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Abstract

Anti-plasmodial activity-guided fractionation of Phlomis
brunneogaleata (Lamiaceae) led to the isolation of two new me-
tabolites, the iridoid glycoside, brunneogaleatoside and a new
pyrrolidinium derivative (2S,4R)-2-carboxy-4-(E)-p-coumaroy-
loxy-1,1-dimethylpyrrolidinium inner salt [(2S,4R)-1,1-dime-

significant leishmanicidal activity (ICso = 1.1 and 4.1 ug/mL,
respectively). The inhibitory potential of the pure metabolites
against plasmodial enoyl-ACP reductase (Fabl), which is the key
regulator of type II fatty acid synthases (FAS-II) in P. falciparum,
was also assessed. Compound 10 showed promising Fabl inhibit-
ing effect (ICso = 10 ug/mL) and appears to be the first anti-ma-
larial natural product targeting Fabl of P. falciparum.

thyl-4-(E)-p-coumaroyloxyproline inner salt]. Moreover, a

known iridoid glycoside, ipolamiide, six known phenylethanoid Key words

glycosides, verbascoside, isoverbascoside, forsythoside B, echi- Phlomis brunneogaleata - Lamiaceae - iridoid - pyrrolidinium
nacoside, glucopyranosyl-(1—G;-6)-martynoside and integrifo- derivative - betonicine - luteolin 7-0-p-p-glucopyranoside -

lioside B, two flavone glycosides, luteolin 7-0-B-p-glucopyrano-
side (10) and chrysoeriol 7-0-B-p-glucopyranoside (11), a lignan
glycoside liriodendrin, an acetophenone glycoside 4-hydroxy-
acetophenone 4-0-(6"-0-B-p-apiofuranosyl)-p-o-glucopyranoside
and three caffeic acid esters, chlorogenic acid, 3-0-caffeoylquinic
acid methyl ester and 5-O-caffeoylshikimic acid were isolated.

Plasmodium falciparum enoyl-acyl carrier protein reductase
(Fabl) - type II fatty acid synthase (FAS-II)

Abbreviations
ACP:  Acyl Carrier Protein

The structures of the pure compounds were elucidated by means CC:  Column Chromatography

of spectroscopic methods (UV, IR, MS, 1D and 2D NMR, [a]p) and  Fabl:  Enoyl-Acyl Carrier Protein Reductase
X-ray crystallography. Compounds 10 and 11 were determinedto  FAS-I:  Type I Fatty Acid Synthase System

be the major anti-malarial principles of the crude extract (ICs, FAS-II: Type Il Fatty Acid Synthase System
values of 2.4 and 5.9 ug/mL, respectively). They also exhibited ~MPLC: Medium Pressure Liquid Chromatography
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Introduction

Malaria is a major infectious disease causing more than 1 million
deaths and 300 to 500 million clinical infections annually. Para-
site resistance is developing rapidly and has resulted in a resur-
gence of malaria. Therefore, new chemotherapeutic targets are
required. Recent investigations have uncovered the existence of
a type II fatty acid biosynthesis (FAS-II) system in Plasmodium
falciparum [1]. It is found in plants and most prokaryotes and
consists of discrete enzymes that perform the individual reac-
tions. Higher eukaryotes and yeast carry a type I system (FAS-I),
which is structurally different with the biosynthetic enzymes in-
tegrated into a large multifunctional polypeptide. Fatty acids
play a pivotal role in cells as metabolic precursors for biological
membranes and energy stores, and inhibition of fatty acid bio-
synthesis has been validated as an excellent target in anti-micro-
bial drug discovery. Several specific inhibitors of the FAS-II path-
way are known, including isoniazid, triclosan and thiolactomy-
cin. The latter two also inhibit the growth of P. falciparum [1],
[2], [3], [4]. Recently, triclosan was identified as a potent inhibi-
tor of the NADH-dependent P. falciparum enoyl-ACP reductase
(also termed Fabl), which is the key regulator of FAS-II, commit-
ting the final reduction step in chain elongation [2], [3]. This ren-
dered the Fabl enzyme an ideal target for the development of
new anti-malarial drugs.

