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Abstract: Apratoxin A (1), a potent cytotoxin with a novel skeleton, has been isolated from the marine
cyanobacteriumLyngbya majusculaHarvey ex Gomont. This cyclodepsipeptide of mixed peptide-polyketide
biogenesis bears a thiazoline ring flanked by polyketide portions, one of which possesses an unusual methylation
pattern. Its gross structure has been elucidated by spectral analysis, including various 2D NMR techniques.
The absolute configurations of the amino acid-derived units were determined by chiral HPLC analysis of
hydrolysis products. The relative stereochemistry of the new dihydroxylated fatty acid unit, 3,7-dihydroxy-
2,5,8,8-tetramethylnonanoic acid, was elucidated by successful application of theJ-based configuration analysis
originally developed for acyclic organic compounds using carbon-proton spin-coupling constants (2,3JC,H)
and proton-proton spin-coupling constants (3JH,H); its absolute stereochemistry was established by Mosher
analysis. The conformation of1 in solution was mimicked by molecular modeling, employing a combination
of distance geometry and restrained molecular dynamics. Apratoxin A (1) possesses IC50 values for in vitro
cytotoxicity against human tumor cell lines ranging from 0.36 to 0.52 nM; however, it was only marginally
active in vivo against a colon tumor and ineffective against a mammary tumor.

Introduction

Cyanobacteria produce an elaborate array of secondary
metabolites exhibiting a broad spectrum of bioactivities.1 While
some toxic metabolites pose a health threat,2 cyanobacteria are
a recognized source of potential pharmaceuticals.3 For example,
cryptophycin-52, a synthetic analogue of the terrestrial cyano-
bacterial peptolide cryptophycin-1,4 recently entered phase II
human clinical trials against cancer. Dolastatin 10,5 a modified
pentapeptide isolated originally from the sea hareDolabella
auricularia and more recently from a marine cyanobacterium,6

is another antitumor agent being clinically evaluated.7

In our ongoing efforts toward finding novel marine cyano-
bacterial metabolites with antitumor activity, we have been

investigating a variety of the cyanobacteriumLyngbya majuscula
Harvey ex Gomont from Finger’s Reef, Apra Harbor, Guam,
which closely resembles a more recently defined taxonomic
species,L. bouillonii Hoffmann et Demoulin.8 This organism,
collected over a period of several years, has proven to be
exceptionally rich in secondary metabolites. We have already
reported the discovery of the cytotoxic peptolides lyngbyastatin
2,9 norlyngbyastatin 2,9 and lyngbyabellins A10 and B,11 all of
which are analogues of compounds previously isolated from
D. auricularia. In addition, the isolation of noncytotoxic
lipopeptides apramides A-G from extracts of this cyanobac-
terium has been described.12 Herein we report the isolation, total
structure elucidation, and antitumor evaluation of apratoxin A
(1), the most potent cytotoxin produced by this organism.

Results and Discussion

Isolation. Cyanobacterial collections from Finger’s Reef,
Apra Harbor, Guam, were freeze-dried and extracted with
various organic solvents. Cytotoxicity-guided solvent partition
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followed by normal-phase chromatography and reversed-phase
HPLC afforded apratoxin A (1) as a colorless, amorphous solid
{[R]25

D -161 (c 1.33, MeOH)}.

Gross Structure.NMR data coupled with a [M+ H]+ peak
at m/z 840.4974 in the HRFABMS of1 suggested a molecular
formula of C45H69N5O8S (calcd for C45H70N5O8S, 840.4945).
Further NMR analysis (1H, 13C, HSQC,1H-1H COSY, and
HMBC, see Table 1) in CDCl3 revealed the presence of three
methylated amino acid moieties (O-methyltyrosine,N-methyl-
alanine, N-methylisoleucine), one regular amino acid unit
(proline), and anR,â-unsaturated modified cysteine residue
(moCys, C27-C32) containing a trisubstituted double bond. The
geometry of the double bond was concluded to beE since a
ROESY experiment showed a cross-peak between the methyl
signal atδ 1.96 (H3-32) and the methine signal atδ 5.25 (H-
30). The chemical shifts for H-30 (δ 5.25) and H2-31ab (δ 3.14
and 3.46) as well as the HMBC correlations of these protons to
a carbon atδ 177.4 (C33) strongly suggested that these nuclei
were present in a thiazoline ring. The last residue was classified
as a polyketide-derived unit possessing a high degree of
methylation (C33-C45). Most prominent in the1H NMR
spectrum was an intense singlet atδ 0.87 attributed to atert-
butyl group, a unique feature of this residue. Oxygenation of
C35 and C39 was revealed from13C NMR data (δC35 71.6,δC39

