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The objective of this study is to clone and functional express Plasmodium falciparum

carbonic anhydrase (CA) in Escherichia coli. The search of the malarial genome database yielded

an open reading frame (ORF) on chromosome 11 similar to the 0C-CAs from various organisms,
including human. The primary amino acid sequence of the PfCA gene has ~80% identity with a
rodent parasite enzyme, namely P. yoelii (PyCA). The single ORF encoded 235 amino acid
protein for PFCA. The PfCA gene was cloned, sequenced and expressed in E. coli. The purified
recombinant PfCA enzyme was catalytically active. The recombinant protein was analyzed by
SDS-PAGE and has a molecular mass of 29 + 1 kDa, close to the molecular mass of deduced
amino acid sequence of PICA and the native CA purified from the malarial culture. It was
sensitive to acetazolamide and sulfanilamide inhibition. Kinetic properties of the recombinant PfCA
revealed the authenticity to the wild type enzyme purified from P. falciparum in vifro culture.
Furthermore, the PfCA inhibitors acetazolamide and sulfanilamide showed good antimalarial effect
on the in vitro growth of P. falciparum. Our molecular tools developed for the recombinant enzyme
expression will be useful for developing potential antimalarials directed at P. falciparum carbonic

anhydrase.

Keywords : Malaria, Plasmodium falciparum, Drug target, Carbonic anhydrase, Acstazolamide
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Plasmodium falciparum Carbonic Anhydrase is a Possible
Jarget for Malaria Chemotherapy
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{Recefved 9 January 2004; In final form 2771)

Plasmodium falciparum 13 responsible for the
majority of life-threatening cases of human malaria,
The global emergence of drug-resistant malarial
parasites necessitates identification and characteriz-
ation of novel drug targets. Carbonic anhydrase (CA)
is present at high levels in human red cells and in P,
Jalciparum. Existence of at least three isozymes of the
o class was demonstrated in P. falciparum and a
rodent malarial parasite Plasmodium berghei. The
major isozyme CAl1 was purified and partially
characterized from P. falciparum (PfCA1). A search of
the malarial genome database yielded an open reading
frame similar to the a-CAs from various organisms,
including human. The primary amino acid sequence of
the PFCA1 has 60% identity with a rodent parasite
Plasmodium yoelii enzyme (PyCA). The single open
reading frames encoded 235 and 252 amino acid
proteins for PCAI and PyCA, respectively. The highly
conserved active site residues were also found among
organisms having «-CAs, The PfCAl1 gene was
cloned, sequenced and expressed in Escherichia coli,
The purified recombinant PfCAI enzyme was cataly-
tically active. It was sensitive to acetazolamide and
sulfanilamide inhibition. Kinetic properties of the
recombinant PfCA1 revealed the authenticity to the
wild type enzyme purified from P falciparum in vitro
culture. Furthermore, the PfCAlinhibitors acetazola-
mide and sulfanilamide showed good antimalarial
effect on the in vitro growth of P falciparum. Our
molecular tools developed for the recombinant enzyme
expression will be useful for developing potential
antimalarials directed at P. falciparum catbonic
anhydrage,

Keywords: Malaria; Plasmodium falciparum; Plasmodium berghet;
Drug target; Carbonic anhydrase; Acetazolamide

INTRODUCTION

Malaria is a disease caused by protozoan parasites of
the genus Plasmodium. The disease afflicts approxi-
mately 5 hundred million and kills up to 2.5 million
annually, mainly children in African countries.' Four
species infect humans but P. falciparum is responsible
for the majority of deaths. The limitaton and toxicity
of antimalarial drugs currently used, and the spread
of drug-resistant malarial parasites accompanied by
a world-wide resurgence of malaria, requires the
development of new drugs for management of the
disease. In intraerythrocytic stage of development,
the parasites require purines and pyrimidines for
DNA and RNA synthesis during their exponential
growth and replication. The parasites, known as
purine auxotroph, salvage the preformed purines
from the human host, but they have to syn-
thesize pyrimidines de novo from HCOJ, adenosine
5-triphosphate, glutamine and aspartate,® % These
properties on both purine and pyrimidine biosyn-
thesis represent key differences between the parasite
and human host.

Carbonic anhydrase (CA; EC 4.2.1.1) is a zinc-
containing enzyme catalyzing the reversible
hydration of CO,[CO; + H,0 « HCO; + H*]. The
first CA was purified from bovine red cells in 1933,°
followed by the identification of several isozymes
widely distributed in mammals, plants and bac-
teria.,””” Recent advances regarding the crystal
structure and biochemistry of CAs from various

-8

*Corresponding author: Tel: 4 66-2-2564482. E-mail: fmedikk@md2.md.chula.ac.th

ISSN 1475-6366 print/ISSN 1475-6374 online © 2004 Taylor & Francis L4d
DO 10.1080/ 14756360410001689577
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organisms revealed that they evolved independently
and have been categorized into 4 classes: «, B,-yand 5.2
The first three classes have no significant sequence
idenbity and structural differences, their active sites
function with a single zinc ion essential for catalysis.
Recently, we have demonstrated the existence of three
active CA isozymaes in the human malarial parasite P
falciparum.*® The major isozyme, P. falciparum CA1
(PFCA1), has been purified and its characteristics have
been partially studied due to the paucity of parasitic
materials from in vitro culture with human red cells.

Based on our previous observation, this prompted
uggo identify the PfCAT gene in the malarial genome
database, and then clone and heterclogously express
it in Escherichia coli. This is the first CA cloned and
functionally expressed from a protozoan parasite.
The recombinant enzyme is catalytically active for
both p-nitrophenylacetate and a-naphthylacetate as
substrates, and was strongly inhibited by acetazola-
mide (2-acetylamino-1,3,4-thiazole-5-sulfonamide,
AAZ) and sulfanilamide (4-aminobenzenesulfona-
mide, SFA). Physical and kinetic properties indicate
authenticity of the recombinant PfCA1 to the wild
type enzyme purified from P. falciparum. The PfCA1
also differs from the human CA II. The PfCAl
inhibitors AAZ and SFA show good antimalarial
effect on the in wvitro growth of P. falciparum.
In addifion to P. falciparum CAs, we report the
existence of four isozymes of CA and their sensitivity
to AAZ inhibition in a rodent parasite P, berghei.

MATERIALS AND METHODS

Materials and Chemicals

Restricion enzymes, biochemicals and chemicals
were purchased from Promega, Sigma, Fluka and
Amersham Biosciences. These were of the highest
quality commercially available and were used
without further purification. Nickel(Il)-nitrilotriace-
tic acid (Ni**-NTA)-agarose affinity gel was obtained
from Qiagen. Molecular mass markers for SDS-
PAGE and gel filtration chrematography were
purchased from Amersham Biosciences and BicRad.

Cultivation of P. berghei and P. falciparum

P, berghei was cultivated in Swiss albino mice with
50-60% parasitemnia before collecting the blood. The
P. berghei-infected blood, mainly at the trophozoite
stage, was passed through CF-11 cellulose columns
to remove all white blood cells and platelets.
P. falciparum (Te isolate) was cultivated by
a modification of the candle jar method of Trager
and Jensen," using a 5% hematocrit of human red
cell type O suspended in RPMI 1640 medium
supplemented with 25mM Hepes, 32 mM NaHCO;

and 10% fresh human serum type O. The cultures,
started at low parasitemia (~1-2%}, were changed
with the medium twice daily until the cultures had
~30% parasitemia and then harvested for enzyme
and nucleic acid preparations. The parasites were
isolated from the infected red cells by incubating in
0.15% saponin in the RPMI medium for 20 min at
37°C. The host cell-free parasites were obtained after
centrifugation at 8,000 X g for 10 min and washed at
least 4 times with phosphate buffered saline (5 mM
phosphate buffer/145mM NaCl/pH 8.0) (PBS} and
1mM phenylmethylsulfonyl fluoride (PMSF), and
then lysed according to the reported procedure.*

Purification of Enzyme on Fast Protein Liquid
Chromatographic System

The parasite supernatant obtaining after centrifu-
gation of the parasite lysate at 27,000 X g for 60 min
was dialyzed with 20mM Na,HPO; (pH 6.0)
containing 1mM PMSF, and concentrated. I was
then loaded onto a Pharmacia Mono S cation-
exchange fast protein liquid chrematographic
(FPLC) column, which had been equilibrated with
the phosphate buffer. The column was washed with
the same buffer and then eluted with a linear
gradient of phosphate buffer from pH 6.0-8.0 at a
flow rate of 1 ml per min. The eluates were collected
into 30 fractions, each 1.0 ml-fraction was assayed for
CA activity and protein concentration. All P. berghei
CA activities were eluted at fractions 3-8, pooled
and prepared for activity staining on nondenaturing-
PAGE. For the P, falciparum CA, the major isozyme
CA1 was further purified to near homogeneity using
two more sequential columns on Mono Q anion-
exchange and Superose 12 gel filtraion FPLC as
described previously.!?

Enzyme Assay and Kinetic Studies

The esterase activity of CAwas measured by using the
modified method of Armstrong et al.'? The enzyme
activity was determined by following the change in
absorbance at 348nm of p-nitrophenylacetate to
4-nitrophenoxide ion (extinction coefficient = 18.1
M~ em™?!) over a period of 3min at 37°C using a
Shimadzu 1601 spectrophotometer equipped with a
temperature-controlied unit. The enzymatic reaction,
in a total volume of 1.0 ml, contained 10 mM Tris— HCI
buffer, pH 8.0, 0.25mM p-nitrophenylacetate and
10-100 pl enzyme preparations. This measurement
was then repeated in the presence of the inhibitor
AAZ at a concentration of 0.1 mM, to obtain the net
CA activity. One unit of enzyme activity was expres-
sed as 1 wmol of p-nitrophenylacetate hydrolyzed per
min at 37° C, Kinetic constants, K,,, and k., were
determined by fitting data to the Michaelis-Menten
equation using non-linear regression with an Elsevier
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Biosoft Enzfitter program. Inhibitor constants (Kj}
were determined from Dixon's plots as described.”

