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Abstract—Bioactivity-directed fractionation of the leaves of Annona muricata L. (Annonaceae) resulted in the
isolation of two new Annonaceous acetogenins, muricoreacin (1) and murihexocin C (2). Compounds 1 and 2
showed significant cytotoxicities among six human tumor cell lines with selectivities to the prostate aden-
ocarinoma (PC-3) and pancreatic carcinoma (PACA-2) cell lines. © 1998 Elsevier Science Ltd. All rights
reserved

INTRODUCTION activity relationships (SAR) [9, 10] and syntheses [11,
12] have been actively performed as interest in their
optimum structural characteristics and potent bio-
logical activities has increased. Screening for the ace-
togenins, by the rapid and relatively uncomplicated
selected ionization procedure of liquid chro-
matography/mass spectrometry (LC/MS), has
recently simplified their detection [13], but, for the
determination of their stereochemistries and their bio-
logical properties, they must be individually isolated
and evaluated.

Annona muricata, known as sour sop or guanabana,
is grown commercially in many regions of the tropical
world. This plant has been studied extensively for new
Annonaceous acetogenins from its seeds, bark, and
leaves [6, 7, 14-25), and, to date, more than 50 ace-
togenins with diverse biological activities have been
reported from A. muricata [3]. Our previous studies
on the leaves of A. muricata has led to the isolation
of 19 cytotoxic acetogenins [6, 7, 14-20]. This paper
reports two new bioactive Annonaceous acetogenins,
muricoreacin (1) and murihexocin C (2), isolated from

* Visiting Scientist from the Department of Field Crops, the leaves.

Medicinal Crops Division, Yeongnam Agricultural Experi- S Previously reported, the leaves of A. muricaia
ment Station, Rural Development Administration, Milyang, =~ W¢I® extracted with 95% EtOH, and the extracted

The Annonaceous acetogenins are a series of C;5/Csyy
fatty acid derivatives. Since the first acetogenin, uvar-
icin, was reported in 1982, research on these ace-
togenins has expanded greatly due to their diverse
bioactivities, including in vivo antitumor, cytotoxic,
pesticidal, antibacterial, antiparasitic and immu-
nosuppressive effects [1-5].

The Annonaceous acetogenins usually have two to
five hydroxyls, with one or two of them generally
flanking a system of one to three tetrahydrofuran
(THF) rings, and the others located at different pos-
itions along the fatty acid chain. Acetogenins with six
hydroxyl and even seven hydroxyl groups have been
reported recently [6-8]. The Annonaceous acetogenins
are classified into five main types, non-THF, mono-
THF, adjacent bis-THF, non-adjacent bis-THF and
tri-THF, according to the number and the positions
of THF rings. Recently, research on their structure-

617-130, Republic of Korea. residue (F00O1) was partitioned by a standard extrac-
§Author to whom correspondence should be addressed.  tion scheme [19]. The aqueous MeOH residue (F005),
Phone: 317 494 1455; Fax: 317 494 6790 which was the most bioactive fraction in the brine
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Fig. 1. The structure of muricoreacin (1).

shrimp lethality test (BST LCs, 1.6 ppm), was sub-
jected to column chromatography on Amberlite
XAD-2 and HPLC on reverse phase and normal
phase. From the more polar fractions, 1 and 2 were
isolated. The determination of their structures was
achieved through MS, 'H and "C NMR, COSY and
single-relayed COSY experiments.

RESULTS AND DISCUSSION

Compound 1 was obtained as a white solid. The
molecular formula of 1 was determined to be C,sHg, O,
from a peak at m/z 629 [MH "] in the CIMS; the HR-
FABMS gave the [M+Li]* ion at 635.4694 (calcd.
635.4710). In the '"H-NMR spectrum, the 'H signals
at 6 7.22 (H-33), 5.06 (H-34), 3.86 (H-4), 2.47 (H-3)
and 1.43 (H-35), as well as the '°C signals at 6 52.1
(C-33), 130.9 (C-2), 78.1 (C-34), 69.2 (C-4), 33.2 (C-
3) and 19.0 (C-35) in the “C-NMR spectrum, indi-
cated that 1 has a typical methylated o,f-unsaturated
v-lactone fragment with a 4-OH group (Fig. 1). This
moiety was confirmed by a peak at m/z 141 in the
EIMS (Fig. 2).