77.4). The methine proton H-35 (δ 3.54) was coupled to an
exchangeable proton (δOH 4.69) indicating that an OH was
attached to C35, whereas the chemical shift for H-39 (δ 4.97)
indicated that an acyloxy group was on C39. The presence of
hydroxyl and ester functionalities were consistent with IR
absorptions at 3412 (broad) and 1733 cm-1, respectively, the
most predominant IR bands in addition to the broad amide band
with its absorption maximum at 1623 cm-1. 1H-1H COSY and
HMBC analysis (Table 1) revealed the location of additional
methyl groups at C34 and C37, and ultimately disclosed the
last partial structure as the new dihydroxylated fatty acid moiety,
3,7-dihydroxy-2,5,8,8-tetramethylnonanoic acid (Dtena). The
linear sequence (N-Me-Ile)-(N-Me-Ala)-(O-Me-Tyr)-moCys-
Dtena-Pro was established from HMBC data and confirmed by
a ROESY experiment (Table 1). A strong cross-peak in the
ROESY spectrum between the signal atδ 4.23 of Pro (H-5b)
and the doublet atδ 5.20 of the N-Me-Ile residue (H-7)
suggested the connection of these two amino acid units, leading
to the macrocyclic gross structure depicted in structure1.

Stereochemistry.Acid hydrolysis of1 followed by chiral
HPLC analysis of the amino acid hydrolyzate revealedL

configuration for the Pro,N-Me-Ile, N-Me-Ala, andO-Me-Tyr
(all S). Ozonolysis and oxidative workup prior to acid hydrolysis
led to cysteic acid which was determined to be theD-isomer by
chiral HPLC; this meant that the stereochemistry at C30 in1
wasS.

J-based configuration analysis,13 a recently developed power-
ful method for the elucidation of relative stereochemistry in
acyclic structures using3JH,H and2,3JC,H values,14 was success-
fully applied to the polyketide portion C33-C45 (Dtena unit)
in 1 to solve the configurations of the last four stereocenters.
Its application to cyclic systems has only little precedence15 and
this may be due to the concern of nonstaggered conformations
being present.13 In large macrocyclic compounds such as1,
however, only staggered conformations should exist.3JH,H values
were measured by 1D TOCSY16 and homonuclear decoupling
experiments, and2,3JC,H values by sensitivity- and gradient-
enhanced hetero (ω1) half-filtered TOCSY (HETLOC)17 or 2D
gradient-selected HSQMBC.18 Diagonal peaks obscured some
of the important cross-peaks in the HETLOC spectrum. In those
instances coupling constants were obtained by employing a
modified pulse sequence (Figure 1), where a diagonal inversion
component19 was appended to the original pulse sequence17 to
provide nondiagonal spectra.20 The HSQMBC experiment was
used for measuring coupling constants of protons to the
nonprotonated carbons C33 and C40, and when the magnetiza-
tion transfer by TOCSY was small.18,21 All observed homo-
nuclear and heteronuclear coupling constants were either small
or large and therefore fit the model. No intermediate value was
measured and this indicated the presence of one dominant
conformer possessing no significant deviation from anti or
gauche orientations (<10°) along the chain.13,22

For the relative stereochemistry of the 1,2-methine system
along C34-C35,2,3JC,H values could not be used to distinguish
between the two possible rotamers (threo A-3, erythro B-3)23

with H-34/H-35 anti configuration (3JH-34,H-35 ) 10.0 Hz).13

However, NOE experiments revealed spatial proximity for H-34
and (lowfield) H-36b and for H3-44 and (highfield) H-36a,24

but none for H3-44 and the OH proton;25 taken together, this
was only in agreement with theerythro rotamer B-3 (Figure
2a). All other dimethine systems in the Dtena unit were 1,3-
methine systems, viz. two methines separated by a methylene.
Since in each of these cases all six possible conformers can be
distinguished from one another based on3JH,H and 2,3JC,H

values,13 the relative configuration and the conformation of the
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individual units could be determined (Figure 2b-e).22 Their
assemblage, with the aid of the stereospecifically assigned
diastereotopic methylene protons, resulted in the elucidation of
the relative configuration, including conformation of the Dtena
unit in 1. The proposed conformation was in agreement with
all of the NOEs observed within this moiety (Figure 3).

