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Abstract. The biosyntheses of nostocyclophane D (1) and cllindrocyclophane D (2) have been investigated by 
the administration of sodium [12-tsC2]acetate, sodium [l-r C,2Hs]acetate, sodmm [2-tsC,2Hs]acetate, sodrum 
[2HsJacetate. sodium [l-r%Z,t*02]acetate, sodium [2-*sC,ts02]acetate, L-[methyl-tsC]methionine, and L- 
[methyl-t3C,2H3]methionine to cultuxes of the cyanobacteria Nosfoc linckia and Cylindrospermzun lichenifotme, 
respectively. The isotopically labeled compounds produced by these feeding experiments indicate that the 
structural skeletons of these [7.7]paracyclophanes are polyketides that have been constructed by dirnerization of 
acetate-derived nonaketides. Acetate has also been identified as the source of the branched methyl groups in 
cylindrocyclophane D. 

INTRODUCTION 

In the past decade chemical investigations of cyanobacteria (blue-green algae) have led to the isolation and 
identification of numerous novel secondary metabolites which include cyclic peptides such as the micmcystinst 
and macrolides exemplified by the scytophycins. 2 More recently studies have been initiated on the biosynthesis of 
some of these natural products, e.g. microcystin-LRs and tolytoxin (6-hydroxy-7-0-methylscytophycin B).4 In 
1990 we reported the discovery of the fit naturally-occurring [m.n]paracyclophanes. Cultures of Nostoc linckia 
(Roth) Bomet and Cylindrospermum licheniforme Kiltzing, two species of blue-green algae belonging to the 
family Nostocaceae, had been found to produce a number of related [7.7]paracyclophanes which exhibited 
moderate cytotoxicity against human tumor cell lines such as KB and LoVo.5 Unfortunately none of the 
compounds showed any selective antitumor activity to mark them as candidates for drug development. 
[m.n]Paracyclophanes had already been extensively studied in the field of host-guest chemist@ and were well 
known through synthesis. 

Nostocyclophane D (1) and cylindrocyclophane D (2) were identified as major [7.7]paracyclophanes in N. 
linckia UTEX B 193279s and C. licheniforme ATCC 29204,7,9 respectively. A perusal of their structures 
suggested several possible biosynthetic pathways to their formation utilizing polyketide and/or shiiimic acid 
intermediates. To determine the origins of the various carbons, hydrogens, and oxygens, various stable isotope 
labeled precursors have now been fed to cultures of N. littckia and C. licheniforme and this has resulted in the 
isolation of isotopically enriched samples of 1 and 2. Detailed NMR analysis of these labeled compounds has 
enabled us to determine the location of the enriched atoms in each metabolite. The results strongly suggest that 
these cyclophanes am produced by the dimerization and modification of acetate-derived nonaketides. 
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Fig. 2. 500 MHz tH dooblequantum filtered @base-sensitive) COSY spectrum of nostocyclophane D (1) in DMSOQ. 

Fig. 3. 125 MHz 13C INADEQUATE spectrum of *3C-labelled nostocyclophane D (1) in DMSO-a. Sample obtained from Nosroc 
linckia UTEX B1932 grown on sodium [l,2-13Clacetate. 
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pro-R H-27(31) signal at 1.82 ppm showed an intense cross peak with the pro-R H-28(32) signal at 1.11 ppm 
and a weaker cross peak with the pro-S H-28(32) signal at 1.02 ppm. 

It was apparent from both the 1H and 1sC NMR spectra, which exhibited only 18 resonances instead of 36 
due to the two-fold symmetry in the molecule, that nostocyclophane D was a dimer. Taking into account the 
dimeric nature of these carbocyclic cbmpouuds, we hypothesized that the carbon skeleton of nostocyclophaue D 
had to be constructed from two identical subunits which were connected at C-7/C-8 and C-20/C-21. On fiit 
inspection the molecular subunit appeared to have a totally acetate-derived polyketide origin. but in the absence of 
feeding experiments one could not rule out the possibility that shikimic acid was the source of the aromatic 
portions of nostocyclophane D. 

The acetate&rived origin of the contiguous carbons in nostocyclophane D (1) was immediately revealed from 
a feeding experiment with sodium [1,2-Wzlacetate. For this experiment the precursor was diluted with 
unlabeled acetate to reduce the probability of interconnected intact [1,2-isC&etate units in the 1 that was 
produced. The proton-decoupled i3C NMR spectrum of the nostocyclophane D exhibited “triplet” patterns for all 
of the carbons except the OMe carbons. Each of these “triplets” was composed of a singlet for the natural 
abundance rsC superimposed upon a doublet for the excess t3C! from incorporation of intact [ 1.2-isC2lacetate. 
The incorporation of intact [l,2-13C2]acetate units was verified by rsC-13C COSY and INADEQUATE (Fig. 3) 
experiments. Additional correlations could be seen in the aromatic “triplets” as a result of conformational 
isomerism for the aromatic rings. In one conformation C-9(22) and C-10(23) are anri to H-14(1) and H-7(20) 
whereas C-12(25) and C-13(26) are syn as shown in Fig. 1. In the second conformation, however, C-9(22) and 
C-10(23) are syn to H-14(1) and H-7(20) whereas C-12(25) and C-13(26) are anti. Even though [1,2-13C2] 
acetate is assimilated intact into only certain carbons of the aromatic rings, visualization of the labeling pattern is 
obscured by this transmutation (Fig. 3). 

