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Abstract: Apratoxin A (1), a potent cytotoxin with a novel skeleton, has been isolated from the marine
cyanobacteriunbyngbya majuscul&arvey ex Gomont. This cyclodepsipeptide of mixed peptigelyketide
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 applicationJdbéised configuration analysis
originally developed for acyclic organic compounds using carimoton spin-coupling constant$3c 1)

and protor-proton spin-coupling constantd){ n); its absolute stereochemistry was established by Mosher
analysis. The conformation dfin solution was mimicked by molecular modeling, employing a combination

of distance geometry and restrained molecular dynamics. Apratoxit) possesses g 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 investigating a variety of the cyanobacteriltyngbya majuscula
Harvey ex Gomont from Finger's Reef, Apra Harbor, Guam,
which closely resembles a more recently defined taxonomic
speciesL. bouillonii Hoffmann et Demoulirf. 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
2.2 norlyngbyastatin 2,and lyngbyabellins A and B! all of
which are analogues of compounds previously isolated from
. - - D. auricularia. In addition, the isolation of noncytotoxic
aurlcularla ano_| more recently f_rom amarine cyanobacterfum, lipopeptides apramides 4G from extracts of this cyanobac-
is another antitumor agent being clinically evaluated. terium has been describ&tHerein we report the isolation, total

In our ongoing efforts toward finding novel marine cyano-  strycture elucidation, and antitumor evaluation of apratoxin A
bacterial metabolites with antitumor activity, we have been (1) the most potent cytotoxin produced by this organism.

Cyanobacteria produce an elaborate array of secondary,
metabolites exhibiting a broad spectrum of bioactivitigghile
some toxic metabolites pose a health thfeatanobacteria are
a recognized source of potential pharmaceutit&lsr example,
cryptophycin-52, a synthetic analogue of the terrestrial cyano-
bacterial peptolide cryptophycin#lrecently entered phase I
human clinical trials against cancer. Dolastatir® 0modified
pentapeptide isolated originally from the sea hB@abella
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sWayne State University. various organic solvents. Cytotoxicity-guided solvent partition
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followed by normal-phase chromatography and reversed-phaseconfiguration for the ProN-Me-lle, N-Me-Ala, andO-Me-Tyr
HPLC afforded apratoxin Al)) as a colorless, amorphous solid (all S). Ozonolysis and oxidative workup prior to acid hydrolysis

{[a]?®p —161 (€ 1.33, MeOH}. led to cysteic acid which was determined to bedkisomer by
chiral HPLC; this meant that the stereochemistry at C3Q in
O-Me-Tyr moCys wasS

2 w 5 J-based configuration analysi&a recently developed power-

B\ e H ful method for the elucidation of relative stereochemistry in
O‘@""n NM acyclic structures usingly n and?3Jc 4y valuest was success-
22 - 1;& o) * fully applied to the polyketide portion C33C45 (Dtena unit)
®N"T0 in 1 to solve the configurations of the last four stereocenters.

Its application to cyclic systems has only little precedéhaad
this may be due to the concern of nonstaggered conformations
being present? In large macrocyclic compounds such &s

N-Me-Ala 0
Kﬁ 0 _/l?\

2 i SK/; 3 however, only staggered conformations should eXlst, values
r\" were measured by 1D TOCS%and homonuclear decoupling
10 experiments, and3Jcn values by sensitivity- and gradient-
N-Me-lle Pro enhanced hetera) half-filtered TOCSY (HETLOCY or 2D
1 gradient-selected HSQMBE.Diagonal peaks obscured some
of the important cross-peaks in the HETLOC spectrum. In those
Gross Structure. NMR data coupled with a [M+ H]* peak instances coupling constants were obtained by employing a

atm/z 840.4974 in the HRFABMS of suggested a molecular modified pulse sequence (Figure 1), where a diagonal inversion
formula of GsHegNsOgS (calcd for GsH7oNsOgS, 840.4945). componert® was appended to the original pulse sequéhte
Further NMR analysis'd, 1%C, HSQC,H—1H COSY, and provide nondiagonal spectf&The HSQMBC experiment was
HMBC, see Table 1) in CDGlrevealed the presence of three used for measuring coupling constants of protons to the
methylated amino acid moietie®{methyltyrosine N-methyl- nonprotonated carbons C33 and C40, and when the magnetiza-
alanine, N-methylisoleucine), one regular amino acid unit tion transfer by TOCSY was sméf2* All observed homo-
(proline), and ano.,B-unsaturated modified cysteine residue nuclear and heteronuclear coupling constants were either small
(moCys, C27C32) containing a trisubstituted double bond. The or large and therefore fit the model. No intermediate value was
geometry of the double bond was concluded toEbsince a measured and this indicated the presence of one dominant
ROESY experiment showed a cross-peak between the methylconformer possessing no significant deviation from anti or
signal ato 1.96 (H-32) and the methine signal &t5.25 (H- gauche orientations<(10°) along the chaif??22

