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Abstract

Malaria is a major public health disease that affects over half a billion people worldwide with millions
of death annually. Four species of Plasmodium parasites could infect human and Plasmodinm vivax is
responsible for 80 million cases per year. Chemotherapy against vivax malaria includes primaquine and
chloroquine but not antifolate drugs such as pyrimethamine (Pyr), because its inherit resistance towards P.
vivax has been commonly considered. This critical problem needs serious attention upon the emergence of
resistance of the parasite to chloroquine. It has been recently demonstrated that wild-type P. wivax
dihydrofolate reductase, (DHFR), a cellular target of antifolates approved by the WHO, be in fact sensitive to
the inhibition by pyrimethamine, cycloguanils, and other antifolates. Mutant patasites, with the most common
double mutant (SP21, (SP21, Ser-58 —Arg + Ser-117 —Asn), showed reduced affinities towards these
antifolates by as much as 1,000 times, causing these drugs ineffective for P. wipax treatment. Previous
biochemical studies revealed point mutations of the DHFR gene was the cause of antifolate drug resistance
such as pyrimethamine and cycloguanil. To elucidate the detailed mechanism of the antifolate drug resistance
in P. vivax, we investigated the three-dimension structures of both wild-type and mutant DHFRs by means of
X-ray crystallography.

Our crystallographic investigation has yielded the 1.9 A resolution crystal structure of the genetically
engineered DHFR domain in complex with several inhibitors in both wild-type and mutant forms. Successful
crystallization efforts of the ternary PDHFR complex of the NADPH cofactor and the Pyr inhibitor, in
PEGA4000 at pH 7.2, yielded the monoclinic crystal with unit cell parameters of 2 = 136.53 A b=55614A,¢c=
45.75 A and B = 107.46°. The flash-freezed crystal diffracted beyond 2.0 A resolution and data were measured
from both in-house diffractometer and synchrotron radiation facilities. One copy of PvDHFR ternary
complex occupied the asymmetric unit, corresponding to the solvent content of 59%. The protein structure
was solved in the space group C2 by the molecular replacement method. The binding site of the enzyme
revealed the NADPH cofactor and a well-defined pyrimethamine. Pyrimethamine interacted with the enzyme
with extensive hydrogen bonds (Asp-53, Ile-13, Ile-173) and m-7 interactions (Phe-57) in the pyrimidine ring
and van de Waals interaction in the p-Cl phenyl ring (NADPH) and a weak hydrogen bond between p-
chlorine atom and Ser-120’s OH group. In the wild-type PvDHFR crystal structure, Ser-117 was in close
proximity of the chlorine atom of the pyrimethamine. To understand the basis of pyrimethamine drug
resistance, crystal structures of the double mutant SP21 PvDHFR-pyrimethamine complex (with Pyr and des-
chloropyrimethamine) were investigated. Comparison of the crystal structures of PvDHFR from wild-type
and the Pyr-resistant strain as complexes with NADPH and Pyr or its analog lacking p-Cl (Pyr20) cleatly
shows that the steric conflict arising from the side chain of Asn-117 in the mutant enzyme, accompanied by
the loss of binding to Ser-120, is mainly responsible for the reduction in binding of Pyr. Pyr20 still effectively
inhibits both the wild-type and SP21 proteins, and the x-ray structures of these complexes show how Pyr20
fits into both active sites without steric strain.

The long-awaited crystal structure of P. wpax DHFR-TS has been determined. The protein
crystallized in the orthorhombic space group with cell parameters of 2 = 62.366, b = 114.813, ¢ = 198.901 A.
The calculated solvent content was 50% with two copies of PvDHFR-TS in each asymmetric unit. The
structure was solved by molecular replacement in the space group P2:212; and the current resolution is 3.5 A
resolution. These findings in this structural investigation of plasmodial DHFR have provided a better
understanding of the enzyme’s function, drug resistance mechanism and would provide a strong basis in the
rational inhibitor design to combat with malaria in the future.
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wazanansaLaIonlananutudulszunn 6-10 mg/ml wazvinmIUTuaA1IzvedaTazane U Siu