Eight 'H NMR signals, including that for H-4
between & 3.49-4.15, as well as eight '*C signals at &
82.3,79.1, 74.8, 74.6, 73.8, 72.2, 71.6 and 69.2, except
that for C-34 at 6 78.1, suggested the presence of the
mono-THF ring with one flanking OH group and a
total of six hydroxy! groups in 1 (Table 1). The suc-
cessive losses of six m/z 18 (H,0) units in the CIMS
confirmed the presence of the six OH groups. The
mono-THF ring was determined to be of the gigan-
tetrocin A-type from the correlation between two 'H
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signals at & 3.90 (H-15) and 3.49 (H-16), cor-
responding to "C signals at § 82.3 (C-15) and 73.8
(C-16), in the '"H-'"H COSY spectrum for 1 [1]. The
placement of the mono-THF ring was determined to
be at C-12/C-15 by the EIMS fragment ions at m/z
341 and 287 (Fig. 2). The relative stereochemistry
around the mono-THF ring was determined to be
threo/trans by comparison of their 'H NMR signals
with several model compounds of known relative ster-
eochemistry [7, 19, 26-29].

In the *C-NMR spectrum of 1, the '*C signals at §
74.8 and 74.6, corresponding to two 'H resonances at
& 3.59 in the '"H-NMR spectrum, indicated the exis-
tence of one 1,2-vicinal diol with an erythro con-
figuration, based on the direct comparison of the spec-
tral data with those of model compounds bearing
vicinal diols with the same relative stereochemistry
[15, 19, 30]. The position of the vicinal diol was
assigned at C-19/C-20 from the fragment ions at m/z
429 and 199 resulting from the cleavage between C-
19 and C-20 in the EIMS (Fig. 2).

In the *C-NMR spectrum of 1, two "C signals
appeared at 6 43.5 and 42.9, which indicated the possi-
bility of the presence of at least one 1,3-diol in 1. To
establish the placement of the two OH groups related
to the 'H signals at 6 4.13 and 4.06, corresponding to
the *C signals at § 72.2 and 71.6, single-relayed COSY
experiments were performed. Correlations between ¢
3.86 and 4.06 (H-8—~H-10), d 4.06 and 4.15 (H-10—~H-
12) and é 1.97 and 1.54 and 4.15 (H-14a, H-14b-H-
12) were observed in the single-relayed COSY (Fig.
3). These observations clearly showed that the 1,3-
diol was located at C-8/C-10 and was separated by a
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Fig. 2. Diagnostic EIMS fragment ions (/m/z) of muricoreacin (1).
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Table 1. PC-NMR (125MHz, CDCly) and 'H-NMR
(500 MHz, CDCl,) Spectra Data for 1

Carbon 1

6C d H (J on Hz)
1 174.8
2 130.9
3a,3b 33.2¢ 240m, 248 m

69.2 3.86m

5 37.1° 1.52-1.68 m
6 21.3¢ 1.26-1.68 m
7 36.9¢ 1.52-1.68 m
8 71.6° 3.86m
9 43.5¢ 1.52-1.68 m
10 72.2 4.06 m
11 42.9 1.52-1.68 m
12 79.1 4.15m
13 319 2.11m, 1.54m
14 279 1.97m, 1.66 m
15 82.3 3.90m
16 73.8 3.49m
17 29.3-29.9 1.26-1.68 m
18 29.3-29.9 1.43-1.56 m
19 74.8¢ 3.59m
20 74.6° 3.59m
21 33.1° 1.43-1.56m
22-29 29.3-29.9 1.26-1.68 m
30 319 1.26-1.58m
31 22.7 1.26-1.58 m
32 14.1 0.88t(7.0)
33 152.1 7.224(1.5)
34 78.1 5.06dq(1, 6.5)
35 19.0 1.43d(6.5)

abede Agsignments are interchangeable within the same
column.