In order to discover anti-malarial agents from endemic Turkish
plants, we studied Phlomis brunneogaleata, one of the 34
Phlomis species found in the flora of Turkey. The water-soluble
portion of the total MeOH extract of the aerial parts of this plant
was chosen for chemical investigations due to its anti-plasmo-
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dial activity against a drug-resistant strain (K1) of P. falciparum.
In this article, we describe the anti-plasmodial activity-guided
purification and isolation of 16 metabolites, two of which (1, 2)
are new to the literature. The anti-protozoal activity of the single
components against a broad panel of parasitic protozoa as well
as their inhibitory potential towards purified enoyl-ACP reduc-
tase (Fabl) of P. falciparum are also presented.

Materials and Methods

General experimental procedures

The NMR spectra were obtained on a Bruker Avance DRX 600 FT
spectrometer operating at 600 ("H-NMR) and 150 (*C-NMR)
MHz. The chemical shift values are reported as parts per million
(ppm) units relative to tetramethylsilane (TMS). Mass spectra
were taken on a Bruker Esquire-LC-MS (ESI mode) spectrometer.
Optical rotations were recorded using an Autopol IV polarimeter.
CC was carried out over silica gel (70-230 mesh, Merck) and
polyamide (Fluka). MPLC separations were performed on a Labo-
matic glass column (2.6x46 cm; 3x24 cm, i.d.), packed with Li-
Chroprep Cg, using a Biichi 681 chromatography pump.

Plant material

Phlomis brunneogaleata Hub.-Mor. (Lamiaceae) was collected
from Gaziantep, Nurdagi, Turkey, in June 2002 and identified by
one of us (A.A.D.). Voucher specimens have been deposited at the
Herbarium of the Biology Department, Faculty of Science, Hacet-
tepe University, Ankara, Turkey (AAD 10936).

Extraction and isolation

The powdered aerial parts of Phlomis brunneogaleata (450 g)
were extracted with MeOH (2x4 L, 5h) and then filtered. The fil-
trates were combined and evaporated to dryness under vacuum
to afford 45 g crude extract (yield: 10%). The MeOH extract was
suspended in H,0 (50 mL), and then partitioned with CH,Cl,
(4%100 mL). The H,0 portion yielded 36 g extract upon concen-
tration. An aliquot (35.5 g) of extract was placed on a column
packed with polyamide (100 g). Elution with H,0 (400 mL) and
a stepwise gradient of MeOH in H,0 (15-100% in steps of 15%,
each 250 mL), yielded eight major fractions (frs. A-H). Fr. B
(10.8 g) was subjected to RP-MPLC (LiChroprep C;g; column di-
mensions: 2.6x46 cm), eluted with MeOH-H,0 mixtures (0-
60%, with increasing 5%, each 200 mL) to yield eight fractions,
B, - Bg. Fraction B, (100 mg) was rechromatographed on a silica
gel (12 g) column (CHCl;-MeOH-H,0, 70:30:3 and 61:32:7,
both 200 mL) to give 14 (31 mg). Fraction B; (50 mg) was applied
to a silica gel (8 g) column [CHCl;-MeOH-H,0, 90:10:1 (100
mL), 800:20:2 (100 mL) and 70:30:3 (50 mL)] to obtain 13 (3
mg). Purification of fr. Bs (159 mg) by silica gel (18 g) CC using
CHCl;-MeOH-H,0 (70:30:3, 400 mL) furnished 3 (7 mg) and 2
(7 mg). Fr. Bg (250 mg) was chromatographed on a silica gel (20
g) column employing CH,Cl,-MeOH-H,0 mixtures [80:20:2
(100 mL) and 70:30:3 (200 mL)] to afford fr. Bg, (25 mg) and 7
(24 mg). Liriodendrin (12, 2 mg) was crystallized from ft. Bg, in
MeOH. Repeated chromatography of fr. Bg (260 mg) on a silica
gel (26 g) column utilising CH,Cl,-MeOH-H,0 [90:10:1 (200
mL), 70:30:3 (200 mL) and 61:32:7 (100 mL)] yielded 8 (29
mg) and 6 (23 mg) respectively. Fr. D (1.6 g) was chromato-
graphed by C;3-MPLC (column dimensions: 3 x 24 cm) employing



