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Abstract: Leucamide A (1), a bioactive cyclic heptapeptide
containing a unique mixed 4,2-bisheterocycle tandem pair
consisting of a methyloxazole and thiazole subunit was
isolated together with the known compound BRS1 (2), from
the dichloromethane extract of the Australian marine sponge
Leucetta microraphis. The planar structure of leucamide A
(1) was elucidated by employing spectroscopic techniques
(NMR, MS, UV, and IR). Its absolute stereochemistry was
established by chemical degradation, derivatization, and
chiral GC-MS analysis. A conformational analysis of 1 was
made using MMFF. Leucamide A (1) was found to be
moderately cytotoxic toward several tumor cell lines.

Cyclic peptides have been isolated from diverse marine
organisms,1-6 but not from sponges of the genus Leucetta.
These molecules are characterized by their often remark-
ably potent biological activity.7-11 Leucetta sp. have
previously been shown to contain bioactive imidazole
alkaloids.12-22 As part of an ongoing chemotaxonomic
investigation of several sponges belonging to the genera
Leucetta and Pericharax, the CH2Cl2 extract of a sample
of Leucetta microraphis Haeckel, 1872, was examined.
In the current report, details of the isolation and struc-

tural elucidation of the new cyclic heptapeptide (1,
leucamide A) are described. Leucamide A is characterized
by the presence of seven amino acids and amino acid
derived residues: L-leucine, oxazole, L-alanine, methyl-
oxazole, thiazole, L-valine, and L-proline. Mixed 4,2-
bisheterocycle tandem pairs in peptides are extremely
rare, and the direct connection between the two residues
methyloxazole and thiazole is described here for the first
time. Similar subunits consisting of oxazoline and thia-
zole or oxazole and thiazole, respectively, are to be found
in the cyclic peptides amythiamicin A and GE2270 A,
both isolated from actinomycetes,23,24 and in the Escheri-
chia coli peptide microcin B17.25 Peptides known to
contain 4,2-tandem heterocycle pairs are reported to have
potent antibiotic activity,26,27 and such moieties may be
useful pharmacophores in combinatorial libraries since
their activity appears to correlate with the location and
the identity of the tandem pairs.25

The sample of L. microraphis investigated in this study
was collected at the Pompey Group of reefs, the Great
Barrier Reef, Australia. Freeze-dried animal tissues were
exhaustively extracted with CH2Cl2, and the lipophilic
extract was fractionated by repeated normal- and reversed-
phase chromatography to yield the new cyclic heptapep-
tide (1, leucamide A) and the known compound BRS1
(2).28

Leucamide A (1) was obtained as a white amorphous
solid whose elemental composition was found to be
C29H37N7O6S, by mass spectral analysis. Its 13C NMR
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data contained a total of 29 resonances for 6 methyl, 4
methylene, and 8 methine groups and 11 quarternary
carbons. These data also revealed the presence of 10
double bonds (3 × CC; 3 × CN; 4 × CO) as the only
multiple bonds within the molecule; 1 was thus penta-
cyclic. The peptidic nature of 1 was evident from its 1H
NMR spectrum, in particular, the three exchangeable NH
resonances at δ 8.62, 8.77, and 9.48, and the resonances
of the R-amino groups seen between δ 4.90 and 5.20.
Moreover, characteristic IR bands at 3382, 3261, and
1668 cm-1 showed the presence of peptide bonds.29 The
planar structure of 1 was determined by analysis of its
1D and 2D NMR spectral data. Thus, after assignment
of all protons to their directly bonded carbon atoms via
a one-bond 1H-13C 2D NMR shift correlated measure-
ment (HSQC), it was possible to deduce major fragments
of the molecule from the results of a 1H-1H COSY
measurement. Analysis of the COSY spectrum of 1 gave
evidence for fragments a-d, Figure 1. Fragment a was
established from couplings observed between H3-5 and
H3-6 to H-4, between H-4 and H2-3, which further coupled

to H-2, and between H-2 and NH-(1). Coupling between
H3-12 and H-11 and between H-11 and NH-(2) estab-
lished fragment b. A third major molecular fragment, c,
was established on the basis of couplings observed
between both H3-23 and H3-24 to H-22, between H-22 and
H-21, and between H-21 and NH-(3). Fragment d was
deduced from couplings observed between H-26 and H2-
27, between H2-27 and H2-28, and between H2-28 and H2-
29. Characteristic low-field-shifted 1H and 13C resonances
for both CH-26 and CH2-29 (δ 4.77 and 60.2; 3.58 and
47.3) indicated both C-26 and C-29 to be R to nitrogen
making fragment d a likely proline residue. Long-range
1H-13C 2D NMR shift correlated measurements (HMBC;
see Table 1) using two different values for JCHlong-range