methylene group from the mono-THF ring. Con-
sidering that the hydrocarbon chain methylenes nor-
mally resonate at ca. 6 29, the *C signal at 6 21.3in 1
indicated the presence of a double f-effect on the
methylene carbon, by two hydroxylated carbons at C-
4 and C-8 [3, 4], and further illustrated that the 1,3-
diol was located at C-8/C-10. This placement was
clearly confirmed by the EIMS fragment ions at m/z
213 and m/z 257 which showed cleavage between C-8

Fig. 3. Single-relayed COSY experiment of 1 (the arrows
showing single-relayed COSY correlations).

and C-9 and between C-10 and C-11, respectively (Fig.
2).

Annohexocin bearing a 1,3,5-triol (H-8/H-10/H-12)
was recently reported to be a mono-THF acetogenin
with six OH groups isolated from leaves of 4. muricata
[6]. While unique 'H signals for H-10 at H-8/H-10/H-
12 appeared at 4 4.13 in annohexocin, 1 showed two
'H signals at 6 4.06 and 4.15 beyond J 3.95. The
relative placement of three oxygenated carbons from
C-8 to C-12 was considered to result in downfield
shifts of the 'H signals for H-10 and H-12 at é 4.06
and 4.15, respectively (Table 1). Compound 1 is dis-
tinguished from the annopentocin-type acetogenins
by having one OH group separated by a methylene
group from the mono-THF ring on the lactone side
and by one additional OH group at C-8, forming a
1,3-diol with an OH group at C-10 [9]; thus, 1 is a
new and different type of acetogenin. The relative
stereochemistry of the 1,3-diol was indicated to be
pseudo-erythro by spectral comparisons with known
model compounds bearing the same configuration [6,
8, 16, 17]. Compound 1 was named muricoreacin.

Compound 2 was also obtained as a white solid.
The molecular weight was determined by a peak at
mjz 629 [MH™*] in the CIMS, corresponding to the
moiecular formula, C;sHOy, which was confirmed
by an HR-FABMS peak at m/z 635.4717 [M+Li]*
(calcd. 635.4710). The IR spectrum of 2 showed strong
absorption at 1743 cm ™! for a y-lactone carbonyl. Sig-
nals in the "C-NMR spectrum were observed at J
175.0 (C-1), 152.4 (C-34), 135.6 (C-2), 78.2 (C-35) and
69.2 (C-4) as well as 'H signals at § 7.22 (H-34), 5.07
(H-35) and 3.87 (H-4) (Table 2), which indicated that
2, like 1, also has an «,f-unsaturated y-lactone frag-
ment with an OH group at C-4 (Fig. 4). The fragment
ion at m/z 141 in the EIMS confirmed the presence of
this moiety (Fig. 5).

Compound 2 was observed to possess a mono-THF
ring with one flanking OH group from the '*C signals
at & 81.7 (C-15), 79.3 (C-12), and 74.0 (C-16) (Table
2). An additional four >C signals were observed at
ca. & 73.9-74.5 due to hydroxylated carbons, which
indicated the presence of a total of six OH groups in
2. The presence of six OH groups was also shown by
the successive losses of six m/z 18 (H,0) units in the
CIMS.

