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An extensive study of the secondary metabolites produced by several strains of the marine actinSaljrisfmora
arenicolahas led to the isolation of two unusual bicyclic polyketides, saliniketals A arij B)(The structures, which
contain a new 1,4-dimethyl-2,8-dioxabicyclo[3.2.1]octan-3-yl ring, were assigned mainly by 2D NMR spectroscopic
methods. Unexpectedly, chemical derivatization of saliniketal A with Mosher’s acid chloride resulted in a functional
group interconversion of an unsaturated primary amide to the corresponding nitrile in a quantitative yield under unusually
mild conditions. Saliniketals A and B were found to inhibit ornithine decarboxylase induction, an important target for
the chemoprevention of cancer, withsifQralues of 1.95+ 0.37 and 7.83t 1.2 ug/mL, respectively.

In the last 20 years, new treatments for advanced cancers have On the basis of this rationale, we began screening extracts of
resulted in some improvements in mortality rates. Clearly, however, obligate marine actinomycetes for inhibitors of phorbol ester-
treatments are only partially effective, and a steady increase in theinduced ornithine decarboxylase. Herein, we report the isolation
incident rates for skin, breast, and renal cancers remains of seriousand structure determination of saliniketals & @nd B @), two
concernt Carcinogenesis is generally believed to be the culmination ODC inhibitors with novel structures.
of damage to numerous regulatory genes that ultimately results in
the development of invasive and metastatic cant@his suggests
that an alternative to the treatment of these cancers would be the
prevention of damage to these regulatory genes. Advancements over
the last few decades in understanding the molecular basis of cancer
progression now make it viable to use natural produmtsynthetic
drugs to inhibit the development of cancer by blocking DNA
damage or by arresting the development of premalignant cells that
have already incurred damage. This strategy has been termed
chemoprevention. Saliniketal A(1)R=H

In the 1980s, genetic studies demonstrated that polyamines, Saliniketal B (2) R= OH
organic cations derived from amino acids, are essential for the
optimal growth and viability of bactertaand yeas®. Subsequent Results and Discussion
studies showed that the enzyme responsible for the first step in L . . .
polyamine biosynthesis, ornith)i/ne deca?boxylase (ODC), was esgen- Saliniketal A () was isolated as an optically active, amorphous

24 _
tial in mice, thus extending the importance of these organic cations powg?rh(pc]jo 13.L,OMeOHr)]. Tl?e mol;ecular fo(;mulal dfvlvas‘
to mammals. Studies on mice harboring a disrupted ODC gene established as &HzNOs on the basis of a pseudomolecular ion

. peak at 396.2760 ([MH], error 2.5 ppm) that indicatetlcontained
showed that loss of ODC did not block ”Or."?a' development of 5 degrees of unsaturation. Clearly, on the basis of the UV absorption
embryo to the blastocyst stage. ODC-deficient embryos were

capable of uterine implantation yet failed to develop thereafter at 240 nm, some of these double-bond equivalents could be
P P Y . . P " ,attributed to a simple conjugated chromaphore. This conclusion was
Therefore, ODC plays an essential role in murine development and

roner homeostasis of polvamine bools appears to be required forsupported by signals in the proton NMR spectrum indicative of an
(F:)ellpsurvival6 It is now Ifnozvn thatpol am?r?es have an eglsjential a,B.y,0-unsaturated systenoy 6.17 br d, 6.60 dd, and 5.78 dd).
: ) : tnat poty . This system was expanded at one end on the basis of HMBC
role in normal cellular proliferation and that ODC is downregulated

. : correlations from H-3dy 6.17 br d) to an allylic methyl group
as cells become senesceimt many adult tissue% Furthermore, y } .
several groups have shown that ODC is a directed transcriptional (C-18), a quaternary Sparbon (C-2), and a carbonyl carbon (Figure

target of the oncagendlYC®10 and is overexpressed in various 1). Another three-carbon fragment was constructed through inter-
tumor cellst! Thus, inhibiting ODC activity to decrease the cellular pretation of HMBC correlations from a methyl doublets(20) to

concentration of polyamines may represent an effective strate tothree methine carbons, two of which, C-7 and C-9, were clearly
 Of poly 14 1y 'ep : cuve strategy oxygenated due to their downfield carbon chemical shift®at
prevent carcinogenesis:14 Studies with an irreversible inhibitor

