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Plasmodium falciparum is causative agent of malaria. It is one of the most important
tropical diseases of public health in tropical and subtropical area. The new antimalarial drug
is needed for the disease because there are still many problems, such as drug resistance, lack
of effective vaccine, and mosquito resistance to insecticide. Therefore, there is an urgent need
for a new drug target. DNA helicase is an essential enzyme for various DNA metabolisms that
involve the separation of double stranded DNA to single stranded DNA. Therefore, this enzyme
could be a competent new drug target. This aim of this study is to clone, express and
characterize DNA helicase from Pfl0910w gene. The yield of the recombinant enzyme was
0.395 mg/L of culture volumn. The purified recombinant enzyme was about 85.5 kDa.
Unwinding of DNA helicase activity was driven by hydrolysis of ATP and sligshtly decreased
when dATP was used as an energy source. Almost no unwinding activity was detected when
ATP was replaced with dCTP, dGTP or dTTP. The unwinding activity was depended on Mg?*,
and inhibited by 200 mM KCl, 200 mM NaCl and EDTA. This DNA helicase could unwind both
short and long partial duplex DNA substrates. The study of drug inhibitory effect indicated that
Antracycline, namely, Daunorubicin and Doxorubicin could inhibit the unwinding activity of
PfI0910w, with the ICsy for Daunorubicin and Doxorubicin at 30 and 23 uM, respectively. The
knowledge obtained from this study could be the basis for the development of a novel anti-
malarial drug as well as for more insight into the molecular biology and biochemistry of DNA

helicases in general living organisms.
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NI5IASINA15A9AUE1%5U DNA helicase assay
5' labeled helicase substrate

MN3daAsIEI oligodeoxynucleotides 210 BioDesign, Useinelng @Sy DNA substrate
74l helicase assays Usznoume 2P labeled complementary oligodeoxynucleotide 1 (17
mer, 5-GTAAAACGACGGCCAGT-3) anneal AU single stranded M13mp18 DNA (New England
Biolabs, USA) 1u partial (Tuteja et al.,1990) Ingld 17-mer oligodeoxynucleotide 100 ng 31
label sudane 5' e T4 polynucleotide kinase wag [Y->*P] ATP (Perkin-elmer, USA) (Sambrook,
1989) wagilinnaznaumiy  absolute ethanol Wazdgmznaumiy  70% ethanol
oligodeoxynucleotide 111 anneal A single-stranded circular M13 mp19 DNA 2.5 pg lu 20 mM
Tris-HCL (pH 7.5), 10 mM MgCl,, 100 mM NaCl wag 1 mM DTT ﬁqm‘wqﬁ 95 °C yJuran 1 w1
uay 65 °C 2 uit uagiislifigmniivios 30 unit oligonucleotide 7ilsi anneal axgnusneeningld

Microspin S-400 1 ml (GE, USA)
Standard DNA helicase assay

DNA helicase assay ilagn1saanainas P labeled DNA fragment 21n partial duplex
DNA molecule (*?P labeled complementary oligodeoxynucleotide 1 (17 mer) anneal iU single
stranded M13mp18 DNA) lu reaction mixture (10 pl) Usznausie DNA helicase 160 ng, 20 mM
Tris-HCL (pH9.0), 8 MM DTT, 2 mM MgCl,, 2 mM ATP, 10 mM KCl, 4% (w/v) sucrose, 80 pg/ml
BSA uay *°P labeled helicase substrate 1,000 cpm 11lU incubate ﬁqm%qﬁ 37 °C 1Juran 20
min mﬂﬁ?wqmuﬁﬁ%m‘[mmau 10x loading dye (Fermentas, USA) dvimualdusnlagld 20%
nondenaturing polyacrylamide gel Tu 0.5 X TBE 71 92 volts \uaan 1.5 Falus 1 gel luUsznu

i x-ray film Jus autoradiography
1919584 blunt ended duplex DNA helicase substrate

111 oligonucleotide wum d1mer-l 41 5-ended label f18 T4 polynucleotide kinase uag

[y-32P] ATP 11U anneal fiu 41 mer-Il Tu 40 mM Tris-HCL (pH 7.5), 20 mM MgCl, and 50 mM
NaCl figaungfl 65 °C lunan 2 unit uawisiisliftgmndistes 30 it arndutilusu Microspin S-

400 vua 1 ml iieuen free oligonucleotides



N15tA383 substrate 7799

N3 label oligonucleotide M35 5' labeled helicase substrate \iew3en substrate

%1iAr199 hay anneal U single stranded M13mp18 DNA
nadildlunsia unwinding activity 281 DNA helicase