The manner in which sodium [ l,2-rsQ] acetate is incorporated into nostocyclophane D (1) suggests that the 
compound is constructed from two identical subunits (Table 1). Each subunit appears to be biosynthesized in a 
typical polyketide fashion whereby eight malonate units are condensed sequentially with a starter acetate unit to 
form a nonaketide. Carbons from the last four acetate units of the nonaketide are involved iu the formation of the 
aromatic ring and the last carbon atom in the chain is apparently lost by decarboxylation. No significant rsC-isC 
coupling is observed between C-7(20) and C-8(21) to indicate that a more complex biosynthetic scheme is 
involved. 

The incorporation of sodium [2-13C2Hs]acetate and sodium [ 1-i3C,2Hs]acetate into nostocyclophane D 
verified the conclusions drawn from the sodium [ l,2-lsCz] acetate labeling experiment. Carbon atoms which 
were expected to be derived from C-2 of acetate were enriched (4-6% specific incorporation) iu the sodium [2- 
W,2Hs]acetate feeding experiment (Table 2). a-Isotope-shifted carbon resonances11 were observed in the 
13C{ lH,zH} NMR spectrum12 of this sample which indicated that a single deuterium was present on each of C- 
1(14), C-3(16). C-5(18), C-7(20), C-10(23), C-12(25), and C-28(32) and three deuteriums were present on C- 
30(34). It has been well-established that one deuterium atom is lost during the condensation of CO2 and acetate to 
form malonate, while a second one is lost during the dehydration step in the reduction-&hydration-reduction cycle 
of the polyketide chain elongation process. Carbon atoms which were derived from C-l of acetate were enriched 

(6-19% specific incorporation) in the sodium [l-13C,2Hs]acetate feeding experiments. The P-isotope-shifted 
carbon resonancesis observed in the lsC{iH,2H} NMR spectrum of this sample also indicated the presence of a 
single deuterium on each of C-1(14), C-3(16), C-5(18), C-7(20), C-10(23), C-12(25), and C-28(32) and three 
deuterlums on C-30(34), in full agreement with the results obtained from the sodium [2-rsC.2H3]acetate feeding 
experiment. 

In the isC( iH,zH) NMR spectrum of [2-i3C,2Hs]acetate-labeled 1 (Fig. 4) the four singlets at 30.10, 
30.02, 29.68, and 29.60 ppm are assigned to C-28(32) found in four different molecular species having the 
iH/2H labeling patterns C(28,32)H2-CHz-CH3, C(28,32)H2-CH2-CD3, C(28,32)HD-CH2-CH3, and 
C(28,32)HD-CH2-CDs, respectively. The two broad singlets at 26.61 and 26.18 ppm am assigned to 
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TABLE 1. l3c NMR data [125 MHz, DMSO-&I for 
nosbxyclophane D (1) labelkd by sodium (12-‘k~.’ 

TABLE 2. 13C( tH?H) NMR deia for nostocyclophane D 
(1) lsbelled With sodium r2-1k,2H31 acetate.* 

C&oil ~(NumlJl?rofamGtKd 
position protons; Jm in Hz) 

carbon&! 

3004) 14.0 (3; 34.5) 

2903) 22.2 (2: 34.5.34.4) 

za(32) 30.1 (2; 34.9.34.4) 
27(3l)b 32.7 (2; 34.9, 34.6) 

7GO) 34.9 (1; 44.6,34.6,34.5) 

q19P 32.6 (2: 34.7, 34.5) 

Yl8) 26.6 (2; 35.1, 34.7) 

407) 39.3 (2; 36.1.35.1) 

3(16) 62.7 (1; 37.8, 36.1) 

205) 45.5 (2; 40.8. 37.8) 

l(l4) 81.0 (1; 47.0.40.8) 

2ryll) 138.1 (0; 59.4. 59.0, 47.0) 
23(1O)c 107.3 (1: 63.3, 59.4) 
22(9)b-c 155.6 (0; 69.3.63.3) 

21(8) 116.1 (0; 69.3.69.3.44.6) 
26(13)bC 157.5 (0; 69.3.64.2) 

25u2)c 102.9 (1; 64.2.59.0) 

ocH3 55.7 (3) 

29(33) 
3004) 
27(31) 
2,802) 
q191 
700 
4(17) 
508) 
x15) 
3(16) 
24(11) 
l(l4) 
220) 
21(8), 23(10) 
22(9). 26(13) 
21(8). 2502) 
26(13) 

aSpecific incoFporation into each carbon is roughly 6.5% (see 
~xpezimental). bSignsls resssigned from previous literature.8 
c~ssignments made by correlating ‘k and tH chemical shifts 
(HMQC data) and then comparing lH chemical shifts of 1 
with those of nostocyclophaoe B. In the csses of nostocyclo- 
phsnes A and B, H-10(23) snd H-12(25) we= fti assigned 
from NOE data? C-9(22), C-10(23), C-12(25), and C-13(26) 
assignments then followed from HMQC and HMBC data. 