TwRanuiutwyas DHF, salt, buffer fna9

nmIna ﬁﬂ’l'JZﬁL%ﬁJ’]Zﬁlll%ﬂ’]i@lﬂNﬁﬂ

[%
o

Tunsmignsfimuizaulunsanndniowlod PDHFR % sihansazanotowlasd
PVDHFR finnaidududszanos 10 mg/ml 3 Waniy 1 mM NADPH was 1 mM inhibitor lag'le
Fu'l37 4 °C Uszanms 10-12 T2l wialiiAe complex adnvmyIninawihwiimIneaas lu
mymannzlumsanudniioodu 14 sparse-matrix screening conditions %olﬂuﬁ%mﬁjwama

v

N9 9 dagn Nt lanaunanniini #2837 microbatch  (crystallization under  oil) lagld
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81782818 PvDHFR-NADPH-pyrimethamine 1 — 1.5 4l 0N crystallizing solution 13074
P < . . e g a ') KR A o A
17 Tuaaun crystallization condition # MnALMIYTUUTIQMANKENTlGLFIamaLdan

' & daa ' I ' . a o
wazwuIHANAAH U duuuuunn (plate-ike) aanInia3onleain 30% polyethylene glycol
4 A -~ o 4 5 AT oA
(PEG) MW 4000 71 pH 13zant4 6.0 - 6.5 Ngaunndl 4 °C luan1izfimanzay nanazisulafiin
"I,@Tmﬂ‘lﬁnﬁaaﬁgamiﬂﬁﬁﬁamnfuﬁ 1-2 uazladaiiasllfeUsennns 2-3 afiad lasdawialaun

Uszanas 300 X 200 X 150 micron G93U71 3,

Eﬂﬁ 4 X-ray diffraction pattern YIKNAN PvDHFR-NADPH-pyrimethamine
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MINATITAAHTIFENT MIAUTaNALAZNI TR LATIFT

Winuad PVDHFR-NADPH-Pyr ldgninluiiaszddiniaiaes R-Axis IV++ Nfiaasun
Rigaku X-ray generator ﬁqm%gﬁ 120 LARAW I@lﬂwuiﬂﬁﬂéuauw’lmmﬁm monoclinic & space
group W Cc2 & unit-cell parameters fla a = 13653 A, b = 55.61 A, ¢ = 45.75 A and p =
107.46° ﬁa;&aﬁvl,@‘fﬁmma:lfémﬁa 1.9 A resolution #6171 mosaicity Uszunms 0.6 © AW

¢ & ] a4 o A, . Ao a . .
FUUIEITN 99.8% @1 //o(/) 19.5 BIVUIA intensity NQ WA Ryege 6%  unique reflection
$1UI% 16,385 VU1AY unit cell NldFaAANDINL DHFR (27 kDa) 1w 1 lutanaluudaz
asymmetric unit # solvent content Uvzanms 58% (Matthews’ constant 3.0)

MIPlATIRIINENVDS ternary complex PvDHFR-NADPH-pyrimethamine (Fig. 4) 1575
molecular replacement mulUsunsy AMoRe 11 CCP4 program suite wazlusunsn CNs lagld
incomplete coordinates 484 P. falciparum DHFR-TS Lﬂuﬁgﬂﬁwﬁu

Wathdfldluduimda uaziiamziqmainued electron  density map lanld
molecular graphics program XtalView WuNdanudatilasuaziinnnusaandainulasiasnaluszay

2] A A o A . A A o A . ) &
wikd laofiunsuSiimaadlasiainelill electron density itadanidlassainiefianenu srunalu
US04 side chain WAz loop UN9EIBAIE Las9a3n9f la laH1n15uA 1 manual model building

uae editing WATNTTLINNNT refinement LNaaATERANANA RANUTOL IUNTENI b LATIRIINLHBY

suyIollanfuTian residue 71 85-105 Nliwy electron density map L#8431nN7 disorder
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Insert-2

Eﬂﬁ 5 lavsaiananvadiawlasd P vivax dihydrofolate reductase in complex with
NADPH and pyrimethamine AaNNazLd8a 1.9 A resolution. ribbon diagram LRAILATIFIIN
1w helical (red) ez and B-sheet (blue). NADPH cofactor &g pyrimethamine inhibitor L&®

