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in Sulfa Drug Resistance
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Dihydropteroate synthase (DHPS) is a known sulfa drug target in malaria treatment, existing as a bifunctional enzyme together
with hydroxymethyldihydropterin pyrophosphokinase (HPPK). Polymorphisms in key residues of Plasmodium falciparum
DHPS (P/DHPS) have been characterized and linked to sulfa drug resistance in malaria. Genetic sequencing of P. vivax dhps
(Pvdhps) from clinical isolates has shown several polymorphisms at the positions equivalent to those in the Pfdhps genes confer-
ring sulfa drug resistance, suggesting a mechanism for sulfa drug resistance in P. vivax similar to that seen in P. falciparum. To
characterize the role of polymorphisms in the PvDHPS in sulfa drug resistance, various mutants of recombinant PvHPPK-DHPS
enzymes were expressed and characterized. Moreover, due to the lack of a continuous in vitro culture system for P. vivax para-
sites, a surrogate P. berghei model expressing Pvhppk-dhps genes was established to demonstrate the relationship between se-
quence polymorphisms and sulfa drug susceptibility and to test the activities of PvDHPS inhibitors on the transgenic parasites.
Both enzyme activity and transgenic parasite growth were sensitive to sulfadoxine to different degrees, depending on the num-
ber of mutations that accumulated in DHPS. K; values and 50% effective doses were higher for mutant PvDHPS enzymes than
the wild-type enzymes. Altogether, the study provides the first evidence of sulfa drug resistance at the molecular level in P. vivax.
Furthermore, the enzyme inhibition assay and the in vivo screening system can be useful tools for screening new compounds for

their activities against PvDHPS.

lasmodium vivax accounted for approximately 15.8 million

cases of malaria worldwide in 2013 (1). Although P. vivax in-
fection is usually nonfatal, severe complications, including renal
failure, severe anemia, and cerebral malaria, have been reported
(2-11). Because infections with P. vivax parasites can recrudesce
months or years after the initial infection, the parasites are also
more difficult to eliminate from the community. Drug-resistant
malaria has emerged to become a major public health problem.
Research for the discovery of drugs with activity against P. vivax
remains challenging due to the lack of a stable continuous in vitro
culture system, and an in vivo primate model is inaccessible for
general laboratories (12-15).

Folate metabolism is important for malaria parasite survival,
and several enzymes in the pathway have been well characterized
to be the targets for several classes of antimalarial drugs. A com-
bination of pyrimethamine and sulfadoxine (Fansidar) was widely
used to treat malaria until resistance emerged 10 years after its
introduction (16, 17). Previous studies revealed that point muta-
tions in the dihydrofolate reductase (DHFR) of Plasmodium fal-
ciparum (PfDHFR) and the dihydropteroate synthase (DHPS) of
P. falciparum (PfDHPS) contributed to antifolate and sulfa drug
resistance, respectively (18-21). Due to the conserved nature of
the enzymes in the folate metabolic pathway, similar polymor-
phisms in the P. vivax DHFR (PvDHFR) and P. vivax DHPS
(PvDHPS) have also been suggested to reduce the efficacy of an-
tifolates and sulfa drug treatment in P. vivax infection (22-25).
Although the combination of pyrimethamine and sulfadoxine
(Fansidar) is not normally used as a treatment for P. vivax infec-
tion, the regimen has been used to treat patients coinfected with P.
falciparum and P. vivax, a practice that would have exposed P.
vivax to drug pressure and led to key mutations for the resistant
phenotypes reported in P. falciparum infection (26).

The malaria parasite DHPS forms a bifunctional enzyme with
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hydroxymethyldihydropterin pyrophosphokinase (HPPK) and
locates at the C terminus of the bifunctional polypeptide chain.
Four point mutations of PvDHPS at positions S382F/A/C, A383G,
K512E/M/T, and A553G have been identified from P. vivax clini-
cal isolates from Southeast Asia; these are equivalent to mutations
of PDHPS at positions S436F/A, A437G, K540E, and A581G, re-
spectively (22, 26-29). Among these mutations, the A383G single
mutation, A383G A553G double mutation, and S382A A383G
A553G triple mutation were found in 90% of mutants in many
areas where malaria is endemic (29). In addition to these con-
served polymorphic residues, a V residue is found at position 585
(V585) of wild-type PvDHPS, while the equivalent position in
PfDHPS carries A613 for the wild-type enzyme and A613S for the
mutant enzyme. It was speculated that P. vivax may have innate
resistance to sulfadoxine, as the bulky side chain of V585 may
cause steric hindrance to sulfadoxine binding (22).

In this study, recombinant P. vivax HPPK-DHPS (PvHPPK-
DHPS) enzymes were heterologously expressed to characterize
the sulfa drug resistance mechanism in P. vivax. In addition to the
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TABLE 1 Primers used for construction and molecular characterization of transgenic P. berghei carrying Pvhppk-dhps

Primer name

Sequence

Ndel_PvHPPK_F
BamHI_PvDHPS_+2bp_R
PvHPPK_V179L_F
PvHPPK_V179L_R
PvHPPK_M205I_F
PvHPPK_M205I_R
PvDHPS_A383G_F
PvDHPS_A383G_R
PvDHPS_A553G_F
PvDHPS_A553G_R
Apal_5"UTR_PbDHPS_F
Sall_3'"UTR_PbDHPS_R
Xmal_3'UTR_PbDHPS_F
KasI_3'"UTR_PbDHPS_R
Sall_Pv_PKDS_F
Sacll_Pv_PKDS_R
PbDHPS_F (a)
3'int_PbDHPS_R (b)
pL35_before_HindIII_F (c)
PvHPPK _exonl_F (d)
pL35_before_Acc651_F (e)
pL35_after_Kasl_F (f)
PvDHPS_1767nt_F (g)
Pbshmt_a-tubulin-2_F
Pbshmt_a-tubulin-2_R

5'-GGGGCATATGGAGGATTCAAACACGGG-3'
5-GGGGGGATCCCTAGGTTGATGTATCCTTGTGAG-3’
5"-AGACCCCCTCGCCATGCTCGTAATTTTAAAGTACATTGAGCA-3’
5-TGCTCAATGTACTTTAAAATTACGAGCATGGCGAGGGGGTCT-3’
5"-GAAATATTTCAAAATCGCATAATAGACATTGACATTTTATTTTTTAAC-3'
5'-GTTAAAAAATAAAATGTCAATGTCTATTATGCGATTTTGAAATATTTC-3'
5-CGGGGGGGAATCGTCCGCCCCTTATGTGGTCCCCAATC-3'