: o . . 75.8 and 78.2, respectively. A suite of COSY correlations from
of ODC, a-difluoromethylornithine ¢-DFMO), have validated this J—|-9 to the methine proton H-10 and then from H-10 to the methyl
approach by demonstrating a decrease in cellular putrescine an

L R - “doublet H-21 enlarged this small unit into a six-carbon fragment
spermidine levels and the inability of these cells to form tumors in formally derived from the aldol condensation of two propionate
severe combined immunodeficient mite.

units. This suggested thdt was a polyketide. This knowledge
* To whom correspondence should be addressed. Tel: (858) 534-2133, facilitated the gs_sembly of the final segment, as HMBC correlations
Fax: (858) 558-3702. E-mail: wfenical@ucsd.edu. from the remaining methyl doublet g22) constructed a 2-methyl-
" Scripps Institution of Oceanography. 1,3-propandiol unit, which contained C-11 through C-13. An
§ Current address: University of Hawaii at Manoa, Department of HMBC correlation from the proton of this latter carbon (H-13) to

Chf gqlﬁgzé F&%?\?gﬁlslft’y'—lawa" 96822. a quaternary carbon, which had a distinctive carbon chemical shift

5 Current address: University of Hawaii at Hilo, College of Pharmacy, (Oc 106.4 ppm) that was diagnostic of a ketal functional group,
Hilo, Hawaii 96720. expanded this three-carbon unit. The downfield carbon signal, C-16,
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Figure 1. Key correlations used to construtt

also showed HMBC correlations from an isolated methyl singlet W
Hs-17 and an envelope of proton signals at 1.90 ppm. The latter = L & & s s e T om
showed COSY cross-peaks to the pair of methylene proton signals
H>-15 and then back to H-13 to form a substituted tetrahydrofuran
ring system.

The fundamental structure was then assembled from HMBC C-13 9 ¢7 c1
correlations between these three fragments. Specifically, an HMBC
correlation between the methyl group-B1 and C-11 connected
the second and third fragments at the C-10/C-11 juncture, while
cross-peaks from the methyl group-#9 to C-7 and C-5 linked
this larger moiety to the final fragment containing thg3,y,o-
unsaturated carbonyl. This carbonyl was assigned as a primary
amide on the basis of the molecular formula, but conclusive evi-

dence could not be obtained from the IR spectrum due to the overlap
of the NH vibrations for the primary or secondary amide with the T T v;ﬂ r T T T B
OH vibrations from the secondary alcohols.

One final connection, which could not be gleaned from the Figure 2. **C NMR spectrum in (A) 1:1 CBOD/CD;OH and (B)
available data, was required to complete the planar structute of CDsOD. In the former, the carbinol carbons are broadened and
While it was clear that the oxygen attached to C-13 was connected doubled.
to the ketal carbon C-16, there were no other HMBC correlations techniques were needed to accomplish this task including 1D NOE
that indicated whether the second oxygen atom of the ketal wasexperiments andl-based configurational analysis. Briefly, the
attached to C-7, C-9, or C-11. Several strategies that could haverelative stereochemistry was assigned as follows. First, the con-
potentially resolved this issue were considered. These strategiesriguration of the C-4/C-5 double bond was assignedas the
included re-recording the gHMBC spectra under conditions where pasis of the H-4/H-5 protonproton coupling constant of 15.3 Hz,
the 90 pulses, delay values, afdt coupling constants had been  while C-2/C-3 was assigned Eson the basis of an NOE correlation
optimized for the protons and carbons of interest, re-recording the petween H-3 and #18. The chiral centers were assigned by
COSY data in solvents such as DMSO or pyridine, where the applying the rules outlined by Murata et al. for conformational
exchangeable proton would likely be visible, acylation of the analysis of acyclic systems using proterarbon coupling constants
secondary alcohols, or using theisotope effect. Due to its  (Figure 3)!7 On the basis of the large proteproton coupling
operational simplicity, the potential of the latter was evaluated. To constant of 9.3 Hz, indicative of aanti orientation between H-6
this end, a carbon spectrum of compoundas acquired ina 1:1  and H-7, the configuration of these centers could be determined
mixture of CD,OD and CROH. Carbons that wergd to an by 1D NOE experiments. Irradiation of the methyl doublet at 0.96
exchangeable proton, i.e., a carbinol, are doubled. This is due toppm (Hs-19) gave an NOE enhancement of H-8, while irradiation
the sample existing as an equilibrium mixture of hydrogen-bearing of H5-20 resulted in an observable NOE correlation to H-6. Taken
and deuterium-bearing hydroxyl groups, where the substitution of together, these data established ahé relationship of the methyl
the heavier isotope causes a change in the chemical shift of thegroup H-19 and the alcohol functionality attached to C-7. Likewise,
B-carbon due to changes in the potential energy and bond distancehe relative configuration between C-9 and C-10 could be estab-
(Figure 2)1¢ On the basis of this carbon spectrum, hydroxyl groups  jished by NOE correlations due to the presence of a single rotamer
were clearly attached to C-4 75.8 and 75.5) and C-®¢ 78.1 between these two carbons, as indicated by the large prptoion
and 78.0), and therefore, the oxygen atom attached to C-16 wascoupling constant of 8.3 Hz between their respective protons. In
joined to C-11 to form the 1,4-dimethyl-2,8-dioxabicyclo[3.2.1]-  this case, NOE correlations betweeg 21 and H-8 established an
octan-3-yl ring system. anti relationship between the C-9 hydroxyl and thg 21 methyl

