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After the discovery of a potent natural flavonoid glucoside as a potent inhibitor of Fabl, a large flavonoid
library was screened against three important enzymes (i.e., FabG, FabZ, and Fabl) involved in the fatty acid
biosynthesis of. falciparum Although flavones with a simple hydroxylation pattern (compou#¢S)

showed moderate inhibitory activity toward the enzymes testegh (G—100 uM), the more complex
flavonoids ((2—16) exhibited strong activity toward all three enzymess(Q.5—8 uM). Isoflavonoids26—

28 showed moderate (Kg7—30uM) but selective activity against FabZ. The most active compounds were
C-3 gallic acid esters of catechin3 33, 37, 38), which are strong inhibitors of all three enzymess(C
0.2—1.1uM). Kinetic analysis using luteolinlQ) and ()-catechin gallate37) as model compounds revealed

that FabG was inhibited in a noncompetitive manner. FabZ was inhibited competitively, whereas both
compounds behaved as tight-binding noncompetitive inhibitors of Fabl. In addition, these polyphenols showed
in vitro activity against chloroquine-sensitive (NF54) and -resistant KZgalciparumstrains in the low to
submicromolar range.

Introduction

Malaria is one of the most important parasitic diseases in
the world, and its impact has started to increase during the past
decadé. An effective vaccine is still not available, and the
antimalarial treatment depends on drugs, which loose efficacy
because _Of emerging drug resistance. C_Zonsequer_ltly, there is ‘%igure 1. Basic flavonoid structure. Depending on the modifications
need to find new lead compounds against established or newgn ring C, flavonoids are classified into main groups of flavanones,
drug targets. A promising recently discovered target is the type- flavones, isoflavones, flavonols, flavanols, catechins, and anthocyanins.
Il fatty acid biosynthesis (FAS-I¥)pathway ofP. falciparum
and it has been shown that FAS-Il can be exploited for sulfates, thus producing an extremely diverse range of deriva-
antimalarial drug discovery.® A series of unique enzymes are  tives. To date, more than 6000 different flavonoids have been

involved in the FAS-II pathway, among which gfeketoacyl- described, and the number continues to incréase.
ACP-reductase (FabG};hydroxacyl-ACP-dehydratase (FabZ), Flavonoids are ubiquitously found in foods (fruits and vege-
and enoyl-ACP-reductase (Fabl). tables) and beverages (red wine, tea, and juices) and, therefore,

Flavonoids comprise a large group of polyphenolic secondary are common components of the human diet. They exert a num-
metabolites that are widespread throughout the plant kingdom, ber of biological activities, such as antiviral, antibacterial, anti-
ranging from mosses to angiosperfihey are all based on  protozoal, oestrogenic, antinflammatory, mutagenic, antimuta-
the flavan skeleton, consisting of two aromatic rings (A and B) genic, and antineoplastic activities, and are also capable of inhi-
interconnected by a three carbon atom heterocyclic ring C biting many types of enzymés1® Various epidemiological
(Figure 1). Depending on the modifications of ring C, they can studies indicate that a flavonoid-rich diet is associated with a
be classified into six main groups, that is, flavanones, flavones, lower incidence of cancer and cardiovascular disefis€gpro-
isoflavones, flavonols, flavanols, and anthocyanins. In plants, bably because of their antioxidaft* and vasoactive proper-
flavonoids occur in different forms, such as free aglycones, ties1516Several flavonoids and green-tea catechins, particularly
glycosides, and biflavonoids. The polyphenolic structure allows (—)-epigallocatechin gallate38), have been demonstrated to
a large number of further substitutions, including phenolic inhibit the fungal as well as the human type-l fatty acid
hydroxy groups, methoxy groups, O-sugars, C-sugars, andbiosynthesis systeAi= 19 Recently, it was shown th&3 and
related flavonoids are potent inhibitors®e$cherichia colFabG

*To whom correspondence should be addressed. Phéi#t-(0)20- and Fabl, two important reductases involved in chain elongation
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T Institute of Organic Chemistry. luteolin-7-O-glucoside, to be the first antimalarial natural product
¥ Swiss Tropical Institute. targeting the Fabl enzyme d®. falciparum?® This study
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istry, Centre for Pharmacognosy and Phytotherapy, School of Pharmacy, flavonoid library against Fabl as well as two other crucial
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Fabz, f-hydroxyacyl-ACP dehydratase; Fabl, enoylacyl-ACP reductase; Of thege compounds. Two (?Ompounds- Iuteo.llﬂ)(ar'ld (_)'
DMSO, dimethyl sulfoxide; catechin gallate37) were subjected to further kinetic investiga-
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Table 1. Inhibition of P. falciparumEnzymes FabG, FabZz, Fabl, and Chloroquine-Sensitive (NF54) and -Resistarf.(KldgiparumStrains by
Flavonoids

1Cso (uM) 1Cso (M)
compd name FabG FabZ Fabl Pf NF54° P.f K1 compd name FabG FabZ Fabl P.f NF54 PfKI1

1 flavone na’ na na 60.8 nd* 15 morin 23 8 5 110.4 16.1

:

§
0

2 3-hydroxy-flavone na. na. na 240 nd. 16  myricetin

o

O

3 5-hydroxy-flavone

e~ )

