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Residues
Residues
Residues
Residues

Number of non-glycine and non-proline residues
Number of end-residues
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in
in
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most favoured regi

disallowed regions

Number of glycine residues
Number of proline residues
Total number of residues

Psi (degrees)

-901—

1350

ons [A,B,L] 164
additional allowed regions [a,b,1,p] 29
generously allowed regions [~a,~b,~1,~p] 1
[XX] 1
195
(excl. Gly and Pro) 7
9
9
220
~b
i w
== s
o | ‘ 7
.- . ‘ ] . B
135 90 -45 45 90 135 180

Phi (degrees)

84.
14.
0.
0.
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most favoured regions
additional allowed regions
generously allowed regions

disallowed regions

A,B,L]

154
38
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(a,b,1,p]
[~a,~b,~1,~p]
[XX]

Number of non-glycine and non-proline residues

Number of end-residues

(excl.

Number of glycine residues
Number of proline residues
Total number of residues
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61’15’1&“71 10. UWRQY crystal parameter LLas refinement data 2891598 INANVDY SP21-PVDHFR+NADPH+

Cycloguanil 2

*Rsym = ‘Z/- (lZ/D/, where [ is the observed intensity and </> is the average intensity from multiple observations of symmetry-related reflections.

1R factor = thl|Fo(hk/) - Fc(hkl)|/2hk/Fo(hkl), where Fo(hkl) and Fc(hkl) are the observed and calculated structure factor amplitudes for reflection hkl.

Parameters

SP21+NADPH+Cycloguanil 2

Space group

Unit cell a, b, and c, A;

and B, °

Resolution, A

Completeness, % (final shell, %)

Unique reflections

Redundancy

Rsym, (final shell)*

{I/ ©) (final shell)

Rfactor I R, .,' %

Average B factor, A’
rms deviation

Bond lengths, A

Bond angles, °

Cc2
135.94, 56.20, 45.64;
106.89
20-2.10
96.5 (94.0)
7,583
1.74 (1.72)
8.3 (28.4)
5.4 (1.5)
26.10/29.06
34.0

0.0100
1.557

Rfree is computed by using randomly selected 5% of the data that were excluded throughout refinement.

180+

135+

904

451

Psi (degrees)

45

-90 1

-1359

Phi (degrees)

Ramachandran plot statistics of WT-PvDHFR+NADPH+Cycloguanil 4

Residues in most favoured regions [A,B, L] 158
Residues in additional allowed regions [a,b,1,p] 33
Residues in generously allowed regions [~a,~b,~1,~p] 3
Residues in disallowed regions [XX] 0
Number of non-glycine and non-proline residues 194
Number of end-residues (excl. Gly and Pro) 7
Number of glycine residues 9
Number of proline residues 9

Total number of residues

81.
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100.
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Tassg19uas P. vivax dihydrofolate reductase-thymidylate synthase (DHFR-TS)

waItawlesd P, vivax DHFR-TS santaannan tatduiiainin 2-3 1 udnaniasoy'la bl
Aa v A v e d' U U = U a 6 v o A ro’ﬁ
u1TanI s Feng laanaluszaunazltrilassaienanld  aznIIasRauIIRIaNTN
luszaukol fUdins uasnafiundsinioussdulasnsaunasugsf Daresbury Laboratory
UszinaaIng e uazh SPring-8 synchrotron ﬁﬂi:mﬂtﬁﬂu NANWaY bifunctional P. vivax DHFR-
TS n3213959Fand latszanns 8-10 A vtk a9nwluszosAmIBuIANUNEIEuEIBlAD3
daniulufinsfinslassashizes monofunctional P. vivax DHFR fianuan laanasanfiuidyn
A wn v & = & & a
Lsmqmauumiummzmﬂ wazlmilu model lumsanena tnlunsfasnvadBanIa sy
va =< £ . . . A = A
1648 breakthrough lunms@nmlassasnavad bifunctional P. vivax DHFR-TS laafinanf
gmvﬁuﬁdvﬁ wazin l3Lae#A Taiwan Light Source beamline-13B WUINHANKINRINITONTZLIS
o o % o A a A ) '
Jsfand laUszun 6.5 A Sedwaniazwn unit cell parameter a1z N1THAN solvent content
PunInguaNinaste lavldiiudayan 6.5 A resolution uULATEY Quantum 3x3 CCD
detector wazilanagaUAIBNANIRY T HIMIALANNTINUIIENITONIZLIILFITUIATATaW 6
@nin 3.8 A LLﬁ:VLGTWU’]EﬂNﬁ‘ﬂ:LﬁU"fI'aHRﬁ 3.5 A resolution 91nNNTILATIERT 090 UNUIN WANLD
WANTU3@u 71 unit-cell parameters fia a = 62.366, b = 114.813, ¢ = 198.901 A Unguayuas
1w orthorhombic  uazi space group Mduldldfa P222 — P2(1)2(1)2(1) tdszanmin