(5 and 8 Hz) permitted the sequence and connection of
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TABLE 1. 1H NMR and 13C NMR Spectral Data for Compound 1a

amino acid position 13Cb (δ, ppm) 1Hb (δ (ppm), mult, J (Hz)) HMBCd NOESY/ROESY

L-leucine 1 173.3 (s)c (1), 26
2 49.2 (d) 4.91 (1H, ddd, J ) 1.8, 8.8, 10.6) (1), 3, 6, 29
3 43.2 (t) 1.55 (1H, m); 1.72 (1H, m) (1), 5, 6 (1), 2, 29
4 24.9 (d) 1.85 (1H, m) (1)
5 23.6 (q) 0.95 (3H, d, J ) 6.2)
6 21.2 (q) 1.14 (3H, d, J ) 6.2) 2, 29

(1) 8.77 (1H, d, J ) 8.8) 2, 3, 4
oxazole 7 159.5 (s) (1)

8 135.7 (s) 9
9 140.9 (d) 8.15 (1H, s) 11

10 164.3 (s) (2), 9, 11, 12
L-alanine 11 44.6 (d) 5.19 (1H, dd, J ) 5.9, 6.6) 9, 12 (2), 9, 12

12 20.7 (q) 1.68 (3H, d, J ) 6.6) 11 (2), 11
(2) 8.62 (1H, d, J ) 5.9) 11, 12

Me-oxazole 13 161.3 (s) (2), 16
14 130.2 (s) 16
15 153.2 (s) 16
16 11.8 (q) 2.74 (3H, s) 19
17 154.4 (s) 16, 19

thiazole 18 143.2 (s) 19
19 119.5 (d) 7.81 (1H, s) 16
20 169.3 (s) (3), 19, 21, 22

L-valine 21 56.9 (d) 5.06 (1H, dd, J ) 7.0, 8.4) (3), 19, 22, 23, 24 (3), 22, 23, 24
22 34.9 (d) 2.21 (1H, m) 21, 23, 24 (3), 21, 23, 24
23 19.0 (q) 0.97 (3H, d, J ) 6.6) 21 (3), 21, 22
24 18.7 (q) 0.87 (3H, d, J ) 6.6) 21 (3), 21, 22
(3) 9.48 (1H, d, J ) 8.4) 21, 22, 23, 24, 26

L-proline 25 169.5 (s) (3), 26, 27
26 60.2 (d) 4.77 (1H, dd, J ) 2.9, 8.1) 28, 29 (3), 27
27 25.0 (t) 1.80 (1H, m); 2.67 (1H, m) 26, 28
28 25.4 (t) 2.04 (2H, m) 27, 29
29 47.3 (t) 3.58 (2H, m) 26 2, 3, 6, 28

a CDCl3, 300 MHz. b Assignments are based on extensive 1D and 2D NMR measurements (HMBC, HSQC, COSY). c Implied multiplicities
determined by DEPT (C ) s; CH ) d; CH2 ) t; CH3 ) q). d Numbers refer to proton resonances.

FIGURE 1. Partial structures of compound 1.
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amino acid residues, and other units (thiazole, oxazole,
methyloxazole) of 1, to be further elaborated. Thus, long-
range CH couplings observed between amide carbonyl
C-25 (δ 169.5) and both NH-(3) and H-26, between C-26
and H2-29, and between amide carbonyl C-1 (δ 173.3),
and both H-26 and NH-(1) clearly delineated the se-
quence of amino acids as valine, proline, and leucine
(fragment e, Figure 1). The 13C NMR chemical shifts for
C-8, C-9, and C-10, together with the singlet proton
resonance at δ 8.15 (H-9), as well as the long-range CH
couplings observed between both C-8 and C-10 and H-9
were all indicative of the presence of an oxazole ring in
1 and correlated well with corresponding values reported
for other marine derived oxazole containing cyclic pep-
tides.1 The high field 13C NMR chemical shift of C-16 (δ
11.8) together with chemical shifts for C-14, C-15, and
C-17 were in good agreement with values reported for
the methyloxazole unit present in the tenuecyclamides.2
Long-range CH couplings between H3-16 and C-14, C-15,
and C-17 supported this deduction. Based on the 13C
NMR chemical shifts of C-18 and C-20, the singlet proton
resonance at δ 7.81, assigned to H-19, together with the
resonance of its associated carbon atom (δ 119.5), the
fourth heterocyclic ring was concluded to be a thiazole
moiety.2 A long-range CH coupling between C-17 and
H-19 allowed the connectivity between C-17 to C-18, and
thus that between the thiazole and the methyloxazole
rings, to be established, fragment f (Figure 1). The bond
between C-20 and C-21, and thus between fragments e
and f, was also established from CH long-range couplings,
this time observed between C-20 and both H-21 and H-22.
At this stage of the structural analysis the amide
carbonyl groups C-7 and C-13 still required assignment.
C-7 had to be connected to NH-(1) because of its CH long-
range coupling to NH-(1), and C-13 to both NH-(2) and
C-14 based on the CH long-range couplings between C-13
and H3-16 and NH-(2). C-10 had to be linked to C-11
because of an HMBC coupling observed between C-10
and H3-12. The final connection between C-7 and C-8,
and hence the planar structure of 1, followed by deduc-
tion.

