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1. Introduction

ABSTRACT

Plasmodium falciparum (P. falciparum) is responsible for the majority of life—threatening cases
of human malaria, causing 1.5-2.7 million annual deaths. The global emergence of drug—resistant
malaria parasites necessitates identification and characterization of novel drug targets and their
potential inhibitors. We identified the carbonic anhydrase (CA) genes in P. falciparum. The pfCA
gene encodes an a —carbonic anhydrase, a Zn*~metalloenzme, possessing catalytic properties
distinct from that of the human host CA enzyme. The amino acid sequence of the pfCA enzyme is
different from the analogous protozoan and human enzymes. A library of aromatic/heterocyclic
sulfonamides possessing a large diversity of scaffolds were found to be very good inhibitors
for the malarial enzyme at moderate—low micromolar and submicromolar inhibitions. The
structure of the groups substituting the aromatic—ureido— or aromatic—azomethine fragment of
the molecule and the length of the parent sulfonamide were critical parameters for the inhibitory
properties of the sulfonamides. One derivative, that is, 4— (3, 4—dichlorophenylureido)thioureido—
benzenesulfonamide (compound 10) was the most effective in vitro Plasmodium falciparum CA
inhibitor, and was also the most effective antimalarial compound on the in vitro P. falciparum
growth inhibition. The compound 10 was also effective in vivo antimalarial agent in mice
infected with Plasmodium berghei, an animal model of drug testing for human malaria infection.
It is therefore concluded that the sulphonamide inhibitors targeting the parasite CA may have
potential for the development of novel therapies against human malaria.

Vivax(P. vivax), Plasmodium falciparum(P. falciparum),
Plasmodium ovale(P. ovale), and a new comer Plasmodium
knowlesi(P. knowlesi)3.51. Whereas P. vivax is responsible

Malaria, currently one of the most deadly diseases in
human, is caused by the genus Plasmodium, classified in
phylum Apicomplexa of subkingdom protozoalll. With more
than 3 billion people are at risk of Plasmodium falciparum
(P. falciparum) infection, it is estimated that the disease
afflicts 450 million and kills 1.5-2.7 million people each
year, most of these are children under 5 years old in sub—
Saharan Africal2-4l. P. falciparum is responsible for the
majority of deaths(24l. There are now 5 Plasmodium species
that infect humans, including P. falciparum, Plasmodium
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for 25%—40% of the estimated cases of malaria worldwide,
with seldom fatal and often relapses after a primary
infection has clearedisl. P. malariae is found worldwide
with relatively low frequency, while the least common
parasites are P. ovale and P. knowlesil5). In addition to the
lack of effective vector control and vaccine, the limitation
and toxicity of antimalarial drugs in current use, and the
spread of drug—resistant malaria parasites accompanied
by a worldwide resurgence of malaria highlights the need
to develop quickly more effective and less toxic new
antimalarial drugs with different mechanism of actionl7.8].
This includes the emergence of resistance to artemisinin,
the world’s best drug to eradicate malarial9l. In general,
drug screening procedures have rarely been applied to
this disease, and there is a paucity of information on a
number of metabolic pathways that can be exploited for
chemotherapyl10l. A better understanding of biochemical
differences between the parasite and human, based on the
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first draft of P. falciparum and other human malaria parasite
genome sequences, may provide new targets for intervention
in the diseasel5.6.11].

In this review, we will highlight the identification and
characterization of a Zn*-metalloenzyme « —carbonic
anhydrase of human malaria parasite P. falciparum (pfCA).
Aromatic/heterocyclic sulfonamides behave effective
inhibitors of the pfCA with the 4—(3, 4-dichlorophenylureido)
thioureido—benzenesulfonamide (compound 10) as the most
effective inhibitor for in vitro P. falciparum growth. The
compound 10 shows in vivo antimalarial activity against
Plasmodium berghei (P. berghet) infection in mice. Thus,
the sulfonamide CA inhibitors may have the potential for the
development of novel antimalarial drugs.