@28 ball-and-stick model
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Iﬂidﬁ%’m"ﬂadl,auvlsﬁﬁ dihydrofolate reductase 1NLT8 Plasmodium vivax

la39ai904 P. vivax DHFR \Jusfla /B 71l 8-Bstranded sheet agaTana1suazil o-
helix 8gjdUMan FIUV0Y insert-1 Nagi3z#319 B-1 waz B-2 1w loop N1l secondary structure
' . A o IS . A ' A A & A & & ' A a
fupa9 insert-2 Hlaseainadu helix uaziivnasiui disorder GonsmasuSaniidusrunfiey
va9taw 1wl DHFR lungy Plasmodium  Tasnssasdiuiiunimid flexibiity goulaifinuny
U3man g suiiugiwladitonaduuSiamd interaction NU partner molecule 8% Liayan8%
PN a & ' g . . . & ' A A @ a ana A o
LNLANNIREIEIwH W1997n binding site 39 lWhasddwneadoslumaial jiserienmssuny

ea

N UDILD bl Th

Pyrimethamine binding site

\ilaRa3an inhibitor binding site 184 P. vivax DHFR arhenudhladenalnnsinen
984 inhibitor 1uﬂ§ijau€1MLaﬂ WUTT §IU28999 pyrimidine IUAIHTU strong hydrogen bond
nu carboxylate group Y83 aspartate-53 laoiis28211932%319 heteroatom (N-O) Uzt 2.5
ua 2.8 A N§a amino fica fawuse hydrogen fidaun3nfiu main chain oxygen Uaid
isoleucine-173 LLazﬁUﬂﬁju hydroxyl side chain Tu tyrosine-179 mm:ﬁ Phenylalanine57 "71'
conserved % DHFR \Aia n—7 interaction ﬁ"i_mfoju pyrimidine  lagfiszz11935211974 plane
Uszanm 3.7 A Interaction fU cofactor NADPH iilusuddndiunitalunissudinuasuan

@lnan (Fig. 5)
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Fig 6. Pyrimethamine binding site 1w P. vivax DHFR (distance in A unit in dotted lines). Hydrogen bonds
fianwddnylun13dudvas pyrimidine ring. lu3tuans interactions il Asp53, lle13 and lle173. MN3TL
AV p-chlorophenyl group uwfie VDW and pi-pi interaction 374119 weak H-bond 32#314 Cl and

Ser120

Serizo

Asps3

Fig. 7 Schematic diagram LL&®4 pyrimethamine binding site 1w P. vivax DHFR (distance in A unit.)
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@191971 2 WAMY interaction 31319 pyrimethamine Wag 1@ %3] DHFR

pyrimethamine DHFR Distance (A)
Pyr N1 Cys 14 N 3.44
Cys 14 CA 3.21
Phe 57 cD1 3.49
Cys 14 C 3.38
Pyr Cc3 Ndp 1239 NO7 3.38
Pyr c5 sp 53 0OD2 3.46
Pyr N6 sp 53 CG 3.45
sp 53 0oD2 2.61
Pyr C12 Ndp 1239 NC4 3.35
Pyr N13 lle 13 (0] 2.94
lle 173 (0] 2.95
Pyr N14 Wt 219 (0] 3.45
Cys 14 C 3.46
Cys 14 0] 3.16
Thr 194 0G1 3.14
sp 53 OoD1 2.86
Pyr C15 sp 53 0oD2 3.42
Pyr CL1 Ser 117 (6] 3.09
Ser 120 0G 3.38
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ANV laIIaI9lUT6n

Ramachandran Plot

INMTILATNLH Ramachandran plot 2841ATIFTIIVD PvDHFR-NADPH-pyrimethamine

complex laiwuinaiulavaslassasiaglu disalowd regions lasninaziluns 194 @1 (non-

glycine L8 non-proline) agﬂu most favored s additional allowed regions (89.2% Wae 10.8%

NSO

Psi (degrees)

~b

Phi (degrees)
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1a398319 DHFR 1w P. vivax uaz P. falciparum

Tumsnilasizszuiavas PvDHFR laltlassassanudfuas PIDHFR (Dudwiuy
I@Umﬁsﬁagaﬁmmﬁuﬁuﬁm faunInazdlurasnizasriadanuasunwuInni1 60%
(3UN 8.) atfsanuwilsfinwnsaoziluiinoatasluuSimainssl §isen uazmse Mifiams

ﬂmuﬁ'ubf WU IANNBANASlEIRIAANIINAN ﬂﬁuﬁfmauauvlsnﬁﬁmawﬁ@ 1Ne3197 3.

