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Abstract

Its natural resistance to antiprotozoal chemotherapy characterizes the intestinal protozoan parasite Cryptosporidium parvum and the P-
glycoprotein-related multidrug resistance proteins such as CpABC3 could be involved. In order to design and study specific inhibitors of the
CpABC3 nucleotide-binding domain, a hexahistidine-tagged recombinant protein encompassing the N-terminal cytosolic NBD1 domain was over-
expressed in E. coli and purified. The 45 kDa H6-NBD1 displayed intrinsic fluorescent properties consistent with the presence of two Trp residues
in a hydrophobic environment. The binding of ATP and the fluorescent analogue TNP-ATP produced a dose-dependent quenching as well as
progesterone and the flavone quercetin. The extrinsic fluorescence of TNP-ATP was enhanced upon binding to H6-NBD1, which was only partially
displaced by the natural substrate ATP. The recombinant protein hydrolyzed ATP (K, =145.4 +18.2 uM), but ADP (K, =4.3 0.6 mM) and
AMP (K, =5.4+ 1.5 uM) were also substrates. TNP-ATP is a competitive inhibitor of the catalytic activity (K; =36.6 £4.5 uM), but quercetin
and progesterone were not inhibitors, evidencing different binding sites. The recombinant C. parvum H6-NBD1 should be a valuable tool for

rational drug design and will allow the discrimination between specific inhibitors of the catalytic site and molecules binding to other sites.
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1. Introduction

Cryptosporidium parvum is the causative agent of water-
borne intestinal infections affecting mostly children especially
in developing countries and immunosuppressed patients world-
wide. This protozoan is remarkable by its intrinsic resistance to
most of the available antiparasitic molecules and it has been sug-
gested that one of the reasons was natural drug efflux involving
the ATP-binding cassette transporters (ABC proteins) [1]. These
transmembrane proteins mediate the ATP-dependent transloca-
tion of xenobiotics out of the cell [2] and many homologues

Abbreviations: H6-NBDI, hexahistidine-tagged NBD1; HECAMEG, 6-0-
[(N-heptylcarbamoyl)methyl]-o-D-glucopyranoside; IPTG, isopropyl-1-thio-3-
D-galactopyranoside; Pgp, P-glycoprotein; NBD, nucleotide-binding domain;
TMD, transmembrane domain; TNP-ATP, 2',3'-0-(2,4,6-trinitrophenyl)-ATP
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have been described in parasites [3]. Three types of ABC pro-
teins have been described in C. parvum, CpABC1, CpABC2 and
CpABC3 and are produced in infected cell cultures [4]. While
the two former are members of the MRP sub-family, the lat-
ter is related to the MDR sub-family and as such, also possibly
involved in the efflux of xenobiotics [5]. The CpABC3 trans-
porter has two membrane-spanning domains (TMD) and two
cytosolic nucleotide-binding domains (NBD). Since biochem-
ical purification of this potential drug target is hampered by
the lack of continuous cultivation of this parasite, a heterolo-
gous expression system was used to overexpress and produce a
histidine-tagged recombinant protein containing the N-terminal
NBD1 of the CpABC3 transporter.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were of analytical grade and purchased from
Sigma—Aldrich (L’isle d’Abeau, France) except for ammo-
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nium dihydrogen phosphate ((NH4)H2PO4) which came from
Merck (Darmstadt, Germany). The oligonucleotide probes
were purchased from Proligo (Paris, France). The Taq poly-
merase was obtained from Eppendorf (Le Pecq, France).
The pCRT7 NT-TOPO® expression vector, TOP10F" and One
Shot® BL21(DE3)pLysS competent cells came from Invitrogen
(Cergy-Pontoise, France).

2.2. Parasites and DNA extraction

C. parvum oocysts obtained from calves experimentally
infected were isolated as previously described [6] and stored
at 4°C in sterile water with penicillin—streptomycin. Prior to
use, they were aseptized on ice with 5% sodium hypochlorite
for 30 min, washed three times with sterile ultra pure water
and the oocyst pellet was stored at —196 °C. The oocysts were
thawed, the genomic DNA was extracted with a DNA purifica-
tion kit (Promega, Charbonniéres, France) and stored in aliquots
at —20°C.