HO. O
na. na na 659 nd. 17 narmgemnd \(;(nj na. na. na. 141.1 nd.

o
Q
I
o

OH
o. O HO. o. o~
4 6-hydroxy-flavone O | na 30 na 53 nd. 18 isorhamnetin O | 83 na 5 147 nd.
HO oM
o OH ©
<M
HO. o. O _o. o.
5 7-hydroxy-flavone O | na. 20 n.a. 655 nd 19 ladanein 0 I na. n.a. n.a. 9.0 n.d.
HO
o OH O
J B
. o oo )
3,6-dihydroxy- . -
6 ~dihydroxy O | na. na.  na 364 nd. 20 genkwanin @ I na. na. na. 111.0 nd.
flavone HO' OH
o OH O
J >
. HO. o.
3,7-dihydroxy- 1in3.7.3' 4~ © -
7 ~dihydroxy O | na. na. 10 492 nd. 21 quercetin ' Q | °" na. na na 733 nd.
flavone OH tetramethylether o
o OH O
J L. QO
HO. o. . o. o.
. 7.8~ Xy- -
8 chrysin O | 10 na na 298 nd. 22 dimethoxy | na. na.  na. 40.9 nd.
flavon
OH O o
OH
Ho. O. O 5.4'-dihydroxy-6.7- _o. o.
9 galangin O | 100 na. na 394 nd. 23 dimethoxy- - na. na. na 8.8 nd.
©OH flavanonc’ M
OH O OH O
OH OH
HO. o. O _o. 0. O
10 apigenin O I na. na. 50 174 nd. 24 cirsimaritin N O I 70 na. na 169 nd.
o
OH © OH ©
<8 3
Ho. © 5.7-dimethoxy-8- < ©
11 kaempferol | 4 na. 20 304 nd. 25 C o4 na. 40 na 19.8 nd.
OH methyl-flavanone’
OH © o o
OH HO. o.
Ho. o. on ‘ |
12 luteolin O | 45 2 107 9.6 26 daidzein 0 na. 30 na 1037 nd.
I ° OH
OH ©

HO, o.
HO. 0. oH O |
13 quercetin 0 | 54 15 15 10.0 89 27  genistein O na. 7 na 382 nd.
OH

HO. o.
14 fisetin O | 4.1

)

8.2 6.5 28  biochanin A

Qo
I
o
Q
\

a Artemisinin was used as the reference standaregy(10.002ug/mL). ® n.a. means that the compound was not active when measured at a concentration
of 100uM. ¢n.d. means not determineéiThe compound exhibits an S configuration at C-2 (2S).

tion to shed light on their inhibitory mechanisms. The current After discovering that luteolin 12), the aglycone of this
study suggests that flavonoids and analogues are promisingcompound, exhibits a 20-fold improved inhibition potential, we
antimalarial agents, thus adding up new targets to the broadstarted to investigate the inhibition activity of a large flavonoid

spectrum biological activities of these compounds. library against three important enzymes of the type-Il FAS
system ofP. falciparum(FabG, FabZ, and Fabl). The inhibition
Results effects of a variety of polyphenolic compounds against the three
Inhibition of P. falciparum FabG, Fabz, and Fabl by enzymes are summarized in Tables 1 and 2.

Polyphenols. Recently, we have shown that a common fla- Several compounds were found to have very good activity
vonoid glycoside, luteolin-B-glucoside, inhibits Fabl, a crucial — against all three enzymes. The flavones and flavorelavon-
enzyme involved in fatty acid biosynthesis Pf falciparum?! 3-ols) exhibiting a simple substitution pattern, that is, no hydroxy
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Table 2. In Vitro Activity of Catechins against FabG, FabZ, Fabl and Chloroquine-Sensitive (NF54) and -Resistaft @ltjparumStrains

1C50 (uM) 1Cs (uM)
compd name FabG FabZ Fabl P.f NF54" P.fKI compd name FabG FabZ Fabl P.f.NF54 P.f. K1
oH OH
HO. 0. O Ho. O, O oH
29 (+)-epicatechin O OH  pa® na  na >150 nd.® 34 (+)-catechin Q na.  na na 144.0 nd.
OH OH
H OH
oH OH
. . HO, 0. O HO. 0. O OH
30 (-)-epicatechin O OH na. na. n.a. >150 n.d. 35 (-)-catechin 0 na. na. na. >150 nd.
oH oH
OH OH
oH H
OH oH
" Ho. O. O < HO. 0. O <
31 (-)-epigallocatechin @ OH na. na. na >150 nd 36 (-)-gallocatechin O OH na.  na.  na >150 nd.
oH OH
OH H
OH oH
Ho, l o. O on Ho, O ° ‘ OH
-)-epica 3 -)-ca alla 0 0.3 3.
32 (-)-epicatechin gallate o . on 1.0 0.4 0.2 40.0 113 37 (-)-catechin gallate | . on 1.0 0.4 0 32 0.4
OH OH
OH OH
oH oH
L, i
New <