T4 DNA helicase 160 ng ¥hnsvsassuiiowdedu uwiwdeunandu o, 2, 5, 10, 15, 20,

30, 60 WAz 90 U AIUAIRU
A2UABINTTETSA99 TUN15%1 DNA helicase assay

unwinding activity 483 DNA helicase 19 DNA helicase 160 ng lmeld standard DNA

helicase assay WazlUauua13919¢
A21UABINTS NTPs

N15%1191UU99 DNA helicase Tunisaanaindes DNA Aasladnisdulag hydrolysis 981 NTPs
Tnevhluasld ATP efudsldvhnisnaunu ATP #e nucleotide triphosphate 8w léur dATP, dCTP,
dGTP, way dTTP Tu reaction mixture 19 2mM ATP wnumi8 2 mM of dATP, dCTP, dGTP, iag
dTTP

AMUABINIS divalent cation

N1591197u209 DNA helicase Tunisaaiewndes DNA @edld Divalent cation WHu cofactor
satiuly standard reaction mixture 35 2 m MgCl, audsudu 2 mM of CaCl,, CoCl,, CuCl,,

CUSO4, F6504, MnSO4, N|CL2 LAY ZHCLZ
ANSNAFDUNITEULINITINIUVBY DNA helicase 1ng salt wag EDTA

YIMNISNAADUNITTUGINTITYINIUUDY DNA helicase taely KCL 200 mM %38 NaCl 200 mM

waLNavYad EDTA Inen iy 8 mM EDTA adlu reaction mixture
NaYd4 inhibitors #a DNA helicase

IN1TMAEOU chemotherapeutic agents sion1511911983 DNA helicase lagla aphidicolin,
daunorubicin, doxorubicin, genistein, mitoxantrone &g netropsin Tenswmse stock solution
Tngavanenlu dimethylsufoxide (DMSO) Tifiaandudiu 107 M 1uTigamgil ~20 °C shmsiFoans
g lagld 10 mM Tris-HCL, pH 9 9ntay incubate 17 mer DNA substrate fugnfidianadadi 0.1-
50 uM tJuran 10 mﬁﬁqmmﬁﬁm Nt helicase assay Tngldoulal 160 ne lunsmen ICs,

D9 inhibitor



A15197 1 Oligodeoxynucleotides Al substrate d1%5U DNA helicase assay wag nn3

NAFBUNY inhibitor

Oligonucleotide Sequence

1. 17mer 5-GTAAAACGACGGCCAGT-3'

2. 32mer - | S-TTTTTTTTTTTTTTTGTTTTCCCAGTCACGAC-3

3. 32mer - lI 5-GTTTTCCCAGTCACGACTTTTTTTTTTTTTIT-3

4. 3dmer - | 5-GACTCTAGAGGATCCCCGGGTACCGAGCTCGAAT-3

5. 3dmer - I 5-ATAAAAATTTTTAGAACCCTCATATATTTTAAAT-3

6. 41mer - | 5-AATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTG-3

7. 41mer — I 5'-CAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATT-3’

8. d7mer 5-TTTTTTTTTTTTTTTIGTTTTCCCAGTCACGACTTTTTTTTTITTTTITT-3




A5199 2 ANWAIZVBY substrate Na319%u

Complex Oligonucleotides

Short oligonucleotide M13mpl8 +17mer
Long oligonucleotide M13mp18 + 34 mer -l
Blunted end 41 mer — | + 41 mer -l
3'overhang M13mp18 + 32 mer -l
5'overhang M13mp18 + 32 mer - |
3'&5' overhang M13mp18 + 47 mer

DNA helicase activity

nsAnweulesl recombinant DNA helicase activity laglgiouladusuim 0.3, 1, 3 ul
(U7 5) wui1 DNA helicase vhanlddlnsannsananeindeausn DNA anegliidu DNA aneifien
159119714989 DNA helicase Tutaaimngs

N15vUfA38158139 substrate waz DNA helicase Tu standard reaction l9vian 20 1
feu FehufRselunansneg dus 0, 2, 5, 10, 15, 20, 30, 60, 90 Wt nuTndlenariuluagld
DNA @eifeifiutu way faadaud 30 it anunsaraendenld 100 % (U7 6)
Reaction requirements and characterization of DNA helicase