2.3. Amplification

The DNA encoding a domain encompassing the CpABC3
(Gene bank accession no. AF315509) NBD1 was amplified
using the following primers: forward 5'-TTTTTTGTCATTA-
CTAACGC-3’ and reverse 5'-CTTTTGCTGGAATTATTAGA-
3’. Amplification was performed with the following conditions:
denaturation at 94 °C, annealing at 55 °C, elongation at 72°C
for 32 cycles, with a final elongation for 10 min.

2.4. Insertion into the expression vector

The PCR product with an expected size of 1013 bp was
inserted into the linearized pCRT7 NT-TOPO expression vec-
tor. E. coli TOP10F cells were transformed with the ligation
product and grown overnight on agar plates supplemented with
ampicillin (100 pg/ml). The positive clones were grown in ampi-
cillin (100 pg/ml) and chloramphenicol (34 pg/ml)-containing
Luria—Bertani (LB) medium and the plasmids were extracted
with a Qiagen Miniprep kit (Courtabeeuf, France). Correct
recombinants were identified by restriction digests and sequenc-
ing.

2.5. Overexpression and protein purification

BL21(DE3)pLysS cells harboring the appropriate recombi-
nant plasmid were grown at 37 °C in LB medium supplemented
with 100 pg/ml ampicillin and 34 pwg/ml chloramphenicol.
Expression of the fusion protein was induced with 1 mM IPTG
for 4 h. The cells were harvested by centrifugation at 5500 x g
for 8 min, washed once in PBS in the same conditions and the
cell pellet was stored at —80 °C until further use.

The pellet was thawed and lysed at 37°C in denaturing
conditions with 6 M guanidine HCI buffer for 30 min. After
centrifugation 8 min at 5500 x g, the pellet was re-extracted in
the same conditions. The pooled supernatants were sequentially
applied to a Ni-NTA affinity column for 30 min on a rotating

wheel. The column was washed twice with denaturating
washing buffer (6 M urea in 50 mM phosphate buffer, pH 7.8)
and the recombinant protein was renatured by two washes in
50mM phosphate buffer pH 8 containing 0.5M NaCl. The
column was then washed three times with S0 mM Tris pH 8
containing 0.5M NaCl, 20mM imidazole and 0.02% (v/v)
HECAMEG. The H6-NBD1 was eluted with the same buffer
containing 250 mM imidazole and 1 ml fractions were collected
in microtubes. The fractions containing the eluted protein
were pooled and dialyzed overnight at 4°C against 50 mM
Tris pH 6.8 with 100mM KCl, 0.02% HECAMEG and 20%
glycerol with one buffer change. The purified H6-NBD1 was
stored in aliquots at —80 °C. Protein fractions were analyzed
by electrophoresis with 4-12% Nupage® polyacrylamide gels
(Invitrogen, Cergy-Pontoise, France) and protein concentration
was determined by a modified Bradford method with the
Roti®-nanoquant protein assay kit (Carl Roth, Karlsruhe,
Germany).

2.6. Fluorescence assays

Fluorescence experiments were performed in triplicates on
a Perkin-Elmer LS-3B spectrofluorimeter in a 1 cm-path quartz
microcuvette. The recombinant protein was diluted at a con-
centration of 0.25-0.5 uM in 390 ul of 50mM Tris pH 6.8,
100 mM KCl, 0.02% HECAMEG. The ligands were added in
10 nl and the mixture was incubated for 30 min at 20+ 2 °C.
Intrinsic fluorescence emission was measured upon excitation
at 295 nm and spectra were scanned between 310 and 400 nm.
Extrinsic fluorescence of TNP-ATP was measured upon exci-
tation at 408 nm and spectra were scanned between 520 and
600nm. The binding of nucleotide analogues was assayed
either by quenching of the intrinsic fluorescence at 328 nm
or by enhancement of the extrinsic fluorescence at 545 nm.
Controls were made in the same conditions with the last
dialysis buffer to eliminate any interference due to the remain-
ing imidazole. The hydrophobic modulators progesterone and
quercetin (3,5,7,3’,4’-pentahydroxy flavone) were dissolved as
stock solutions in DMSO and controls included the same solvent
concentration, not exceeding 2.5%. Statistics and curve fitting
were made with the Prism 4 software program from GraphPad
(San Diego, CA).