5 -GATTGGGGACCACATAAGGGGCGGACGATTCCCCCCCG-'3
5"-GATGTCGGCC TGGGGTTTGCCAAAAAGCACGACCAGTCTATTAAG-3’
5 -CTTAATAGACTGGTCGTGCTTTTTGGCAAACCCCAGGCCGACATC-3’
5-GGGGGGCCCGTTACACAAATTAGTAGTGTGTC-3'
5'-GGGGTCGACCAGTTTCTATTAGTTCTTTGATATG-3’
5'-GGGCCCGGGCTTCAATGGATAATGTATAGTGG-3’

5-GGGGGCGCCG CTATATCTCTCTGTGCTTAC-3'
5'-GGGGTCGACATGGAGGATTCAAACACGGG-3'
5'-GGGCCGCGGCTAAGGTTGATGTATCCTTGTG-3'
5"-ATGGATATTATAGAAGAATCTAATAAATG-3’
5"-CTGAGACATCAACGTGCCCTC-3’

5 -GTCTCTTCAATGATTCATAAATAG-3’
5"-CTCCGTCAGATAGAGCGCCG-3'

5'-GACGGTCACAGCTTGTCTGT-3'

5'-CTCATTAGGCACCCCAGGCT-3'
5'-CACCCCCGGGGGGAAGGGTGGCGCGGCCATC-3'
5-GCATGCTGGGAGCTATTTTG-3’

5 -GCTGGTTCAAATGCTGAGTTTG-3'

enzyme target inhibition study, transgenic P. berghei parasites in
which the native P. berghei hppk and dhps (Pbhppk-dhps) alleles
were replaced with various Pvhppk-dhps alleles similar to those in
clinical P. vivax isolates were generated to evaluate sulfa drug sus-
ceptibility in vivo. The results showed that mutations at PvDHPS
affect the enzyme kinetic properties and susceptibility to sulfa
drugs and that the accumulation of mutations is associated with
reduced sensitivity to sulfa drugs. We also demonstrated that the
surrogate DHPS in vivo mouse model can potentially be used as a
system to screen for new compounds with activities against P.
vivax.

MATERIALS AND METHODS

Plasmid construction for expression of recombinant protein in Esche-
richia coli. Initially, total RNA of P. vivax-infected red blood cells of a
Thai isolate (ms2002) was extracted by use of the TRIzol reagent (Life
Technologies) by the protocol described by the manufacturer. Total
RNA was then treated with RNase-free DNase I (New England Bio-
Labs) to remove contaminating DNA. The cDNA was synthesized us-
ing oligo(dT) and Moloney murine leukemia virus reverse transcrip-
tase (New England BioLabs). Pvhppk-dhps was amplified from P. vivax
cDNA using Pfu DNA polymerase (Promega) with primers Ndel_
PvHPPK_F and BamHI_PvDHPS_+2bp_R. The amplified PCR product
was then cloned into pET22b and the sequence was verified by DNA sequenc-
ing (1st Base, Singapore). This plasmid was called pET22b Pvhppk-dhps-
ms2002. The primers used in this study are listed in Table 1.

The DNA sequencing results revealed four nonsynonymous polymor-
phisms in Pvhppk-dhps, V179L, M205], A383G, and A553G, compared to the
sequence of P. vivax laboratory-adapted Sal-1 strain (PlasmoDB, www
.plasmodb.org). PCR site-directed mutagenesis to convert these polymor-
phisms so that they were similar to those reported for P. vivax Sal-1
were performed using primer pairs PvHPPK_V179L_F and PvHPPK_ _
V179L_R, PvHPPK_M?205I_F and PvHPPK_M205I_R, PvDHPS_A383G_F
and PvDHPS_A383G_R, and PvDHPS_A553G_F and PvDHPS_A553G_R.

4454 aac.asm.org

Antimicrobial Agents and Chemotherapy

The resulting plasmid was named pET22b Pvhppk-dhps. The recombinant
plasmids harboring different Pvhppk-dhps variants were used for protein
expression.

Recombinant P. vivax HPPK-DHPS expression and purification. E.
coli Rosetta(DE3)pLysS harboring individual pET22b Pvhppk-dhps vari-
ants was cultured in LB supplemented with 100 pg/ml ampicillin and 34
pg/ml chloramphenicol until the cells had grown to an optical density at
600 nm of 1.0. The expression of recombinant PvPHPPK-DHPS was in-
duced by adding IPTG (isopropyl-B-p-thiogalactopyranoside) to the re-
combinant bacterial culture at a final concentration of 0.4 mM, and then
the culture was maintained at 16°C overnight (~16 to 20 h). Bacterial cells
were harvested by centrifugation at 3,000 X g for 10 min and stored at
—20°C.

For purification of recombinant PvHPPK-DHPS, the harvested bac-
terial pellet (30 g) was resuspended in 150 ml of lysis buffer (100 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 20% glycerol, 40 mM imidazole) and
disrupted by use of a French pressure cell at 1,500 lb/in*. The total cell
lysate was centrifuged twice at 27,000 X g for 30 min to remove the cell
debris. The supernatant was loaded onto a 25-ml Ni-immobilized-metal
affinity chromatography (IMAC) Sepharose column (GE Healthcare Life
Sciences). The column was washed with 700 ml of washing buffer (100
mM Tris-HC, pH 7.5, 300 mM NaCl, 20% glycerol, 40 mM imidazole).
The bound proteins were then eluted with a linear gradient of elution
buffer (100 mM Tris-HCI, pH 7.5, 100 mM NaCl, 20% glycerol, 40 to 250
mM imidazole). The purified PvHPPK-DHPS was eluted with imidazole
at concentrations ranging from 70 to 130 mM. Fractions containing pu-
rified PvHPPK-DHPS were pooled and concentrated by use of an Amicon
filter (Millipore, Billerica, MA, USA) at a 50-kDa-molecular-mass cutting
size with exchange buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 0.5
mM EDTA, 20% glycerol, 10 mM dithiothreitol). Protein purity and the
subunit molecular mass were analyzed using 12% SDS-PAGE. The native
molecular mass of the recombinant PvPHPPK-DHPS was determined by
Superdex 200 HR 10/300 (GE Healthcare Life Sciences) gel filtration chro-
matography on a column equilibrated with 50 mM phosphate buffer (pH
7.0) in the presence of 150 mM NaCl. Reference proteins were thyroglob-
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ulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75
kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), RNase A (13.7
kDa), and aprotinin (6.5 kDa). The native molecular mass of PvHPPK-
DHPS was calculated on the basis of the calibration curve of the gel-phase
distribution coefficient (K,,) versus the log molecular mass, for which
K,, = (V, = V)I(V.— V,),where V,, V,, and V_ are the elution volume,
column void volume, and geometric column volume, respectively.