[%
v o K @ v

LRAINIA a:ﬁiuﬁwudw LAANIINAN Uﬁuf aanudsdaadnlaluanuuandrsluanwusianizvas

PvDHFR 18471 laiwillanwny PIDHFR LLE\]&’%’H’]“ITQ%lﬂluﬂ’]il,ﬁ@ﬂ’liﬂﬂ’lUﬁ’%if

A13797 3. memﬂﬂ%ﬂmﬁzmﬂma:ﬁiuﬁlﬁﬂmsnmﬂﬁuﬁjﬂma DHFR 321319 P. falciparum Waz P. vivax

P. falciparum dhfr allele P. vivax dhfr allele
Ala16 (Val) Ala15 (Ser)
C50 (Arg) Cys49*
Asn51 (lle) AsnS0 (lle)
Cys59 (Arg) S58 (Arg)
Ser108(Asn, Thr) Ser117(Asn,Thr)
lle164(Leu) lle173(Leu, Phe)
Val213(Ala) Val222*

* Vlﬂwunwsnmmﬁ'uﬂu PVDHFR

Tudadudmadununsnansiuifininezlluvasanlsd PYDHFR aud 1 dunis

= o oA . A o« & a & A . o A '
autla 5 dunis Seluudazzfiavasmnaenug anfiamstadesiuaned1anu vusfioudaz
" o < o ¢ @ v, A . o o A = o eda
wuy wiawdnizniayiusvasdulimnuandranudie TunfusasfsgUuuvasnmInaeswuing

ag’lumm:ﬁmauaﬂmﬂ PVDHFR:-

Single mutation (1 ¢nLLRYI)
P33L, N50I, F57L, S58R, T61M, N109H, S117N, S117T, R131G, 1173L, A199V

Double mutation (2 ¢nLL%1i4)

N501+S117N, NSOK+S117N, F57L+S58R, F57L+S117N, F57L+S117T, S58R+S117N,

S58R+S117T, S58R+1173L, S117N+I173L
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Triple mutation (3 @LL%1)

F57L+S58R+N109C, F57L+S58R+S117N, F57L+S58R+S117T, S58R+T61M+S117T,
S58R+S117N+H99S, S58R+S117N+L159A, S58R+S117N+L159V, S58R+S117N+F171L,
S58R+S117N+I173L, S58R+S117N+1188V, S58R+S117N+A199V

Quadruple mutation (4 ¢L¥A13)

A15S+F57L+S117T+1173F, R37G+S58R+N109H+L159A, F57L+S58R+T61M+S117N,
F57L+S58R+T61M+S117T, F57L+V111L+S117T+I173F

Pentuple mutation (5 ¢1U11id)

[13L+F57L+S58R+T61M+S117T, C49R+F57L+S58R+T61M+S117T
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Antifolate resistance mechanism

mn‘ﬁagamqs:mﬂ‘i‘nmwudwmﬂﬁ@miﬁammau%ammﬁmﬁ@ P. vivax &ulwg)
a & A { a & . . . .
1A codon Va4 Ser117 MiamInataidu Asn uaas antifolate binding site lu P, vivax
DHFR WU11 phenyl ring U84 pyrimethamine i@ m—m interaction ﬁ".LIm;J;N nicotinamide Va3

NADPH (Uszanth 1-5 kcal/mol) 82@auva3d chlorine NAWRYKS para- 189 phenyl ring ﬁua%ilﬂﬁ

]
wa A

iU Ser117 lap@iszuzvinsdszanm 3.4 A (Fig. 6) wdnjuf 8 uaz 9 usasliiAugmuaud@n
o A A A . . [ & o A . A o '

TALIUABNING van der Waals interaction nutaulaaiaay n137 mutation NdLAU 117 270

. ¢ A . & . Aa & ° o [

serine lutaunlodoiia wild-type 11w asparagine  Nflvwialngi@nazyinldnisives
pyrimethamine fiutaw lmal li@daida lasifia steric interaction TuNga para-chioro uazanaLiuwna
IWgni&un9 - interaction Waz/W3a van der Waal's interaction lUu14871 wavaIniifia
mutation  #¥inlAiAaA1IABEN pyrimethamine  n91 300 110 (Kiwia tpey = 0.16  nm,

Ki(Ser58Arg+Ser117Asn) =50 nm)

Nuwidslusiuvasmsdnunlaseginsaniifives P. vivax DHFR Jumssiniieny as.

= a a 6 6 o a AaA 1 a

QUAFT IRAANAWIRT Uaz A.07.898NT gNn51d audiurirmnsiuuazinaluladiinmwuiima
o @ ' a & A ' a
MUNNUNAWINNMIATLAZINA L UWIATUAIT @

NadwIBLNINUATAN®IlATIEII928Y P. vivax DHFR-NADPH-pyrimethamine

ilganudlaifsiunalnnsfesn lasun1s@dunluanians Proceedings  of  National
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