2. Existence of carbonic anhydrase in many protozoan
and helminthes parasites

The enzyme carbonic anhydrase has been identified in all
organisms so far examined: animals, plants, yeast, archaea
and bacteriali2-16]. The @ —CA isozymes of mammals, in
particular the human and bovine, have been thoroughly
investigated(17-211. Using the bioinformatics approachl22.23],
with the amino acid sequence of all available CAs as query,
many putative @ —CA genes are identified in both protozoan
and helminthes parasites surveyed in the public genomic
databases. The amino acid sequences of these parasites
are not similar to those of the mosquito (Aedes aegypti) and
human CA L II, IIl and VI isozymes. In silico analyses show
the limited information of the putative « —CA genes in all
parasite genomes, due in part to the low percentage of amino
acid identity among the parasite CAs[24.25].

In helminthes, the CA genes are identified in a parasitic
nematode Ascaris suum (having only one putative gene), a
free-living nematode Caenorhabditis elegans (containing
six putative genes), and a filarial nematode Brugia malayi
(having seven putative genes)24-26]. The deduced amino acid
sequences of these parasitic enzymes share very low identity
among themselves. The Ascaris CA has the highest identity
to the mosquito and human CA TIT (31%—32%), whereas the
Caenorhabditis CA has only 25% identity to the human CA II
and I11[24,25],

In protozoan parasites, the CA genes are identified in
Plasmodium, Theileria, Trypanosoma, Leishmania and
Entamoeba. The Plasmodium CA amino acid sequences have
very low identity (<25%) to the mosquito and the human
CA L IL 11T and VI isozymes. Nevertheless, the malarial CA
sequence is closely related to the Theileria enzyme, and is
distinct from the other protozoan enzymes. The predicted
protein sequences of the malaria parasites, however, exhibit
high amino acid identity among themselves, including
P. falciparum, Plasmodium chabaudi(P. chabaudi),
Plasmodium yoelii(P. yoelii), and Plasmodium berghei(P.
berghet)24.251.

3. Enzymatic catalysis, functional role and structure of
carbonic anhydrase

Sudaratana R Krungkrai and Jerapan Krungkrai /Asian Pac J Trop Biomed 2011; 1(3): 233-242

The CAs, also known as carbonate anhydrases (EC 4.2.1.1)
are Zn”—metalloenzymes, which catalyze the reversible
hydration of CO, in forming the bicarbonate ion (HCO;") and
protons (Eq. 1). This reaction can occur in the absence of a
catalyst but it is too slowl17-19].

CO* + H,0 <> HCO, + H" (Eq. 1)

CA was first purified from bovine red cells in 1933[12],
followed by the identification of several isozymes
ubiquitously distributed in all organisms so far examined(13-
19]. The CAs in protozoa and helminthes parasites are found
sparselyl24-28]. Recent studies on the biochemistry and the
crystal structure of CAs from various organisms reveal that
they evolved independently al least five times, with five
genetically distinct enzyme families known to date: the «
-, B— v-, 8-, and {-CAs29-32]. These are the o —CAs
(mainly in mammals, vertebrates, some bacteria, algae,
protozoa and cytoplasm of plant); the B —CAs (ubiquitously
in bacteria, algae and plant chloroplast, many fungi, some
archaea); the y —CAs (predominantly in archaea and some
bacteria); whereas the & — and the ¢ -CAs seem to be
present only in marine diatoms)(19.33]. In human tissues,
16 o —CA isozymes and CA-related proteins have been
recently identified where they function in diverse essential
processesl18. 19,33-37]. In many organisms of vertebrates
the CA enzymes so far examined, are involved in essential
physiological processes connected with respiration and
transport of CO,/HCO,”, pH, CO, homeostasis, secretion of
electrolytes in most tissues/organs, biosynthetic reactions
(i.e., fatty acid synthesis, ureagenesis, pyrimidine de
novo synthesis, gluconeogenesis, etc.), bone resorption,
calcification, tumorigenicity, and many other physiologic
or pathologic processes[17-19.25-26]. Whereas in algae, plants,
and some bacteria the CA enzymes play an important role
in photosynthesis and other biosynthetic pathwaysl18l. In
diatoms, the & — and the §-CAs play an important role in
CO, fixation[18,19],

