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Abstract—The type II fatty acid pathway (FAS-II) is a validated target for antimicrobial drug discovery. An activity-guided isola-
tion procedure based on Plasmodium falciparum enoyl-ACP reductase (PfFabI) enzyme inhibition assay on the n-hexane-, the
CHCl3� and the aq MeOH extracts of the Turkish marine sponge Agelas oroides yielded six pure metabolites [24-ethyl-cholest-
5a-7-en-3-b-ol (1), 4,5-dibromopyrrole-2-carboxylic acid methyl ester (2), 4,5-dibromopyrrole-2-carboxylic acid (3), (E)-oroidin
(4), 3-amino-1-(2-aminoimidazoyl)-prop-1-ene (5), taurine (6)] and some minor, complex fatty acid mixtures (FAMA–FAMG).
FAMA, consisting of a 1:2 mixture of (5Z,9Z)-5,9-tricosadienoic (7) and (5Z,9Z)-5,9-tetracosadienoic (8) acids, and FAMB com-
posed of 8, (5Z,9Z)-5,9-pentacosadienoic (9) and (5Z,9Z)-5,9-hexacosadienoic (10) acids in �3:3:2 ratio were the most active PfFabI
inhibitory principles of the hexane extract (IC50 values 0.35 lg/ml). (E)-Oroidin isolated as free base (4a) was identified as the active
component of the CHCl3 extract. Compound 4a was a more potent PfFabI inhibitor (IC50 0.30 lg/ml = 0.77 lM) than the (E)-oroi-
din TFA salt (4b), the active and major component of the aq MeOH extract (IC50 5.0 lg/ml). Enzyme kinetic studies showed 4a to be
an uncompetitive PfFabI inhibitor (Ki: 0.4 ± 0.2 and 0.8 ± 0.2 lM with respect to substrate and cofactor). In addition, FAMA and
FAMD (mainly consisting of methyl-branched fatty acids) inhibited FabI of Mycobacterium tuberculosis (MtFabI, IC50s 9.4 and
8.2 lg/ml, respectively) and Escherichia coli (EcFabI, IC50s 0.5 and 0.07 lg/ml, respectively). The majority of the compounds exhib-
ited in vitro antiplasmodial, as well as trypanocidal and leishmanicidal activities without cytotoxicity towards mammalian cells. This
study represents the first marine metabolites that inhibit FabI, a clinically relevant enzyme target from the FAS-II pathway of sev-
eral pathogenic microorganisms.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Fatty acids (FAs) are essential for all living organisms,
because of their key roles in membrane construction
and energy production. FAs are synthesized via a re-
peated cycle of four reactions, condensation, reduction,
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dehydration and a final reduction. In mammals and
other higher eukaryotes, all these reactions are catalyzed
by the type I fatty acid synthase (FAS-I), a large, multi-
functional protein.1 In contrast, bacteria, plants and al-
gae contain a type II system (FAS-II), in which each
reaction is carried out by a monofunctional enzyme.2

The type II fatty acid biosynthesis pathway has recently
been discovered in a number of Apicomplexan parasites,
including the malaria parasite, Plasmodium falciparum.3

Mycobacterium tuberculosis employs both FAS-I and
FAS-II systems. FAS-I is responsible for the synthesis
of short-chain FAs, whereas the FAS-II system extends
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these FAs for synthesis of very long-chain mycolic acids,
which are important components of the mycobacterial
cell wall.4 The central role of FA biosynthesis and the
structural differences between the human and microbial
FAS systems render FAS-II as an attractive target for
antimicrobial drug discovery. The FabI (enoyl-ACP
reductase) is a crucial enzyme of all FAS-II systems,
since it catalyzes the last NADH-dependent reduction
step in each elongation cycle. Several specific FabI
inhibitors are known. Triclosan, a broad-spectrum syn-
thetic antibacterial additive in many personal care prod-
ucts such as soaps and toothpastes, is a potent inhibitor
of both bacterial and plasmodial FabI.5–8 Mycobacterial
FabI (MtFabI, also called InhA) was thought to be the
ultimate target for isoniazid, a front-line antitubercular
drug,4 however, recent studies indicate multiple enzyme
targets including dihydrofolate reductase.9,10

Our research has focused on the plasmodial FAS-II sys-
tem and the discovery of natural product inhibitors of
the individual enzymes in the PfFAS-II cascade. We re-
cently reported the very first antimalarial natural prod-
ucts obtained from endemic Turkish plants that target
the PfFabI enzyme.11,12 Also a number of marine inver-
tebrates collected from Turkish waters were subjected to
a target (PfFabI)-based antimalarial screening. The
crude methanolic extract of the marine sponge Agelas
oroides showed promising PfFabI inhibitory and
antiplasmodial activity, so it was selected for a more
in-depth chemical investigation. Interestingly, a similar
enzyme inhibition potential was observed in all n-hex-
ane, the CHCl3 and the aq MeOH-soluble portions of
the crude extract. Activity-directed fractionation based
on PfFabI inhibition on all three extracts afforded six
metabolites (1–6) and some complex fatty acid mixtures
(FAMA–FAMG), which were analyzed by GC–MS after
methylation. We undertook mechanistic studies with
pure oroidin base (4a), the most potent PfFabI inhibi-
tor, and quantitated the ability of this compound to in-
hibit PfFabI. In addition, all isolates were evaluated for
their potency towards FabI of M. tuberculosis (MtFabI,
InhA) and Escherichia coli (EcFabI). All marine metab-
olites were also tested for in vitro antimalarial, leish-
manicidal and trypanocidal activities, as well as for
cytotoxicity towards mammalian cells to determine their
selectivity.
2. Results

2.1. Extraction, isolation and characterization of the
marine metabolites

The crude MeOH extract of A. oroides was selected for
chemical investigation as it inhibited the recombinantPf-
FabI protein (IC50 20 lg/ml) and concomitantly showed
in vitro antimalarial activity (IC50 4.4 lg/ml). This ex-
tract was subjected to a solvent–solvent partitioning
scheme to yield the n-hexane, the CHCl3� and the aq
MeOH-solubles. The partitioning dispersed the bioac-
tivity in all three extracts, which showed IC50 values of
4.5, 7 and 13 lg/ml towards PfFabI, and 10, 12 and
10 lg/ml towards P. falciparum. Hence, each extract
was separately subjected to fractionation, monitored
by PfFabI inhibition assay, and their active principles
were purified by flash CC (SiO2, RP-18) and gel perme-
ation (Sephadex LH20). The isolates were characterized
by a combination of 1D/2D-NMR, MS and GC–MS.

