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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  p-amino acid content, two thiazolines, and one  f-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 pM.

Marine cyanobacteria continue to be a rich source of novel isolation of a new cytotoxic depsipeptide, grassypeptolide
bioactive metabolites, including many cytotoxins predomi- (1), from an extract of anothér. confervoidescollected in
nantly originating fronLyngbya majusculd OtherLyngbya the Florida Keys. This cyanobacterium was of interest
species are less explored. Recently, we have focused oubecause it inhibited settlement of coral larvaeol(tes
efforts on marine cyanobacteria in Florida waters and asteroidesand reduced survival of coral recruit&rassypep-
reported several potent elastase inhibitors froymgbya tolide (1) contains some unusual residues, such as the
confervoide€. Here, we describe the cytotoxicity-guided pB-amino acid 2-methyl-3-aminobutyric acid (Maba,-€3)

and 2-aminobutyric acid (Aba, C2@3). Until now, the Aba
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* McKnight Brain Institute, University of Florida. unit had prece_dence only in _sponge metabofitahiereas .
s Department of Chemistry, University of Florida. the Maba unit was found in one other cyanobacterial
"fn(;ithsqnlia\r}v'\ﬂ:r_iqe Stftigr_l-s,t it Malkaloids Cherm. Biop0o1 compound, guineamide BAdditionally, compoundl con-
o, (D Genwick, W. H.; Tan, L. T.; Sitachitta, Phlkaloids Chem. BIo2001, gt of an unusually high number ofamino acid units.
(2) (@) Matthew, S.; Ross, C.; Rocca, J. R.; Paul, V. J.; Luesch,. H.
Nat. Prod.2007,70, 124—127. (b) Taori, K.; Matthew, S.; Rocca, J. R,; (3) Kuffner, 1. B.; Walters, L. J.; Becerro, M. A.; Paul, V. J.; Ritson-
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The tandem thiazoline rings flanking theAba derived doublets (¢ 7.12, 7.40, 7.53), three putatine-Me tertiary
moiety are reminiscent of the lissoclinamides and the amide singletsdy 2.78, 3.11, 3.15), and several resonances
patellamides (Figure 1), which are cyclic peptides containing characteristic for-protons of amino acidd( ~4 to ~5).
Considering the IR spectrum, which exhibited bands due to
ester (1733 cm') and amide (1640 cm) carbonyl stretch
vibrations,1 appeared to be a depsipeptide.

o0 N : 9 Analysis of thetH NMR, 3C NMR, APT, COSY, HMQC,
MN s /})kN/\( p HMBC, and ROESY spectra recorded in CRvealed the
H/\I\\‘(Y presence of two regular-amino acid units (threonine, €6
O/L @ \i gj o 9; proline; C37—41), two N-methylated-amino acids (N-
HN o /Z—g methylleucine, C10—16N-methylvaline, C42—47), one
d )"é\ J {‘1 H ’o p-amino acid (Maba, C15), phenyllactic acid (Pla, C48
O s s)\_/N H 56), aN-methylphenylalanine-derived thiazoline carboxylic
;0 H : acid unit (N-Me-Phe-thn-ca; C2436), and a thiazoline
Lissoclinamide 7 (2) ©/ Patellamide D (3) carboxylic acid moiety derived from Aba (Aba-thn-ca; G17
23) (Table 1). The presence of the two thiazoline rings was
Figure 1. Macrocyclic marine metabolites closely relatedito deduced from the chemical shifts of vicinally coupled H-18

(0 5.32) and H-19ab (& 3.58/3.27) as well as H-25)

. . . . 5.30) and H-26ab (& 3.70) combined with HMBC correla-
up to four cysteine- and serine-derived cyclocondensation tions of these spin systems to putative carbonyl-derived
products and which tend to contairamino acid$:” Lisso- carbons from Aba [C-20 178.5)] andN-Me-Phe [C-27
clinamidg 7 @) closest _relatgd ta.l and the most cytotoxic (6c 177.2)], respectively. In addition, 1D selective TOCSY
of the series, has two th|a;ol|ne rings with the same alrrange'experiments revealed homoallylic coupling in both thiazoline
ment and stereoconfiguration Asyet the macrocycle is only rings between H-18/H-21 and H-25/H-28. HMBC analysis

