. The carbonic
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anhydrase inhibition activity of sulfa drugs has not been
explored. Previously 1,3,5-triazine [26, 27] and 1,2,4-triazine
[28] derivatives of different sulfonamides have been reported
as efficient inhibitors of CA. Herein we report the synthesis
of new 2,4,6-trichloro-1,3,5-triazine (TCT) derivatives of
sulfa drugs (1a–5a) and their carbonic anhydrase inhibition
activity against bovine cytosolic carbonic anhydrase II (bCA
II). For the purpose of comparison, the carbonic anhydrase
inhibition activity of parent sulfa drugs (1b–5b) is also
reported.

2. Material and Methods

All chemicals used were purchased from either Sigma or
Aldrich and used as such without further purification. Com-
mercially available solvents were used. Ethanol was distilled
and dried using standard methods and stored over molecular
sieves. Reaction progress andproduct puritywere checked via
precoated TLC plates (silica gel, 0.2mm, 60 HF

254
, Merck).

TLC spots were visualized under short and long wavelength
UV light. Bovine cytosolic carbonic anhydrase II (bCA II)
was used.Melting pointswere taken on aGallenkampmelting
point apparatus and were uncorrected. FTIR spectra were
taken on Perkin Elmer Spectrum BX-II. LECO CHNS 630
series elemental analyzer (model 630-200-200) was used for
elemental analysis. For 1H and 13C-NMR analysis Bruker
Avance DRX500 spectrometer was used with TMS as an
internal standard and DMSO-d

6
as solvent.

2.1. General Method of Synthesis. For the synthesis of
TCT derived sulfa drugs, 2,4,6-trichloro-1,3,5-triazine (TCT,
0.01mol), respective sulfa drug (0.01mol), and sodium car-
bonate (0.1–0.2 g) were taken in a round bottom flask, 20mL
of ethanol and 5–7mL acetone were added to it, and stirring
was continued until a clear solution resulted. The reaction
mixture was refluxed with constant stirring. After 2 hours
solid precipitate began to appear in the reaction mixture;
the reaction was allowed to continue for another hour after
which the solid product was filtered, washed, and dried.
Compounds were recrystallized with a mixture of acetone
and acetonitrile.

2.1.1. Synthesis of 4-[(4,6-Dichloro-1,3,5-triazin-2-yl)amino]-
N-(4-methylpyrimidin-2-yl)benzenesulfonamide (1a). Yield
80%; m.p. 235–237∘C; IR (], cm−1): 3438 (NH

2
), 1145

(SO
2

sym), 1341 (SO
2

asym), 779 (C–Cl); Anal. calcd for
C
14
H
11
Cl
2
N
7
O
2
S: C(40.79%), H(2.69%), N(23.78%),

S(7.78%); found C(39.89%), H(3.4%), N(23.18%), S(7.54%).
1H-NMR (500MHz, DMSO-d

6
), 𝛿 (ppm): 2.29 (s, 3H,

–CH
3
), 8.31 (1H, m, H4), 7.99 (2H, d, 3𝐽 = 10Hz, H3, H5),

7.65 (2H, d, 3𝐽 = 10Hz, H2, H6), 7.78 (1H, d, 3𝐽 = 5Hz,
H5), 11.13 (s, 1H, SO

2
NH), 8.34 (s, 1H, NH). 13C-NMR

(125MHz, DMSO-d
6
), 𝛿 (ppm): 157.70 (C1, C2), 156.99 (C3),

156.65 (C1), 150.02 (C1), 130.08 (C3, C5), 129.11 (C3, C5),
120.74 (C4), 119.59 (C2, C6), 114.85 (C4), 23.45 (CH

3
).

2.1.2. Synthesis of 4-[(4,6-dichloro-1,3,5-triazin-2-yl)amino]-
N-(quinoxalin-2-yl)benzenesulfonamide (2a). Yield 87%;

m.p. 268–270∘C; IR (], cm−1): 3248 (NH
2
), 1151 (SO

2

sym), 1314
(SO
2

asym), 727 (C–Cl); Anal. calcd for C
17
H
11
Cl
2
N
7
O
2
S: C

(45.55%) H(2.47%), N (21.87%), S(7.15%); found C(44.87%),
H(2.71%), N(20.90%), S(7.54%). 1H-NMR (500MHz,
DMSO-d

6
), 𝛿 (ppm): 8.08 (2H, d, 3𝐽 = 10Hz, H3, H5), 7.93

(2H, d, 3𝐽 = 10Hz, H2, H6), 7.79 (1H, s, H9), 7.78 (2H, m,
H4, H7), 7.72 (2H, m, H5, H6), 10.82 (s, 1H, SO

2
NH),

8.63 (s, 1H, NH). 13C-NMR (125MHz, DMSO-d
6
), 𝛿 (ppm):

164.08 (C3), 154.14 (C1, C2), 150.02 (C1), 146.19 (C1), 142.16
(C3), 131.09 (C8), 129.12 (C3, C5), 128.87 (C4, C7),
127.41 (C5, C6), 120.91 (C4), 120.06 (C2, C6).

2.1.3. Synthesis of 4-[(4,6-Dichloro-1,3,5-triazin-2-yl)amino]-
N-(pyrimidin-2-yl)benzenesulfonamide (3a). Yield 88%; m.p.
221–223∘C; IR (], cm−1): 3286 (NH

2
), 1143 (SO

2

sym), 1335
(SO
2

asym), 688 (C–Cl); Anal. calcd for C
13
H
9
Cl
2
N
7
O
2
S:

C(39.21%), H(2.28%), N(24.62%), S(8.05%); found
C(39.19%), H(2.46%), N(24.17%), S(8.51%). 1H-NMR
(500MHz, DMSO-d

6
), 𝛿 (ppm): 8.50 (2H, d, 3𝐽 = 10Hz,

H3, H5), 7.96 (2H, d, 3𝐽 = 10Hz, H2, H6), 7.77
(2H, d, 3𝐽 = 5Hz, H3, H5), 7.04 (1H, t, 3𝐽 = 5Hz,
H4), 8.0 (1H, s, NH), 10.82 (1H, s, SO

2
NH). 13C-

NMR (125MHz, DMSO-d
6
), 𝛿 (ppm): 158.48 (C1, C2),

157.03 (C3), 154.21 (C1), 141.81 (C1), 134.89 (C3, C5),
128.92 (C3, C5), 120.81 (C4), 120.07 (C2, C6), 115.91
(C4).

2.1.4. Synthesis of 4-[(4,6-Dichloro-1,3,5-triazin-2-yl)amino]-
N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (4a).
Yield 84%; m.p. 327–329∘C; IR (], cm−1): 3211 (NH

2
),

1161 (SO
2

sym), 1334 (SO
2

asym), 697 (C–Cl); Anal. calcd
for C

15
H
13
Cl
2
N
7
O
2
S: C(42.26%), H(3.07%), N(23.00%),

S(7.52%); found C(42.87%), H(2.91%), N(23.20%), S(7.56).
1H-NMR (500MHz, DMSO-d

6
), 𝛿 (ppm): 2.24 (6H, s, CH

3
),

6.74 (1H, s, H4), 7.95 (2H, d, 3𝐽 = 10Hz, H3, H5), 7.85
(2H, d, 3𝐽 = 10Hz, H2, H6), 7.83 (1H, s, NH), 10.61 (1H, s,
SO
2
NH). 13C-NMR (125MHz, DMSO-d

6
), 𝛿 (ppm): 23.02

(CH
3
), 164.0 (C1, C2), 156.33 (C3), 142.20 (C1), 129.21 (C3,

C5), 129.09 (C3, C5), 120.02 (C4), 119.71 (C4).

2.1.5. Synthesis of N-(6-Chloropyrazin-2-yl)-4-[(4,6-dichloro-
1,3,5-triazin-2-yl)amino]benzenesulfonamide (5a). Yield
85%; m.p. 236–238∘C; IR (], cm−1): 3255 (NH

2
), 1158

(SO
2

sym), 1336 (SO
2

asym), 692 (C–Cl); Anal. calcd for
C
13
H
8
Cl
3
N
7
O
2
S: C(36.09%),H(1.86%),N(22.66%), S(7.41%);

found C(36.15%), H(1.94%), N(22.03%), S(7.44%). 1H-NMR
(500MHz, DMSO-d

6
), 𝛿 (ppm): 8.01 (2H, d, 3𝐽 = 10Hz,

H3, H5), 7.62 (2H, d, 3𝐽 = 10Hz, H2, H6), 7.58 (1H, s,
H4), 7.32 (1H, s, H6), 10.71 (s, 1H, SO

2
NH), 8.54 (s, 1H,

NH). 13C-NMR (125MHz, DMSO-d
6
), 𝛿 (ppm): 164.08 (C3),

154.14 (C1, C2), 150.02 (C1), 146.19 (C1), 152.10 (C3), 129.12
(C3, C5), 132.87 (C4), 128.41 (C6), 121.21 (C4), 120.13
(C2, C6).

2.2. In Vitro Carbonic Anhydrase Inhibition Assay. Carbonic
anhydrase inhibition was measured by the reported method
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Figure 1: Decreasing order of ease of nucleophilic substitution on 2,4,6-trichloro-1,3,5-trizine ring, where Nu is a nucleophile [37].

[29] after standardization of reaction conditions such as con-
centration of enzyme and substrate, buffer pH, and duration
of reaction. The method is based on spectrophotometric
determination p-nitrophenol, the CA catalyzed hydroly-
sis product of p-nitrophenyl acetate. The reaction mixture
consisted of 60𝜇L of 50mM Tris-sulfate buffer (pH 7.6,
containing 0.1mM ZnCl

2
), 10 𝜇L (0.5mM) test compound

in 1% DMSO, and 10 𝜇L (50U) bovine enzyme per well.
Contents were mixed together and preincubated at 25∘C for
10 minutes. Plates were preread at 348 nm using a 96-well
plate reader. Substrate, p-nitrophenyl acetate (6mM stock
using <5% acetonitrile in buffer), 20 𝜇L was freshly prepared
and added per well to achieve 0.6mM concentration per
well. Total reaction volume was made to 100 𝜇L. After incu-
bating for 30 minute at 25∘C, the contents were mixed and
read at 348 nm. Suitable controls with DMSO and standard
inhibitor acetazolamide (AZM) were included in the assay.
Results reported are mean of three independent experiments
(±SEM) and expressed as percent inhibitions calculated by
the following formula: Inhibition (%) = [100 − (abs of test
comp/abs of control) × 100)]. IC

50
values of compounds

(0.5mM concentration) exhibiting >50% inhibition activity
were calculated after suitable dilutions.

2.3. Molecular Docking Studies

2.3.1. Receptor and Ligand Preparation. High resolution crys-
tal structures of hCA II (0.90 Å) [30] and bCA II (1.95 Å)
[31] were downloaded from the ProteinData Bank (PDB-IDs:
3K34 and 1V9E, resp.). Structural comparison and percent
similarity (87.3%) and percent identity (80%) between bovine
and human CA II have already been reported by our research
group [32].The RMSD with respect to the active site residues
of the two proteins is 0.22 Å [32]. Method validation was
done by redocking the bound ligand extracted from the
active site of hCA-II (3K34).The docking method was able to
reproduce the experimentally bound conformation of ligand
in the active site with an RMSD of <2 Å. Method validation
via self-docking could not be carried out for bCA II, since
this enzyme did not contain any cocrystallized ligand. On
this basis hCA-II was selected to carry out further molecular
docking studies. For docking the receptor (hCA II) was pre-
pared usingDockPrep utility of Chimera software [33], which
includes standard preparation steps such as adding hydrogen
atoms and adding gasteiger charges using ANTECHAMBER
[34] and repairing incomplete side chains (if any) using
Dunbrack rotamer library. A charge of +2 was added on the
zinc atom. Before docking the structures of allmoleculeswere

drawn using ACD/ChemSketch [35]. Gasteiger charges were
added on each ligand using ANTECHAMBER [34] and the
energy of each molecule was minimized through 100 steepest
descents and 100 conjugate gradient steps using a step size of
0.02 each using Chimera [33]. Before docking, compounds
were protonated (as in aqueous environment) using LeadIT
2.1.7 [36].

2.3.2. Docking Methodology. For docking studies the bind-
ing site was defined, using LeadIT [36] with the aid of
reference ligand which had cocrystallized with the enzyme.
The binding site included amino acid residues within 8.0 Å
of the active site. Docking studies were carried out using
LeadIT [36] program that incorporates FlexX for docking
calculations. The default docking and scoring parameters
were kept for the docking calculations; first top 10 docked
conformations of lowest energy were retained for detailed
analysis of binding site interactions and binding modes. In
order to validate the docking protocol, method validation
was carried out by redocking the ligand extracted from 3K34;
the docking was successfully able to reproduce the correct
binding mode for the native ligand with an RMSD of <2.

3. Results and Discussion

3.1. Chemistry. 2,4,6-Trichloro-1,3,5-triazine is an important
and versatile molecule that provides the possibility of nucle-
ophilic replacement at all three chlorine atoms.The synthetic
utility and biological activities of this molecule are well
known [37]. The ease of nucleophilic chloride replacement
decreases as the number of chlorine atoms to be replaced
decreases; thus nucleophilic replacement that results in
synthesis of (a) proceeds far more swiftly than subsequent
reactions that result in synthesis of molecules of types (b) and
(c) (Figure 1).

Thus by reacting equimolar amounts of 2,4,6-trichloro-
1,3,5-triazine and sulfa drugs, sulfamerazine (1b), sul-
faquinoxaline (2b), sulfadiazine (3b), sulfadimidine (4b),
and sulfachloropyrazine (5b), products of type (a) (see
Scheme 1) were easily obtained without interference from di-
or tri-substituted products.The structures of sulfa drugs used
1b–5b are given in Figure 2.

3.2. bCA II Inhibition Studies and SAR. The synthesized
compounds (1a–5a) and their parent sulfa drugs (1b–5b)
were screened against bovine cytosolic carbonic anhydrase
II (bCA II). The CA active site residues involved in direct
zinc binding are His94, His96, and His119. In addition
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Figure 2: Structures of sulfa drugs, sulfamerazine (1b), sulfaquinoxaline (2b), sulfadiazine (3b), sulfadimidine (4b), and sulfachloropyrazine
(5b).

the substrate (CO
2
) association pocket, Thr199 loop, and

the histidine proton shuttle mechanism (for regeneration of
active site Zn bound hydroxide ion) are essential for CA
catalytic activity and are highly conserved in all alpha class
CAs. For this reason initial screening against bCA-II was
carried out. For comparison the bCA II inhibition activity of
clinically used standard CA inhibitor acetazolamide (AZM)
was also carried out (Table 1). The CA inhibition activity for
all compounds is given in Table 1. All chloro triazine derived
compounds were active inhibitors of bCA II. A significant
increase in CA inhibition activity was observed for sulfa
drugs containing chloro triazine moieties. Sulfa drugs (1b–
5b) also exhibited the potential to inhibit bCA II; however
their inhibitor potency is not significant.Themost active sulfa
drug was 2b showing CA inhibition up to 51.8% followed by
5b (42.4%). The corresponding chloro triazine derivative of
5b, that is, compound 5a, was the most active inhibitor of
bCA II having IC

50
value of 1.49 𝜇M. For compounds 1a–5a,

the bCA II inhibition activity decreases in the order 5a > 1a

> 4a > 3a > 2a, whereas for the parent sulfa drugs 1b–5b, the
inhibition activity decreases as 2b > 5b > 4b > 3b > 1b.

Molecular docking studies were carried out to investigate
the mode of binding as well as important binding site
interactions that could possibly explain the increased CA
inhibition observed for chloro triazine derived compounds.
Molecular docking studies were performed using LeadIT
software. Before starting the molecular docking studies, the
docking methodology was validated by redocking the ligand
(that had cocrystallized with the hCA II enzyme 3K34). The
docking method successfully reproduced the binding mode
of native ligand with an RMSD of <2 Å. Although none of the
compounds tested here contained a free sulfonamide group
(SO
2
NH
2
), which is the typical zinc binding function that

binds directly to the Zn2+ metal center of CA, still all com-
pounds were able to inhibit this enzyme. Molecular docking
studies reveal that, in addition to forming stable hydrogen
bond interactions with surrounding amino acid residues
as well as certain favorable hydrophobic interactions, these
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Table 1: bCA II inhibition data for compounds 1a–5a and their
parent compounds 1b–5b.

Compounds IC50 ± SEM (𝜇M) (or % inhibition)a

1a 4.14 ± 0.02

2a 105.3 ± 0.16

3a 24.9 ± 0.03

4a 14.9 ± 0.02

5a 1.49 ± 0.006

1b (19.6 ± 0.2)

2b (51.8 ± 0.6)

3b (31.2 ± 0.5)

4b (41.7 ± 1.2)

5b (42.4 ± 0.7)

AZM 1.16 ± 0.02

a% inhibition at 0.5mM concentration of tested compounds; AZM: acetazo-
lamide.

Figure 3: Compound 5a inside binding pocket of hCA II. 5a is
shown in magenta color with sticks representation. The hydropho-
bic surfaces are drawn using Chimera and the color scheme is
according to Kyte-Doolittle coloring scheme; blue color indicates
most hydrophilic surface (hence polar residues), white for neutral,
and orange for hydrophobic surface (nonpolar residues).

molecules were able to inhibit the enzyme by fitting inside the
entrance of the active site such that the aryl group substituted
on the sulfonamide nitrogen fits inside the hydrophobic
pocket (the typical arylsulfonamide binding pocket) and the
dichloro-triazine moiety fills the adjacent hydrophilic pocket
(Figures 3 and 4). In all compounds studied, the sulfonamide
group did not form a direct bond with the Zn2+ metallic
centre, as expected, since the sulfonamide nitrogen atom is
not free and is substituted.The bindingmodes of compounds
were similar to one another. In general, for compounds 1a–
5a, the sulfonamide nitrogen makes hydrogen bond interac-
tion with Gln92 and sulfonamide oxygen makes hydrogen
bond interactions with Asn62 and Asn67 (Figure 5). Similar
interactions were observed for sulfonamide group of sulfa
drugs 1b–5b (Figure 6). In most binding conformations for
1a–5b, the nitrogen atom of the triazine ring was found to
be involved in hydrogen bond contact with Trp5. Common

Table 2: Docking scores and their corresponding ranks as judged
by Hyde affinity assessment.

Compound Docking
score Rank Δ𝐺 (KJ/mol)

1a −15.96 7 −6
2a −19.87 1 −2
3a −15.04 9 −5
4a −16.64 9 −1
5a −17.06 6 −15
1b −20.37 7 −8
2b −20.37 7 −8
3b −20.66 6 −7
4b −18.18 7 −11
5b −15.55 8 −5

3.00

2.00

1.00

0.00

−3.00

−2.00

−1.00

Hydrophobicity

Figure 4: Interactions of compound 5a with active site residues.

residues involved in hydrophobic and van der Waals inter-
actions are Leu198, Val121, His94, Thr200, and Phe131. As
indicated bymolecular docking studies compounds 1a–5a are
better able to inhibit CA II as compared to compounds 1b–5b,
due to the presence of additional 2,4-dichloro-1,3,5-triazine
moiety that fits in the adjacent hydrophilic pocket as seen in
Figures 3 and 4.