Enzyme kinetics and inhibition studies. The activity of PvHPPK-
DHPS was determined on the basis of incorporation of radioactive (**C-
labeled) para-aminobenzoic acid (["*C]pABA) to form ['*C]dihydrop-
teroate (['*C]DHP), and the radiolabeled substrate and product were
separated by paper chromatography as previously described (30, 31). The
assay reaction mixture (50 pl) was composed of 100 mM Tris-HCI, pH
9.0, 10 mM MgCl,, 100 mM B-mercaptoethanol, 200 M hydroxymeth-
yldihydropterin (HMDHP), 10 mM ATP, 100 wg/ml bovine serum albu-
min, 5 uM [14C]pABA, and 0.05 to 0.1 puM PvHPPK-DHPS. The reaction
was started by adding enzyme, and the mixture was incubated at 37°C for
10 min. Then, the reaction was stopped by boiling for 2 min. The super-
natant (40 wl) was spotted on Whatman no. 3 paper (Whatman, GE
Healthcare Life Sciences), and chromatography was performed in a cham-
ber preequilibrated with 0.1 M potassium phosphate buffer, pH 7.0. The
origin spot (2 cm by 2 cm) was cut and put into a scintillation vial con-
taining 6 ml OptiPhase-HiSafe II liquid scintillation cocktail (Perkin-
Elmer), and the radioactivity of ['*C]DHP was measured with an LS 6500
multipurpose scintillation counter (Beckman Coulter).

The apparent K,, for pABA was determined by the use of various
concentrations of ["*C]pABA (0.025 to 20 wM). Inhibition (K;) of
PyDHPS by sulfa drugs was determined as described above, except that
the sulfa drugs were included at various concentrations (1 to 50,000 wM).
The kinetic parameters were determined with Kaleidagraph (version 4.03)
software (Synergy Software) using a nonlinear least-squares fit of the data
to the Michaelis-Menten equation.

Plasmid construction for generation of transgenic P. berghei. The
plasmids used for the allelic replacement of Pbhppk-dhps (PBANKA_
142670) by Pvhppk-dhps (PVX_123230) were constructed on the basis of
pL0035 (The Malaria Research and Reference Reagent Resource Center
[MR4]) containing human dihydrofolate reductase fused with the Saccha-
romyces cerevisiae yeast cytosine deaminase and uridyl phosphoribosyl
transferase (hdhfr/yfcu) expression cassette, which served as positive and
negative selection markers, respectively. Pyrimethamine and 5-fluorocy-
tosine (5FC) were used to select transfected parasites and marker-free
transgenic parasites, respectively. Three PCR amplicons, corresponding
to the 5" and 3’ untranslated regions (UTRs) of Pbhppk-dhps and to the
coding sequence of Pvhppk-dhps, respectively, were individually ampli-
fied. The two fragments corresponding to the 5" and 3" UTRs (~1 kb)
were amplified from P. berghei genomic DNA (gDNA) using primer pair
Apal_5"UTR_PbDHPS_F and Sall_3'UTR_PbDHPS_R and primer pair
Xmal _3'UTR_PbDHPS_F and KasI_3'UTR_PbDHPS_R, respectively.
Different variants of the Pvhppk-dhps wild type and the Pvhppk-dhps
A383G single mutant, A383G A553G double mutant, and S382A A383G
A553G triple mutant were amplified from pET22b expression plasmids
constructed as described above using primers Sall_Pv_PKDS_F and Sacl-
I_Pv_PKDS_R. The 3" UTR fragment was primarily inserted into pL0035
at Xmal and KasI sites, and the acquired plasmid was named pL0035
3"UTR Pbhppk-dhps. The fragments of the 5" UTR of Pbhppk-dhps and the
coding sequence of Pvhppk-dhps were digested with Sall and then ligated
together. The ligated fragment of the 5" UTR of Pbhppk-dhps/Pvhppk-
dhps was PCR amplified with primers Apal_5"UTR_PbDHPS_F and
SacIl_Pv_PKDS_R. The resulting amplicons of the 5" UTR of Pbhppk-
dhps/Pvhppk-dhps was then inserted into plasmid pL0035 3'UTR
Pbhppk-dhps at the Apal and Sacll sites. The transfection plasmid
was named pL0035APb(Pv)hppk-dhps. The DNA sequences of the
pLO035APL(Pv)hppk-dhps wild type and variants were confirmed by
DNA sequencing (1st Base).
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P. berghei parasite transfection. All animal experiments were per-
formed according to international and national guidelines for the ethical
conduct for the care and humane use of animals with the approval of the
Institutional Animal Care and Use Committee, National Center for Ge-
netic Engineering and Biotechnology (Biotec), Thailand.

Transfection of plasmids carrying the Pvhppk-dhps wild type and
A383G, A383G A553G, and S382A A383G A553G mutant sequences into
P. berghei was performed as described previously (32). Initially, mouse
strain ICR was intraperitoneally infected with P. berghei (1 X 10° infected
red blood cells [iRBC]), and blood from the tail vein was collected for
determination of the level of parasitemia. Approximately 10 g of a trans-
fection plasmid was linearized by Apal and KasI enzymes, and the linear-
ized DNA was transfected into P. berghei (ANKA strain) by use of a Basic
Parasite Nucleofector kit 2 (Lonza AG) and Nucleofector device (Amaxa
GmbH) using preset program U033. Transfected parasites were intrave-
nously injected into the tail vein of the mice. Pyrimethamine (70 p.g/ml)
in drinking water was given to mice a day postinjection to select transgenic
parasites. On approximately day 7 postinjection, a Giemsa-stained thin
blood smear was used to determine the parasite density.