Identification and Characterization of
P. falciparum Carbonic Anhydrase Homolog

Homelogy search of the parasite PICAl was
performed with the BLAST program of the US.
National Center for Biotechnology Information
server,'® Using a-CA sequences from other organ-
isms, significant homology for PfCAl1 was found
within a sequence on chromosome 11 in a malaria
genome database. A single continuous P. falciparum
Wpen reading frame (ORF} encoding CA homolog
was further characterized by the TBLASTN pro-
gram.* In addition, an ORF encoding CA homolog
was identified in P. yoelii genome database (PyCA).
Pair-wise and multiple sequence alignments of
PfCA1 and PyCA with other organisms were
performed using the CLUSTALW program.’®

Cloning and Sequencing of P. falciparum
Carbonic Anhydrase

Genomic DNA was isolated from P. falciparum by
DNAzol™ reagent (Invitrogen). PCR was used to
amplify DNA encoding PfCAl. The forward
primer was STCTGGATCCATGAAAGATTTAAA-
GGAGAGAGAAZ and the reverse primer was
SCCCAAGCTTTTATTTATTACCTGAGCCCGACGT-
G%, which introduce BamH [ and Hind I restriction
sites respectively (shown in bold).

The PCR cycling parameters include denaturation
at 95°C (1 min), annealing at 55°C {l1min) and
extension at 68°C (3min}. After 30 cycles, a single
band of the predicted size was visualized on an 0.8%
agarose gel. The PCR products from gDNA were
purified from the gel by using gel extraction kit
(Qiagen). PCR products were ligated into a cloning
vector pDrive (Qiagen). The PfCAL sequence was
determined in both directions by the dideoxy chain-
termination method using an automated Applied
Biosystems Procise sequencer. The construct plasmid
wassubcloned into expression vectors. Attempts were
done with at least three expression vectors having
different promoters, i.e., pQE30 {Qiagen), pTOPQO
(Invitrogen), pET 15b (Novagen). The PfCAI was
expressed only with the pET15b expression vector.
This approach will produce the recombinant protein
fused to N-terminal Hisg-thrombin cleavage site and
the expressed recombinant protein can be detected by
monoclonal antibody directed against His,-tag.

Recombinant Protein BExpression and Purification
of P. falciparum Carbonic Anhydrase from E. coli

The competent E. coli BL21 {DE3) cells were
transformed with the pET15b having the fused
Hise-PSCAL The cells were grown in LB medium

(37°C) to an ODggg pm of 0.5, and induced with
1mM isopropyl o-D-thiogalactopyranoside (IPTG),
harvested by cenirifugation (8,000 x g) after IPTG
induction for 3h at 37°C, washed three times with
ice—cold PBS, and stored as cell paste by freezing in
— 80°C untll used.

All protein purification steps were performed at
4°C or on ice. Frozen cell pellets were suspended in
four cell paste volume of buffer A (50 mM NaH,PQOy,
pH 8.0/300 mM NaCl/10 mM imidazole). A protease
inhibitor cocktail was added to the cell suspension.
The mixture was sonicated with an ultrasonic
homogenizer. The E. coli lysate was then centrifuged
for 30 min at 18,000 x g,

The supernatant (8 ml) was loaded onto a 2ml bed
volume of Ni**-NTA-agarose affinity gel equili-
brated with buffer A. The column was washed with
20 mt of buffer B (50 mM NaH,PQy, pH 8.0/300 mM
NaCl/20 mM imidazole), and then ehsted with 6 ml
of buffer C (S0mM NaH,PO, pH 8.0/300mM
NaCl/250 mM imidazole). The eluted protein from
the Ni**-NTA-agarose column was dialyzed exten-
sively against PBS, prior to thrombin protease
treatment (10unit/mg protein, overnight at 22°C)
for Hiss-tag removal. The recombinant protein, after
concentration using centricon 10 devices, was
assayed for CA activity staining on nondenaturing-
PAGE gel. The purified enzyme was determined
for kinetic properties and inhibitory effect by AAZ
and SFA inhibitors using the esterase assay as
described.’

In Vitro Antimalarial Test

Growth of P. falciparum during drug-screening
tests was measured by using incorporation of
[*H] hypoxanthine into parasite DNA and RNA
and asynchronized culture with starting parasitemia
of 0.5% as described.'® Aliquots of stock solution of
drugs were placed in 96-well Hissue culture plates, to
final concentrations of 0.001-1000pM in sterile
water after the addition of P. falciparum infected red
cell suspension (0.5%} in RPMI 1640 culture medium.
The plates were incubated in candle jars at 37°C
for 24h. {’H) hypoxanthine (¢.5pCi; 1Ci/mol} in
25 ul of the culture medium was then added to each
well. The incorporation of [*H}hypoxanthine in
each well was examined after 48h of drug-
treated culture and the radicactivity was measured
by liquid scintilation counting. The drug-free
control of P. falcipsrum-infected red cells inc-
ubated under the same condition had radicactivity
of 18,000 % 1,000 cpm. The control red cells without
harboring parasites incubated as described had
400 + 50cpm. All compounds were run in triplicate
at each concentration. The 50% inhibitory concen-
tration (ICsp) was defined as the concentration
of the compound causing 50% inhibition of the (*H]
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hypoxanthine incorporation, compared with the
drug-free control of the parasite culture. In paraliel
studies, antimalarial activity against P. falciparum in
in vitro growth was quantified by measuring %
parasitermnia in a 96-hour culture in the Jpresence of
the drugs at various concentrations,”® All com-
pounds were tested in triplicate at each concen-
tration used. The morphelogical changes of
P. falciparum were also observed in the culture
treated with 100 pM AAZ in one intraerythrocytic
cycle (~44—48 h) starting with the synchronized ring
stage.
-
Other Methods

Human CA 11 was purified from normal red blood
cells, which had been cuitivated as well as
P. falciparum-infected red cell using the same
procedure as described for the malarial CA. Mouse
red cells were prepared from the normal Swiss albino
mice. The number of cells was determined by a
hematocytometer. Parasitemia and parasite morpho-
logical characteristics were performed on methanol-
fixed and Giemsa-stained blood film of the malarial
culture and then counted by using a Niken
microscope, equipped with a camera unit.

Protein concentrations were determined by the
method of Bradford'” using bovine serum albumin
as standard. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was per-
formed on a Bio-Rad minislab gel apparatus with a
5% acrylamide stacking gel and 10% acrylamide
rEnning §el in the discontinuous buffer system of
Laemunli."® Nondenaturing-PAGE was performed
by using the modified Laemmli's method in the
absence of SDS and reducing agents of all reagents
used, and 5% acrylamide running gel was applied.
The enzyme actvity was also detected on the
nondenaturing-PAGE gel after electrophoresis in the
presence of substrate a-naphthylacetate using the
method described by Tashian'® The inhibitor AAZ
(at 1 mM) was also included during enzyme activity
staining as a control. The proteins on the SDS-PAGE
gels were stained with Coomassie Blue R dye and
visualized by a Kodak 1D image analysis software.

Western blot analysis was performed to confirm
the authenticity of the Hiss-tagged recombinant
protein by using the method as described.”® The
detection system was QIA express™ kit (Qiagen)
confaining monocional antibody directed against
Hig;-tag with horseradish peroxidase-conjugate.

RESULTS AND DISCUSSION

The enzyme CA has previously been characterized
from many species of animals, Iglants, yeast,
bacteria, including human protozoa.®~®!% The crystal

structures of the enzyme CA isolated from many
sources have been identified.” The enzyme is the
target for sulfonamide drugs, such as AAZ and
methazolamide, for the treatment of human glau-
coma.??! "2 In the present study, it is shown that in
addition to the human parasite B falciparum, the
rodent parasite P. berghei propagated in the mouse
system has its own CA activity and exhibits at least
four isozymes, which are sensitive to the inhibitor
AAZ, The PfCA1 gene encoding P. falciparum CAl
was identified in the malarial genome database, and
then cloned and functionally expressed in E. coli. The
recombinant enzyme is catalytically active and
sensitive to AAZ and SFA inhibition. It has
authenticity to the wild type native enzyme purified
from P. falciparum, and is also different from the
human CA II. The PECA] inhibitors AAZ and SFA
show good antimalarial effects on the in vitro growth
of P falciparum as observed by both [*H] hypox-
anthine incorporation and morphological abnorm-
ality, suggesting the therapeutic potential of the
matarial parasite enzyme,

Existence of Carbonic Anhydrase Activity in
Rodent Malarial Parasite P. berghei

To demonstrate the existence of CA achivity in
P berghei, the isolated parasites freed from mouse
red cells were used for CA assay by the esterase
method, including the specific inhibitor AAZ, and
compared to the CA activities in normal and P.
berghei-infected red cells. The results are shown in
Table 1. There was a 4-5-fold increase in total
activity of the enzyme in the infected red cells,
compared to the uninfected and normal red cells.
It was found that specific activity (mU/mg
protein) of the enzyme in isolated parasites was
~9-10 Hmes more than that in the normal red
cells. When subjecting the parasite supematant to
the cation-exchange Mono S FPLC column, most
CA activities were associated in the fractions 3-8
eluting at pH 6.2-6.6. These fractions were pooled,
concentrated and then analyzed on nondenaturing-
PAGE, followed by CA activity staining on the gels
{Figure 1). There were four-activity bands, typing

TABLE I Carborde anhydrase activity in normal and P. berghei-
infected mouse red cells and in isolated parasites

Activity*
Cell mU/10% cells  mU/mg protein
Norma! mouse red cell 250 + 20" 0.64 + 0.005
P. berghei-infected red celi® 1,100 * 130 0.63 + 0.07
Isolated parasites 960 + 90 0.35 £ (.03

* mU of enzyme activity Is expressed as nmol per min at 37°C. ® The values
are mean = 5.0, taken from three separate experiments of parasite and
enzyme preparations. “The red cells were infected with ~60-70%
parasitemia, harboring mainly the trophozoite stage.
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FICURE 1 Enzyme acHvity staining of P. berghei carbonic
anhydrase on nondenaturing-PAGE gels using e-naphthylacetate
as substrate in the absence (ab) and presence (cd) of 1mM
acetazolamide (AAZ). The enzyme was concentrated from the
pooled fractions 3-8 eluting at pH 6.2-6.6 of the cation-exchange
Mone § FPLC column. Four-activity bands were abserved to be
sensitive to AAZ inhibition, and typing as CA), CA2, CA3, and
CA4 based on their mobility of the gels.

as isozymes CA1l, CA2, CA3, and CA4, in the
order of their mobility on the gel from cathode to
anode, as described previously for the P, falciparum
enzyme.'® The isozymes CA2 and CA3 were major
forms. In the presence of 1mM AAZ, all four
malarial CA activities were completely inhibited.
Qur results indicate the existence of at least four
CA isozymes in P. berghei. This is consistent to our
previous study on the occurrence of three CA
isozymes in P falciparum,'® however, the
majority of CA isozymes and their sensitivity to
AAZ inhibition are markedly different between

the human and the rodent malarial parasites.
Purification of the major isozymes in P berghei
remains to be studied.