Docking scores and their corresponding ranks are given
in Table 2. The ranks of docked ligand conformations with
most favorable binding mode were decided after running
Hyde affinity assessment of first 10 lowest energy docked
conformations. Hyde Affinity Assessment is a utility included
in the LeadIT software; it allows selection of best docked
conformation on the basis of calculated binding free energy.
The docked conformation which has the least binding free
energy (ΔG, KJ/mol) is most favorable. Thus, out of 10
lowest energy conformations, the conformation that had the
lowest binding free energy ΔG, after Hyde assessment, was
chosen and its corresponding rank and docking score are
given in Table 2. The 2D interaction diagrams of binding site
interactions are given in Figures 5 and 6.
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Figure 5: Interaction diagrams of the selected docked conformations for compounds 1a–5a. Hydrogen bond interactions are indicated with
dotted lines and hydrophobic interactions are shown with green lines.
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Table 3: Calculated ADME properties of compounds 1a–5a and 1b–5b.

Compound 𝑆 + log𝑃 𝑆 + log𝐷 𝑀 log𝑃 MWt HBDH MNO TPSA
1a 2.712 1.523 1.93 412.259 2 9 122.65
2a 3.346 2.077 1.69 448.292 2 9 122.65
3a 2.397 0.965 1.681 398.232 2 9 122.65
4a 2.997 2.08 2.173 426.286 2 9 122.65
5a 2.766 0.588 1.118 432.677 2 9 122.65
1b 0.542 −0.112 0.779 264.307 3 6 97.97
2b 1.168 0.676 0.633 300.341 3 6 97.97
3b 0.169 −0.681 0.487 250.28 3 6 97.97
4b 0.926 0.484 1.06 278.334 3 6 97.97
5b 0.811 −0.468 0.235 284.725 3 6 97.97

In drug discovery process, the evaluation of ADME prop-
erties (Absorption, Distribution,Metabolism, and Excretion)
is of considerable importance, since the likelihood of success
of a molecule as a drug greatly depends on its favorable
ADME. Accordingly the parameters selected for this study
include octanol-water distribution coefficients (𝑆 + log𝑃
and𝑀 log𝑃), the pH dependent octanol-water distribution
coefficient (𝑆 + log𝐷), number of hydrogen bond donors
(HBDH), hydrogen bond acceptor (sum of nitrogen and
oxygen atoms MNO), and topological polar surface area
(TPSA). The evaluation of TPSA is used as a model to assess
the ability of compounds to cross the blood brain barrier
(BBB). Molecules with TPSA < 60 Å2 are usually expected
to be completely absorbed whereas molecules with TPSA >
140 Å2 are generally unwanted and cannot be expected to
exhibit sufficient bioavailability [38]. Typically, compounds
having molecular weight less than 500, number of hydrogen
bond acceptor (HBDH) less than 10, number of hydrogen
bond donor (MNO) less than 5, and a log𝑃 value of less
than 5 are considered to be orally bioavailable with favorable
ADME profile [39, 40]. The calculated ADME properties
of compounds 1a–5a and 1b–5b are given in Table 3. All
synthesized compounds showed favorable ADME properties.
No violation of Lipinski’s rule of 5 was observed.

4. Conclusions

Sulfa drugs are well known antibacterial agents con-
taining N-substituted sulfonamide group on para posi-
tion of aniline ring (NH

2
RSO
2
NHR). In this study 2,4-

dichloro-1,3,5-triazine derivatives of sulfa drugs (sulfam-
erazine, sulfaquinoxaline, sulfadiazine, sulfadimidine, and
sulfachloropyrazine) (1a–5a) were synthesized and charac-
terized. Their carbonic anhydrase inhibition activity was
evaluated against bCA II isozyme. For the sake of compar-
ison the CA inhibition activity of parent sulfa drugs (1b–
5b) was also evaluated. It is interesting to note here that
although all compounds including sulfa drugs contained
an N-substituted sulfonamide group, they were still able to
inhibit CA activity. Sulfa drugs exhibited weak CA inhibition
(19.6–51.8%). However 2,4-dichloro-1,3,5-triazine derivatives
of sulfa drugs (1a–5a) had significantly improvedCAI activity

(IC
50
= 1.49–24.9 𝜇M) and only compound 2a had IC

50
value

of 105.3 𝜇M. For compounds 1a-5a, the bCA II inhibition
activity decreases in the order 5a > 1a > 4a > 3a > 2a,
whereas for the parent sulfa drugs 1b–5b, the inhibition
activity decreases as 2b > 5b > 4b > 3b > 1b. Molecular
docking studies were carried out to give insights into the
binding site interactions. ADME properties were calculated
to evaluate the drug likeness of synthesized compounds. All
compounds indicated a favorable ADME profile.
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A series of modified saccharin sulfonamides have been designed as carbonic anhydrase (CA) inhibitors and synthesized. Their
binding to CA isoforms I, II, VII, XII, and XIII was measured by the fluorescent thermal shift assay (FTSA) and isothermal
titration calorimetry (ITC). Saccharin bound the CAs weakly, exhibiting the affinities of 1–10mM for four CAs except CA I where
binding could not be detected. Several sulfonamide-bearing saccharines exhibited strong affinities of 1–10 nM towards particular
CA isoforms. The functional group binding Gibbs free energy additivity maps are presented which may provide insights into the
design of compounds with increased affinity towards selected CAs.

1. Introduction

Carbonic anhydrases (CAs) belong to the lyase family of
enzymes and catalyze the reversible reaction of carbon
dioxide hydration to bicarbonate ion and proton.There are 15
CA isoforms in human body: twelve of them are catalytically
active [1–3], while three are inactive (CAs VIII, X, and XI).
The CA is linked to many diseases such as edema, glaucoma,
epilepsy, and cancer. Therefore, CA is an important target for
pharmaceutical research [4].

Heterocyclic sulfonamides are the most investigated CA
inhibitors. Among them, saccharines play a special role,
because they already contain the sulfonamide functionality in
the heterocyclic system.Therefore, saccharin itself has shown
some binding capacity to several CA isoforms. Saccharin
has been previously described as a selective inhibitor of CA
IX and CA XII at submicromolar level [5, 6]. The bovine
CA II and human erythrocyte CAs I and II have been
shown to be inhibited by saccharin [7, 8]. Furthermore, 20
newly prepared N-substituted saccharines have been shown

to exhibit higher selective binding to CA IX and CA XII
isoforms than saccharin itself [9]. Here, we describe the
binding properties of saccharin sulfonamides [10] as CA
inhibitors. They exhibited good inhibition properties.

The dissociation constants of synthesized compounds to
five CA isoforms (I, II, VII, XII, and XIII) were determined
by the fluorescent thermal shift assay (FTSA) and isothermal
titration calorimetry (ITC)methods. FTSA (also calledTher-
moFluor, differential scanning fluorimetry, DSF) [11–17] is a
rapid screening method that requires low amounts of protein
and is based on the shift of protein melting temperature (𝑇

𝑚
)

that occurs upon ligand binding. The 𝑇
𝑚
is determined by

the change of the fluorescence signal observed upon heat-
induced protein unfolding. Isothermal titration calorimetry
directly determines the dissociation constant and also the
enthalpy and entropy of binding. The enthalpy and entropy
are not the subject of this paper. Furthermore, ITC requires
larger amounts of protein compared to FTSA and cannot
determine very weak or too tight binding. However, these
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Figure 1: The chemical structures of compounds used in this study. Compound 1 is saccharin, a secondary sulfonamide. Compound 2 is
sulfonamide-modified saccharin containing both the primary and secondary sulfonamide groups, while compounds 3 and 4 contain only the
primary sulfonamide groups and are modified on the secondary sulfonamide nitrogen.

two independent methods complement each other for better
accuracy of interaction measurements.

2. Results

2.1. Binding Results. The binding of four saccharin sulfon-
amides (including saccharin itself, chemical structures shown
in Figure 1) to five isoforms of human recombinant catalytic
domains of carbonic anhydrases (CAs) was determined by
the fluorescent thermal shift assay (FTSA) and isothermal
titration calorimetry (ITC). Figure 2 shows an example of
the FTSA data compounds 1, 3, and 4 binding to CA XIII.
Figures 2(a), 2(b), and 2(c) show the thermal denaturation
curves of CA XIII in the presence of various saccharin 1 and
saccharin sulfonamides 3 and 4 concentrations.There was no
shift of the melting temperature when saccharin was added
to 200𝜇M concentration (Figures 2(a) and 2(d)). The shift
became visible only at higher saccharin concentrations (see
Figure 3(a)). However, the shiftwas significant for the saccha-
rin sulfonamides 3 and 4 (Figures 2(b) and 2(c)). Figure 2(d)
shows the dosing curves and the melting temperatures as
a function of added compound concentrations. Lines were
simulated as described in Materials and Methods.

Figure 3 shows the dosing curves of the least potent
compound 1 (saccharin) and the most potent compound 4
binding to all five tested CA isoforms. There is weak shift
exhibited by saccharin (1) only at highest concentrations
around 1–10mM, while a significant shift of the melting
temperaturewith compound4was observed.However, visual
comparison of the affinities is complicated because the
melting temperatures of all five CA isoforms are different,
varying from about 49∘C (CA VII) through 58∘C (CAs I and
XIII).

The observed dissociation constants 𝐾
𝑑
s for all four

compounds binding to the five CA isoforms as determined
by the FTSA are listed in Table 1. Saccharin sulfonamide
derivatives bound CAs with nanomolar affinities.The affinity
of compound 4 reached 330 pM for CA I and 25 nM for

CA XII (Table 1). Compound 2, however, exhibited weakest
binding of the three saccharin sulfonamides. Its affinity for
CA I was only about 3.0 𝜇M but reached about 200 nM for
CA XIII.

Saccharin has been previously demonstrated to inhibit
numerous CAs, especially CA VII. Our results confirm that
CA VII bound saccharin most strongly of the five tested
isoforms. However, our determined dissociation constants
are in the range of about 1–10mM and thus are significantly
weaker than some previously determined affinities.TheFTSA
determined that CA VII bound saccharin with the 𝐾

𝑑
of

1.0mM; CA XIII, 2.0mM; CA II, 2.9mM; CA XII, 5.9mM;
and CA I did not exhibit any detectable shift up to 7.5mM
added saccharin; thus, its 𝐾

𝑑
is weaker than 10mM.

In order to confirm the FTSA measurements, all four
compounds binding to five CA isoforms were also measured
by the isothermal titration calorimetry (ITC). Figure 4 shows
representative ITC data of compound 2 binding to CA II and
CA XIII and saccharin binding to CA II. The ITC data for
all compounds and CAs are listed in Table 2. Dissociation
constants obtained by ITC were essentially confirming the
FTSA results. However, the most potent compounds that
exhibited affinity stronger than 20 nM by FTSA bound too
tight to CA for accurate 𝐾

𝑑
determination by ITC. As

described in [13], the Wiseman 𝑐 factor must be between 10
and 100 for precise 𝐾

𝑑
determination by ITC (could be still

determined in the range of 5–1000 with lower accuracy). In
titrations of compound 4 with CAs I, II, and VII, the 𝑐 value
surpassed 1000. Therefore, such determinations could not be
confirmedby ITC. Saccharin itself did not exhibit any binding
by ITC as seen in Figure 4(c).

Dissociation constants were recalculated to the Gibbs
free energies of binding in order to make easy comparison
between different compound structures in the order of
increasing affinities. Figure 5 shows such Gibbs free energy
additivity scheme for all five CA isoforms. The addition
of the alkyne group (compound 3 versus 2) significantly
strengthened the binding to CAs I, II, VII, and XIII but not
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Figure 2: The binding of compounds 1, 3, and 4 to CA XIII, determined by the fluorescent thermal shift assay (FTSA). Panels (a)–(c) show
the protein melting fluorescence curves as a function of temperature at several added compound concentrations. Saccharin did not exhibit a
𝑇
𝑚
shift (a) while compounds 3 (b) and 4 (c) exhibited a significant shift. Panel (d) shows the resultant three compound dosing curves, the

dependencies of the protein melting temperature 𝑇
𝑚
on the added three compound concentrations. Datapoints are the experimental values

obtained from panels (a)–(c) and the solid lines are simulated according to the model as described in Materials and Methods. Experiments
were performed at pH 7.0 in sodium phosphate buffer.

towards CA XII. However, consecutive replacement of the
alkyne group with the phenyl group (compound 4) increased
the binding affinity towards all five CAs. The energetic
contribution was greatest for CA I (−14.5 and −24.8 kJ/mol,
resp.). Compound 4 exhibited the largest affinities towards all
five CA isoforms. However, affinity itself does not automat-
ically increase selectivity towards a particular CA isoform.
Selectivity towards a particular CA isoform is often a goal
for a drug that would not have side effects by inhibiting
a nondesired isoform. These Gibbs free energy diagrams

helped design a very potent compound 4 that is also quite
selective towards CA I isoform.

2.2. Docking Results. To explore the ligand-protein interac-
tions for the complexes which did not have available X-ray
structures, compounds 3 and 4 were docked in the active site
of CA II using Vdock docking program [18, 19]. Here, we
assumed that sulfonamide group is bound to the active site
zinc as is indicated from the binding results. Furthermore,
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Figure 3: The FTSA dosing curves of compounds 1 (saccharin, panel (a)) and 4 (b) binding to CAs I, II, VII, XII, and XIII. Saccharin was
dosed up to 7.5mM and a small 𝑇

𝑚
shift was observed for all CAs except CA I. Compound 4 was dosed up to 200 𝜇Mwith a significant shift.

The determined dissociation constants for all compounds are listed in Table 1. There was no added DMSO while dosing saccharin and there
was 2% (v/v) final DMSO concentration while dosing 4. This explains the reduced 𝑇

𝑚
of the protein in the absence of compound with DMSO

(b) compared to (a) that in the absence of DMSO.

Table 1: Compound dissociation constants of human recombinant carbonic anhydrase isoforms I, II, VII, XII, and XIII, as determined by
the fluorescent thermal shift assay (FTSA, 37∘C, pH 7.0). Acetazolamide (AZM) was used as a control. Saccharin bound with the 𝐾

𝑑
of 1 to

over 10mM while compound 4 reached the affinity of 0.3 to 25 nM.

Compound Dissociation constants𝐾
𝑑
(nM) and CA isoforms

CA I CA II CA VII CA XII CA XIII
1 (saccharin) >10,000,000 2,900,000 1,000,000 5,900,000 2,000,000
2 3000 400 770 220 200
3 18 20 110 290 45
4 0.33 2.5 4.3 25 6.7
AZM 1400 38 17 130 50
Uncertainties of the FTSA measurements are approximately 1.6-fold in𝐾𝑑.

similar to our previous study [20], we used constrained
docking to achieve reasonable results. A spatial constraint
was imposed on the zinc-bound nitrogen to mimic a strong
coordination between the zinc and sulfonamide nitrogen. An
additional constraint was imposed on the sulfur-benzene ring
bond torsional angle to maintain the correct rotamer. The
main reason for the torsional constraints was an apparent lack
of correct torsional potentials for the bond connecting the
bulk of ligand with the sulfonamide group [21, 22].

The preliminary docking showed that the benzene ring
had a strong tendency towards aligning with the sulfonamide
S–Nbond,while a visual inspection of the structures available
in the PDB showed that many structures are staggered or
nearly aligned with one of the S=O bonds. To verify this,
we performed a survey of the available PDB [23] structures.
A search revealed 115 CA structures with 124 ligand confor-
mations in which the active center zinc-bound sulfanilamide
group is attached to a benzene ring with both hydrogen

substituents at the orthoposition. We explored the statistics
of the torsional angles that the benzene ring plane makes
with respect to the sulfonamide oxygens. The vast majority
of the angles were in a narrow range characterized by an
approximately staggered conformation on one end and an
eclipsed rotamer in which the benzene ring was aligned with
one of the S=O bonds on the other end of the range. Out of
the 124 ligand conformations, there were only five outliers
(PDB ID: 3ca2, 3b4f, 3nj9, 3p3h, and 3p3j) in which the
benzene ring was aligned with the sulfonamide nitrogen.
These five ligands are characterized by bulky substituents at
the meta- or paraposition of the benzene ring. Because of
the small number of the outliers and because of a small size
of compounds 3 and 4, we felt these outliers can be rather
safely not taken into statistics for our purposes. Among the
rest of the 119 ligand conformations, the average torsion angle
between the S=O and the plane of the benzene ring was 14.7∘
(𝜎 = 7.8∘).
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Figure 4: Isothermal titration calorimetry (ITC, 37∘C) binding curves for compound 2 to CA II (panel (a),𝐾
𝑑
= 290 nM) and CA XIII (panel

(b), 𝐾
𝑑
= 120 nM) and saccharin (1) to CA II (panel (c), 𝐾

𝑑
> 10−4M, could not be accurately determined). Table 2 lists the dissociation

constants obtained by ITC for the tested compounds binding to all five CAs.

Based on the findings, we chose as a reference a com-
pound having a similar ring structure to 3-4, indane-5-
sulfonamide ligand (PDB ID: 2qoa) [24] with O=S–C–C
torsion angle 18.0∘, which is close to the average described
above. A ±15∘ constraint around the indane-5-sulfonamide
value was imposed on the corresponding dihedral angles

of 3-4 during the docking. The docking results are shown
in Figure 6. The hydrophobic tails of the ligands 3-4 lie in
the hydrophobic groove framed by residues Phe131, Val135,
Pro202, and Leu204. The side chain of Thr200 forms the
hydrogen bondswith the sulfonyl oxygens in the thiazole ring
of 3 and 4.
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Figure 5: The thermodynamics of saccharin (1) and saccharin derivatives (2–4) binding to five CA isoforms, determined by FTSA at pH
7.0 and 37∘C. The numbers within the shapes represent the Gibbs free energies of binding to a particular CA while the numbers on arrows
show the differences in Δ𝐺 between two compounds that are most similar in chemical structure (kJ/mol). These differences represent the
functional group contributions to the overall binding thermodynamics.

Table 2: Compound dissociation constants of human recombinant CA isoforms I, II, VII, XII, and XIII, as determined by ITC (37∘C, pH 7.0).
Acetazolamide (AZM) was used as a control. The affinity range of ITC determinations is quite narrow. At our experimental conditions, 5–
10𝜇MCA in the calorimeter cell, the range may cover 1000–50 nM affinities (for theWiseman factor of 100 to 10). With some approximation,
the range could be expanded to cover affinities of 100 𝜇M to 20 nM.These ITC measurements essentially confirm the FTSA results.