30). The chemical shifts for H-3®(5.25) and H-31ab ¢ 3.14 For the relative stereochemistry of the 1,2-methine system
and 3.46) as well as the HMBC correlations of these protons to along C34-C35,2-3)c y values could not be used to distinguish

a carbon ab 177.4 (C33) strongly suggested that these nuclei between the two possible rotametsréo A-3, erythro B-3)%3

were present in a thiazoline ring. The last residue was classifiedwith H-34/H-35 anti configuration3Qy.34 n.3s = 10.0 Hz)®

as a polyketide-derived unit possessing a high degree of However, NOE experiments revealed spatial proximity for H-34
methylation (C33-C45). Most prominent in théH NMR and (lowfield) H-36b and for k44 and (highfield) H-368¢
spectrum was an intense singletdaf.87 attributed to aert- but none for H-44 and the OH protof, taken together, this
butyl group, a unique feature of this residue. Oxygenation of was only in agreement with therythro rotamer B-3 (Figure
C35 and C39 was revealed frofC NMR data §czs 71.6,0c39 2a). All other dimethine systems in the Dtena unit were 1,3-
77.4). The methine proton H-3% (3.54) was coupled to an  methine systems, viz. two methines separated by a methylene.
exchangeable protom¢n 4.69) indicating that an OH was  Since in each of these cases all six possible conformers can be
attached to C35, whereas the chemical shift for H-39.07) distinguished from one another based &y and 22Jc
indicated that an acyloxy group was on C39. The presence ofvalues!3the relative configuration and the conformation of the
hydroxyl and ester functionalities were consistent with IR — - - - -
absorptions at 3412 (broad) and 1733 ¢nvespectively, the S?%%‘?‘téﬁg‘;}g’;é 22?22&'3;6M““ata' M. Nakamura, H.; Tachibana,
most predominant IR bands in addition to the broad amide band  (14) (a) Murata, M.; Matsuoka, S.; Matsumori, N.; Paul, G. K.;
with its absorption maximum at 1623 ¢ *H—H COSY and Tachibana, KJ. Am. Chem. S0d999 121, 870-871. (b) Wu, M.; Okino,
HMBC analysis (Table 1) revealed the location of additional ;:;V'\\',(_’;g',\jh';r'a'\;,"';1'5’_'a,:r_c?”&i’f&&é}]\fv&'_'f‘an;:onsg'RT_ ';; g'(t)"l"scgr']t’tak_'?‘ﬁ:;ga%;
methyl groups at C34 and C37, and ultimately disclosed the yokokawa, F.; Shioiri, T.; Gerwick, W. HJ. Am. Chem. So@00Q 122,

last partial structure as the new dihydroxylated fatty acid moiety, 12041-12042. ) ) o
3,7-dihydroxy-2,5,8,8-tetramethylnonanoic acid (Dtena). The _(15) Bassarello, C.; Bifulco, G.; Zampella, A.; D’Auria, M. V.; Riccio,

. R.; Gomez-Paloma, LEur. J. Org. Chem2001, 39—-44.

linear sequenceN:-Me-lle)-(N-Me-Ala)-(O-Me-Tyr)-moCys- (16) Uhfn, D.; Barlow, P. N.J. Magn. Reson1997, 126, 248-255.
Dtena-Pro was established from HMBC data and confirmed by  (17) Uhrfn, D.; Batta, G.; Hruby, V. J.; Barlow, P. N.;'Keér, K. E. J.

a ROESY experiment (Table 1). A strong cross-peak in the Ma(%’é-) F\;\ﬁﬁ%ﬁggf 1R3Qr1.5;v15flfelz- B L Gerwick W. He Kodr K. E
ROESY spectrum between the signaldad.23 of Pro (H-5b) Magn. Reson. Chen200Q 3;{1265;27.3_., B .