2.7. Kinetic analysis of the recombinant H6-NBD1 and
inhibition studies

The Vmax and K, values of the H6-NBD1 for ATP, ADP
and AMP were measured by incubating at 37 °C the purified
recombinant H6-NBD1 with various concentrations of sub-
strates in 50 mM Tris pH 7.5, 100 mM KCl, 4 mM MgCl, and
0.02% HECAMEG. The reaction products were measured in
triplicates by HPLC on a 5 pm reverse phase Hypersil column
(Interchim, Montlugon, France) with either 1.8% (v/v) (ATP) or
10% (v/v) (ADP and AMP) methanol in 25 mM (NH4)H;PO4
as the mobile phase [7]. The injection volume was 20 pl, the
flow rate was 0.5ml/min and the effluent was monitored at
254 nm.
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ATPase inhibition assays were carried out in the same buffer
and conditions by serially diluting the analogue TNP-ATP in
various ATP concentrations. The type of inhibition and K; were
computed by non-linear regression using the GraphPad Prism 4
software program.

3. Results
3.1. Overexpression and purification of Ho-NBD1

Fig. 1 shows that H6-NBD1 was overexpressed upon IPTG
induction as a major component of 45 kDa of the bacterial lysate.
In order to obtain a soluble protein, it was necessary to use
denaturing conditions followed by on-column renaturation and
elution with 250 mM imidazole. About 1 mg of recombinant
domain was routinely produced from 800 ml cultures.

3.2. Fluorescence studies

The H6-NBD1 protein displayed a maximum emission peak
at 328 nm upon excitation at 295 nm. Denaturation by urealed to
aconsiderable red shift to 370 nm, evidencing a correct refolding
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Fig. 2. Intrinsic fluorescence of H6-NBD1. The emission fluorescence spectra
of 0.5 uM H6-NBD1 were recorded after excitation at 295 nm (solid line), in
the presence of 200 uM ATP (broken line) and after dilution in 8 M urea (dotted
line).

of the recombinant protein during preparation (Fig. 2). Addi-
tion of the substrate ATP produced only a low quenching in
the millimolar range (Fig. 3), whereas the fluorescent analogue
TNP-ATP strongly interacted with the recombinant protein and
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Fig. 1. (A) Aminoacid sequence of CpABC3 with the expressed extended NBD1 domain. The lines indicate the primers, the two NBD are in boxes and the tryptophan
residues involved in intrinsic fluorescence are printed in white. The A and B Walker’s motifs are located in the ATP-binding site of each NBD. (B) Overexpression
and purification of the extended H6-NDB1 from CpABC3. The production and purification of recombinant H6-NBD1 was visualized by electrophoresis. Lane 1:
transformed E. coli crude lysate before induction; lane 2: same culture 4 h after induction with IPTG; lane 3: purified recombinant H6-NBD1. The migration of

molecular weight markers is indicated at the left of the gel.
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Fig. 3. Binding of ATP to H6-NBD1. The quenching of the intrinsic fluores-
cence of 0.25 uM recombinant domain was measured at 328 nm with increasing
concentrations of ATP. The values are the mean &+ S.D. of three separate exper-
iments.

induced a 60% reduction at 100 uM (Fig. 4). Progesterone was
less active and the flavonoid quercetin produced an equivalent
quenching at 2 uM (Fig. 5).

The extrinsic fluorescence of TNP-ATP was monitored upon
excitation at 408 nm. The binding of the analogue to the H6-
NBD1 induced an increase in fluorescence with a maximum
emission at 545 nm. The addition of ATP only minimally dis-
placed the bound TNP-ATP (Fig. 6).

3.3. Enzyme activity

Incubation of the recombinant H6-NBD1 with ATP induced
the formation of ADP, evidencing an ATPase activity with
an optimum pH between 7.0 and 7.5 (not shown). Over
time however, ADP was also hydrolyzed to produce AMP,
which was eventually transformed into adenosine. The kinetic
analysis showed that ADP (K, =4.3+£0.6mM) had a much
lower affinity than ATP (K, =145.44+18.2 uM) and AMP
(Km=5.4+15uM), while the analogue TNP-ATP was a
competitive ATPase inhibitor with a K; of 36.6 +4.5 uM
(Fig. 7).
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Fig. 4. Binding of TNP-ATP to H6-NBD1. The quenching of the intrinsic
fluorescence of 0.25 uM H6-NBD1 was recorded at 328 nm with increasing
concentrations of TNP-ATP. The values are the mean & S.D. of three separate
experiments.
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Fig. 5. Binding of TNP-ATP, progesterone and quercetin to H6-NBD1. The
quenching of the intrinsic fluorescence of the recombinant protein was measured
at 328 nm. The values are the mean & S.D. of three separate experiments.
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Fig. 6. Extrinsic fluorescence of TNP-ATP. The emission fluorescence spectra
of 20 uM TNP-ATP were recorded after excitation at 408 nm (solid line), in
the presence of 0.25 wM H6-NBD1 without (broken line) and with 1 mM ATP
(dotted line).