Compound Dissociation constants𝐾
𝑑
(nM) and CA isoforms

CA I CA II CA VII CA XII CA XIII
1 >100,000 >100,000 >100,000 >100,000 >100,000
2 1400 290 560 99 120
3 28 56 160 250 47
4 <20 <20 <20 40 <20
AZM 810 46 63 130 60
Uncertainties of the ITC measurements are approximately 2.0-fold in𝐾𝑑.

Compounds 3-4 were also docked into CA XII (PDB ID:
1jd0 [25]) to possibly rationalize a relatively poor binding of
3 and 4 compared to CA II. Somewhat unexpectedly, these
two compounds docked in a reverse bindingmode compared
to CA II: in CA XII the benzothiazole ring of these ligands
is flipped (Figure 6(b)). In the reverse binding mode, one of
the oxygen atoms of the sulfonyl group in the thiazole ring
forms a hydrogen bond with Gln92 side chain. However, this
hydrogen bond is likely to be much weaker compared to the
complex with CA II because the hydrogen bond length is
larger by more than 0.4 Å in the complex with CA XII as
compared to CA II.

3. Discussion

Sulfonamides are themost investigated inhibitors of carbonic
anhydrases. Primary SO

2
NH
2
group binds to zinc atom

in the active site and inhibits the protein catalytic activity.
However, it is desirable to make compounds that would be

good inhibitors of selected CA isoforms and would not bear
the sulfonamide group. One such compound is saccharin
that was previously shown to be a potent and quite selective
inhibitor towards selected CA isoforms [5]. Furthermore,
the crystal structure of saccharin bound to CA II has been
determined.

This study confirmed that saccharin bound four of the
tested five CA isoforms by direct biophysical techniques such
as the fluorescent thermal shift assay. Interestingly, the bind-
ing of saccharin modified with sulfonamide group exhibited
strong binding to all tested CA isoforms. Saccharin binding
was carefully measured several times and could be detected
for any of the tested CA isoforms only at concentrations of 1–
10mM. The 𝐾

𝑑
s for saccharin binding to four CA isoforms

ranged from 1.0 to 5.9mM (except CA I where there was
no shift detected). This result significantly contradicts earlier
finding by Köhler et al. and D’Ascenzio et al., where all
tested 14 isoforms of CA bound saccharin with nanomolar to
micromolar affinity [5, 9].TheCAVII has been shown to bind
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(a)

(b)

Figure 6:Thedockingof compounds 3 (purple) and4 (gray) into the
active site of CA II (a) and CAXII (b).The solvent accessible surface
of the protein is displayed to demonstrate howwell the ligand fits the
active site of CA II. Compound tails are arranged quite differently in
CAs II and XII.The protein surface is colored to show oxygen atoms
(red), nitrogen atoms (blue), and zinc atom (gray), and the rest is in
cyan-blue.

saccharin with 10 nM affinity [5]. Our results indicate that the
affinity is 100,000-fold weaker. However, our results confirm
that saccharin bound CA VII, the strongest of the five tested
isoforms. Therefore, selectivity towards CA VII is shown
by both FTSA and inhibition methods. Isothermal titration
calorimetry confirmed that saccharin bound all tested CAs
with the𝐾

𝑑
weaker than 100 𝜇M.

There is no clear explanation for such significant dis-
crepancy between the binding measurements by FTSA-ITC
and inhibition of activitymeasurements by stopped-flowCO

2

hydration assay. However, different approaches sometimes
yield different results and it may be necessary to further
investigate this reaction by other techniques.

The thermodynamics-structure correlation diagrams, as
shown in Figure 5, could help design compounds with
desired properties such as increased affinities or increased
selectivity toward a desired CA isoform. However, it should

be kept in mind that the diagrams in Figure 5 and the values
inTables 1 and 2 represent only the observed𝐾

𝑑
s that are valid

exclusively for pH 7.0 and 37∘C. These values depend on pH
because there are linked protonation reactions observed upon
compound binding to CA [26, 27]. In order to better under-
stand the structure-thermodynamics correlations, it would
be important to obtain the intrinsic values of binding by
subtracting the contributing protonation reactions. However,
such subtraction is not the subject of this paper because the
actual affinities occurring at pH 7.0 are the observed values
and it is important to compare them with the ones obtained
by other methods such as stopped-flow CO

2
hydration assay

[5, 9].
Saccharine contains only a secondary sulfonamide group

that apparently binds CAs significantly weaker than modi-
fied compounds bearing primary sulfonamide groups. Their
binding is expected to be quite different and thus exhibits
significantly different affinities for CAs. Compound 2 bears
both the primary and secondary sulfonamide groups, but it
is expected to bind through its primary sulfonamide to the
zinc of CA as confirmed by docking. Furthermore, it bound
significantly stronger than saccharin itself.

Compounds 3 and 4 are the strongest binders of the four
tested compounds towards all CAs. It was interesting to see
if some of their structural moieties could be used for the
design of compounds with even greater affinity or increased
selectivity towards a desired CA isoform. Docking showed
that the compounds bound in a quite different structural
arrangement when comparing CA II and CA XII docked
structures. This indicates that these and similar functional
groups could be used to further increase the selectivity
towards, for example, cancer related CA XII.

The affinity of several millimolar is sufficient to detect
binding by X-ray crystallography if the added compound
concentration is of the order of 1mM. Therefore, there is no
contradiction between our results that show weak saccharin
binding and crystallographic structures that demonstrate
saccharin bound in the active site of a CA.

4. Materials and Methods

4.1. Organic Synthesis of the Compounds. Saccharin (1) was
purchased while compounds 2–4 were synthesized as previ-
ously described in [10]. Figure 1 shows the chemical struc-
tures of saccharin (1) and the three saccharin sulfonamide
derivatives (2, 3, and 4) that are the subject of this paper.

4.2. Protein Preparation. Carbonic anhydrase isoforms I, II,
VII, XII, and XIII were expressed and purified as previously
described: CA I in [28], CA II in [29], CAs VII and XIII in
[30], and CA XII in [26].

4.3. Determination of Compound Binding to CA Isoforms

4.3.1. Fluorescent Thermal Shift Assay. The fluorescent ther-
mal shift assay (FTSA) measurements were performed in a
Corbett Rotor-Gene 6000 (QIAGEN Rotor-Gene Q) instru-
ment using the blue channel (excitation 365 ± 20, detection
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460 ± 15 nm). The samples (20 𝜇L volume) contained 5–
10 𝜇M protein, 0–200𝜇M compound, and 50 𝜇M ANS (8-
anilino-1-naphthalene sulfonate) in 50mM sodium phos-
phate buffer (pH 7.0), 50mM NaCl, and 0 or 2% DMSO
(concentration in the final assay, v/v). The applied heating
rate was 1∘C/min. Data analysis was performed as previously
described [28].

4.3.2. Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) experiments were performed using VP-
ITC instrument (Microcal, Inc., Northampton, USA) with 4–
10𝜇Mprotein solution in the cell and 40–100𝜇Mof the ligand
solution in the syringe. A typical experiment consisted of 25
injections (10 𝜇L each) within 3min intervals. Experiments
were performed at 37∘C in 50mM sodium phosphate buffer
containing 50mM NaCl at pH 7.0, with a final DMSO
concentration of 2%, equal in the syringe and the cell.

4.3.3. Docking. Docking was performed using Vdock pro-
gram [18, 19]. Structures 1jd0 [25] and 4g0c [31] were
used to build CA II and CA XII receptors, respectively.
The ligands were built using Avogadro v. 1.1.0 [32]. Force
fields CHARMM22 [33] and CHARMmwith Momany-Rone
charges [34] were used to model the protein and ligand,
respectively. The ligand parameters were generated using
Discovery Studio Visualizer v. 3.5 (Accelrys Software Inc.,
San Diego, CA). Sulfonamide nitrogen was fixed at an X-ray
position by setting it as a translational center and placing it
into the translational box whose dimension was reduced to
zero.The solvent effect during docking was modeled with the
distance-dependent dielectric approximation, 𝜀

𝑖𝑗
= 4𝑟
𝑖𝑗
[35].

One hundred minima were generated (instead of the default
20) and the genetic algorithm was switched off during dock-
ing to ensure a more thorough search of the conformational
space. The docked structures were graphically represented
using VMD [36].

5. Conclusions

The saccharin sulfonamides exhibited nanomolar and sub-
nanomolar affinities toward selected CA isoforms. However,
unmodified saccharin bound the tested CAs with only 1–
10mM affinity. Saccharin is a secondary sulfonamide and
bound CAs significantly weaker than saccharin sulfonamide
derivatives that are primary sulfonamides. The Gibbs free
energies of binding show the functional group influence
on the binding constants of saccharin and its sulfonamide
derivatives.
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A new series of compounds containing a sulfamide moiety as zinc-binding group (ZBG) has been synthesized and tested for
determining inhibitory properties against four human carbonic anhydrase (hCA) isoforms, namely, CAs I, II, IX, and XII. The
X-ray structure of the cytosolic dominant isoform hCA II in complex with the best inhibitor of the series has also been determined
providing further insights into sulfamide binding mechanism and confirming that such zinc-binding group, if opportunely
derivatized, can be usefully exploited for obtaining new potent and selective CAIs. The analysis of the structure also suggests that
for drug design purposes the but-2-yn-1-yloxy moiety tail emerges as a very interesting substituent of the phenylmethylsulfamide
moiety due to its capability to establish strong van derWaals interactions with a hydrophobic cleft on the hCA II surface, delimited
by residues Phe131, Val135, Pro202, and Leu204. Indeed, the complementarity of this tail with the cleft suggests that different
substituents could be used to discriminate between isoforms having clefts with different sizes.

1. Introduction

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metal-
loenzymes found in prokaryotes and eukaryotes, which
catalyze the reversible hydration of carbon dioxide to
bicarbonate ion and proton (CO

2
+ H
2
O  HCO

3

− + H+)
[1, 2]. In humans 15 different isoforms have been identified so
far, among which 12 are catalytically active (CAs I-IV, VA-VB,
VI-VII, IX, and XII-XIV), whereas the remaining three (CAs
VIII, X, and XI), named as CA-related proteins (CARPs), are
devoid of any catalytic activity [2]. All the catalytically active
isoforms contain in their active site a zinc ion tetrahedrally

coordinated by three conserved histidine residues and awater
molecule/hydroxide ion [1, 2].

Over the past few years, the discovery of the involve-
ment of several CA isoforms in human diseases has greatly
increased the attention on these enzymes in regard to their
consideration as interesting targets for drug design [3].
Indeed, a wealth of derivatives, mainly containing a primary
sulfonamide (RSO

2
NH
2
) [1, 2, 4–6] and its bioisosteres,

such as the sulfamate (ROSO
2
NH
2
) [1, 7, 8] and sulfamide

(RNHSO
2
NH
2
) [1, 2, 9–18] as zinc anchoring groups, have

been investigated as CA inhibitors (CAIs) with some of them
(principally sulfonamides and sulfamates) being explored for
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Figure 1: Chemical formulas of inhibitors 1–16.

the treatment of a variety of disorders such as glaucoma [19–
22], acid-base disequilibria [23], epilepsy [24, 25] neuromus-
cular diseases [26], edema [27], and obesity [28, 29] and
for the management of hypoxic tumors [30]. Acetazolamide
(AAZ) 1 [31], methazolamide (MZA) 2 [31], topiramate
(TPM) 3 [32], ethoxzolamide (EZA) 4 [33], and dichlor-
phenamide (DCP) 5 [31] represent some examples of such
pharmacologically relevant CAIs (Figure 1). However, it is
important to highlight that none of the currently clinically
used CAIs shows selectivity for a specific isozyme [1].

The knowledge of the inhibition profile of CAIs against
all human isoforms and of their detailed binding to the
enzyme (which can be obtained from crystallographic data)
can allow for a better understanding of their mechanism of
action and can provide an efficient molecular basis for the
rational drug design of isozyme-selective compounds [1, 34].
In the last decade a huge number of X-ray structural studies

of CA adducts principally with sulfonamides and sulfamates
have been reported. On the contrary, sulfamide-containing
derivatives have been only poorly investigated as CAIs,
because they were initially supposed not to be particularly
suitable for obtaining potent CA inhibitors, exhibiting just
a moderate-to-weak inhibition potency [35, 36]. However,
many recent studies, predominantly by Supuran’s group, have
supported the idea that sulfamide derivatives can be con-
sidered interesting candidates for obtaining CAIs, showing
such several compounds with relatively high CA affinity [12–
15]. At present, only 5 sulfamide-containing derivatives have
been characterized by means of X-ray crystallography for
their interaction with CAs: the simple sulfamide 6 [9, 16],
the N-hydroxy-sulfamide 7 [10, 18], the sulfamide deriva-
tive of the antiepileptic drug topiramate 8 [11–15, 17], the
boron containing derivative 9 [37], and the nitroimidazole-
sulfamide 10 [38] (Figure 1). Thus we decided to investigate
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in more detail this class of inhibitors by means of kinetic
and crystallographic studies. In particular, in this paper we
describe the synthesis and the inhibition analysis of a series
of new sulfamides (compounds 11–16) with CA isoforms I, II,
IX, and XII. Furthermore, to better understand at structural
level the molecular features determining the inhibition pro-
files of such compounds, we also report the high-resolution
crystallographic structure of the cytosolic dominant isoform
hCA II in complex with the highest affinity inhibitor (com-
pound 14) in the newly synthesized series.

2. Results and Discussion

2.1. Chemistry. Synthesis of aza-benzylidene derivatives of
sulfamide, like compound 13, from aryl aldehydes and sul-
famide, is reported in the patent literature [39]. Our first
efforts to reproduce a published procedure where ethanol
was used as a solvent resulted in formation of trace amounts
of desired product. After screening of several solvents we
found that the use of glacial acetic acid gave reproducible
results. With the improved procedure, where equimolar
amounts of aryl aldehydes (compounds 20a-b) and sulfamide
(compound 6) were used, monosubstituted aza-benzylidene
derivatives 13 and 15 were isolated in acceptable yields
(Scheme 1). Substituted aryl aldehydes 20a-b were prepared
from 4-hydroxybenzaldehyde 17 and corresponding alcohols
18 or 19 under Mitsunobu reaction conditions [40].

For the synthesis of monobenzyl derivatives of sulfamide,
we chose one-pot two-step procedure [39], where the first
step is the condensation reaction of sulfamide (compound 6)
and aryl aldehydes and the second step is the treatment of
reaction mixture with NaBH

4
, where the reduction of C=N

double bond takes place. Under these conditions utilizing
aldehydes 20a-b, 17, and 21, monosubstituted sulfamides 11,
12, 14, and 16 were obtained (Scheme 1).

2.2. CA Inhibition and Structure-Activity Relationship (SAR).
Sulfamides 11–16 were investigated as inhibitors of four
physiologically relevant CA isoforms, the cytosolic hCAs I
and II, and the transmembrane, tumor-associated hCAs IX
and XII (Table 1). The following SAR can be observed from
the data of Table 1.

(i) hCA I was poorly inhibited by sulfamides 11–16,
which showed a compact behavior of medium-potency,
weak inhibitors, with K

𝐼
s ranging from 1440 to 4050 nM.

Interestingly, the compounds with the bulkier tails, 15 and 16,
were more effective as hCA I inhibitors compared to the
derivatives with the OH, OMe, or alkynyl-ether moieties 11–
14. It may be observed that the standard drug acetazolamide
(AAZ, a clinically used drug) was a more effective hCA I
inhibitor compared to the sulfamides reported here.

(ii) The new sulfamides inhibited the physiologically
dominant cytosolic isoform hCA II with K

𝐼
s ranging from

9.5 to 188 nM. It is interesting to note that derivatives 13 and
14 were effective hCA II inhibitors (comparable to AAZ),
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Table 1: hCAs I, II, IX, and XII inhibition data with sulfamides 11–
16. Acetazolamide (AAZ) has been used as standard drug. Analyses
were performed with a CO2 hydrase, stopped-flow assay [41].

Compounds 𝐾
𝐼
(nM)∗

hCA I hCA II hCA IX hCA XII
11 2180 74.1 40.7 5.8
12 4050 134 60.0 6.6
13 1940 9.8 59.1 8.4
14 1810 9.5 61.7 8.1
15 1650 188 56.3 6.5
16 1440 43.3 62.1 6.6
AAZ 250 12 25 5.7
∗

Mean from 3 different assays, errors in the range of ±10% of the reported
values.

with inhibition constants of 9.5–9.8 nM (Table 1). The two
compounds incorporate the same but-2-yn-1-yloxy-tail and
only differ by the presence of Schiff ’s base (imine) moiety in
compound 13, which is reduced to the secondary amine in
compound 14. It is obvious that this structural modification
has a minimal effect on the hCA II inhibitory properties,
whereas the nature of the tail present in position 4 of the
benzene ring (with respect to the zinc-binding group) has a
crucial role in their binding affinity to the enzyme. Indeed,
the compounds with such smaller moieties (than the but-2-
yn-1-yloxy-one), like 11 and 12, but also those with larger and
bulkier such tails (compounds 15 and 16), were less effective
CAIs compared to compounds 13 and 14 against hCA II.
Indeed, compounds 11 and 16 were medium-potency hCA
II inhibitors (K

𝐼
s ranging from 43.3 to 74.1 nM) whereas

compounds 12 and 15 were even weaker, with inhibition
constants in the range of 134–188 nM (Table 1). The net
difference of activity between compounds 11 and 12 which
only differ by a CH

3
moiety should be noted. In the case of the

imine-amine pair 15, 16, the imine 15 was 4.3 times a weaker
hCA II inhibitor compared to the amine 16.

(iii) Both transmembrane isoforms, hCA IX and XII,
were effectively inhibited by sulfamides 11–16, with little SAR
evident from data of Table 1. Thus, for hCA IX the inhibition
constants only ranged between 40.7 and 62.1 nM, whereas
against hCA XII they were in the range of 5.8–8.4 nM. Thus
all these sulfamides weremedium-potency hCA IX inhibitors
and were highly effective as hCA XII inhibitors (Table 1).

2.3. Crystallography. To better understand at structural level
the molecular features determining the inhibition profiles of
this new series of compounds against hCAs, we have solved
the crystal structure of the cytosolic dominant isoform hCA
II in complex with its highest affinity inhibitor (compound
14) in the series.

Crystals of hCA II/14 adduct were isomorphous with
those of the native protein [42], allowing for the analysis of
the structure by difference Fourier techniques. Data collec-
tion and refinement statistics are shown in Table 2. Inhibitor
binding did not generate major changes in the structure of
hCA II as proved by the low value of the RMSD calculated by

Table 2: Crystal parameters, data collection, and refinement statis-
tics.

