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ABSTRACT

A collection of the cyanobacterium Lyngbya confervoides off Grassy Key in Florida yielded grassypeptolide (1), a 31-membered macrocyclic
depsipeptide with unusually high D-amino acid content, two thiazolines, and one â-amino acid. We report the rigorous 3D structure determination
and conformational analysis in solution and solid state by NMR, MS, X-ray crystallography, chemical degradation, and molecular modeling
involving distance geometry and restrained molecular dynamics. Grassypeptolide (1) inhibited cancer cell growth with IC 50 values from 1.0 to
4.2 µM.

Marine cyanobacteria continue to be a rich source of novel
bioactive metabolites, including many cytotoxins predomi-
nantly originating fromLyngbya majuscula.1 OtherLyngbya
species are less explored. Recently, we have focused our
efforts on marine cyanobacteria in Florida waters and
reported several potent elastase inhibitors fromLyngbya
conferVoides.2 Here, we describe the cytotoxicity-guided

isolation of a new cytotoxic depsipeptide, grassypeptolide
(1), from an extract of anotherL. conferVoidescollected in
the Florida Keys. This cyanobacterium was of interest
because it inhibited settlement of coral larvae (Porites
asteroides) and reduced survival of coral recruits.3 Grassypep-
tolide (1) contains some unusual residues, such as the
â-amino acid 2-methyl-3-aminobutyric acid (Maba, C1-5)
and 2-aminobutyric acid (Aba, C20-23). Until now, the Aba
unit had precedence only in sponge metabolites,4 whereas
the Maba unit was found in one other cyanobacterial
compound, guineamide B.5 Additionally, compound1 con-
sists of an unusually high number ofD-amino acid units.
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The tandem thiazoline rings flanking theD-Aba derived
moiety are reminiscent of the lissoclinamides and the
patellamides (Figure 1), which are cyclic peptides containing

up to four cysteine- and serine-derived cyclocondensation
products and which tend to containD-amino acids.6,7 Lisso-
clinamide 7 (2),6 closest related to1 and the most cytotoxic
of the series, has two thiazoline rings with the same arrange-
ment and stereoconfiguration as1, yet the macrocycle is only
21-membered in2 as opposed to 31-membered in1. Al-
though both the lissoclinamides and the patellamides were
originally isolated from the ascidianLissoclinum patella, the
biosynthetic gene clusters were recently found in the obligate
symbiotic cyanobacteriumProchloron didemni.7 Remark-
ably, these compounds are synthesized ribosomally (followed
by post-translational modification) rather than by nonribo-
somal peptide synthetases (NRPS).7 Grassypeptolide (1) is
the first reported compound with tandem thiazoline rings in
the depicted arrangement to be produced by an independently
living cyanobacterium. Considering the number of nonribo-
somal peptide residues, it is probably made via an NRPS-
like pathway.

Samples ofL. conferVoideswere collected off Grassy
Key.8 The nonpolar extract (EtOAc/MeOH 1:1) was frac-
tionated over HP-20 resin followed by silica chromatography
and reversed-phase HPLC to afford1 {[R] 20

D +76 (c 0.1,
CH2Cl2)}. NMR data combined with a [M+ H]+ peak
at m/z1102.5438 in the HRESIMS of1 suggested a mole-
cular formula of C56H79N9O10S2 (calcd for C56H80N9O10S2,
1102.5464). The1H NMR spectrum of1 in CDCl3 was
indicative of a peptide by displaying three secondary amide

doublets (δH 7.12, 7.40, 7.53), three putativeN-Me tertiary
amide singlets (δH 2.78, 3.11, 3.15), and several resonances
characteristic forR-protons of amino acids (δH ∼4 to ∼5).
Considering the IR spectrum, which exhibited bands due to
ester (1733 cm-1) and amide (1640 cm-1) carbonyl stretch
vibrations,1 appeared to be a depsipeptide.