HO.
33 (-)-epigallocatechin @

HO, 0.
L 03 0.4 0.2 255 9.9 38 (-)-gallocatechin gallate O 11 0.6 05 40.1 6.2
gallate OH o OH OH OH
o
OH "OH

a Artemisinin was used as the reference standarego(10.002ug/mL). ® n.a. means that the compound was not active when measured at a concentration
of 100 M. ¢n.d means not determined.

groups at ring B (for ring definition see Figure 1) and one or atring C (Figure 1). The catechins esterified with gallic acid at
two hydroxy groups on rings A/C (Table 1, compourids9) position C-3, that is, )-epicatechin gallate3@), 33, 37, and
show moderate inhibition effects only toward FabGq; 10— (—)-gallocatechin gallate3@), are potent inhibitors of all three
100 uM), Fabz @, 5; 20—30 uM), and Fabl 8; 10 uM). enzymes with G values in the range of 0:2L.1 uM (Table
Interestingly, the substitution pattern confers some selectivity 2). Catechins and epicatechins, carrying a free hydroxy group
for the three enzymes, chrysi)@nd galanging) only having at C-3, neither inhibit the enzymes nor have antiplasmodial
activity against FabG, 6-hydroxyflavond)( and 7-hydroxy- activity (Table 2). Gallic acid and other similar phenolic
flavone 6) inhibiting only Fabz, and 3,7-dihydroxyflavon&)( compounds are also devoid of any enzyme inhibitory activity
exclusively inhibiting Fabl. The situation changes with the (data not shown).
introduction of hydroxy groups on ring B (Table 1, compounds  To elucidate the mechanism and inhibition against the three
10-16). Except for apigeninl(0; only active against Fabl), the  enzymes, luteolinl2) and (-)-catechin gallate37) were chosen
above-mentioned selectivity vanishes as the more complexas representative compounds. Flavontidshows IGp values
(polyhydroxylated) flavonoids become about 10 times more of 4 and 5uM against FabG and FabZ, respectively. The
active and show inhibition of two or all three enzymes at the inhibition of Fabl depends on the enzyme concentration used
same time. At this stage, control experiments were carried outin the assay. For 22 nM Fabl and{alue of 2uM is observed.
to determine potential physicochemical incompatibilities of Compound37 inhibits FabG with an 1, value of 1uM and
substrates, cofactors, and compounds and the stability ofFabZ with 0.4uM. Inhibition of Fabl by37 is dependent on
flavonoids under assay conditions. They were negative, and thusthe enzyme concentration, as was the caséZorhe 1G value
we could rule out any influence of the experimental conditions for 37 is 0.3uM when 22 nM Fabl is used.
on the observed results. Activity against all three enzymes is  Inhibition of FabG by 12 and 37. Compoundsl2 and 37
observed forl2, quercetin 13), fisetin (14), morin (15), and are identified as noncompetitive inhibitors of FabG with respect
myricetin (L6), all of which exhibit 1G values in the range of  to acetoacetyl-CoA as well as NADPH (Figure 2). Bat the
0.4—14 uM. The methylation of any of the hydroxy groups in  analysis of the data by Dixon plots and secondary plots provides
the compounds (Table 1, compouri-25) abolishes almost ~ K; values of 6.4+ 0.8 uM when varying the acetoacetyl-CoA
all activity against all three enzymes, with the exception of concentration and 2.& 0.1 uM when varying the NADPH
isorhamnetin 18), which remains active against Fabl and FabG concentration. Fot2, theK; values were found to be 1:80.8
(ICso of 5 and 8.3uM, respectively). Among the flavanones and 0.8+ 0.1 uM, respectively (Table 3).
tested here1(7, 23, and 25), only 5,7-dimethoxy-8-methyl- Inhibition of FabZ by 12 and 37. An analysis of the
flavanon @5) shows any inhibitory activity against FabZ (40 inhibition mechanism of FabZ by double reciprocal plots
uM). The isoflavonoids tested in this study (Table 1, compounds classifies12 (Figure 3A) and37 (Figure 3B) as competitive
26—28) show moderate activity only against FabZ withs¢C  inhibitors of the substrate crotonoyl-CoA. FabZ inhibition by
values in the range of-730 uM. 12 and 37 was analyzed by a Dixon plot. TH§ values were
Another interesting group is represented by the catechin-typedetermined from the negative-axis value at the point of
flavanols that lack both the double bond and the ketone function intersection of the lines from the slope versus inhibitor replot.
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Figure 2. Kinetic analysis of the inhibition mechanism d2 and37 on FabG. The four panels show representative plots:ofd/1/[acetoacetyl-

CoA] (panels A and C) and &&s 1/[NADPH] (panels B and D) at different inhibitor concentrations. Compditidehaves like a noncompetitive
inhibitor (mixed type) with respect to the substrate (panel A) and cofactor (panel B), exhibitmgalne of 0.4 and 1.4, respectively. Compound

37is a noncompetitive (mixed type) inhibitor of FabG with respect to the substrate (panet@.5) as well as the cofactor (panel &= 0.8).

The factora describes the effect of the inhibitor on the affinity of the substrate toward the enzyme and the effect of the substrate on the inhibitor
affinity for the enzyme?