and the doublet a® 5.20 of the N-Me-lle residue (H-7) (19) Wollborn, U.; Leibfritz, D.J. Magn. Reson1992 98, 142-146.
suggested the connection of these two amino acid units, leading (20) The diagonal (and geminal) correlation peaks actually appear

to the macrocyclic gross structure depicted in structure antiphase, but in the data processing one can choose not to display negative
St hemi id hvdrolvsis of1 foll d by chiral peaks, resulting in an apparent suppression of the diagonal. _
ereochemistry. Acid hydrolysis of1 followed by chira (21) A modified HSQMBC pulse sequence incorporating a gradient-
HPLC analysis of the amino acid hydrolyzate revealed BIRD sequence during the INEPT transfer was used (Williamson, R. T.,
personal communication).

(11) Luesch, H.; Yoshida, W. Y.; Moore, R. E.; Paul, VJJINat. Prod. (22) The coupling constants that determine the rotamer for-C3®
200Q 63, 1437-1439. are somewhat outside of the range predicted in ref 13 by displaying more
(12) Luesch, H.; Yoshida, W. Y.; Moore, R. E.; Paul, VJJINat. Prod. extreme values, but can easily be grouped into “small” or “large”.

200Q 63, 1106-1112. (23) The rotamers have been denominated as in ref 13.
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Table 1. NMR Spectral Data for Apratoxin Alj at 500 MHz {H) and 125 MHz {°C) in CDCk

Luesch et al.

unit C/H no. On (Jin Hz) 0c? IH—IH COSY HMBC 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-3bs-Ki1/42/43
3apro-R 1.88,m 29.3,t H-2, H-3b H-2, H-4a H-3bzH41/42/43
3b (pro-§ 2.23,m H-2, H-3a H-2, H-3a
4apro-§ 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-5baH1
5b (pro-§ 4.23,m H-4a, H-4b H-4a, H-5a, H-7
N-Me-lle 6 170.7, s H-7
7 5.20, d (11.6) 56.6, d H-8 H1, H-12 H-5b, H-11, H-12
8 2.24, m 31.8,d H-7, K11 H-7, H-10, Hs-11 H-9b, H-11, H-12,
H-34, OH
9a 0.96, m 24.7,t H-9b H-7,410, H-11 H-9b, H-32
9b 1.31, m H-9a, B10, H-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 3116,
H-29, OH
N-Me-Ala 13 170.0, s H-7, §12, H:-15
14 3.28, br q (6.6) 60.7, d H15 Hs-15, H-16 H-12, He-15, Hs-16
15 1.21,d (6.6) 13.9, q H4 H-14, H-16, H-21/25
16 281, s 36.7,q H12, H-14, B-15,
H-18, H-21/25
O-Me-Tyr 17 170.4,s K16, 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 s-164H-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 -22/24 H-19a, H-19b, H-21/25 318, H-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 3+26
26 3.78, s 55.3,q
NH 6.04,d (9.4) H-18b, H:-32
moCys 27 169.6, s NH, H-29,382
28 130.5, s H-30, E32
29 6.35, dq (9.7+-1.3) 136.3,d H-30, 32 H-30, H-31a, H-31b, FH32 Hs;-12, H-30, H-31a
30 5.25,ddd (9.7,8.9,4.2) 725,d H-29, H-31a, H-31a, H-31b H-29, H-31a, H-31b,
H-31b Hs-32, OH
3la pro-R) 3.14,dd (-10.9, 4.2) 37.6,t H-30 H-29 H-29, H-30, H-31b
31b (pro-§ 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, H;-44
34 2.64, dq (10.0, 7.0) 49.1, d H-35444 H-36b, H-44 H-8, H-11, H-36b,
Ha-44, OH
35 3.54, dddd (11.4, 10.7, 71.6,d H-34, H-36b, H-34, H-36b, H-44, OH  Hy-44, H-45, OH
10.0, 2.9) OH
36a pro-§ 1.11,ddd ¢13.4,12.0, 38.1,t H-36b, H-37 H-34, K45, OH H-36b
2.9)
36b (pro-R) 1.58,ddd ¢13.4,11.4, H-35, H-36a H-34, H-36a, H-39, OH
3.9)
37 2.16, ddgdd (12.0, 11.8, 24.3,d H-36a, H-38a, H-36b, H-38a, H-38b, H-38b, H-45, OH
6.6,3.9,3.4) Hs-45 Hs-45
38a pro-§ 1.26,ddd ¢13.9,11.8, 37.7,t H-37, H-38b H45 H-38b, H-39, H-41/42/43
2.3)
38b pro-R 1.79,ddd ¢13.9, 12.7, H-38a, H-39 H-37, H-38a, £441/42/43,
3.4) Hs-45
39 4.97,dd (12.7, 2.3) 77.4,d H-38b HA1/42/43 H-36b, H-38a, $#41/42/43
40 34.9,s H-38b, £141/42/43
41/42/43 3x 0.87,s 3x 26.0,q H-39, H-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, H12, H-30, H-34,