To obtain a clonal line of integrant transgenic parasites, the limiting
dilution method was performed. In order to obtain marker-free parasites,
cloned transgenic P. berghei parasites harboring Pvhppk-dhps were treated
with 5FC by mixing the drug with drinking water (0.5 mg/ml) (33, 34).
Transfectant parasites whose hdhfr/yfcu cassette was deleted were selected
and cloned by the limiting dilution method.

Molecular characterization of transgenic P. berghei parasites with
Pyvhppk-dhps. Once the parasitemia reached 5 to 10%, mouse blood was
collected by heart puncture. White blood cells were removed by passage
through a syringe packed with cellulose powder (Sigma-Aldrich). The
gDNA of the transgenic parasites was extracted using phenol-chloroform
extraction and ethanol precipitation and subjected to PCR amplification
to monitor the disruption of the Pbhppk-dhps locus following specific
integration of the targeting plasmid into the Pbhppk-dhps locus.

For Southern blot hybridization, gDNA (30 p.g) from either P. berghei
ANKA or cloned transgenic parasites was digested with Pvull and Spel.
The digested DNA was separated by 1% agarose gel electrophoresis at 50 V
for 5 h. DNA fragments were denatured on agarose, neutralized, and then
transferred to a positively charged nylon membrane (Merck Millipore) by
capillary force. The transferred DNA on the membrane was fixed by UV
cross-linking. PCR amplicons of the 5" UTR and 3" UTR of Pbdhps were
used as the templates to generate digoxigenin (DIG)-labeled DNA probes.
Hybridization was performed as described by the protocol of the manu-
facturer of the DIG High Prime DNA labeling and detection kit IT (Invit-
rogen).

Parasite growth study. Three BALB/c mice per group were injected
intravenously in the tail vein with either P. berghei ANKA or transgenic P.
berghei parasites carrying different Pvdhps genes (1 X 10° iRBC per
mouse). The growth study was performed in triplicate. Parasite numbers
were counted every day under a light microscope using Giemsa-stained
blood smears.

Sulfa drug susceptibility of transgenic P. berghei parasites carrying
different Pvhppk-dhps alleles. The responses of the transgenic parasites
to sulfadoxine and dapsone were monitored according to a 4-day suppres-
sive drug test (35). Three mice per group were used, and the experiment
was performed in triplicate with various drug concentrations. Briefly, 1 X
10° iRBC of transgenic parasites were injected into the tail vein of the
BALB/c mice. Different concentrations of drugs mixed with the hydroxy-
propylmethyl cellulose (HPMC) suspension vehicle were administered to
mice by oral gavage at the same time every day from day 1 to day 4.
Giemsa-stained smears of blood (from tail vein) were prepared at the
same time on day 5. Parasite numbers were counted under a light micro-
scope. The dose-response curve was generated to determine the 50% ef-
fective doses (EDs) of these drugs.
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HPPK V179 M205

P. vivax (Sal-1) 173 DPLAMLVILKYIEQIMKRRESKKGQGEIFQNRMIDIDILFFNNYTIFEKSISLKGEDIYK 232
P. falciparum 176 DPLSMLVVIKYIEELMKRENVK--EKEKFENRIIDIDILFFNDFTIFMKNIKLEKNMIYK 233
P. berghei 181 DPLNLLVILKYIEHLMKRKNSK--EVEKFENRLIDIDILFFNNYTIFEKNINLTKNDLYT 238
F. tularensis 72 -PDELLVLLKDIELKIGRDLNAP----AWSPRVIDLDILAAE----- DLILETDK----- 116
E. coli 67 -PEELLNHTQRIELQQGRVRKA- - - -ERWGPRTLDLDIMLFG- - - - - NEVINTER----- 111
B. anthracis 68 -PQELLKVTQKVENDLGRKRE- - - -~ IRWGPRTIDLDILLYN----- QENIEAEN----- 111
S. aureus 67 -VLQLLECCLKTEECLHRVRK-- - - - ERWGPRTLDVDILLYG----- EEMIDLPN----- 110
M. tuberculosis 63 EPREWLRRAQEFERAAGRVRGQ----- RWGPRNLDVDLIACYQTSATEALVEVTAREN-- 115

* * .} * ek ok o o .
S382

DHPS A383

P. vivax (Sal-1) 360 AVERMFEMASDGASVIDIGGESSAPYVVPNPSVTERDLVMPVLKLFKEEWHKLECEVGGG 419
P. falciparum 414 AVORMFEMINEGASVIDIGGESSAPFVIPNPKISERDLVVPVLQLFQKEWN--------- 464
P. berghei 371 AVHRMFQMIKEGVDIIDIGGESSAPFVSHNPEIKERDLVIPVLELFEQEWNKMLQIRENG 430
F. tularensis 194 RKLNLDELIQSGAEIIDIGAESTKPDAKPISIEEEFNKLNEFLEYFKS------------ 241
E. coli 40 AVKHANLMINAGATIIDVGGESTRPGAAEVSVEEELQRVIPVVE---------------- 83
B. anthracis 45 AVRHAKEMRDEGAHIIDIGGESTRPGFAKVSVEEEIKRVVPMIQ-------=-=-==-=---- 88
S. aureus 29 AINRVKAMIDEGVDIIDVGGVSTRPGHEMVSLEEEMNRVLPVVE---------------- 72
M. tuberculosis 31 AVKHGLAMAAAGAGIVDVGGESSRPGATRVDPAVETSRVIPVVK---------------- 74

* . s * : * . * : * L ..
K512
P. vivax (Sal-1) 478 ACTHNPEIIKLLRRKNKFYSVVLMHKRGNPHTMDKLT-NYDDLISDIKRYLEDRLHFLVL 536
P. falciparum 506 ACTNNPEIIKLLKKKNKFYSVVLMHKRGNPHTMDKLT-NYDNLVYDIKNYLEQRLNFLVL 564
P. berghei 484 ACTNDPKIIKLLKKKNKYYSVVLMHKRGNPHTMDMLT-QYEDVVYDIKKYLEDRLNFLTL 542
F. tularensis 281 CNNIEQKAQLIAKYNK---KYVIIHNLGITDRNQYLD--KENAIDNVCDYIEQKKQILLK 335
E. coli 119 -SLSEPGALEAAAETG--LPVCLMHMQGNPKTMQEAP-KYDDVFAEVNRYFIEQIARCEQ 174
B. anthracis 124 GAKAEPKIAEVAAHYD--VPIILMHNRDNM-------- NYRNLMADMIADLYDSIKIAKD 173
S. aureus 107 AGLYDHRMFQIVAKYD--AEIILMHNGNGN-------- RDEPVVEEMLTSLLAQAHQAKI 156
M. tuberculosis 109 GGRADPAMGPLLAEAD--VPWVLMHWRAVSADTPHVPVRYGNVVAEVRADLLASVADAVA 166
. e . -
AS53 V585