Cloning and Expression of P. falciparum Carbonic
Anhydrase in E. coli

Recently, the nucleotide sequence of the P. falciparum
genome, having 14 chromosomes with 23Mb, has
been completed.? It is now possible to identify the
sequences that encode CA isozymes in this parasite.
By using the bioinformatics approaches, TBLASTN
searching of the malarial genome database was
performed with the protein CA sequences obtained
from other organisms. The search of the malarial
genome database yielded an open reading frame
(ORF) on chromosome 11 similar to the a-CAs from
various organisms, including human. The primary
amino acid sequence of the PfCA1 gene has ~60%
identity with a rodent parasite enzyme, namely
P. yoelii (PyCA). The single ORFs encoded 235 and
252 aminc acid proteins for PfCAl and PyCA,
respectively. Low homology (~35-51%) of the
PfCAl1 and PyCA were found when compared to
the insect Drosophila melanogaster and human CA [ 11
sequences. Nevertheless, the highly conserved active
site residues responsible for binding of substrate and
catalysis were also found among organisms having
x-CAs (Figure 2). The consensus signature sequence
remained variable.

The full-length PfCA1 gene was cloned using PCR
and genomic DNA extracted from P. falciparum, and
the nucleotide of the cloned gene was sequenced to
confirm it authentcity. The construct plasmid having

D.melanogaster MSHAWGYTEENGPAHWAKEY PQASGHROSPVDITES SAKKGSELNVAPLKWKYVPEHTKS
H.saplens MSHHWGYGRENGPFEHWEK DFPIAKGERQSPVDIDTHTAKY DP--SLKPLSVSYDQATSLR
P.falciparum MKDLKERELKNISDVY LNLEDD-DNY AWNNYNKPWMKG——--= -~ DFFYYYEYFPIKHIVIN
P.yoelll MHTLRERELKNLSDFY LNAEYDNDEY SWNNEFNRPWFHG-—-~--~ PIFYYYENLINKIIIN
L4 * . . . .
D.melanogaster LVNPGYCRRVDVN-GADSELTGGPLGDQIFKLEQFECHWGCTDSKGSEHTVDGY --5YSG
H.sapiens ILWNGHAFNVEFDDSODKAVLEGSPLDGTYRLIQFHFHNGS LDGOGSERTVDRE~~KY AR
P.falciparum RONNIFQIKAARDGLIPFGVLFTTEQPAMFYADQIHFRA -~~~ -~ PSEBRTFQGSGNRREL
P.yoelii RONNMFKIKASNNELIPFGVLFTTDEPTIFYSHHINFHS -~ -~ - PSEHTFEGSGNRRHI
» : H H S RER
D.melanogaster ELBELVEWNTTKYKSFGEARAP DG LAVLGVELEKAGNHHAELDKV TS LLOFVLHKGDRVTL
H.gapiens ELHLVEWN-TKYGDFGKAVQOFDGLAVLGIFLEKVGS AKPGLOKVVDVLOS IKTKGKSADF
P.falciparum EMQIFHSTNY FYDIQDDKSKYKKKYGLATYNNLKENSKETSKKDSSRYHSYLMSFLMNST
P.yoslii EMQIYBSTNEIYDYDENK-~~~ WNGVFEKKN YKKANNE TN —= - == IQHSYTLTFLMNSL
* e W L] - . -
. melanogaster POGCDPGOLLPDVHTYWT YEGSLTTPPCSESYIWIVERT PIEVSDDOLRAMRNLNAY DVK
H.sapiens THN-FDOPRGLLPESLDYWTY PGSLTTPPLLECVTWIVLEE PISVSSEQVLEFRKLNFNGEG
B.falciparum SHNEQLONKYNKKKR~ -~ =======mmmmmm e m = TKKMENGYEVISITETSAREINASTINA
P yoelil SHPHLGROQY TKNKKRNIRSKSLYNSIRLDENGKNTKRENQYQVISITFSSAEIDKSTINN
.t . H o . .
D.melancgaster EECPCNEFNGKVINNFRPPLPLGKRELREIGGH-
H.saplens EPE-=----- ELMVONWRPAQPLKNRQIKAS FK~-~
P. falciparum FEELPSEKFLRTTINVSSAVHVGSGNK - - ===~
P.yoelil

FKKLFSEKFLKTILEASQNVPVGSGEKNIFIYFS

FIGURE2 Amino acid sequences of P. faiciparum and P. yoelii CAs, deduced from the open reading frame of PfCAT and PyCA genes. The
predicted amino acid sequences of PACA1 (235 residues) and PyCA (252 residues) are shown aligned with D. melanogaster (270 residues)
and human CA Il isozyme (260 residues). The amino acids responsible for binding and catalysis are identical among the four sequences
and shown by boldface letters. The identical amino acids and conservative replacements are shown by star and dot symbols, respectively.
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FIGURE 3 Analysis of recombinant P, falcipanum carbonic anhydrase from [PTG-induced E. coli harboring PFCAY construct pET15b
plasmid. Panel A shows 2 SDS-PAGE analysis of purified PFCA1 from Ni**-NTA chromatography (> %0% purity). The gel was stained with
Coomassie Blue R; lane a, known proteins with molecular masses indicated in kDa; lanes b and ¢, 7.5 and 15 pg of the purified enzyme
respectively; arrow indicates position of the recombinant enzyme. Panel B shows Western blot analysis of purified PACA1 with moneclonal
antibody directed against Hise with HRP conjugate; lane d, 2 ug of control recombinant Hise-tagged dihydrofolate reductase (molecular
mass of 26 kDa) obtained from Qiagen; lane f, pre-stained marker proteins; Jane g, 2 ug of purified PFCA]. Panel C shows activity staining

on denaturing-PAGE gels using u-nafhl]'ly]aoetate as substrate in the presence (lane h) or absence (lane i) of 1 mM acetazolamide (AAZ).

The cancentrated recombinant PICA

PACA1 gene was then expressed in E. coli. The
recombinant PfCA1 protein expression was obtained
by a cloning and expression strategy using a
Hiss-tagged fusion protein at N-terminus, containing
a thrombin cleavage site. It was shown that the
PfCAT was functionally expressed in . coli as soluble
protein. The recombinant protein in the
IPTG-induced E. coli supernatant was purified
using Ni**-NTA agarose-affinity chromatographic
column, and analyzed by SDS-PAGE (Figure 3A).
The purity of the enzyme preparation was >90%
after analysis by a Kodak 1D image software. It has a
molecular mass of 2 = 1kDa, close to the molecular
mass of the deduced amino acid sequence of PCA1
(Figure 2) and the native CA1 purified from the
malarial culture.'” The authentic recombinant pro-
tein having N-terminal Hiss-tag was confirmed
using the Western blot analysis and monoclonal
antibody directed against Hiss-tag (Figure 3B).
Furthermore, the recombinant PfCA1 was shown to
express its activity after Hiss-tag removal on the
nondenaturing-PAGE gels, and was completely
inhibited by 1mM AAZ (Figure 3C). The purified
recombinant PfCAl was then studied kinetically

enzyme, after Hisg-tag removal by thrombin, was used.

for comparison with the wild

P falciparum CA1.

type native

Kinetic Characterization of Recombinant
P. faleiparum Carbonic Anhydrase

Characterization of the purified recombinant PfCA1
was performed and compared with the purified
human red cell CA I and the native CAT1 purified
from P. falciparum culture as described previously.”
The kinetic parameters including K, kear Kj of two
specific inhjbitors, AAZ and SEA, were found to be
similar between the native and recombinant
enzymes (Table IT}. AAZ and SFA were found to be
typical competitive inhibitors for the malarial
enzyme as determined by Dixon’s plots (data not
shown). The kinetic and inhibitory constants were
different between the human and the parasite
enzymes. These resulis suggest that the recombinant
PECAT enzyme shows most properties similar to
the native enzyme. The protein obtained here wilt be
used for drug-screening tests and crystal structure
analysis for a purpose of mechanism-based drug
design in the near future.