2h1-mehmbbe:1edh m?. as ol_ppos%d to 33-ngember|(|ed IﬁdA" (Table 1) readily established the connectivity of the units as
though both the lissoclinamides and the patellamides weregy ., for1 which was further confirmed by interresidue

originally isolated from the ascididrissoclinum patellathe ROESY correlations. Notably, there was an unusual four-
biosynthetic gene clusters were recently found in the obligate bond correlation between H_Z’ and C49. which could have
symbiotic cyanobacteriun®rochloron didemni. Remark- arisen because of a planar “W” conformatfon.

ably, these compounds are synthesized ribosomally (followed Compoundl was hydrolyzed with 6 N HCI (116C, 18

by post-translational modification) rather than by nonribo- h) and the hydrolyzate subjected to chiral HPLC, revealing
somal peptide synthetases (NRP®rassypeptolidel( is the presence ob-Aba, N-Meo-Phe, -Pro N-Mel-VaI

the first reported compound with tandem thiazoline rings in 50" 4 -allo-Thr in the molecule. but the correct
the depicted arrangement to be produced by an independentl;glssig’nment foN-Me-Leu remained uncléar. A sample of
living cyanobacterium. Considering the number of nonribo- was also subjected to ozonolysis prior to hydrolysis in an

ﬁ(()mal tr;]eptide residues, it is probably made via an NRPS- attempt to detect cysteic acid (Cya) and hence deduce the
: gpa Iway. " ‘ id lected off G configuration of the thiazoline rings. However, peaks for both
ampies olL. confervoildeswere coflected o rassy . and p-Cya were detected by chiral HPLC, preventing

8 . -
Key. The nonpolar ext_ract (EtOAC/ M?.OH 1:1) was frac unambiguous configurational assignment. Marfey’'s andfysis
tionated over HP-20 resin followed by silica chromatography of the hydrolyzed ozonolysis product was carried out to

- 20
and reversed-phase HPLC to affatd [o]* +76 (0.1, ascertain the configuration of the Mab&?2 N-Me-Leu and

CH.Clo)}. NMR data combined with a [Mt H]* peak Cya units, using 1-fluoro-2,4-dinitrophenylt5leucinamide

at Irn/zf1102.|543f8 inchil F(')RESIMSI gffsuggejteNd gmole- (L-FDLA) as the derivatizing agent. Reversed-phase HPLC
cular formula of GeH7eNsO10S, (calcd for GeHeoNsO1oS, of 1 derivatized withL-FDLA allowed the assignment of

.1%1(.)2":’.464)]; ThelHt_le\ngs_pelctrgmt(r)]fl in CDCC:3 was i (2R,3R)-Mabad? In addition, the presence df-allo-Thr,
Indicative Ot a peptide by displaying three secondary amiae N-Me-b-Phel* L-Pro, andN-Me--Val was confirmed, and

(4) (a) Fusetani, N.; Sugawara, T.; Matsunaga, S.; Hirotd, Am. Chem. N-Me-p-Leu could be unambIQUOUS|y aSSIQn&dFDLA

So0c.1991,113, 7811—7812. (b) Kobayashi, J.; ltagaki, F.; Shigemori, H.; adducts forL- or p-Cya were quantified by LEMS and
Ishibashi, M.; Takahashi, K.; Ogura, M.; Nagasawa, S.; Nakamura, T.;

Hirota, H.; Ohta, T.; Nozoe, S. Am. Chem. S0d.991,113, 7812—7813. (9) Claridge, T. D. W.High-Resolution NMR Techniques in Organic

(c) Nakao, Y.; Fujita, M.; Warabi, K.; Matsunaga, S.; Fusetani,J NAm. Chemistry; Elsevier: San Diego, CA, 1999.

Chem. So0c2000,122, 10462—10463. (10) Marfey, P.Carlsberg Res. Commutt984,49, 591—-596.
(5) Tan, L. T.; Sitachitta, N.; Gerwick, W. Hl. Nat. Prod.2003, 66, (11) Only the R,3Rand 2R,3Standards were used. The elution times

764—771. of the 253Sand B 3Risomers were deduced by derivatizing these standards
(6) Wipf, P.; Fritch, P. C.; Geib, S. J.; Sefler, A. Nl. Am. Chem. Soc. with pL-FDLA.