2903) 22.2 0 0 
B(32) 30.1 4.8 3.4 

27(31) 

2:; 
Yl8) 

2::; 
205) 
1(14) 
24(11) 
23(10) 

g; 

2:;; 

mH3 

14.0 3.9 3.8 

32.7 0 0 
34.9 4.2 0.5 
32.5 0 0 
26.6 5.8 5.0 
39.3 0 0 
62.7 S.3 4.2 
45.5 0 0 
81.0 4.2 3.5 

138.1 0 
102.9 3.9 1.1 
157.5 0 
116.1 3.9 
155.6 0 
107.3 3.5 1.1 
56.7 0 0 

-0.61(25) 
-0.64 (10) 
29$ g;) 

-0.09 (3 1) 

:s:$; 

-0.42 (12) 

-0.42 (188) 

-0.39 (151) 

-0.46 (144) 

-0.26 (27) 

-0.29 (29) 

2a 
2a+y 
3a 
3a+-f 

37 
a 
a + 37 

a 

a 

a 

a 

a 

a 

a125 MHz, DMSO-da. bRough estimates of specific 
in-on. cIn ppm relative to natural 8bundance 13C 
signal (relative intensity = 100). dIsotope shifted peaks are due 
to the effect(s) of deuterhun at the positions noted. 

Fig. 4. t3C{ 1H,2HJ HBTCOR spectrum for 
nostocyclophsne D (1) lsbelled by sodium [2- 
t3C,2H3]acetate. Shown in the t3C domain sre 
the unshiftkd and 2H isotope-shifted signals for 
C-5(18) in the region 26.0-26.7 ppm and C- 
28(32) in the region 29.5-302 ppm. The a peak 
for C-5(18) and the a and a+37 peaks for C- 
28(32) show cross peaks with only the pro-R 
proton signals. 
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undeuterated and monodeutemted C-5(18), respectively. The high field shoulders on these latter peaks denote the 
presence of molecular species of 1 possessing C(5,18)Hz-CHz-CD and C(5,18)HD-CHaCD units, respectively. 

Analysis of the two-dimensional W( tH?H) HETCOR spectra&4 of the [2-t3C,2H~]acetate&beled 1 (Fig. 
4) allowed us to determine where the deuteriums were located on C-5(18) and C-28(32). The signals for 
undeuterated C-5(18) (26.61 ppm) and C-28(32) (30.10/30.02 ppm) showed cross peaks to the two non- 
equivalent Ha-S(l8) (0.54 and 1.37 ppm) and H2-28(32) (1.02 and 1.11 ppm) signals, respectively. Each of the 
signals for monodeuterated C-5(18) (26.18 ppm) and C-28(32) (29.68L29.60 ppm). however, showed only one 
cross peak to a proton signal. The 26.18 ppm signal correlated with a proR H-5(18) signal at 1.34 ppm (upfield 
deuterium isotope shift from 1.37) whereas the 29.68/29.60 ppm signals correlated with aproR H-28(32) signal 
at 1.07 ppm (upfield isotope shift from 1.11 ppm). From these data we concluded that the acetate-derived 
hydrogens on C-5(18) and C-28(32) were in the pro-S positions. 

Lower levels of deuterium incorporation were observed at C-10(23) and C-12(25) in both the [2-13C?H3] and 
[ 1-W,2H&cetate-labeled compounds. Both of these carbons would have been in the middle of a 1,3-dione 
segment of the polyketide chain late in the biosynthetic process. Deuterium on a carbon in the middle of such a 
dione system is frequently washed out by enolization and exchange with the medium. A lower incorporation of 
deuterium was also observed at C-7(20) in duplicate experiments. 