S . _ Table 3. Kinetic Analysis of12 and 37 Inhibition on P. falciparum
Compoundl2 inhibits FabZ with &; value of 11.5+ 2.8uM. FabG, Fabz, and Fabl

The K| value for FabZ inhibition by37 was determined to be

2.8+ 1.5uM (Table 3). inhibitors®

Inhibition of Fabl by 12 and 37. The classic double- enzyme 12 3
reciprocal plots to distinguish the inhibitor type of Fabl ~ Fa¢ . acetoacetyl-CoA acetoacety-CoA
inhibition by 12 and 37 failed to give clear results as expected inhibition type noncompetitive noncompetitive
for tight-binding inhibitors?? We observed a strong dependence  replots linear linear

. . Ki (uM) 1.84+0.8 6.4+ 0.8

of the 1G5 values on the enzyme concentration, that is, thg IC o 0.4+02 0.5+ 0.2
value increases with increasing enzyme concentration at a fixed ¢ pcirate varied NADPH NADPH
substrate concentration (see insets in Figure 4A and B). The inhibition type noncompetitive noncompetitive
reversibility of Fabl inhibition by12 and 37 was shown by E%\% O"geia’Ol zligftagl
diluting the inhibited enzyme. In case of an irreversible inhibitor, ' 14401 0.8+ 0.1
the enzyme would have remained inactive, which was not 5,7
observed (data not shown). On the basis of these results, which inhibition type competitive competitive
pointed to the tight-binding inhibition mechanism, we used the f”(/'f,\tﬂs) near o Jnear
tight-binding model to obtain inhibition constai&sThe binding F'abl T T
mechanism ofl2 and37 to Fabl was determined by measuring inhibition type noncompetitive tight noncompetitive tight
the 1G5 values at a fixed enzyme concentration while varying binding binding
the substrate concentration (see the Experimental Section for Ky M) i'liO'S f'o‘& 001

details). For botHL2 (Figure 4A) and37 (Figure 4B), the IGg

values remain constant and independent from the applied ;?egortedtvalu%fl (réep'&esent the dmeﬁ,rll ?L at lt];:'astt thIOA S)é)pHerinﬁé’r;te.t .

: : substrate acetoacetyl-CoA was varied while the cofactor was kept at a
substrate O_r_ COfZ_iCtOI’ _cor_men_tra_tl(_)n, 5”9993“"9 that they ar€yed saturating concentratiofThe cofactor was varied while the substrate
noncompetitive tight-binding inhibitors withh = 1.22 The K; remained fixed at saturating conditions. See the Experimental Section for details.

; g ; The factora reflects the effect of the inhibitor on the affinity of the enzyme
values were determined by fitting the data obtained from plots for its substrate and the effect of the substrate on the affinzity of the enzyme for

of the fractional velocity as a function of inhibitor concentration the inhibitor. For noncompetitive tight-binding mode,= 1.2
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Figure 3. Inhibition mechanism fol2 and 37 on FabZ. Panels A and B show representative double reciprocal plot® o6 1/[substrate] at
different inhibitor concentrations. The lines intercepted on theagis, indicating that botth2 (panel A) and37 (panel B) are competitive inhibitors
for the substrate crotonoyl-CoA.
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Figure 4. Inhibition mechanism fofl2 and37 on Fabl. The insets in panels A and B show thel@otein concentration dependence i@and

37. The enzyme concentrations used-@&2 nM) are indicated in the inset®(O, B, andO). The increasing 16 values when measured at several
increasing enzyme concentration is indicative of a tight-binding mech&i$mdistinguish the inhibitor type, the kgvalues were determined by
varying the substrate crotonoyl-CoM) or the cofactor NADH @) concentrations while keeping the enzyme concentration fixed at 42 nM (see
the Experimental Section for details). Thes®@alues for botHl2 and 37 remained constant with respect to substrate and cofactor, suggesting that
they are noncompetitive tight-binding inhibitors with= 122

to the Morrison equatio®® The K; values obtained are 24 increased antiplasmodial activity toward chloroquine-resistant
0.5 and 0.04t 0.01uM for 12 and37, respectively (Table 3). P. falciparum Overall, the best activity is exerted by compound
In Vitro Whole-Cell Assay against P. falciparum NF54 37 (ICs0 0.4 uM)

and K1. Antimalarial activity of the polyphenols toward the In general, all compounds tested have at least modest
chloroquine-sensitive strain NF54 is shown in Table 1 and Table antiplasmodial activity that is correlated to FabG, Fabz, and
2. A number of compoundslQ—14) show activity againsP. Fabl inhibition. However, 3-hydroxyflavon), ladanein 19),

falciparumand are also potent inhibitors of FabG, FabZ, and and 5,4-dihydroxy-6,7-dimethoxyflavanon@8) do not inhibit
Fabl, exhibiting IGy values in the range of-830 uM. These any of the three target enzymes but are highly active in the in
values are similar to the ones observed for the inhibition of the vitro assay. This suggests that their corresponding targets are
isolated enzymes (Table 1). Promising inhibition activity against different from the fatty acid biosynthesis pathway Bf
parasite cells and either one or two FAS-II enzymes are also falciparum

observed for, 10, and 18. Among the catechins tested, only . .

