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Abstract—Construction of the 3D structure of PFATP6 by homology modeling and docking simulation of artemisinin derivatives to
this protein model are reported. Docking and consequent LUDI scores show good relation with in vitro antimalarial activities. The
main binding source of artemisinins to the PFATP6 is hydrophobic interaction and biologically important peroxide bonds were
exposed to outside of the binding pocket. This study suggests binding of artemisinin to PFATP6 precedes activation of peroxide

bond by Fe?" species.
© 2005 Elsevier Ltd. All rights reserved.

Artemisinin, a sesquiterpene endoperoxide isolated from
Artemisia annua, and its derivatives have been clinically
used to treat drug-resistant malaria.' 3 It is acting rap-
idly to the asexual stages of Plasmodium falciparum,
the most malignant form of malaria, that kills more than
2 million people a year today. Though the chemistry and
biology of artemisinins have been extensively studied for
about twenty years,*® their molecular target has been
discovered only recently.!® Carbon-centered radical gen-
eration via reaction between the peroxide bond of arte-
misinin derivatives and Fe ion species was thought to be
the biological action mechanism of artemisinins.” It is
recently known that artemisinins inhibit the sarco/endo-
plasmic reticulum Ca®*-ATPase(SERCA) orthologue
(PfATP6) of P. falciparum in Xenopus oocytes.'”
PfATPG is thought to be the real molecular target of
artemisinins in spite of some disagreements to be re-
solved.!! PFATPG6 is the only SERCA-type Ca®*-ATPase
sequence in the parasite’s genome. The amino acid se-
quence of PFATP6 is known'? but the three-dimensional
structure is not available.
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In this letter, we report the construction of the three-
dimensional structure of PfATP6 by using homology
modeling and docking simulation of artemisinins to this
target protein, PFATP6, and subsequent good correla-
tion of docking scores with antimalarial activities. The
first binding interaction and mode of artemisinins to
PfATPG6 are also proposed.

We obtained the amino acid sequence of PFATP6 from
PlasmoDB, the official database of the malaria parasite
genome project.!*!* Gene PFA0310c located in P. falci-
parum chromosome 1 and annotated by Sanger encoded
the only SER CA-type calcium transporting ATPase pro-
tein. This protein comprises 1228 amino acids. The pre-
dicted amino acid sequence can be downloaded via
internet.'’

Sequence similarity search with BLAST in Protein Data
Bank (pdb) database gives only one similar protein
(43.5% identical), SERCA (pdb code: liwo). This struc-
ture is determined at 3.1 A resolution and contains the
highly specific inhibitor thapsigargin (TG).!? It has three
functional domains, ATP-binding domain, calcium ion
binding domain, and a-helix ion channel domain, where
TG is located. The binding of TG to the ion channel
domain is derived almost only through hydrophobic
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interaction with proposed hydrogen bonding of TG O8
and 1819 backbone amide hydrogen.

We performed the pairwise alignment of PFATP6 with
liwo as reference using the homology module of Insight
II software package.'® Homology-modeled structure
was minimized with CFF force field, first with heavy
atoms fixed and later without any constraint. The struc-
ture of the PFATP6 a-helix domain is very similar to the
corresponding TG-binding site of SERCA. But the
ATP-binding domain and calcium ion binding domain
showed relatively low similarity to SERCA or other pro-
teins. Therefore, we removed the mismatched sequence
part (375-707) from the whole sequence, and then con-
structed the three-dimensional structure of PfATP6
(Fig. 1). We validated it by docking simulation, confirm-
ing that thapsigargin was placed in the same binding site
as in liwo. Figure 2 compares the structures of SERCA
and homology-modeled PfATP6.