Tu standard DNA helicase unwinding assay Usgnausig *°P labeled DNA fragment 21n
partial duplex DNA molecule Tu reaction mixture (10 pl) Usznousie DNA helicase 160 ng, 20
mM Tris-HCl (pH9.0), 8 mM DTT, 2 mM MgCl,, 2 mM ATP, 10 mM KCl, 4% (w/v) sucrose, 80
ug/ml BSA laz P labeled helicase substrate 1,000 com toulgslasnsanaieindes DNA 16 100%
(M151971 3)

yhmsfinyanautines DNA helicase iflasannisvauveseulssid #osns ATP lag
DIAINAIIIUIINNNGLAR hydrolysis ¥as ATP Fodusmegeuinanansald deoxynucleotide F1u WU
DNA helicase asnsanaiendedld 89% wleld dATP wazasvihauanaadleld dCTP, dGTP w3e

dTTP 56 30%, 21% uag 13% AUEy (57971 3)

20



Tunsvihauveaeulesifiosns MeCl, u cofactor ilensviauiiauysal wuin Wewdsu
MgCl, 101 CuCl,, CuSOq, NICly, CoCl,, CaCl,, ZnCl,, FeSO, ag MnSO, azaanaLnaeils 82%, 55%,
7%, 73%, 44%, 76%, 73% Wag 61% MIUa1Au (G]’]i’]xi‘ﬁl 3)

MntunsAnedmaves salt waz EDTA fiazdiudanisvieuass DNA helicase wuin 200
mM KCl %38 200 mM NaCl anansadudinisyiauees DNA helicase 1¢ Tneildn 27% waz 17%
pudiu uaznuimsvhnuresevlsdiazanas el 8 mm EDTA fieh 20% Tuufasen (nsnsdl
3)
DNA helicase activity 1@ substrates %149

NN1INAEDYU helicase activity §19 substrate LUUMAM99 é’fﬂgﬂﬁ 7 Wu31 DNA helicase @313
AaTBLNAEN partial duplex YUA 17 mer tag partial duplex ¥Ua 34 mer (gﬂﬁ 7, A ey B) dmisu
substrate ity partial duplex substrate (17 mer) with 5’ tail (Fig. 7, C) DNA helicase laigunsa
¥ale usl substrate 7y partial duplex substrate (17 mer) with 3' tail ends (Fig. 7, D) wu
DNA helicase annsananawnaeild usioulsilaianunsavauldiu substrate (17 mer) #idivie 3
way 5 tail ends (Fig. 7, E) woulasilanunsavhauld uazioulsfldanunsaviauléiu substrate 7
Ju 41-mer blunt end (Fig. 7, F)
NavYdd inhibitors AaN1991197UV89 DNA helicase

nsnadau antibiotics AUN1591191U84 DNA helicase 1ag1i1n15 incubate substrate AU
antibiotics 1u standard reaction 1ng preincubate duplex M13-17 mer DNA substrate #7e
antibiotics AN doxorubicin, daunorubicin genistein, mitoxantrone, netropsin, aphidicolin ﬁ
Ay 50 UM WU doxorubicin wag daunorubicin @ansadudannsyinaiuues DNA helicase
Tnooulaslanunsanatawnden substrate 1ifies 11% way 16% mwddu luvassdi genistein,
mitoxantrone, netropsin, aphidicolin Ipga1unsananenael substrate 1o 100%, 1009%, 92% way
95% MUIFU (A51971 4, UM 8)

fathu daunorubicin wag doxorubicin 49AN 1Csg TaglgANuTNTUAIe Faust 0.1, 0.5, 1,
2.5, 5,10, 50 uM (g‘d'ﬁ 9-10) Lﬁ'aﬁwm A15AA18LNEAYY DNA 1AL WU ICso U89 daunorubicin

wag doxorubicin A1 30 and 23 UM AUEIRU

21



substrate —>

g'dﬁ 5 wane DNA helicase activity.
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1 = substrate

2 = heated substrate

3 =No enzyme

4 = DNA helicase 0.3 ul
S5 = DNA helicase1 pl

6 = DNA helicase 3 pl
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U 6 msvhnuves teuledtaisne Ufnse1usenaumie DNA helicase 0.16 ug, H e

oulwdngnivinunaninmeauseu substrate NdAe 17 mer/M13
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miwﬁ 3 Reaction requirement of DNA helicase unwinding activity.