an MeOH-H,0 (15-65 % with increasing 5%, each 200 mL) gradi-
ent to yield six major fractions, fr. D;-Dg. Fr. D, (244 mg) was
subjected to a silica gel (20 g) column using CH,Cl,-MeOH-H,0
mixtures (90:10:1, 80:20:2 and 70:30:3, each 100 mL) to af-
ford 15 (15 mg). Repeated chromatography of fr. D; (370 mg) on
a silica gel (35 g) column [CH,Cl,-MeOH-H,0, 80:20:2 (100 mL)
and 70:30:3 (200 mL)] yielded 4 (20 mg). Integrifolioside B (9, 3
mg) and brunneogaleatoside (1, 15 mg) were purified from frac-
tions D5 (50 mg) and Dg (83 mg), respectively, in the same fash-
ion [silica gel CC; CH,Cl,-MeOH-H,0 (90:10:1, 80:20:2 and
70:30:3, each 100mL for 9 and 90:10:1 (100mL) and
80:20:2 (50 mL) for 1]. Fraction F (950 mg) was likewise subjec-
ted to C;3-MPLC (column dimensions: 3 x24 cm) using stepwise
gradients of MeOH (20-70% with increasing 5%; each 200 mL)
in H,O to yield 16 (31 mg) and four main fractions, fr. F, - Fs. Fr.
F, (48 mg) was further applied to a silica gel (8 g) column
[CH,Cl,-MeOH-H,0, 80:20:2 (100 mL) and 70:30:3 (50 mL)]
to afford 5 (16 mg). Fr. F, (60 mg) was rechromatographed on a
silica gel (6 g) column employing a CH,Cl,-MeOH-H,0 mixture
(80:20:2,100 mL) to yield pure 10 (5 mg). Compound 11 (17 mg)
was purified from fr. F5 (85 mg) by using silica gel (12 g) CC and
CHClI;-MeOH-H,0 (85:15:1 and 80:20:2, both 100 mL) as elu-
ents. Detection of the isolates by TLC [SiO,, solvent systems a:
CHCl;-MeOH-H,0 (70:30:3), b: CHCl;-MeOH-H,0 (61:32:7), c:

CHCl;-MeOH-H,0 (80:20:2), spray reagent: vanillin-H,SO,] Rf
1:0.65 (c), 2:0.26 (a), 3:0.65 (a), 4:0.42 (a), 5:0.44 (a), 6:0.33
(b), 7:0.27 (b), 8:0.35 (a), 9:0.57 (a), 10:0.36 (a), 11:0.49 (a),
12:0.43 (a),13:0.34 (a),14:0.24 (b),15:0.70 (a),16:0.52 (a).

Physical and spectroscopic data

Brunneogaleatoside (1): Amorphous powder; [o]3’: -75.9° (¢ 0.1,
MeOH). IR (KBr): vy = 3416, 1706, 1632, 1605, 1516 cm~'; UV
(MeOH): Ayax = 226, 304 nm; ESI-MS: m/z = 589 [M + Nal*
(Cy7H34043); TH-NMR (CD;0D, 600 MHz) and *C-NMR (CD50D,
150 MHz): see Table 1.

(25,4R )-2-carboxy-4-(E)-p-coumaroyloxy-1,1-dimethylpyrroli-
dinium inner salt (2): Colourless plates [from MeOH:MeCN
(1:2)]; m.p. 239-241°C; [a]?: +3.9° (¢ 0.1, MeOH). IR (KBr):
Vmax = 3377, 1710, 1633, 1606, 1516 cm™'; UV (MeOH):
Amax = 229, 304 nm; ESI-MS: m/z = 304 [M-H]-, 328 [M + NaJ*,
633 [2M + NaJ*) (C;6H1NOs); TH-NMR (DMSO-dg, 600 MHz) and
13C-NMR (DMSO0-dg, 150 MHz): see Table 2.

Specific rotation ([ o]2?) values of the known compounds: 3: -104°
(c0.215, MeOH); 4: -84° (¢ 0.08, MeOH); 5: -57° (c 0.09, MeOH);
6: -78° (c 0.12, MeOH); 7: -50° (c 0.13, MeOH); 8: -63° (¢ 0.1,
MeOH); 9: -80° (c 0.05, MeOH); 10: —48° (¢ 0.15, EtOH); 11: -52°

|
Table1 3G and "H-NMR spectroscopic data and HMBC correlations for 1 (CD;0D, '3C: 150 MHz; 'H: 600 MHz)?