P. vivax (Sal-1) 537 NGVPRYRVLFDVGLGFAKKHDQSIKLLQ-HIHVYDEY--PLFLGYSRKRFIVHCMGKGGA 593
P. falciparum 565 NGIPRYRILFDIGLGFAKKHDQSIKLLQ-NIHVYDEY--PLFIGYSRKRFIAHCM----- 616
P. berghei 543 NGIPRYRIILDIGLGFAKKHDQSIKLLQ-NIQVYDDC--PLFIGYSRKRFISHTL----- 594
F. tularensis 336 HGIAQONIYFDIGFGFGKKSDTARYLLENIIEIKRRLELKALVGHSRKPSVLGLTK---- 391
E. coli 175 AGIAKEKLLLDPGFGFGKNLSHNYSLLA-RLAEFHHFNLPLLVGMSRKSMIGQLLN---- 229
B. anthracis 174 AGVRDENIILDPGIGFAKTPEQNLEAMR-NLEQLNVLGYPVLLGTSRKSFIGHVL----- 227
S. aureus 157 AGIPSNKIWLDPGIGFAKTRNEEAEVMA-RLDELVATEYPVLLATSRKRFTKEMMG---- 211
M. tuberculosis 167 222

* . +k Kk .kk ok

AGVDPARLVLDPGLGFAKTAQHNWAILH-ALPELVATGIPVLVGASRKRFLGALLAG- - -

* % %

FIG 1 Multiple-amino-acid-sequence alignment of HPPK-DHPS. Only a partial sequence is shown. The proteins from P. vivax (Sal-1), P. falciparum, P. berghei,
and Francisella tularensis are bifunctional HPPK-DHPS, while those from E. coli, Bacillus anthracis, Staphylococcus aureus, and Mycobacterium tuberculosis are
monofunctional proteins of HPPK and DHPS. Amino acids reported to show polymorphisms (V179, M205, $382, A383, K512, and A553) and V585 are

emphasized in bold with underlining.

RESULTS

Heterologous expression of recombinant P. vivax HPPK-
DHPS. The open reading frame of Pvhppk-dhps was amplified
from the cDNA of strain ms2002 (kindly provided by Jetsumon
Sattabongkot Prachumsri, Mahidol University), a field isolate
from Thailand, and cloned into pET22b. Four nonsynonymous
polymorphisms compared with the sequence of the P. vivax
Sal-1 strain (PlasmoDB, www.plasmodb.org) were observed; 2 of
these were located in the hppk gene (V179L, GTA — TTA; M2051,
ATG — ATA), and the other two were found in the dhps gene
(A383G, GCC— GGC; A553G, GCC — GGC). While M205 is not
conserved, V179, A383, and A553 are conserved among Plasmo-
dium spp. and equivalent to V182, A437, and A581 in P. falcipa-
rum, respectively (Fig. 1). Mutations at A437 and A581 in the P.
falciparum homologhave been reported to compromise sulfa drug
susceptibility (19, 21). To explore the contribution of these poly-
morphisms in Pvhppk-dhps to sulfa drug sensitivity, expression
constructs with single (A383G), double (A383G A553G; similar
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to the ms2002 sequence), and triple (S382A A383G A553G)
mutations were prepared, as they are the prevalent mutations ob-
served in nature (27, 29, 36, 37). In addition, a V585A mutant was
included to determine whether V585 plays role in innate sulfa
drug resistance, as previously postulated on the basis of structural
modeling of the enzyme (22).

In general, PvHPPK-DHPS proteins in this study were ex-
pressed as soluble protein at a very low level (Fig. 2A). Various
conditions, such as different E. coli strains and medium formula-
tions, were used, without success, in an attempt to improve the
yield (data not shown). The recombinant PvHPPK-DHPS en-
zymes of the wild type and the variants were purified using Ni-
IMAC Sepharose. The subunit molecular mass of the recombinant
PyHPPK-DHPS enzymes was estimated to be 85 kDa on the basis
of migration on SDS-polyacrylamide gels (Fig. 2A), and this mo-
lecular mass is in agreement with the calculated molecular mass.
The native molecular mass of PvHPPK-DHPS was determined to
be 174 kDa, suggesting that PvHPPK-DHPS is a homodimeric
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FIG 2 Recombinant PvHPPK-DHPS expression in E. coli Rosetta(DE3)pLysS and its molecular mass. (A) SDS-PAGE analysis of recombinant PvHPPK-DHPS
at different purification steps. Lanes: M, protein molecular mass marker (Fermentas); 1, uninduced cell lysate; 2, induced cell lysate; 3, inclusion body; 4, soluble
fraction of cell lysate; 5, purified PvHPPK-DHPS. Arrowhead, a band of purified PvHPPK-DHPS with a subunit molecular mass of 85 kDa. (B) A plot of the
gel-phase distribution coefficient (K,,) versus the protein molecular mass (MM; in log scale) to determine the native molecular mass of PvHPPK-DHPS (~174

kDa), which is indicated as an open circle on the calibration curve.

protein (Fig. 2B). The recovery yield obtained was in the range of
0.13 to 0.3 mg/liter culture.