(-, without; +, with)

Reaction condition

Percentage unwinding

Complete 100
-ATP + dATP 89
-ATP + dCTP 30
-ATP + dGTP 21
-ATP + dTTP 13
-MgCl, + CuCl, 82
-MgCl, + CuSO, 55
-MgCl, + NiCl, 7
-MgCl, + CoCl, 73
'MgCLZ + CaCLz aq
-MgCl, + ZnCl, 76
-MgCl, + FeSOq 73
'MgCLZ + MI’]SO4 61
200 mM KCl 27
200 mM NacCl 17
8 mM EDTA 20

24




1 =DNA helicase
2=heated substrate
3 =native subsirate

1 =heated substrate
2 =native substrate

3 =DNA helicase
Yrs—L7 *S.L
A: M13/17 mer B: M13/34 mer
1 : } 1 2 3
Wiast oo 1 =DNA helicase
3= native substrate T=native substrate
3= heated substrate
*< S A * 4l
C: 5' tail, 32 mer-M13mp18 D: 3' tail, 32 mer-M13mp18
1 2 3
1=DNA helicase ;
o hidiad iebaith 1= D'N.A helicase
3=pative mubsirste 2=native substrate
3=heated substrate
Xy s
547 A5 A
E: 3'and 5' tail, 47 mer-M13mp18 F: 41/41 mer

gll‘ﬁ 7 #av9d DNA helicase activity 19 substrate LWuUU#199)

25



as19Ti 4 HAYa4 inhibitors #ia DNA helicase finanudadu 50 um

Inhibitors Percentage unwinding
No inhibitor 100
Doxorubicin hydrochloride 11
Daunorubicin hydrochloride 16
Genistein 100
Mitoxantrone hydrochloride 100
Netropsin dihydrochloride 92
Aphidicolin 95

1 =heated substrate

2 =native substrate

3 =DNA helicase

4 =Doxorubicin hydrochloride 50 uM
5 =Daunorubicin hydrochleride 50 uM
6= Genistein 50 pM

7 =Mitoxantrone hydrochloride 50 uM
8=Netropsin dihydrochloride 50 uM

9= Aphidicolin 50 pM

Ul 8 waves inhibitors sie DNA helicase finnaidudu 50 [IM

26




gﬂﬁ 9 Waved daunorubicin ®8 DNA helicase

g‘dﬁ 10 wWaved doxorubicin 8 DNA helicase
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a9V waziansalnaniside

a v

ASeEifunsAne DNA helicase 91nide P. falciparum Tagldvinislnauuasuanioonves
Wsivillude £ coli  iesmneuleliifudhmnefivaulslunsimusinelsanaseid
Usgdninm waa1nn1s3de wudi giTeanunsalaaukazitn1suansean DNA helicase 308 P09 10w
W E coli Wfunadnss Tnelusiuiitaun 855 kDa Benlusfufiwmunduuniiin DNA helicase
PfDHA86 Tnsanunsandmoulel dlu £ coli lluusinaroudhesin doleuiueulsianuuaiiGesug
Fnevhunriou uinan1saaesidenndosiusenunsuaneulssl DNA helicase mﬂv?iyamml,‘%aé"'uﬂ i
BULN [6, 21, 34] ae9lsAnny Lﬁaqmﬁiﬁmﬁmeﬁﬁ?uﬁmmhqamﬂ wsneldansiutunsed Feladu

[y

Uy waziligsnodiniun1vinidel

NNITIATIEA malarial genome project wuitlu P. falciparum & DNA helicase waneiin
[26] anmsAneneunthillag Suntornthiticharoen wazaasz U 2006 [4] WU DNA helicase Fady
wulwiftatnandade §o91 P, falciparum DNA helicase A (PFDH A) Sauiauszanas 90 kDa Slvue
Tn&iAssfu DNA helicase a1n8u PA0910w DNA helicase 4 genuiniy homologue AU human BS
(BLM) helicase wasAu usiflouaudnit waevssaudiouin 159 kDa [26] lusewrinedilévinnsidvegi
Iadisngaunsinaunaznsianiaan DNA helicase 210 P. falciparum dnvangvtiawtu Plasmodium
falciparum UwrD helicase  (PfUwrD lag PfMLH) %QWUEJEﬂWTWLLMﬂQLamﬁJu (colocalize) Tuszuy
schizont [22, 26, 27], DEAD box helicase Haslp [28], Plasmodium falciparum DEAD-box helicase
60 kDa (PDH60) &aqy express g4gn lusgwy schizont [7], way P. falciparum RuvB3 (PfRuvB3) %
Suduly seoy intraerythrocytic schizogony [27]