The absolute stereochemistry at C35 was determined asSby
the modified Mosher method (for∆δ values, see Figure 4).26

Having established the relative stereochemistry for C33-C39,
the absolute configuration of the Dtena unit was consequently
34S,35S,37S,39S. This completed the total structure elucidation
of 1.

Molecular Modeling. Molecular modeling provided informa-
tion about the conformation of apratoxin A (1) in solution
(CDCl3), a study that did not contradict but rather supported
the elucidated stereochemistry. To find 3D structures that were

Table 1. NMR Spectral Data for Apratoxin A (1) at 500 MHz (1H) and 125 MHz (13C) in CDCl3

unit C/H no. δH (J in Hz) δC
a 1H-1H COSY HMBCb ROESY

Pro 1 172.6, s H-2, H-3a, H-3b, H-39
2 4.19, t (7.6) 59.8, d H-3a, H-3b H-3a H-3b, H3-41/42/43
3a (pro-R) 1.88, m 29.3, t H-2, H-3b H-2, H-4a H-3b, H3-41/42/43
3b (pro-S) 2.23, m H-2, H-3a H-2, H-3a
4a (pro-S) 1.90, m 25.6, t H-4b, H-5a, H-5b H-2, H-3a, H-3b H-4b, H-5b
4b (pro-R) 2.05, m H-4a, H-5a, H-5b H-5a, H-5b H-4a, H-5a
5a (pro-R) 3.66, m 47.6, t H-4a, H-4b H-3b H-4b, H-5b, H3-11
5b (pro-S) 4.23, m H-4a, H-4b H-4a, H-5a, H-7

N-Me-Ile 6 170.7, s H-7
7 5.20, d (11.6) 56.6, d H-8 H3-11, H3-12 H-5b, H3-11, H3-12
8 2.24, m 31.8, d H-7, H3-11 H-7, H3-10, H3-11 H-9b, H3-11, H3-12,

H-34, OH
9a 0.96, m 24.7, t H-9b H-7, H3-10, H3-11 H-9b, H3-32
9b 1.31, m H-9a, H3-10, H3-11 H-8, H-9a
10 0.91, t (7.2) 9.0, q H-9b H-9a, H-9b
11 0.95, d (6.8) 14.0, q H-8 H-7, H-9a H-5a, H-7, H-8, H-34
12 2.71, s 30.5, q H-7 H-7, H-8, H-14, H3-16,

H-29, OH
N-Me-Ala 13 170.0, s H-7, H3-12, H3-15

14 3.28, br q (6.6) 60.7, d H3-15 H3-15, H3-16 H3-12, H3-15, H3-16
15 1.21, d (6.6) 13.9, q H3-14 H-14, H3-16, H-21/25
16 2.81, s 36.7, q H3-12, H-14, H3-15,

H-18, H-21/25
O-Me-Tyr 17 170.4, s H3-16, H-19a, H-19b

18 5.05, ddd (10.9, 9.4, 4.8) 50.5, d H-19a, H-19b, NH H-19a, H-19b, NH H3-16, H-19a
19a 2.86, dd (-12.4, 4.8) 37.2, t H-18, H-19b H-18, H-21/25 H-18, H-19b
19b 3.11, dd (-12.4, 10.9) H-18, H-19a H-19a, NH
20 128.3, s H-19a, H-19b, H-22/24
21/25 7.15, d (8.8) 130.6, d H-22/24 H-19a, H-19b, H-21/25 H3-15, H3-16, H-22/24
22/24 6.80, d (8.8) 113.9, d H-21/25 H-21/25, H-22/24 H-21/25
23 158.7, s H-21/25, H-22/24, H3-26
26 3.78, s 55.3, q
NH 6.04, d (9.4) H-18b, H3-32

moCys 27 169.6, s NH, H-29, H3-32
28 130.5, s H-30, H3-32
29 6.35, dq (9.7,-1.3) 136.3, d H-30, H3-32 H-30, H-31a, H-31b, H3-32 H3-12, H-30, H-31a
30 5.25, ddd (9.7, 8.9, 4.2) 72.5, d H-29, H-31a,