TABLE Tl Comparison of kinetic parameters and inhibjtory constants of human red cell CA T, native and recombinant P. falciparuns

carboni¢ anhydrases

Source Koo {mM} koo (min ") KME (nM) K (M)
Human CA II 10.1 = 0.8° 741 %57 9 +6 145 + 2
Nalive PFCA) 37 02 10412 247 + 14 56 %+ 4
Recombinant PRCAL 56 =03 82+ 16 315 = 26 8 * 10

*This assay Is based on esterase assay using p-nitrophenylacetate as substrate. ® The values are mean = 5.00., laken from 3-4 separate experiments of the

enzyme preparations.
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FIGURE 4 Antimalarial activity of the PCAL inhibitors,
acetazolamide (AAZ) and sulfanilamide (SFA). P faldparum
growth was starled with 0.5% parasitemia {mixed stages} at 2.5%
red cell suspension and monitored every 24 h far up to 96 h at 37°C.
The growth of P. felciparum in the absence of inhubitors is shown
(®). 100 .M AAZ () or 100 uM SFA (W) was present during the
96-h growth

Antimalarial Properties of P. falciparum CA
Inhibitors

We hypothesized that inhibition of B falciparum
growth in the erythrocytic stage requires inhibition
of both human and Pfalciparum CAs, since both
human host cell and parasite contain relatively high
CA activities.”” The antimalarial properties of CA
inhibitors were tested against in vitro growth of
P falciparum by lowering the % red cell suspension
from 10% to 2.5%. Both AAZ and SFA drugs
(100 M) tested at 2.5% red cell suspension showed
a strong antimalarial effect on P. falciparom growth
with higher than 50% inhibition (Figure 4), whereas
at 10% red cell suspension they showed little activity
(data not shown). Interestingly, AAZ at 100uM

15 k culture (ring)

30 h culture
(trophozoite)

FIGURE 6 Inhibition of [3H]hypoxanlhine incorporaticn by in
zifro culture of P. falciparum at various concentrations of drugs.
Growth of P. falciprrum was started with 0.25% parasitemia (mixed
stages) at 0.5% red cell suspension. (@) antimalarial artemisinin, a
Chinese traditional drug; (&) acetazolamide, AAZ; (H)
sulfanilamide (SFA).

shows its antimalarial property by interfering with
the intracellular development of P. faiciparum in a
stage-dependent manner (Rigure 5). The morpho-
logical abnormality, as shown by clumping of
nucleus and cytosol, of the AAZ-treated parasites
in the human host red cells were markedly enhanced
at the latter stages of development, i.e., trophozoite
and schizont (Figure 5, D-F). The control culture
shows healthy parasites during an intraerythrocytic
development {(Figure 5, A-C). By using [’H])
hypoxanthine incorporation for monitoring growth
of P falciparum in in vitro culture, which were started
with mixed stages at 0.5% red cell suspension, the
ICsp values in the mixed stages of parasite develop-
ment in the human red cell for AAZ and SFA were
determined to be 20uM and 70pM, respectively
(Figure 6). This condition was also used for the
control antimalarial drug artemisinin which had [Csq

Control
T cwdture
C
AAZ treated
culture
F
42 h culture
(schizont)

FIGURE5  Effect of acetazolamide (AAZ) on P. falcipartm morphology during an intraerythrocytic cycle (ring, trophozoite and sehizont
stages). The morphological changes were examined in the absence (panels A, B and C; control culture) or in the presence of 100 pM AAZ
(panels D, E and F; AAZ-treated culture) at various times of P. faleiparum culture starting with ring stage parasite.
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of 5nM. The ICsg values for AAZ and SFA reported
here are ~10-fold less than the values reported
under different conditions for drug testing, i.e., 5%
red cell suspension.’®

Based on these results, which are consistent with
the roie of carbonic anhydrase in the malarial
parasite’® and the inhibition of P. falciparum enzyme
by the sulfonamide-based drugs, it is appropriate to
target this enzyme for the development of new
antimalarial drugs.
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MOLECULAR BIOLOGY AND BIOCHEMISTRY OF MALARIAL
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Jerapan Krungkrm", Phisit Prapanwalana'. Chayapom Wichitkul’,
Sutarnthip Reungprapavulz. Sudaratana R i-(.mngkraiz'3 and Toshihiro Horii’

"Department of Biochemistry, Faculty of Medicine, Chulalongkom University, Bangkok, Thailand; *Unit of
Biochemistry, Department of Medical Science, Faculty of Science, Rangsit University, Pathum Thant, Thailand;
*Department of Molecular Protozaology. Research Institute for Microbial Diseases, Osaka University,

Osaka, Japan

Abstract. Metabolic pathways in the matarial parasite are markedly different from the host, eg, hemoglobin,
fatty acids, folaie and nucieic acids. Understanding of metabotic function will illuminate new chemotherapeutic
targets for drug development, including Lhe identificalion of target(s) for drugs in corcent use. The parasite-
contained pyrimidine biosynthelic pathway is esseniial for growth and development in the human host. Plasmodium
Jalciparum carbonic anhydrase, producing HCO,™ as a pyrimidine precursor, was identified as o type and the
encoded gene was cloned and sequenced. The first six enzymes, catalyzing the conversion of HCO,", ATP, L-
aspartate and L-glulamine to uridine 5°-monophosphate (UMP), were partially characterized. The penes encoding
these enzymes were identified in order, from the first to the sixth step, as CPSH {carbamyi phosphate synthase
[1}, ATC {aspartate transcarbamylase), DHO {dihydroorotase), DHOD (dihydroorotate dehydrogenase, DHOD),
OPRT (orowate phosphoribosyltransferase, OPRT), and OMPDC {orotidine 5-monophosphate decarboxylagse,
OMPDC). Uniike its analogous parasitic protozoan, Trypanosema, the organization of the malarial genes was
noi an operon-like claster. The CASH, DHO and OPRT genes were conserved (o bacterial counterparts, whereas
the ATC, DHOD and OMPDC were mosaic variations. The daia support the mosaic pyrimidine pathway in the
malariat parasite. The human host had [ive enzymes out of the six associated into two diffezent multifunctional
proteins, in that a single gene CPSH-ATC-DHO encoded the first three enzymes, and another genc OPRT-OMPDC
encoded the last swo enzymes. In the malarial parasite, the CPSI1 and ATC were net characterized. The DHO was
partiatly characterized in Plasimodivm berghei. The DHOD was well characterized in bath £ faleiparum and P
berghei. it was functionally expressed in Escherichia coli. The physical and kinede praperties of the recombinant
pfDHOD were similar to the native enzyme. The OPRT and OMPDC were also pastially characterized. These
tines of evidence indicate that the malarial pyrimidine enzymes are mono-functional forms. Tn addition, the
enzymatic activilies inter-converting uracil, uridine and UMP of the pyrimidine salvage pathway, were
demonstrated, and the gene encoding uridine phosphorylase was cloned. Our results suggest that the pydmidine

enzymes are possible new drug targets.

INTRODUCTION

Malaria afflicts approximately 2.5 million people
deaths annuaily, making it a major cause of hurnan
morbidity and mortality worldwide. Four malarial
species infect humans, the most deadly being
Plasmodium falciparum. In the fight against this
disease, there is an urgent need to develop new
antimatarials and an effective vaccipe because of
widespread resistance to current chemotherapeutic
agents (Nchinda, 1998; Ridley, 2002). At present, the
compiete nucleotide sequences of the 23-megabase
nuciear genome of P. falciparum consists of t4
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chromosomes, encoding about 5,300 genes, and is the
most {A+T)-rich genome sequenced to date {Gardner
ef af, 2002). In the post-genomic era, metabolism of
the malarial parasite has been mapped based on the
current knowledge of parasite biochemistry and on
pathways known to cocur in other eukaryotes {Gardner
e al, 2002). Some metabolic pathways in the parasite
are unigue and found to be markedly different from
the mamsalian host, eg, hemoglobin catabolism, fatry
acid synthesis, folate biosynthests and metabolism of
nucleic acids (Ridley, 2002). Understanding of
metabolic functiops 'should iliuminate new
chemotherapeutic targets for drug development,
including the identification of targes(s) for drugs in
curreat use. Recently, it has been proposed that the
pyrimidine metabolic pathway may be a target for the
design of new antimalarial drugs (Krungkrai ef al,
1992; Krungkrai, 1993a; McRobert and McConkey,
2002, Ridiey, 2002},
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The erythrocytic malarial parasites require purincs
and pyrimidines for DNA/RNA syathesis and other
metabolic pathways dunag exponentiai meltiplication
in the human host. They use preformed purines from
the host and must synthesize pyrimidines de nove
(Gero and O'Sullivan, £990). The parasites lack
thymidine kinase, which is responsible for salvaging
the preformed thymidine from the host (Reyes er al.
1982). Several lines of evidence suggest that therc are
some key differences between malarial parasites and
the human host in the pynmidine pathway. The first
six enzymes of the pathway (Fig 1), catalyzing the
conversion of HCO,, ATP, L-glutamine and L-
aspariate to uridine 5™-monophosphate (UMP), are
demonstrated in both P falciparum and a rodent
parasite P, berghel {Reyes et al, 1982; Rathod and
Reyes, 1983; Gere and O'Suliivan, 1990; Krungkrai
er af, 1990; 1991; 1992; Krungkrai, 1995). Some
genes encoding the six enzymes are partially
sequenced, in order, from the first to the sixth step;
these are CPSI{ (carbamy! phosphate synthase 1[,
CPSII) {Flores er al, 1997), ATC (asparlate
transcarbamylase, ATC), DHG (dihydroorotase, DHO),

£

DHOD {dihydroorolale dehydrogenase, DHQD)
(LeBlanc and Wilson, 1993}, OPRT {(orotale
phosphoribosyltransferase, OPRT), and OMPDC
(orotidine 5°-monophosphate decarboxylase,
OMPDC){van Lin er af, 2003). The human host has
five enzymes out of the six, associated into (wo
different multifuacticnal proteins, in that 2 single gene
CPSH-ATC-DHO encoded the first three enzymes and
another gene QFPRT-OMFPOC encoded the last two
enzymes (Jones, 1980).

in this report, the six genes encoding the
pyrimidine de novo pathway are identificd on vartous
chromosomes of the £ faiciparum genome. Multipie
alignments and phylogenetic analyses of Lhese genes
suggest the mosiac evolution of the pyrimidine
pathway in £ falciparum. The pfDHOD, pfOPRT and
pfOMPDC genes are cloned and sequenced. The
pfDHQD is expressed in £, coli. The physical and
kinetic properties of the recombinant enzyme are
similar to the native enzyme. In addition. P, falciparum
carbonic anhydrase (CA), catalyzing the inter-
conversien of CO, and the pyrimidine precursor

!
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Fig }- Proposed pyrimidine synthetic pathway in the human malaria parasite £, falciparum (Krungkrai, 20000, The first six enzymes
of Ihe de nove pathway are shown in the box. An uracil pyrimidine sabvape palhway, inter-converting uracil, uridine and
UMP, is shown by a broken line. The arrow with crossing bars indicates no enzymatic aclivities in the parasites.

Vol 34 (Suppt 2) 2003

33



SOUTHEAST AsIaN | TROF MED PUBLIC HEALTH

HCQ,, 15 identified and the pfCA gene is cloned,
sequenced and expressed in E. coli. Furthermore, the
cnzyme aclividies inter-converting vracil, uridine
and UMP of the pyrimidine salvage pathway
(usactt phosphoribosyltransferase, UPRT; uridine
phosphorylase, UP; uridine kinase, UK) are
dernonsirated in P falciparum and P, berghei and the
pfUP is cloned and sequenced.