All these CA families have been crystallized and
characterized in detail, except the § —CAs. The o -, B
—, and 7y —CAs families bear no significant amino acid
sequence identity and exhibits structural differences, except
that their active sites function with a single zinc Il ion (Zn®)
essential for catalysis(17.18]. However, the 7y —CAs are probably
Fe™ enzyme (but they are active also with bound Zn" or Co”
ions)[191. The catalytic and inhibition mechanism of @ —CAs
is well understood(17-191. X—ray crystallographic data of the
human CA II, a representative of the o —CAs, show that Zn™ is
located at the bottom of a 15 A° deep active site cleft, being
coordinated by three histidine residues (His 94, His 96 and
His 119) and a water molecule/hydroxide ion (OH"). The
histidine cluster (His 64, His 4, His 3, His 17, His 15, and
His 10) is critical importance in the catalytic cycle of the
enzyme (Figure 1). The overall enzyme—catalyzed reaction of
CA is illustrated (Figure 2). The active form of the enzyme
is maintained with hydroxide bound to Zn* (Figure 2A).
This strong nucleophile attacks the CO, molecule bound
in a hydrophobic pocket in its neighborhood (Figure 2B),
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leading to the formation of HCO, coordinated to Zn™ (Figure
2C). The HCO,™ is then displaced by a water molecule
and liberated into solution, leading to the acid form of
the enzyme, which is catalytically inactive with water
coordinated to Zn™ (Figure 2D). The basic form A is then
regenerated by a proton transfer reaction from the active site
to its environments, e.g, the active site His 64.

The type of o —CAs kinetic mechanism reveals a zinc
hydroxide catalysis that also extends to the 3 —and y —CA
families[31.38]. This can be summarized as,

E-Zn"-OH- + CO, <> E-Zn*-HCO,” (Eq. 2)
E-Zn*-HCO,” + H,0¢> E-Zn"~H,0 + HCO,” (Eq.3)
E-Zn*-H,0 <> 'H-E—-Zn"~OH" (Eq. 4)
‘H-E-Zn*-OH" <> E-Zn"-OH + H' (Eq. 5)

where E is the CA enzyme, and reaction 5 (Eq. 5) is the
rate—limiting step in enzymatic catalysis, that is, the proton
transfer that regenerates the zinc hydroxide species of the
enzymell8].

The X-ray crystallographic structures of many adducts of the
CAs with aliphatic, aromatic or heterocyclic sulfonamides have
been elucidated, illustrating that the sulfonamide inhibitor is
directly bound to Zn™ of the enzyme through the sulfonamide
moietyl18.19.3039.40]. The interactions between the bound inhibitor
and the enzyme active site are critical for the affinity of this
class of inhibitors to the different isozymes and obviously, for the
design of novel drugs exploiting the sulfonamide-based structure.
At present, at least 25 clinically used drugs have been reported
to possess significant CA inhibitory properties [17-19]. Thus, CA
inhibition and activation has therapeutic applications for treatment
of many human diseases, for instance, Alzheimer, glaucoma,
edema, obesity, cancer, epilepsy and osteoporosis|18.19.33.34.38.40],

4. Basic life cycle, genomics and biochemistry of human
malaria parasite

The term “malaria” disease is derived from the Italian
word “ma’laria’, which means bad airl41]. The disease is
transmitted through the bite of an infected female Anopheles
mosquito. The life cycle of the parasite is relatively
complex, having several stages of its development, in both
the mosquito and human hosts. In P. falciparum, the disease
symptoms manifested during asexual development, include
fever, chills, prostration, severe anemia, delirium, metabolic
acidosis, cerebral malaria, multi—organ system failure, coma
and death(3.91.

The genome sequences of human host (size = 2 900
megabase (Mb), having about 31 000 protein—encoding genes)
and Anopheles vector for malaria parasites (size = 278 Mb,
comprising about 14 000 genes) are well established, whereas
the genomics of three human Plasmodium species, including
P. falciparum, P. vivax, and P. knowlesi, are now completed
and understood in detail[s.6,11]. The parasite’s genomes are
highly polymorphisms, comparing to the human genome.
The P. falciparum nuclear genome is composed of 22.8 Mb,
distributed into 14 chromosomes ranging in size from 0.64
to 3.29 Mb. The parasite nuclear genome is the most (A+T)-
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rich sequenced to date, with an average (A+T) composition
of 80.6%. The malaria parasite also contains two extra—
chromosomal genomes. The mitochondrial genome is a 6 kb
linear element with an (A+T) composition of 69%I421. The
circular 35 kb plastid-like genome locating in the apicoplast,
a non—photosyntheic organelle, has an (A+T) composition
of 86%, and encodes for 30 proteins. Comparative genomics
of P. falciparum and a plant Arabidopsis thaliana shows the
most similaritylt1].