37 strongly interferes with parasite growth and demonstrates DiScussion

enzyme inhibition at the same time. Despite their powerful ~ On the basis of the screening results of our natural product
action toward the three enzymes, the antimalarial potency of library2! we identified the aglyconel1@) of luteolin-7-O-

the remaining C-3 gallate este38, 33, and38is only moderate. glucoside as a promising new chemical entity with good

The most active and promising compounti2{16, 32, 33, 37, plasmodial Fabl inhibition activity. This study encouraged us
and 38) were also tested against the chloroquine-resistant K1 to investigate the potential of various flavonoids to inhibit Fabl,
strain (Table 1 and Table 2). Flavonoiti23—14 exhibit activity and we extended our search to FabG and FabZ. Kinetic analyses

against strain K1 similar to that observed for NF54, whereas were carried out to provide insight into the mechanism by which
compoundsl5 and 16 and cateching2, 33, 37, and 38 show the three enzymes are inhibited by polyphenols.
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Inhibition Mechanisms for FabG, FabZ, and Fabl. Both Fabl are significantly different. Hydrophobic interactions as well
12 and 37 behave in a noncompetitive manner against FabG as the number of hydrogen bonds are increased in the parasite
with respect to the substrate and the cofactor. Th2snd37 enzyme. Considering these structural differences, it is likely that

display affinity for both the free enzyme and the binary 37and33inhibit P. falciparumFabl with a different mechanism
enzyme-substrate complex. As shown in Figure 2 (panels C than the one identified foE. coli Fabl.
and D), the lines intersect below theandy axis at negative Structure—Activity Relationship for FabG, Fabz, and
values of 1/[substrate] and:Afor 37 inhibition. This results in Fabl Inhibition. To gain deeper insight into the structural
a value ofa. < 1, suggesting that the binding of the inhibitor  characteristics necessary or important for inhibitor binding, a
increases the affinity of the substrate and cofactor to the enzymeseries of natural polyphenols were tested against all three
and vice versd? According to these results, it can be assumed enzymes. The simple flavones and flavonols, which have no
that 37 binds to a site distinct from the substrate and cofactor hydroxy groups on ring B and one or two hydroxy groups on
binding sites, thereby inducing a conformational change in the the A/C ring system (Table 1, compountis9), have little or
enzyme structure that allows substrate binding at increasedno effect on the enzymes tested. A single hydroxylation at ring
affinity. Similarly, if the substrates have bound first, the same B in combination with a flavone structure (as foundli®) has
change in conformation leads to improved inhibitor-binding no significant activity, but the combination opehydroxyphenyl
affinity. The same holds fod2 (Figure 2A) with respect to  side chain with a flavonol structure as found in kaempfeta) (
acetoactyl-CoA. With respect to NADPH (Figure 2B), the lines  improves inhibition. At the same time, however, the selectivity
intersect above theandy axis at positive values of 1/[substrate] seems to be reduced because the compound is active against
and 1b. The value ofa > 1 represents the case where the both Fabl and FabG. The same trend can be observed for the
binding of the inhibitor negatively influences the affinity for  compounds carrying an even more complex hydroxylation
the cofactor and vice versa. Such conformational adaptationspattern. If phenyl ring B is hydroxylated at two or three
are well known for binding events, and with respect to the FabG positions, regardless of an additional hydroxy group at €23-(
homologue irE. coli, it has been observed that the biochemical 16), the polyphenols become very potent inhibitors of all three
properties and the catalytic mechanism of FabG are directly enzymes. The combination of the presence of a pyrogallol
controlled by major conformational changes in the protéfs. (3,4 ,5-trihydroxyphenyl) moiety in ring B and of a flavonol

In contrast to FabGl2 and37 act as competitive inhibitors  structure (as found id6) increases the selectivity against the
of FabZ. This indicates that the inhibitors and the substrate bind Fabl enzyme. In contrast, the methylation of any of the phenolic
to the same site in the free enzyme in a mutually exclusive hydroxy groups leads to a total loss of inhibition capacity against
fashion. all enzymes in almost all case$%-25), 18 being the only

The situation for the activity 0g2 and 37 against Fabl is ~ €xception. The isoflavonoids examined in this studg<28)
more complex. The classical double-reciprocal plots did not Show a different trend. With phenyl ring B now attached to the
allow the determination of the inhibition type. Because the C-3 position ofring C, the compounds seem to target only FabZ
system met several of the criteria for a tight-binding model, While being inactive against FabG and Fabl.
the data was treated accordingly. Both inhibitors appear to act In summary, the hydroxylation pattern within a flavonoid
as noncompetitive tight-binding inhibitors with = 1, which structure plays an important role in the recognition process.
means that2 and37 bind to a site that is distinct to the substrate Highly hydroxylated compounds show very good enzyme
and cofactor binding site. The inhibitor and the substrates do inhibition with minimal selectivity. This observation is very
not influence their binding affinities to the enzyme, as can be intriguing because inhibitors with triple activity are rarely
deduced fromo = 1. Interestingly, a recent repétidentified described, and such compounds would offer a great advantage
33 as an efficient inhibitor ofE. coli Fabl, and the authors  over entities that act only against one target. It is very unlikely
observed competitive behavior with respect to the cofactor that the malaria parasite would be able to develop resistance