Administration of sodium [ 1-t3C1*O&cetate to cultures of Nostoc linckiu produced 1 which was enriched in 
l3C (5-8% specific incorporation) at each of the carbons which had been proposed to be derived from C-l of 
acetate. 180 isotope-shifted peak@ were observed at C-22(9) (A8 = -0.012,3.3% specific incorporation) and C- 

26(13) (A8 = -0.012,3.6% specific incorporation), indicating, as expected, that the phenolic oxygens are acetate- 
derived. Curiously this sample of 1 exhibited a more broadened resonance for C-1(14) than usual and this 
prompted us to check the possibility that the oxygen on C-1(14) might also be acetate-derived, arising by the 
rearrangement of oxygen from C-24(1 1) to C-1(14) via an epoxide intermediate formed from an alkene 
chlorohydrin. This proposed pathway was investigated by preparing and feeding sodium [2-W,t*O2]acetate to 
N. linckia. No isotope-shifted resonance for C-1(14), however, was observed in the t3C NMR spectrum of 
nostocyclophane D isolated from this culture. Therefore the oxygen at C-1(14) appeared to be derived from 
molecular oxygen; however, this route was not rigorously established by experiment. 

Cylindrocyclophane D (2). Using COSY and HMQC experiments, the signals in the tH and t3C NMR 
spectra of 2 in MeOH-& were completely assigned (see Experimental). Assuming that 2 has the same 
conformational structure as 1, the pro-R and pro-S hydrogens of the various methylenes could be readily 
differentiated by determining the relative sixes of the couplings between these protons and adjacent protons. Large 
and small coupling constants were found to correlate nicely with strong and weak intensities of cross peaks in the 
COSY spectrum for 2. The signal for H-7(20) of 2 (3.14 ppm) showed intense cross peaks (large couplings) to 
the pro-S H-6(19) signal at 2.02 ppm and the pro-R H-27(31) signal at 1:90 ppm and weak cross peaks (small 
couplings) to the pro-R H-6(19) signal at 1.32 ppm and the pro-S H-27(31) signal at 1.49 ppm. In turn the 1.32 
ppm signal exhibited intense and weak cross peaks and the 2.02 ppm signal exhibited weak and intense cross 
peaks with the pro-R (0.7 1 ppm) and pro-S H-5(1 8) (0.94 ppm) signals, respectively, and the 1.49 ppm signal 
displayed intense and weak cross peaks and the 1.90 ppm signal displayed weak and intense peaks with the pro-S 
(1.06 ppm) and pro-R H-28(32) (1.17 ppm) signals, respectively. Similarly, the signal for H-2(15) of 2 (1.76 
ppm) showed intense and weak cross peaks to the pro-R (0.69 ppm) and pro-S (0.78 ppm) H-3(16) signals. 
Unlike the pro-R H-5(18) and pro-S H-28(32) signals, which resonate at higher field than the pro-S H-5( 18) and 
pro-R H-28(32) signals, possibly due to diamagnetic shielding of thepro-R H-5(18) and pro-S H-28(32) protons 
by the nearby aromatic rings, the pro-S H-3(16) signal resonates at lower field than the pro-R H-3(16) signal. 
The reason for this difference is unclear, but thepro-R H-5(18) and pro-S H-28(32) protons are oriented over the 
portions of the aromatic rings bearing the two phenolic hydroxy groups whereas the pro-S H-3(16) protons are 
not. 
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TABLE 3. 13C( 1H,2H) NMB data for cyhdrocyclophane 
D (2) labelled with sodium [2-13C,2H3] acetaka 

SC 46 sib ~aotopeshifts ~aotope 
13C *H A&(relint)c shifttyped 

WW 

29C33) 

14.5 3.1 1.8 -0.30 (3) 
-0.61(12) ;a 
-0.89 (42) 3a 

23.9 0 0 
3i.6 j.1 2.7 -0.42 (57) a 
34.8 0 0 

7(20) 36.8 4.3 2.7 -0.42 (45) a 
35.2 0 0 
30.5 5.1 4.5 -0.41 I%) a . _ 
29.6 0 0 
34.4 5.1 5.1 -0.36 (105) a 
40.0 0 0 

104) 83.4 3.8 2.4 -0.42 (39) a 
2Nll) 139.2 0 
23(10) 105.2 3.7 2.1 -0.25 (41) a 
3; 158.9 118.5 2.7 0 

157.0 0 
109.5 3.4 2.1 -0.28 (44) a 
21.2 4.0 3.0 -0.21 i3)’ 

-0.44 (14) 2oa 
-0.65 (65) 3a 

CH3CO2 172.6 
CH3 16.6 4.4 1.8 -0.28 (85) 

-0.56 (64) zaa 

a125 MHz. MeOH-dq. bSpecific incorporation (see 
Experimental). cIn ppm relative to natural abundance 13C 
signa~(reuiveintensity=~a~). dIsotopcshiftedpeatsaredue 
to the effect(s) of wached deutuium(s). 

Fig. 5. 13C( lH,*H) HETCOR spectrum for cylindmcyclo- 
phane D (2) labeled by sodium [2-13C?H+cetate. Shown in 
the13Cdomainanthem&iftedand2Hisotqe-shifted(to 
higk field) signals fur C-5(18) in the qion 30.0-30.5 ppm, 
C-28(32) in the region 31.2-31.7 ppm. and C-3(16) in the 
region 34.w4.4 ppm. 