CH 8 ppm &, ppm, | (Hz) HMBC (H—C)
1 CH 92.5 5.35d (8.7) G3,G5,G9, G
3 CH 98.8 5305 G1, G4, G5, 3-OCH;
4 C 123.4
5 C 160.4
6 CH, 29.9 2.72m C4,C5
7 CH, 40.2 1.83m G5, C6,CG8,CG9, G10
1.76 m
C 79.3
9 CH 56.2 2.70d (8.7) G1,G4,C5,C8
10 CH, 21.9 1.22s G7,C8,C9
11 C 166.7
3-OCH; CHs 56.6 3.51s c3
COOCH3 CH, 52.0 3.73s G11
1 CH 100.0 4.77d(7.5) G1,GC5
2 CH 74.5 3.39dd (8.6, 7.5) c3’
3 CH 78.1 3.45t(8.6) 2, C4
4 CH 72.5 3.37t(8.6) G3UE54CE6"
5 CH 76.0 3.60m
6’ CH, 65.1 4.53dd (11.8,2.3) c=0
431dd(11.8,7.7) C=0,C5
17 C 127.3
2” CH 131.4 7.41d(8.6) G3”,G4”, G5, C6” G
3”7 CH 117.0 6.76 d (8.6) G17,CG4”, 5%, CB
4” C 161.4
57 CH 117.0 6.76 d (8.6) G17,G27,C4”,G6”, G
6” CH 131.4 7.41d(8.6) G17,G27, C4”, G5”, G
a CH 115.1 6.28 d (16.0) G17, GB,C=0
B CH 147.0 7.59d (16.0) C=0,CG17,G2% C6”, Ca
c=0 C 169.1

a All assignments are based on 2D NMR (DQF-COSY, HSQC, HMBC and ROESY).
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Table2 '3Cand "H NMR spectroscopic data and HMBC correlations for 2 (DMSO-dg, *C: 150 MHz; "H: 600 MHz)
CH S ppm &, ppm, | (Hz) HMBC (H—C)
2 CH 75.0 4.13dd (7.7, 11.0) C3,C4,G6,G7,CG8

3a 2.72 ddd (15.0, 11.0, 8.1) G2, G4, C6
3 CH, 334 2.36 br. dd (15.0, 7.7, 2.0)
4 CH 69.1 5.31 dddd (8.1, 7.7, 5.1, 2.0) C=0,C2

50 4.22 dd (12.8, 7.0)

G2,G3,CG4,CG7,C8

58 CH, 70.4 3.58dd (12.8, 5.1)

6 Coo 165.6

7 (N-Me ) 47.0 3.125s G2,G5,C8

8 (N-Me ) 52.5 3.33s €2,E5,C7

1 c 124.7

2 CH 1305 7.56 d (8.6) G3’, G4/, G5/, C6, CB
3 CH 116.0 6.83 d (8.6) G/, G4/, G5, CB

4 C 160.5

5 CH 116.0 6.83 d (8.6) G1, G3, G4’

6’ CH 1305 7.56 d (8.6) G3’, G4/, G5/, CB

o CH 113.1 6.39d (16.0) C=0,C4,G1, CB

B CH 145.9 7.63 d (16.0) C=0, G/, G2, C6, Ca
Cc=0 c 166.2

(c 0.09, EtOH); 12: -17° (c 0.06, MeOH); 13: ~79° (¢ 0.14, MeOH);
14: -120° (c 0.045, MeOH); 15: -29° (c 0.09, MeOH); 16: -97°
(c0.09, MeOH).

Crystal data for compound 2 (see Fig.1): C;sH;oNOs-2H,0,
Mr = 341.36, monoclinic, space group P2, a = 6.5137(1), b =
6.9192(2), ¢ = 19.1825(5) A, B = 91.293(1)°, V = 864.33(4) A3, Z
= 2, D, = 1.312gcm3, crystal dimensions: 0.05x 0.22x 0.28 mm,
T = 160 K, Nonius KappaCCD area-detector diffractometer, Mo-Ke:
radiation, A = 0.71073 A, u = 0.103 mm™, 6, = 30°, 22510
measured reflections, 2725 symmetry-independent reflections,
1899 reflections with I > 2o (I), no absorption correction. The struc-

Fig.1 3D-ORTEP projection of 2-2H,0 (crystallographic numbering,
50 % probability ellipsoids).
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ture was solved by direct methods with SIR92 and refined using
SHELXL97 [5]. All non-H atoms were refined anisotropically. The
hydroxy and water H-atoms were refined while restraining the
water O-H and H--H distances. All remaining H atoms were placed
in geometrically calculated positions and refined using a riding
model. The refinement on F? of 240 parameters using 2722 reflec-
tions and 8 restraints gave R(F) [I > 20o(I) reflections] = 0.047,
WR(F2) = 0.124, (all reflections, S = 0981, Appax = 0.25 e A3). A
correction for secondary extinction was applied. The absolute con-
figuration could not be determined crystallographically. Instead,
the enantiomer used in the refinement was chosen to match that
of a related compound [6], [7]. CCDC-225408 contains the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk).