NADH. Although 37 and 33 are different molecules, witB3 against such triple action inhibitors by means of active site
bearing an additional hydroxyl group at theg®sition of ring mutations.
B and exhibiting 2R instead of the 2S configuratiordf it is Another group of polyphenols with significant activity include

surprising to observe this different binding mode. The results the catechins with a flavan-3-ol structure. The lack of activity
of preliminary kinetic experiments usirg8 were very similar of the catechins bearing no galloyl group at C2%<31 and

to the ones obtained witBi7 (data not shown). The mechanistic 34—36) indicates that gallate substitution is essential for
reason for this difference is unclear. However, although the inhibition activity (Table 2). Whereas all catechins with a free
sequence identity of 21% is rather low, the overall structural hydroxy group at position C-3 are inactive, all C-3 galloyl ester
similarity betweerP. falciparumandE. coli Fabl is high with derivatives 82, 33, 37, and 38) show excellent inhibition

an RMS of 0.78 A for @ atoms? A close inspection of the  potential against all three enzymes. Interestingly, gallic acid and
NADH binding sites in the crystal structures Bf falciparum other polyhydroxybenzoic acids alone are inactive (data not
Fabl andE. coli Fabl with the bound cofactor (pdb entries shown). As deduced from the almost identical behavio8Df
1VRW 2 and 1DFI?8 respectively) reveals a series of differences (2S configuration) an®2 (2R configuration) derivatives, the
with respect to cofactor interaction with the neighboring amino stereochemistry at C-2 does not play an important role in the
acids. In general, the cofactor binding site is deeper and formedinhibition of FabG, FabZ, or FablUnfortunately, the corre-

by more amino acids iR. falciparumFabl than inE. coli Fabl. sponding enantiomers 87 and32, that is, {+)-catechin gallate
Some of the important differences in the NADH binding pocket (2R, 3S) and +)-epicatechin gallate (2S, 3S), are not com-
of P. falciparumFabl compared té&. coli Fabl are mediated  mercially available and could not be tested to further investigate
through residues Tyrlll (corresponding residueEincoli the importance of the stereochemistry at C-3. Nevertheless, our
Fabl: lle20), Trp131 (QIn40), Alal69 (Val65), Ala217 (Gly93), data are in very good agreement with the recently published
Asn218 (Phe94), Lys285 (Lys163), Leu315 (1le192), and Ser317 results regarding FabG and Fabl®fcoli?° It also seems that
(Thr194). An analysis of the NADHprotein interactions shows  the influence of the hydroxylation pattern of ring B is low
that the NADH binding sites iic. coli Fabl andP. falciparum because the enzyme inhibitory activity of catechins with a
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catechol (34'-dihydroxyphenyl) or a pyrogallol (3,5 -trihy-
droxyphenyl) motive on ring B are comparable.

An additional aspect arises whetD is compared to its
flavanon derivative naringeniriq). The loss of the double bond
between C-2 and C-3 abolishes the activity of compoti@d
indicating the importance of the planarity of flavonoids with
respect to activity. Indeed, all active flavonoids comprise a
planar structure. A similar observation can be deduced for the
pair23and24. The catechin compounds without a galloyl group
at C-3 £9—31 and34—36) fit well with the planarity concept.
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of functioning as inhibitors of three enzymes in the same
pathway. This opens the field for the development of a new
type of drug with some remarkable features, such as increased
efficacy (one drug for three targets) and decreased risk of
developing resistance.

Experimental Section

Materials. Aldrich (Buchs, Switzerland) supplied flavon&)(
6-hydroxyflavone 4), 3,6-dihydroxyflavone®), and 3,7-dihydroxy-
flavone (7), and Sigma (Buchs, Switzerland) supplied 5-hydroxy-

Because of the missing double bond, they apparently deviateflavone @), 7-hydroxyflavone§), and all catechin type compounds

from the planar conformation suitable for binding to the targets.
In contrast, all catechins carrying a galloyl group at C32, (

33, 37, and 38) are very potent inhibitors. Apparently, the
additional galloyl moiety represents a key feature to overcome
the need for planarity, most probably by inducing a different
binding mode than that of the flavonoids. This is further
supported by the fact th&7 binding to FabG with respect to
NADPH exhibits a value oft < 1, indicating a different binding
mode than the corresponding interaction with which shows

o > 1 (Figure 2B and D; Table 3).

In Vitro Efficacy of Polyphenol Inhibitors. All polyphenols
outlined in Tables 1 and 2 were examined for in vitro
antiplasmodial activity against the chloroquine-sensit®e
falciparum strain NF54. In addition, a selection of the most