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

a Multiplicity deduced from the HSQC spectrumProtons showing long-range correlation with indicated carbon.

individual units could be determined (Figure -26)22 Their

Having established the relative stereochemistry for-©339,

assemblage, with the aid of the stereospecifically assignedthe absolute configuration of the Dtena unit was consequently
diastereotopic methylene protons, resulted in the elucidation of 345355,37S,39S. This completed the total structure elucidation

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 determin&bgs
the modified Mosher method (fako values, see Figure 4.

of 1.

Molecular Modeling. Molecular modeling provided informa-
tion about the conformation of apratoxin A)(in solution
(CDCl), a study that did not contradict but rather supported
the elucidated stereochemistry. To find 3D structures that were
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Figure 1. Pulse sequence for the sensitivity- and gradient-enhanced HETL@th diagonal inversiod? Thin and thick bars represent 9and

180 pulses, respectively; = (1/12fcu, ¢1 = 2(y), 2(=y), 2 = 8(X), B(—X), ¢z = 4(x), 4(—X), 4 = ds, 5 = d2, Ps = 4(y), 4(=Y), ¢7 = 4(-y),

4(y), pr = —X, 2(X), —x. The pulse preceding the mixing period and final gradient are inverted in adjacent blocks to obtain the hypercomplex
guadrature phase . The following gradient values have been used (in G/cgt):= 10, gt = 2.5, gt; = 4. Rectangular-shapeegradients were

1 ms in length with a 5@:s recovery delay. The spin-lock period was 60 ms.

a)

(C3e) H3y (OH)
HO Cag
Css @ Meyy

Hss
B-3 (A-3)

:JH_“,H_” =10.0 Hz (L)
3JH-34,036 =1.3Hz (S)
3Jcss,u-35 =1.0 Hz (S)
2Jc44,|.|45 = 0.0 Hz (S)
Jc35,|.|.34 =-6.8 Hz (L)

? No correlation observed in the HSQMBC experiment as expected for a coupling of 0 Hz.

b)
Has
Hag" Ci;
Cas OH
Hag'
C-1

®Jn.35,1-367 = 2.9 Hz (S)
3 Jusspssl =114 Hz (L)
3JH-35,C$7 =1.3 Hz (S)
%Jcaap.seh = 1.9 Hz (S)
3Jcaap.3s! = 2.0 HZ(S)
:Jcss,H-ssh =-1.6 Hz (S)
Jeasu-36! =-6.6 Hz (L)

c)
Haz
H3SI C35
Css Meys
Hag”
D-1

SJH.37,H_35I‘! =12.0 Hz (L)
s -zel =39 Hz (S)
3JH-37,C35 =24 Hz (S)
Joas,Haeh = 2.3 Hz (S)
3Jcasnse! = 3.0 HZ(S)
3Jcas Haeh = 1.0 HZ (S)
Yeasnas! =TAHz(L)

d)
/ Haz
H38 C39
Me45 C36
Hag"
C-3

3 Ju.37 H3sh = 11.8 HZ (L)
:Ju-n,u-ss' =3.4 Hz (S)
Juarcse =1.4Hz(S)
Nessash =22 Hz (S)
JessH-3s! =7.5Hz (L)
3Jcas s =2.5Hz (S)
3cas sl =1.2Hz(S)

e)
Hig
Hag" Cs7
Cao @ OR
Hag'
C-1

3 Jh.39,4-380 = 2.3 HZ (S)
sJH.gngal =127 Hz (L)
*Jusscar =2.0Hz(S)
*Jeaopi.ah =0 Hz (S)!
3JC40,H-38’ =3.0 Hz (S)
LJc3s H.38h =1.2HZ (S)
2Jc39'H.3gl =-7.9 Hz (L)