H-31b
H-31a, H-31b H-29, H-31a, H-31b,

H3-32, OH
31a (pro-R) 3.14, dd (-10.9, 4.2) 37.6, t H-30 H-29 H-29, H-30, H-31b
31b (pro-S) 3.46, dd (-10.9, 8.9) H-30 H-30, H-31a
32 1.96, d (-1.3) 13.3, q H-29 H-29 H-9a, NH, H-30

Dtena 33 177.4, s H-30, H-31a, H-31b, H-34,
H-35, H3-44

34 2.64, dq (10.0, 7.0) 49.1, d H-35, H3-44 H-36b, H3-44 H-8, H3-11, H-36b,
H3-44, OH

35 3.54, dddd (11.4, 10.7,
10.0, 2.9)

71.6, d H-34, H-36b,
OH

H-34, H-36b, H3-44, OH H3-44, H3-45, OH

36a (pro-S) 1.11, ddd (-13.4, 12.0,
2.9)

38.1, t H-36b, H-37 H-34, H3-45, OH H-36b

36b (pro-R) 1.58, ddd (-13.4, 11.4,
3.9)

H-35, H-36a H-34, H-36a, H-39, OH

37 2.16, ddqdd (12.0, 11.8,
6.6, 3.9, 3.4)

24.3, d H-36a, H-38a,
H3-45

H-36b, H-38a, H-38b,
H3-45

H-38b, H3-45, OH

38a (pro-S) 1.26, ddd (-13.9, 11.8,
2.3)

37.7, t H-37, H-38b H3-45 H-38b, H-39, H3-41/42/43

38b (pro-R) 1.79, ddd (-13.9, 12.7,
3.4)

H-38a, H-39 H-37, H-38a, H3-41/42/43,
H3-45

39 4.97, dd (12.7, 2.3) 77.4, d H-38b H3-41/42/43 H-36b, H-38a, H3-41/42/43
40 34.9, s H-38b, H3-41/42/43
41/42/43 3× 0.87, s 3× 26.0, q H-39, H3-41/42/43 H-2, H-3a, H-38a, H-38b,

H-39
44 1.07, d (7.0) 16.6, q H-34 H-34 H-34, H-35
45 0.99, d (6.6) 19.8, q H-37 H-36b, H-38b H-35, H-37, H-38b
OH 4.69, d (10.7) H-35 H-8, H3-12, H-30, H-34,

H-35, H-36b, H-37

a Multiplicity deduced from the HSQC spectrum.b Protons showing long-range correlation with indicated carbon.
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in agreement with experimental data (NOEs,J couplings) and
at the same time had low energies in a given force field, we
chose a protocol comprised of two steps: First, distance
geometry (DG)27 was used to generate structures that were
consistent with the observed NOEs. Second, restrained molecular
dynamics (RMD) in combination with restrained energy mini-
mization (REM) served to minimize the high internal energies
of these DG structures.28 Chiral restraints, as well as 60 NOE
derived distance restraints obtained from the ROESY spectrum
(Table 1) and semiquantitatively classified into strong (<2.5
Å), medium (2.5-3.5 Å), and weak (3.5-5.0 Å),29 were
included in both DG and RMD/REM calculations. ROESY
cross-peaks across the macrocycle1 were very important and
indicated that theN-Me-Ile residue should be able to come close

to the moCys residue and to the 1,2-methine system of the Dtena
unit (Table 1); this provided us with a significant conformational
restraint.

Simple geometry-optimized structures (without restraints)
were used as starting structures for 10 DG calculations. The
resulting (and quite diverse) structures did not significantly
violate the NOE-derived distance restraints, but expectedly were
of high energy arising largely from van der Waals repulsion
terms. For the second step of the molecular modeling protocol,
in addition to chiral and NOE derived distance restraints, three-
bond proton-proton spin-coupling constants between protons
in the Dtena unit with typical values for anti orientation (3JH,H

g 10 Hz) were incorporated, providing five3J dihedral

Figure 1. Pulse sequence for the sensitivity- and gradient-enhanced HETLOC17 with diagonal inversion.19 Thin and thick bars represent 90° and
180° pulses, respectively;τ ) (1/2)1JC,H, φ1 ) 2(y), 2(-y), φ2 ) 8(x), 8(-x), φ3 ) 4(x), 4(-x), φ4 ) φ3, φ5 ) φ2, φ6 ) 4(y), 4(-y), φ7 ) 4(-y),
4(y), φR ) -x, 2(x), -x. The pulse preceding the mixing period and final gradient are inverted in adjacent blocks to obtain the hypercomplex
quadrature phase int1. The following gradient values have been used (in G/cm):gt1 ) 10,gt2 ) 2.5,gt3 ) 4. Rectangular-shapedz-gradients were
1 ms in length with a 50µs recovery delay. The spin-lock period was 60 ms.