MATERIALS AND METHCODS

Chemicals and malarial parasite materials

Oligonucleotides were custom-synthesized and
purified by the Bioservice Unit of the National Center
for Bictechnology and Genetic Engineering of
Thailand. Restriction endonucleases, Pfu DNA
polymerase, all supplies and reagent kits for molecular
biotogy work were obtained from Promega Corp, Life
Technologies, Inc, Inviirogen Inc, and Qiagen Inc. All
other chemicals, materials, and reagents used in this
work were of the highest grade commercially available
and purchased from Aldrich and Sigma Co. P.
SJalciparum (a multidrug-resistant T9 isolate from
Thailand) was cultivated by a miror modification of
the candle jar method of Trager and Jensen (1976},
vsing 5% humar red cells type O suspended in RPMI
1640 medium supplemented with 25 mM Hepes, 32
mM NaHCO, and 10% fresh human serum type O.
The cultures with ~15-20% parasiternia, mainly of
trophozoites, were then harvested for DINA preparation,
enzymatic determination and antimalarial activity
testing on pyrimuidine analogs. P. berghei was cultivated
in Swiss albino mice. Cell-free extracts of the parasites
were prepared as described previously (Krungkrai et
al, 1990).

Nucleic acids preparation

The total genomic DNA from the parasites, freed
from the host red cells as previously described, were
isolated using a lysis buffer {100 mM Tris-HCI, pH
8.3, 5 mM EDTA, 1% SDS) and then digested with
proteinase K, followed by phenol-chloroform
extraction as previously described {Sambrook ef al,
1989).

Identification of pyrimidine genes on P, falciparum
genome

The six pyrimidine genes (pfCFPSH, pfATC,
pfDHO, pfDHOD, pfOFRT, pfOMPDC), including
pFCA and pfUF, were identified by BLAST searching
of the Institute of Genome Research {TIGR), malaria
databases with sequences from various prokaryotes
and eukaryotes using the BLAST program default
search parameters (Alischut et al, 1997). Sequencing
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of the P, falciparum chromosome was accomplished
as part of the Intemnational Malaria Genome Project
and was supported by Burroughs Wellcome, the
National Institute of Allergy and Infectious Diseases,
Naticonat Institute of Health, and the US Department
of Defense.

Pair-wise amino acid sequence and multipte
sequence alignments of pyrimidine enzymes from B
falciparum with osher organisms were performed using
CLUSTALW {Thompson er al, 1994). All other
sequence data psed in this study were collected from
the EMBL, GenBank, DDBJ and SWISSPROT
databases. Determinations of hydrophobicity and
secondary structure {0-helix, B-pleated sheet) of the
malarial enzymes were done usicg Hitachi DNASIS
version 2.6 software. Phylogenetic analyses to produce
the gene tree were performed by the neighbor-joining
{NJ} method (Saitou and Nei, 1987) using a distarce
matrix estimated by the maximum likelihood method
(Kishino er al, 1990). The reliability was assessed by
the bootstrap method with 1,000 pseudo-replications.

Cloning and sequencing of P. folciparum pyrimidine
genes

Polymerase chain reactions (PCRs) were employed
o isclate pfODHOD, pfOPRT, pfOMPDC, pfCA and
pfUP genomic clones from P. falciparum DNA. The
open reading frames {ORFs) of these 5 genes were
amplified from the genomic DNA with Pfu DNA
polymerase (Promegz). The PCR amplification
conditions were optimized as follows: initial
denaturation for 3 minutes at 95°C, followed by 30
cycles of annealing al 55°C for 1 minute, extension
at 68°C for 3 minutes, and denaturation at 95°C for 1
minute, angd firal cycle } minute at 55°C, 10 minutes
incubation at 68 °C. The expected PCR fragments
amplified from each pair of primers designed for the
above genes were ligated into 2 pBluescript vector
{Stratagene) and the recombinant DNA was
transformed into the E. ¢coll X1.1-Blue, To confirm the
authenticity of the cloned genes, the nucleotide
sequence of each gene was determined by the dideoxy
chain-termination method using an automated Applied
Biosystems Procise sequencer.

Recombinant expression of P falciparum
dihydroorotate dehydrogenase

In order to express the pfDHOD in the E. coli
system using a pET expression vector, primers were
designed using the pfDHOD ORF as follows: sense
primer, {S'GAGGATCCCATATGATCTCTAAATTG
AAACC 3 }containing a BamH1 site (undertined) and
a Mdel site (boldface) and antisense primer, {5°
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GAAAGUTTGCGGCCGCTTAACTTTTGCTATG
37) conlaining a Hind[1] site (underlined) and a Notl
sile (boldface). The PCR amplification conditons were
used as described earlier. The 1.7-kb PCR amplified
fragment was cloned into the pBluescript vector. The
verified clone of the gene correspending to the
pfDHGD ORF was ligated into the pET veclor. The
construct plasmid with pfDHOD, namely pETDHQODI
{Fig 2). was Lhen transformed into £, cofi strain
BL21{DLE3) (Novagen). The cells were grown in LB
medivm comaining 25 pgfml chloramphenicol and 40
pg/ml ampicillin to optical density at 600 nm of 0.4,
induced with ImM IPTG and harvested three hours
afier induction at 37 °C by centrifugalion, and washed
three umes with phosphate-buffered saline containing
1 mM phenylmethylsulfonyl fluoride. The cell pasie
was suspended in a buffer and disrupted by rapid
freezing in liquid nitrogen and thawing at 37°C at least
3 times, and then by an ullrasonic disrupter {Bandelin
Inc) with 5-s pulse for at feast 10 cycles on ice. To the
cell lysate. 0.15% TritonX- 100 was added, and DHOD
activity was lthen assayed immediately using the
methods described later. The supernatant, obtained
afler centrifugation. was subjected te purification by
the procedure Lthat had been vsed for the native enzyme
from P. falciparum (Krungkrai et af, 1991; Krungkrai,
1995).

<

Enzymatic assays

DHOD activity was assayed using 2.6-
dichlorophenolindophenol (DCIP) as a lerminal
electron acceptor. L-dihydroorolate and CoQQ,, as co-
substrates. The enzyme reaclion was monilored by the
loss of DCIP absorbance al 610 nm (extingtion
coefficient 21,500 M cm") (Krungkrai ef ai, 1991).
OPRT and OMPDC activitics were assayed using high-
performance liquid chromatographic (HPLC) methods
to detect both subsirale and product {ie. orotale, OMF.
UMP} simultancously (Krungkrai er af, 2001b). UPRT,
UP and UK activities were delermined using the HPLC
metheds (Krungkrai er al, 2001a). CA was assayed
based on acelazolamide-inhibited csterase activily
(Krungkrai er af, 2001b).

Miscellaneous meihods

Kinetic constants, X and k_,. were determined
by fitting dala 1o the Michaelis-Menten equation using
non-tinear regression of an Elsevier Biosoft enzfitter
program. Inhibilar constants (K} were delermined from
Dixon’s plots (Segel, 1975}). {,, was defined as the
concentration of compound having 50% inhibitory
clfect against the purified enzyme. Antimalarial activity
on the growlh of £ falciparumn in viire was quantified
by measuring % parasitemia in a 96-hour culture in
the presence of the tesied compounds at various
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Fig 2- Molecular cloning and expression of 2 falciparum DHOD homologue) (fDHODI )Y in E. coli using pET vector.
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concenrations (Krungkrai ef al, 1992}, All compounds
were icsled in triplicate at each concentration used.
The 50G% inhibitory concentration (1C} was defined
as the concentration of the compound causing 50%
inhibition of parasite growth in a 96-hour culture,
compared with the compound-free control of the
parasite culture.

RESULTS AND DISCUSSION

Identification of pyrimidine genes on the P
Jalciparum genome

Recenily, sequencing of the P, falciparion genome
has been compieted (Gardner et af, 2002). It is now
possibie 1o identify the sequences that encode the
pyrimidine enzymes ir this parasite. Using the
bioinformatics approach, TBLASTN searching of the
TIGR malaria genome databases was performed with
the protein sequences from bacteria {eg, Escherichia
coff), yeast {eg, Seccharontyces cerevisae), other
parasites (eg, Trypanosoma, Leishmania, Caenorhab-
ditis elegans, Ascaris sum) and mammalian enzymes
(eg. mouse, human) as query sequences. The ORFs of
the first six enzymes of the pyrimidine de novo pathway
pfCESI {PYRI, chromosome 13), pfATC (PYR2Z,
chromosome 13), pfDHQ (PYR3, chromosome 14),
pfDHOD (PYR4, chromosomes 7 & ), pfOPRT
{(PYRS, chromosomes 5 & 7}, pfOMPDC {(PYRG,
chromosome 10}, inclading pfCA {chromosome §1)
and pfUP (chromosomes 5&7), were identified and
tocated on various chromosomes, as indicated by the
numbers in parentheses. It was found that the pfDHOD
{(PYR4), pfOPRT (PYRS5) and the pfUP genes had two
homologues mapping on different chromosomes of the
P. falciparum genome. The functions of these
homologues remain Lo be stedied. It is then conciuded
that the molecutar organization of the malarial
pyrimidine genes is separate from each other and is
not an operon-like cluster. This differs from its
analogous parasitic protozoa, Trypanosoma and
Leishmania, in which the PYRI-PYRG genes (as an
operon-like cluster) constifute a polycistronic transcript
unit on a 25 kb segment of the 800 kb chromosomat
DNA (Gao eral, 1999). The malarial pyrimidine genes
are also different from human, in that the single gene
PYRI-P¥R2-PYR3 (chromosome 2p22-21) encodes
the multifunctional CAD protein catalyzing the firs
three enzymes’ activities and the other gene PYRS-
PYR6 {chromosome 3g17) produces the bifunctional
UMP synthase activity (Jones, 1980; Gao er af, 1999).