In vitro anti-protozoal and cytotoxic activity

Anti-parasitic assays for Plasmodium falciparum, Trypanosoma
cruzi and Trypanosoma brucei rhodesiense as well as the cytotoxi-
city against rat skeletal myoblasts (L6 cells) were performed as
previously described [8]. The assay for Leishmania donovani was
done using the Alamar Blue assay as described for T. b.
rhodesiense. Briefly, axenic amastigotes were grown in SM medi-
um at pH 5.4 supplemented with 10% fetal bovine serum. 100 uL
of the culture medium with 10° amastigotes from axenic culture
with or without a serial drug dilution were seeded in 96-well mi-
crotiter plates. Each drug was tested in duplicate and each assay
was repeated once. After 72 hours of incubation 10 uL of Alamar
Blue (12.5mg resazurin dissolved in 100 mL distilled water)
were added to each well and the plates incubated for another 2
hours. Then the plates were read with a microplate fluorometer
as previously described [8]. Artemisinin, benznidazole, melarso-
prol, miltefosin and podophyllotoxin were used as positive con-
trols. The ICsq values of reference chemicals are shown in Table 3.



P. falciparum enoyl-ACP reductase inhibition assay

The protein was purified as described [2]. All measurements
were performed on a Uvikon 941 Plus spectrophotometer (Kon-
tron Instruments) in 1 mL of 20 mM Tris/HCl pH 7.4 and 150 mM
NaCl. The compounds were dissolved in MeOH and tested at
10 ug/mL in the presence of 1 ug (20 nM) enzyme and 200 uM
NADH. The reaction was started by addition of 50 uM crotonoyl-
CoA. The reaction mixture was read spectrophotometrically for 1
min by following the oxidation of NADH to NAD* at 340 nm
(e = 6.3 mM-T cm1). ICs, values were estimated from graphical-
ly plotted dose-response curves. Triclosan was used as a positive
control (ICsq 50 nM = 14 ng/mL).

Results

In a standard [3H]hypoxanthine uptake assay, the MeOH extract
of the aerial parts of Phlomis brunneogaleata showed in vitro
growth inhibitory activity against a chloroquine- and pyrimetha-
mine-resistant strain (K1) of P. falciparum (ICsy:13.9 ug/mL).
This extract was partitioned between H,0 and CH,CI,. The anti-
malarial activity was tracked to the H,0-phase (ICsq:19.6 ug/
mL), which was fractionated by polyamide CC. Three main poly-
amide fractions (B, D and F) retained the activity of the H,0 ex-
tract. An anti-plasmodial activity-guided isolation protocol car-
ried out on these fractions by employing RP-18 MPLC and silica
CC afforded 16 metabolites. Herein we report the isolation, struc-
ture elucidation and biological activity profile of compounds 1-
16.

Brunneogaleatoside (1) was obtained as an optically active amor-
phous powder ([a]p: =75.9°, MeOH). Its molecular formula was
established as C,;H3,0,5 on the basis of the positive-ion ESI-MS
(m/z = 589 [M + Na]*) and *C-NMR data (Table 1). The '"H-NMR
spectrum (Table 1) displayed signals due to a tertiary methyl (6