Analysis of the1H NMR, 13C NMR, APT, COSY, HMQC,
HMBC, and ROESY spectra recorded in CDCl3 revealed the
presence of two regularR-amino acid units (threonine, C6-
9; proline; C37-41), two N-methylatedR-amino acids (N-
methylleucine, C10-16;N-methylvaline, C42-47), one
â-amino acid (Maba, C1-5), phenyllactic acid (Pla, C48-
56), aN-methylphenylalanine-derived thiazoline carboxylic
acid unit (N-Me-Phe-thn-ca; C24-36), and a thiazoline
carboxylic acid moiety derived from Aba (Aba-thn-ca; C17-
23) (Table 1). The presence of the two thiazoline rings was
deduced from the chemical shifts of vicinally coupled H-18
(δH 5.32) and H2-19ab (δH 3.58/3.27) as well as H-25 (δH

5.30) and H2-26ab (δH 3.70) combined with HMBC correla-
tions of these spin systems to putative carbonyl-derived
carbons from Aba [C-20 (δC 178.5)] andN-Me-Phe [C-27
(δC 177.2)], respectively. In addition, 1D selective TOCSY
experiments revealed homoallylic coupling in both thiazoline
rings between H-18/H-21 and H-25/H-28. HMBC analysis
(Table 1) readily established the connectivity of the units as
shown for1, which was further confirmed by interresidue
ROESY correlations. Notably, there was an unusual four-
bond correlation between H-2 and C49, which could have
arisen because of a planar “W” conformation.9

Compound1 was hydrolyzed with 6 N HCl (110°C, 18
h) and the hydrolyzate subjected to chiral HPLC, revealing
the presence ofD-Aba, N-Me-D-Phe, L-Pro, N-Me-L-Val,
L-Pla, and D-allo-Thr in the molecule, but the correct
assignment forN-Me-Leu remained unclear. A sample of1
was also subjected to ozonolysis prior to hydrolysis in an
attempt to detect cysteic acid (Cya) and hence deduce the
configuration of the thiazoline rings. However, peaks for both
L- and D-Cya were detected by chiral HPLC, preventing
unambiguous configurational assignment. Marfey’s analysis10

of the hydrolyzed ozonolysis product was carried out to
ascertain the configuration of the Maba,11,12 N-Me-Leu and
Cya units, using 1-fluoro-2,4-dinitrophenyl-5-L-leucinamide
(L-FDLA) as the derivatizing agent. Reversed-phase HPLC
of 1 derivatized withL-FDLA allowed the assignment of
(2R,3R)-Maba.13 In addition, the presence ofD-allo-Thr,
N-Me-D-Phe,14 L-Pro, andN-Me-L-Val was confirmed, and
N-Me-D-Leu could be unambiguously assigned.L-FDLA
adducts forL- or D-Cya were quantified by LC-MS and
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Figure 1. Macrocyclic marine metabolites closely related to1.
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found to be present in the ratio of 1.64:1, indicating that
either the thiazolines were of opposite configuration produc-
ing cysteic acids in different yields or that epimerization of
one or both units had occurred. However, presumably at least
one thiazoline had to haveR configuration because of the
excessL-Cya produced.

Attempts were then made to crystallize the compound.
Eventually, a small yield of crystals was produced using a
mixture of dichloromethane and methanol.15 The resulting
X-ray structure (Figure 2) confirmed the gross 2D arrange-

ment and all of the previously assigned stereocenters.
Additionally, both thiazolines could be assigned asR,
confirming that significant epimerization had occurred under
the reaction conditions.