Figure 2. 3JH,H and 2,3JC,H values that led to the assignment of the rotamers with the relative stereochemistry shown for the polyketide portion
C33-C45 of apratoxin A (1).23 (S) for “small” and (L) for “large” refer to the magnitude of the coupling constants, resulting in the identification
of gauche or anti orientations. For the 1,2-methine system (a),threo rotamer A-3 anderythro rotamer B-3 could not be distinguished solely based
on coupling constants. NOE experiments established the presence of rotamer B-3 (see text). For the 1,3-methine systems (b-e), all rotamers could
clearly be identified using theJ-based configuration analysis.13,22 Hh and Hl denote the diastereotopic methylene protons observed at higher field
and at lower field, respectively.
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restraints.30,31 The 10 DG-optimized structures were subjected
to REM to reduce the strain in the molecules. A 10-ps RMD at
500 K was executed to sample the conformational space. Final
REM removed the kinetic energy from the systems. Out of the
10 resulting RMD-refined structures, 9 were not only energeti-
cally similar, but also belonged to the same conformational
family (Figure 5a) and were probably near the global minimum.
None of these structures exhibited major violations with respect
to the restraints. The 10th structure was of significantly higher
energy, violating many distance restraints and even dihedral
restraints, and thus was not further considered. The lowest
energy conformer found for1 is shown in Figure 5b. Interest-
ingly, theR,â-unsaturated system in the moCys moiety was not
planar in these structures.

The structures after final REM were always considerably
lower in energy than after REM that preceded the RMD. This
result demonstrates that RMD after DG is superior to only REM

after DG, which traps the molecules in local minima. When
the dynamics step was run at a lower temperature (300 K) under
otherwise identical conditions, essentially the same conforma-
tional family resulted. The inclusion of3J dihedral restraints
was deemed necessary, since NOE data did not sufficiently
restrict the conformation of the Dtena unit. These additional
restraints also lowered the energy and the number of violations
of NOE-derived distance restraints in the final structures.32

Furthermore, the low value chosen for the force constant
associated with the NOE-derived distance restraints (1.0 kcal/
(mol‚Å2)) was crucial in achieving convergence to a structure
that completely satisfied the NMR data.33 When chiral restraints
for the stereocenters in the Dtena unit were switched off, some
of the atoms commonly inverted toR configuration. However,
structures of higher energy and, more importantly, violation of
a greater number of distance restraints resulted. The all-S
configuration appeared indeed to be the best fit for the
experimental data.

Biological Activity. Apratoxin A (1) exhibits potent cyto-
toxicity in vitro with IC50 values of 0.52 nM against KB and
0.36 nM against LoVo cancer cells.34 In vivo 1 proved to be
toxic to mice and was poorly tolerated at best.35 A single iv
injection of 3.0 mg/kg on day 3 into mice that bore a
subcutaneous implanted early stage colon adenocarcinoma gave
a T/C of 31%, however, accompanied by drug deaths (LD25)
and intolerable weight loss (32% on day 24) of the surviving
animals. Sublethal doses, e.g., 1.5 mg/kg/inj on days 3 and 4,
produced modest tumor inhibition with a T/C of 51% (inactive
by NCI standards) and 21% body weight loss on day 9. Full
recovery occurred on day 23, indicating a long (14-day) host
recovery time. Against early stage mammary adenocarcinoma
16/C no activity was observed.

The mode of action of1 is unknown at this time. Apratoxin
A (1) had no effect on the microfilament network, did not inhibit
microtubule polymerization/depolymerization, and did not in-
hibit topoisomerase I.