Tufiazdeneuled DNA helicase fildlaauduiniiin PIDHASE Geranmsinszimeduaiinudy
Fmihfinaneindes DNA aneglidu DNA aneiealnsazdosiimsdusaziinis hydrolyse nucleoside

triphosphate laglaniz ATP 4il1n15v191uv83 DNA helicase WARTUATIAA Waza1u130INa1uanad

Anvies Wield ATP wazanasuinnii 50% wisld dCTP, dGTP, dTTP

N3¥1911%849 DNA helicase #on15 divalent cation tJu cofactor wagsinld MeCl, Feviinis
negau divalent cation a8yt WU DNA helicase daunsamanawnaeilaely CuCl,, NiCl,, CoCl,,
ZnCl,, FeSO, tnevnaula 11nnan 70% Tuvariieulesiauisasineuls Yseunu 60% Lagld MnSO,

CuSO, waviliviaulateenin 50% wiald CaCl,

28



DNA helicase activity 3ggnéiudalag salt lngnaainnisviinisnaaeadis KCL 3o NaCl 200 mM
AUNINAANIIAAIEINGET DNA agg19in 53uds EDTA 8 mM Aanunsadudeinisviiaiuves DNA

A va o

helicase M8 FIHAN1TNAABIUATINUNUNIAIINATILATIEY native enzyme PDHA 73delavinanneu

Y

wiitiud [4] et EDTA iy chelating agent anunsaluduifu divalent cation 1

NANISNAEDU helicase activity #9 substrate LUUSN9Y WU3I1 DNA helicase @nunsnnang
\N@Y7 partial duplex FundY (17 mer) wag partial duplex WUIMY1I (34 mer) Wag substrate A
partial duplex substrate (17 mer) with 5" tail wsildanunsavieléiu substrate iy partial
duplex substrate (17 mer) with 3’ tail ends wagwui1 DNA helicase @unsaaaiginagale we

wulaailaaunsavinaulanu substrate (17 mer) N3 3' wag 5 tail ends wag blunt end substrate

nsTiasiaudila mechanism wos DNA helicase unwinding activity Hu #edld DNA
binding agents %3ayINAsIUNIUATTINIIURBReUle] [29] fea1suselan 1) DNA intercalating
agents Wi daunorubicin, doxorubicin, mitoxantrone, 2) ﬂEjﬂJﬁL‘fJu minor groove binder %ﬂudlu
a13Ustan oligopyrrolamidine 19U netropsin Faazduiu minor groove U84 DNA wag 3) DNA
polymerase alpha inhibitor lakn aphidicolin [30] doxorubicin tag daunorubicin L‘flumﬂuﬂﬁjm
anthracyclines 1ag daunorubicin U universal helicases inhibitors mmsaé’ugaﬂﬁﬁwmsum
helicase vanaia 1y HDHII, SV40 large T antgigen, PcDDH45, PfDH60, PfDH A g viral helicase
Tu Flaviridae family [21, 31-33]

Tumiaseilgvinisadeunaves DNA binding agents sineq léuA  doxorubicin,
daunorubicin genistein, mitoxantrone, netropsin, aphidicolin fON151191UU89 DNA helicase
PfDHA90 lae¥inn1s incubate substrate v’ DNA binding agents 1u standard reaction o
preincubate duplex M13-17 mer DNA substrate 10 U1 Faudud 50 UM Wua1 doxorubicin
Az daunorubicin awmsaé’ué’jmwsﬁwmsuaq DNA helicase Iummzﬁ genistein, mitoxantrone,
netropsin, aphidicolin Tilgnansadudinisinaiuues DNA helicase ¢ anuth daunorubicin
wag doxorubicin 4191A1 IC5, WU ICs, W89 daunorubicin tag doxorubicin A1 30 and 23 uM
AEy wansindinulann Wievusie inhibitor 1A PAOH60 way PDH A 3siie 1Cs, ve9

daunorubicin WAU 0.3 M [21], Wag 2.8 uM [4] Auasu
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RecQ DNA gene of multi-drug resistant Plasmodium falciparum K1 (PfRecQ1) was cloned, and the recom-
binant C-terminal-decahistidine-tagged PfRecQ1 was expressed in Escherichia coli. The purified enzyme
could efficiently unwind partial duplex DNA substrate in a 3’ to 5’ direction. The malarial RecQ1 could
not unwind substrates with both 5 and 3’ overhangs, those with a 5’ overhang, or blunt-ended DNA
duplexes. Unwinding of DNA helicase activity was driven by the hydrolysis of ATP. The drug inhibitory
effects of six compounds indicated that only doxorubicin and daunorubicin could inhibit the unwinding

© 2014 Elsevier B.V. All rights reserved.