Crystal parameters
Space group P21
𝑎 (Å) 42.4
𝑏 (Å) 41.3
𝑐 (Å) 71.8
𝛾 (∘) 104.3
Number of independent molecules 1

Data collection statistics
Resolution (Å) 50−1.85
Wavelength (Å) 1.54178
Temperature (K) 100
𝑅merge (%)a 3.4 (7.1)
Mean 𝐼/𝜎(𝐼) 35.8 (13.6)
Total reflections 80810
Unique reflections 20026
Redundancy (%) 4.0 (2.5)
Completeness (%) 96.1 (84.8)

Refinement statistics
𝑅factor (%)b 15.6
𝑅free (%)b 19.6
RMSD from ideal geometry

Bond lengths (Å) 0.012
Bond angles (∘) 1.7

Number of protein atoms 2091
Number of water molecules 215
Number of inhibitor atoms (2 molecules) 34
Average B factor (Å2)

All atoms 12.6
Protein atoms 11.6
Inhibitor 1 atoms 19.9
Inhibitor 2 atoms 27.1
Water molecules 20.6

Ramachandran plot
Residues in the most favored regions (%) 88.6
Residues in additional allowed regions (%) 11.0
Residues in generously allowed regions (%) 0.5

a
𝑅merge = ∑ℎ𝑘𝑙 ∑𝑖 |𝐼𝑖(ℎ𝑘𝑙) − ⟨𝐼(ℎ𝑘𝑙)⟩|/∑ℎ𝑘𝑙 ∑𝑖 𝐼𝑖(ℎ𝑘𝑙), where 𝐼𝑖(ℎ𝑘𝑙) is the
intensity of an observation and ⟨𝐼(ℎ𝑘𝑙)⟩ is the mean value for its unique
reflection; summations are over all reflections.
b
𝑅factor =∑ℎ ||Fo(ℎ)|−|Fc(ℎ)||/ ∑ℎ |Fo(ℎ)|, where Fo and Fc are the observed
and calculated structure-factor amplitudes, respectively. 𝑅free is calculated
in same manner as 𝑅factor, except that it uses 5% of the data omitted from
refinement.

superposing theC𝛼 atoms in the adduct and the noninhibited
enzyme (0.3 Å). The overall quality of the model was high,
with 88.6% of the non-glycine residues located in the allowed
regions of the Ramachandran plot (Table 2).

The inspection of the electron density maps at various
stages of the crystallographic refinement revealed the binding
of two inhibitormolecules: the first one on the protein surface
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Figure 2: Solvent accessible surface of hCA II in its complex with
14. The two molecules of the inhibitor bound within the active site
cavity and on the protein surface are shown in stick representation.
The hydrophobic cleft defined by residues Phe131, Val135, Pro202,
and Leu204 is highlighted in orange.

and the second in the active site cavity (Figure 2).The binding
of the inhibitor on the protein surface will not be discussed
here, since it occurs far from the active site; thus it is not
correlated with the inhibition properties of the molecule. On
the contrary the binding of the molecule in the active site will
be analyzed in detail since it is clearly associatedwith the high
inhibitory potency of the investigated sulfamide.

As clearly evidenced in Figure 3(a) the electron density
for the molecule bound in the active-site is very well defined
for the phenylmethyl sulfamide moiety and slightly less
defined for the but-2-yn-1-yloxy tail indicating some flexibil-
ity of this region.The compound is anchored to the active site
coordinating the catalytic Zn2+ ion by means of one nitrogen
atom of the sulfamide group (N1) and displacing the zinc
bound water molecule/hydroxide ion (Figure 3(a)), similarly
to what is observed for other sulfamides (compounds 6–
10) and sulfonamides/sulfamates whose crystal structures in
adduct with CAs have been reported [16–18, 34, 37]. The
same nitrogen atom N1 also interacts with Thr199 forming a
hydrogen bond with its side chain, whereas one of sulfamide
oxygen atoms forms a second hydrogen bond with the back-
bone nitrogen atom of the same residue (Figure 3(a)). It is
interesting to note that the single bond N2-C1 adopts a trans-
conformation (dihedral angle S1-N2-C1-C2 of about 175∘),
close to the trans-conformation expected for compound 13,
which contains in the same position a double bond. Thus it
is tempting to speculate that this behavior should be at the
basis of the almost identical affinity that the two molecules
show for hCA II (see Table 1).

The phenyl ring of the inhibitor resides in the middle
of the active site channel, making various van der Waals
interactions with the side chains of Phe131, Leu198, Pro201,
and Thr200 while the but-2-yn-1-yloxy tail lies in a small
hydrophobic cleft on the protein surface, defined by residues

Phe131, Val135, Pro202, and Leu204 (Figure 3(b)). This cleft
has already been identified as an important region in the
recognition of CAIs [1, 43]. In agreement with these data,
this interaction seems to have important consequences on
the inhibitory properties of this series of compounds against
hCA II (see Table 1); indeed, inhibitors containing the but-
2-yn-1-yloxy tail (compounds 13 and 14) are those with
the best inhibitory properties against the enzyme, while
compounds with shorter (compounds 11 and 12) or bulkier
(compounds 15 and 16) tails have less inhibitory potency.
Indeed, compounds with shorter tails probably establish less
extensive interactions with this cleft, while those with bulkier
tails are unable to interact with it.

A so clear correlation between the tail and the inhibition
constants is not observed for the other studied isoforms.
Indeed in the case of hCA IX [44] and hCA XII [45] all
studied compounds, although showing good affinity for the
enzymes, present amuch flat inhibition profile, not correlated
to the size of the tail (see Table 1). Interestingly, in both cases
the aforementioned hydrophobic cleft is larger (Figures 3(c)
and 3(d)) and probably does not interact opportunely with
the tail and does not allow a good discrimination.

A different situation is observed in the case of hCA I for
which much higher inhibition constants are observed. The
structural superposition of hCA II/14 complex with hCA I
[46] (Figure 3(f)) can give a reasonable explanation of these
data. Indeed, most of the residues involved in the interaction
of the inhibitor with hCA II are conserved also in the isoform
I. However, the substitution of Thr200 with His200 in hCA I
plays an important role in destabilizing the enzyme-inhibitor
interaction since this residue is much more bulky and makes
the active site narrower (Figures 3(e) and 3(f)).Therefore only
an important structural rearrangement of the enzyme active
site could allow the binding of the inhibitor, determining the
very low affinity toward hCA I, as previously observed for
other hCA I/inhibitor complexes [47].

As mentioned above very few papers describing sulfa-
mide-containing derivatives crystallized with hCA II have
been reported [16–18, 37, 38]. In these adducts a very
weak additional H-bond interaction is observed between the
Thr200OG atom and the second nitrogen atom of the
sulfamide moiety.This weak interaction is absent in our case.
The finding that compound 14 still remains a very good
CA inhibitor despite this absence further confirms that such
interaction does not have a great effect on the stabilization of
the binding.

In conclusion, in this paper we report the X-ray structure
of a new sulfamide inhibitor of CAs in complex with hCA II,
together with an inhibition study of a family of structurally
related compounds for the CA isoforms I, II, IX, and XII.
The data reported here provide further insights into sul-
famide bindingmechanism confirming that this zinc-binding
group could be usefully exploited for obtaining new potent
and selective CAIs. In particular, the but-2-yn-1-yloxy tail
emerges as a very interesting group for this purpose due to
its capability to establish strong van der Waals interactions
with a hydrophobic cleft on the hCA II surface delimited
by residues Phe131, Val135, Pro202, and Leu204. Indeed,
the complementarity of the tail with the cleft suggests that
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Hydrogen bonds, van der Waals interactions (distance of <4.0 Å), and the active site Zn2+-ion coordination are also shown. (b, c, d, and e)
Solvent accessible surface of hCAs II, IX, XII, and I: the hydrophobic cleft defined by residues 131, 135, 202, and 204 is highlighted in orange
(hCA II), blue (hCA IX), green (hCA XII), and magenta (hCA I). For hCA I His200 is also showed in magenta. (f) Structural superposition
of the hCA I (magenta) and hCA II (green) active sites. The inhibitor 14 is shown as bound in its complex with hCA II.
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different substituents could be used to discriminate between
isoforms having cleft with different sizes.

3. Materials and Methods

3.1. Chemistry. Reagents and startingmaterialswere obtained
from commercial sources and used as received. Compound
19 was synthesized according to literature procedure [48].
The solvents were purified and dried by standard procedures
prior to use; petroleum ether (PE) of boiling range 40–
60∘C was used. Flash chromatography was carried out using
Merck silica gel (230–400mesh).Thin-layer chromatography
was performed on silica gel; spots were visualized with UV
light (254 and 365 nm). Melting points were determined on
an OptiMelt automated melting point system. NMR spectra
were recorded on Varian Mercury (400MHz) spectrometer
with chemical shifts values (𝛿) in ppm relative to TMS
using the residual DMSO-𝑑

6
signal as an internal standard.

Elemental analyses were performed on a Carlo Erba CHNS-
O EA-1108 apparatus.

3.1.1. General Procedure for the Synthesis of 4-Alkoxy Sub-
stituted Benzaldehydes. To a mixture of 4-hydroxybenzalde-
hyde (17) (15.58mmol), PPh

3
(16.22mmol), and correspond-

ing alcohol under argon atmosphere dry DCM (100mL)
and dry THF (100mL) were added. To this mixture at
0∘C diisopropyl azodicarboxylate (DIAD) (15.76mmol) was
slowly added and reaction mixture was stirred at room
temperature for 21 h. H

2
O (75mL) and brine (15mL) were

added and themixturewas extractedwithDCM(3× 100mL).
Organic layers were combined, dried over Na

2
SO
4
, and

solvent was evaporated. The crude product was purified by
column chromatography on silica gel.

3.1.2. 4-(But-2-yn-1-yloxy)benzaldehyde (20a). Compound
20a was obtained from 4-hydroxybenzaldehyde (17) (1.90 g,
15.58mmol), PPh

3
(4.27 g, 16.27mmol), but-2-yn-1-ol (18)

(0.87mL, 11.54mmol), and DIAD (3.13mL, 15.82mmol).
The crude product was purified by column chromatography
(toluene) and crystallized from EtOH to yield 20a (1.55 g,
77%) as white solid. Mp 66–68∘C.
1HNMR (400MHz,DMSO-𝑑

6
) 𝛿: 1.84 (t, 3H, 𝐽= 2.3Hz),

4.88 (q, 2H, 𝐽= 2.3Hz), 7.13–7.17 (m, 2H), 7.86–7.90 (m, 2H),
9.88 (s, 1H).
13C NMR (100MHz, DMSO-𝑑

6
) 𝛿: 3.1, 56.3, 74.1, 84.2,

115.2, 130.0, 131.7, 162.3, 191.3.
Anal. Calcd. for C

11
H
10
O
2
(174.20): C, 75.84; H, 5.79.

Found: C, 75.60; H, 5.81.

3.1.3. 4-[(2-Methylquinolin-4-yl)methoxy]benzaldehyde (20b).
Compound 20bwas obtained from 4-hydroxybenzal-dehyde
(17) (1.90 g, 15.58mmol), PPh

3
(4.27 g, 16.27mmol), (2-

methylquinolin-4-yl)methanol(19) [48] (2.00 g, 11.54
mmol), and DIAD (3.13mL, 15.82mmol). The crude product
was purified by column chromatography (PE/EtOAC 3:1 then
1:1) to yield 20b (2.70 g, 85%) as yellow solid. Mp 98–100∘C.
1H NMR (400MHz, DMSO-𝑑

6
) 𝛿: 2.66 (s, 3H), 5.72 (s,

2H), 7.31–7.36 (m, 2H), 7.55 (s, 1H), 7.58 (t, 1H, 𝐽= 7.7Hz), 7.75

(t, 1H, 𝐽= 7.7Hz), 7.88–7.93 (m, 2H), 7.98 (d, 1H, 𝐽= 8.4Hz),
8.10 (d, 1H, 𝐽= 8.4Hz), 9.90 (s, 1H).
13CNMR (100MHz, DMSO-𝑑

6
) 𝛿: 25.0, 66.6, 115.4, 120.2,

123.7, 123.8, 125.9, 128.9, 129.4, 130.1, 131.9, 141.5, 147.4, 158.6,
163.0, 191.3.

Anal. Calcd. for C
18
H
15
NO
2
(277.32): C, 77.96; H, 5.45; N,

5.05. Found: C, 77.66; H, 5.47; N, 5.03.

3.1.4. General Procedure for the Synthesis Benzylidene Sul-
famides. To sulfamide (6) (3.12mmol) glacial acetic acid
(5mL) followed by the corresponding benzaldehyde (3.12
mmol) was added. Reaction mixture was stirred at 60∘C for
23 h. EtOHwas added and solvent was evaporated in vacuum.
The crude product was purified by column chromatography
on silica gel.

3.1.5. N-([4-(But-2-yn-1-yloxy)phenyl]methylidene)sulfuric
Diamide (13). Compound 13 was obtained from sulfamide
(6) (0.30 g, 3.12mmol) and 4-(but-2-yn-1-yloxy)benzal-
dehyde (20a) (0.54 g, 3.12mmol). The crude product was
purified by column chromatography (PE/EtOAc 2 : 1) and
crystallized from MeCN/H

2
O to yield 13 (0.32 g, 41%) as

white solid. Mp 192–194∘C.
1HNMR (400MHz,DMSO-𝑑

6
) 𝛿: 1.84 (t, 3H, 𝐽= 2.4Hz),

4.88 (q, 2H, 𝐽= 2.4Hz), 7.12–7.17 (m, 2H), 7.29 (s, 2H), 7.93–
7.98 (m, 2H), 8.83 (s, 1H).
13C NMR (100MHz, DMSO-𝑑

6
) 𝛿: 3.2, 56.4, 74.1, 84.3,

115.6, 125.6, 132.5, 162.1, 165.7.
Anal. Calcd. for C

11
H
12
N
2
O
3
S (252.29): C, 52.37; H, 4.79;

N, 11.10. Found: C, 52.03; H, 4.72; N, 11.07.

3.1.6. N-({4-[(2-Methylquinolin-4-yl) methoxy]phenyl}methy-
lidene)sulfuric Diamide (15). Compound 15 was obtained
from sulfamide (6) (0.30 g, 3.12mmol) and 4-[(2-methyl-
quinolin-4-yl) methoxy]benzaldehyde (20b) (0.87 g, 3.12
mmol). The crude product was purified by column chro-
matography (PE/EtOAc 2 : 1 then neat EtOAc) and crystal-
lized from EtOH/H

2
O to yield 15 (0.41 g, 37%) as white solid.

Mp 99–101∘C.
1H NMR (400MHz, DMSO-𝑑

6
) 𝛿: 2.67 (s, 3H), 5.75 (s,

2H), 7.31 (s, 2H), 7.33–7.38 (m, 2H), 7.57 (s, 1H), 7.57–7.63 (m,
1H), 7.73–7.78 (m, 1H), 7.96–8.03 (m, 3H), 8.12 (d, 1H, 𝐽=
8.4Hz), 8.86 (s, 1H).
13CNMR (100MHz, DMSO-𝑑

6
) 𝛿: 25.0, 66.6, 115.8, 120.2,

123.7, 123.8, 125.7, 126.0, 128.9, 129.5, 132.7, 141.6, 147.4, 158.6,
162.8, 165.8.

Anal. Calcd. for C
18
H
17
N
3
O
3
S (355.41): C, 60.83; H, 4.82;

N, 11.82. Found: C, 60.39; H, 4.87; N, 11.71.

3.1.7. General One-Pot Procedure for the Synthesis of Mono-
substituted Sulfamide. To sulfamide (6) (1 eq) glacial acetic
acid followed by the corresponding benzaldehyde (1 eq)
was added. Reaction mixture was stirred at 60∘C for 23 h.
NaBH

4
(10 eq) portionwise was added followed by extra

glacial acetic acid. Reaction mixture was stirred at room
temperature for 18 h before it was quenched with sat. aq.
NH
4
Cl. EtOH was added and solvent was evaporated in

vacuum. H
2
O was added and mixture was extracted with
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EtOAc. Combined organic layerswere dried overNa
2
SO
4
and

purified by column chromatography on silica gel.

3.1.8. N-(4-Hydroxybenzyl)sulfuric Diamide (11). Compound
11 was obtained from sulfamide (6) (0.30 g, 3.12mmol),
4-hydroxybenzaldehyde (17) (0.38 g, 3.12mmol) in AcOH
(5mL), and NaBH

4
(1.18 g, 31.2mmol) with extra AcOH

(15mL). Reaction mixture was quenched with sat. aq. NH
4
Cl

(15mL), dilutedwithH
2
O(40mL), and extractedwith EtOAc

(3 × 30mL). The crude product was purified by column
chromatography (PE/EtOAc 1 : 1) to yield 11 (0.10 g, 15%) as
white solid. Mp 140–142∘C.
1H NMR (400MHz, DMSO-𝑑

6
) 𝛿: 3.94 (d, 2H, 𝐽=

6.5Hz), 6.55 (s, 2H), 6.67–6.72 (m, 2H), 6.84 (t, 1H, 𝐽=
6.5Hz), 7.10–7.15 (m, 2H), 9.28 (s, 1H).
13CNMR (100MHz, DMSO-𝑑

6
) 𝛿: 45.8, 114.9, 128.7, 129.0,

156.4.
Anal. Calcd. for C

7
H
10
N
2
O
3
S (202.23): C, 41.57; H, 4.98;

N, 13.85. Found: C, 41.02; H, 5.07; N, 13.67.

3.1.9. N-(4-Methoxybenzyl)sulfuricDiamide (12). Compound
12 was obtained from sulfamide (6) (0.30 g, 3.12mmol), 4-
methoxybenzaldehyde (21) (0.38mL, 3.12mmol) in AcOH
(5mL), and NaBH

4
(1.18 g, 31.2mmol) with extra AcOH

(15mL). Reaction mixture was quenched with sat. aq. NH
4
Cl

(3mL), diluted with H
2
O (50mL), and extracted with

EtOAc (3 × 30mL). The crude product was purified by col-
umn chromatography (PE/EtOAc 2 : 1) and crystallized from
EtOH/H

2
O to yield 12 (0.27 g, 40%) as white solid. Mp 118–

120∘C.
1H NMR (400MHz, DMSO-𝑑

6
) 𝛿: 3.73 (s, 3H), 4.00 (d,

2H, 𝐽= 6.5Hz), 6.88 (s, 2H), 6.85–6.90 (m, 2H), 6.93 (t, 1H,
𝐽= 6.5Hz), 7.23–7.28 (m, 2H).
13C NMR (100MHz, DMSO-𝑑

6
) 𝛿: 45.6, 55.1, 113.6, 129.0,

130.5, 158.3.
Anal. Calcd. for C

8
H
12
N
2
O
3
S (216.26): C, 44.43; H, 5.59;

N, 12.95. Found: C, 44.54; H, 5.52; N, 12.81.