P. vivax HPPK-DHPS enzyme kinetic and inhibition studies.
The apparent k_,, and K, values of pABA for various polymorphic
forms of PvHPPK-DHPS were determined and compared to those
for wild-type PvDHPS; they appeared to show 6- and 3-fold max-
imum differences for k_,, (range, 0.0024 to 0.0134 s~ ') and K,,,
(range, 0.15 to 0.48 wM), respectively (Table 2). The results sug-
gest that these mutations have subtle effects on enzyme catalysis
and pABA binding. Interestingly, the k_,, and K,,, values for wild-
type PvHPPK-DHPS were dissimilar to those for PAHPPK-DHPS
(0.0024 and 0.03 s~ ', respectively, for k., and 0.15 and 1.25 uM,
respectively, for K,,,) (38), yet the catalytic efficiency (k,/K,,) ap-
peared to be of a similar magnitude (1.6 X 10* and 2.4 X 10*M ™!
s~ ', respectively). The catalytic efficiency for the mutant PvDHPS
enzymes tested also demonstrated similar trends.

To characterize the roles of these PvDHPS mutations on sulfa
drug sensitivity, three sulfa drugs, two with different sulfonamide
substituents (sulfadoxine and sulfathiazole) and one with a sul-
fone moiety (dapsone), were chosen for the enzyme inhibition
study. Sulfadoxine and dapsone are drugs known to be used for
malaria treatment, while sulfathiazole is a good inhibitor of
DHPS. The results from the enzyme inhibition study are shown
in Table 2. The sensitivity to sulfadoxine varied depending on
the variant, and more mutations led to higher K; values. The
sulfadoxine resistance of the mutants with single, double, and
triple PvDHPS mutations significantly increased 30-, 120-, and

TABLE 2 Kinetic parameters of recombinant P"HPPK-DHPS

180-fold, respectively, compared to the sensitivity of the wild-
type enzyme. The V585A variant revealed a subtle difference in
sensitivity from that of the wild type. The results clearly indicate
that the S382A, A383G, and A553G mutations contributed to sul-
fadoxine sensitivity and that the combination of these mutations
increased sulfadoxine resistance in P. vivax. Likewise, the efficacies
of dapsone and sulfathiazole were reduced in the PvDHPS mu-
tants. Sulfathiazole and dapsone appear to be more effective in-
hibitors of both wild-type and mutant PvDHPS enzymes, similar
to the results observed with PfDHPS enzymes (21). These results
suggest that the mechanism in which sulfa drugs inhibit the ma-
laria parasite DHPS and the mechanism by which the parasite
evolved to resist sulfa drugs are similar across species.
Generation of transgenic P. berghei parasites with Pvhppk-
dhps. Since a system for the continuous in vitro culture of P. vivax
is not routinely available, a surrogate model based on transgenic P.
berghei, an in vivo model used for the testing of antimalarials, was
established to study the effects of polymorphisms on sulfa drug
sensitivity and to test the effects of anti-DHPS drugs on the P.
vivax parasites according to a previously published protocol (32,
33, 39). Four transgenic P. berghei parasite lines carrying variants
of Pvhppk-dhps were generated following double homologous re-
combination of linearized constructs carrying the coding se-
quences of Pvhppk-dhps of the wild type or the A383G single mu-
tant, A383G A553G double mutant, or S382A A383G A553G
triple mutant variant (Fig. 3A). Negative selection was conducted
to remove the selection markers from the transfected parasite

K; (pM)
PyHPPK-DHPS ke 571 K,, pABA (uM) Sulfadoxine Sulfathiazole Dapsone
Wild type 0.0024 = 0.0003 0.15 += 0.02 1.50 £ 0.11 0.15 * 0.05 0.11 = 0.01
A383G mutant 0.0055 = 0.0005 0.33 £0.02 48.10 £ 5.45 295+ 0.11 3.67 = 0.60
A383G A553G mutant 0.0134 £ 0.0005 0.48 £ 0.05 176.19 = 8.70 15.53 £ 1.37 4.54 £ 0.51
S382A A383G A553G mutant 0.0060 = 0.0008 0.26 = 0.01 266.83 £ 16.31 19.00 £ 1.74 17.73 £ 1.14
V585A mutant 0.0029 = 0.0002 0.19 £ 0.01 3.01 £0.36 0.19 £ 0.02 0.53 £ 0.06
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FIG 3 Molecular characterization of a transgenic P. berghei (Pb) parasite harboring Pvhppk-dhps. (A) Schematic diagram depicting the genomic organization
before and after integration of Pvhppk-dhps at the Pbhppk-dhpslocus. Arrows indicate the primers used for the molecular characterization of transgenic parasites
(primers c and d or primers e and f for the episomal status of the transfected plasmid; primers a and b for the presence of endogenous Pbhppk-dhps; primers a and
d and primers g and b for the 5" UTR and the 3" UTR of Pvhppk-dhps integration, respectively). Enzyme restriction sites along with fragment sizes for Southern
blot hybridization are indicated. (B) PCR results for molecular characterization of transgenic P. berghei with Pvhppk-dhps. Lanes: M, 1-kb plus DNA marker
(Invitrogen); —, sample with no template; +, positive control; a to d, transgenic P. berghei in which the hppk-dhps allele was replaced by wild-type Pvhppk-dhps
and Pvhppk-dhps with the A383G, A383G A553G, and S382A A383G A553G mutations, respectively. The P. berghei alpha tubulin-2 gene was used for DNA
quality control. (C) Southern blot hybridization of Pvhppk-dhps allelic replacement at the Pbhppk-dhps locus. A Southern blot was hybridized with the 3" or 5’
UTR Pbhppk-dhps probe to confirm Pvhppk-dhps allelic replacement at the Pbhppk-dhps locus. The 3" or 5" UTR Pbhppk-dhps probe binding sites are indicated
by gray lines in panel A. DNA was digested with Pvull and Spel. Lanes: M, 1-kb plus ladder (Invitrogen); 1, transfection plasmid; 2, gDNA of P. berghei; 3 to 6,
gDNA of transgenic P. berghei parasites in which the hppk-dhps allele was replaced by wild-type Pvhppk-dhps and Pvhppk-dhps with the A383G, A383G A553G,
and S382A A383G A553G mutations, respectively. Arrowheads, hybridized bands. (D) RT-PCR for detection of Pbhppk-dhps, Pvhppk-dhps, and P. berghei alpha
tubulin-2 transcripts. Lanes: M, 1-kb plus ladder; —ve, negative control (water); +ve, positive control; +, product of PCR with the indicated cDNA; —, product

of control PCR without reverse transcriptase. wt, wild type.
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the levels of parasitemia were determined every day postinfection for 9 days.

population, which was followed by a limiting dilution protocol to
obtain clonal transgenic parasite lines (34).