RecQ DNA helicases are a family of highly conserved DNA heli-
cases that play a key role in protecting and stabilizing the integrity
of the genome [1]. They have been recognized as the guardian of
genomic integrity and shown to be a hallmark of both cancer and
aging [2]. The RecQ helicases have gained significant interest in
the past decade due to the association of three human RecQ heli-
cases inrare genetic disorders, i.e. Bloom syndrome (BLM helicase),
Werner syndrome (WRN helicase), and Rothmund-Thomson syn-
drome (RECQ4) helicases [1]. The roles of other two human RecQ
helicases in humans, i.e. RECQ1 and RECQ5, are not yet known,
although it is likely that more links between defects in DNA heli-
cases and human diseases will be identified. So far, only RecQ
DNA helicases from human, E. coli, yeast, and a few others bacteria
and fungi have been investigated [3]. No RecQ homolog has been
reported in any protozoa or parasite.

Helicases have been previously suggested to be one of the
feasible drug targets for the control of malaria, one of the most dev-
astating diseases worldwide [4]. However, since there are a number
of helicases in Plasmodium falciparum and other living organisms,
understanding the detailed mechanism of the unwinding reaction

* Corresponding author. Tel.: +66 44224152; fax: +66 44224150.
E-mail addresses: montarop@sut.ac.th, montarop@g.sut.ac.th,
montarop@gmail.com (M. Yamabhai).
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0166-6851/© 2014 Elsevier B.V. All rights reserved.
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of different helicases is important to evaluate whether the enzyme
is one of the potential candidates for drug targets.

The helicase gene of 2211 bp from the genomic DNA of P. falcip-
arum K1 [5] was cloned using a PCR-based method, using genomic
DNA as a template (GenBank accession number KM213514).
The primers used for cloning were designed based on the DNA
sequence of the putative helicase gene of P. falciparum 3D7, Gene
ID PF3D7.0918600 (previous ID PFI0910w) from the PlasmoDB
database.

Amino acid sequence analysis revealed that the RecQ1 heli-
case from P. falciparum strain K1 and 3D7 are almost identical,
with 99.73% sequence identity. P. falciparum RecQ1 (designated
PfRecQ1) shares low sequence identity with human BLM, RECQ1,
and WRN at 24.47%,23.11%, and 19.87%, respectively. PfRecQ1 from
P. falciparum strain K1 contains two inserts that are missing in
strain 3D7. Only human BLM contains a long N-terminal portion
containing three acidic domains (see Supplementary material I).

The schematic diagram of the four aligned RecQ helicases is
shown in the upper panel of Fig. 1, while the predicted 3D struc-
ture of the parasite PfRecQ1 in this study is illustrated in the bottom
panel. The organization of the conserved domains is similar. There
are two conserved domains in all RecQ helicases, namely heli-
case ATP-binding domain, helicase C-terminal or RQC domain. The
DEAH box on human BLM was replaced by the DEVH box in human
RECQ1 and plasmodium RecQ. Human RecQ BLM contains an addi-
tional 595 and 51 amino acids at the N-terminus and C-terminus,
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HsRECQL R ImIE 649

Hs BLM 1417
Pf3D7RecQl 728
recPfK1RecQl 760

Fig. 1. Structural diagram of different RecQ helicases and 3D structure of PfRecQ1. Upper panel illustrates the schematic diagram of human and Plasmodium RecQ helicases
referred to in this study. Yellow and purple amino acids indicated ATP binding domain and DExH box, respectively. Red box indicates the main helicase domain; blue box
indicates the helicase C-terminal domain or RQC domain. Only human BLM contains HRDC and the nuclear localizing signal, which are indicated by the pink and brown boxes,
respectively. Yellow box at the C-terminal of recombinant PfRecQ1 represents 10xHis, followed by FLAG tags. The number of amino acids in each protein is indicated on the
right. The diagram is drawn to scale. The position of each bar is based on the CLUSTALW alignment in Fig. 2. Bottom panel illustrates the 3D structure of PfRecQ1 generated by
SWISS-MODEL homology modeling software, using human RECQ1, PDB code: 2wwyA as a template. Only partial structure with high confidence (based on Phyre2) is shown,
i.e., E41 to N499 are shown. Different colors indicate different conserved domains, which are indicated in the schematic model below. The green helix indicates an extra-loop

that is only found in Plasmodium RecQ.

respectively. In addition, the putative nuclear localization signal
and the HDRC domain were only found in human BLM. The 3D
structure of PfRecQ1 was predicted using Swiss-model server and
visualized by Pymol software, using human RECQ1 as a template
[6]. The green helix protruding out of the compact structure of the
compact helicase is a non-conserved additional insert that was only
found in P. falciparum RecQ1.