Pre—genomic era of biochemical studies in P. falciparum
have been restricted primarily to the intra—erythrocytic stage
of the life cycle, because of the difficulty of obtaining suitable
quantities of parasite material from the other life—cycle stages.
From the genomic analyses, identifying essential metabolic
pathways for the parasite survival, 5 268 protein—coding genes
are predicted. Of the predicted proteins, 733 (14%) have been
identified as enzymes involved in parasite metabolisms.
During the intra—erythrocytic stage, the parasite degrades
up to 80% of the hemoglobin in the host cell for their amino
acid requirement. The degradation occurs in a lysosomal
food vacuolell0l.The malaria parasite relies on anaerobic
glycolysis for ATP production by obtaining glucose from
the human host. The essential metabolisms, as well as
biochemical pathways that are now elucidated, include the
apicoplast fatty acid synthesis, synthesis of heme, isoprenoid
and ubiquinone (CoQ)), synthesis of amino acids, folate
and other vitamin B—coenzymes biosynthesis, glycerolipid
metabolism, pentose phosphate pathway, and limited
functioning mitochondrial electron transport system(10.42].

Interestingly, the malaria parasite utilizes purines and
pyrimidines as precursors for DNA/RNA synthesis during
its multiplication/growth in all stages of the life cycle. The
parasite, known as a purine auxotroph, is incapable of de
novo purine biosynthesis. It salvages the preformed purine
bases/nucleosides from the human host and converts them
to their mono—, di— and triphosphates. The parasite can only
synthesize pyrimidines de novo from HCO;", ATP, glutamine,
aspartate, and 5—phosphoribosyl-1-pyrophosphatel43-53].
These unique properties on both purine and pyrimidine
requirement of the parasite are key differences from the
human host, in which both functional de novo and salvage
pathways of the purine and pyrimidine synthesis exists[46.48,
54-58].

5. Gene and protein of malaria parasite o —carbonic
anhydrase

In 1998, Sein and Aikawa demonstrated the in situ CA
activity for the first time in the P. falciparum—infected
red cells by using electron microscopy and CA-specific
Hanssen’s stainl27]. During 2001-2004, we demonstrated the
existence of the CA enzymatic activities in P. falciparum
from in vitro culture and in the mouse parasite P.
bergheil28.59].

The P. falciparum—infected red cells contain CA activity
about 2 times higher than those of normal and uninfected
red cells. The three asexual developmental stages: ring
(young), trophozoite (growing) and schizont (mature) show
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stage—dependent activity, with the specific activity of the
CA enzyme increasing as the parasite matures (Table 1).
The malarial enzyme belongs to the o —CAs family. The P.
Jalciparum o =CA (pfCA), which is completely inhibited
by acetazolamide (AZA), has been purified and extensively
characterized. In P. berghei, a 5—fold increase in total
activity of the CA enzyme in the infected, compared to the
uninfected and normal mouse red cells, has been observed.
At least four isozymes (namely, pbCA1, pbCA2, pbCA3, and
pbCA4) were demonstrated in P. bergheil59l. The pbCA2 and
pbCA3 isozymes are major forms. All four P. berghei CA
activities are completely inhibited by AZA. The purified
and native pfCA enzyme has a KI value of AZA higher than
those of the human CA II and many bacterial CAs. Notably,
the yeast CA, the plant CA and the mammalian CA TIT are
peculiarly insensitive to AZA inhibition [60-67].

With the available genome sequence for P. falciparum, a
search for nucleotide sequences that encode CA enzymes
in the malaria parasites was performed. By using the
bioinformatics approach, TBLASTN searching of the genome
database using protein CA sequences obtained from
other organisms yields an open reading frame similar to
the —CAs from various organisms, including human. The
single copy CA gene was found in P. falciparum, and in
three species of mouse malaria parasites; P. chabaudi, P.
yoelit and P. berghei. The primary amino acid sequence
of the P. falciparum gene has 47%, 42% and 40% identity
with P. berghei, P. chabaudi and P. yoelii, respectively.
High identity (>80%) was observed among the three rodent
malarial parasites, P. chabaudi, P. yoelii and P. berghei.
Low identity (<25%) of the malarial sequences are found
when compared to the mosquito Aedes and human CA I, 11,
III and VI sequences. The active site residues responsible for
binding of substrate and catalysis are, nevertheless, highly
conserved among the four Plasmodium species|24.25].