The n-hexane extract yielded 24-ethyl-cholest-5a-7-en-3-
b-ol (1) and 4,5-dibromopyrrole-2-carboxylic acid
methyl ester (2) as major components. The structure of
1 was elucidated by HREIMS, 1D and 2D NMR
(including HSQC-TOCSY) and by comparison of its
spectroscopic data with previously published values.13–15

Some of the NMR data were reassigned on the basis of
2D NMR experiments (Table 1). The structure of 2 was
readily established on the basis of EIMS, 1D and 2D
NMR and by comparison with literature data.16 Also a
number of minor, bioactive FA mixtures (FAMA–
FAMG) were isolated from the n-hexane extract. Due to
lack of material, these fractions could not be purified fur-
ther, but they were analyzed by GC–MS after methyla-
tion. Table 3 displays the detailed FA composition of
FAMA–FAMG. In 1D NMR experiments, FAMA
seemed to be a pure 5,9-dienoic FA. However, the GC–
MS analysis showed it to be a 1:2 mixture of (5Z,9Z)-
5,9-tricosadienoic (23:2, 7, 36%) and (5Z,9Z)-5,9-tetracos-
adienoic acid (24:2, 8, 64%) methyl esters. Complete
NMR data of the mixture 7/8 (FAMA, before methyla-
tion) that are missing in the literature were assigned by
1D and 2D NMR experiments (Table 1). The GC–MS
analysis indicated FAMB to be composed of mainly three
demospongic acids, that is, 8 (24:2, 36.3%), (5Z,9Z)-5,9-
pentacosadienoic (25:2, 9, 33.9%) and (5Z,9Z)-5,9-hexa-
cosadienoic (26:2, 10, 19.9%) acids. Based on GC–MS,
the most abundant constituent of FAMC was 11-methyl-
octadecanoic acid (11-Me-18:0, 40.3%), followed by stea-
ric (18:0, 13.8%) and oleic acids (18:1D9, 9.9%). FAMD
contained 10-methylhexadecanoic (10-Me-16:0, 21.2%)
and palmitic (16:0, 17.9%) acids as major lipids, plus al-
most equal (P6%) amounts of i/ai-15:0, i/ai-17:0, i-
17:1D9, 18:0 and 11-Me-18:0 FAs. FAME was rich in oleic
(42.3%) and palmitic (16:0, 13.2%) acids, whereas FAMF
contained five major FAs, oleic (21.7%), 15-methyl-9-
hexadecenoic (i-17:1D9, 16.3%), palmitic (15.1%), 10-
methylhexadecanoic (10-Me-16:0, 11.6%) and 16:1
(8.6%) acids. Finally FAMG was found to consist of six
saturated FAs, with 11-Me-18:0 (38.3%) and phytanic
(21.5%) acids being the predominant ones, plus 16:0
(14.8%), 18:0 (12.8%), i/ai-17:0 (10.3%) and 14:0 (2.3%)
(Table 3) (see Fig. 1).

Bioactivity guided purification of the CHCl3 extract in-
volved C-18 flash and Sephadex LH20 CC to yield 2,
4,5-dibromopyrrole-2-carboxylic acid (3a) and (E)-oroi-
din (4a) as the free bases. The 1H and 13C NMR spectra
of 4a were very similar to those of the oroidin TFA salt
(4b, obtained from the aq MeOH extract), which is well
described in the literature.16,17 However, in the 1H NMR
spectrum of 4a (Table 1, Fig. 2), it was notable that H-9
and H-15 were diamagnetically shifted (approximately
�0.3 ppm). Its 13C NMR spectrum also displayed signif-
icant chemical shift differences for C-9, C-10, C-11, C-13
and C-15 (Table 1). The possibility that 4a could be (Z)-
oroidin, which has never been isolated from Nature, but



Table 1. The NMR data (1H 600 MHz, 13C 150 MHz) of FAMA and 1 (CDCl3), 4a and 4b (MeOD)

C FAMA (7/8) 1c 4ad 4b

1H 13C 1H 13C 1H 13C 1H 13C

1 180.0 s 1.82a/1.09a 37.4 t

2 2.36 (t, 7.5) 33.6 t 1.79a/1.39a 31.7 t 128.9 s 128.6 s

3 1.70 (quint., 7.5) 24.8 t 3.60 m 71.3 d 6.82 s 114.4 d 6.85 s 114.4 d

4 2.10 m 26.7 t 1.71a/1.28a 38.4 t 100.0 s 100.0 s

5 5.34 m 128.8 d 1.41a 40.5 d 106.5 s 106.2 s

6 5.36 m 130.8 d 1.76a 29.9 t 161.6 s 161.5 s

7 2.08 m 27.6 t 5.16 m 117.6 d

8 2.08 m 27.5 t 139.8 s 4.00 (dd, 1.3, 6.1) 42.3 t 4.06 (dd,1.3, 5.4) 41.5 t

9 5.34 m 129.1 d 1.63a 49.7 d 5.87 (dt, 6.1, 16.0) 121.5 d 6.09 (dt, 5.4, 16.1) 127.7 d