Docking simulation of artemisinin derivatives to the
homology-modeled PfATP6 was performed using the
LigandFit'” module in Cerius2'®, which is known to
outperform FlexX in docking of hydrophobic ligands
such as artemisinin. First, overall 74 artemisinin deriva-
tives with known antimalarial activities (W2 clone)'®2!
and thapsigargin were energy minimized with CFF
1.01 force-field method.?> Thapsigargin in PfATP6
maintained the same spatial coordinates as in SERCA.
The binding site of PFATP6 was constructed with thapsi-
gargin as reference ligand. Docking of artemisinin deriv-
atives to this binding site was performed, and the LUDI
scores>? were recorded simultaneously (Table 1). These
LUDI scores well explained the activities of artemisinin
derivatives. Chart 1 shows good correlation of LUDI
scores and relative antimalarial activities compared with
artemisinin.

The binding modes of artemisinin and its derivatives
(Fig. 3) showed hydrophobic interactions with PFATP6
and some consistent pattern; that is, biologically impor-
tant peroxide bonds were exposed to the outside of the
binding pocket. Side chains at C-12 B-position can fur-
ther contribute to the binding through hydrophobic
interaction with hydrophobic residues of PFATP6 such
as LEU263, ILE272, and PHE273.

On the other hand, substituents at C-12 a-position ex-
posed to the outside of the binding site destabilize the
binding. The ethyl ester moiety of C-12 B-position in
12-(1’-ethylacetic)-O-benzyldeoxoartemisinin  interacts
with the amide nitrogen proton of Ile1041 through
hydrogen bond (green dotted line in Fig. 3). The
length of this hydrogen bonding is 2.26 A and it could
afford an extra stabilization. This potential hydrogen
bond of carbonyl in TG with backbone of Ile1041
can be observed in X-ray crystal structure of SER-
CA-TG complexes.!® These observations enable the
hypothesis that artemisinin derivatives bind to
PfATP6 with almost hydrophobic interactions and it
should be the preorganized shape binding®*>° between
the rigid structure of artemisinin analogues and the
binding pocket of PfTATP6.

liwo : MEAAHSKSTEECLAYFGVSETTGLTPDQVKRHLEK
PfATP6: MEEVIKNAHTYDVEDVLKFLDVNKDNGLKNEELDDRRLK

liwo : YGHNELPAEEGKSLWELVIEQFEDLLVRILLLAACISFEV
PEfATP6: YGLNELEVEKKKSIFELILNQFDDLLVKILLLAAFISFEV

liwo : LAWFEEGEETITAFVEPFVILLILIANAIVGVWQERNAE
PfATP6: LTLLDMKHKKIEICDFIEPLVIVLILILNAAVGVWQECN

liwo : NAIEALKEYEPEMGKVYRADRKSVQRIKARDIVPGDIVE
PfATP6: AEKSLEALKELQPTKAKVLRDGKWEIIDSKYLYVGDIIE

liwo : VAVGDKVPADIRILSIKSTTLRVDQSILTGESVSVIKHT
PfATP6: LSVGNKTPADARIIKIYSTSLKVEQSMLTGESCSVDKYA

liwo : EPVPDP--RAVNQDKKNMLFSGTNIAAGKALGIVATTGV
PfATP6: EKMEDSYKNCEIQLKKNILFSSTAIVCGRCIAVVINIGM

liwo : STEIGKIRDQOM--AATEQDKTPLQQKLDEFGEQLSKVIS
PfATP6: KTEIGHIQHAVIESNSEDTQTPLQIKIDLFGQQLSKIIF

liwo : LICVAVWLINIGHFNDPVHGGSWIRGAIYYFKIAVALAV
PEfATP6: VICVIVWIINFKHFSDPIH-GSFLYGCLYYFKISVALAV

liwo : AAIPEGLPAVITTCLALGTRRMAKKNAIVRSLPSVETLG
PfATP6: AAIPEGLPAVITTCLALGTRRMVKKNAIVRKLQSVETLG

liwo : CTSVICSDKTGTLTTNQMS---------- VCKMFIIDKV
PfATP6: CTTVICSDKTGTLTTNQMTTTVFH-——=—=-==————————

liwo : DGDFCSLNEFSITGSTYAPEGEVLKNDKPTRSGQFDGLV
PEATP6: ————————mmmmmmmmmm oo
liwo : ELATICALCNDSSLDFNETKGVYEKVGEATETALTTLVE
PEATP6: ————————m oo oo
liwo : KMNVENTEVRNLSKVERANACNSVIRQLMKKEFTLEFSR
PEATP6E: ————————mmmm e
liwo : DRKSMSVYCSPAKSSRAAVGNKMFVKGAPEGVIDRCNYV
PEATP6: ————————————————- KKEITILYCKGAPENI IKNCKYY
liwo : RVGTTRVPMTGPVKEKILSVIKEWGTGRDTLRCLALATR