The results from the feeding experiments with Cylindrospermum lichenifotme were analogous to those 
described above with N. linckiu. The NMR data for cylindrocyclophane D (2) isolated from a culture of C. 
lichenifonne which had been administered sodium [1,2-tsC&tcetate indicated that the carbon skeleton of 
cylindrocyclophane D is constructed in the same manner as in nostocyclophane D (1). Feeding experiments with 
sodium [2-l%Z?Hs] acetate further verified this analogy (Table 3), although the loss of deuterium label at C-7 in 

cylindrocyclophane D was insignificant compared with the nostocyclophane D case. Again cl-isotope-shifted 

carbon resonances in the tsC( lH,% ] NMR spectrum of this sample indicated that one deuterium was present on 
C-1(14), C-3(16), C-5(18), C-7(20), C-10(23), C-12(25), and C-28(32) and three deuteriums were present on C- 
30(34). Analysis of the two-dimensional 13C{ lH,*H} HETCOR spectmmt4 of the [2-1sC,2Hs]acetate+beled 2 
(Fig. 5) established that deuterium was located solely in the pro-R position on C-5( 18) and the pro-S position on 

C-28(32); the deuterium on C-3(16), however, was distributed between the two methylene protons, but 
predominantly (75%) in the pro-S position. 

An unusual feature of cylindrocyclophane D (2) is the presence of branched methyl groups at C-2(15). 
Experiments in which L-[methyl-13C] methionine and L-[methyl-13C,2Hs] methionine were fed to cultures of 
Cylindrospemum lichenifonne did not result in any enrichment of these methyls. The sodium [ lPC&cetate 
feeding experiment, however, indicated that these methyl groups are also acetate-derived. This was veritied by 
the sodium [2-tsC,*Hs]acetate feeding experiment (Table 3). In addition to the normal 1% signal (16.56 ppm) 
for Me on C-2( 15), the lsC( rH,*H) NMR spectrum showed isotope-shifted resonances [AS = -0.28ppm (1.1% 
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Fig. 6. hposed biosynthedc pathways to no6tocycl@6~6 D (1: RI=OMC R2=H, WC0 

and cyhdmcycloplun6 D (2: R@Ac, R@le. R3=H). 

incorporation above natural abundance) and A8 = -0.56ppm (0.7% incorporation above natural abundance)] due 

to the a-isotope effect of one and two deutetium atoms. This result indicates that acetate, presumably in the form 
of malonate, is added to the carbonyl group, the one that will become C-2(15) in 2, of the polyketide precursor in 
an aldol-type condensation. The carboxylic acid group of the resulting acetate side-chain and the hydroxyl group 
am then lost by decarboxylation/dehydration and the exo-methylene that ensues is reduced to the methyl group. 
Methyl groups derived from C-2 of acetate have been found previously in antibiotics of the virginiamycin 
family,16 aurantinins,t7 myxopyronin A.18 pseudomonic acid (mupirocm),l9 and oncorhyncolide.20 

DISCUSSION 

Feeding experiments with stable isotope precursors indicate that nostocyclophsne D (1) from Nosroc linckiu 
and cylindrocyclophane D (2) from Cylindrospemwn licheniforme are acetate-derived polyketides. A general 
biosynthetic scheme is presented in Fig. 6. In the first step of the biosynthesis, a polyketide synthetase (PKS) 
assembles a nonaketide, presumably 3, by successive Claisen condensations of eight acetyl-CoA units (via 
malonyl-CoA units) with an acetyl-CoA starter unit. After each acetate unit is added to the growing polyketide 
chain, the PKS multienxyme complex processes the resulting intermediate. enzyme-bound ~ketoacylthioester.21 
The degree of processing varies with each acetate unit that is added. Full processing, which involves a series of 
reductiondehydration-reduction reactions analogous to those carried out in cyanobacterial fatty acid 
biosynthesis,21 occurs after the addition of acetate units 1,3 and 4, resulting in methylenes at C-l 1, C- 13 and C- 
17 in 3. Partial processing (reduction-dehydration only) follows the addition of acetate unit 2, leading to a tram 
carbon-carbon double bond between C-14 and C-15 in 3. No processing, however, occurs after the addition of 
each of the last four acetate units (units 5-8) and as a consequence keto groups remain on C-3, C-5, C-7 and C-9 
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Enoyl Thbbsttu Reduct~ 1 
NADP' 

- CD EIU 

L_ 6 dditbnal cyob8 
and mkase fm PKS 

- CD 

3 

Fig. 7. Sequence of reactions mediated by the polyketide synthetase in constructing the proposed nonaketide 3. The fust two 
cycles of condensation-reduction-dehydration-nzduction are sbown. In the second cycle the reduction of tbe enoyl thioester is 
not carried out. The various reactions are illustrated with deuterated acetate and malonate to show the fate of the acetate- 
derived hydrogens. The enoyl thioester reductase is depicted introducing hydrogen into the pro-R position of the C-2 
methylene group, as has been obsezvd in fatty acid biiynthesis ia the cyanobacterium Anacystis nidulans.2z The labeling 
patterns found in 1 and 2 grown on t2-13C?H31acetate are consistent with the labeled 3. 