1998,120, 4105—4112. (12) (a) Fujii, K.; Ikai, Y.; Mayumi, T.; Oka, H.; Suzuki, M.; Harada,
(7) (&) Schmidt, E. W.; Nelson, J. T.; Rasko, D. A.; Sudek, S.; Eisen, J. K.-I. Anal. Chem1997,69, 3346—3352. (b) Fuijii, K.; Ikai, Y.; Oka, H.;

A.; Haygood, M. G.; Ravel, JProc. Natl. Acad. Sci. U.S.£005,102, Suzuki, M.; Harada, K.-lAnal. Chem1997,69, 5146—5151.

7315—7320. (b) Long, P. F.; Dunlap, W. C.; Battershill, C. N.; Jaspars, M. (13) Two peaks were observed corresponding to (2R,3R)- and (2S,3R)-

ChemBioChen2005,6, 1760—1765. (c) Donia, M. S.; Hathaway, B. J.; Maba in the approximate ratio of 2.5:1. This is consistent with chromato-

Sudek, S.; Haygood, M. G.; Rosovitz, M. J.; Ravel, J.; Schmidt, E. W. grams of the standards, which were obtained from the corresponding

Nat. Chem. Biol2006,2, 729—735. N-benzoylatedd-methyl esters. The latter also showed some epimerization
(8) Collection site position: 2413.381'N, 80°51.696'W. at the 2-position during hydrolysis.

790 Org. Lett, Vol. 10, No. 5, 2008



s found to be present in the ratio of 1.64:1, indicating that

Table 1. H and13C NMR Spectral Data for Compourtdin either the thiazolines were of opposite configuration produc-
CDClz (6 in ppm,J in Hz) at 500 MHz {H) and 100 MHz ing cysteic acids in different yields or that epimerization of
(3C) one or both units had occurred. However, presumably at least

one thiazoline had to have configuration because of the

C/H om (J dce HMBC?

) ¢ excesa -Cya produced.
1 172.5, 8 Attempts were then made to crystallize the compoun
2 2.51, qd (6.9, 6.2) 455,d 1,3,4,5,494 empts were thel ade o crystallize the co pou d.
3 418, dqd (6.8,6.7,62) 486.d 1.2.45 6 Eventually, a small yield of crystals was produced using a
4 1.16,d (6.7) 19.7¢q 2,3 mixture of dichloromethane and methafdiThe resulting
5 1.10,d (6.9) 146,9 1,2,3 X-ray structure (Figure 2) confirmed the gross 2D arrange-
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¢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) 232,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 252,t 23
22b 197, m 20, 21, 23
23 0.96, t (7.2 11.0,q 21,22 . _ . .
NH 753 d((7.9)) a 2192 94 Figure 2. Displacement ellipsoids (50% probability) for the X-ray
24 ’ 171.0, s T crystal structure of grassypeptolide) (
25 5.30, m 79.3,d 24,27
26a/b  3.70, m (2H) 37.7,t 24, 25,27
27 adc 17742,51 ment and all of the previously assigned stereocenters.
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 Add|_t|0r_1ally, bOFh _thlazollnt_as c_oulgl be assigned Bs
29b 3.4, dd (—13.9, 3.5) 28, 30, 31/35 confirming that significant epimerization had occurred under
30 138.2, s the reaction conditions.
g;ﬁgi ggi m }32?’3 gg, 33 The crystal structure shows hydrogen bonds between the
33 795 E 1267 d NH (at N1) of Maba to the Thr N (N2; 2.35 A) and the Pla
36 2.78.s 39.6.q 28,37 ester O (O1; 2.52 A). Another hydrogen bond occurs between
31 173.0, s the Thr NH and the carbonyl of Aba-thn-ca (06; 2.37 A).
38 4.77,dd(74,5.5) 57.0,d 37,39, 40, 41, 42 At the opposite site of the macrocycle, a tight turiNale-
39a/b 2.04, m (2H) 27.5,t 37,38, 40, 41 ) .
40a  212.m 248t 38,39, 41 Phe-thn-ca is stabilized by a hydrogen bond (2.04 A) between
40b  1.86,m 38, 39, 41 the Pro carbonyl (O8) and the NH of Aba-thn-ca (at N5),
ﬁf} g-gg, m 47.6,t gg, ig, 40 with the angle between the planes of the thiazoline rings at
49 oY 167.8. s ’ almost 90°. Analogous turns occur in patellamide3) &t
43 4.93,d (10.9) 60.3: d 42,44, 45,46, 47, 48 the oxazoline rings, while the thiazoles are plaitdn 2, a
44 2.42,dqq (10.9,6.7,6.4) 27.3,d 42,43, 45,46 turn is centered around the other thiazoline (ring X), and
ig g-g;’ 3 Eg‘;i }g'g’ a ig’ ﬁ i there is a hydrogen bond between the NH of Phe and the N
47 31ls 30:3’3 43 48 of the adjacent thiazoline, rather than across the turn. The
48 171.1, s angle between thiazoline planes is still close t6, @t one
49 5.40,dd (9.9, 3.5) 72.0,d 1, 50,51 is twisted so that its plane is parallel to that of the macrocycle.
50a  3.12,dd (—14.5,9.9) 37.2,t 49,51, 52/56
g?b 8.00, dd (-14.5, 3.5) 135.6 48, 51, 52/56 (14) Marfey’s adducts ofN-Me-D-Phe andN-Me--Leu co-eluted;