(29—38). Chrysin @), apigenin £0), luteolin (12), galangin 9),
kaempferol 11), fisetin (L4), quercetin {3), myricetin (L6), and
morin (15) were purchased from Fluka (Buchs, Switzerland). Roth
(Karlsruhe, Germany) supplied quercetin-3,43etramethyl ether
(21), naringenin 17), 5,7-dimethoxy-8-methylflavanon&%), and
5,4-dihydroxy-6,7-dimethoxyflavanone28). Compound2 (3-
hydroxyflavone) was purchased from ABCR (Karlsruhe, Germany),
whereas, 7, 18, 22 and26—28 were purchased from Extrasynthese
(Genay, France). All compounds were of the highest purity available
(generally 95-99%). Ladanein 19), cirsimaritin 4), and gen-
kwanin 0) were previously isolated from Lamiaceae plants and
were of >95% purity33-36 Roche Diagnostics (Rotkreuz, Switzer-
land) supplied NADH and NADPH; a terrific broth medium was
obtained from Difco (Kansas City, MO)E. coli BL21(DE3)
CodonPlus-RIL cells were purchased from Stratagene (La Jolla,
CA), and the HiTrap metal chelating and Superdex75/200 gel

promising and active compounds was also tested against thefiltration columns were obtained from GE Healthcare (Otelfingen,

chloroquine-resistant parasite strain K1. Although a number of
compounds show good in vitro activity that correlates well with

FabG, Fabz, and Fabl inhibition (see the Results Section), some

polyphenols do not inhibit any of the three targets but still

possess high in vitro antimalarial activity. These results suggest
that polyphenols also act on targets in the parasite cell other

than the FAS-II pathway. Indeed, recent investigationsEon
coli fatty acid biosynthesis failed to directly correlate FAS-II
inhibition with antibacterial activity mediated by polyphendls.
This is in agreement with the ability of flavonoids to interfere
with many essential biochemical pathwd&y$? It was also
shown that a number of flavonoids as well as epicatechins inhibit
the human type-I fatty acid biosynthesis systéf3’29 In light

of these findings, it must be emphasized that although the
inhibition results on the isolated enzymes and their activity in
the whole-cell assay are very promising, further development
of flavonoid-type lead compounds will require more detailed
in vitro and in vivo studies to evaluak falciparumFAS-Il as

the main target.

Future Aspects of the Inhibitors. With respect to the
potential use of polyphenols as antiplasmodial agents, their

success will strongly depend on attaining relevant concentrations

in tissues, that is, on absorption, distribution, metabolism, and
excretion of the compounds. In general, flavonoids display very
low toxicity to humans and can accumulate to concentrations
up to 8uM in human plasma while exhibiting half-lives ranging

from 1 to 28 h3%-32 Considering these facts, the compounds

Switzerland). All pET vectors used in this study were purchased
from Novagen (Darmstadt, Germany). The spectrophotometric
measurements were carried out on a Cary 50 conc Varian
Spectrophotometer (Zug, Switzerland). All polyphenols tested in
this study were dissolved in DMSO to give a 100 mM stock
solution.

Expression and Purification of FabG.The protein was cloned
using a strategy similar to that described for FabBriefly, the
pffabGsequencé\-terminally truncated by 162 base pairs was PCR-
amplified from aP. falciparum(3D7 strain) gametocyte cDNA
pSPORT plasmid library (kindly provided by Dr. Thomas Temple-
ton, Weill Medical College, Cornell University, New York) and
after restriction digestion, ligated into the pET30b expression vector.
Correct clones were identified and verified by restriction digestion,
PCR, and automated sequencing. The expression clone expressed
the enzyme without the putatiwéterminal signal and translocation
sequence, that is, amino acids34. Thus, FabG, entailing residues
55—-304, was expressed at 3T using BL21(DE3) CodonPlus-
RIL cells. Purification of the protein was performed as described
for Fabl?, except that a linear imidazole gradient was applied, that
is, the imidazole concentration was raised from 20 to 500 mM in
25 min at a flow rate of 2 mL/min. This clone offered great
advantage over recently described methods because it could express
high amounts of soluble and active FabG without the need for
refolding procedure¥:38

Expression and Purification of FabZ. The protein was cloned,
expressed, and purified as descriB&@orrect clones were identi-
fied and verified by restriction digestion, PCR, and automated
sequencing. FabZ was expressed without the put&titerminal
signal- and translocation-sequences, that is, amino acit®01

described in this study represent an interesting class of secondaryrabZ, consisting of residues 8230, was expressed &t15 °C

plant metabolites with potent activity against isolated enzymes
of theP. falciparumFAS-Il pathway. They appear to constitute
interesting chemical scaffolds for further development to
improve the pharmacokinetic profiles as well as selectivity
against protozoa. The results from the kinetic analysis indicate
that polyphenols bind to FabG and Fabl at a site distinct from
the substrate and cofactor binding sites (honcompetitive inhibi-

for 24 h using BL21(DE3) CodonPlus-RIL cells. Cell pellets were
disrupted using a French press, and the enzyme was isolated by
metal-chelate-affinity chromatography. All fractions containing the
enzyme were collected, concentrated, and applied to a Superdex75
gel filtration column equilibrated with 20 mM Hepes at pH 7.4
and 100 mM NaCl.