of 3. If polyketide and fatty acid processing in cyanobacteria have the same stereochemistry, full processing 
would be expected to result in retention of an acetate-derived proton in the pro-S position on C-10, C- 12 and C-16 
of 3.22 The same pro-S stereochemistry is observed in fungal polyketides, but curiously the opposite pro-R 
stereochemistry is found in fungal fatty acids. **,*s Although only a very small number of cases have been 
examined, the results to date suggest that the stereochemistry of enoyl thiol ester reductases involved in polyketide 
and fatty acid biosynthesis in cyanobacteria may be the same. All of the protons on C-2, C-4, C-6, C-8, and C-14 
of nonaketide 3 am acetate-derived as a consequence of partial processing in cycle 2 and no processing in cycles 
5-8. The construction of deuterium-labeled nonaketide 3 from [*Hs]acetate is shown in Fig. 7. 

In the next step of the proposed biosynthesis, C-2 and C-7 of nonaketide 3 undergo an intramolecular aldol 
condensation to give alcohol 4 which aromatizes to resominol 5 by either successive dehydration, enolization and 
decarboxylation (Pathway A) or concerted dehydration-decarboxylation followed by enolization (Pathway B). 
Pathway A, which is analogous to the biosynthesis route for orcinol from 3,5,7+iketooctanoyl thiolester via 
orsellinic acid, requires that only one of the aromatic protons on C-4 and C-6 in resorcinol5 be acetate-derived. 
Pathway B, however, requires that both of these protons be acetate-derived. Advanced intermediate 5 appears to 
possess the necessary functionality for dimerization. In the dimerization process, we propose that the alkenyl 
group of one molecule of the 5-(undec-7’-enyl)resorcinol (5 or 6) electrophilically substitutes at C-2 of the 
resorcinol of a second molecule and vice versa to form the C-7/C-8 and C-20/C-21 bonds of the 
[7.7]paracyclophane. 
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It is presently unclear whether chlorination at C-3(16) in 1, which appears to proceed with retention of 
configuration, occurs before or after dimerization. It is possible that E-5-(3’-chloroundec-7’-enyl)resorcinol (6 
where R2 = H, Rs = Cl) is the modified nonaketide that dimerizes to the cyclophane that is then converted by 
oxidation and methylation at C-1(14) to 1. Curiously [7.7]paracyclophanes such as the dibromo analog of 1 
could not be detected when N. linckiu was grown on a chloride-free, bromide-rich medium (S. C. Bobzin and 
G.M.L. Patterson, unpublished results). Whether this means that chlorination occurs before dimerization and is 
necessary for the cyclization to proceed is unknown. Further experiments are needed. Similarly, it is not known 
when the methylaiion at C-2(15) in 2 takes place. (2’S)-E-5-(2’-Methylundec-7’-enyl)resorcinol (6 where R2 = 
Me and Rs = II) could be the nonaketide that dime&es to the cyclophane leading to 2. In this case the known 
cylindrocyclophane F,9 with possibly two acetatederived protons on C-1(14) if a 2-methylene intermediate is 
involved (see next paragraph), would result from the diierization and all that would remain to complete the 
biosynthesis of 2 is oxidation and acetylation at C-l (14). H- 1(14) in 2 (also 1) are acetate-derived. 

The [1,2-tsCz]acetate and [2-t3C,2H3]acetate feeding experiments clearly show that the methyl groups on C- 
2(15) of 2 am derived from C-2 of acetate. Two deuteriums are retained on the methyl carbons and one deuterium 
is left on C-1(14) and C-3(16). The deuterium on C-3(16), however, is curiously distributed 3:l between thepro- 
S andpro-R positions, possibly due to a small amount of enolization of the keto group at either C-205) in a 
cyclophane intermediate (e.g. 5) or C-2’ in a 5-(undec-7’-enyl)resorcinol intermediate prior to condensation of 
acetate with the keto group. Acetate is probably added to the keto group as malonate. The resulting B- 
hydroxyacyl acid is then apparently decarboxylated and dehydrated to an alkene possessing presumably an exo- 
methylene group17 on C-2(15) of the cyclophane or C-2’ of the undecenylresorcinol. Reduction leads to the 
methyl group. Decarboxylation and dehydration could proceed in a manner analogous to loss of carbon dioxide 
and water from mevalonic acid in terpenoid biosynthesis. 