Figure 2. 3J44 and?3Jc 4 values that led to the assignment of the rotamers with the relative stereochemistry shown for the polyketide portion
C33-C45 of apratoxin A 1).2% (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 systenth{go rotamer A-3 ancerythrorotamer 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-sgjtathsotamers could

clearly be identified using thé@-based configuration analysi%?2 H" and H denote the diastereotopic methylene protons observed at higher field
and at lower field, respectively.

in agreement with experimental data (NOHEsouplings) and

to the moCys residue and to the 1,2-methine system of the Dtena

at the same time had low energies in a given force field, we unit (Table 1); this provided us with a significant conformational
chose a protocol comprised of two steps:

First, distance restraint.
geometry (DGY¥ 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 structure®.Chiral restraints, as well as 60 NOE

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

derived distance restraints obtained from the ROESY spectrum©f high energy arising largely from van der Waals repulsion

(Table 1) and semiquantitatively classified into strorm(5
A), medium (2.5-3.5 A), and weak (355.0 A)2° were
included in both DG and RMD/REM calculations. ROESY
cross-peaks across the macrocytleere very important and
indicated that th&l-Me-lle residue should be able to come close =

terms. For the second step of the molecular modeling protocol,
in addition to chiral and NOE derived distance restraints, three-
bond protor-proton spin-coupling constants between protons
in the Dtena unit with typical values for anti orientatioidy{(
10 Hz) were incorporated, providing fivél dihedral



5422 J. Am. Chem. Soc., Vol. 123, No. 23, 2001 Luesch et al.

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 o@ 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 structdfes.
Furthermore, the low value chosen for the force constant
associated with the NOE-derived distance restraints (1.0 kcal/
(mol-A2)) was crucial in achieving convergence to a structure
that completely satisfied the NMR daWhen chiral restraints

for the stereocenters in the Dtena unit were switched off, some
of the atoms commonly inverted ®configuration. However,

Figure 3. Configuration and conformation of the Dtena moietylin

based orfJy and 23Jc 4 values. NOEs indicated by arrows within . . . .
this unit support the result of thkbased analysis.For the diasterotopic structures of higher energy and, more importantly, violation of

methylene protonghigh and low refer to the highfield and lowfield a gr_eater_ number of dls_tance restraints resulted._ Thé all-
protons, respectively. configuration appeared indeed to be the best fit for the

experimental data.

Biological Activity. Apratoxin A (1) exhibits potent cyto-
toxicity in vitro with ICsg values of 0.52 nM against KB and
0.36 nM against LoVo cancer ceft$In vivo 1 proved to be
toxic to mice and was poorly tolerated at b&sA 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,§ D
and intolerable weight loss (32% on day 24) of the surviving
Figure 4. Ad (6s — 0r) values for the MTPA esters df. 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
restraints®31 The 10 DG-Optimized structures were SUbjeCted by NCI Standards) and 21% body We|ght loss on day 9. Full
to REM to reduce the strain in the molecules. A lO-pS RMD at recovery occurred on day 23’ indicating a |0ng (14_day) host
500 K was executed to Sample the conformational space. Fina|recovery time. Against ear]y Stage mammary adenocarcinoma
REM removed the kinetic energy from the systems. Out of the 16/C no activity was observed.
10 resulting RMD-refined structures, 9 were not only energeti-  The mode of action of is unknown at this time. Apratoxin
cally similar, but also belonged to the same conformational A (1) had no effect on the microfilament network, did not inhibit

family (Figure 5a) and were probably near the global minimum. icrotubule polymerization/depolymerization, and did not in-
None of these structures exhibited major violations with respect ppjt topoisomerase |I.

to the restraints. The 10th structure was of significantly higher
energy, violating many distance restraints and even dihedral conclusion
restraints, and thus was not further considered. The lowest

+002 99 _go3 -007

energy conformer found fat is shown in Figure 5b. Interest- Apratoxin A (1) is remarkably cytotoxic in vitro as well as
ing|y’ thea,ﬁ_unsaturated system in the moCys moiety was not in vivo; however, the lack of SE|ectiVity limits its potential as
planar in these structures. an antitumor agent. Structurally, it possesses a novel skeleton