1.22), two methylene (6 2.72; 1.83 and 1.76), two acetal protons
(6 5.35 and 5.30), a methoxycarbonyl (6 3.73) and an aliphatic
methoxy (6 3.51) functionalities. Moreover, the aromatic signals
appeared as an AABB’system at § 7.41 (2H) and 6.76 (2H) togeth-
er with two olefinic protons observed as an AX system at § 6.28
and 7.59 (Jax = 16.0 Hz) were indicative of an (E)-p-coumaroyl
moiety. The anomeric proton signal at §4.77 along with the other
sugar resonances at 6 3.37-4.53 suggested the presence of a 3-
glucopyranosyl unit in 1. The 3C-NMR spectrum of 1 contained
27 signals, six of which were attributed to a S-glucopyranosyl
unit and nine of which were ascribed to an (E)-p-coumaric acid.
A DEPT-135 experiment sorted the remaining 12 resonances aris-
ing from the aglycone moiety into four quaternary, three me-
thine, two methylene, one methyl and two methoxy carbon
atoms. All the "H- and *C-NMR chemical shifts of 1 (Table 1)
were assigned by means of DQF-COSY, HSQC and HMBC experi-
ments and clearly revealed that 1 has the basic aglycone skeleton
of 3-epiphlomurin, an iridoid glycoside recently reported from
Phlomis aurea [9]. 3-Epiphlomurin is a A** olefin (instead of
A34) and possesses an o-methoxy function at C-3. The only sig-
nificant difference between 1 and 3-epiphlomurin stems from
the position of the g-hydroxy group in the cyclopentane ring. Ac-
cording to the chemical shift values of C-8 and Me-10, it is locat-
ed at C-8 in 1, whereas 3-epiphlomurin bears a hydroxy function
at C-7. This interpretation was corroborated by the DQF-COSY
spectrum where H,-6 (6 2.72) and H,-7 (6 1.83 and 1.76) ap-
peared as the partners of one spin system. The other spin-cou-
pled system was due to H-1 and H-9 of the iridoid aglycone.
This left only the acyl function to be positioned. The downfield
shifts for the H, - 6”signals of the glucose unit and the long-range
correlations (Table 1) between these signals and the carbonyl
carbon atom of the p-coumaric acid revealed the site of esterifi-
cation to be at C-6”(OH). The relative stereochemistry of the chir-
al centres in 1 was deduced by means of a ROESY experiment.
ROE cross-peaks between H-3 and H-9 indicated that these pro-

Table 3 Biological activities of the metabolites of Phlomis brunneogaleata (ICs, in ug/mL)

Compound Trypanosoma Trypanosoma Leishmania Plasmodium L6 cells
b. rhodesiense cruzi donovani falciparum
Reference 0.00098¢° 1.06° 0.102¢ 0.00224 0.008¢
1 18.1 >90 4.7 389 >90
2 64.4 >90 9.1 >50 >90
3 nt nt nt nt nt
4 14.2 >90 8.7 >50 37.1
5 6.2 >90 9.2 37.5 55.4
6 5.8 >90 11.4 >50 70.1
7 8.9 >90 13.1 >50 >90
8 28.1 >90 9.5 >50 >90
9 >100 >90 8.4 >50 >90
10 60.6 >90 1.1 2.4 >90
1 88.7 >90 4.1 5.9 >90
12 344 >90 11.6 >50 >90
13 >100 >90 11.2 >50 >90
14 18.9 >90 7.0 >50 >90
15 16.8 >90 8.8 42.8 84.1
16 21.4 >90 7.3 >50 >90

2 melarsoprol, ® benznidazole, © miltefosin, ¢ artemisinin, ¢ podophyllotoxin, nt: not tested.
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tons lie on the same side () of the molecule. Significant correla-
tions between H-1/Me-10 and H-1/OMe-3 showed them to be
positioned on the other side () of the molecule. The « orienta-
tion of the methoxy group at C-3 was further confirmed by com-
paring the chemical shift of C-1 (§: 92.5) with the epimeric com-
pounds, phlomurin (&: 96.1) and 3-epiphlomurin (5: 92.3) [9].