The placements of the mono-THF ring and the OH
groups were suggested by diagnostic analyses of the
EIMS of 2 (Fig. 5). A series of intense fragment ions
were observed at m/z 341, 323, 305 and 287, due to
the cleavage between C-15 and C-16. Since the same
strong series of fragment ions was shown also in the
EIMS of 1, the mono-THF ring was assumed to be
located at the same position, C-12/C-15, and also
flanked by a single OH group at C-16 in 2. The relative
stereochemistry around the mono-THF ring from C-
12 to C-16 was similarly determined to be of the trans/
threo configuration, since the correlation between ¢
3.86 and 3.47 was observed in the '"H-"H COSY spec-
trum and the C signals at § 31.6 and 28.1, as well as
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Table 2. *C-NMR (125MHz, CDCl,+CD;0D) and 'H-
NMR (500 MHz, CDCl;) Spectra Data for 2

Carbon 2

6C d H (Jon Hz)
1 175.0
2 135.6
3a,3b 22.3-35.0 245m, 2.54m
4 69.2 3.87m*
5 22.3-35.0 1.60m
6 22.3-35.0 1.26-1.72m
7 73.9* 3.43mP
8 74.0 3.43m°
9-11 22.3-35.0 1.26-1.72m
12 79.3 394m
13 32.3-35.0 2.04m, 1.56m
14 22.3-35.0 1.97m, 1.68m
15 81.7 3.86m*
16 74.0¢ 3.47m°
17 22.3-35.0 1.26-1.72m
18 22.3-35.0 1.43-1.60m
19 74.5* 3.60m
20 74.5 3.60m
21 22.3-35.0 1.43-1.60 m
22-31 22.3-39.0 1.26-1.72m
32 13.8 0.884(7.5)
33 152.4 7.224(1.0)
34 78.2 5.07dqg(1.0, 6.5)
35 18.6 1.44d(6.5)

*b< Assignments are interchangeable within the same
column.

the 'H signalsat § 2.04 and 1.56 (H-13), 5 1.97 and 1.68
(H-14), were assigned to C-13 and C-14, respectively
(Table 2) [7, 19, 26-29].

In the *C-NMR spectrum of 2, the four "°C signals
at 6 73.9-74.5 for hydroxylated carbons, as well as the
four 'H signals at 6 3.43 (2H) and 3.60 (2H) in the 'H-
NMR spectrum, clearly indicated the existence of two
vicinal diol groups in 2 based on comparisons with
known and model acetogenins {15, 17, 19, 27, 30]. One
was assigned at C-7/C-8 by the fragment ions at m/z
299 and 199 (Fig. 5), and this was further confirmed
by the upfield shift to é 22.1, in the *C-NMR spec-
trum, due to the double f-effect on the carbon at C-
10 [6, 19, 31]. The remaining vicinal diol group was
assigned at C-19/C-20 from two strong fragment ions
series at m/z 429, 411, 393, 375, 357 and 339 and m/z
199 and 181 due to the cleavage between C-19 and C-
20 (Fig. 5). The same strong fragment ion series, due
to cleavages between C-15/C-16 and C-19/C-20, also
appeared in 1; these observations indicated that 1 and
2 have the same structural moiety from C-12 of the
mono-THF ring down the hydrocarbon chain.

Consequently, 2 was elucidated to be a hexa-
hydroxylated mono-THF ring acetogenin with two
1,2-vicinal diols. This type of acetogenin has pre-
viously been reported as murihexocins A and B [7].
The '*C-NMR spectum of 2 was obtained in a mixture
of CDCl; and CD;0OD to improve solubility. Since
the small quantity of CD;OD did not appreciately
change the chemical shift, it was possible to compare
directly the NMR spectra; almost all of the chemical
shifts in the *C-NMR spectrum of 2 matched well
with those of murihexocins A and B. However, muri-
hexocins A and B bear two threo vicinal diols. In the

Fig. 4. The structure of murihexocin C (2) (W, erythro, Wy:threo or W :threo, Wy.erythro).
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Fig. 5. Diagnostic EIMS fragment ions (m/z) of murihexocin C (2).
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Table 3. Bioactivities of 1 and 2 from dnnona muricata (EDsy:ug/ml)