10 5.42 m 130.8 d 34.4 s 6.31 (br d, 16.0) 122.9 d 6.29 (br d, 16.1) 117.6 d

11 2.01 (br q, 6.8) 27.5 t 1.58a/1.46a 21.8 t 131.4 s 126.9 s

12 1.30a 22.9 t 2.02a/1.22a 39.8 t

13 1.26 (br s) 29.6 t 43.6 s 152.0 s 149.3 s

14 1.26 (br s) 29.6 t 1.80a 55.3 d

15 1.26 (br s) 29.8 t 1.52a/1.39a 23.2 t 6.47 s 117.7 d 6.72 s 111.7 d

16 1.26 (br s)b 29.9 t 1.90a/1.28a 28.2 t

17 1.26 (br s) 29.9 t 1.22a 56.3 d

18 1.26 (br s) 29.9 t 0.80 s 13.3 q

19 1.26 (br s) 29.9 t 0.53 s 12.1 q

20 1.26 (br s) 29.9 t 1.33a 36.9 d

21 1.26 (br s) 29.9 t 0.93 (d, 6.6) 19.2 q

22 1.26 (br s) 32.1 t 1.37a/0.97a 34.1 t

23 0.88 (t, 7.0) 14.3 q 1.32a/1.05a 26.7 t

24 0.92a 46.3 d

25 1.68a 29.2 d

26 0.82 (d, 6.8) 19.2 q

27 0.83 (d, 6.8) 19.8 q

28 1.33a/1.13a 23.2 t

29 0.86 (t, 7.5) 12.6 q

All d values are in ppm and J values (in Hz) are given in parentheses.
a Multiplicities are unclear due to overlapping.
b In case of 8, there is an additional CH2 group with identical NMR data.
c All assignments were based on 2D NMR data (HSQC-TOCSY, HMBC, DQF-COSY).
d All assignments were based on 2D NMR data (HSQC, HMBC, DQF-COSY, ROESY).
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prepared synthetically,17 was ruled out due to the large
coupling constant of the double bond protons, H-9
and H-10 (J9,10 = 16.0 Hz, in (Z)-oroidin J9,10 =
11.5 Hz17). All these differences were indicative of a
free (not protonated) imidazole ring, as the NMR data
from C-1 through C-8 were identical with those of 4b
(Table 1). To prove this assumption and to support
the oroidin skeleton, we undertook a series of 2D
NMR experiments. In DQF-COSY spectrum, H-8
scalarly coupled with H-9, which in turn coupled with
H-10. HMBC correlations observed between C-8/H-9,
C-8/H-10, C-9/H2-8, C-9/H-10; C-10/H2-8, C-10/H-15;
C-11/H2-8, C-11/H-9, C-11/H-10, C-11/H-15; C-13/H-
15 and ROE couplings between H-8/H-9, H-8/H-10,
H-9/H-10 and H-9/H-15 led to the assignments of
the remaining resonances (C-9 through C-15). Upon
addition of TFA-d, compound 4a was immediately
converted to 4b (Fig. 2). Recently, the oroidin sodium
salt was described from Axinella damicornis with the
identical 1H NMR data as 4a, but the published
13C NMR data remained incomplete.18 This compound
gave [M+22]+ peaks in the (+)-ESI-MS spectrum
(m/z 410, 412 and 414, 1:2:1). However, the (+)-ESI-
MS spectrum of 4a was lacking these peaks, and only
the typical [M+H]+ peaks at m/z 388, 390 and 392
(1:2:1) were present. Hence, we rule out that our 4a is
the oroidin Na salt, instead it must be the free (E)-oroi-
din base.

The aq MeOH extract was also prefractionated as de-
scribed above (C-18 flash CC). However, due to use of
solvents containing TFA (0.1%), the metabolites 4,5-
dibromopyrrole-2-carboxylic acid (3b), oroidin (4b), 5
and taurine (6) were isolated as either TFA salts or
TFA adducts. The structure of 5 was easily identified
as 3-amino-1-(2-aminoimidazolyl)-prop-1-ene by spec-
troscopic means (1D NMR, ESIMS) and by comparison
with literature data.19 Taurine (6) had only two aliphatic
CH2 signals, in both the 1H and the 13C NMR spectra,
and no carbonyl signal. Its molecular weight was deter-
mined to be m/z 125 by negative mode ESIMS (m/z 124
[M�H]+, 249 [2M�H]+). As only limited information
could be gathered from NMR spectroscopy, the struc-
ture elucidation of 6 was resolved by an X-ray diffrac-
tion analysis, which revealed the same structure as
those reported previously for taurine, which is also
known as 2-aminoethane sulfonic acid or b-alanine sul-
fonic acid.20–23 Two additional taurine-like compounds
with only two CH2 signals in both the 1H and the 13C
NMR spectra were also isolated. However, as they did
not produce good quality single crystals in common
solvents, their structures remain unresolved.
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Figure 1. The chemical structures of Agelas oroides metabolites.

Figure 2. The 1H NMR spectrum of (a) oroidin base (4a); (b) oroidin

TFA salt (4b) formed after addition of one drop of TFA-d (300 MHz,

MeOD).
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2.2. Inhibitory activity towards PfFabI

The ability of crude extracts, pure compounds, as well as
the FA mixtures to inhibit the recombinant PfFabI en-
zyme was investigated by a spectrophotometric method
(Table 2). Among the metabolites obtained from the
n-hexane extract, FAMA and FAMB exerted the highest
inhibitory potential with IC50 value of 0.35 lg/ml. Nota-
bly, both are mixtures of two or three diunsaturated
FAs, respectively (Table 3). The second most active
FA mixtures were FAME and FAMF (IC50 0.65 lg/ml
for both). FAME was dominated by the monounsatu-
rated oleic acid (18:1D9) and contained considerable
amounts (16.6%) of the 5,9-dienoic acids, 7/8. FAMF
also contained the monounsaturated FAs (18:1D9,
i-17:1D9), plus several saturated acids. FAMC, which
had a higher portion of unsaturated fatty acids than
FAMD, has a better enzyme inhibitory activity (IC50s
1.0 and 2.5 lg/ml, respectively). FAMG contains only
saturated FAs, including the isoprenoid-like FA phy-
tanic acid, and exhibits the weakest PfFabI inhibitory
potential (IC50 20 lg/ml). Since the major metabolites
1 (IC50 18 lg/ml) and 2 (IC50 > 100 lg/ml) possessed
moderate or no PfFabI inhibiting activity, the FA mix-
tures, in particular those rich in mono- and diunsaturat-
ed FAs, appear as the active principles of the n-hexane
extract.

In contrast to 2 and 3a, which did not maintain the ini-
tial bioactivity of the C-18 fractions from the CHCl3 ex-
tract, oroidin base (4a) retained the potent enzyme
inhibitory activity with an IC50 value of 0.30 lg/ml
(=0.77 lM). Oroidin TFA salt (4b) was the major and
the most active PfFabI inhibitory principle of the aq
MeOH extract (IC50 5 lg/ml = 12.8 lM). Interestingly,
3b, but not 3a, had some weak PfFabI inhibiting activity
(IC50 40 lg/ml). Compounds 5 and 6 were inactive.

2.3. PfFabI enyzme kinetics for 4a

Due to the potent inhibition of PfFabI by 4a, kinetic
parameters were determined to elucidate its binding



Table 2. The PfFabI inhibitory and antiprotozoal activities of the extracts and isolated components of Agelas oroides sponge (IC50 values are in lg/

ml, atriclosan, bartemisinin, cmelarsoprol, dbenznidazole, emiltefosine, fpodophyllotoxin)

Sample PfFabI inhibition P. falciparum T. brucei rhodesiense T. cruzi L. donovani L6 cell cytotox.

Standard 0.014a 0.0045b 0.0027c 0.17d 0.12e 0.009f

Crude MeOH ext. 20 4.4 3.8 24.3 11.4 15.9

n-Hexane ext. 4.5 10 90 >30 30 >90

CHCl3 ext. 7.0 12 27.6 >30 20 >90

Aq MeOH ext. 13.0 10 48.4 >30 30 15.7

FAMA 0.35 12.1 12.0 >30 11.4 83.6

FAMB 0.35 16.3 10.1 >30 14.4 84.7

FAMC 1.0 11.5 9.9 >30 10 86.4

FAMD 2.5 40.9 42.3 >30 9.8 >90

FAME 0.65 3.4 5.3 >30 9.0 59.8

FAMF 0.65 8.7 5.7 >30 6.0 43.2

FAMG 20 17.8 14.0 16 11.9 38.5

1 18 16.1 14.2 >30 29.5 >90

2 >100 >50 13.3 >30 >30 >90

3a >100 >50 20.9 >30 7.9 >90

3b 40 49.9 25.2 >30 5.8 >90

4a 0.30 3.9 17.3 >30 >30 88.6

4b 5.0 7.9 12.2 >30 15.4 76.4

5 >100 7.4 2.4 2.5 13.1 0.7

6 >100 >50 83.4 >30 >30 >90
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mechanism. It was identified as an uncompetitive inhib-
itor of PfFabI with respect to crotonoyl-CoA and
NADH (Fig. 3). The Dixon plot analysis provides Ki

values of 0.4 ± 0.2 lM when varying the crotonoyl-
CoA concentration and 0.8 ± 0.2 lM when varying the
NADH concentration.