Compound 2 was obtained as colourless plates (m.p. 239-
241°C, [a]p: +3.9°, MeOH). Its molecular formula was assigned
as C;6H1gNO5 by negative and positive-ion ESI-MS ([M - H|- m/z =
304; [M + Na]'m/z = 328; [2M + Na]'m/z = 633) and *C-NMR
data (Table2). From the 'H-NMR spectrum (Table 2), it was ob-
vious that compound 2 also contained an (E)-p-coumaroyl moiety,
in addition to two methylene (6 4.22, 3.58; § 2.72, 2.36), two me-
thine (65.31 and 4.13) and two N-methyl (63.33 and 3.12) protons.
The signal at §4.13 was indicative of a proton (H-2) o to a quatern-
ary nitrogen atom and a COO- group, typical for a zwitterionic N,N-
dimethylpyrrolidine ring [10]. This assumption was confirmed by
long range correlations (Table 2) observed from H-2 to C-3, C-4,
C-6 and both N-methyl signals. The chemical shift values of H-4
(65.31) and C-4 (6 69.1) implied the presence of an oxygen func-
tion at C-4. Furthermore, the cross peak between H-4 and the car-
bonyl carbon (& 166.2) of the p-coumaroyl moiety suggested HO-
C-4 to be the site of acylation. The complete assignment of the
TH-NMR signals and the determination of the relative stereochem-
istry at C-2 and C-4 were based on the analysis of the ROESY spec-
trum. Thus, the cross-peaks of H-2 (8 4.13) with the signals at &
2.36 (H-3pB), 3.58 (H-5B) and 3.33 (N-Me-8) indicated their cis-
relationship. Additional ROE correlations were observed between
the proton pairs at § 5.31 (H-4)/6 4.22 (H-5«), § 5.31 (H-4)/6 3.12
(N-Me-7) and & 2.72 (H-3)/6 3.12 (N-Me-7). This finding and, in
particular, the absence of dipolar coupling between H-2 and H-4
evidenced a trans-arrangement between H-2 and H-4 and there-
fore of the substituents at C-2 (COO-) and C-4 [(E)-p-coumaroy-
loxy]. Further analysis of the COSY, HSQC and HMBC spectra sub-
stantiated all proton and carbon signals (Table 2). Hence, 2 was es-
tablished as the 4-(E)-p-coumaroyl ester of trans-4-hydroxyproli-
nebetaine (betonicine). A comparison of our NMR data with those
published in the literature [ 7] indicated that the assignments of H-
3aand H-3B1in [7] have to be interchanged. As compound 2 readily
produced crystals of high quality, a low temperature X-ray crystal
structure analysis was performed. The X-ray study confirmed the
proposed relative stereochemical assignments for 2 (Fig.1), but
could not confirm the absolute configuration. The absolute config-
urations of (-)-betonicine (2S,4R), (+)-ent-betonicine (2R,4S), as
well as that of the cis-diastereomers (-)-turicine (25,4S) and (+)-
ent-turicine (2R,4R) have been determined unambiguously by syn-
thesis from the corresponding proline precursors [6]. Hence, the
absolute configuration of 2 can be assigned after saponification
and comparison of the [a], values. However, due to the low quan-
tity available of 2 and its consumption for the biological assays,
this chiroptical correlation could not be performed. Since (4R)-hy-
droxy-i-proline is considered to be the predominant precursor of
such betaines in Nature, we tentatively assign the (25,4R)-config-
uration to 2. Consequently, the structure of 2 was established as
(2S,4R)-2-carboxy-4-(E)-p-coumaroyloxy-1,1-dimethylpyrroli-
dinium inner salt [(2S,4R)-1,1-dimethyl-4-(E)-p-coumaroyloxy-
proline inner salt].
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In addition to these compounds, a known iridoid glycoside, ipo-
lamiide (3) [11], six known phenylethanoid glycosides, verbasco-
side (4) [12], isoverbascoside (5) [11], forsythoside B (6) [11],
echinacoside (7) [12], glucopyranosyl-(1—G;-6)-martynoside
(8)[13] and integrifolioside B (9) [14], two flavone glycosides, lu-
teolin 7-0-B-p-glucopyranoside (10) [15] and chrysoeriol 7-0--
p-glucopyranoside (11) [15], a lignan glycoside, liriodendrin (12)
[16], an acetophenone glycoside, 4-hydroxyacetophenone 4-0-
(6™-0-B-p-apiofuranosyl)-B-o-glucopyranoside (13) [17] and
three caffeic acid esters, chlorogenic acid (14) [18], 3-O-caffeoyl-
quinic acid methyl ester (15) [19] and 5-O-caffeoylshikimic acid
(16) [20] were also isolated and identified by comparison of their
1D-NMR and MS data with those published in the literature.
Since the specific rotation values of some of the known com-
pounds are missing in the literature, the [o]3° data of 3-16 in
common solvents (MeOH or EtOH) are also listed in the Materials
and Methods section.