y 2 Z however, the relative intensity of the corresponding peak was reduced and
52/56 7.21, m 129.2, 50, 54 N-Me-d-Glu was generated when stringent ozonolysis conditions’@5
53/55 7.30,m 128.6,d 51 were employed. Thus, -Me-dD-Phe residue was presentin
54 7.26, m 127.3,d 52/56 (15) One methanol molecule was seen incorporated into the lattice. Upon

N ) drying, the crystals would quickly degrade, presumably due to methanol
aMultiplicity deduced from APT and HMQC spectraProtons showing loss.

long-range correlation to indicated carbéi.hese carbons have the same (16) Schmitz, F. J.; Ksebati, M. B.; Chang, J. S.; Wang, J. L.; Hossain
chemical shiftd An unusual four-bond HMBE(see text). M. B.: van der Helm, D.: Engél, M. H.: Serban, A.: Silfer. J. J\.YOrg. '
Chem.1989,54, 3463—3472.
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Several aspects of the NMR data fbsuggested that the
solution structure was similar to the X-ray stuctdiféirst,

structure are in better agreement with the ROESY data,
although there were not enough constraints in the Pla-Maba-

ROESY data suggested that all amide bonds were trans inThr region (due to signal overlap) to ensure convergence of
solution, as they are in the solid state. Second, threeall 10 random structures to the same conformation.

calculated® angles from*Jyn—on vValues® 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 speéfrand three
dihedral angle constraints from coupling constants @H)-
Using a previously established molecular modeling protocol
suitable for cyclodepsipeptidé$10 randomly drawn struc-
tures of1 were subjected to distance geométhyollowed
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

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

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 (H-5) and H-11 N-Me-Leu). Additionally, this
second conformational family exhibited more constraint
violations in general and had higher energieslhus,
structures in the conformational family similar to the X-ray

(17) For conformational analysis in solution, NMR datafan DMSO-

The antiproliferative activity oflL was evaluated in four
cell lines derived from human osteosarcoma (U20S), cervical
carcinoma (HelLa), colorectal adenocarcinoma (HT29), and
neuroblastoma (IMR-32). Compourid showed moderate
broad-spectrum activity with l§ values of 2.2, 1.0, 1.5, and
4.2 uM, respectively. This data is within the range ofs4C
values reported fo? (53.7 nM to 21.5«M), but in different
cell lines which were not tested heé¥& Previously, it has
been shown that the thiazolines &fare important to its
cytotoxic activity® It is tempting to speculate that this motif
might also be responsible for the activity df and that it
might indicate a shared mechanism of action with the
lissoclinamides and patellamides.
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