The identified ORFs of the PYR/- PYR6 genes of
F. falciparum were deduced to amino acid seguences
of the pyrimidine enzymes. Using multiple sequence
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alignmenis and phylogenetic analyses of these
sequences, the malarial CPSH. DHO and OPRT were
conserved to bacterial counterparts. The malariat ATC,
DHOD and OMPDC were mosaic variations that were
homologous to both bacterial and evkaryotic
counterparts, including human (Fig 3 for the OMPDC
as a representative gene}. An analysis with the ATC
sequence of Toxoplasma gondii, a parasitic protozoan,
revealed only 30% idenity to the pfATC pgene. The
ptDHO sequence is close {0 most bacterial sequences,
yeast S. cerevisae and plant Arabidopsis thalina,
indicating that P falciparum may carty the
monofunctional DHO whose gene might have been
acquired by the horizontal transfer from protecbacteria,
ie, E. coli, Neisseria gonorrhoeae. The pfOHOD was
~ 48-51%, stmilar to the human and E. coll DHODs.
The pfOPRT had 60% and 28% sequence similarity (o
E. coli and human OPRTS, respectively. The sequences
bewween £ falciparamand T. cruzi OPMDCs were 50%
siniiar, whereas for the malasial and human enzymes
it was 37% (Fig 3). In addition, the OMPDC were
identified in other Plasmodium species (Fig 4), eg, P
knowlesi {a monkey parasite}, P berghei and P. yoelii
{(rodent parasites}. These four matarial OMPDCs were
highty similar. Fig 5 shows an example of phylogenetic
analysis of the pyrimidine enzymes, where the F
falciparum OMPDC is placed in the monophyietic
subtree containing Mycobacierium smegmuatis,
Thermus thermophilus and T, cruzi, and is also close
to other bacterial OMPDCs, ie, E. coli and Bacilius
subtilis. The OMPDC sequences of many eukaryotes
examined, except the trypanosome and ralaria
parasites, are relatively monophyletic. The results on
the malarial OMPDC sequence are consistent with the
observation of Gao er al {1999) and Nara et af (2000}
on the trypanosomatid parasites. This suggests that the
maiarial parasite or its ancestor may have acquired an
eubacterial OMPDC (ie, Mycobacierium) and
elaborated a new gene product, OMPDC, which is the
fongest sequence (323 amino acids) to dare. The origin
of this pfOMPDC remains to be determined. Our results
in & hurtan malarial parasite also support the
evolutionary implications of the mosaic pyrimidine
biosynthetic pathway in many exkaryotes. Horizonial
gene transfer(s) and endo-symbiosis may be
responsible for establishing this mosaic pathway (Nara
el al, 2000). -

In addition, when the pfCA gene was used to
TBLASTN search other malaria genome databases, the
rodent parasite P yoelii CA gene was also identified
with >70% sequence identity. Highly conserved
signature sequences were also found among human,
malaria and bacteria CAs. The presence of the
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Fig 3- Comparison of deduced amine acid sequence for P. falciparum OMPDC and OMPDCs sequences from other species of

protozoa, eubacteria and archaebactena.
HxHxxxE motif in both pfCA and pyCA suggests the
o- type of carbonic anhydrase in the malarial parasites.
Biochemical characterization and recombinant

expression of pyrimidine genes
In the malarial parasite, the first three enzymes
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catalyzing the conversion of HCO, , ATP, L-glutamine
and L-aspartate to dikydroorotate (CPSII, ATC and
DHO) were partially characterized in P. berghei
(Krungkrai er af, 1990; 1992). These three enzymatic
activities were separated by analytical ge! filtration
chromatography. Qur preliminary results for the three
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Fig 4 Mukliiple sequence alignments of four Plasmodia species identified in the genome databases of rodent, monkey and human

parasites.

enzymes in P, falciparum are consistent with the results
cbtained for P. berghei. These results suggest that the
malarial CPSII, ATC and DHO erzymes carry on
separate proteins as mono-functional forms, differing
{rom the human enzymes. This is strongly supported
by the evidence that the three gene (PYR/I, PYRZ,
PYR3) organization in the P. falciparwn genome are
not clustered.

The fourth epzyme DHOD, catalyzing the
conversion of L-dihydroorotate {L-DHO) w0 orotale
{OA), was weil characterized ir both P berghei
{Krungkrai ef al, 1991} and P. falciparum (Krungkrai,
1995), It is localized in the mitochondria organelie and
is linked to the organelle electron transport system,
similar to the human enzyme (Krungkrai, 2000). It was
shown eariier that the P, falciparum genome contained
two homologues of DHOD on chromosome 7 and 9.
Based on multiple sequence alignments with other
DHODs, the DHOD homologue 1 (pfDHODI} on

38

chromosome 7 represents the mitochondrial-associated
enzyme in which it exhibits 2 long N-terminal pan
having the typical feature of a mitochondrial targeting
(Hart! and Neupert, 1990; Neupert, 1997). The DHOD
homologue 2 (pfDHODZ) on chromosome 9 represents
the cytosolic form, in that it has been previgusly
characterized in P. falciparum and P. berghei
{Krungkrai, 1993b). In this study, the full-length ORF
of the pfDHOD1 was cloned into an expression vector
PET and functionally expressed in E. coli (Fig 2).
Typically, the amount of purified recombinant
pfDHOD (molecular mass ~55,000 Da) obtained from
t liter of bacterial culture was —0.7-1.0 mg active
protein, with a turnover nember of 16 s The
recombinant pfDHOD1 contained flavia
mononuclectide as the prosthetic group. It had an
optimal pH 8.0 and required both subsirates: L-
dihydroorotate {L-DHO) and coenzyme Q (CoQ) for
maximal catalysis. The kinetic properties of the
recombinant enzyme were compared with native

Vol 34 (Suppl 2) 2003



PYRMIDINE PATHWAY GF MALARIAL PARASITE

£

S.cerevitioe

l-— C.dubliniensts
1000

TRICHOTOMY

L

C.albicans

P fabi

J

C.rugosa

R.niveus

FP.brasiliensis

397

0
-1
-]

!
P.chr g

21
A.0¥IaE

962
Aniger

S.macrospora

] |
o0
-l

—1 748

426

-

Neratsa

B.subtitis
817
L.plarntarum

995

P.aeruginosa

97

E.cofi

976

P falciparum

938 M.smegmatis

860
T.thermophilus

98

o

T.crug

A.pulfulans

(%]

herman
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malarial enzymes from P falciparum (Krungkrai,
1995) and P berghei (Krungkrai er al, 1991, 1992)
and with recombinans human enzyme {Copeland ef al,
1995: Knecht and Loffler, 2000; Knecht er af, 2000)
{Table }). It was shown that the antimatarial CoQ)
analogue atovaquone {Fry and Pudney, 1992) inbibited
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both human and malanal enzymes but the Iy values
were >1,000-fold different. The drug was tested on
growth and proliferation, the 1C ) values were also
markedly different (>5,000-fold} between human and
parasite (Table ). Based on these lines of evidence, it
is therefore concluded that the recombinant enzyme
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shows some physical and kinetic properties somewhat
stmilar to those of the native enzymes, and it may bec a
possible target for the current chemotherapeutic drug,
ie. atovaquone.

The fifih enzyme OPRT and the sixth enzyme
OMPDC, catalyzing the conversion of orotate (OA)
toc OMP and OMF to UMP, respectively, have been
partiaily characterized in £, falciparum by Rathod and
Reyes (1983). Their results suggest the two enzyme
aclivities are active in mono-functional forms. This is
supported by the evidence of the penes PYRS and PYRG
mapping on chromosome 5 and 10, respectively, in
the P. falciparum genome. We have cloned and
sequenced both pfOPRT and pfOMPDC using PCR
methods. The single ORFs (containing | exon) of both
genes encoded proteins with 281 (molecular mass ~
33,000 Da) and 323 {molecwlar mass ~ 38,000 Da)
amino acid residues, respectivley. We have punfied
both enzymes from P, falciparum and found them tc
be a multi-enzyme complex with a molecular mass of
140,000 Da. comtaining two OPRT and two OMPDC
mono-functional forms (Fig 6). This represents the first
study of a unique multi-enzyme complex of OPRT and
OMPDC in the parasite, whereas Trypanosoma,
Leishmania and human enzymes existing ~52,000 Da
single bifunctional polypeptide chain encoded by the
single gene of fused PYRS and PYRG, that occurs
during evolution {Jones, 1980; Gao ¢t al, 1999). More
recently, the P. falciparum OMPDC gene has been
expressed in E. coli with a relatively low mmover
number (Cinguin er af, 2001; Menz er al, 2002).

&

Carbonic anhydrase {(CA), calalyzing the inter-
conversion of CO, and the pyrimidine precursor
HCO,, has been biochemically identified and partially
characterized in P, falcipariem (Krungkrai et alf, 2001b}.
In addition, P berghel comtained CA activities. Both
CA activities were found to be sensitive to
acetazolamide, a specific inhibitor of o~ type CA
family. However, this remains lo be further
investigated, eg, recombinant expression and
melecular modeling studies.

Demonstration of a pyrimidine salvage pathway in
malarial parasites

The use of sensitive assays of radiomeiric {Reyes
er al, 1982) and HPLC methods {Krungkrai et al,
1989}, provides evidence that P. falciparum and F.
berghei tack the enzyme activity of thymidine kinase
in the salvage of preformed thymidine from the host
to form thymidine 5 -mongphosphate (TMP),
suggesting that there is n¢ thymidine pyrimidine
salvage pathway operaling in the parasites. However.
UMP may not be only produced by synthesis de nove
but aiso from preformed wracil via salvage pathways
(Fig I). This is achieved either in one step by UPRT,
or by the sequentiat action of UP and UK. In this study,
the three enzyme activities were assayed in the cell-
free extracts of £, falciparum and £ berghei using the
developed HPLC methods. As shown in Table 2, both
parasites contained the three enzymes, in order from
high to low specific activities: UPRT, UK and UP. The
human red cell enzymes were not detected, the mouse
red cells contained detectable activities of UK and UP

Table |
Cemparison of kinetics and inhibitory properties between the malarial parasites and human dihydroorotate
dehydrogenase enzymes’.
Enzyme sources At St T S Y A Ly* ic,,*
(M) (uM) (um) M) (uM} (nM)
Recombinant 2 falciparum 12.5 66.6 205 333 0.01 4.9
Native P falciparum’ 14.4 58.4 22.5 18.2 ND/f N.D.
Native 2 berghei® 79 28.0 21.6 30.5 N.D. N.D.
Recombinant human® 94 13.7 9.9 N.D. 15 27,400

* Values are averages, laken from 2-4 separate experiments with the enzyme preparations.