2.4. In vitro antiplasmodial activity against K1 strain of
Plasmodium falciparum

All crude extracts, pure compounds and the FA mix-
tures were assayed for their in vitro inhibitory activity
on multidrug resistant K1 strain of P. falciparum. Gen-
erally, the antiplasmodial potential was well correlated
with PfFabI enzyme inhibitory activity. Two potent
PfFabI inhibitory FA mixtures FAME and FAMF
emerged to be very active in whole cell assays (IC50s
3.4 and 8.7 lg/ml, respectively). FAMA and FAMB,
the most potent PfFabI inhibitors of the n-hexane ex-
tract, exerted slightly lower potency (IC50s 12.1 and
16.3 lg/ml). The antiparasitic efficacy of FAMC and
FAMD was also moderate (IC50s 11.5 and 40.9 lg/ml).
The steroid 1 and FAMG inhibited the cultures of ma-
laria parasite with the same efficacy as their enzyme
inhibiting activity (Table 2).

Oroidin base (4a), the most potent PfFabI inhibitor,
exhibited an IC50 value of 3.9 lg/ml in the whole cell par-
asite assays. This activity was greater than that of the
oroidin TFA salt 4b (IC50 7.9 lg/ml). The ability of 3b
to inhibit P. falciparum cultures (IC50 49.9 lg/ml) was
as weak as its PfFabI enzyme inhibitory effect. Inactive
were 2, 3a and 6 (IC50 > 50 lg/ml), whereas 5 had appre-
ciable antiplasmodial activity with an IC50 value of
7.4 lg/ml. None of these compounds inhibited PfFabI.

2.5. MtFabI (InhA) and EcFabI inhibitory activities

All marine isolates were tested against the analogous
FabI enzymes from M. tuberculosis (MtFabI, InhA)
and E. coli (EcFabI). Except for FAMA and FAMD,
all metabolites were inactive at the highest concentra-
tions tested (IC50s > 50–100 lg/ml). The inhibitory
activity of FAMA and FAMD on MtFabI was moderate
(IC50s 9.4 and 8.2 lg/ml, respectively), but both were
very potent against EcFabI with IC50 values of
0.50 lg/ml (FAMA) and 0.07 lg/ml (FAMD). Table 4
compares the inhibitory effects of these fractions against
all three FabI enzymes. Due to very low available
amounts of FAMA and FAMD, we were not able to
evaluate their ability to inhibit the growth of M. tuber-
culosis and E. coli cultures.

2.6. Trypanocidal, leishmanicidal and cytotoxic potential
of the isolates

The crude extracts and the marine metabolites were also
evaluated towards other parasitic protozoa, that is, Try-
panosoma brucei rhodesiense, T. cruzi and Leishmania
donovani (Table 2). Blood-stream life cycle forms of cul-
tured parasites, which are the clinically most relevant
forms, were used for the assays. All compounds showed
activity against African T. brucei rhodesiense, with 5
being the most potent one (IC50 2.4 lg/ml). Among the
FA mixtures, FAME and FAMF displayed the highest
(IC50s 5.3 and 5.7 lg/ml), and FAMD the least (IC50

42.3 lg/ml) antitrypanosomal activity. Overall, the low-
est activity against this parasite was exerted by taurine
(6, IC50 83.4 lg/ml). In contrast, only two isolates, 5
and FAMG, showed some potential against the Ameri-
can trypanosome, T. cruzi. Notably, the potency of
compound 5 was identical (IC50 2.5 lg/ml) to that ob-
served for African trypanosomes. FAMG exhibited
much lower activity (IC50 16 lg/ml). The majority of
the compounds possessed inhibitory effects on axenic
L. donovani amastigotes. It is noteworthy that 4a was
inactive at the highest tested concentration, whereas 4b
had a moderate leishmanicidal effect (IC50 15.4 lg/ml).
In contrast, 3a and 3b were almost equipotent (IC50s
7.9 and 5.8 lg/ml, respectively). Again, all FA mixtures



Table 3. The fatty acid composition of bioactive FAMA–FAMG mixtures determined by GC–MS (% from the total methylated FAs)

FA FAMA FAMB FAMC FAMD FAME FAMF FAMG

n-14:0 0.2 0.6 1.7 3.0 0.6 2.3

i-14:0 0.2

n-15:0 0.4 0.6 0.8

br-15:0 0.2

i/ai-15:0 8.0 1.2 1.0

n-16:0 0.6 3.7 17.9 13.2 15.1 14.8

br-16:0 0.7 0.5

i/ai-16:0 3.2

16:1 0.2 1.1 3.5 2.0 8.6

n-17:0 0.4 0.4 1.8 0.7 1.3

br-17:0 2.6

10-Me-16:0 21.2 0.9 11.6

i/ai-17:0 3.9 7.6 3.8 10.3

17:1 3.6

br-17:1 0.5

i-17:1 D9 6.9 16.3

i-17:2 D5,9 1.8

n-18:0 0.6 13.8 6.3 5.5 5.8 12.8

br-18:0 0.7

18:1 D11 3.9 2.1 2.7 5.6

18:1 D9 2.9 9.9 2.6 42.3 21.7

18:2 D9,12 1.3 1.8 1.5

18:2 D5,9 0.8

11-Me-18:0 40.3 6.5 3.2 4.5 38.3

n-19:0 0.9 0.1

19:1 2.6 1.0

br-19:1 3.0

br-20:0 21.5*

20:1 3.2

20:2 D5,9 5.2 1.4 0.3

n-21:0 2.4

21:2 D5,9 1.1

n-22:0 0.9

22:2 D5,9 0.8

n-23:0 0.6 1.4

23:1 0.6

23:2 D5,9 36 1.6

24:1 1.0

24:2 D5,9 64 36.3 1.5 9.1

25:2 D5,9 33.9 7.5

26:2 D5,9 19.9 2.7

The major fatty acids are shown bold.

br, methyl-branched, position not determined; i, iso methyl-branched; ai, anteiso methyl-branched; unless indicated with D, the position of double

bond(s) not determined. *, Phytanic acid.