The structures after final REM were always considerably and features aert-butyl group in the starter unit for the
lower in energy than after REM that preceded the RMD. This polyketide synthase that presumably assembles the Dtena
result demonstrates that RMD after DG is superior to only REM Mmoiety.J-based configuration analysis was applied successfully

(24) Since the chemical shifts for thes#44 (0 1.07) and the (highfield) (30) A modified Karplus equation, which considers the electronegativity
H-36a ¢ 1.11) were so similar, no direct NOE experiment was possible. of substituents and their orientation, was used for calculating the torsional
Instead, the 1D TOCSY-NOESY method was u&&the (lowfield) H-36b angles H-C34-C35-H, H—-C35-C36—H! HM—C36-C37-H, and
(6 1.58) was selectively excited with a quiet SNEEZE pulse (138.5 ms) in H—C37—-C38-H" Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona,
the 1D TOCSY building block, and a second polarization transfer was C. Tetrahedron198Q 36, 2783-2792.
achieved by selective excitation of the (highfield) H-36a in the 1D NOESY (31) The modified Karplus equation by Haasnoot ef%atould not
sequence. For the latter excitation, usage of a half-Lorentzian (hL) pulse account for the large value &l—3g, 1—30 = 12.7 Hz which, however, could
(72.0 ms) yielded a high sensitivity and ultimately best results. Mixing times be accommodated by a Karplus equation optimized for amino side chains:
were 28 ms for the TOCSY and 500 ms for the NOESY transfer (see DeMarco, A.; Llina, M.; Withrich, K. Biopolymers1978 17, 617—63622
Supporting Information). (32) The same conclusion was drawn after RMD of a protein: De Vlieg,

(25) This result alone suggests already the anti orientation of the J.; Boelens, R.; Scheek, R. M.; Kaptein, R.; van Gunsteren, I5rFJ.
substituents. The OH proton gave rise to a sharp doubket10.7 Hz) in Chem.1986 27, 181-188.
theH NMR spectrum and showed other NOEs within the Dtena unit (Table (33) Other authors had a similar experience, e.g., in modeling a cyclic

1), but not to H-44 (see Supporting Information). peptide: Fesik, S. W.; Bolis, G.; Sham, H. L.; Olejniczak, EBitchemistry
(26) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H.Am. Chem. 1987 26, 1851-1859.
Soc.1991 113 4092-4096. (34) The IGo values were determined using the SRB assay: Skehan,
(27) Kuntz, I. D.; Thomason, J. F.; Oshiro, C. Mlethods Enzymol. P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren,
1989 177, 159-204 and references therein. J. T.; Bokesch, H.; Kenney, S.; Boyd, M. R.Natl. Cancer Inst199Q 82,
(28) (a) Scheek, R. M.; van Gunsteren, W. F.; Kaptein,Methods 1107-1112.
Enzymol.1989 177, 204-218. (b) Kaptein, R.; Boelens, R.; Scheek, R. (35) In vivo trials were carried out as previously described: Corbett,
M.; van Gunsteren, W. Biochemistry1988 27, 5389-5395. T.; Valeriote, F.; LoRusso, P.; Palin, L.; Panchapor, C.; Pugh, S.; White,

(29) Results were found to be independent from the mixing time for K.; Knight, J.; Demchik, L.; Jones, J.; Jones, L.; Lisow, L.Anticancer
Tmix < 500 ms. This is common for small-sized molecules, see, e.g.: Drug Development Guide: Preclinical Screening, Clinical Trials, and
Reggelin, M.; Kek, M.; Conde-Frieboes, K.; Mierke, DAngew. Chem., Approval; Teicher, B., Ed.; Humana Press Inc.: Totowa, NJ, 1997; pp 75
Int. Ed. Engl.1994 33, 753-755. 99.
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Figure 5. Molecular modeling of apratoxin Alf using distance geometry followed by restrained molecular dynamics: (a) superpositioned
stereostructures consistent with NMR data (NQEspuplings) and (b) lowest energy conformer generated during the simulations.

to elucidate the stereochemistry of this moiety, extending the Foundation. Jason Biggs, Florence Camacho, Frank Camacho,
applicability of the method from acyclic systems to macrocyclic Richard deLoughery, David Ginsburg, Jesse Manglona, Ronald
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presumably biosynthesized nonribosomally by modular peptide . . . . . .
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use in combinatorial biosynthes%1 may be an attractive target regarding the HETLOC and HSQMBC experiments.
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