PVDHFR-TS R%%41@ 72000 Dalton 9:ié1 Matthews’constant = 2.48 & %solvent = 50.3

wazdl 2 molecule W84 P. vivax DHFR-TS luldas asymmetric unit

U 24. NANVaY P. vivax DHFR-TS
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Tnpmeitlddfiunismlaseairoft 4 A resolution 289 P. vivax DHFR-TS #zinadia
molecular replacement Iﬂﬂlﬁ"ﬁagai:ij 8-4 A resolution ¢281U51nT8 AMoRe 4 CCP4 Waz
I P. falciparum DHFR-TS i search model Wuin'le 2 solutions ATALAK WAIINNANTHN rigid-

body refinement 67t CNS package laansmzn1sdadivasianlodasuaasluzui 25.

DHFRTS

E‘ﬂﬁl 25 Crystal packing 283 P. vivax DHFR-TS 44 orthorhombic settings.
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w389l 85 0821800 lATIRTIININNATAIL oW kI Ha 19ATUTIN LAFINIIDNDL
AT ldannsaatsasaalundndn P. vivax DHFR-TS 1il% homodimer 113 dimerization
interface 3:%319 TS domain k@ lulasI&IIIANUILOW o8 bE USLIsALAa dimerization @19 11

A o & a a o A A o

NNNLAUNUNILANAUNIRNA I@Ugmuﬂmumﬂumﬂiﬂiamwmﬂwmﬁmmuum T
3 udayalilsdu (Protein Data Bank) 91nlA398319 DHFR-TS 289 Plasmodium falciparum (PDB:
1J3J) uaz Cryptosporidium hominis (PDB: 1SEJ) (U7 26.) uazilufvraulainlasund
thymidylate synthase IJuiawlwifidl homology g3 wazw'litasfazlinsld dimerization

) { { ' ¥ 4 o '
mechanism Maowliiruil S9asdasimsdnslasazidoada i

lafnEaIunneawaIn3e132%i19 DHFR NU TS domain kas TS AU TS domain lagvin

maSsuisunsaa:luningitasnunsiiawls dimmer V89 DHFR-TS LLa:g]mwmwm@mﬁ'u

]
A

Pp3nInazilud biiniaunuraing PYDHFR-TS wa: PIDHFR-TS Nanadanauiatiu dimer Nlw
o A ' o & A [ A A ' \
1398 FINUANAIINUVDINIRAITHA AILRAIIWAITIIN 11 waz 12. DI wuluguaay TS
= & v

domain #uilanuassAwIINNI1 90% (3UN 27.) Juduin elumsmdeiuisfisainy
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MINN 11, UFAIEUAININNINATUIZAING DHFR NU TS domain

PfDHFR domain PfTS domain PvDHFR domain PvTS domain
Lys19 Asn595 and Val597 Lys18 Asn611 and Val613
Asn29 Lys373 Asn28 Lys389
Phe32 His598 Phe31 His614
Asn33 Tyr569 Ser32’ Tyr585
Arg186 Pro568 and Pro570 Arg197 Pro584 and Pro586
Asn188 Pro570, Phe571, Asn199 Pro586, Phe587,