The lower incorporation of deuterium into H-7(20) of 1 from the [2-tsC,2Hs]-feeding experiment is puzzling. 
Extensive (ancl reproducible) washout of deutetium label at this one position is not satisfactorily explained by post 
malonate exchange,zzB i.e. stereospecific loss of pro-S deuterium from enzyme bound malonyl unit by reaction 
with j3-hydroxyacyl thioester dehydratase prior to condensation with acy1thioester.a during the biosynthesis of 
nom&tide 3. It is difficult to rationalize the loss of hydrogen from this position during the d@rization if the C- 
7(20)/C-8(21) coupling proceeds entirely by an electrophilic aromatic substitution process. An oxidative coupling 
between the phenolic and alkene systems is being considered as a possible alternative. Efforts are currently 
underway to synthesize proposed isotopically-labeled nonaketide precursors for cell-free experiments which may 
provide insight into the mechanism by which the dimerization reaction occurs. 

EXPERIMENTAL 

Materiala. Sodium [l,2-13C2]acetate (99 46). sodium [l-13C.2H3]acetate (99 46 13C, 98 % 2H). sodium [2-13C,2H@cetate 

(99 % t3C. 98 46 2H), sodium [l-13C,1s02]acetate (99 atom W l3C, 96% 180). and L-[methyl-t3C]methionine (96% 13C) were 

obtained from Cambridge Isotope Laboratories (GIL). L-[metbyl-13C,2H3] methionine (99% 13C, 99% 2H) was obtained from Sigma 

Chemical Company. Sodium [2-13C.1802J acetate was prepared by basic hydrolysis of [2-t3CJacetonitrile (99% t3C. GIL) with 

[l*O] water (96% l*O, GIL) in 1.23 M potassium rerr-butoxide in rerr-butanol. 26 Sodium [2H9]acetate was prepared from 

[2H&zetic acid (99.9% 2H, GIL, 1.5 mL) by adjusting the pH to 9 with 10% NaOH. The resulting solution was lyophilized to yield 

sodium [2H3]acetate (2.05 g). 

Spectral Analysis. NMR spectra were determined on 11.75 and 7.05 tesla instruments operating at 500 and 300 MHz for tH 

and 125 and 75 MHz for 13C, respectively. IH chemical shifts are referenced in DMSO-da to residual DMSO-ds (2.49 ppm) and in 

MeOH-d4 to residual [CH3-d2] MeOD (3.30 ppm); 13C chemical shifts are referenced in MeOH-d4 to the solvent (49.0 ppm). 

Homonuclear lH connectivities were determined by using the doublequantum filtered COSY exparhnent.27 Homonuctear 1~ NOES 

were obtained by difference NOE experiments using a 3s irradiation period. One bond heteronuclear lH-13C connectivities were 

determined by groton-detected HMQC2g and carbon-detected HETCOR experiments. 
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Emichment, i.e. specific incorporption (SD, of 13C into a specific carbon was estimated by determining the NMB spectra of the 

enriched and unenriched (natural abut&m@ compounds with identical mstrmnent parameters and in the same solvent at the. sane 

cuncentmtions. SIw~thenc~~(a-b)lb~a~IheintegratedNMRsignalof~e~~carbanandb=theintegreted 

NMRs&naloftbesamecarbonintbeunmicbedcanpound. 
Culture Conditions for Nostoc linckio. N. linckia (Roth) Bomet (UTEX 81932) was purchased from the University of 

Texas Culture Collection. A 1 L Bask culture of alga was used to inoculate a 20 L glass carboy containing an inorganic medim, 

designated A~MT.~ Cultures were continuously illuminated at an incident intensity of 300 pe.insteir&s from hanks of cool-white 

fluorescent tubes and aerated at a rate of 5 L/min with a mixture of 0.5% CC2 in air at a temperature of 24 f 1 OC. Typically, the 

cuhure was hatvested by ce~~kfugation and filtration after 18-20 days. 

Isotopicauy labeled precursors were administered to culture of Nosroc linckiu 14 days after inmculation. Labeled sodium acetate 

(-250 mg) was usually diluted with unlabeled sodium acetate (-500 mg) to reduce the complexity of tbe spectra due to intenmit 
couplings or isotope shifts. This dilution procedure was not followed when sodium [*H3]acetate was administered to the culture. 

Alga was harvested by centrifugation and fdtration 72-78 h after the precursor had been fed and immediately fmexediied. 

Culture Conditions for Cylindrospermum licbeniforme. C. licbeniforme KUtzing (ATCC 29204) was purchased 

from the American Type Culture Collection. A 1 L flash culture of alga was used to inoculate a 20 L glass carboy containing an 

inorganic medimn, designated A3M7.29 Cultures were grown under the same conditions described above. Typically, the culture was 

harvested by fdtmtion after 24-26 days. 

IsotcjricalIy labeled precursors were administered to cultures of Cyfindrosperouon lichenifonne 20 days after inoculation. Similar 

labeling experiments were carried out with sodium acetates as descrii above. Labeled methionines (-250 mg) were administered 

without dilution with unlabeled material. Alga was harvested and freeze-dried as described above. 