The DHPS locus of the recovered transgenic parasite lines was
characterized by PCR using specific primer pairs to demonstrate
the replacement of the Pbhppk-dhps allele with the Pvhppk-dhps
allele. The absence of a 5.4-kb PCR product when the sequence
was amplified with primer pair aand b indicated the absence of the
native Pbhppk-dhps gene. The presence of a 1.4-kb fragment when
the sequence was amplified with primer pair a and d and the pres-
ence of a 2.1-kb fragment when the sequence was amplified with
primer pair g and b indicated the replacement of the native hppk-
dhps gene with Pvhppk-dhps in transgenic parasites (Fig. 3A and
B). The 1.2-kb product was not observed when the sequence was
amplified with primer pair ¢ and d, suggesting that these trans-
genic parasite lines did not maintain the episomal plasmid form
(Fig. 3A and B). Furthermore, a DNA band corresponding to the
hdhfr/yfcu gene was not observed when the sequence was ampli-
fied with primers flanking this region, indicating successful re-
moval of a negative selectable marker (Fig. 3B). The Southern blot
hybridization confirmed the PCR results and showed band pat-
terns corresponding to the absence of endogenous Pbhppk-dhps,
the correct integration of the target plasmid in the native hppk-
dhpslocus of the transgenic P. berghei lines, and the absence of the
hdhfr/yfcu marker (Fig. 3C). Reverse transcription-PCR (RT-
PCR) demonstrated the expression of Pvhppk-dhps transcripts,
but the endogenous Pbhppk-dhps transcripts were not detected in
transgenic parasites (Fig. 3D).

Study of growth of transgenic P. berghei parasites with Pvh-
ppk-dhps. The growth profiles of transgenic P. berghei parasites
were compared with the growth profile of the P. berghei ANKA
strain (Fig. 4). With the exception of P. berghei transgenic para-
sites carrying A383G, the growth rates of the other transgenic lines
were comparable to the growth rate of the reference P. berghei
ANKA strain. The enzyme characteristics of the mutant with a
single mutation (A383G) did not show that it had activity im-
proved over that of the mutant enzymes with double and triple
mutations as a reason for the improved fitness and growth ob-
served in transgenic P. berghei parasites. On the basis of these
results, it can be concluded that Pvhppk-dhps is a functional equiv-
alent of Pbhppk-dhps.
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Susceptibility to sulfa drugs of transgenic P. berghei para-
sites carrying different Pvhppk-dhps mutations. Transgenic P.
berghei parasite lines and the control P. berghei ANKA strain were
investigated for their susceptibility to sulfa drugs on the basis of a
4-day suppressive test described previously (35). Three different
sulfa drugs were tested: sulfadoxine, dapsone, and sulfathiazole.
Similar to the observation made during the enzyme assays, the
results from the testing of the activities of the sulfa drugs against
the control and transgenic parasites confirmed the association of
increasing sulfa drug resistance with the accumulation of muta-
tions in PvDHPS.

The EDs, value of sulfadoxine for transgenic P. berghei carrying
the PvDHPS wild type (9.4 = 0.9 pg/kg) was significantly lower
than that for the P. berghei ANKA strain (113.5 * 7.7 ng/kg) (Fig.
5A). It should be noted that position 591 in PODHPS, which is a
serine, is equivalent to position 613 in PADHPS, where A613S has
been shown to be associated with sulfa drug resistance.

When the EDs, values of sulfadoxine for the transgenic para-
sites were compared, the ED,, of transgenic P. berghei carrying the
PyDHPS wild type (9.4 = 0.9 pg/kg) was 13-, 24-, and 66-fold less
than the ED5ys of transgenic parasites carrying the A383G single
mutation (EDs, = 125.2 * 13.3 g/kg), the A383G A553G double
mutation (ED5, = 227.2 * 18.1 ng/kg), and the S382A A383G
A553G triple mutation (ED5, = 626.9 = 44.9 ng/kg), respectively
(Fig. 5A). The results presented here indicate that mutations in the
PyDHPS gene affect sulfa drug sensitivity and that there is a cor-
relation between the numbers of mutation that accumulate in
PyDHPS and the degree of sulfadoxine susceptibility.

Dapsone is usually used in combination with chlorproguanil
for the treatment of malaria (40, 41). Transgenic P. berghei para-
sites carrying the PvDHPS wild type (ED5, = 19.7 * 3.1 pg/kg)
showed less resistance to dapsone than transgenic P. berghei
parasites carrying the A383G A553G double mutation (EDs, =
37.2 = 4.2 pg/kg) (Fig. 5B).

In contrast, sulfathiazole did not affect parasite growth, even
for transgenic parasites carrying wild-type Pvhppk-dhps (data not
shown). The reason for this observation is not yet clear. The sulfa
compounds possess different octanol-water partition coefficients,
(logP)—0.7 for sulfadoxine, 0.97 for dapsone, and 0.05 for sulfa-
thiazole (42—-45)—suggesting that these compounds have differ-
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ent levels of cell permeation that may, consequently, affect the
uptake or the efficacy of drugs.

DISCUSSION

This study demonstrates for the first time the molecular and bio-
chemical basis of sulfa drug resistance in P. vivax, the routine
cultivation of which remains difficult. In order to perform the
enzyme inhibition study, various recombinant PvHPPK-DHPS
proteins were produced. Unlike the previous efforts to produce a
recombinant PAHPPK-DHPS enzyme (38), the yield obtained for
PvHPPK-DHPS was very low (0.13 to 0.3 mg/liter). This is due
to the low expression level and the fact that the majority of
the protein was expressed as an insoluble form. Different ap-
proaches, including expression in a folP-knockout strain of E.
coli, did not improve expression, as the E. coli C600 AfolP::Kan"
strain carrying Pvhppk-dhps did not grow well (data not
shown). The expression of recombinant PvHPPK-DHPS was
possible following the use of E. coli Rosetta(DE3)pLysS, which
was supplemented with the rare tRNAs for the AGG, AGA, AUA,
CUA, CCC, and GGA codons. A total of 55 rare codons are present
in PvHPPK-DHPS. Rosetta(DE3)pLysS cells were employed in
combination with a lower induction temperature and affinity
chromatography to obtain purified recombinant PvHPPK-DHPS
proteins.