Conclusion

Apratoxin A (1) is remarkably cytotoxic in vitro as well as
in vivo; however, the lack of selectivity limits its potential as
an antitumor agent. Structurally, it possesses a novel skeleton
and features atert-butyl group in the starter unit for the
polyketide synthase that presumably assembles the Dtena
moiety.J-based configuration analysis was applied successfully

(24) Since the chemical shifts for the H3-44 (δ 1.07) and the (highfield)
H-36a (δ 1.11) were so similar, no direct NOE experiment was possible.
Instead, the 1D TOCSY-NOESY method was used.16 The (lowfield) H-36b
(δ 1.58) was selectively excited with a quiet SNEEZE pulse (138.5 ms) in
the 1D TOCSY building block, and a second polarization transfer was
achieved by selective excitation of the (highfield) H-36a in the 1D NOESY
sequence. For the latter excitation, usage of a half-Lorentzian (hL) pulse
(72.0 ms) yielded a high sensitivity and ultimately best results. Mixing times
were 28 ms for the TOCSY and 500 ms for the NOESY transfer (see
Supporting Information).

(25) This result alone suggests already the anti orientation of the
substituents. The OH proton gave rise to a sharp doublet (J ) 10.7 Hz) in
the1H NMR spectrum and showed other NOEs within the Dtena unit (Table
1), but not to H3-44 (see Supporting Information).
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Soc.1991, 113, 4092-4096.
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(29) Results were found to be independent from the mixing time for
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Reggelin, M.; Köck, M.; Conde-Frieboes, K.; Mierke, D.Angew. Chem.,
Int. Ed. Engl.1994, 33, 753-755.

(30) A modified Karplus equation, which considers the electronegativity
of substituents and their orientation, was used for calculating the torsional
angles H-C34-C35-H, H-C35-C36-Hl, Hh-C36-C37-H, and
H-C37-C38-Hh: Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona,
C. Tetrahedron1980, 36, 2783-2792.

(31) The modified Karplus equation by Haasnoot et al.30 could not
account for the large value of3JH-38l, H-39 ) 12.7 Hz which, however, could
be accommodated by a Karplus equation optimized for amino side chains:
DeMarco, A.; Llinás, M.; Wüthrich, K. Biopolymers1978, 17, 617-636.22
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J.; Boelens, R.; Scheek, R. M.; Kaptein, R.; van Gunsteren, W. F.Isr. J.
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peptide: Fesik, S. W.; Bolis, G.; Sham, H. L.; Olejniczak, E. T.Biochemistry
1987, 26, 1851-1859.

(34) The IC50 values were determined using the SRB assay: Skehan,
P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren,
J. T.; Bokesch, H.; Kenney, S.; Boyd, M. R.J. Natl. Cancer Inst.1990, 82,
1107-1112.
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T.; Valeriote, F.; LoRusso, P.; Polin, L.; Panchapor, C.; Pugh, S.; White,
K.; Knight, J.; Demchik, L.; Jones, J.; Jones, L.; Lisow, L. InAnticancer
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Figure 3. Configuration and conformation of the Dtena moiety in1
based on3JH,H and 2,3JC,H values. NOEs indicated by arrows within
this unit support the result of theJ-based analysis.13 For the diasterotopic
methylene protons,high and low refer to the highfield and lowfield
protons, respectively.

Figure 4. ∆δ (δS - δR) values for the MTPA esters of1.
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to elucidate the stereochemistry of this moiety, extending the
applicability of the method from acyclic systems to macrocyclic
compounds. However, we also share the concern raised earlier
that deviations from staggered rotamers might occur,13 but this
is much less likely in macrocyclic systems such as1 than in
smaller ring systems. We feel thatJ-based analysis can predict
the relative stereochemistry in nonrigid cyclic systems, espe-
cially in conjunction with NOE experiments, more reliably than
NOE-based techniques alone or even combined with molecular
mechanics. Very similar polyketide portions as in1 (with
unknown stereochemistry) have been found in laingolide,36

laingolide A,37 and madangolide37 isolated from the relatedL.
bouillonii from Papua New Guinea, a cyanobacterium that has
at least one metabolite, lyngbyapeptin A, in common with our
apratoxin A-producing organism.11,38 Since apratoxin A (1) is
presumably biosynthesized nonribosomally by modular peptide
synthetases and polyketide synthases, valued for their potential
use in combinatorial biosynthesis,39 1 may be an attractive target
for biosynthetic studies on the genetic level.
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Figure 5. Molecular modeling of apratoxin A (1) using distance geometry followed by restrained molecular dynamics: (a) superpositioned
stereostructures consistent with NMR data (NOEs,J couplings) and (b) lowest energy conformer generated during the simulations.
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