The expression and purification of PfRecQ1 from P. falcipa-
rum strain K1 in this study was based on our previous successful
method for the expression of various bacterial enzymes [7]. The
recombinant PfRecQ1 could be purified by one-step Ni2* affin-
ity chromatography to apparent homogeneity (see supplementary
material II). Biochemical characterization indicated that the heli-
case reaction required the presence of ATP as a cofactor, although
dATP supported the unwinding at 89% of the efficiency of ATP. Other
dNTPs, i.e. dCTP, dGTP, and dTTP, could support partial unwinding
at 30%, 21%, and 13%, respectively. MgCl, is required for maximum
helicase activity. CuCl,, NiCl,, CoCl,, ZnCl, and FeSO4 could par-
tially provide the unwinding activity at approx. 70-80% of activity
in the absence of MgCl,. In contrast, CaCl,, CuSO4 and MnSO4 could
slightly support the unwinding activity in the range of 44-61%.
DNA helicase activity was significantly decreased in the presence
of 8mM EDTA, 200 mM KCl or 200 mM NacCl.

The helicase activity of recombinant PfRecQ1 on various sub-
stratesis shownin Fig. 2. The enzyme could unwind DNA substrates

with 17-and 34-base pair duplex regions, as indicated in Fig. 2 Aand
B. The enzyme could not unwind 17-mer partial duplex DNA sub-
strates with both 5" and 3’ protruding ends (Fig. 2E) or 5’ protruding
ends (Fig. 2C), and 41-mer duplex blunt end substrate (Fig. 2F).
However, the enzyme could unwind 17-mer partial duplex DNA
substrate with 3’ protruding end (Fig. 2D). These results indicated
that the Plasmodium RecQ1 catalyzes DNA unwinding unidirection-
ally in the 3’ to 5’ direction along the bound strand, and could not
unwind blunt-ended duplex DNA substrate.

The effects of various drugs on the activity of recombinant
PfRecQ1 DNA helicase in a standard duplex DNA dissociation reac-
tion were reported in Table 1. All drugs were pre-incubated with
duplex M13-17-mer DNA substrate at the concentration of 50 .M.
Only anthracycline antibiotics, i.e. doxorubicin and daunorubicin,
could inhibit the DNA unwinding activity of the enzyme, at IC5q

Table 1

Effect of inhibitors on PfRecQ1 DNA helicase activity.
Inhibitors 1Cs0 (M)
Aphidicolin >50
Daunorubicin hydrochloride 30
Doxorubicin hydrochloride 23
Genistein >50
Mitoxantrone hydrochloride >50
Netropsin dihydrochloride >50
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Fig. 2. Substrate specificity of PfRecQ1 helicase activity. Each panel shows the structure of the substrate used and the autoradiogram of the results from various conditions
described. Top bands indicate DNA duplex substrates; bottom bands indicate ssSDNA products. Asterisk denotes the end of DNA labeled with 32P. Purified recombinant
PfRecQ1 was analyzed as previously described [7,11]. The recombinant enzyme was fused with 10xHis tag, followed by FLAG tag. The enzyme was harvested after induction
with 0.5mM IPTG when the culture reach ODggo of 0.6, and further cultivated for 20 h at room temperature. The enzyme was further purified by one-step Ni?* affinity
chromatography to apparent homogeneity. The apparent molecular weight (MW) of the recombinant enzyme was approximately 87 kDa. The yield of the purified helicase
was approx. 0.5 mg/L culture. Detail description of the expression construct and expression condition can be found in supplementary material.

values of 23 and 30 WM, respectively. Other drugs including mitox-
antrone, a type Il topoisomerase inhibitor, netropsin, an antibiotic
that can bind to the minor groove of AT-rich sequence of ds DNA,
aphidicolin, an inhibitor of DNA polymerase A and D, and genistein,
an isoflavone that showed several biological activities including
antihelmintic and inhibitor of topoisomerase II, could not inhibit
the activity of PfRecQl1.