PfATP6: LTKNDIRPLNETLKNEIHNKIQNMG----KRALRTLSFA

liwo : DTPPKREEMVLDDSSRFMEYETDLTEFVGVVGMLDPPRKE
PfATP6: YKKLSSKDLNIKNTDDYYKLEQDLIYLGGLGIIDPPRKY

liwo : VMGSIQLCRDAGIRVIMITGDNKGTAIAICRRIGIFGEN
PEfATP6: VGRAIRLCHMAGIRVEMITGDNINTARAIAKEINILNKN

liwo : EEVADR----—---—-——-—-- AYTGREFDDLPLAEQREAC
PfATP6: EGDDEKDNYTNNKNTQICCYNGREFEDFSLEKQKHILKN

liwo : RRACCFARVEPSHKSKIVEYLQSYDEITAMTGDGVNDAP
PEfATP6: TPRIVFCRTEPKHKKQIVKVLKDLGETVAMTGDGVNDAP

liwo : ALKKAEIGIAMG-SGTAVAKTASEMVLADDNFSTIVAAV
PfATP6: ALKSADIGIAMGINGTEVAKEASDIVLADDNENTIVEAI

liwo : EEGRAIYNNMKQFIRYLISSNVGEVVCIFLTAALGLPEA
PEfATP6: KEGRCIYNNMKAFIRYLISSNIGEVASIFITALLGIPDS

liwo : LIPVQLLWVNLVTDGLPATALGFNPPDLDIMDRPPRSPK
PfATP6: LAPVQLLWVNLVTDGLPATALGFNPPEHDVMKCKPRHKN

liwo : EPLISGWLFFRYMAIGGYVGAATVGAAAWWFMYAEDGPG
PfATP6: DNLINGLTLLRYIIIGTYVGIATVSIFVYWFLEYPDSDM

liwo : VTYHQLTHFMQCTE----------—- DHPHFEGLDCEIF
PEfATP6: HTLINFYQLSHYNQCKAWNNFRVNKVYDMSEDHCSYFSA

liwo : EAPEPMTMALSVLVTIEMCNALNSLSENQSLMRMPPWVN
PfATP6: GKIKASTLSLSVLVLIEMFNALNALSEYNSLFEIPPWRN

liwo : IWLLGSICLSMSLHFLILYVDPLPMIFKLKALDLTQWLM
PfATP6: MYLVLATIGSLLLHVLILYIPPLARIFGVVPLSAYDWFL

liwo : VLKISLPVIGLDEILKFIARNYLEG
PfATP6: VFLWSFPVIILDEIIKFYAKRKLKEEQRTKKIKID

Figure 1. Alignment of PfATP6 sequence with liwo as reference
protein.

As the Fe*-dependent activation and antimalarial
activity of artemisinin do not depend on the haem bind-
ing,%® we can propose that the production of the carbon-
centered free radical® should not precede the binding to
PfATP6. Therefore, artemisinin should be bound to
PfATP6 before activation by Fe** jon.
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Figure 2. Schematic display of PFATP6 (above) and SERCA (below)
generated using DS ViewerPro 5.0 for Windows. Helices and sheets are
represented as red cylinders and cyan arrows, respectively.