Compounds BST* A-549° MCEF-7¢ HT-29¢ A-498° PC-3f PACA-2¢
1 19 0.23 1.3 0.57 0.71 0.025 2.3

2 10 1.1 3.8 1.3 2.5 0.86 0.49
Adriamycin® 0.013 0.21 0.055 0.027 0.11 0.0042

*The brine shrimp(Artemia salina Leach) test (LDs,:ug/ml), ® Human lung carcinoma, ¢ Human breast carcinoma, * Human
colon adenocarcinoma, * Human kidney carcinoma, "Human prostate adenocarcinoma, ® Human pancreatic carcinoma, " A

positive antitumor control.

"H-NMR spectrum of 2, two 'H signals were observed
at ¢ 3.60, which clearly showed the presence of an
erythro configuration in one of its 1,2-vicinal diols.
The threo configuration in the other vicinal diol was
indicated by the two 'H signals at 6 3.43 in 2. Thus, 2
was indicated to have one erythro vicinal diol and one
threo vicinal diol, but the respective placements of
each could not be solved. Compound 2 was named
murihexocin C, considering that it had the same
planar structure as murihexocins A and B.

The bioactivities of muricoreacin (1) and muri-
hexocin C (2) are summarized in Table 3. Compounds
1 and 2 showed significant bioactivities in the BST
and among the six human solid tumor cell lines. Par-
ticularly, 1 was selectively cytotoxic against the pros-
tate adenocarcinoma (PC-3) cell line at about five
times the potency of adriamycin. Compound 2 showed
selective cytotoxicity against the prostate aden-
ocarcinoma (PC-3) and the pancreatic carcinoma
(PACA-2) cell lines, with a lower level of potency.
These potencies are typical of penta- and hexa-
hydroxylated Annonaceous acetogenins which show
lower activities than the tetra- or tri-hydroxylated
compounds in SAR studies [9, 10].

EXPERIMENTAL

Instrumentation

HPLC was carried out with Rainin HPLC pumps,
a Rainin Model UV-1 detector at 220 nm using the
Dynamax software system and a C-18 column
(250 x 21 mm, 8 um, 60 A). Optical rotations were
determined by using a Perkin—Elmer 241 polarimeter.
IR spectra were obtained on a Perkin—Elmer 1600 FT-
IR spectrophotometer. UV spectra were made on a
Beckman DU 640 spectrophotometer in MeOH. 'H-
NMR, 'H-'H COSY, and "C-NMR spectra were
obtained on a Varian VXR-500S spectrometer. Low
resolution EIMS and CIMS were taken on a Finnigan
4000 spectrometer. High resolution FABMS were per-
formed on a MicroMass AutoSpec. spectrometer.

Bioassays

The brine shrimp (Artemia salina Leach) lethality
test (BST) was routinely employed for evaluating the

crude extracts, fractions, and isolated compounds [34,
35]. Cytotoxicities to human solid-tumor cell lines
were evaluated at the Purdue Cancer Center, Cell
Culture Laboratory, using the standard seven-day
MTT assays for A-549 (human lung carcinoma) [34],
MCF-7 (human breast carcinoma) [35], HT-29
(human colon adenocarcinoma) [36], A-498 (human
kidney carcinoma) [34], PC-3 (human prostate aden-
ocarcinoma) [37], and PACA-2 (human pancreatic
carcinoma) [38]. Adriamycin was used as a positive
antitumor control.

Plant material

The leaves (2.0kg) of Annona muricata L. were
obtained from fruit-producing trees growing in the
experimental orchard of Bandung Institute of Tech-
nology, Bandung, Indonesia, and were dried and pul-
verized through an 8 mm sieve in an electric mill.