At present, only the full-length pfCA gene encoding
the major form of P. falciparum CA, has been cloned
and functionally expressed in Escherichia colil59). The
recombinant pfCA protein shows authenticity to the native
enzyme purified from in vitro P. falciparum culturel28]. The
kinetic parameters including KM, KCAT, KI of the inhibitor
AZA are also found to be similar between the native and
recombinant enzymes (Table 2). The recombinant protein
obtained is used for an in vitro drug-screening test for a
mechanism-based drug design, especially for aromatic/
heterocyclic sulfonamide CA inhibitors.

6. Inhibition of malaria parasite o —carbonic
Anhydrase by aromatic/heterocyclic Sulfonamides

As mentioned earlier, the pyrimidine biosynthetic
pathway represents a key difference between the parasite
and its human host, it constitutes an important feature
for the possible targeting of pfCA for the design of novel
antimalarials. Indeed, pfCA catalyzes the formation of
HCO;", serving as a substrate for the first enzyme in the
pyrimidine biosynthetic pathway, carbamoylphosphate
synthetase II. Thus, inhibitors of pfCA may affect the entire
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biosynthetic pathway, leading to antimalarials which possess
a different mechanism of action as compared to the presently
known drugs, most of which are rather toxic and led to the
emergence of drug—resistancel3.7.8].

It is well established that the « —CAs are strongly
inhibited by aromatic/heterocyclic sulfonamides, which
bind in the deprotonated state to Zn’* within the enzyme
active sitelss-70. Of note, some compounds belonging to this
class, such as AZA, methazolamide, dichlorophenamide or
indisulam among others, are widely used pharmacological
agents, mainly as diuretics, antiglaucoma, antiepileptics or
anticancer agents(17-19.30,33,34.40], Indisulam is in advanced
clinical trials for the treatment of solid tumors[40.68].

In our previous studies242571, we investigated the first
library of aromatic sulfonamides, most of which were Schiff’s
bases derived from sulfanilamide/homosulfanilamide/4-
aminoethylbenzene—sulfonamide and substituted—aromatic
aldehydes, or ureido—substituted sulfonamides, some of
which proved to be effective inhibitors of the parasitic
enzyme pfCA. In this review, we discuss our extending
the previous works for detecting potent sulfonamide CA
inhibitors (CAIs) targeting malaria CAs. We focus the in vitro
pfCA inhibition studies with the second library of aromatic/
heterocyclic sulfonamides possessing a large diversity of
scaffoldsl72l. The most effective CAls for pfCA were also
assayed in vitro, for the inhibition of the parasite growth
in cell cultures, as well as in vivo, in an animal model of
drug testing for human malaria, i.e., mice infected with P.
berghet.

Table 1

Stage—dependent ¢ —carbonic anhydrase activity in three

developmental forms of P. falciparum, comparing to normal and
infected red cellslzsl.

Activity (unit, nmol/min)

Cell Unit/10° cells  Unit/mg protein

Normal red cell 420 £ 35 0.07 % 0.01
Infected red cell (mixed stages) 750 + 60 0.20 + 0.03
Parasites

Ring 85+ 6 0.13 £ 0.01
Trophozoite 640 £ 80 0.28 = 0.03
Schizont 1540 = 110 0.42 + 0.04
Table 2

Comparison of kinetic and inhibitory constants of human red cell
CAII, native and recombinant Plasmodium falciparum o —carbonic

anhydrase (pfCA).

Enzyme KM (mM) Key (min™) KI** (nM) KT *™(mM)
Human CA TI 10.1 £0.8 741 £57  99£6 145 £ 2
Native pfCA 37102 104+ 1.2 247+ 14 56 =4
Recombinant pfCA 5.6 £ 03 82+ 1.6 315+26 84 £10

AZA and SFA are acetazolamide and sulfanilamide
(4—aminobenzenesulfonamide), respectivelyls9l.