Table 1. Complete list of actual activity (expressed as Log RA, where

Log RA = —log (biological activity of

compound/activity  of

artemisinin))
Compound number Log RA LUDI score
1 0.45 285
2 -0.32 164
3 -0.28 243
4 1.36 340
5 -0.48 137
6 0.86 234
7 0.10 221
8 0.37 230
9 1.37 363
10 0.63 298
11 0.78 253
12 —-0.07 283
13 0.70 245
14 —0.55 250
15 0.58 279
16 -1.70 152
17 0.16 270
18 40 353
19 —0.67 219
20 0.65 250
21 1.06 287

Table 1 (continued)

Compound number Log RA LUDI score
22 0.10 333
23 0.37 285
24 0.72 294
25 .20 185
26 —0.87 208
27 0.33 253
28 0.75 273
29 —0.59 258
30 0.27 281
31 —0.81 209
32 0.23 259
33 —0.60 228
34 —0.04 254
35 0.32 220
36 0.38 268
37 0.17 291
38 0.14 273
39 —1.80 145
40 0.90 285
41 0.90 279
42 0.68 358
43 0.21 299
44 0.10 209
45 1.16 290
46 0.49 308
47 1.03 310
48 0.44 336
49 1.22 326
50 1.53 341
51 1.02 323
52 1.01 253
53 1.95 393
54 0.36 288
55 0.44 337
56 0.94 315
57 0.40 245
58 1.82 359
59 0.15 280
60 0.60 230
61 1.05 250
62 1.44 302
63 1.63 352
64 0.87 298
65 1.42 319
66 0.58 324
67 4.10 339
68 1.53 329
69 1.73 342
70 0.54 281
71 1.84 364
72 0.85 354
73 1.05 342
74 2.62 453

In conclusion, we constructed the 3D structure of
PfATP6 by homology modeling and performed docking
simulation of artemisinin derivatives to this protein
model. In spite of the relatively low resolution (3.1 A)
of template protein, homology modeled protein showed
the binding sources well. The LigandFit docking and
consequent LUDI scores show good relationship with
in vitro activities. The main binding source of artemisi-
nins to the PFATP6 is hydrophobic interaction and bio-
logically important peroxide bonds were exposed to the
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Ludi Score

y =0.0111x - 2.5662
R?=0.6705

Observed activity
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Chart 1. Correlation of Ludi scores versus observed activities of
artemisinin derivatives.

Asn1042
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Figure 3. Binding mode of artemisinin derivative (12-(1’-ethylacetic)-
O-benzyldeoxoartemisinin, 40; gray ball and stick model. TG; yellow
cylinder model) in PFATP6. Figure is generated using DS ViewerPro
5.0 for Windows.

outside of the binding pocket. This study strongly sug-
gests binding of artemisinin to PfATP6 precedes the
activation of peroxide bond by Fe®" species, thus pro-
viding new and invaluable information in biological
mechanism studies of artemisinin.

Acknowledgments
This work was supported by the Korea Research Foun-
dation Grant (KRF-2003-015-C00380).

References and notes

1. Warhurst, D. C. Infection 1999, 27, S55.

2.
3. Marquino, W.; Huilca, M.; Calampa, C.; Falconi, E.;

9]

[e BN

10.

11.

12.

13.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2997
Trape, J. F. Am. J. Trop. Med. Hyg. 2001, 64, 12.

Cabezas, C. Am. J. Trop. Med. Hyg. 2003, 68, 608.

. Klayman, D. L. Science 1985, 228, 1049.
. Jung, M. Curr. Med. Chem. 1994, 1, 35.
. Jefford, C. W. Peroxide antimalarials. Adv. Drug Res.

1997, 29, 272.

. Avery, M. A. Curr. Pharm. Design. 1999, 5, 101.
. Jung, M; Lee, S.; Ham, J.; Lee, K.; Kim, H.; Kim, S. K. J.

Med. Chem. 2003, 46, 987.

. Posner, G. H.; Oh, C. H. J. Am. Chem. Soc. 1992, 114,

8328.

Eckstein-Ludwig, U.; Webb, R. J.; van Goethem, 1. D.
A.; East, J. M.; Lee, A. G.; Kimura, M.; O’Neill, P.
M.; Bray, P. G.; Ward, S. A.; Krishna, S. Nature 2003,
424, 957.

Odile Mercereau-Puijalon, O.; Fandeur, T. Lancet 2003,
362, 2035.