The crystal structure shows hydrogen bonds between the
NH (at N1) of Maba to the Thr N (N2; 2.35 Å) and the Pla
ester O (O1; 2.52 Å). Another hydrogen bond occurs between
the Thr NH and the carbonyl of Aba-thn-ca (O6; 2.37 Å).
At the opposite site of the macrocycle, a tight turn atN-Me-
Phe-thn-ca is stabilized by a hydrogen bond (2.04 Å) between
the Pro carbonyl (O8) and the NH of Aba-thn-ca (at N5),
with the angle between the planes of the thiazoline rings at
almost 90°. Analogous turns occur in patellamide D (3) at
the oxazoline rings, while the thiazoles are planar.16 In 2, a
turn is centered around the other thiazoline (ring X), and
there is a hydrogen bond between the NH of Phe and the N
of the adjacent thiazoline, rather than across the turn. The
angle between thiazoline planes is still close to 90°, but one
is twisted so that its plane is parallel to that of the macrocycle.
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Table 1. 1H and13C NMR Spectral Data for Compound1 in
CDCl3 (δ in ppm,J in Hz) at 500 MHz (1H) and 100 MHz
(13C)

C/H δH (J) δC
a HMBCb

1 172.5, s
2 2.51, qd (6.9, 6.2) 45.5, d 1, 3, 4, 5, 49d

3 4.18, dqd (6.8, 6.7, 6.2) 48.6, d 1, 2, 4, 5, 6
4 1.16, d (6.7) 19.7,c q 2, 3
5 1.10, d (6.9) 14.6, q 1, 2, 3
NH 7.40, br d (6.8)
6 169.8, s
7 4.45, dd (7.8, 6.4) 59.2, d 6, 8, 9, 10
8 4.02, dq (6.4, 6.2) 68.8, d
9 1.23, d (6.2) 19.7,c q 7, 8
OH 3.96, br
NH 7.12, d (7.8) 7, 8, 10
10 170.3, s
11 4.92, br 56.7, d 13, 17
12a 1.85, m 36.9, t 10, 11, 13, 14, 15
12b 1.72, ddd (-14, 8.1, 6.2) 10, 11, 13, 14, 15
13 1.55, m 25.1, d 11, 14, 15
14 0.95, d (6.6) 23.2, q 12, 13, 15
15 0.90, d (6.5) 22.1, q 12, 13, 14
16 3.15, s 32.3, q 11, 17
17 170.4, s
18 5.32, ddd (9.5, 9.1, 1.8) 77.8, d 17, 19, 20
19a 3.58, dd (-9.9, 9.1) 33.4, t 17, 18, 20
19b 3.27, dd (-9.9, 9.5) 17, 18, 20
20 178.5, s
21 4.64, m 54.4, d 20
22a 2.18, m 25.2, t 23
22b 1.97, m 20, 21, 23
23 0.96, t (7.2) 11.0, q 21, 22
NH 7.53, d (7.9) 21, 22, 24
24 171.0, s
25 5.30, m 79.3, d 24, 27
26a/b 3.70, m (2H) 37.7, t 24, 25, 27
27 177.2, s
28 3.83, dd (9, 3.5) 69.0, d 27, 37
29a 3.57, dd (-13.9, 9) 35.3, t 27, 28, 30, 31/35
29b 3.44, dd (-13.9, 3.5) 28, 30, 31/35
30 138.2, s
31/35 7.35, m 129.8, d 29, 33
32/34 7.34, m 128.7, d 30
33 7.25, m 126.7, d
36 2.78, s 39.6, q 28, 37
37 173.0, s
38 4.77, dd (7.4, 5.5) 57.0, d 37, 39, 40, 41, 42
39a/b 2.04, m (2H) 27.5, t 37, 38, 40, 41
40a 2.12, m 24.8, t 38, 39, 41
40b 1.86, m 38, 39, 41
41a 3.69, m 47.6, t 38, 39, 40
41b 3.60, m 39, 40
42 167.8, s
43 4.93, d (10.9) 60.3, d 42, 44, 45, 46, 47, 48
44 2.42, dqq (10.9, 6.7, 6.4) 27.3, d 42, 43, 45, 46
45 0.97, d (6.4) 19.5, q 43, 44
46 0.87, d (6.7) 18.2, q 43, 44, 45
47 3.11, s 30.3, q 43, 48
48 171.1, s
49 5.40, dd (9.9, 3.5) 72.0, d 1, 50, 51
50a 3.12, dd (-14.5, 9.9) 37.2, t 49, 51, 52/56
50b 3.00, dd (-14.5, 3.5) 48, 51, 52/56
51 135.6, s
52/56 7.21, m 129.2, d 50, 54
53/55 7.30, m 128.6, d 51
54 7.26, m 127.3, d 52/56

a Multiplicity deduced from APT and HMQC spectra.b Protons showing
long-range correlation to indicated carbon.c These carbons have the same
chemical shift.d An unusual four-bond HMBC9 (see text).