Asn595 and Val597 Asn611 and Val613
Ser189 Asn595 Gly200 Asn611
Val210 Tyr322 Val221 GIn338
Ser211 His323 Ser222 His339
Asp212 Tyr322 and Pro324 Glu223 GIn338 and Pro340
Val213 His323 Val224 His339
Tyr214 GIn364 Tyr225 Glu380
Thr215 GIn364 Asn226 Glu380
Thr220 GIn364, Phe571 and Thr231 Glu380, Phe587 and

Thrb73

Thr589

1a ' a
LAY LRAIANNBANA1IUaINTAar 1l DHFR domain

2 ' a .
e LLﬁﬂ\?ﬂ'J']NLL@]ﬂ@]'W\'i‘Uﬂ\?ﬂi@ﬂﬁiul‘lﬂ,% TS domain
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MIN 12, UEAIABAINILNNIAAYUIZTHING TS NU TS domain

PfTS domain (C)

PfTS domain (D)

PvTS domain (A)

PvTS domain (B)

Ans340
GIn342
Asp344
Ser352
Phe354

Gly355
Lys359
Phe437
Gly438
GIn455
Asn465
Asp466
Arg470

Val479
Pro488
lle492

GIn495
Tyrd97

Val498
Phe499
lle506
Tyr508
Arg510
lle544
Asnb49
Tyr553

Tyr497 and Phe499
Val498

Arg470

Tyrd97

Lys359, GIn495,
Tyrd97 and 1le506
Lys359

Gly355 and Phe354
Vald79

Lys480

Vald79

Arg345

Arg345

Asp344, Arg510 and
Ser511

Phe437 and GIn455
Arg471

Leu493

Tyr508 and Arg510
Asn340, Ser352 and
Phe354

Asn340 and Lys341
Lys359

Phe354

GIn495

Arg470 and GIn495
Phe354

Tyrd97

Arg470

Ans356
GIn358
Asp360
Ser368
Phe370

Gly371
Lys375
Phe453
Gly454
GIn471
Asn481
Asn482
Arg486

Val495
Pro504
lle508

GIn511
Tyr513

Val514
Phe515
lle522
Tyr524
Arg526
lle560
Asn565
Tyr569

Tyr513 and Phe515
Val514

Arg486

Tyr513

Lys375, GIn511,
Tyr513 and 1le522
Lys359

Phe370 and Gly371
Val495

Lys496

Val495

Arg361

Arg361

Asp360, Arg526 and
Ser527

Phe453 and GIn471
Arg487

Leu509

Tyr524 and Arg526
Asn356, Ser368, and
Phe370

Asn356 and Lys357
Lys376

Phe370

GIn511

Arg486 and GIn511
Phe370

Tyr513

Arg486

1 ' a .
FUA Ltﬁﬂx‘iﬂ’ﬂuLL@]ﬂﬂ’]G‘HﬂGﬂiﬂﬂZNI%I% TS domain
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Pyrimethamine (Pyr) targets dihydrofolate reductase of Plasmo-
dium vivax (PvDHFR) as well as other malarial parasites, but its use
as antimalarial is hampered by the widespread high resi e
Comparison of the crystal structures of PvDHFR from wild-type and
the Pyr-resistant (SP21, Ser-58 — Arg + Ser-117 — Asn) strain as
complexes with NADPH and Pyr or its analog lacking p-Cl (Pyr20)
clearly 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. These structural insights
suggest a general approach for developing new generations of
antimalarial DHFR inhibitors that, by only occupying substrate
space of the active site, would retain binding affinity with the
mutant enzymes.