Gardner, M. J.; Hall, N.; Fung, F.; White, O.; Berriman,
M.; Hyman, R. W.; Carlton, J. M.; Pain, A.; Nelson, K.
E.; Bowman, S.; Paulsen, 1. T.; James, K.; Eisen, J. A.;
Rutherford, K.; Salzberg, S. L.; Craig, A.; Kyes, S.; Chan,
M.-S.; Nene, V.; Shallom, S. J.; Suh, B.; Peterson, J.;
Angiuoli, S.; Pertea, M.; Allen, J.; Selengut, J.; Haft, D.;
Mather, M. W.; Vaidya, A. B.; Martin, D. M. A
Fairlamb, A. H.; Fraunholz, M. J.; Roos, D. S.; Ralph,
S. A.; McFadden, G. I.; Cummings, L. M.; Subramanian,
G. M.; Mungalll, C.; Venter, J. C.; Carucci, D. J;
Hoffman, S. L.; Newbold, C.; Davis, R. W.; Fraser, C. M _;
Barrell, B. Nature 2002, 419, 498.

Kissinger, J. C.; Brunk, B. P.; Crabtree, J.; Fraunholz, M.
J.; Gajria, B.; Milgram, A. J.; Pearson, D. S.; Schug, J.;
Bahl, A.; Diskin, S. J.; Ginsburg, H.; Grant, G. R.; Gupta,
D.; Labo, P.; Li, L.; Mailman, M. D.; McWeeney, S. K.;
Whetzel, P. Nature 2002, 419, 490.

. http://www.plasmodb.org/.
. http://plasmodb.org/plasmodb/servlet/sv?page=gene&

source_id=PFAO0310c&detail=proteinQ.

. Insight II, Accelrys Inc., 9685 Scranton Road, San Diego,

CA 92121-3752, USA.

. Venkatachalam, C. M.; Jiang, X.; Oldfield, T.; Waldan,

M. J. Mol. Graphics Modell. 2003, 21, 289-307.

Cerius2, Accelrys Inc., 9685 Scranton Road, San Diego,
CA 92121-3752, USA.

Jung, M.; Kim, H. Bioorg. Med. Chem. Lett. 2001, 11,
2041.

Avery, M. A.; Alvim-Gaston, M.; Vroman, J. A.; Wu, B;
Ager, A.; Peters, W.; Robinson, B. L.; Charman, W. J.
Med. Chem. 2002, 45, 4321.

Avery, M. A.; Muraleedharan, K. M.; Desai, P. V.
Bandyopadhyaya, A. K.; Furtado, M. M.; Tekwani, B. L.
J. Med. Chem. 2003, 46, 4244.

Maple, J. R.; Hwang, M.-J.; Stockfisch, T. P.; Dinur, U.;
Waldman, M.; Ewig, C. S.; Hagler, A. T. J. Comput.
Chem. 1994, 15, 162.

Bohm, H.-J. J. Comput. Aided Mol. Des. 1992, 6, 61.
Nogales, E.; Wolf, S. G.; Downing, K. H. Nature 1998,
391, 199.

Vander Velde, D. G.; Georg, G. 1.; Grunewald, G. L.;
Gunn, C. W.; Mitscher, L. A. J. Am. Chem. Soc. 1993,
115, 11650.

Haynes, R. K.; Ho, W. Y.; Chan, H. W.; Fugmann, B.;
Stetter, J.; Croft, S. L.; Vivas, L.; Peters, W.; Robinson, B.
L. Angew. Chem., Int. Ed. 2004, 43, 1381.


http://www.plasmodb.org/
http://plasmodb.org/plasmodb/servlet/sv?page=gene&amp;source_id=PFA0310c&amp;detail=proteinQ
http://plasmodb.org/plasmodb/servlet/sv?page=gene&amp;source_id=PFA0310c&amp;detail=proteinQ

	Three-dimensional structure of Plasmodium falciparum Ca2+-ATPase(PfATP6) and docking of artemisinin derivatives to PfATP6
	Acknowledgments
	References and notes