Figure 3. Enzyme kinetics of 4a (a) while crotonoyl-CoA is varied; (b) while NADH is varied.
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Table 4. IC50 values (lg/ml) of FAMA, FAMB and FAMD against

FabI enzymes of different origin

Fatty acid PfFabI EcFabI MtFabI

FAMA 0.35 0.50 9.4

FAMB 0.35 >50 >50

FAMD 2.5 0.070 8.2
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exerted moderate to good antileishmanial effects (IC50s
from 6.0 to 14.4 lg/ml). The steroid 1 was the weakest
metabolite (IC50 29.5 lg/ml) towards L. donovani
amastigotes, whereas 2 and 6 were completely inactive.

The isolates have simultaneously been tested on primary
mammalian (rat skeletal myoblast) L6 cells, in order to
determine their therapeutic (selectivity) index. Com-
pound 5 appeared to be the only metabolite with strong
cytotoxicity on L6 cells with an IC50 value of 0.7 lg/ml.
The similar activity profile towards all parasites tested
as well as the cytotoxicity on mammalian L6 cells indi-
cates that 5 is a toxic compound with a very low thera-
peutic index. The remaining compounds were,
however, either weakly cytotoxic, or were devoid of
any cytotoxicity (Table 2).
3. Discussion

Agelas oroides is a common marine sponge, well known for
producing a vast diversity of pyrrole and imidazole alka-
loids. Of the 90 pyrrole–imidazole alkaloids known so
far, 60 have been isolated from Agelas species.24,25 Oroidin,
the most abundant member of this class, is believed to be
the common biogenetic precursor of many precedented
and unprecedented pyrrole–imidazole alkaloids.24–26 The
biogenesis of oroidin itself has been postulated to be via
condensation of compounds 3 and 5.19,24,27 This is sup-
ported by the co-occurrence of these compounds in two
morphologically and chemically indistinguishable Axinellid
sponges, Teichaxinella morchella and Ptilocaulis walpersi.19

To our knowledge, this is the first study reporting the
occurrence of 3 and 5 together in an Agelas sponge. In
addition, this is only the second report of 5 from natural
sources. It is likely that this metabolite escaped isolation
by marine chemists due to its high polarity.

Since Agelas species are rich in D5- and D7-stanols, the
presence of 1, a cholestenol, as the predominant steroidal
constituent of A. oroides is in accordance with previous
data.14,28 Marine sponges possess unique biomembranes,
which contain unusual fatty acids, for example, the very
long chain (PC20) demospongic FAs. Such FAs with
unsaturation(s) at C-5 and C-9 are common in Agelas
sp. Some unusual ethylene-interrupted D5,9-dienoic acids
have been thought to arise from a symbiotic relation-
ship.29 The presence of phytanic acid, which originates
from phytol, a constituent of the chlorophyll molecule,30

in good quantities in FAMG might give further evidence
for the contribution of the symbiotic organisms to the
fatty acid profile of A. oroides. Taurine (6) is an impor-
tant neurotransmitter in vertebrates and has repeatedly
been found in many marine invertebrates, for example,
hydrozoans,31 starfish and sponges.32 Taurine conjugated
FAs have been isolated from Ircinia33,34 and Hippospon-
gia sponges.35 Oroidin-like compounds possessing a tau-
rine residue have also been reported from several sponge
genera, for example, Hymeniacidon,36 Acanthella37 and
Agelas.38,39 To the best of our knowledge, this is the first
report of taurine in a free form from the genus Agelas.

We previously reported the very first natural inhibitors
of PfFabI from endemic Turkish plants.11,12 We have
now expanded our studies into marine organisms and,
based on the activity in the preliminary screening, we
have worked up the n-hexane, the CHCl3 and the aq
MeOH extracts of the marine sponge A. oroides. Oroidin
base (4a) appeared as the most potent PfFabI inhibitory
principle of the Agelas sponge. The kinetic analysis re-
vealed an uncompetitive binding mechanism with re-
spect to substrate and cofactor, indicating that 4a is
exclusively binding to the enzyme–substrate complex
or enzyme–cofactor complex. This mechanism is identi-
cal to the one observed for triclosan towards FabI of
various species.40,41 The TFA salt of oroidin (4b) was
also active against PfFabI, but there is a significant de-
crease of activity (almost 20-fold) in comparison with
4a. At this point it is difficult to explain the reason
underlying this difference. On one hand, assuming that
TFA would form stable ion pairs with 4a, one could as-
sume that the alkaloid/TFA complex becomes too big to
bind at the relevant enzyme-binding site when compared
with the free base. In addition, the alkaloid salt is
charged and its interaction with the enzyme may thus
be disturbed. The results of ongoing crystallographic
studies will help to answer this question. On the other
hand, the pH of the target site for an antimalarial agent
is very important. A well-known example is chloro-
quine, a weakly basic compound. The erythrocyte and
parasite membranes are freely permeable to the un-
charged chloroquine, but the drug gets trapped in the
acidic digestive vacuole upon protonation, and accumu-
lates in very high concentrations.42,43 A similar scenario
may be assumed for oroidin (4a), thus resulting in im-
proved growth inhibitory effect against P. falciparum
whole cells compared with 4b. It would be very impor-
tant to know the pH of the apicoplast, the organelle
where FA synthesis takes place.

It has previously been observed that the Agelas sponges
are not fed on by predatory reef fish, and oroidin was
identified as major feeding-deterrent agent.44 Current
knowledge indicates that the pyrrole portion (3) of oroi-
din is required for deterring activity, but 3 is not suffi-
ciently active itself. The imidazole portion (5) has no
protective effect on its own, but enhances the activity
of the pyrrole part.25,44 A similar structure–activity-rela-
tionship can be observed for inhibition of PfFabI. The
imidazole portion of the molecule appears to have no ef-
fect on PfFabI, but has an unspecific (toxic) effect on the
malaria parasite. Compound 3 is not toxic, but has lim-
ited antimalarial and PfFabI inhibition activities. In
contrast, their condensation product, that is, oroidin,
has excellent PfFabI inhibition and also antimalarial
potential without significant cytotoxicity. Interestingly,
König et al. previously reported oroidin (TFA salt) to
be inactive towards the D6 and W2 strains of P. falcipa-
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rum.16 However, a very recent study reported its antima-
larial effect with an IC50 value of 1.2 lg/ml.45 This is in
line with our results, although a different strain (D6) was
used. The same group reported only marginal activity of
oroidin towards M. tuberculosis.45 Although oroidin
acts as an antifouling agent in the sponge and inhibits
marine bacteria found in seawater at natural concentra-
tions,46 it was found to be inactive against a number of
Gram-positive and Gram-negative human pathogenic
bacteria.45 These findings indirectly support our results,
in which oroidin failed to interact with the MtFabI and
EcFabI enzymes. It is noteworthy that neither oroidin,
nor other FabI inhibitory compounds have toxicity on
mammalian L6 cells. The only exception is compound
5, which has no FabI inhibition potential.