So far BLM and WRN RecQ helicases from human have been rel-
atively well-studied [1] and only a few RecQ helicases from E. coli,
yeast and some others bacteria and fungi have been investigated
[3]. Recent research on the genome-wide identification of P. falcip-
arum helicases indicated that there are two putative homologs of
human RecQ helicases, i.e. BLM homolog and WRN homolog [8].
The PFI0910w or the PfRecQ1 from this study were indicated as
homologs of human BLM [8]. However, our results demonstrated
that the PfRecQ1 isindeed likely to be the homolog of human RECQ1
because the organization of the conserved domains and the size of
the enzyme are much more similar than those between human BLM
and PfRecQ1. Moreover, the results from homology modeling indi-
cated that the three-dimensional structure of human RECQ1 is best
fitted with the 3D structure of PfRecQ1. Human BLM and RECQ1
have been shown to display distinct DNA substrate specificity and
different functions [9]; therefore, it can be proposed that human
BLM helicase evolved from RECQ1 helicase, through the addition of
N-terminal and HRDC domains, resulting in the diverse biological
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roles within each eukaryotic cell. Moreover, it can be suggested
that the N-terminal part found in BLM may be required for the
maintenance of more complex organisms, which is not necessary
in parasites.

The unwinding characteristics of PfRecQ1 are similar to those
of human BLM and WRN [10]. The ability of PfRecQ1 helicase to
unwind a 3’-tailed duplex confirms the previous observation that
a single-stranded 3’-tail is not a structural requirement for the
unwinding of standard B-form DNA by these helicases [10]. Fur-
ther analysis on the substrate preference of this enzyme, such as
substrates with internal nicks, a blunt-ended duplex containing a
centrally located single-stranded ‘bubble’, as well as a synthetic
X-structure (a model for the Holliday junction recombination inter-
mediate), should be conducted to try to understand the specific
functions and interactions of these enzymes in the cells. In addi-
tion, since human RECQ1 has been shown to have a unique role
in restoring active replication forks that have regressed by DNA
topoisomerase I inhibition [2], it would be interesting to investigate
whether the Plasmodium RecQ1 could possess a similar activity.

Previously PfDH A helicase has been identified from a crude
extract of P. falciparum K1 [11]. The apparent molecular weight of
the recombinant PfRecQ1 was approximately 87 kDa while that of
PfDH A was 90 kDa. The polarity of both DNA helicases was 3’ to 5
direction and both of them could not unwind blunt-ended duplex
DNA. The unwinding activity of both PfRecQ1 and PfDH A depended
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on hydrolysis of ATP or dATP, and could be inhibited by 200 mM KCl,
200 mM NacCl, and 8 mM EDTA.

The anthracyclines were used as antitumor antibiotics. These
drugs will intercalate into double stranded DNA and generate DNA
structural change. Various DNA-intercalating drugs have been used
for the effect on prokaryotic and eukaryotic DNA helicase [12]. Drug
inhibition assays indicated that only anthracycline antibiotics could
inhibit recombinant PfRecQ1 helicase from P. falciparum strain K1
at higher ICsq values when compare to those of P. falciparum from
the parasite culture [11], P. cynomolgi DEAD-box DNA helicase 45
(PcDDH45) [13], and P. falciparum helicase 45 (PfH45) [14]. This
anti-cancer drug is an intercalating agent, which can also inhibit
topoisomerase II. However, other inhibitors of topoisomerase II,
i.e. mitoxantrone and genistein, did not inhibit the plasmodium
RecQ1, indicating its distinctive mode of function. Mitoxantrone, an
intercalator that places amino and hydroxyl groups into the major
groove, and netropsin, a minor groove binder, have been shown to
inhibit human WRN and BLM helicases activity at a concentration of
>10 wM [15]. However, mitoxantrone and netropsin did not inhibit
PfRecQ1 activity at a concentration of 50 WM. The different in drug
sensitivity from human RecQ helicase indicated its potential use as
a novel target for anti-malarial drug.

Even if PfRecQ1 is similar to human RECQ1 and BLM, 3D struc-
ture analysis indicated an extra loop is only present in malarial
helicase. This could be the basis for difference in drug sensitivity.
In addition, it also suggested that it is possible to use this enzyme
as a potential anti-malarial drug target, provided that the drug is
targeted to this extra loop.

The knowledge obtained from this study could provide more
insight into the function of the RecQ family of DNA helicase in var-
ious eukaryotic cells and suggested that this enzyme could be a
potential anti-malarial drug target.
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