3.1.10. N-[4-(But-2-yn-1-yloxy)benzyl]sulfuric Diamide (14).
Compound 14 was obtained from sulfamide (6) (0.26 g,
2.67mmol), 4-(but-2-yn-1-yloxy)benzaldehyde (20a) (0.47 g,
2.67mmol) in AcOH (5mL), and NaBH

4
(1.01 g, 26.7mmol)

with extra AcOH (15mL). Reaction mixture was quenched
with sat. aq. NH

4
Cl (15mL), diluted with H

2
O (40mL), and

extracted with EtOAc (3 × 30 mL). The crude product was
purified by column chromatography (PE/EtOAc 2 : 1 then 1 : 1)
and crystallized from DCM to yield 14 (0.04 g, 9%) as white
solid. Mp 93–95∘C.
1HNMR (400MHz, DMSO-𝑑

6
) 𝛿: 1.82 (t, 3H, 𝐽= 2.3Hz),

4.00 (d, 2H, 𝐽= 6.3Hz), 4.71 (q, 2H, 𝐽= 2.3Hz), 6.59 (s, 2H),
6.88–6.97 (m, 3H), 7.23–7.28 (m, 2H).
13C NMR (100MHz, DMSO-𝑑

6
) 𝛿: 3.1, 45.6, 55.8, 74.8,

83.4, 114.4, 128.9, 131.1, 156.4.
Anal. Calcd. for C

11
H
14
N
2
O
3
S (254.31): C, 51.95; H, 5.55;

N, 11.02. Found: C, 51.82; H, 5.56; N, 10.97.

3.1.11. N-{4-[(2-Methylquinolin-4-yl)methoxy]benzyl}sulfuric
Diamide (16). Compound 16 was obtained from sulfamide

(6) (0.17 g, 1.80mmol), 4-[(2-methylquinolin-4-yl) methoxy]
benzaldehyde (20b) (0.50 g, 1.80mmol) in AcOH (5mL),
and NaBH

4
(0.68 g, 18.0mmol) with extra AcOH (15mL).

Reaction mixture was quenched with sat. aq. NH
4
Cl (10mL),

diluted with H
2
O (40mL), and extracted with EtOAc (3

× 30mL). The crude product was purified by column
chromatography (PE/EtOAc 1 : 2) to yield 16 (0.14 g, 21%)
as yellow solid. Mp 180-181∘C.
1H NMR (400MHz, DMSO-𝑑

6
) 𝛿: 2.66 (s, 3H), 4.02 (d,

2H, 𝐽= 6.4Hz), 5.60 (s, 2H), 6.60 (s, 2H), 6.97 (t, 1H, 𝐽=
6.4Hz), 7.07–7.12 (m, 2H), 7.28–7.33 (m, 2H), 7.55 (s, 1H), 7.56–
7.61 (m, 1H), 7.72–7.77 (m, 1H), 7.97 (d, 1H, 𝐽= 8.4Hz), 8.10 (d,
1H, 𝐽= 8.4Hz).
13C NMR (100MHz, DMSO-𝑑

6
) 𝛿: 25.0, 45.6, 66.2, 114.6,

120.1, 123.7, 123.9, 125.9, 128.9, 129.1, 129.4, 131.3, 142.4, 147.4,
157.1, 158.6.

Anal. Calcd. for C
18
H
19
N
3
O
3
S (357.43): C, 60.49; H, 5.36;

N, 11.76. Found: C, 60.37; H, 5.38; N, 11.81.

3.2. CA Inhibition Assays. A stopped-flow CO
2
hydration

assay with an Applied Photophysics instrument was used for
measuring the inhibition of hCAs I, II, IX, and XII by the new
compounds reported here. Phenol red (at a concentration
of 0.2mM) has been used as indicator, working at the
absorbance maximum of 557 nm, with 20mM Hepes (pH
7.4) or 20mM Tris (pH 8.3) as buffers, and 20mM Na

2
SO
4

or NaClO
4
(for maintaining the ionic strength constant).

The initial rates of the CA-catalyzed CO
2
hydration reaction

were followed for a period of 10–100 s [41]. The concen-
trations of substrate (CO

2
) ranged from 1.7 to 17mM for

the determination of the inhibition constants, with at least
six traces of the initial 5–10% of the reaction being used
for determining the initial velocity, for each inhibitor. The
uncatalyzed rates were determined and subtracted from the
total observed rates. Stock solutions of inhibitors (10mM)
were prepared in distilled-deionized water and dilutions
up to 0.01 nM were done with the assay buffer. Enzyme
and inhibitor solutions were preincubated prior to assay
for 15min (at room temperature), in order to allow for the
formation of the E-I complex. The inhibition constants were
obtained by nonlinear least-squares methods using PRISM
3 and the Cheng-Prusoff equation as reported earlier by our
groups. The kinetic parameters for the uninhibited enzymes
were derived from Lineweaver-Burk plots, as reported earlier
[49–51], and represent the mean from at least three different
determinations.

3.3. X-Ray Studies. hCA II/14 complex was obtained by
adding a 5-molar excess of inhibitor to a 10mg/mL protein
solution in 20mM Tris-HCl pH 8, 0.1% DMSO. Crystals of
the complex were obtained using the hanging drop vapor dif-
fusion technique. In particular 2 𝜇L of complex solution and
2 𝜇L of precipitant solution (1.4M Na-Citrate, 100mM Tris-
HCl pH 8.0) were mixed and suspended over a reservoir con-
taining 1mL of precipitant solution at 20∘C. X-ray diffraction
data were collected at 100K, using a copper rotating anode
generator developed by Rigaku and equipped with a Rigaku
Saturn CCDdetector. Prior to cryogenic freezing, the crystals
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were transferred to the precipitant solution with the addi-
tion of 15% (v/v) glycerol. Data were processed using the
HKL2000 package [52]. Diffraction data were indexed in the
P2
1
space group with one molecule in the asymmetric unit.

Unit cell parameters and data reduction statistics are reported
in Table 2. The atomic coordinates of hCA II (PDB entry
1CA2) [42] were used as a starting model for crystallographic
refinement after deletion of non-protein atoms. Structure
refinement (in the 20.0–1.85 Å resolution range) was carried
out using CNS [53] and model building was performed with
O [54]. Inhibitor molecules were identified from peaks in
|Fo| – |Fc| maps and gradually built into the model over
several rounds of refinement. Restraints on inhibitor bond
angles and distances were taken from similar structures in
the Cambridge Structural Database [55] whereas standard
restraints were used on protein bond angles and distances
throughout refinement. The correctness of stereochemistry
was finally checked using PROCHECK [56]. Final refinement
statistics are presented in Table 2. The atomic coordinates of
hCA II/14 complex were deposited in the Protein Data Bank,
accession code 4PQ7.
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rentino for their skillful technical assistance with X-ray
measurements.

References

[1] V. Alterio, A. di Fiore, K. D’Ambrosio, C. T. Supuran, and G.
de Simone, “Multiple binding modes of inhibitors to carbonic
anhydrases: how to design specific drugs targeting 15 different
isoforms?” Chemical Reviews, vol. 112, no. 8, pp. 4421–4468,
2012.

[2] C. T. Supuran, “Carbonic anhydrases: novel therapeutic applica-
tions for inhibitors and activators,”Nature ReviewsDrugDiscov-
ery, vol. 7, no. 2, pp. 168–181, 2008.

[3] C. T. Supuran and A. Scozzafava, “Carbonic anhydrases as
targets for medicinal chemistry,” Bioorganic and Medicinal
Chemistry, vol. 15, no. 13, pp. 4336–4350, 2007.

[4] C. T. Supuran, “Carbonic anhydrases as drug targets—general
presentation,” in Drug Design of Zinc-Enzyme Inhibitors: Func-
tional, Structural, and Disease Applications, J.-Y. Winum, Ed.,
pp. 15–38, John Wiley & Sons, Hoboken, NJ, USA, 2009.

[5] J.-Y. Winum, M. Rami, A. Scozzafava, J.-L. Montero, and C. T.
Supuran, “Carbonic anhydrase IX: a new druggable target for
the design of antitumor agents,” Medicinal Research Reviews,
vol. 28, no. 3, pp. 445–463, 2008.

[6] C. T. Supuran, A. Scozzafava, and A. Casini, “Carbonic anhy-
drase inhibitors,”Medicinal Research Reviews, vol. 23, no. 2, pp.
146–189, 2003.

[7] J. Winum, D. Vullo, A. Casini, J. Montero, A. Scozzafava, and C.
T. Supuran, “Carbonic anhydrase inhibitors. Inhibition of cyto-
solic isozymes I and II and transmembrane, tumor-associated

isozyme IX with sulfamates including EMATE also acting as
steroid sulfatase inhibitors,” Journal ofMedicinal Chemistry, vol.
46, no. 11, pp. 2197–2204, 2003.

[8] J. Winum, D. Vullo, A. Casini, J. Montero, A. Scozzafava, and
C. T. Supuran, “Carbonic anhydrase inhibitors: inhibition of
transmembrane, tumor-associated isozyme IX, and cytosolic
isozymes I and IIwith aliphatic sulfamates,” Journal ofMedicinal
Chemistry, vol. 46, no. 25, pp. 5471–5477, 2003.

[9] J.-Y. Winum, A. Scozzafava, J.-L. Montero, and C. T. Supuran,
“Therapeutic potential of sulfamides as enzymes inhibitors,”
Medicinal Research Reviews, vol. 26, no. 6, pp. 767–792, 2006.

[10] J.-Y. Winum, A. Scozzafava, J.-L. Montero, and C. T. Supuran,
“The sulfamidemotif in the design of enzyme inhibitors,”Expert
Opinion onTherapeutic Patents, vol. 16, no. 1, pp. 27–47, 2006.

[11] A. Scozzafava, M. D. Banciu, A. Popescu, and C. T. Supuran,
“Carbonic anhydrase inhibitors: inhibition of isozymes I, II
and IV by sulfamide and sulfamic acid derivatives,” Journal of
Enzyme Inhibition and Medicinal Chemistry, vol. 15, no. 5, pp.
443–453, 2000.

[12] A. Casini, J. Winum, J. Montero, A. Scozzafava, and C. T. Supu-
ran, “Carbonic anhydrase inhibitors: inhibition of cytosolic
isozymes I and II with sulfamide derivatives,” Bioorganic and
Medicinal Chemistry Letters, vol. 13, no. 5, pp. 837–840, 2003.

[13] A. Casini, J. Antel, F. Abbate et al., “Carbonic anhydrase inhibi-
tors: SAR and X-ray crystallographic study for the interaction
of sugar sulfamates/sulfamides with isozymes I, II and IV,”
Bioorganic and Medicinal Chemistry Letters, vol. 13, no. 5, pp.
841–845, 2003.

[14] J. Winum, A. Innocenti, J. Nasr et al., “Carbonic anhydrase
inhibitors: Synthesis and inhibition of cytosolic/tumor-asso-
ciated carbonic anhydrase isozymes I, II, IX, and XII with N-
hydroxysulfamides—a new zinc-binding function in the design
of inhibitors,” Bioorganic and Medicinal Chemistry Letters, vol.
15, no. 9, pp. 2353–2358, 2005.

[15] J.-Y. Winum, A. Cecchi, J.-L. Montero, A. Innocenti, A. Scoz-
zafava, and C. T. Supuran, “Carbonic anhydrase inhibitors. Syn-
thesis and inhibition of cytosolic/tumor-associated carbonic
anhydrase isozymes I, II, and IX with boron-containing sulfo-
namides, sulfamides, and sulfamates: toward agents for boron
neutron capture therapy of hypoxic tumors,” Bioorganic and
Medicinal Chemistry Letters, vol. 15, no. 13, pp. 3302–3306, 2005.

[16] F. Abbate, C. T. Supuran, A. Scozzafava, P. Orioli, M. T. Stubbs,
and G. Klebe, “Nonaromatic sulfonamide group as an ideal
anchor for potent human carbonic anhydrase inhibitors: role
of hydrogen-bonding networks in ligand binding and drug
design,” Journal ofMedicinal Chemistry, vol. 45, no. 17, pp. 3583–
3587, 2002.

[17] J. Winum, C. Temperini, K. El Cheikh et al., “Carbonic anhy-
drase inhibitors: clash with Ala65 as a means for designing
inhibitors with low affinity for the ubiquitous isozyme II,
exemplified by the crystal structure of the topiramate sulfamide
analogue,” Journal of Medicinal Chemistry, vol. 49, no. 24, pp.
7024–7031, 2006.

[18] C. Temperini, J. Winum, J. Montero, A. Scozzafava, and C.
T. Supuran, “Carbonic anhydrase inhibitors: The X-ray crystal
structure of the adduct of N-hydroxysulfamide with isozyme
II explains why this new zinc binding function is effective
in the design of potent inhibitors,” Bioorganic and Medicinal
Chemistry Letters, vol. 17, no. 10, pp. 2795–2801, 2007.

[19] R. E. Marquis and J. T. Whitson, “Management of glaucoma:
Focus on pharmacological therapy,” Drugs and Aging, vol. 22,
no. 1, pp. 1–21, 2005.



10 BioMed Research International

[20] D. Vullo, A. Innocenti, I. Nishimori et al., “Carbonic anhydrase
inhibitors. Inhibition of the transmembrane isozyme XII with
sulfonamides—a new target for the design of antitumor and
antiglaucoma drugs?” Bioorganic and Medicinal Chemistry
Letters, vol. 15, no. 4, pp. 963–969, 2005.

[21] C. T. Supuran, A. Casini, and A. Scozzafava, “Development of
sulfonamide carbonic anhydrase inhibitors (CAIs),” inCarbonic
Anhydrase—Its Inhibitors and Activators, C. T. Supuran, A.
Scozzafava, and J. Conway, Eds., pp. 67–148, CRC Press, Boca
Raton, Fla, USA, 2004.

[22] F. Fabrizi, F. Mincione, T. Somma et al., “A new approach
to antiglaucoma drugs: carbonic anhydrase inhibitors with
or without NO donating moieties. Mechanism of action and
preliminary pharmacology,” Journal of Enzyme Inhibition and
Medicinal Chemistry, vol. 27, no. 1, pp. 138–147, 2012.

[23] F. B. Loiselle, P. E. Morgan, B. V. Alvarez, and J. R. Casey,
“Regulation of the human NBC

3
Na+/HCO−

3
cotransporter

by carbonic anhydrase II and PKA,” The American Journal of
Physiology—Cell Physiology, vol. 286, no. 6, pp. C1423–C1433,
2004.

[24] C. Rivera, J. Voipio, and K. Kaila, “Two developmental switches
in GABAergic signalling: the K+-Cl− cotransporter KCC2 and
carbonic anhydrase CAVII,” Journal of Physiology, vol. 562, no.
1, pp. 27–36, 2005.

[25] D. Vullo, J. Voipio, A. Innocenti et al., “Carbonic anhydrase
inhibitors. Inhibition of the human cytosolic isozyme VII
with aromatic and heterocyclic sulfonamides,” Bioorganic and
Medicinal Chemistry Letters, vol. 15, no. 4, pp. 971–976, 2005.

[26] K. E. Lyons, R. Pahwa, C. L. Comella et al., “Benefits and risks of
pharmacological treatments for essential tremor,” Drug Safety,
vol. 26, no. 7, pp. 461–481, 2003.

[27] K.Hori, S. Ishida,M. Inoue et al., “Treatment of cystoidmacular
edema with oral acetazolamide in a patient with best vitelliform
macular dystrophy,” Retina, vol. 24, no. 3, pp. 481–482, 2004.

[28] C. T. Supuran, “Carbonic anhydrase inhibitors in the treatment
and prophylaxis of obesity,” Expert Opinion on Therapeutic
Patents, vol. 13, no. 10, pp. 1545–1550, 2003.

[29] J. Y. Winum, A. Scozzafava, J. L. Montero, and C. T. Supuran,
“Sulfamates and their therapeutic potential,”Medicinal Research
Reviews, vol. 25, no. 2, pp. 186–228, 2005.
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Natural product compound collections have proven an effective way to access chemical diversity and recent findings have identified
phenolic, coumarin, and polyamine natural products as atypical chemotypes that inhibit carbonic anhydrases (CAs). CA enzymes
are implicated as targets of variable drug therapeutic classes and the discovery of selective, drug-like CA inhibitors is essential.
Just two natural product polyamines, spermine and spermidine, have until now been investigated as CA inhibitors. In this study,
five more complex natural product polyamines 1–5, derived from either marine sponge or fungi, were considered for inhibition
of six different human CA isozymes of interest in therapeutic drug development. All compounds share a simple polyamine core
fragment, either spermine or spermidine, yet display substantially different structure activity relationships for CA inhibition.
Notably, polyamines 1–5 were submicromolar inhibitors of the cancer drug target CA IX, this is more potent than either spermine
or spermidine.

1. Introduction

Carbonic anhydrases (CAs) catalyze the reversible hydration
of carbon dioxide to bicarbonate anion and a proton: CO

2
+

H
2
O  HCO

3

− +H+ [1].This equilibrium underpins a range
of physiological processes including pH regulation, carbon
metabolism, and ion transport. The therapeutic potential
for modulating this reaction is well recognized across a
number of diseases affecting humans, with the discovery that
interfering with pH plays a major role in survival, growth,
and metastasis of hypoxic tumours driving a need for small
molecule CA inhibitors [2]. The active site of CA enzymes
comprises a zinc cation that is coordinated to three conserved
histidine residues and a hydroxide anion (OH−). The zinc-
bound OH− reacts with CO

2
to generate HCO

3

− and H+;
these ions are then rapidly released to the microenvironment
and the active enzyme is regenerated. The structural similar-
ities in active site architecture across human CA isozymes
are substantial and for drug discovery that is dependent
on selectively targeting specific CA isozymes this presents

a considerable hurdle [3]. Primary sulfonamide compounds
(R–SO

2
NH
2
) coordinate as an anion (R–SO

2
NH−) to the CA

active site zinc in place of the usual OH− anion and are highly
effective inhibitors of CAs. Many primary sulfonamide com-
pounds are however nonselective, resulting in broad acting
CA inhibitors that are a major drawback to drug discovery.
The identification of new CA inhibitor chemotypes with
better CA isozyme selectivity profiles is needed to address
this drawback. Natural product (NP) compound collections
have proven an effective way to access new chemotypes,
and notably NPs have provided a significant portion of
FDA approved drugs, particularly in the cancer therapeutics
drug class [4]. Recent findings have identified phenol, [5–7]
coumarin [8, 9], and polyamine [10] NPs that inhibit CAs.
Using protein X-ray crystallography researchers have shown
that each of these chemotypes interacts differently with the
CAactive site, andunlike primary sulfonamides none directly
interact with the active site zinc [11]. The number of NPs that
have so far been investigated for inhibition of CAs is however
small and just a single innovative study that describes the
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Figure 1: Natural product polyamine CA inhibitors, spermine and spermidine [10].

inhibition of CAs with simple NP polyamines, spermine
and spermidine, is reported (Figure 1) [10]. The inspiration
for the present study is to further examine NP polyamines,
particularly those with greater structural complexity than
spermine and spermidine. With so few polyamines investi-
gated for CA inhibitory activity, we hoped to broaden our
understanding of the potential of polyamine alkaloids as an
alternate nonclassical chemotype for CA inhibition.