Isolation of Nostocyclophane D (1). In a typical run lyophilized alga (6.5 g) from a 20 L culture of Nosloc Rnckia 

(UTBX B1932) was extracted with 70% EtOH (3 x 500 mL) to yield a brown residue (1.5 g). Thii extract was separated by flash 
chromatography30 on a 29 x 2.3 cm column of Clg silica (YMC, ODS-120A, T63) using a 20% stepwise gradient from H20 to 

MeOH (250 mL each portion) to elute material from the column The fractions which eluted with MeOH& (4:l) and the fmt 

portion of the 100% MeOH effluent exhibited KEt cytotoxicity (MICcSpg/ml). These fractions were combined and fdtemd through a 
Cl8 solid phase extraction column (Alltech, 500 mg) using MeOH& (4~1.15 mL). The solvents were removed and the materhd 

eluted (127 mg) redissolved in MeOH (1 mL) and the solution filtered through a 0.2 pm fdter. The material in this solution was 
separated by reversed-phase HPLC cm Cl8 silica (YMC 12OA, 25x2.5 cm column) using MeOH/H2OmA (80/20/0.05) as the ehtant 

at a flow rate of 5 mumin. The UV active peak which eluted at 64 min was further purified by reversed-phase HPLC on Econosil Cl8 

(lop, 25x1 .O cm column) using MeOH/H-WTFA (80/20/0.05) as the eluant (flow rate 1.5 ml/m@. Pure nostccyclophane D (24 

mg, 0.37% dry weight) eluted after 55.5 min. The yield of nostocyclophane D varied appreciably &40%) with each experiment. 

Isolation of Cylindrocyclophane D (2). Lyophilized alga (3.8 g) from a 20 L culture of Cylindrospermum licheniforme 

(ATCC 29204) was extracted with 70% EtOH (2 x 409 mL) to yield a brown-green residue (1.5 g). This extract was t&rated with 

MeOH (100 mL) and filtered through a scintered glass funnel. The soluble material (522 mg) was separated by vacuum Bash 

chromatography (column size 6.5x3.1 cm) on silica (Davis& 200-425 mesh) using CH2Cl2, CH2C12/acetone (l:l), and MeOH (150 

mL portions) to elute fractions from the column. The orange and green material (90 mg) which eluted with CH2C12/acetone (1:l) 

exhibited KB cytotoxicity (MIC<spg/ml). The cytotoxic material was separated by vacuum flash chromatography on a 6.5x3.4 cm 
column of Cl8 silica (YMC, ODS-12OA. ‘t-63) using 125 mL portions of MeOH& (7:3), MeOH, MeOH/CH2Cl2 (2:l). and 

CH2Cl2 to elute fractions. The fractions which eluted with MeOH and MeOH/CH2C12 (2: 1) were combined and the solvents removed 

to yield a yellow oil (52 mg). This material was resuspended in MeOH (1 mL), filtered through a 0.2 pm filter, and separated by 

reversed-phase HPLC on Cts silica (YMC 120A. 25x2.5 cm column) using CH3CN/H20 (7~3) as eluant at a flow rate of 4.5 

ml/min. Cylindrocyclophane D (14 mg, 0.37% dry weight) eluted after 98 min. The yield of cylindrocyclophane D was very 

consistent (*lo%) in all of the experiments. lH NMB (500 MHz, MeOH-d4) 6 1.99 [s, OMel, 4.98 [d, J = 10.5 Hz, H-l], 1.76 [tqd, 

J = 10.5.6.5 and 3 Hz, H-2(15)), 0.96 [d, J = 6.5 Hz. Me on C-2(15)), 0.78 (qt. J = 13 and 3 Hx,pro-S H-3(16)], 0.69 (m. pro-R H- 

3(16)], 1.43 [qt. J = 12 and 3 Hz. pro-S H-4(17)1,0.84 [qt. J = 12 and 4 Hz. pro-R H-4(17)], 0.94 [qt. J = 12 and 4 Hz, pro-S H- 

5(18)], 0.71 [m,proR H-5(18)1,2.02 [qd, J = 12 and 4 Hz,pro-S H-6(19)), 1.32 [tt, J = 12 and 4-5 Hz, pro-R H-6(19)], 3.14 [qdd, J = 

10-12.5.5 and 4.5 Hz, H-7(20)1,6.15 [s, H-12(25)1,6.11 [s, H-10(23)1, 1.90 [dtdd, J = 13. 10,5.5 and 4.5 Hz.proR H-27(31)], 1.49 
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[ddt, J = 13.10 and 5.5 Hz.pro-S H-27(31)1, 1.17 [m,pro-R H-28(32)1,1.06 [m, pro-S H-28(32)1.1.25 [m. H-29(33)1. 1.20 (m. H- 

29(33)1,0.82 (t, J = 7.1 Hz, H3-30(34)1. 
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