The effects of polymorphisms in the PvDHPS domain were
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investigated by comparing the kinetic parameters between the
wild-type and variant enzymes. Comparable k_,/K,, values for
PABA were observed among the wild type and variant PvHPPK-
DHPS enzymes (Table 2), indicating that mutations at these
amino acids (S382A, A383G, and A553G) did not much influence
the enzyme catalytic activity or that the mutated amino acids at
these positions are functionally equivalent to wild-type amino ac-
ids. To date, known DHPS structures adopt a triosephosphate
isomerase (TTM) barrel a/R structure that is connected via a clus-
ter of amino acids, forming a loop structure (46, 47). In compar-
ison with these available structures, PvDHPS S382 and A383 align
with a structurally conserved region belonging to loop 2 in other
DHPSs. The structure of loop 2 is highly flexible and has been
proposed to stabilize pABA upon its binding to the enzyme (46,
47). Although these residues are conserved for Plasmodium en-
zymes, S382 is replaced by a related amino acid threonine, while
the residue at A383 is replaced by various residues in others (Fig.
1). The A553 located on loop 6 is quite conserved among most
organisms, including wild-type PvDHPS; however, glycine can be
found in the equivalent position in E. coli and Francisella tularensis
enzymes (Fig. 1).

Inhibition studies with sulfa drugs revealed differences in sulfa
drug sensitivity between the wild-type and mutant enzymes, indi-
cating that the polymorphisms are responsible for the sulfa drug
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resistance observed for P. vivax. Mutations which confer sulfa
drug resistance have been reported in other enzymes, and most are
located on loop 1 and loop 2 of the DHPS enzymes (46, 47). The
A383G mutation is the allele most frequently found in areas of
endemicity with a sulfa drug resistance problem (28, 29, 37, 48). It
has been suggested that the PADHPS A437G mutation is likely
necessary for sulfa drug resistance, in part because the mutation is
most commonly found in previously reported field isolates (21).
For the same reason, it is possible that the equivalent residue in
PyDHPS, A383G, is among the first mutations selected in sulfa
drug-resistant P. vivax. Mutation at this position resulted in re-
duced susceptibilities by 30-fold for sulfadoxine (K; of 48.10 *
5.45 M) as well as dapsone (3.67 = 0.60 pM) and by 20-fold for
sulfathiazole (2.95 * 0.11 wM) compared to those of the wild-type
enzyme (1.50 £ 0.11 pM for sulfadoxine, 0.15 = 0.05 uM for
sulfathiazole, and 0.11 = 0.01 uM for dapsone). Accumulation of
additional mutations appears to augment sulfa drug resistance. It
should be mentioned that the mutations described in this study
resulted in smaller amino acids (S382A, A383G, A553G). On the
basis of the amino acid sequence alignment, these mutations are
located on the flexible loop structures of the enzyme, and it is
possible that these smaller amino acids may increase the loop dy-
namic that affects sulfa drug binding, such that the compound is
not properly locked into place. Crystal structures of the Plasmo-
dium enzyme in complex with substrates and inhibitors should
shed more light on drug design and means of avoiding drug resis-
tance.

Molecular modeling of PvHPPK-DHPS predicted that the
steric hindrance of V585 would interfere with binding to sulfadox-
ine, suggesting innate resistance, but not the binding to sulfathia-
zole and dapsone (22). Contrary to the molecular modeling pre-
diction, the mutant with the V585A mutation had a 2-fold
increase in the level of resistance to sulfadoxine compared with
that of the wild type carrying V585 (K; of 3.01 = 0.36 M versus
1.5 £ 0.11 nM). Similarly, the V585A mutant was 4-fold more
resistant to dapsone than the wild type (0.53 = 0.06 WM versus
0.11 = 0.01 uM). The data suggest that V585 may influence sulfa
drug susceptibility but likely not through the steric hindrance of
the valine side chain in V585.

In addition to the enzyme inhibition assay, i1 vivo inhibition by
sulfa drugs was performed using transgenic P. berghei parasites in
which the endogenous Pbhppk-dhps was replaced by Pvhppk-dhps.
The approach used to generate transgenic P. berghei parasite lines
carrying Pvhppk-dhps as an in vivo model for the screening of
antimalarials is similar to that previously reported for P. berghei
parasite lines carrying the P. vivax dihydrofolate reductase-thymi-
dylate synthase (Pvdhfr-ts) gene (49). The generated transgenic
parasites contain only 1 copy of the native hppk-dhps gene that was
replaced by the Pvhppk-dhps allele. Moreover, these transgenic
parasites are free of selection markers and can be stably main-
tained in a drug-free environment. This property is very useful for
drug screening, since there is no interference from other com-
pounds to complicate the results and the effect of the test drug can
be directly addressed. The growth of these transgenic parasites is
similar to that of the parental strain, P. berghei ANKA, for all
mutant PvHPPK-DHPS transgenic lines except the line carrying
the single mutation A383G. The mutant with this mutation dem-
onstrated a 2-fold higher growth rate than the parental strain, but
there was no striking difference between the enzyme activity of
that mutant and the enzyme activities of the wild type and the
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other PvDHPS mutants. Nonetheless, the in vivo screening of sul-
fadoxine in transgenic parasites revealed a trend similar to that
observed in the enzyme inhibition study: the A383G mutant be-
came 13-fold more resistant to sulfadoxine than the wild type and
mutations in addition to the A383G mutation resulted in a slight
increase in resistance.

The data from the in vivo screening study (ED5s) are in agree-
ment with those from the enzyme inhibition assay (K; values).
While the enzyme inhibition assay explains the susceptibility on
the basis of the compound-target interaction, the in vivo screening
system provides additional insight into the permeation of the
compound as well as information on its metabolism in the host.
Therefore, the two assays are complements for evaluation of the
effects of inhibitors on P. vivax DHPS.

In summary, this study confirms the role of key mutations in
DHPS in sulfa drug resistance in P. vivax. As in P. falciparum, the
accumulation of key point mutations results in higher levels of
resistance. The systems developed, the enzyme inhibition assay,
and the growth inhibition assay in transgenic parasites can pro-
mote new antimalarial drug development, as the efficacy of com-
pounds can now be experimentally assessed in conjunction with
elucidation of the role of other mutations observed in PvDHPS.
The system has the potential to provide an in vivo platform for the
testing of compound efficacy and early insight into compound
metabolism.
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