The chemical structures of the new library of 34
aromatic/heterocyclic sulfonamides and AZA are shown
in Figure 3. The sulfonamides 1-34 include both aromatic
(benzenesulfonamides as warheads to bind the Zn(Il) ion
within the CA active site) as well as heterocyclic such
compounds, t.e., 1,3,4—thiadiazole— and 1,3,4—thiadiazoline—
2—sulfonamides. Various tails are attached to these aromatic/
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heteroyclic sulfonamide scaffolds, such as the perfluoroaryl/
alkyl-sulfonamido—; aryl/diaryl-ureido/thioureido—;
arylcarboxamido—; diethyl-dithiocarbamoylamino—;
aryomatic Schiff’s base, coumarinyl-3—carboxamido- as
well as 7-methoxy—coumarin—4-yl-acetamido—, in order
to include a large structural variation as well as physico—
chemical properties to the test compounds. Indeed, these
sulfonamides have been assayed earlier for the inhibition
of the human CA I, II, IV and IX isozymes, showing a great
variation of potency and different affinities for the various
human isozymes.

Table 3

In vitro inhibition data of pfCA (KI, = M), in vitro inhibition of
growth of P. falciparum in cell cultures (ICy,, M) and in vivo

antimalarial activity in P. berghet infected mice (ID,,, mg/kg) of
sulfonamides (1-34).

Compound K; (2 M) IC,, (1 M) 1D,, (mg/kg)
1 2.58 >50 -

2 3.44 >50 -

3 6.87 >50 -

4 0.19 >50 =

5 5.58 >50 -

6 3.06 >50 -

7 1.99 >50 =

8 16.52 >50 -

9 16.04 >50 =

10 0.18 1.00 10.00
11 4.62 >50 =

12 2.10 >50 -

13 3.05 >50 =

14 2.99 >50 -

15 8.39 >50 -

16 0.25 3.89 No effect
17 >25 >50 =

18 >25 >50 -

19 >25 >50 -

20 >25 >50 =

21 13.17 >50 -

22 5.05 >50 =

23 5.82 >50 -

24 18.51 >50 =

25 4.06 >50 -

26 >25 >50 =

27 9.03 >50 -

28 1.44 >50 -

29 4.58 >50 =

30 3.51 >50 =

31 0.97 >50 -

32 2.52 >50 -

33 4.16 >50 =

34 6.73 >50 =
AZA 0.32 20.00 No effect
Quinine No inhibition - -
Qinghausu No inhibition - -
Chloroquine No inhibition - 5.00

Acetazolamide AZA and antimalarial drugs quinine, gqinghausu and
chloroquine, as standards. Compounds 10, 16 and AZA are tested
at 25.0, 10.0, 5.0, 2.5 mg/kg body weight for the in vivo study. They
showed no cytotoxicity in human KB and BC cells.[2I

In vitro inhibition data of sulfonamides 1-34 against
recombinant purified pfCA enzyme, in vitro data for the
growth inhibition of P. falciparum in cell cultures as well as
in vivo antimalarial data in mice infected with P. berghei,
are shown in Table 3. Acetazolamide AZA has been included
as standard sulfonamide CAIL Three antimalarial, clinically
used drugs, i.e., quinine, qinghausu and chloroquine were
also included in these assays as standards.

The information of Table 3 shows the following structure
activity relationship (SAR) for the inhibition of pfCA with
sulfonamides 1-34:

Group I (moderate micromolar sulfonamide), several
compounds among the tested sulfonamides, such as 8, 9, 17—
21, 24 and 26, showed ineffective pfCA inhibitory activity,
with inhibition constants (KIs) in the range of 13.17 - >
25.00 ¢ M. They include various scaffolds, such as the N,N—
diphenyl—ureas 8 and 9, the Schiff’s bases 17-20 or the
coumarine—3—carboxamids 21, 24 and 26. SAR is difficult to
interpret in these cases also considering the fact that some
structurally related derivatives to these compounds showed
much better pfCA inhibitory activity.

Group II (low micromolar sulfonamide), another subgroup

of derivatives, including 3, 5, 11, 15, 22, 23, 25, 27, 29,
33 and 34 showed a better pfCA inhibitory activity as
compounds mentioned above, with Kls in the range of 4.16—
9.03 #M. Again the structures of these medium potency
inhibitors are very diverse, incorporating basically all
classes of the investigated sulfonamides, such as the
perfluoroaryl- (3), urea (5 and 34), thiourea (11 and 34),
N,N-diethyldithiocarmaboylamino (15) coumarines (22,
23, 25, 27 and 29) as well as Schiff’s base (33) derivatives.
The sulfonamide heads incorporated in these CAls include
both benezenesulfonamide as well as 1,3,4—thiadiazole/
thiadiazolines warheads.

| yHIsll
F

)
WHst S

15594

::‘Ju
: oy,

Figure 1. Three dimensional structure of active site of human CA
sl

The Zn* ion is situated in the active-site cleft (shown as a pink
sphere), and is coordinated by His94, His96 and His119 (shown in
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green) and a water/hydroxide ion. The histidine cluster involving
in the proton—shuttling processes between the active site and the
environment are also evidenced. Amino acid residues 92 and 131
involved in the binding of many sulfonamide inhibitors are shown in
yellow.