Ozonolysis and acid hydrolysis followed by amino acid
analysis using chiral GC-MS enabled the absolute
stereochemistry of 1 to be deduced. The L-configuration
for the amino acid residues valine, leucine, proline, and
alanine was established by comparative GC analysis of
their pentafluoropropyl isopropyl ester derivatives with
correspondingly derivatized standard D- and L-amino
acids (see the Experimental Section). Proline amide
bonds are known to have cis/trans geometry,10 which
correlates with the differential value between the 13C
NMR resonances of proline â and γ carbons (∆δâγ).30 The
low value of ∆δâγ (0.4) seen for 1 is indicative of a trans
geometry, a finding that was supported by ROESY
interactions observed between H2-29 and both H-2 and
H2-3.

Molecular modeling studies provided information about
the preferred conformation of leucamide A (1). The 3D
structure obtained for 1 from a conformational analysis
(Figure 2) was in good agreement with experimental
NOESY and ROESY spectral data. It is evident from this
analysis (Figure 2B) that the methyloxazole and thiazole
are coplanar and lie approximately orthogonal to the
plane formed by the remaining amino acid residues. The
valine side chain and the proline take a pseudoaxial
orientation above the plane formed by the majority of the
amino acid residues, while the leucine and alanine are
pseudoequatorial and in plane with this part of the
molecule.

Leucamide A (1) was found to inhibit the growth of the
three tumor cell lines HM02, HepG2, and Huh7 with GI50

values of 5.2 µg/mL (HM02), 5.9 µg/mL (HepG2), and 5.1
µg/mL (Huh7). These results are not surprising since a
number of other cyclic peptides have been reported to be
cytotoxic toward several similar cell lines.31-35 The
antimicrobial, antialgal, and HIV-1 reverse transcriptase
inhibitory activities of leucamide A were also investigated
and showed the compound to be inactive in all of the
applied assays at the 50 µg level.

(30) Siemion, I. Z.; Wieland, T.; Pook, K.-H. Angew. Chem. 1975,
19, 712-714.

(31) Fusetani, N.; Matsunaga, S. Chem. Rev. 1993, 93, 1793-1806.

FIGURE 2. Molecular modeling of leucamide A (1): (A) view of 1 from above with selected NOE correlations; (B) view showing
the two planes within 1.
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Cyclic peptides similar to leucamide A have been
isolated from a variety of marine invertebrates and
microorganisms. Scanning electromicrographs of L. mi-
croraphis show the presence of microbial symbionts,
including cyanobacteria, in the sponge tissue. Leucamide
A may therefore be produced by these microorganisms
and not by the sponge itself. Similar proposals have been
made for other marine invertebrate metabolites.36 The
complexity of associations in marine organisms, espe-
cially in sponges, however, makes it extremely difficult
to definitively state the source of many natural products.
Simply comparing the isolated compounds with similar
structural features of natural products produced by
microorganisms could thus lead to false conclusions
concerning a compound’s origin. To avoid such situations,
it is clearly necessary to determine at least the cellular
localization of the sponge metabolites.37 If indeed me-
tabolites such as leucamide A are of microbial origin, the
ecological significance of their generally cytotoxic second-
ary metabolites is clearly an area that should be attract-
ing much more attention.

Experimental Section

General Experimental Procedures. HPLC was carried out
using a Merck-Hitachi system consisting of a L-6200A pump, a
L-4500 A photodiode array, and a Knauer K-2300 differential
refractometer as detectors together with a D-6000 A interface.
1H and 13C, COSY, NOESY, ROESY, HSQC, and HMBC NMR
spectra were recorded in CDCl3. Spectra were referenced to
residual solvent signals with resonances at δH/C 7.26/77.0
(CDCl3). All other experimental details were as previously
reported.38

Animal Material. L. microraphis was collected in March of
1995 at reef 21-097, Pompey Group, Great Barrier Reef, Aus-
tralia, and stored at -20 °C until required. A voucher specimen
is deposited at the Queensland Museum, voucher no. QMG316040.