Polyamines have been isolated from terrestrial and
marine animals, plants, fungi, and bacteria [12]. These poly-
cationic alkaloids are able to strongly interact with anionic
biomolecules such as DNA and RNA and to a lesser extent
proteins. This interaction may modulate a selection of cel-
lular activities including gene expression, cell proliferation,
translation, cell signaling, membrane stabilization, and ion
channels [13–18]. The CA activity for two of the simplest NP
polyamines, spermine and spermidine, and 16 semisynthetic
polyamine analogues has been reported [10]. In this study, the
inhibition of all 12 catalytically active human CA isozymes
was assessed and the variation in Ki values ranged from
low nanomolar to millimolar. The standout CA isozyme
was CA IV, a transmembrane anchored enzyme with an
extracellular orientated active site [19]. Both NP polyamines
achieved lower Ki values, 0.010𝜇M and 0.112 𝜇M for sper-
mine and spermidine, respectively, at CA IV compared to
all other tested CAs. An X-ray crystal structure of spermine
in complex with CA II showed that it binds differently
compared to primary sulfonamides. Spermine is a polycation
at the experimental pH (pH = 7.4) and was found indirectly
anchored to the zinc cation via the zinc-bound water ligand.
Furthermore, a complex network of hydrogen bonds between
spermine and CA active site residues was observed, including
the terminal amine moiety which forms hydrogen bonds
with residues Thr200 and Pro201. This CA binding mode
suggests that NP polyamines may have potential to provide
additional CA inhibitors with this altered mechanism of
binding and inhibition of CAs. As polycations, compounds
spermine and spermidine are not expected to enter cells by
passive membrane diffusion, and this may give them some
selectivity for extracellular facing CAs (CAs IV, IX, XII, and
XIV) in cell models, and these isozymes are the focus of the
present study.

2. Materials and Methods

2.1. Chemistry. Compounds were isolated from two marine
sponge samples and one mushroom specimen, archived in
the Nature Bank biota repository, [20] located at the Eskitis
Institute for DrugDiscovery, GriffithUniversity. Nature Bank
is a unique drug discovery resource that consists of >50,000

biota samples collected from Australia, China, and Papua
New Guinea along with >200,000 fractionated natural prod-
uct samples [21].The fiveNP polyamines (1–5) investigated in
this study were identified as previously reported NPs ianthel-
liformisamine A (1), ianthelliformisamine B (2), ianthelli-
formisamine C (3), spermatinamine (4), and pistillarin (5)
following NMR and MS data analysis and comparison with
literature values [17, 22–25]. Prior to biological evaluation all
compounds were subjected to purity analysis by 1H NMR
spectroscopy and shown to be >95%.

2.2. CA Inhibition Assay. An Applied Photophysics stopped-
flow instrument was used for assaying the CA-catalyzed
CO
2
hydration activity [26]. IC

50
values were obtained from

dose response curves working at seven different concentra-
tions of test compound; by fitting the curves using PRISM
(http://www.graphpad.com/) and nonlinear least squares
methods, values represent the mean of at least three different
determinations as described by us previously [27]. The inhi-
bition constants (Ki) were then derived by using the Cheng-
Prusoff equation [28] as follows: Ki = IC

50
/(1 + [S]/Km),

where [S] represents the CO
2
concentration at which the

measurement was carried out and Km is the concentration
of substrate at which the enzyme activity is at half maximal.
All enzymes used were recombinant, produced in E. coli as
reported earlier [29, 30].The concentrations of enzymes used
in the assay were as follows: hCA I, 10.2 nM; hCA II, 9.5 nM;
hCA IV, 8.9 nM; hCA IX, 8.7 nM; hCAXII, 10.9 nM; and hCA
XIV, 12.6 nM.

3. Results and Discussion

The Davis Group at Eskitis has built up a unique in-house
compound library over the past 10 years that currently
consists of 352 distinct structures, the majority of which
have been obtained from natural sources. Briefly, the NPs
in this collection have been isolated from endophytic fungi,
[31] macrofungi, [32] plants, [33], and marine invertebrates
(e.g., sponges [34] and ascidians [35]) with quantities ranging
from 0.4mg to >1 g. Approximately 15% of this library
contains semisynthetic NP analogues, [32, 36] while a small
percentage (∼5%) of the library is known commercial drugs
or synthetic compounds inspired by NPs. A substructure
search on this NP-based library against the spermidine
fragment identified five secondary metabolites as hits. These
included NP polyamines, ianthelliformisamines A–C (1–3),
[17] spermatinamine (4) [22], and pistillarin (5) [23–25]
(Figure 2), all of which have had various biological activities
reported, but no CA bioactivity. Ianthelliformisamines A–C
(1–3) were initially isolated from the marine sponge Suberea
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Figure 2: Natural product polyamines 1–5 sourced from the Davis compound library. Red: spermine core fragment and blue: spermidine
core fragment.

ianthelliformis and display varying levels of inhibitory activity
against the Gram-negative bacteria Pseudomonas aeruginosa
[17]. Specifically, ianthelliformisamine A (1) was the most
potent antibacterial agent from this particular series with an
IC
50
value of 6.8 𝜇M (MIC 35 𝜇M) [17]. Spermatinamine (4)

was originally isolated from the sponge Pseudoceratina sp.
and was the first NP inhibitor of isoprenylcysteine carboxyl
methyltransferase (ICMT), which catalyzes the carboxyl
methylation of oncogenic proteins in the final step of a
series of post-translational modifications [22]. ICMT has
been proposed as an attractive and novel anticancer target
[22].More recently spermatinamine (4) and a series of related
NPs have been shown to inhibit Gram-negative bacteria [18].
Pistillarin (5) has been isolated from a variety of fungal
species including Penicillium bilaii [23], Gomphus floccosus
[24], Clavariadelphus pistillaris [25], and several Ramaria
species [25, 32] and is a known siderophore [37]. In addition,
compound 5 has recently been shown to exhibit significant
protective effects against DNA damage caused by hydroxyl
radicals generated from the Fenton reaction via iron chelation
and to exhibit free radical-scavenging activity [24]. Pistillarin
(5) and NP polyamines 1–4 have all recently been evaluated
for their antimalarial activity, [32] with 4 and 5 identified as
the most potent polyamines towards a drug sensitive Plas-
modium falciparum parasite line (3D7) with IC

50
values of

0.23 and 1.9 𝜇M, respectively. These complex NP polyamines

1–5 (Figure 2) form the basis of the present paper wherein we
describe the CA inhibition against six human CA isozymes.

The inhibition activity data for the simple NP polyamines
spermine and spermidine reported earlier and the more
complex NP polyamines 1–5 against six human CA isozymes
of interest in therapeutic drug development is presented
in Table 1. CA I and CA II are the predominant off-
target isozymes (there are exceptions, e.g., CA inhibitors as
antiglaucoma agents), while CAs IV, IX, XII, and XIV all
have an extracellular oriented active site. CA IX and CA XII
are overexpressed in many tumors [38, 39], CA IV plays a
role in eye and kidney pathology [40, 41], while CA XIV
is less well studied but has a role in a number of organs
[42]. Polyamines 1, 3, and 4 comprise the polyamine frag-
ment [–NH–(CH

2
)
3
–NR–(CH

2
)
4
–NR–(CH

2
)
3
–NH–] that is

present in spermine (R = H), while polyamines 2 and 5
comprise the shorter polyamine chain [–NH–(CH

2
)
3
–NH–

(CH
2
)
4
–NH–] of spermidine. Compounds 1 and 2 are deriva-

tized at one terminal amine group of the base polyamine frag-
ment with the other terminal amine unmodified, while com-
pounds 3–5 are derivatized at both terminal amine groups
and so lack a primary amine end group. Polyamines 1–4 are
metabolites derived from bromotyrosine, with compound 4
comprising even further structural complexity including two
oxime groups and methylation of the two central amines
resulting in tertiary amines in place of secondary amines
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Table 1: Inhibition data of human CA isozymes with simple natural product polyamines: spermine and spermidine [10] and complex natural
product polyamines 1–5 and the clinically used CA inhibitor, acetazolamide.

Polyamine 𝐾
𝑖
(𝜇M)a

CA I CA II CA IV CA IX CA XII CA XIV
Spermine 231 84 0.010 13.3 27.6 0.86
Spermidine 1.40 1.11 0.112 1.37 44.1 1.00
1 1.76 0.41 6.72 0.20 2.81 2.12
2 0.77 0.37 9.10 0.35 3.48 2.28
3 0.86 0.35 9.08 0.27 3.50 6.96
4 0.85 0.48 >20 0.34 >20 2.72
5 0.79 0.34 7.03 0.36 4.21 1.52
Acetazolamide 0.25 0.012 0.074 0.025 0.006 0.041
aErrors in the range of ±5% of the reported value, from three determinations using a stopped-flow CO2 anhydrase assay.

within the central polyamine fragment. Polyamine 5 differs to
compounds 1–4 as it comprises two catechol end groups. As
both catechol and oxime moieties feature in the structure of
known metal ion chelators [43, 44] polyamines 4 and 5 have
the potential for a companion action to any bioactivity based
on CA enzyme inhibition.

The polyamines spermine and spermidine have two
primary amine end groups and a flexible, linear polyamine
backbone. In contrast, as described above, compounds 1–5
are more complex in structure and these structural differ-
ences result in considerably altered SAR for 1–5 compared
to the simpler NP fragments (Table 1). There are a number
of general SAR trends of 1–5 that differ; these include (i)
∼200-fold greater inhibition of off-target CA I and CA II than
spermine, yet similar CA I and CA II inhibition to the shorter
chain spermidine, (ii) inhibition of both the cancer associated
CA isozymes CA IX and CA XII in the submicromolar
range, which is better than both spermine and spermidine,
and (iii) generally inhibit the other two extracellular CAs,
CA IV and CA XIV, more weakly than both spermine and
spermidine. Polyamine 4 has greater structural complexity
than all other polyamines of this study and has much weaker
inhibition of CA IV and CA XII (>20𝜇M), and this indicates
that the greater complexity lessens the binding interaction
with CA IV and CA XII. It is interesting that this lessened
activity is not observed for the other four CAs, suggesting
that the structural features of 4 may be interacting at CA
active site hot spots [45]. Compounds 1 and 2 are modified
at only one terminal amine of the base polyamine fragment
yet have very similar SAR to compounds 3 and 5 that are
modified at each end and lack a primary amine group. This
SAR suggests that it may be the combination of both primary
amine end groups of spermine and spermidine that underpin
their differing CA enzyme inhibition profile. Future efforts
from our groups will employ protein X-ray crystallography
and molecular modelling to investigate if altered binding
orientations of these NP polyamines do contribute to the
differing SAR observed.

4. Conclusions
The discovery of new CA inhibitors with an alternate
mechanism of inhibition to classical zinc binding functional

groups can benefit from the unique chemical diversity pro-
vided in NP compound collections and so far is relatively
underexplored. The structural features of polyamines 1–5
in this study, compared to the much simpler polyamine
fragments of spermine and spermidine, further contribute to
our understanding of the potential of both NPs and alternate
chemotypes to contribute useful ligands to better enable the
direction of the CA drug discovery field.
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In vitro inhibition effects of indolylchalcones and new pyrido[2,3-d]pyrimidine derivatives on purified human carbonic anhydrase
I and II (hCA I and II) were investigated by using CO

2
as a substrate.The results showed that all compounds inhibited the hCA I and

hCA II enzyme activities. Among all the synthesized compounds, 7e (IC
50
= 6.79 𝜇M) was found to be the most active compound

for hCA I inhibitory activity and 5g (IC
50
= 7.22 𝜇M) showed the highest hCA II inhibitory activity. Structure-activity relationships

study showed that indolylchalcone derivatives have higher inhibitory activities than pyrido[2,3-d]pyrimidine derivatives on hCA I
and hCA II. Additionally, methyl group bonded to uracil ring increases inhibitory activities on both hCA I and hCA II.

1. Introduction

Carbonic anhydrase (CA, EC 4.2.1.1) is a ubiquitous zinc
enzyme. Basically, there are several mammalian cytosolic
forms (CA-I, CA-II, CA-III, CA-VII, and CA-XIII), four
membrane-bound forms (CA-IV, CA-IX, CA-XII, and CA-
XIV), one mitochondrial form (CA-V), and a secreted CA
form (CA-VI) [1, 2]. They all catalyze a very simple physio-
logical reaction, the interconversion between carbon dioxide
and the bicarbonate ion, and are thus involved in crucial
physiological processes connectedwith respiration and trans-
port of CO

2
/bicarbonate between metabolizing tissues and

the lungs, pH and CO
2
homeostasis, electrolyte secretion

in a variety of tissues/organs, biosynthetic reactions (such
as the gluconeogenesis, lipogenesis, and ureagenesis), bone
resorption, calcification, tumorigenicity, and many other
physiologic or pathologic processes [1–3]. CA inhibitors have
now been a mainstay of human clinical intervention for
several decades, with at least 25 clinically used drugs that
are CA inhibitors [4]. Although there are many studies on

this enzyme, the CA enzyme family continues to capture the
attention of drug discovery scientists and clinicians as the
knowledge regarding the therapeutic implications associated
with this enzyme class continues to grow [4, 5].

Indoles are one of the most important nitrogen contain-
ing heterocyclic molecules, found extensively in biological
system which play vital role in biochemical processes. Indole
ring constitutes an important template for drug design such as
the classical nonsteroidal anti-inflammatory drugs (NSAIDs)
indomethacin and indoxole [6]. Further indole derivatives
have been reported to possess promising biological activities
including analgesic [7], antipyretic [8], antifungal [9], anti-
inflammatory [10, 11], antitumor [12], anticonvulsant [13], and
selective COX-2 inhibitory activities [14]. Thus the efficient
synthesis of novel substituted indole derivative compounds
still represents highly pursued target.

Pyrido[2,3-d]pyrimidines have received considerable
attention over the past years because of their wide range of
biological activities, which include antitumor [15], antibac-
terial [16], anti-inflammatory [17], and antifungal activities
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[18], and also act as cyclin-dependent kinase 4 inhibitors [19].
Also these compounds are considered to be important for
synthetic drugs (e.g., barbituric acid derivatives), chemother-
apeutic agents (e.g., sulfadiazine), and agricultural chemicals
[20].

In this study, a series of 7 indolylchalcone and 11 new
pyrido[2,3-d]pyrimidine derivatives containing indole ring
were synthesized and their effects on human carbonic anhy-
drase (hCA) I and II were evaluated. Additionally, structure-
activity relationship was examined.

2. Materials and Methods

2.1. General Chemistry. Melting points were taken on a
Barnstead Electrothermal 9200. IR spectra weremeasured on
a Shimadzu Prestige-21 (200VCE) spectrometer. 1H and 13C
NMR spectra were measured on a Varian Infinity Plus spec-
trometer at 300 and 75Hz, respectively. 1H and 13C chemical
shifts are referenced to the internal deuterated solvent. Mass
spectra were obtained using MICROMASS Quattro LC-MS-
MS spectrometer. Solvents were dried following standard
methods. Sepharose 4B, L-tyrosine, sulfonamide, synthetic
startingmaterial, reagents, and solvents were purchased from
Merck, Alfa Easer, Sigma-Aldrich, and Fluka.

2.2. Synthetic Procedures and Spectral Data

1H-Indole-3-carbaldehyde (2). Phosphorous oxychloride
(1mL) was added dropwise to cold anhydrous DMF (3mL)
and the mixture was stirred at 0∘C for 1 h. The indole
(1.17 g), dissolved in anhydrous DMF, was added dropwise
to above formylation complex solution at below 10∘C. The
mixture was warmed to 35–40∘C and stirred for 1 hour.
Then NaOH

(aq) (5.5 g NaOH, 14.6mL water) was added. The
mixture was warmed to 100∘C and stirred for 1 h; then it was
cooled, filtrated, and dried in vacuum oven for overnight.
Pink powder was obtained in 94% yield. 1H NMR (CDCl

3
,

300MHz) 𝛿: 10.07 (1H, s), 8.82 (1H, s, NH), 8.32–8.34 (1H,
dd, J
1
= 2.0Hz, J

2
= 7.3Hz), 7.85 (1H, d, J = 2.9Hz), 7.44–7.46

(1H, m), 7.30–7.36 (2H, m) ppm; 13C NMR (CDCl
3
, 75MHz)

𝛿: 185.7, 139.2, 137.7, 124.8, 124.2, 122.8, 121.5, 118.8, 113.1 ppm.

N-Methyl Indole-3-carboxaldehyde (3). K
2
CO
3

(0.95 g)
and CH

3
I (2mL) were added to solution of indole-3-

carboxaldehyde (1 g) in 10mL DMF. The mixture was stirred
at 100∘C for 4 hours and then cooled and poured onto
ice-water. The precipitate was filtrated and dried in vacuum
oven. White solid was obtained in 95% yield. 1H NMR
(CDCl

3
, 300MHz) 𝛿: 9.97 (1H, s), 8.29–8.31 (1H, dd, J

1
=

1.8Hz, J
2
= 7.3Hz), 7.66 (1H, s), 7.29–7.37 (3H, m), 3.86 (3H, s)

ppm; 13C NMR (CDCl
3
, 75MHz) 𝛿: 184.7, 139.9, 138.0, 125.3,

124.2, 123.1, 122.0, 118.0, 110.2, 33.8 ppm.

Synthesis of Indolylchalcone Derivatives (5a–g). A solution of
NaOH

(aq) (40%, 5mL) was added to mixture of 1-methyl-1H-
indole-3-carbaldehyde (1mmol) 3 and acetophenone deriva-
tives (1mmol) 4a–g in absolute ethanol. The mixture was
stirred at room temperature for 2 hours. Then it was poured

into ice-cold water, neutralized with acid, filtrated, and
washed with water. The filtrate was dried in vacuum oven.