Group III (submicromolar sulfonamide), the remaining

derivatives, including 1, 2, 4, 6, 7, 10, 12—14, 16, 28, 30—
32 and AZA were better pfCA inhibitors, showing low
micromolar or submicromolar affinities for the enzyme, with
KIs in the range of 0.18 — 3.51 #M. It may be observed the
large variation of inhibitory activity of these compounds,
when small structural variations are incorporated. For
example, incorporation of an extra—methyl group in 2,
as in the thiadiazoline 3, led to a 2—fold decrease of the
inhibitory activity of 3 compared to 2. Replacement of the
perfluorophenyl—sulfonyl moiety of 1 with the corresponding
perfluoro—octylsulfonyl moiety present in 4, led to a 13.5
times gain in inhibitory activity of the later compound
compared to the former one. In fact 4, together with the
ureido—thiourea 10, are among the most potent pfCA
inhibitors ever detected up until now. Indeed, compound
10 possess the same 3,4—dichlorophenyl—-urea moiety also
found in 5, but 10 has an additional thiourea fragment in its
molecule, and it is 31 times more effective a pfCA inhibitor
as compared to 5. Probably the more elongated shape of
10 compared to the compact 5, lead to better interactions
with the enzyme active site and to this very good in vitro
inhibition of pfCA. However, compound 34 possess a similar
elongated shape with 10, and also the phenylureido—thiourea
fragment, but 34 is a 37.4 times less effective inhibitor as
compared to 10. Probably the two chlorine atoms present in
10 are crucial for the effective binding to the enzyme active
site. It is also interesting to note the very effective pfCA
inhibition with the Schiff s base 16, incorporating again a
chlorophenyl moiety in its molecule, which is at least 100—
times more effective as an enzyme inhibitor as compared
to the structurally related derivatives 17-20, all quite

ineffective pfCA inhibitors.
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Figure 2. Catalytic mechanism for a carbonic anhydrase—catalyzed
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reaction of H,0 and CO,Js].
Details are described in text for four steps of the overall enzymatic
reaction.

The large variations of activity were also observed for the
coumarines 21-32, with only one compound 31 possessing
submicromolar pfCA inhibitory activity, the vast majority
of these sulfonamides being medium potency inhibitors.
The standard CAI acetazolamide, AZA, behaves as a strong
pfCA inhibitor too, with a KI of 0.32 #M. However, it is
difficult to rationalize these data in the absence of an
X-ray crystal structure of this enzyme, but we can state
that small structural variations in the scaffold of our tested
sulfonamides lead to very different inhibition profiles,
which is noteworthy, meaning that it is possible to detect
much more effective pfCA inhibitors by an intense screening
effort of various libraries of structurally diverse compounds.
In addition, our data also demonstrate that antimalarials
such as quinine, chloroquine or ginghausu, which do not
possess moieties present in CAls (sulfonamides and their
bioisosteres), are not at all pfCA inhibitors up to millimolar
concentrations (Table 3). Thus, the sulfonamides investigated
in our study are specifically interacting with the pfCA
active site, similarly to all sulfonamides targeting o —CAs
investigated earlier17-19.40],

7. In vitro and In vivo antimalarial properties of o
—carbonic anhydrase inhibitors

By using ['H]hypoxanthine incorporation for monitoring
growth of P. falciparum in in vitro cell culturel4s], the 50%
inhibitory concentration (ICy) for AZA is 20 M. Based on
the morphology examination of treated parasites in in vitro
culture, the effect of AZA was more pronounced in the ring/
trophozoite forms than the schizont stage of P. falciparum,
as shown by clumping of nucleus and collapsing cytoplasm
(Figure 4). This is consistent with the stage—dependent
activity of the enzyme in that more maturing parasites
contain higher activity (Table 1). Pretreatment of the human
red cell with AZA, which totally abolished the host enzyme
activity, show no pronounced effect on the parasite invasion.
It is then concluded that the CAI directly affect the parasite
carbonic anhydrase and lead to eventually death of the
parasite in the host red cell.