drug resistance | malaria | antifolates

major share of the global malaria burden, with an estimated

80 million cases annually, is caused by Plasmodium vivax
(Pv) (1, 2). The problem has recently been worsened by emer-
gence of resistance of the parasite to chloroquine (3-6). Py-
rimethamine (Pyr) and other antifolates are generally not used
against vivax malaria, because of the resistance of the parasite,
which has commonly been considered to be inherent (7). It
recently has been shown, however, that wild-type (WT) P. vivax
dihydrofolate reductase (PvDHFR), the target of antifolates, is
susceptible to inhibition by Pyr and other antifolates (8-11),
whereas for the mutant parasites, of which the common one is
the double mutant (SP21, Ser-58 — Arg + Ser-117 — Asn), the
affinities for binding with the antifolates are much reduced,
rendering them ineffective. A similar, but less severe, situation
was shown for Plasmodium falciparum (Pf), in which the homol-
ogous double mutant (K1, Cys-59 — Arg + Ser-108 — Asn)
PfDHFR has reduced affinities for the antifolates (12-14). In the
case of P. falciparum, there was only a moderate reduction in
affinity (50- to 90-fold) relative to the WT enzyme, and a
moderate level of resistance ensued, which was augmented by
further mutations at other sites (14-17). The crystal structures
of the bifunctional enzyme dihydrofolate reductase (DHFR)-
thymidylate synthase (TS) of P. falciparum (PfDHFR-TS) re-
vealed basic structural features of Plasmodial DHFR-TS, in-
cluding the insert regions and the junction region (18).
Comparison of the structures of the WT and mutant forms of
PfDHFR-TS demonstrates that Pyr is involved in steric conflict
with the side chain of Asn-108, resulting in antifolate resistance
(13, 19, 20). However, the steric conflict did not appear to result
in major displacement of Pyr in the active site of P. falciparum.
In contrast, analogous mutations in P. vivax resulted in relatively
larger reduction in binding affinity of Pyr. Because the crystal
structure of PvDHFR, either of the WT or the SP21 double-
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mutant strain, had not been determined before, it was unclear
how Pyr binds to the active site and how this binding is affected
by the resistance mutations. Here, we report the structures of the
238-residue PvDHFR domain of the bifunctional PvDHFR-TS,
of both the WT and double-mutant SP21, in complex with
NADPH and inhibitor of either Pyr or Pyr20, an analog lacking
the p-Cl atom. These structures allowed us to explore the
relationship between the modes of drug binding and affinities to
the active site, which are in turn linked with the levels of drug
resistance. We show that, although the structures of the enzymes
and the modes of binding are similar for both parasites, there are
significant differences that explain the relatively higher effect of
homologous mutations on PvDHFR on Pyr-binding affinity and
generation of resistance. We show further that, unlike Pyr,
Pyr20, which stays mainly in the confine of the space occupied
by the substrate [dihydrofolate (DHF)], still largely retains its
binding affinity to the mutant enzyme.

Materials and Methods

Protein Expression, Purification, and Crystallization. The protein
expression and protein purification were carried out according
to a protocol described in ref. 10. Briefly, Escherichia coli
BL21(DE3)pLysS harboring pETPvDHFR was cultured ina LB
broth with 100 pgrml~! ampicillin and 34 pg-ml~! chloramphen-
icol at 18°C with isopropyl B-b-thiogalactoside induction. The
WT PvDHFR and SP21 double-mutant PvDHFR were purified
by a single-step affinity chromatograph on an methotrexate—
Sepharose column and eluted by a solution of 4 mM DHF in 20
mM N-Tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid
(pH 8.0), 0. mM EDTA, and 10 mM DTT. The purified
enzymes were desalted and concentrated to 10 mg-ml ' by using
a Centricon filter.

Before crystallization, a 10 mg-ml~! PvDHFR solution was
mixed with 1 mM NADPH and 1 mM Pyr (K; = 0.16 nM) and
incubated overnight at 4°C. Suitable crystals of ternary
PvDHFR-NADPH-inhibitor complexes were grown by the mi-
crobatch method (21) with a mixture of 1.5 ul of protein complex
and the same volume of 30% polyethylene glycol 4000, 100 mM
Tris:HCI buffer (pH 7.2), and 10% glycerol. PvDHFR crystals
grown under these conditions have the typical dimensions of
0.10 X 0.15 X 0.20 mm and belong to the monoclinic space group
C2. With one molecule of PvDHFR complex per asymmetric
unit, the solvent content was 59%. Cocrystals of WT PvDHFR
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