(E)-1-(3,4-Dimethoxyphenyl)-3-(1-methyl-1H-indol-3-yl)
prop-2-en-1-one (5a). Yield: 75%, yellow powder, mp: 271∘C,
IR (KBr): 3089.9, 3008.9, 2910.5, 2839.2, 1645.2, 1597.0,
1556.5, 1373.3, 1255.6, 1166.9, 1022.7, 804.3 ] (cm−1); 1H NMR
(CDCl

3
, 300MHz) 𝛿: 8.08 (1H, d, J = 15.5Hz), 8.01–8.03 (1H,

dd, J
1
= 2.0Hz, J

2
= 6.1Hz), 7.71–7.74 (1H, dd, J

1
= 1.8Hz, J

2

= 8.5Hz), 7.66 (1H, d, J = 1.8Hz), 7.57 (1H, d, J = 15.5Hz),
7.47 (1H, s), 7.30–7.39 (3H, m), 6.95 (1H, d, J = 8.5Hz), 3.99
(3H, s), 3.97 (3H, s), 3.84 (3H, s) ppm; 13C NMR (CDCl

3
,

75MHz) 𝛿: 189.1, 152.8, 149.2, 138.4, 138.1, 134.7, 132.3, 126.3,
123.3, 122.7, 121.7, 121.0, 116.6, 113.1, 110.8, 110.4, 110.1, 56.3,
56.2, 33.5 ppm; LC-MS (m/z): 322.57 [MH+].

(E)-1-(4-Methoxyphenyl)-3-(1-methyl-1H-indol-3-yl) prop-2-
en-1-one (5b). Yield: 65%, yellow powder, mp: 254∘C, IR
(KBr): 3128.5, 3045.6, 2935.6, 2841.1, 1649.1, 1598.9, 1373.3,
1253.7, 1166.9, 1026.1 ] (cm−1); 1H NMR (CDCl

3
, 300MHz)

𝛿: 8.00–8.10 (4H, m), 7.57 (1H, d, J = 15.5Hz), 7.46 (1H, s),
7.30–7.37 (3H, m), 7.00 (2H, d, J = 8.8Hz), 3.89 (3H, s), 3.83
(3H, s) ppm; 13CNMR (CDCl

3
, 75MHz) 𝛿: 187.2, 161.2, 136.4,

136.1, 132.7, 130.1, 128.7, 124.3, 121.5, 119.7, 119.0, 114.9, 111.9,
111.2, 108.4, 53.7, 31.5 ppm; LC-MS (m/z): 293.00 [MH+].

(E)-3-(1-Methyl-1H-indol-3-yl)-1-p-tolylprop-2-en-1-One (5c).
Yield: 85%, dark yellow powder, mp: 240∘C, IR (KBr): 3101.5,
3022.4, 2914.4, 1647.2, 1579.7, 1556.5, 1371.3, 1280.7, 1174.6,
1029.9 804.3 ] (cm−1); 1H NMR (CDCl

3
, 300MHz) 𝛿: 8.08

(1H, d, J = 15.5Hz), 8.00–8.03 (1H, dd, J
1
= 2.0Hz, J

2
=

6.5Hz), 7.97 (2H, d, J = 8.0Hz), 7.55 (1H, d, J = 15.5Hz), 7.46
(1H, s), 7.31–7.39 (3H, m), 7.29 (2H, d, J = 8.0Hz), 3.84 (3H, s),
2.44 (3H, s) ppm; 13C NMR (CDCl

3
, 75MHz) 𝛿: 190.4, 143.1,

138.5, 138.4, 136.7, 134.7, 129.4, 128.6, 126.3, 123.3, 121.7, 121.0,
117.1, 113.2, 110.4, 33.5, 21.9 ppm, LC-MS (m/z): 276.25 [MH+].

(E)-1-(4-Chlorophenyl)-3-(1-methyl-1H-indol-3-yl)prop-2-en-
1-one (5d). Yield: 96%, yellow powder, mp: 248∘C, IR (KBr):
3103.4, 3085.2, 2908.8, 2807.7, 1645.2, 1580.7, 1371.9, 1282.6,
1029.9, 1008.7, ] (cm−1); 1H NMR (CDCl

3,
300MHz) 𝛿:

8.09 (1H, d, J = 15.5Hz), 7.98–8.02 (3H, m), 7.46–7.52 (4H,
m), 7.32–7.40 (3H, m), 3.85 (3H, s) ppm; 13C NMR (CDCl

3
,

75MHz) 𝛿: 189.6, 139.5, 138.7, 138.5, 137.6, 135.3, 129.9, 129.0,
126.3, 123.5, 121.9, 121.1, 116.4, 113.1, 110.5, 33.6 ppm; LC-MS
(m/z): 296.61 [MH+].

(E)-3-(1-Methyl-1H-indol-3-yl)-1-phenylprop-2-en-1-one (5e).
Yield: 86%, light yellow powder, mp: 227∘C, IR (KBr): 3095.7,
3055.2, 2933.7, 1643.3, 1581.6, 1554.6, 1462.0, 1371.3, 1278.8,
1213.2, 1076.2 ] (cm−1); 1H NMR (CDCl

3
, 300MHz) 𝛿: 8.09

(1H, d, J = 15.2Hz), 8.00–8.06 (3H, m), 7.47–7.57 (5H, m),
7.29–7.39 (3H, m), 3.84 (3H, s) ppm; 13C NMR (CDCl

3
,

75MHz) 𝛿: 190.9, 139.3, 138.9, 138.4, 135.0, 132.4, 128.7, 128.5,
126.3, 123.4, 121.8, 121.0, 117.0, 113.1, 110.4, 33.5 ppm; LC-MS
(m/z): 262.26 [MH+].

(E)-3-(1-Methyl-1H-indol-3-yl)-1-(4-nitrophenyl)prop-2-en-1-
one (5f ). Yield: 88%, orange powder, mp: 278∘C, IR (KBr):
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] (cm−1); 3097.68, 3035.96, 1903.74, 1737.86, 1649.14, 1604.77,
1558.48, 1517.98, 1340.53, 1209.37, 813.96. 1H NMR (CDCl

3
,

300MHz) 𝛿: 8.32–8.39 (3H, m), 8.18 (1H, s), 8.13–8.16 (1H,
m), 8.07 (1H, d, J = 15.5Hz), 7.63 (1H, d, J = 15.5Hz), 7.58 (1H,
s), 7.29–7.35 (3H, m), 3.88 (3H, s) ppm; 13C NMR (CDCl

3
,

75MHz) 𝛿: 183.4, 140.0, 136.0, 134.4, 131.0, 125.1, 121.5, 120.6,
119.5, 118.5, 117.3, 116.2, 110.6, 108.3, 105.8, 29.0 ppm; LC-MS
(m/z): 307.52 [MH+].

(E)-3-(1-Methyl-1H-indol-3-yl)-1-(3-nitrophenyl)prop-2-en-1-
one (5g). Yield: 87%, light orange powder, mp: 267∘C, IR
(KBr): 3099.6, 2605.8, 1649.1, 1583.5, 1519.9, 1467.8, 1369.4,
1342.4, 1282.6, 1070.4, 819.7 ] (cm−1); 1H NMR (CDCl

3
,

300MHz) 𝛿: 8.86 (1H, s), 8.39 (2H, t, J = 8.2Hz), 8.17 (1H, d,
J = 15.5Hz), 7.99–8.02 (1H, m), 7.70 (1H, t, J = 7.9Hz), 7.55
(1H, s), 7.50 (1H, d, J = 15.5Hz), 7.33–7.43 (3H, m), 3.87 (3H,
s) ppm; 13C NMR (CDCl

3
, 75MHz) 𝛿: 183.3, 143.7, 136.0,

133.8, 131.0, 129.4, 125.1, 121.9, 121.5, 118.9, 118.5, 117.5, 116.2,
110.6, 108.3, 105.8, 28.9 ppm; LC-MS (m/z): 307.29 [MH+].

Synthesis of Pyrido[2,3-d]pyrimidines Derivatives (7a–k). A
mixture of 6-aminouracil derivatives (1mmol) 6a or 6b,
chalcone derivatives 5a–g (1mmol), and NaOH (1mmol) in
30mL absolute ethanolwas refluxed for 18 hours.Themixture
was cooled and poured into ice-cold water. The precipitate
was filtrated, washed with water, and dried in vacuum oven
for overnight. The crude products were recrystallized from
ethanol.

7-(3,4-Dimethoxyphenyl)-1-methyl-5-(1-methyl-1H-indol-3-
yl)pyrido[2,3-d]pyrimidine-2,4(1H,3H)-dione (7a). Yield:
90%, dark yellow powder, mp: 333-334∘C, IR (KBr): 3169.3,
3044.5, 2940.1, 2835.6, 1685.9, 1583.8, 1518.4, 1387.6, 1256.7,
1023.8 ] (cm−1); 1H NMR (CDCl

3
, 300MHz): 10.88 (1H, s,

NH), 7.81–7.85 (2H, m), 7.75 (1H, s), 7.70 (1H, s), 7.51 (1H, d,
J = 8.2Hz), 7.40 (1H, d, J = 7.6Hz), 7.20 (1H, t, J = 7.5Hz),
7.03–7.12 (2H, m), 3.89 (3H, s), 3.87 (3H, s), 3.84 (3H, s), 3.66
(3H, s) ppm; 13C NMR (CDCl

3
, 75MHz): 𝛿 160.6, 158.3,

152.4, 151.5, 151.4, 149.4, 148.3, 136.9, 130.8, 130.5, 127.4, 122.3,
120.8, 120.7, 119.8, 118.4, 112.8, 111.2, 110.3, 110.1, 106.1, 56.2,
56.1, 33.4, 30.0 ppm; LC-MS (m/z): 443.41 [MH+].

1-Methyl-5-(1-methyl-1H-indol-3-yl)-7-p-tolylpyrido[2,3-
d]pyrimidine-2,4(1H,3H)-dione (7b). Yield: 55%, light yellow
powder, mp: 399-400∘C, IR (KBr): 3165.1, 3047.1, 2848.8,
1685.7, 1589.3, 1519.9, 1394.5, 1257.5, 1093.6 ] (cm−1); 1HNMR
(CDCl

3
, 300MHz) 𝛿: 11.39 (1H, s, NH), 8.14 (2H, d, J =

8.2Hz), 7.79 (1H, s), 7.71 (1H, s), 7.52 (1H, d, J = 7.6Hz), 7.42
(1H, d, J = 7.6Hz), 7.36 (2H, d, J = 8.2Hz), 7.21 (1H, t, J =
7.3Hz), 7.07 (1H, t, J = 7.3Hz), 3.86 (3H, s), 3.66 (3H, s),
2.39 (3H, s) ppm; 13C NMR (CDCl

3
, 75MHz): 𝛿 161.0, 156.6,

154.1, 151.3, 150.7, 149.5, 139.6, 139.2, 133.5, 131.9, 129.9, 129.6,
125.7, 122.1, 120.5, 118.3, 113.2, 110.9, 107.8, 33.4, 29.4, 24.1 ppm;
LC-MS (m/z): 396.98 [MH+].

7-(4-Chlorophenyl)-1-methyl-5-(1-methyl-1H-indol-3-yl)pyri-
do[2,3-d]pyrimidine-2,4(1H,3H)-dione (7c). Yield: 60%, light
yellow powder, mp: 385–389∘C, IR (KBr): 3172.9, 3043.6,
2927.9, 2848.8, 1685.9, 1521.0, 1392.6, 1257.9, 1091.7, 1012.8,

729.0 ] (cm−1); 1H NMR (DMSO, 300MHz) 𝛿: 11.40 (1H, s,
NH), 8.26 (2H, d, J = 8.5Hz), 7.78 (1H, s), 7.74 (1H, s), 7.59
(2H, d, J = 8.5Hz), 7.49 (1H, d, J = 8.2Hz), 7.40 (1H, d, J =
7.3Hz), 7.18 (1H, t, J = 7.6Hz), 7.04 (1H, t, J = 7.6Hz), 3.86
(3H, s), 3.62 (3H, s) ppm; 13C NMR (CDCl

3
, 75MHz) 𝛿:

161.0, 156.6, 154.1, 151.3, 148.2, 137.1, 136.6, 135.9, 131.9, 129.7,
129.6, 127.2, 122.1, 120.6, 120.5, 118.3, 113.2, 110.9, 107.8, 33.4,
29.5 ppm; LC-MS (m/z): 418.36 [MH+].

1-Methyl-5-(1-methyl-1H-indol-3-yl)-7-(3-nitrophenyl)pyri-
do[2,3-d]pyrimidine-2,4(1H,3H)-dione (7d). Yield: 41%,
mustard powder, mp: 397∘C, IR (KBr): 3176.7, 3049.4, 1681.9,
1591.2, 1523.7, 1454.3, 1346.3, 1253.7, 1085.9, 732.9 ] (cm−1);
1H NMR (CDCl

3
, 300MHz) 𝛿: 12.01 (1H, s, NH), 8.98 (1H,

t, J = 1.7Hz), 8.66 (1H, d, J = 8.2Hz), 8.32–8.35 (1H, dd, J
1

= 1.5Hz, J
2
= 8.2Hz), 7.82 (1H, d, J = 8.2Hz), 7.79 (2H, s),

7.50 (1H, d, J = 8.2Hz), 7.42 (1H, d, J = 7.6Hz), 7.20 (1H, t, J =
7.0Hz), 7.05 (1H, t, J = 7.0Hz), 3.88 (3H, s), 3.65 (3H, s) ppm;
13C NMR (CDCl

3
, 75MHz) 𝛿: 161.2, 157.3, 152.8, 152.6, 150.0,

149.8, 138.8, 138.4, 137.5, 134.0, 131.9, 130.9, 127.2, 125.5, 120.8,
120.7, 119.6, 118.3, 113.3, 110.9, 108.9, 33.5, 28.9 ppm; LC-MS
(m/z): 428.66 [MH+].

7-(3,4-Dimethoxyphenyl)-1,3-dimethyl-5-(1-methyl-1H-indol-
3-yl)pyrido[2,3-d]pyrimidine-2,4(1H,3H)-dione (7e). Yield:
50%, yellow powder, mp: 340-341∘C, IR (KBr): 3078.3, 2937.9,
2839.2, 1693.5, 1647.1, 1419.6, 1329.4, 1220.9, 1134.1, 1022.2 ]
(cm−1); 1H NMR (CDCl

3
, 300MHz): 7.70–7.75 (3H, m), 7.54

(1H, d, J = 8.2Hz), 7.51 (1H, s), 7.41 (1H, d, J = 8.2Hz), 7.31
(1H, d, J = 7.0Hz), 7.18 (1H, t, J = 7.0Hz), 6.98 (1H, d, J =
8.2Hz), 3.99 (3H, s), 3.96 (3H, s), 3.91 (3H, s), 3.90 (3H, s),
3.42 (3H, s) ppm; 13C NMR (CDCl

3
, 75MHz): 161.0, 158.3,

152.5, 151.8, 151.4, 149.4, 148.3, 136.9, 130.8, 130.5, 127.4, 122.3,
120.8, 120.7, 119.8, 118.4, 112.8, 111.2, 110.3, 110.1, 106.1, 56.2,
56.1, 33.4, 30.3, 28.7 ppm; LC-MS (m/z): 458.18 [MH+].

7-(4-Methoxyphenyl)-1,3-dimethyl-5-(1-methyl-1H-indol-3-
yl)pyrido[2,3-d]pyrimidine-2,4(1H,3H)-dione (7f ). Yield:
20%, yellow powder, mp: 335.7–336∘C, IR (KBr): 3057.1,
2960.7, 2839.2, 1699.2, 1651.0, 1516.0, 1473.6, 1356.6, 1024.2 ]
(cm−1); 1HNMR (CDCl

3
, 300MHz): 8.11 (2H, d, J = 8.8Hz),

7.69 (1H, s), 7.54 (1H, d, J = 7.8Hz), 7.50 (1H, s), 7.40 (1H, d, J =
8.2Hz), 7.27(1H, d, J = 7.0Hz), 7.17 (1H, t, J = 7.8Hz), 7.01 (2H,
d, J = 8.8Hz), 3.90 (3H, s), 3.88 (6H, s), 3.42 (3H, s) ppm; 13C
NMR (CDCl

3
, 75MHz): 161.6, 160.8, 158.1, 152.3, 151.6, 148.0,

136.7, 130.6, 130.0, 128.9, 127.2, 122.0, 120.4, 119.6, 118.0, 114.2,
112.6, 109.8, 105.8, 55.4, 33.2, 30.1, 28.4 ppm; LC-MS (m/z):
428.04 [MH+].

1,3-Dimethyl-5-(1-methyl-1H-indol-3-yl)-7-p-tolylpyrido[2,3-
d]pyrimidine-2,4(1H,3H)-dione (7g). Yield: 40%, yellow
powder, mp: 340-341∘C, IR (KBr): 3021.3, 2960.7, 2908.6,
1707.0, 1660.7, 1523.7, 1473.6, 1394.5, 1365.6, 1257.5, 1016.4
] (cm−1); 1H NMR (CDCl

3
, 300MHz) 𝛿: 8.04 (2H, d, J =

8.2Hz), 7.73 (1H, s), 7.54 (1H, d, J = 8.2Hz), 7.51 (1H, s), 7.39
(1H, d, J = 8.2Hz), 7.25–7.32 (3H, m), 7.17 (1H, t, J = 7.3Hz),
3.90 (3H, s), 3.89 (3H, s), 3.42 (3H, s), 2.43 (3H, s) ppm; 13C
NMR (CDCl

3
, 75MHz) 𝛿: 160.9, 158.6, 152.4, 151.6, 148.2,

140.8, 136.7, 134.8, 130.6, 129.6, 127.3, 127.2, 122.1, 120.5, 119.6,
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118.5, 112.6, 109.9, 106.2, 33.2, 30.2, 28.4, 21.4 ppm; LC-MS
(m/z): 411.33 [MH+].

7-(4-Chlorophenyl)-1,3-dimethyl-5-(1-methyl-1H-indol-3-
yl)pyrido[2,3-d]pyrimidine 2,4(1H,3H)-dione (7h). Yield:
76%, yellow powder, mp: 358-359∘C, IR (KBr): 3064, 3045,
2943, 1701, 1654 ] (cm−1); 1H NMR (CDCl

3
, 300MHz) 𝛿:

8.07 (2H, d, J = 8.5Hz), 7.73 (1H, s), 7.52–7.55 (2H, m), 7.47
(2H, d, J = 8.5Hz), 7.41 (1H, d, J = 8.2Hz), 7.29 (1H, t, J =
7.5Hz), 7.18 (1H, t, J = 7.0Hz), 3.90 (3H, s), 3.88 (3H, s), 3.42
(3H, s) ppm; 13C NMR (CDCl

3
, 75MHz): 𝛿 161.0, 157.5, 152.7,

151.8, 148.8, 136.9, 136.8, 136.2, 131.0, 129.3, 128.9, 127.3, 122.4,
120.8, 119.8, 118.8, 112.6, 110.2, 106.8, 33.5, 30.5, 28.7 ppm;
LC-MS (m/z): 432.37 [MH+].