An intriguing result emerging from this study was the
moderate to very potent PfFabI enzyme inhibitory activ-
ity of complex inseparable FA mixtures. The PfFabI
inhibitory activity of the FA mixtures appeared to be re-
lated to their unsaturation levels, that is, FA mixtures
rich in mono- and diunsaturated FAs (FAMA, FAMB,
FAME, FAMF) inhibited PfFabI more efficiently. This
trend seemed to be valid for the remaining FA mixtures
with lower IC50 values. However, the chain length of
the FAs seemed to be less crucial for PfFabI inhibition,
as the activity of FAMA and FAMB containing very long
chain FAs (C23–C26) was comparable with that of FAME
and FAMF, which are dominated by shorter FAs (C16–
C18). More importantly, the enzyme inhibition generally
correlated with the antiplasmodial effects of the com-
pounds in whole cell assays. The FA mixtures rich in
shorter monounsaturated fatty acids (FAME, FAMF)
had greater antimalarial potential compared to those rich
in dienoic acids. The only one exception was FAMG,
which consisted of phytanic acid and mainly saturated
FAs, which had equal IC50 values towards both PfFabI
and the malaria whole cells. Interestingly, FAMA and
FAMD were the only fractions that inhibited MtFabI
(InhA) and EcFabI. FAMA was very potent towards
both EcFabI and PfFabI, but was less active against
MtFabI. It was somewhat surprising that FAMA, con-
sisting of a 1:2 mixture of 5,9-23:2 (7) and 5,9-24:2 (8)
demospongic acids, was active against both MtFabI
and EcFabI, whereas FAMB consisting of a 3:3:2 mixture
of 5,9-24:2 (8), 5,9-25:2 (9) and 5,9-26:2 (10) was inactive
(Table 4). This suggests that (5Z,9Z)-5,9-tricosadienoic
acid (7) is the active component in FAMA that inhibits
EcFabI and MtFabI. Interestingly, FAMD, which is rich
in shorter, methyl-branched saturated FAs (C16–C19), is
even more potent against EcFabI than FAMA. This
observation is consistent with the known substrate spec-
ificity of EcFabI, which elongates FAs up to a chain
length of C-18. In contrast, FAMA and FAMD had sim-
ilar activities against MtFabI, which is perhaps surprising
given the fact that this enzyme is involved in the biosyn-
thesis of very long chain length (>C50) FAs.47
4. Conclusions

The FAS-II pathway is a validated target for antimicro-
bial drug discovery. In bacteria, this pathway is carried
out in the cytoplasm, whereas in P. falciparum, it is
localized in the apicoplast, a plastid-like organelle ances-
trally related to cyanobacteria.48 Due to the prokaryotic
nature of the apicoplast, its metabolic machinery differs
from that of the mammalian host. Type II FAS is car-
ried out by a set of individual enzymes in conjunction
with acyl carrier protein (ACP)-associated substrates.
FabI catalyzes the final step of the chain elongation pro-
cess, and thus is an excellent target for malaria research.
Herein we described the first antimalarial marine natural
products that target PfFabI. Oroidin (4a) emerged as a
potent and selective inhibitor of PfFabI, as it did not in-
hibit MtFabI or EcFabI homologues. Due to the corre-
lation between the enzyme inhibition and the
antiplasmodial activity, oroidin represents a promising
lead compound.

Another intriguing finding from this study is the differ-
ential activity of FAMA and FAMD against various en-
oyl-ACP reductases. FAMA equipotently inhibits
EcFabI and PfFabI, but is less active against MtFabI.
This is consistent with a recent study in which it was
shown that long chain unsaturated FAs inhibit the FabI
enzyme from several species of bacteria and show anti-
bacterial activity.49 In contrast to FAMA, FAMD is an
excellent inhibitor of EcFabI while having only limited
activity against MtFabI and PfFabI. This indicates that
shorter, methyl-branched saturated FAs (C16–C19)
selectively inhibit EcFabI. Given that saturated FAs
were shown to be inactive in the studies conducted by
Zheng et al. (IC50s > 2 mM),49 our observation suggests
that branching is important for activity against EcFabI.
Thus, our study is the first report that marine-derived
long chain unsaturated and short methyl-branched sat-
urated FAs are selective inhibitors of the bacterial FabI
enzyme. This does not appear to be an unspecific en-
zyme inhibitory effect, because in that case all three en-
oyl-ACP reductases would be inhibited by all FA
mixtures. While antimalarial effects of some unsatu-
rated FAs have previously been described,50 their mech-
anism of action has so far remained undetermined. We
are currently undertaking further studies to synthesize
individual FAs in order to better understand their
mechanism of action towards enoyl-ACP reductases
and to evaluate their antibacterial and antiplasmodial
effect.
5. Experimental

5.1. General procedures

Optical rotations were measured at 23 �C on a Perkin–
Elmer 241 MC polarimeter using Na lamp (589 nm).
The routine 1H NMR spectra were obtained on a Bru-
ker ARX 300 MHz instrument, whereas 13C-, DEPT-
135 and 2D-NMR spectra were acquired on a Bruker
DRX spectrometer operating at 600 (1H NMR) and
150 (13C NMR) MHz. The chemical shift values are re-
ported as parts per million (ppm) units relative to tetra-
methylsilane (TMS). ESI-mass spectra were taken on a
Bruker Esquire-LC–MS (ESI mode) spectrometer, while
EIMS analyses were performed on a Finnigan MAT95
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(70 eV) spectrometer. Enzyme assays were performed
using a Cary 300 Bio (Varian) spectrophotometer.
SiO2 60 (40–63 lm, Merck) and RP-18 (40–63 lm,
LiChroprep 18) materials were used for Flash CC sepa-
rations. Sephadex LH20 was purchased from Amersham
Biosciences (Uppsala, Sweden). TLC analyses were car-
ried out on precoated silica gel 60 F254 (Merck) TLC
plates.

5.2. Animal material

The sponge material was collected in June 2002 using
SCUBA (�10 m) in Gökçeada (Northern Aegean Sea,
Turkey). The animal material was kept frozen until
work-up. A taxonomic voucher specimen (sample #
GA02-01-05) is maintained at the University of London,
School of Pharmacy.