Extraction and Isolation. Freeze-dried sponge tissue (67.7
g) was extracted with CH2Cl2 (3 × 0.5 L) to yield 0.9 g (1.33%)
of green extract. This extract was fractionated by vacuum liquid
chromatography (VLC) over Si gel (Merck; 5-40 µm) using
gradient elution from petroleum ether containing increasing
proportions of CH2Cl2, followed by MeOH, to yield 5 fractions.
1H NMR investigations of these fractions indicated fractions 4
and 5 to be of further interest, based on the presence of a large
number of resonances attributable to aromatic protons. Fraction
4 was further fractionated by VLC over Polygoprep 60-50 C18
material using gradient elution from H2O (100%) to MeOH
(100%), to yield two fractions. Reversed-phase (RP) HPLC
separation of the second of these two fractions (column: Knauer
C8 Eurospher-100, 250 × 8 mm, 5 µm; MeOH/H2O (8:2), 2.0 mL/
min) yielded semipure compound 1. Final purification was
achieved by RP HPLC (column: Phenomenex Max C12, 250 ×
4.6 mm, 5 µm; MeOH/H2O (8:2), 0.8 mL/min) to afford 7.2 mg of
1 as a white amorphous solid. Fraction 5 was rechromatographed
by solid-phase extraction (Bakerbond SPE C18) using gradient

elution from H2O/MeOH (7:3) to MeOH (100%) to yield 19.7 mg
(0.029%) of 2 (elution with MeOH/H2O (9:1)) as a colorless oil.

Ozonolysis of 1. A stream of O3 was bubbled through a CH2-
Cl2 solution of 1 (200 µg in 1 mL) for 15 min. Solvent was
removed under a stream of N2, and the resulting residue was
subjected to amino acid analysis as outlined below.

Amino Acid Analysis by Chiral GC. A 0.2 mg sample of 1
and the residue of the ozonolysis were each dissolved in 1 mL
of 6 N HCl and hydrolyzed in a sealed vial at 104 °C for 20 h.
After removal of HCl by repeated evaporation in vacuo, the
hydrolysate was heated with acetyl chloride (150 µL) and iPrOH
(500 µL) at 100 °C for 45 min. The mixtures were evaporated to
dryness using a stream of N2 and the residues treated with
pentafluoropropionic anhydride (0.3 mL) in CH2Cl2 (0.6 mL) at
100 °C for 15 min. Excess reagents were removed by evaporation
under a stream of N2 and the residues resolved in CH2Cl2

(1 mL). The derivatized amino acids were then analyzed by GC-
MS using a Chirasil Val column (25 m × 0.25 mm; 0.16 µm;
program rate: column temperature held at 50 °C for 3 min; 50
°C - 180 °C at 4 °C/min; flow: 0.6 mL/min; Inj.: 250 °C). The
retention times of the N-pentafluoropropionyl isopropyl ester
derivatives of the amino acids established the presence of L-Ala
(12.24 min), L-Val (14.22 min), L-Leu (17.29 min), and L-Pro
(19.93 min).

Leucamide A (1): white amorphous solid (7.2 mg, 0.011%);
[R]23

D -69.3° (c 0.60, CHCl3); UV (CHCl3) λ 300-240 nm (br);
λmax 246 nm (ε 9267); IR (ATR) νmax 3382, 3261, 2959, 1668, 1628,
1518, 1445, 877, 732 cm-1; 1H and 13C NMR data (see Table 1);
EIMS m/z 611 (44), 568 (40), 555 (36), 499 (56), 70 (100);
HREIMS m/z 611.2522 (calcd for C29H37N7O6S, 611.2525).

Biological Assays Performed with Leucamide A (1).
Agar diffusion assays were undertaken using the bacteria
Bacillus megaterium, E. coli, the fungi Microbotryum violaceum,
Eurotium repens, Mycotypha microsporum, and the green micro-
alga Chlorella fusca.39 An ELISA-based enzyme inhibition assay
against HIV-1 reverse transcriptase was performed as previously
described.40 Cytotoxicity tests against the cell lines HM02
(stomach carcinoma), HepG2 (liver carcinoma), and Huh7 (liver
carcinoma with mutated p53) followed the standards of the
NCI.41

Molecular Modeling. Leucamide A (1) was mimicked by
conformation search (grid scan) using a MMFF force field as
implemented in the Cerius2 4.0 (MSI) molecular modeling
software package. The models were further refined with 500
iterations of steepest gradient minimization, followed by conju-
gate gradient minimization. Calculations were performed using
a Silicon Graphics O2 workstation (Irix 6.5.6).
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