Extraction and Isolation

The leaves (2.0 kg) were percolated by 95% EtOH
to give 386 g of an extract (F001, BST LCs, 30.5 ppm).
The EtOH extract was partitioned between CH,Cl,
and H,O (1:1). The H,0O-soluble fraction (F002) was
freeze-dried to yield a sticky yellow mass (260 g), while
the CH,Cl,-soluble fraction was concentrated by
rotary evaporation to yield a residue of 126 g (F003,
BST LC419.6ppm). F003 was then partitioned
between 90% aqueous MeOH and hexane (1:1). The
two phases were dried by rotary evaporation to yield
the  hexane-soluble  fraction  (F006, BST
LCs,>100ppm) (11g) and an aqueous MeOH-sol-
uble fraction (F005, BST LCy, 1.6 ppm) (115 g). Open
column chromatography of F005 (55g) was per-
formed on 250g of Amberlite XAD-2 resin eluted
by hexane, hexane-Me,CO (1:1), and then Me,CO.
Flash column chromatography of the hexane-Me,CO
(1:1) residue (10.2g, BST LC,; 0.98 ppm) from the
Amberlite column, with 0-25% MeOH in CH,Cl,,
eluted over Baker 40 um silica gel, separated mixtures
of active compounds from inert materials as deter-
mined by the BST. Active fractions were pooled by
activity and subjected to repeated chromatography,
by open columns over silica gel using gradient solvent
systems of CHCl;-MeOH or CH,Cl,-MeOH. From
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the more polar of these active impure fractions, mur-
icoreacin 1 and murihexocin C 2 were isolated by
repeated reversed phase HPLC using gradient solvent
systems of 60-90% acetonitrile in H,O for 90 min(flow
rate:10 ml/min).

Muricoreacin (1)

White solid (7.7 mg); [oJp® + 1.56° (MeOH; ¢ 0.06);
UV (MeOH) A,nm (log ¢): 220nm (3.65); IR
vimem—t: 3347 (br OH), 2916, 2849, 1743, 1470; 'H
and '’C NMR, Table 1; CIMS m/z (rel. int.): 629
(MH]*, 100), 611 ((MH-H,0]*, 15), 593 ((MH-
2H,0]*, 14), 575 ((MH-3H,0]*, 14), 557 ((MH-
4H,0]", 4), 539 (MH-5H,0}", 1), 521 (MH-6H,0]*,
1); HR-FABMS [M+Lil* m/z 6354694 (calcd
635.4710), corresponding to C;sHgsOJLi*; EIMS my/z
(rel. int.): 429 (1), 411 (8), 393 (25), 375 (25), 357 (14),
341 (8), 339 (14), 323 (70), 305 (31), 287 (8), 269 (23),
257 (2), 251 (4), 239 (42), 221 (10), 213 (71), 203 (3),
199 (8), 195 (18), 181 (27), 177 (12), 141 (20), 123 (195).

Murihexocin C (2)

White solid (3.0 mg); [¢]p* +37.5° (MeOH; ¢ 0.04),
UV (MeOH) A ,nm (log €): 220nm (3.69); IR
vimem—1:3367 (br OH), 2915, 2849, 1743, 1474; 'H
and "*C NMR, Table 2; CIMS m/z (rel. int.) 629
(IMH]*, 100), 611 ((MH-H,O}*, 26), 593 ([MH-
2H,01*%, 26), 575 ((MH-3H,0}*, 28), 557 ((MH-
4H,0]*, 25), 539 ((MH-5H,0]", 7), 521 ([MH-
6H,0]*, 7); HR-FABMS [M+Lil* m/z 6354717
(calcd 635.4710), corresponding to C;sHgOILit;
EIMS m/z (rel. int.): 429 (1), 411 (7), 393 (26), 375
(65), 357 (12), 341 (2), 339 (3), 323 (77), 305 (24), 299
(10), 287 (9), 281 (52), 269 (11), 263 (22), 251 (2), 245
(4), 211 (17), 199 (12), 193 (19), 181 (17), 163 (6), 141
(20), 123 (20).
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