5.3. Extraction and isolation

The sponge material was homogenized by a household
mixer and extracted successively with MeOH, MeOH/
CHCl3 (1:1) and CHCl3. The filtered solutions were
combined and evaporated to dryness at 30 �C to yield
6.93 g of crude, orange-brown gum. This material was
suspended in MeOH/H2O mixture (9:1, 200 ml) and par-
titioned against n-hexane (3 · 200 mL). The aqueous
layer was then diluted to 70% MeOH (v/v) with H2O
and partitioned against CHCl3 (3 · 200 mL). All ex-
tracts were separately evaporated to dryness under vac-
uum and yielded 1.06 g (n-hexane), 1.08 g (CHCl3) and
3.46 g (aq MeOH) of material.

The n-hexane extract was fractionated on a SiO2 flash
column (100 g) using gradient amounts of EtOAc (0–
100%) in hexane to afford 13 fractions. The activity
was detected in fractions 4–9. A precipitate, mainly con-
sisting of impure 2 (30 mg), occurred during the work-
up of fraction 4. It was removed by filtration, then,
the hexane soluble part of this fraction (60 mg) was sub-
mitted to Sephadex LH20 column chromatography
(CC) employing CHCl3 as eluent to yield 18 mg of 1
and 4 mg of FAMA. The most active fraction 5
(33 mg) was also applied to a Sephadex (CHCl3) column
to furnish FAMB (4.1 mg), FAMC (2.9 mg) and another
fraction (6.7 mg). The latter was chromatographed over
a gravity-driven SiO2 column (hexane/EtOAc 95:5 to
80:20) to give FAMD (3.7 mg). Due to similarities by
TLC and 1H NMR, the active fractions 6 and 7 were
combined (17 mg) and also passed through a Sephadex
LH20 column (CHCl3) to yield FAME (4 mg) and
FAMF (2.6 mg). Finally, moderately active fractions 8
and 9 were combined and separated in the same fashion
to afford FAMG (2.4 mg).

The active CHCl3 extract was fractionated on a C-18
flash column using a 10% stepwise gradient from 100%
H2O to 100% MeOH. The PfFabI inhibitory activity
was tracked to three fractions, that is, the combined
fractions 3–6 (25 mg), 7–8a (70 mg) and 8b–9b
(176.9 mg). The weakly active fractions 3–6 were puri-
fied over a Sephadex LH20 column (MeOH) to yield
3a (6.9 mg). The very active fraction 7–8a was also puri-
fied the same way to furnish oroidin base (4a, 5 mg). The
purification of the final fraction 8b–9b over the same
column gave 2 (114 mg).

The aq MeOH extract was also fractionated over a C-18
flash column using a 10% stepwise gradient from 100%
aq TFA (0.1%) to 100% MeOH. This afforded eleven
fractions (0–10). The fractions 0–1 were combined and
submitted to Sephadex LH20 CC (70% MeOH in
H2O) to give 47 fractions. During the evaporation of
the fractions 21–22 (161 mg) and 23–24 (7.7 mg) some
precipitates appeared, which were combined and resub-
jected to gel chromatograpy (Sephadex LH20, MeOH)
to elaborate taurine (6, 8 mg). The soluble portion of
the fractions 21–22 was similarly chromatographed to
yield 5 (35 mg) and two unidentified taurine-like com-
pounds (9.3 mg and 10.9 mg). The purification of the
most active C-18 fractions 7–8 (410 mg) and 9
(216 mg) was also achieved by Sephadex LH20 CC
(MeOH) to give the oroidin TFA salt (4b, 213 mg) and
the 4,5-dibromopyrrole-2-carboxylic acid TFA adduct
(3b, 60 mg), respectively.

5.3.1. 24-Ethyl-cholest-5a-7-en-3-b-ol (1). [a]D +10.6
(23 �C, c = 0.7). EIMS (m/z, relative intensity) 414
([M]+, 100). HREIMS m/z 414.3856 (Calcd for
C29H50O 414.3862). 1H NMR (CDCl3, 600 MHz) and
13C NMR (CDCl3, 150 MHz), see Table 1.

5.3.2. 4,5-Dibromopyrrole-2-carboxylic acid methyl ester
(2). EIMS (m/z, relative intensity) 281/283/285 (M+, 36/
68/35), 249/251/253 (52/100/50). (�)-ESIMS m/z 280/
282/284 (M�H+, 1/2/1). 1H NMR (300 MHz, MeOD)
d 6.84 (s, H-3), 3.82 (3H, s, H3-7). 1H NMR
(300 MHz, CDCl3)d 10.1 (br s, NH-1), 6.91 (d,
J = 2.0 Hz, H-3), 3.90 (3H, s, CH3-7). 13C NMR
(75 MHz, MeOD): d 125.2 (s, C-2), 118.6 (d, C-3),
100.5 (s, C-4), 107.9 (s, C-5), 161.2 (s, C-6), 52.0 (q, C-7).

5.3.3. 4,5-Dibromopyrrole-2-carboxylic acid (3a). EIMS
(m/z, relative intensity) 267/269/271 (M+, 24/46/23),
249/251/253 (M�H2O, 51/100/50). (�)-ESIMS m/z 266/
268/270 (M�H+, 1/2/1). 1H NMR (300 MHz, MeOD)
d 6.82 (s, H-3). 13C NMR (75 MHz, MeOD) d 126.3
(s, C-2), 118.5 (d, C-3), 100.4 (s, C-4), 107.4 (s, C-5),
162.6 (s, C-6).

5.3.4. 4,5-Dibromopyrrole-2-carboxylic acid TFA adduct
(3b). EIMS (m/z, relative intensity) 267/269/271 (M+, 24/
46/23), 249/251/253 (M�H2O, 51/100/50). (�)-ESIMS
m/z 266/268/270 (M�H+, 1/2/1). 1H NMR (300 MHz,
MeOD) d 6.90 (s, H-3). 13C NMR (75 MHz, MeOD) d
125.9 (s, C-2), 118.4 (d, C-3), 100.4 (s, C-4), 107.6 (s,
C-5), 162.5 (s, C-6).

5.3.5. Oroidin base (4a). EIMS (m/z, relative intensity)
266/268/270 (M-121+, 11/22/11), 249/251/253 (M-121-
NHþ3 , 15/30/15). (+)-ESIMS m/z 388/390/392 (M+H+,
1/2/1). 1H NMR (600 MHz, MeOD) and 13C NMR
(75 MHz, MeOD), see Table 1.

5.3.6. Oroidin TFA salt (4b). EIMS (70 eV, m/z, relative
intensity) 266/268/270 (M-121+, 11/22/11), 249/251/253
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(M-121-NHþ3 15/30/15). (+)-ESIMS m/z 388/390/392
(M+H+, 1/2/1). 1H NMR (600 MHz, MeOD) and 13C
NMR (150 MHz, MeOD), see Table 1.