¥ CoQ, (n=3 for the parasite, n =10 for human enzyme).

< {; is a concentration of atovaquone showing 50% inhibition of enzyme activity. .
N IC,, is a concentration of atovaquone having 50% inhibitory effect on the growth and viability of parasite and human celis.
“ Data are taken for P, falciparum {(Krungkrai, 1995), F berghei (Krungkrai ef af, 1991: 1992), and human enzymes ( Knecht and

Loffler, 2000; Knecht et af, 2000).
rN.D,, value nol deiermined.
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Table 2
Enzymatic activitics inter-converting uracil, uridine and UMP of a pyrimidine salvage pathway {uracil
phosphoribosyltransferase, UPRT; uridine kinase, UK; unidine phosphorylase, UP) in the malarial parasites,
human and mouse red cells.

Sources Enzyme-specihc activity (nmol/minfmg protein)’

UPRT UK UP
P. faleiparum 0.32520.044 0.22140.010 0.076+0.005
P. berghei 0.206+0.072 0.179+0.016 0.09240.010
Humar red cell NE® N.F, N.F,
Mouse red cell N.F <0.015 <0.015

* Values arec mean + SD of 4-7 separate experiments of the enzyme preparations from cell-free extract

"N F., enzyme activity not found.

at a lower Yevel than those of the rodent parasite. The
pfUP homologues enceding uridine phosphorylase
aclivities were identified as mentcned earlier. Ong of
this homologue on chromosome 5 (pfUP]) was ¢loned
and sequenced using PCR methods. The ORF of the
pfUP1 was 68% and 37% sequence similanly to £
coli and human ¢nzymes. The pfUP! sequence was
a)so close 10 other bacierial UPs. Qur results indicate
that a uraci) pyrimidine salvage pathway is present in
the malarial parasites. This is consistent with the
observation of the salvage pathway in other protozoa.

Vol 34 (Suppl 2) 2003

ie, T brucei (Haromord and Guiteridge, 1982) and T.
gondii (Schumacher et al, 1998).

Concluding remarks and future prospects

In this repor, our obs¢rvations on both biochemical
and molecular approaches suggest that: |) the A
falciparum genes of the first six pyrimidine enzymes
are genetically and physically unlinked and mosaically
evolved: 2) the malarial pyrimidine enzyimes are mono-
functional {forms: 3) the uracil pyrimidine salvage
pathways do exist in the parasite from exploration of
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both gere and enzymalic activities; 4} the gere and
enzyme carbonic anhydrase providing the pynimiding
precussor bicasbonate ion are demonstrated; 3)
pyrimidine enzymes are new targets for antimalarial
development. A validation of the fourth enzyme
dihydroorolaie dehydrogenase of the malariat
pyrimidine pathway as the drug target has been recently
reporied by the growth inhibition of . falciparum using
RNA interference that encodes a segment of the
pfDHOD gene (McRobert and McConkey, 2002). We
tntend to make large amounts of P falciparum
pyrimidine enzymes by cloning, expression and
purification of potential drug targets, to rule out the
technical difficultics in obtaining large quantities of
pure enzyme from parasites grown in erythrocytic
culture. This will enable complete characterization of
interactions with inhibditors and determination of three-
dimensional structuses.

ACKNOWLEDGEMENTS

QOur work was partly supported by the UNDP/
World Bank/WHO Special Program for Research and
Training in Tropical Diseases (WHO/TDR/DDR) (to
JK), the National Science ard Technology
Bevelopment Agency of Thailand (1o 1K}, and the
Thailand Research Fund {to JK, PP, SRK, SR). SRK
is a JSPS RONPAKU Fellow under the supervision of
PP and TH.

REFERENCES

Alischul SF, Madden TL, Schaffer AA, et ai. Gapped
BLAST and PSI-BLAST: a2 new generation of
protein database search programs. Nucleic Acids
Res 1997,25:3389-402.

Cinguin O, Christopherson RI, Menz RI. A hybrid
plasmid for expression of toxic malarial proteins
in Escherichia coli. Mol Biochem Parasiiol
2001;117:245-7.

Copeland RA, Davis JP, Dowling RL, er al. Re-
combinant human dihydroorotate dehydrogenase:
expression, purification, and characterization of a
catalyiically functional trunicated enzyme. Arch
Biochem Biophys 1995;323:79-86.

Flores MVC, Atkins D, Wader D, et al. Inhibition of
Plasmodium falciparum proliferation in vitro by
sibozymes. J Biol Chem 1997;272:16940-5.

Fry M, Pudney M. Site of action of the antimaarial
hydroxynaphthoguinone, 2-Itrans-d4-(4"-chloro-
phenytcyclohexyl]-3-hydroxy- 1 4-naphthoquinone
(560C80). Biochem Pharmacol 1992:43:1545-53.

42

£

Gardner MJ, Hall N, Fung E, et al. Genome sequence
of the human malaria parasite Plasmodium
Jalciparum. Natre 2002:419:498-511.

Gao G, Nara T, Shimada NJ, Aoki T. Novel
organization and sequences of five genes encoding
ail six enzymes for de nove pyrimidine
biosynthesis in Trypanosoma cruzi. J Mol Biol
1999,285:149-61.

Gero AM, Q'Sullivan WJ. Purines and pyrimidines in
malarial parasites. Blood Cells 1990,16:467-84.

Hammond DJ, Gutteridge WE. UMP synthesis in the
Kinetoplastida. Biochim Biophys Acta 1982;718:1-
10

Hartl FUJ, Neupert W. Protein sorting to mitochondria:
evolutionary conservations of folding and
assembly. Science 1990:247:930-8.

jones ME. Pyrimidine nucleotide biosynthesis in
animals: genes, enzymes, and regulation of UMP
biosynthesis. Ann Rev Biochem 1980:4%:253-79.

Kishino H, Miyata T, Hasegawa M. Maximum like-
lihood inference of protein phylogeny and the origin
of chloroplasts. J Mol Evel 1990;31:151-60.

Knecht W, Loifler M. Redoxal as a new lead structure
for dihydroorotate dehydrogenase irhibitors: a
kinetic study of the inhibition mechanism. FEBS
Ler 2000,467:27-30.

Knecht W, Henseling J, Loffler M. Kinetics of
inhibition of human and rat dihydroorotate
dehydrogenase by atgvaquone, Jawsone den-
vatives, brequinar sodium and polyporic acid.
Chem Biol Imteract 2000;124:61-6.

Krungkrai J, Yuthavong Y, Webster HK. High-
performance liquid chromatographic assay for
thymidylate synthase from the human malarial
parasite. J Chromarogr 1989,487:51-9.

Krungkrai J, Cerami A, Henderson GB. Pyrimidine
biosynthesis in parasitic protozoa: purification
of a monofunctionai dihydroorotase from
Plasmodium berghei and Crithidia fasciculata.
Biochemistry 1990;29:6270-5.

Krungkrai I, Cerami A, Henderson GB. Purification
and characterizatior of dikydroorotate dehydro-
genase from the rodent malaria parasite Plasmo-
dium berghei. Biochemistry 1991;30: 1934-9.

Krungkrai 1, Krungkraj SR, Phakanont K. Antimalarial
activity of orotate analogs that inhibit
dihydroorotase and dihydroorotate dehydrogenase.
Biochem Pharmacol 1992;43:1295-301.

Vol 34 (Suppl 2) 2003



PYREMIDINE PATHWAY OF MALARIAL PARASITE

Krungkrai J. Dihydroorotase and dihydroorotate
dehydrogenase as a target for antirnalanial drugs.
Drugs Fut 1993a;18:441-50.

Krungkrai [ A novel form of orotate reductase that
converts erotate to dihydroorolate in Plasmodium
Jalciparum and Plasmodium berghei. Comp
Biochent Physiol 1993b;104B:267-74.

Krungkrai 1. Purification, characterization and
Jocalization of mitochondrial dihydroorolate
dehydrogenase in Plasmodium falciparum, human
malaria parasite. Biochim Biophys Acia
1995;1243:351-60.

Krungkrai J. Structure and function of mitochondria
in human malarial pathogen Plasmodium
falciparum. Trends Comp Biochem Physiol
2000;6:95-107.

Krungkrai J, Wutipraditkul N, Prapunwattana P,
Krungkrai SR, Rochanakii $. A nonradioactive
high-performance liquid chromatographic
microassay of uridine 5"-monophosphate synthase,
orotate phosphoribosyltransferase, and orotidine
5 -monophosphate decarboxylase. Anaf Biochem
20012:299:162-8.

Krungkrai SR, Suraveratum N, Rochanakij §,
Krungkrai J. Characterisation of carbonic
anhydrase in Plasmodium falciparum. Int J
Parasitol 20015;31:661-8.

LeBlane SB, Wilson CM. The dihydroorotate
dehydrogenase gene homologue of Plasmodium
falciparum. Mol Biachem Parasitol 1993;60:349-
52.

McRobert L, McConkey GA.RNA interference
{RNAL) inhibits growth of Plasmodium
Jalciparum. Mol Biochem Parasitol 2002;119:273-
8.

Menz RI, Cinquin O, Christopherson RI. The
identification, cioning and functional expression of
the gene encoding orotidine 5°-moncphosphate
(OMP) decarboxylase from Plasmodium faiciparum.
Ann Trop Med Parasitol 2002;96:469-76.

Nara T, Hshimoto T, Aoki T. Evolutionary implications
of the mosaic pyrimidine biosynthetic pathway in
enkaryoies. Gene 2000;257:209-22.

Vol 34 (Suppl 2) 2003

£

Nchinda TC. Malaria: a reemerging disease in Africa.
Emerg Infect Dis 1998;4:398-403.