Figure 2. Displacement ellipsoids (50% probability) for the X-ray
crystal structure of grassypeptolide (1).
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Several aspects of the NMR data for1 suggested that the
solution structure was similar to the X-ray stucture.17 First,
ROESY data suggested that all amide bonds were trans in
solution, as they are in the solid state. Second, three
calculatedΦ angles from3JNH-RH values18 were similar to
those observed in the X-ray structure. Third, the planar “W”
suggested by the four-bond HMBC between H-2 and C49
was present in the X-ray stucture.

To investigate the solution structure, 46 distance con-
straints were derived from ROESY spectra17 and three
dihedral angle constraints from coupling constants (NH-RH).
Using a previously established molecular modeling protocol
suitable for cyclodepsipeptides,19 10 randomly drawn struc-
tures of1 were subjected to distance geometry,20 followed
by simulated annealing and finally restrained molecular
dynamics simulation for 1 ns. The modeled structures could
be divided into two distinct conformational families. Six
structures (Figure 3) bore striking similarity to the X-ray

structure. The other four structures (Figure S1, Supporting
Information) had altered macrocyclic ring conformation due
to a differing orientation of the Pla-Maba-Thr region but
consistently violated the same constraint between one Maba
methyl (H3-5) and H-11 (N-Me-Leu). Additionally, this
second conformational family exhibited more constraint
violations in general and had higher energies.21 Thus,
structures in the conformational family similar to the X-ray

structure are in better agreement with the ROESY data,
although there were not enough constraints in the Pla-Maba-
Thr region (due to signal overlap) to ensure convergence of
all 10 random structures to the same conformation.

The antiproliferative activity of1 was evaluated in four
cell lines derived from human osteosarcoma (U2OS), cervical
carcinoma (HeLa), colorectal adenocarcinoma (HT29), and
neuroblastoma (IMR-32). Compound1 showed moderate
broad-spectrum activity with IC50 values of 2.2, 1.0, 1.5, and
4.2 µM, respectively. This data is within the range of IC50

values reported for2 (53.7 nM to 21.5µM), but in different
cell lines which were not tested here.6,22 Previously, it has
been shown that the thiazolines of2 are important to its
cytotoxic activity.6 It is tempting to speculate that this motif
might also be responsible for the activity of1, and that it
might indicate a shared mechanism of action with the
lissoclinamides and patellamides.
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1.36 cosΦ + 0.33; see: Vögeli, B.; Ying, J.; Grishaev, A.; Bax, A.J. Am.
Chem. Soc.2007,129, 9377-9385.

(19) Luesch, H.; Yoshida, W. Y.; Moore, R. E.; Paul, V. J.; Corbett, T.
H. J. Am. Chem. Soc.2001,123, 5418-5423.

(20) Kuntz, I. D.; Thomason, J. F.; Oshiro, C. M.Methods Enzymol.
1989,177, 159-204 and references therein.

(21) In the X-ray structure-like family, the average number of distance
constraints over 1 Å was 1.3, and the average energy was 17.507 kcal/mol.
The other family had an average number of 7 distance constraint violations
over 1 Å and the average energy of the structures was 30.052 kcal/mol.

(22) Hawkins, C. J.; Lavin, M. F.; Marshall, K. A.; van den Brenk, A.
L; Watters, D. J.J. Med. Chem.1990,33, 1634-1638.

(23) Brey, W.; Edison, A. S.; Nast, R. E.; Rocca, J. R.; Saha, S.; Withers,
R. S.J. Magn. Reson.2006,179, 290-293.

Figure 3. Lowest-energy conformational family most consistent
with the ROESY data (X-ray structure overlaid in green).
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