5.3.7. 3-Amino-1-(2-aminoimidazoyl)-prop-1-ene (5). (+)-
ESIMS m/z 139 (M+H+), 122 (M�NH3+H+). 1H NMR
(D2O, 300 MHz) d 3.70 (d, J = 6.9 Hz, H2-1), 5.98 (dt,
J = 6.9, 15.4 Hz, H-2), 6.52 (d, J = 15.4 Hz, H-3), 6.79
(s, H-5). 13C NMR (D2O, 75 MHz) d 40.8 (t, C-1),
119.8 (d, C-2), 121.3 (d, C-3), 134.1 (s, C-4), 112.4 (d,
C-5), 147.3 (s, C-6).

5.3.8. Taurine (6). (�)-ESIMS m/z 124 (M�H+), 249
(2M�H+).1H NMR (600 MHz, D2O) d 3.28 (t,
J = 6.7 Hz), 3.45 (t, J = 6.7 Hz). 1H NMR (600 MHz,
DMSO-d6)d 2.69 (t, J = 6.5 Hz), 3.02 (t, J = 6.5 Hz),
7.60 (br s). 13C NMR (125 MHz, D2O) d 47.4 (t), 35.3
(t). 13C NMR (125 MHz, DMSO-d6) d 47.6 (t), 36.1 (t).

5.4. Preparation of fatty acid methyl esters and GC–MS
analyses

For lipid analysis between 0.5 and 2 mg of FAs was dis-
solved in 5–10 ml of 1.5 M HCl–MeOH and refluxed for
6 h. The reaction mixture was then evaporated to dry-
ness under vacuum. The FA methyl esters thus obtained
(1–3 mg) were then purified by silica gel CC using a Pas-
teur pipette and eluting with hexane/ether (8:2 v/v). The
solvent was evaporated to dryness and the methyl esters
were then dissolved in hexane and analyzed by GC–MS.
The relative GC retention times and mass spectra of the
methyl esters, the mass spectra of the corresponding
pyrrolidide derivatives, catalytic hydrogenation and di-
methyl disulfide derivatization provided the basis for
the characterization of the fatty acids.51 Fatty acid
methyl esters, pyrrolidides and dimethyl disulfide deriv-
atives were analyzed by direct ionization using GC–MS
(Hewlett–Packard 5972A) at 70 eV equipped with a
30 m · 0.25 mm special performance capillary column
(HP-5MS) of polymethylsiloxane cross-linked with a
5% phenyl methylpolysiloxane and He as the carrier
gas. The temperature programme was as follows:
130 �C for 1 min, increased at a rate of 3 �C/min to
270 �C and maintained for 30 min at 270 �C.

5.5. In vitro assay for Plasmodium falciparum

Antiplasmodial activity was determined using the K1
strain of P. falciparum (resistant to chloroquine and
pyrimethamine). A modification of the [3H]-hypoxan-
thine incorporation assay was used.52 Briefly, infected
human red blood cells in RPMI 1640 medium with 5%
Albumax were exposed to serial drug dilutions in micro-
titre plates. After 48 h of incubation at 37 �C in a re-
duced oxygen atmosphere, 0.5 lCi [3H]-hypoxanthine
was added to each well. Cultures were incubated for a
further 24 h before they were harvested onto glass-fibre
filters and washed with distilled water. The radioactivity
was counted using a BetaplateTM liquid scintillation
counter (Wallac, Zurich, Switzerland). The results were
recorded as counts per minute (cpm) per well at each
drug concentration and expressed as a percentage of
the untreated controls. From the sigmoidal inhibition
curves IC50 values were calculated. Artemisinin was used
as reference (Table 2).

5.6. In vitro assays for Trypanosoma brucei rhodesiense,
T. cruzi, Leishmania donovani and L6 cell cytotoxicity

Antiparasitic assays for T. brucei rhodesiense,
T. cruzi and the cytotoxicity assay against rat skeletal
myoblasts (L6 cells) were performed as described previ-
ously.53 The assay for L. donovani was done using the
Alamar Blue assay as described for T. brucei rhodes-
iense. Briefly, axenic amastigotes were grown in SM
medium54 at pH 5.4 supplemented with 10% foetal
bovine serum. 100 ll of the culture medium with 105

amastigotes from axenic culture with or without a serial
drug dilution was seeded in 96-well microtitre plates.
After 72 h of incubation 10 ll of Alamar Blue was then
added to each well and the plates incubated for another
2 h. Then the plates were read with a microplate fluo-
rometer as previously described.53 Benznidazole, melar-
soprol, miltefosine, and podophyllotoxin were used as
reference (Table 2).

5.7. PfFabI inhibition assay and kinetic studies with
oroidin base (4a)

The PfFabI assay was carried out as reported.11,12

Briefly, the extracts or isolated compounds were dis-
solved in DMSO and tested at 10–100 lg/ml in the pres-
ence of 1 lg (22 nM) enzyme and 200 lM NADH in
1 ml of 20 mM Hepes, pH 7.4, and 150 mM NaCl.
The reaction was started by addition of 50 lM croto-
noyl-CoA (substrate). The enoyl-reductase activity of
PfFabI was assayed by monitoring the oxidation of
NADH to NAD+ at 340 nm for 1 min. The initial veloc-
ities were determined and IC50 values were estimated
from graphically plotted dose–response curves. Triclo-
san was used as positive control (IC50 50 nM = 14 ng/
ml).

The inhibition mechanism for 4a was determined with
respect to the substrate crotonoyl-CoA and the cofactor
NADH under Michaelis–Menten steady-state condi-
tions. With respect to the substrate, PfFabI was incu-
bated with a fixed and saturating NADH
concentration (200 lM) and increasing inhibitor con-
centrations (0–2 lM). The reaction was initiated by the
addition of crotonoyl-CoA (10–50 lM). The inhibition
mechanism with respect to the NADH was determined
in a similar way. To this end, FabI was incubated with
varying NADH concentrations (10–50 lM) and differ-
ent inhibitor concentrations (0–2 lM). The reaction
was initiated by the addition of 500 lM crotonoyl-
CoA. Ki values were obtained from Dixon and second-
ary plots. The reported values represent means of three
independent experiments.

5.8. MtFabI and EcFabI inhibition assays

Enzyme inhibition assays were performed as de-
scribed.47,55,56 MtFabI (50 nM) and EcFabI (10 nM)
were assayed in 30 mM PIPES and 150 mM NaCl buffer
at pH 6.8 or pH 8.0, respectively, using 25 lM 2-dodece-
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noyl-CoA and 250 lM NADH. Enzyme activity was
monitored by following the oxidation of NADH at
340 nm. The initial velocities were determined in tripli-
cate at increasing inhibitor concentrations [I], and IC50

values were calculated by fitting the data to equation
y = 100/(1 + [I]/IC50)1 using Grafit 4.0.
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