Neupert W. Protein import into mitochondria. Ann Rev
Biochem 1997,66:863-917.

Rathod PK, Reyes P. Orolidylate-metabolizing
enzymes of the human mataria parasite,
Plasmodium falciparum, differ from host cell
eazymes. J Biol Chem 1983,258:2852-5.

Reyes P, Rathod PK, Sanchez DJ, et al. Enzymes of
purine and pyrimidine metabolism from the human
malaria parasile, Plasmodium falciparum. Mol
Biochem Parasitof 1982;5:275-90.

Ridley RG. Medical need, scientific opportuaity and
the drive for antimalarial drugs. Neture
2002;415:686-93.

Saitou N, Nei M. The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol
Biol Evol 1987,4:406-25.

Sambrook J, Fritsch EF, Maniatis T. Molecular
cloning: a laboratory manual. 2* ed. Cold Spring
Harbor: Cold Spring Harbor Laboratory Press,
1989.

Schumacher MA, Carter D, Scott DM, Roes D,
Ullmar B, Brennan RG. Crystal structares of
Toxoplasma gondii uracil phosphoribosyltran-
sferase reveal the atomic basis of pyrimidine
discrimiration and prodrug binding. EMBO J
1998:17:3219-32.

Segel IH. Enzyme Kinetics. NY: John Wiley & Sons;
1975,

Thompson II, Higgins DG, Gibson TJ. CLUSTALW:
improving the sensitivity of progressive multiple
sequence alignment through sequence weighting,
position-specific pap penalties and weight matrix
choice. Nucleic Acids Res 1994;22:4673-80.

Trager W, Jensen JB. Humar malaria parasites in
continuous culture. Science 1976;193:673-5.

van Lin LHM, Pace T, Janse CJ, et al. Interspecies
conservation of gene order and intron-exon
structure in a genomic locus of high gene density
and complexity in Plasmodium. Nucleic Acids Res
2001;29:2059-68.

43



o™ INTERNATIONAL CONFERENCE ON
THE CARBONIC ANHYDRASES

20" - 25 JUNE 2003
SMOLENICE CASTLE, SsLOVAKIA



L30

Human malarial parasite carbonic anhydrase: molecular cloning, functional
expression and characterization
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Chulalongkorn University, Rarna 4 Rd., Bangkok 10330, Thailand.

Plasmodium falciparum is responsible for the majority of life-threalening cases of human malaria.
The global emergence of drug-resistant malarlal parasites necessitates identification and
characterization of novel drug targets. Carbonic anhydrase {CA) is present at high levels in human
erythrocytes and in P. falciparum. Existence of three isozymes of the «-CA has been demonstrated
in the matarial parasites (Krungkrai SR, Suraveratum N, Rochanakij $ and Krungkral J. (2001) Inter.
J. Parasitol. 31, 661-668). The major isozyme CA | has been purified and characterized from the
human parasite, but the two minor isozymes CA |l and CA Il has not been characterized. The
malarial CA | was the most sensitive lo acetazolamide Inhibition. A search of the matarial genome
database vielded an open reading frame {ORF} similar 1o the «-CAs from various organisms,
including bacteria, mosguito and human. The primary amino acid sequence of the PfCA1 gene has
70% idenlity with the rodent malarial parasite (P. yoelli) enzyme (PyCA). The single ORFs encoded
235 and 252 amino acid proteins for PICA1 and PyCA, respectively. The highly conserved signature
sequences were also found among human, malaria and bacteria «-CAs. The PfCA1 was cloned,
sequenced, expressed in a heterclogous system of E. coli, purifled and characterized. The purified
recombinant PICA1 was catalyticaily active for both p-nitrophenyl acetate and «-naphthyl acetate.
Its activity was sensitive to acetazolamide inhibition. Kinetic properties of the recombinant PICA1
revealed the authenticity to the wild type enzyme isolated from P. falciparum. This is the first CA
cloned and expressed from protozoan parasites. The CA from P. falciparum also differed from the
human enzyme CA ll. Furthermore, the PFCA inhibitor acetazolamide showed some antimalarial
effect on the in vitro growth of P. falciparum. Our molecular lools developed for the recombinant
enzyme expression will be useful for developing potential antimalarials directed at P. falciparum CA.

This work was supporied by the Thailand Research Fund.

pd

33



p Ruengprapavut',*, Sudaratana R Keungkrai® and Jerapan Krungkral®

Wt Blochemlstry,D apantment of Medical Scierrces, Faculty of Science,R angslt Unlversity, Pahotyethin Rd., Palumthani 12000; *Department of Biochemistry,
ﬁuﬂ Medicine, Chulalongkom University,R ama 4 Rd,, Bangkok 10330, Thailand; 8-mall address: sutarn@rangsit.rsu_ac.th.

cular cloning and expression of Plasmodium falciparum carbonic anhydrase

[

Objective

Wekne and functional expr P diten falelp caibonic anhy {CA)in
Bterichia coll

Materials and Methods

{ane identification and characterization of P falejparum carbonic
whydrase homolog

‘Homology saerch of the parasils PICA was performed with the BLAST program of
8 US. Nationat Cenler for Blotechnology Information seever.' Using OC-CA sequences
B other organiams, significant homolagy for PICA was found within a saquance on
Smmosome 11 In a malada genoms dalsbase.

llming and sequencing of P, falciparum carbonlc anfiydrase

Ganomic CINA. was isolated from P. falcipaium by ONAzo™ reagent {Inmvirogen).
KR was used 1o ampiify DNA encoding PICA.

Kecominant protein expression of P_falegparam carbonlc anfiydrase
The competenl £ colf BL21 (DE3) calla were tranaformed with the pET15b having the

HisB-FICA. The basics of craaling recombinant B, falclpgrsm carbonlc antydrase is
Mnmatized in (he following diagram.
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Purification of P, falciparion carbonic anhydrase from Z. coff

Enzyme purification was parformed with Ni¥' -NTA-agarosa affinity chromatography. Tha
£ predeln was yed for CA acllvity atalning on nondenaiuting-FAGE gel and

getermined for kinalic properties using ealerpse sasay kg described.’

Fit vitro antimafarial test

The morphoiogical changes of P, fakciparum was observed in The culture treated with 10D

M acetazotamide (AAZ) in ona Intraeryifwocylio cycle (~44-38 h) staring with synchrenized

fing slage.

Resufts and discussion
\Coning and Expression of £, falefparson carbonlc ankydrase in £, coff

The sparch of the malarial genome dalebase ylelded an open reading frame [ORF) on
‘chromosoma 11 similar to the OC-CAs from varous onganisms, ingluding human The
prmary amino acid saquence of Lva PICA gane has ~G0% ldentily with 2 rodanl parasite
“anzyme, namely P. yoefill {PyCA) The single ORF encoded 235 aming aoid protaln for
PICA. Low homology (-=35-51%) of the PCA and PyCA were found when compared Lo tha
Insact Drosophiia metanogaster and human Ca |, I} saquences, Navarthaless, the highly
conserved active sile rosidues responsitle for binding of substrale and calalysis wera also
found among crganisms having 0C-CAs (Flgure 17, The recombinam prolaln was analyzed
by SDS-PAGE and has a molecular mass of 29 £ 1 kDa, closs 10 the molecular maay of

- deduced amino add sequenca of PICA {Figure 2A) and he natlve CA purified from Iha
malarial culiure.* The authentia recombinant prateln having N-leminaily Hizb-lag was
confirmed using the Westem blot anadysis and menoclonal anlibody directed againsl Hisg-
139 (Figure 2B]). Furthormone, (ha recombinart PICA Is shown Lo exprass its activity after
HisB-lagy remaval on Lha nondenaturing-PAGE gels, and completely Inhibiled by 1 mM AAZ
{Flgurs 2C).

Kinetic charactzrization of recombinant P, falciparinms CA

Tha Kinalle paramelers including K. k. K of two spacific inhibitors, acatazolamide

Antimalarial properties of P_faleiparum CA inkibitors

AAZ al 100 UM shows 43 antimalaral property by Inlerdfering with the intracallular davel
of P. faicip in Iha slage-dependant manner (Flgure 3). Tha momhologica! abnamality, as
shawn by clumping of nutleus and cyiosol, of the AAZ-reated parasiles in the human host red
colls were markedly enhanced al (ha latler slages of development, La,, roptwzolle and schizont l
{Figure 3, D-F). The conlrol cuilure shows healthy parasilas during an Intraerythrocylio |
devetopment (Figure 3, &C)
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Flgurs 1. Amino ackl sequences of P, lakzicarm and P, yoalr CAs, deduced from Iha opan reading frame of
FICA and PyCA gonos, Tho predi arne ack] baq of PICA (235 residuas) and PyCA (252
reskluen) ara shown sligned with D, melanogaster (270 reekiuss) and human CA (| imazymes (280 makiues),
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Figura 2, Analysis ol Einan £, faksip rhoh , ﬁ'om1P1‘G-hdumd E. colf harboring
PACA conslrudd pET15b plasmid
Table | Comp of Kinolk p and nhiokory of human rec coll CA I,
rastive and bk P. faky it e
sourca K b K e
(L] [ L] na) [
Human CA 1 100+ 08k 74ir AT [ ] Wiz
Hatvo FICAL 3P0 10ds 12 24T 2 11 e 4
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Trin aseay b banad on weinsds auery using p-rittophanyiscobets s subatate
"Tha vekste are misan: 5.0, taban from B4 aparate sxporivents of v GrLIYTW DrEDAREONe.
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Figure 3. Effact of aceiazolamida (AAT) on & fak Oy GUTNG an Inlreny Yk oyl
{ring, Irophozoite and schizonl stages).
Conclusions
The PICA gana encoding P, falksipensn CA in idontified in the malsnal genome database, ard hon cloned
and functionally expressed in E. tolf. The b anTym is ytically active and e o AAT wnd

SFA inhitdion, It has sutheniclly 1o the wild type tative enzyme purifiod from P. falcpanam, Bnd s also

| differeant froms th human CA 11, The PICA inhiblor AAZ shows poad antimaleriat efiect on (he i vitd growth of

P fakci e d by sical b y, sugpesting the Ih it 4 he rrstarisl

parasile anzyme.
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