1,3-Dimethyl-5-(1-methyl-1H-indol-3-yl)-7-phenylpyrido[2,3-
d]pyrimidine-2,4(1H,3H)-dione (7i). Yield: 32%, yellow
powder, mp: 320∘C, IR (KBr): 3070.6, 3037.8, 2933.7, 1697.3,
1651.0, 1591.2, 1533.4, 1419.6, 1390.6, 1259.5, 1053.1 ] (cm−1);
1HNMR (CDCl

3
, 300MHz) 𝛿: 8.13–8.15 (2H, dd, J

1
= 2.0Hz,

J
2
= 7.5Hz), 7.77 (1H, s), 7.49–7.56 (5H, m), 7.41 (1H, d, J =

8.2Hz), 7.29 (1H, t, J = 7.0Hz), 7.18 (1H, t, J = 7.0Hz), 3.91
(3H, s), 3.90 (3H, s), 3.42 (3H, s) ppm; 13C NMR (CDCl

3
,

75MHz) 𝛿: 161.1, 158.7, 152.6, 151.8, 148.6, 137.8, 136.9, 131.0,
130.6, 129.1, 127.6, 127.4, 122.4, 120.7, 119.9, 119.1, 112.7, 110.1,
106.6, 33.5, 30.5, 28.7 ppm; LC-MS (m/z): 397.51 [MH+].

1,3-Dimethyl-5-(1-methyl-1H-indol-3-yl)-7-(4-nitrophenyl)py-
rido[2,3-d]pyrimidine-2,4(1H,3H)-dione (7j). Yield: 60%,
light orange powder, mp: 347–349∘C, IR (KBr): 3157.4, 3049.4,
2945.3, 1703.1, 1658.7, 1585.4, 1519.9, 1342.4, 852.5 ] (cm−1);
1H NMR (CDCl

3
, 300MHz) 𝛿: 8.52 (2H, d, J = 7.9Hz), 8.37

(2H, d, J = 7.9Hz), 7.92 (1H, s), 7.82 (1H, s), 7.53 (1H, d, J =
8.2Hz), 7.42 (1H, d, J = 7.9Hz), 7.23 (1H, t, J = 7.1Hz), 7.08
(1H, t, J = 7.0Hz), 3.90 (3H, s), 3.75 (3H, s), 3.24 (3H, s) ppm;
13C NMR (CDCl

3
, 75MHz) 𝛿: 160.8, 155.3, 152.8, 151.6, 148.9,

148.7, 137.2, 134.4, 132.0, 129.2, 127.2, 124.6, 121.7, 120.7, 119.8,
118.6, 113.3, 110.9, 108.1, 33.4, 30.5, 28.8 ppm; LC-MS (m/z):
442.19 [MH+].

1,3-Dimethyl-5-(1-methyl-1H-indol-3-yl)-7-(3-nitrophenyl)py-
rido[2,3-d]pyrimidine-2,4(1H,3H)-dione (7k). Yield: 70%,
mustard powder, mp: 349-350∘C, IR (KBr): 3344.5, 3170.9,
3074.5, 2929.8, 1703.1, 1656.8, 1591.2, 1477.4, 1352.1, 1031.9 ]
(cm−1); 1HNMR (CDCl

3
, 300MHz) 𝛿: 8.99 (1H, s), 8.69 (1H,

d, J = 8.0Hz), 8.34 (1H, d, J = 8.0Hz), 7.92 (1H, s), 7.80–7.86
(2H, m), 7.52 (1H, d, J = 8.2Hz), 7.39 (1H, d, J = 6.9Hz), 7.20
(1H, t, J = 7.0Hz), 7.07 (1H, t, J = 7.0Hz), 3.89 (3H, s), 3.74
(3H, s), 3.21 (3H, s) ppm; 13C NMR (CDCl

3
, 75MHz) 𝛿:

160.3, 157.4, 153.3, 152.8, 150.0, 149.9, 138.4, 138.2, 137.2, 134.0,
132.0, 130.9, 127.2, 125.8, 120.7, 120.5, 119.8, 118.6, 113.2, 110.9,
108.7, 33.5, 30.6, 28.9 ppm; LC-MS (m/z): 442.17 [MH+].

2.3. Preparation and Purification of Hemolysate from Blood
Red Cells. Blood samples (25mL) were taken from healthy
human volunteers. They were anticoagulated with acid-
citrate-dextrose and centrifuged at 2000 g for 20min at 4∘C
and the supernatant was removed. The packed erythrocytes

were washed three times with 0.9% NaCl and then haemol-
ysed in cold water. The ghosts and any intact cells were
removed by centrifugation at 2000 g for 25min at 4∘C, and
the pH of the haemolysate was adjusted to pH 8.5 with solid
Tris-base. The 25mL haemolysate was applied to an affin-
ity column containing L-tyrosine-sulfonamide-sepharose-4B
[21] equilibrated with 25mM Tris-HCl/0.1M Na

2
SO
4
(pH

8.5). The affinity gel was washed with 50mL of 25mM Tris-
HCl/22mM Na

2
SO
4
(pH 8.5). The hCA isozymes were then

eluted with 0.1M NaCl/25mMNa
2
HPO
4
(pH 6.3) and 0.1M

CH
3
COONa/0.5M NaClO

4
(pH 5.6), which recovered hCA

I and hCA II, respectively. Fractions of 3mL were collected
and their absorbance was measured at 280 nm.

2.4. CA Enzyme Assay. CA activity was measured by the
Maren method which is based on determination of the time
required for the pH to decrease from 10.0 to 7.4 due to CO

2

hydration [22]. The assay solution was 0.5M Na
2
CO
3
/0.1M

NaHCO
3
(pH 10.0) and Phenol Red was added as the pH

indicator. CO
2
-hydratase activity (enzyme units (EU)) was

calculated by using the equation 𝑡
0
− 𝑡
𝑐
/𝑡
𝑐
, where 𝑡

0
and 𝑡
𝑐

are the times for pH change of the nonenzymatic and the
enzymatic reactions, respectively.

2.5. In Vitro Inhibition Studies. For the inhibition studies
of indolylchalcone and pyrido[2,3-d]pyrimidine derivatives,
different concentrations of these compounds were added to
the enzyme. Activity percentage values of CA for different
concentrations of each pyrimidine derivatives were deter-
mined by regression analysis using Microsoft Office 2000
Excel. CA enzyme activity without these compounds was
accepted as 100% activity.

3. Results and Discussion

3.1. Chemistry. The synthetic procedures are depicted in
Scheme 1. The indolylchalcone derivatives 5a–g, prepared by
the condensing various acetophenones and indolylaldehyde
3 with NaOH as a base, were reacted with 3-methyl-6-
aminouracil 6a and 6-aminouracil 6b to get pyrido[2,3-
d]pyrimidine derivatives (7a–k) at high yields. The large
J value (15.5Hz) clearly reveals the E-geometry for the
chalcones.

3.2. Biological Evaluation of Indolylchalcone and Pyrido[2,3-
d]pyrimidine Derivatives for hCA I and hCA II Inhibitory
Activities. For evaluating the hCA I and II inhibitory effect,
all compounds were subjected to hCA I and II inhibition
assay with CO

2
as a substrate. The result showed that all

synthesized compounds (5a–g and 7a–k) inhibited the hCA
I and hCA II enzyme activities.

The IC
50
values and inhibition constants of 5a–g and 7a–

k analogues against hCA I and hCA II were summarized in
Table 1 and the IC

50
graphs were given in Figure 1.

We have determined the IC
50
values of 6.79–26.21 𝜇M for

the inhibition of hCA I and 7.22–31.10 𝜇M for the inhibition
of hCA II. Among all compounds, 7e (IC

50
= 6.79 𝜇M)

was found to be the most active one for hCA I inhibitory
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Scheme 1: Synthesis of pyrido[2,3-d]pyrimidine derivatives (7a–k).

Table 1: Inhibitory effect of indolylchalcone (5a–g) and pyrido[2,3-
d]pyrimidine derivatives (7a–k) on hCA I and hCA II.

Compound hCA I
IC50 (𝜇M)

hCA II
IC50 (𝜇M)

5a 8.34 8.88
5b 7.42 10.35
5c 13.07 12.28
5d 8.20 8.26
5e 12.84 9.15
5f 10.87 9.31
5g 8.38 7.22
7a 16.29 19.42
7b 11.56 12.06
7c 21.09 31.10
7d 12.14 13.66
7e 6.79 8.06
7f 26.21 25.40
7g 7.61 7.57
7h 12.36 24.67
7i 8.72 8.14
7j 10.19 9.56
7k 22.30 26.68

activity and 5g (IC
50

= 7.22 𝜇M) showed the highest hCA II
inhibitory activity. 5b (IC

50
= 7.42 𝜇M) was found to be the

most active one for hCA I inhibitory activity and 5g (IC
50

= 7.22 𝜇M) showed the highest hCA II inhibitory activity
for the indolylchalcone derivatives. Among the pyrido[2,3-
d]pyrimidine derivatives, 7e (IC

50
= 6.79 𝜇M) showed the

highest hCA I inhibitory activity and 7g (IC
50

= 7.57 𝜇M)
showed the highest hCA II inhibitory activity.

It was reported that 1,4-dihydropyrimidinone substituted
diarylurea compounds were synthesized and their effects on
the hCA I and II enzyme activities were examined. Their
minimum concentrations to achieve 50% inhibition were
between 66.23 and 197.70𝜇M for hCA I, 63.09 and 169.71 𝜇M
for hCA II [23]. It is evident that the indolylchalcone
and pyrido[2,3-d]pyrimidine derivatives, synthesized in this
work, showed better hCA I and II inhibitory activities than
1,4-dihydropyrimidinone substituted diarylurea compounds.

3.3. Structure-Activity Relationships (SAR). Generally, we
have seen that indolylchalcone derivatives have higher
inhibitory activities than pyrido[2,3-d]pyrimidine deriva-
tives on hCA I and hCA II. The following structure-activity
relationship (SAR) observations can be drawn from the data.

(a) For the indolylchalcone derivatives, the presence of
one electron-donating group (methoxy) bonded to
paraposition of phenyl ring (5b) increased inhibitory
activity on hCA I. Electron-withdrawing group
(nitro) bonded to metaposition of phenyl ring (5g)
has the highest hCA II inhibitory activity (IC

50
= 7.22

𝜇M).
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Figure 1: IC
50
graphics of indolylchalcone (5a–g) and pyrido[2,3-d]pyrimidine (7a–k) derivatives on hCA I and hCA II.
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(b) For the pyrido[2,3-d]pyrimidine derivatives, (i) the
compounds (7e, 7g, and 7h) which havemethyl group
at the 3-position of uracil ring showed a higher
inhibitory effect than the compounds (7a–c) which
have hydrogen atom at the 3-position of uracil ring
and have the same groups at the phenyl ring against
both hCA I and hCA II (compare 7e with 7a, 7g
with 7b, and 7h with 7c). (ii) Electron-withdrawing
group (nitro) bonded to metaposition of phenyl ring
(7k) has a very low hCA I inhibitory activity (IC

50
=

22.30 𝜇M). (iii) Mostly, the pyrido[2,3-d]pyrimidine
derivatives have higher inhibitory activities on hCA I
than hCA II.

Sulfonamides are coordinated to the zinc (II) ion within
the hCA active site, whereas their organic scaffold fills the
entire active site cavity, making an extensive series of van
der Waals and polar interactions with amino acid residues
delimiting this cavity [24, 25]. As the synthesized compounds
are very bulky and do not contain a classical zinc-binding
group [4], it can be hypothesized that they are not able to bind
near the zinc ion showing a different mechanism of action.
Structural studies of the complexes that these compounds
form with the human isoform II could clarify this important
issue.

4. Conclusions

In conclusion, series of 7 indolylchalcone and 11 new
pyrido[2,3-d]pyrimidine derivatives containing indole ring
were synthesized. Their activities as hCA I and hCA II
inhibitors and structure-activity relationships were exam-
ined. All compounds inhibited both hCA I and hCA II
enzyme activities. Most of compounds containing electron-
donating groups at phenyl ring were generally stronger
inhibitors of hCA I and hCA II. Additionally, methyl group
bonded to 3-position of uracil ring generally increased
inhibitory activities on both hCA I and hCA II. Thus,
the present study revealed that the type and position of
substituent of the phenyl and uracil rings could be exploited
to modulate the CA inhibitors efficacy.

In summary, enzyme inhibition is an important issue for
drug design [26–28].Our results showed that newpyrido[2,3-
d]pyrimidine derivatives inhibited the hCA I and II enzyme
activity.Therefore, the compounds here investigated are likely
to be adopted as good candidates as drugs and may be taken
for further evaluation in in vivo studies.
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pp. 29–78, Birkhäuser, Basel, Switzerland, 2000.

[4] C. T. Supuran, “Carbonic anhydrases: novel therapeutic appli-
cations for inhibitors and activators,” Nature Reviews Drug
Discovery, vol. 7, no. 2, pp. 168–181, 2008.

[5] S. Poulsen, “Carbonic anhydrase inhibition as a cancer therapy:
a review of patent literature, 2007–2009,” Expert Opinion on
Therapeutic Patents, vol. 20, no. 6, pp. 795–806, 2010.

[6] R. J. Sundberg, Indoles, Academic Press, London, UK, 1996.
[7] M. A. H. Zahran and A. M. Ibrahim, “Synthesis and cellular

cytotoxicities of new N-substituted indole-3-carbaldehyde and
their indolylchalcones,” Journal of Chemical Sciences, vol. 121,
no. 4, pp. 455–462, 2009.

[8] R. S. Chavan, H. N. More, and A. V. Bhosale, “Synthesis, char-
acterization and evaluation of analgesic and anti-inflammatory
activities of some novel indoles,”Tropical Journal of Pharmaceu-
tical Research, vol. 10, no. 4, pp. 463–473, 2011.

[9] D. Tian, G. Luo, H. Chen, X. Tang, and Y. Liu, “N-Cyclo-
hexyl-2-(5-fluoro-1H-indol-3-yl)-2-oxoacetamide,” Acta Crys-
tallographica Section E, vol. 67, no. 7, p. o1851, 2011.

[10] V. E. Dilli,M.Mastan, andR. T. Sobha, “Synthesis and biological
evaluation of 2-aryl-3-isoxazolinyl-indole derivatives as anti-
inflammatory agents,” IOSR Journal of Applied Chemistry, vol.
2, no. 3, pp. 44–49, 2012.

[11] R. S. Chavan, H. N. More, and A. V. Bhosale, “Synthesis and
evaluation of analgesic and anti-inflammatory activities of a
novel series of 3-(4 ,5 -dihydropyrazolyl)-indoles,” International
Journal of Pharmaceutical and Biomedical Research, vol. 1, no. 4,
pp. 135–143, 2010.

[12] D. Kumar, N. M. Kumar, K. Akamatsu, E. Kusaka, H. Harada,
and T. Ito, “Synthesis and biological evaluation of indolyl chal-
cones as antitumor agents,” Bioorganic andMedicinal Chemistry
Letters, vol. 20, no. 13, pp. 3916–3919, 2010.

[13] H. Wang and J. Zeng, “Iodine-catalyzed efficient synthesis of
chalcones by grinding under solvent-free conditions,”Canadian
Journal of Chemistry, vol. 87, no. 9, pp. 1209–1212, 2009.

[14] S. Attar, Z. O’Brien, H. Alhaddad, M. L. Golden, and A.
Calderón-Urrea, “Ferrocenyl chalcones versus organic chal-
cones: a comparative study of their nematocidal activity,”
Bioorganic and Medicinal Chemistry, vol. 19, no. 6, pp. 2055–
2073, 2011.

[15] Z. Huang, Y. Hu, Y. Zhou, and D. Shi, “Efficient one-pot three-
component synthesis of fused pyridine derivatives in ionic
liquid,”ACSCombinatorial Science, vol. 13, no. 1, pp. 45–49, 2011.

[16] D. Q. Shi, Y. Zhou, and H. Liu, “An efficient synthesis of
pyrido[2,3-d]pyrimidine derivatives in ionic liquid,” Journal of
Heterocyclic Chemistry, vol. 47, no. 1, pp. 131–135, 2010.

[17] D.G. Powers,D. S. Casebier,D. Fokas,W. J. Ryan, J. R. Troth, and
D. L. Coffen, “Automated parallel synthesis of chalcone-based
screening libraries,” Tetrahedron, vol. 54, no. 16, pp. 4085–4096,
1998.

[18] M. G. Bursavich, N. Brooijmans, L. Feldberg et al., “Novel
benzofuran-3-one indole inhibitors of PI3 kinase-𝛼 and the
mammalian target of rapamycin: hit to lead studies,” Bioorganic
& Medicinal Chemistry Letters, vol. 20, no. 8, pp. 2586–2590,
2010.



8 BioMed Research International

[19] A. S. El-Ahl, “Reaction of 2-oxoindolin-3-ylidene derivatives
with heterocyclic enamines. A convenient one-pot synthesis
of pyrimido [5,4:5’,6’]pyrido[2,3-b]-indole-2, 4-dione and spiro
indolin-2-one-3, 5’-pyrido[2,3-d] pyrimidines,” Synthetic Com-
munications, vol. 30, no. 12, pp. 2223–2231, 2000.

[20] C. Shilpa, S.Dipak, S. Vimukta, andD.Arti, “Comparative study
of microwave and conventional synthesis and pharmacological
activity of pyrimidines: a review,” International Journal of
Pharmaceutical Sciences Review and Research, vol. 15, no. 1, pp.
15–22, 2012.

[21] O. Arslan, B. Nalbantoglu, N. Demir, H. Ozdemir, and O. I.
Kufrevioglu, “A new method for the purification of carbonic
anhydrase isozymes by affinity chromatography,” Turkish Jour-
nal of Medical Sciences, vol. 26, no. 2, pp. 163–166, 1996.

[22] T. H. Maren, “A simplified micromethod for the determination
of carbonic anhydrase and its inhibitors,” The Journal of Phar-
macology and ExperimentalTherapeutics, vol. 130, no. 1, pp. 26–
29, 1960.

[23] F. Celik, M. Arslan, E. Yavuz, D. Demir, and N. Gencer, “Syn-
thesis and carbonic anhydrase inhibitory properties of novel
1,4-dihydropyrimidinone substituted diarylureas,” Journal of
Enzyme Inhibition and Medicinal Chemistry, vol. 29, no. 1, pp.
18–22, 2014.

[24] F. Pacchiano, M. Aggarwal, B. S. Avvaru et al., “Selective
hydrophobic pocket binding observed within the carbonic
anhydrase II active site accommodate different 4-substituted-
ureido-benzenesulfonamides and correlate to inhibitor
potency,” Chemical Communications, vol. 46, no. 44, pp.
8371–8373, 2010.

[25] F. Pacchiano, F. Carta, P. C. McDonald et al., “Ureido-
substituted benzenesulfonamides potently inhibit carbonic
anhydrase IX and show antimetastatic activity in a model of
breast cancer metastasis,” Journal of Medicinal Chemistry, vol.
54, no. 6, pp. 1896–1902, 2011.
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