Expression and Purification of Fabl. The protein was cloned,
expressed, and purified as descriBe@orrect clones were identified

tion). The dehydratase inhibition is competitive, and thus, the and verified by restriction digestion, PCR, and automated sequenc-
flavonoids interact with the substrate site. A very interesting ing. The resulting expression clone was designed to express Fabl
observation is the fact that individual compounds are capable without theN-terminal signal- and translocation-sequence, that is,
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amino acids +77. Subsequently, mature length Fabl, including data to the Morrison equation assuming noncompetitive inhib#fion.
residues 78432, was expressedrf® h at 37°C in BL21(DE3) The results represent the mean of two independent measurements.
CodonPlus-RIL cells. The cell pellets were suspended and disrupted In Vitro P. falciparum Assay. Antiplasmodial activity was

using a French press, and the protein was isolated by means ofgetermined using the chloroquine-sensitie falciparum strain
metal-chelate-affinity chromatography. The protein was concen- NF54 and the chloroquine-resistant strain K1. A modifiéd]{
trated and applied to a Superdex200 gel filtration column equili- hypoxanthine incorporation assay was applied as described be-
brated with 20 mM Tris at pH 7.5 and 150 mM NaCl. fore 4142 Briefly, infected human red blood cells cultivated in an
FabG Assay.All measurements were performed atZ%in 20 RPMI 1640 medium with 5% Albumax Il were exposed to serial
mM Hepes at pH 7.0, 35 mM NaCl, and 1% DMSO followed by drug dilutions in microtiter plates. After 48 h of incubation at 37
the oxidation of NADPH to NADP for 1 min at 340 nm using °C in a reduced oxygen atmosphere, @Gi [*H]-hypoxanthine
acetoacetyl-CoA as substrate. Thed@alues were determined in  was added to each well. Viability was determined by measuring
a final volume of 100QuL in the presence of Lg (36 nM) of [3H]-hypoxanthine incorporation by means of liquid scintillation
enzyme and 10QuM NADPH while varying the compound  counting after further 24 h of incubation time. The results were
concentration. The reaction was started by the addition giN0 recorded as counts/min/well at each drug concentration and

acetoacetyl-CoA. The values for d@were estimated from graphi-
cally plotted doseresponse curves. The type of inhibition was

expressed as a percentage of the untreated controls. FhealGes
were calculated from the sigmoidal inhibition curves. The reported

determined with respect to the substrate acetoacetyl-CoA and theresults represent the mean of duplicate assays. Artemisinin served

cofactor NADPH in consideration of Michaelidvienten steady-
state conditions. To investigate the inhibition mechanism with
respect to acetoacetyl-CoA, FabG (2dp= 45 nM) was incubated
for 10 min at room temperature with a fixed and saturating NADPH
concentration (30@M) and different inhibitor concentrations(@t
uM) in a total volume of 40Q:L. The reaction was initiated by the
addition of acetoacetyl-CoA (38600 uM). The inhibition mech-

as the positive control.
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tions (10-300 M) and different inhibitor concentrations {G!
uM). The reaction was initiated by the addition of 6@
acetoacetyl-CoA. The&; values were obtained from Dixon and

secondary plots. The reported values represent the mean of at least

two independent experiments.

FabZ Assay.The standard reaction mixture for the FabZ assay
consisted of 2Qig (2.9uM) of FabZ in 20 mM Hepes at pH 7.4,
150 mM NacCl, and 1% DMSO in a total volume of 40Q. The

decrease in absorption at 263 nm using crotonoyl-CoA as substrate ®)

was continuously monitored for 5 min at 28C. For 1G,
determination, FabZ was incubated with varying concentrations of
the compounds. The reaction was started with Z8Dcrotonoyl-
CoA, and the IG, values were estimated from graphically plotted
dose-response curves. The inhibition mechanism was determined
in the presence of various inhibitor concentrations QM) and
in consideration of the steady-state conditions. After 10 min of
incubation time, the reaction was started by the addition of
crotonoyl-CoA (10-150 uM). The K; values were obtained from
Dixon and secondary plots. The mean of at least two independent
experiments are reported.

Fabl Assay.Fabl was assayed at 2& in 20 mM Hepes at pH
7.4, 150 mM NaCl, and 1% DMSO, monitoring, for 1 min, the

decrease in absorbance at 340 nm due to the consumption of

cofactor NADH while using crotonoyl-CoA as a substrate. Thg IC

values for the compounds were determined essentially as described

for FabG but using kg (22 nM) of enzyme, 5@M crotonoyl-
CoA as substrate, and 1001 NADH as cofactor. The Ig; protein

concentration dependence was measured under the same conditions

using Fabl concentrations in the range ef42 nM. The mechanism

of inhibition was determined, considering the Michaeldenten
conditions, by analyzing the relationship of siCvalues versus
substrate and cofactor concentrations as described in the litetature.
For the substrate, Fabl (0.7 = 42 nM) was incubated for 10
min at room temperature with varying concentrations of the inhibitor
(0—20uM) in the presence of 300M NADH in a total volume of
400 uL before the reaction was started with crotonoyl-CoA. The
ICs0 values were determined for several crotonoyl-CoA concentra-
tions (10-400uM). The 1G5 values with respect to the cofactor
were determined in a similar way. After incubating Fabl with the
inhibitor (0—20 M) in the presence of varying NADH concentra-
tions (50-300 uM), the reaction was started with 600M
crotonoyl-CoA. For the determination &f values, the fractional
velocity as a function of inhibitor concentration was measured at
fixed enzyme (42 nM), substrate (408), and cofactor (30@M)
concentrations. Thi§; values were generated by fitting the obtained
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