4. Discussion

ABC transporters are members of a very large family of
proteins involved in the efflux of xenobiotics across biologi-
cal membranes. The natural resistance of C. parvum to most
of the known antiprotozoal drugs is an obstacle to an efficient
chemotherapy and it has been suggested that ABC transporters
could be key effectors [1]. Although from the available evidence,
it is likely that MRP proteins are more important than MDR
proteins in mediating the active extrusion of xenobiotics in C.
parvum [4], CpABC3 was chosen because the latter could be a
target of cyclosporine, a drug with in vitro anticryptosporidial
activity [1,5]. The production of the domain involved in the inter-
action with ATP should provide a useful tool for rational design
of stereo-specific nucleotide inhibitors. The structural analysis
of the C. parvum CpABC3 showed a typical structure of a P-
glycoprotein with two TMD and two cytosolic NBD [3]. The
extended NBD1 as defined from 337 to 673 contains two tryp-
tophan residues: Trp509 located between the Walker A and the
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Fig. 7. Nucleotide hydrolysis by H6-NBD1 and inhibition by TNP-ATP. The recombinant protein was diluted at a final concentration of 2.5 uM H6-NBD1 and
incubated at 37 °C, the enzyme kinetics were computed as described in Section 2. (A) Hydrolysis of ATP. The appearance of ADP was monitored with 1.8% methanol
in the mobile phase. (B) Hydrolysis of ADP. The formation of AMP was measured with 10% methanol. (C) Hydrolysis of AMP. Adenosine was evaluated in the
same conditions as panel (B). Results are the mean & S.D. of triplicates from three separate experiments. (D) Competitive inhibition by TNP-ATP. Various analogue
concentrations were made in each ATP concentration as described in Section 2 and the reaction was started by addition of the recombinant extended H6-NBD1
(v/v) at a final concentration of 2 WM. After a 10 min incubation at 37 °C, the samples were analyzed by HPLC. The results were computed from the mean + S.D of

triplicates from three separate experiments.

ABC signature motifs, and Trp644 situated after the Walker B
motif. NBD1 was preferred to NBD2, since the latter contains
a small intron and hence was not usable for PCR amplifica-
tion from genomic DNA. In order to facilitate its subsequent
purification, the domain encompassing NBD1 was expressed
and produced in E. coli as a N-terminal hexahistidine-tagged
recombinant polypeptide.

The recombinant H6-NBD1 was successfully produced after
induction with IPTG as a quite hydrophobic 44 kDa protein and
it was thus necessary to use denaturing conditions to efficiently
solubilize the recombinant domain. Refolding was successfully
performed on-column using phosphate and Tris buffers and elu-
tion was achieved with imidazole. Dialysis was necessary to
eliminate most of the imidazole, which interferes with the flu-
orescence tests. The protein was solubilized in the presence of
the mild detergent HECAMEG and 20% glycerol, as previously
reported [8—10]. Correct refolding was evidenced by the impor-
tant red shift in the presence of urea, due to the unmasking of
the buried Trp residues [9,11].

Intrinsic fluorescence upon excitation at 295 nm showed
a characteristic emission peak at 328 nm due to buried Trp
residues, similar to reported results on recombinant Leishmania
NBD [9,11]. Addition of ATP produced a moderate quench-
ing in the low millimolar range consistent with previous reports
[9,12], whereas the fluorescent analogue TNP-ATP was about

50 times more efficient, as reported with the Leishmania NBD2
[11]. P-glycoproteins are known to bind steroid modulators [8]
and progesterone exhibited a lower efficacy than TNP-ATP on
intrinsic fluorescence. Flavonoids are also known to bind to var-
ious Pgp and are reported as efficient inhibitors of drug efflux
[8-11,13-15], and isoflavones show some activity against C.
parvum [16]. Indeed, quercetin was highly efficient, producing
an almost complete quenching at 20 wM, and a 70% inhibition
at 2 uM, consistent with the reported ICsy of 7 uM [9]. These
data suggest that the involved Trp residues are located near the
binding sites of the flavones, rather than in the catalytic pocket,
since the natural substrate ATP is a low quencher.