The biological activities as well as the cytotoxic effects of com-
pounds 1-2 and 4-16 on rat skeletal myoblasts (L6 cells) are
shown in Table 3. Ipolamiide (3), the minor component of P.
brunneogaleata could not be tested due to the limited amount
isolated. Luteolin 7-0-B-p-glucopyranoside (10) and chrysoeriol
7-0-B-p-glucopyranoside (11) retained the in vitro activity of the
crude extract against the chloroquine- and pyrimethamine-re-
sistant P. falciparum (strain K1) with IC5, values of 2.4 and
5.9 ug/mL, respectively. This prominent activity encouraged us
to investigate the inhibitory activity of the isolates towards puri-
fied enoyl-ACP reductase (Fabl) of P. falciparum, by means of an
in vitro spectrophotometric assay. Luteolin 7-0-p-p-glucopyra-
noside (10) displayed remarkable enzyme inhibitory potential
towards plasmodial Fabl enzyme (ICsy:10ug/mL). All tested
compounds exhibited a pronounced effect against axenic L.
donovani amastigotes with ICs, values ranging from 1.1 ug/mL to
13.1 ug/mL. Noteworthy is that both flavonoid glycosides, 10
(ICs50: 1.1 ug/mL) and 11 (ICsq:4.1 ug/mL) were the most potent
leishmanicidal agents. The anti-protozoal activity of the isolates
was also evaluated against the trypomastigote forms of two
Trypanosoma species. Although none were active against T.
cruzi, all P. brunneogaleata metabolites, except for 9 and 13,
showed appreciable trypanocidal effect towards T. brucei
rhodesiense (Table 3). Particularly active compounds were 5, 6
and 7 with ICs; values of 6.2, 5.8 and 8.9 ug/mL, respectively. As
shown in Table 3, none of the isolates displayed significant toxi-
city on the respective mammalian host cells (L6).

Discussion

It has long been believed that the malaria parasite, Plasmodium
sp., is unable to make its own fatty acids, depending instead on
scavenged fatty acids from the host erythrocyte and serum [21].
The discovery of a type II fatty acid biosynthesis (FAS-II) in
Plasmodium was therefore surprising, as this pathway had been
found only in plants and prokaryotes. The current molecular
and biochemical data show that in Plasmodium, FAS-II is the
only fatty acid pathway whose enzymatic components reside in
the apicoplast, a unique plastid organelle derived from a cyano-
bacterial endosymbiont [1], [4], [21]. The individual condensa-
tion, reduction and dehydration reactions in type II fatty acid



biosynthesis are carried out by separate enzymes. The final re-
duction step in each elongation process is catalyzed by a single
enzyme, enoyl-ACP reductase (Fabl). This key regulatory effect
of Fabl in the fatty acid biosynthesis of P. falciparum, as well as
the absence of the whole FAS-II pathway in humans, make this
enzyme an excellent target for anti-malarial drug discovery. Tri-
closan, a widely used antibacterial agent, has emerged as the
most powerful inhibitor of this enzyme [3] (in this study
IC50: 14 ng/mL). Triclosan potently inhibits the growth of P.
falciparum in vitro (ICsq: 0.2 ug/mL to 2 ug/mL, depending on the
parasite strain tested [4]), and also in vivo, in the P. berghei
mouse model [3]. So far, only two natural products, cerulenin
and thiolactomycin, both of fungal origin, are known to inhibit
the plasmodial FAS-II. However, the major targets of these com-
pounds are FabB/FabF and FabH [1], [21], and not Fabl. Thus, lu-
teolin 7-O-B-p-glucopyranoside (10) isolated in this study ap-
pears to be the first plasmodial FAS-II inhibiting natural product,
specifically and significantly targeting the malarial Fabl enzyme
(ICs0: 10 ug/mL). Luteolin 7-0-pB-p-glucopyranoside (10) also in-
hibits the incorporation of [*H]hypoxanthine into Plasmodium
more efficiently (ICsy:2.4ug/mL) than cerulenin (ICsy:4.5 ug/
mL) or thiolactomycin (ICsy: 10.3 ug/mL) [3], [21]. It is interesting
that chrysoeriol 7-0-B-p-glucopyranoside (11), a 3”-methoxy de-
rivative of 10, has no inhibitory activity towards Fabl, indicating
the importance of an ortho-diphenol structure for enzyme inter-
action. Compound 11 has a broad anti-parasitic spectrum and is
also active against L. donovani (ICsy: 1.1 ug/mL), the causative
agent of visceral leishmaniasis.

Betaines are common within the family Lamiaceae and are found
in large amounts in the members of the subfamily Lamioideae, to
which the genus Phlomis also belongs. These compounds have
been shown to have chemotaxonomic significance for Lamia-
ceae, especially at a generic level [22]. Caffeic acid esters are
also very widely distributed in Lamiaceae and are of taxonomic
importance. To our knowledge, this is the first report of a be-
taine-phenylpropanoic acid ester from a natural source. Such be-
taine esters might be useful chemotaxonomic markers in the fu-
ture. This is also the first report on the isolation of the phenyl-
ethanoid glycosides 7 and 8, the acetophenone glycoside 13 and
the caffeic acid esters 15 and 16 from the genus Phlomis.
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