The most effective in vitro pfCA inhibitors, i.e, 10, 16 and AZA
also showed interesting growth inhibition of in vitro culture
of P. falciparum parasite (Table 3). Indeed, AZA was a rather
weak antimalarial compound, with an IC,; of 20 M, but two of
the 34 newly investigated derivatives, i.e., 10 and 16, showed
appreciable activity, with IC,s in the low micromolar range,
of 1.00-3.89 M. All other derivatives, irrespective of their
KI values against the purified pfCA enzyme, were ineffective
inhibitors for the in vitro growth of the parasite (Table 3),
with IC,s > 50 M.

Acetazolamide (as standard), chloroquine (as clinically
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used antimalarial drug) and the two active sulfonamides,
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Figure 3. Chemical structures of aromatic/heterocyclic sulfonamide
carbonic anhydrase inhibitors 1-34 and AZA[72]. Coumarine
sulfonamide derivatives are 21-32.

10 and 16, were also tested in vivo, in an animal model of
human malaria, i.e., mice infected with P. berghei, for their
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antimalarial activity (Table 3). It may be observed that AZA
and compound 16 were ineffective antimalarials in this animal
model (at doses of 25.0, 10.0, 5.0 and 2.5 mg/kg body weight
daily for four days, respectively) whereas chloroquine and
compound 10 showed appreciable antimalarial activity, with
IDys (amount of compound protecting 50% of the test animals
against malaria infection) in the range of 5-10 mg/kg. Thus,
the newly investigated sulfonamide 10 has a comparable
activity with chloroquine, being slightly less in vivo effective
as compared to this widely used drug, but its probable
mechanism of action is very different compared to that of
chloroquine, involving inhibition of the malaria parasite CA.
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Figure 4. Antimalarial effect of acetazolamide AZA on P.
Jfalciparum morphology during an intra—erythrocytic cycle (ring,
trophozoite and schizont stages of development)[59].

The morphological abnormalities were examined in the absence
(panels A, B and C; control) or in the presence of 100 (+ M AZA

(panels D, E and F; AZA—treated culture) at various times of the
parasite culture starting with ring stage development.

In conclusion, a library of aromatic/heterocyclic
sulfonamides possessing a large diversity of scaffolds has
been assayed for inhibition of CA from the malaria parasite
P. falciparum. Moderate, low micromolar and submicromolar
in vitro inhibitors, were detected, whereas several
compounds showed anti—P. falciparum growth in in viro
cultures. One derivative 10, 4—(3,4—dichlorophenylureido)
thioureido—benzenesulfonamide was an effective in vitro
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pfCA inhibitor (KT of 0.18 ©M), inhibited the in vitro growth
of P. falciparum with an IC of 1 M, and was also effective
as an antimalarial agent in mice infected with P. berghei, an
animal model of human malaria infection, with an ID,; of 10

mg/kg (chloroquine as standard, showed an 1Dy, of 5 mg/kg).

8. Concluding remarks and future directions

In malaria parasites, there are at least four species known
to contain putative genes encoding the o —CAs family.
One P. falciparum gene has been cloned and functionally
expressed in E. coli. The recombinant enzyme is catalytically
active and has authentic properties similar to the wild
type enzyme purified directly from in vitro P. falciparum
cultures. Our studies on the pfCA inhibitor affecting the in
vitro P. falciparum growth and in vivo P. berghei infection in
mouse indicate therapeutic potential use of sulfonamide CA
inhibitors targeting the malaria parasite CA enzyme. This
also provides that antimalarial drugs possessing a novel
mechanism of action can be obtained, by inhibiting a critical
enzyme in a metabolism for the life cycle of the malaria
parasite, e.g., the first step of pyrimidine biosynthesis,
which is the CA-mediated carbamoylphosphate synthesis.
Thus, the sulfonamide inhibitors of the parasite CA may
have potential for the development of novel therapies of
human malaria and thus shortcut the drug resistance to the
clinically used antimalarials.

Moreover, the evolutionary relationship of the parasite
enzymes to other organisms is not understood. Finally, the
functional roles of the enzyme in parasite metabolisms
need to be further investigated. Our ultimate goal is the
elucidation of the 3 D structure of the parasite CA for
rationale drug design lending further insights into its
differences from the equivalent enzyme in human.
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