Extrinsic fluorescence measured with the fluorescent ATP
analogue TNP-ATP was significantly enhanced at 545 nm in the
presence of the recombinant H6-NBD1, a result consistent with
the hydrophobic environment of the bound analogue [11], but
without the blue shift observed by Baubichon-Cortay et al. [17],
however. ATP lowered the fluorescence intensities at millimolar
values, suggesting a stronger interaction of the TNP-analogue,
probably due to the hydrophobicity of the TNP moiety [12].
No significant quenching was observed with progesterone and
quercetin (not shown), confirming that these modulators do not
directly interact with the catalytic site of the NBD.

The recombinant extended H6-NBD1 produced a measur-
able ATPase activity, comparable to the reported values for
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similar expressed proteins [17-19], evidencing a correct refold-
ing during preparation. Preliminary results had shown that the
ADP concentration reached a maximum after 30 min, and that
AMP and adenosine eventually appeared, indicating that ADP
and AMP are also substrates for the recombinant protein. The
kinetic studies showed that the Ky, and Viax of the recombi-
nant H6-NBD1 for ATP are comparable to the reported values
for a yeast NBD1 [12,19] and that ADP has considerable less
affinity towards the catalytic site than ATP or AMP, the latter
being slowly hydrolyzed. It has been reported that ADP [17]
and TNP-ADP [18] were also substrates for the catalytic site,
but AMP hydrolysis was either not described or negative [19],
even though the latter is a very poor inhibitor [18]. This is possi-
bly due to the assay techniques, usually based on the production
of phosphate from ATP [12,13,18] or on a cycling reaction [19].
TNP-ATP produced a dose-dependent competitive inhibition of
ATP hydrolysis with a Kj about three times lower than reported
for a purified Pgp [18], while progesterone and quercetin were
ineffective (not shown). These results are consistent with pub-
lished reports [8,9,11] where steroid modulators are thought
to occupy vicinal binding sites and are not displaced by ATP.
TNP-ATP binds in the ATP pocket, perhaps in a different ori-
entation, thus stabilizing the ligand according to Rai et al. [12],
and the TNP moiety could be responsible for the more efficient
intrinsic fluorescence quenching of the analogue. Flavones only
partially span the steroid and the ATP binding sites [8,9], thus
explaining the high intrinsic quenching observed with quercetin,
previously reported as a weak inhibitor of ATPase activity [13].
It is then highly possible that this modulator binds on another or
many other sites on H6-NBD1, as reported with human MRP1
[20]. Flavonoids have been recently reported as inhibitors of C.
parvum in vitro and quercetin had a moderate efficacy [21]. The
inhibitory activity of these compounds against DNA topoiso-
merase and the synthesis of various HSPs, seems in favor of a
broad or unspecific mode of action. The questions of the need for
the TMD and the cooperativity between both NBD have aroused
many times, the recombinant NBD having often extremely low
ATPase activity [20,22]. Here, the recombinant H6-NBD1 dis-
played a similar catalytic activity, evidencing that both binding
and hydrolysis of the adenine nucleotides occurred. These cat-
alytic rates are however much lower than those reported with
the purified native transporters [13,18], but correlation with the
behavior of the native CpABC3 was impossible to assess, since
activity was undetectable in oocyst crude extracts.

We report the production of a sensitive tool for the study
and the rational design of specific inhibitors of the CpABC3
transporter. The recombinant H6-NBD1 can be used at low
concentration for fluorescence quenching experiments either
intrinsic or extrinsic as a preliminary screening and comparison
with known reference molecules. Since it is fully functional, the
activity of the recombinant protein on nucleotides and analogues
may also be evaluated and should allow the synthesis and the
selection of stereospecific inhibitors. Both kinds of assays will
help to determine the interactions between the different parts
of the catalytic site and permit to sort the molecules of inter-
est according to their binding capabilities and their inhibitory
activity. This efficient model will allow the selection of active

compounds before their further evaluation with time-consuming
in vitro tests.
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