Concurrently, examination of another strain 8f arenicola groups.
isolated from a sediment sample collected in Guam at a depth of  To determine the relative stereochemistry of several of the other
300 m led to the identification of a more polar analogue, salini- centers (C-7/C-8, C-8/C-9, C-10/C-11, and C-12/C-13), the two-
ketal B ). This compound analyzed for the molecular formula and three-bond protercarbon coupling constants were determined
C2:H37/NOs on the basis of a pseudomolecular ion peak at 434.2516 through analysis of the spectrum obtained in a gHSQMBC
(IMH] *, error 0.6 ppm) that indicatezicontained the same number  experiment8 Due to the complex multiplicity of the methine proton
of degrees of unsaturation asLikewise, the NMR spectra of the  resonances, not all the coupling constants could be accurately
two compounds were nearly superimposable, except for the absenceletermined with the amount of material on hand. Fortunately, the
of signals for the allylic methyl in the NMR spectrum 2fand the spectrum did have adequate signal-to-noise so that enough values
presence of a new oxygenated methylene carbon sigidal@.1. could be determined to assign the relative stereochemistry of the
These data suggest@dvas the 18-hydroxyl analogue &f which vicinal centers C-7/C-8, C-10/C-11, and C-12/C-13, as depicted
was subsequently confirmed by analysis of the 2D NMR data.  (Figure 3). However, for the reasons described before, the config-

With these two planar structures in hand, we turned our attention uration of C-8/C-9 could not be assigned. We next attempted to
to assigning the relative stereochemistry bf A variety of assign this stereochemistry by comparing the carbon chemical shift
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Figure 3. NOE correlations and coupling constants used to determine the relative stereochemis@®@popling constants marked “n/a”
could not be accurately assigned due to poor signal-to-noise.
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Figure 5. Ads-r values (ppm) for the C-9 MTPA derivatives.

which reacted substantially faster th&-MTPA-CI. Reaction with
the S acid chloride came to completion in under 4 h, while e
isomer required 20 h at an elevated temperature. NMR analysis of
the products indicated that C-9 had been acylated with Mosher’s
reagent, allowing the assignment of the absolute configuration of
this center as depicted (Figure 5). Surprisingly, it also indicated
that the C-7 hydroxyl group had not been lost as we originally
expected on the basis of the MS data. This unexpected result
seriously called into doubt our proposed structures and, thus, the
of C-20 with the literature values reported for the 2-methyl-1,3- Validity of our Mosher analysis. Unfortunately, a complete structural
diol in the universal NMR databad@Unfortunately, our value of ~ assignment of these Mosher derivatives could not be made
11.1 ppm did not allow us to discriminate between siyganti or conclusively due to the limited amount of material that had been
anti/anti configurations (10.7 and 11.6 ppm, respectively). In the Prepared. So the reaction was carried out on a larger scale (2.7 mg
end, it became necessary to prepare an acetonide derivative of ~ Of 1) using ®)-MTPA-CI, which again produced the dehydration
establish the stereochemistry of the 1,3-diol. The methyl carbon Product followed by conversion, this time to the di-MTPA derivative
chemical shifts of 24.8 and 23.9 ppm in this derivative, as after 16 h2! This product was then fully characterized by 2D NMR
determined by a gHSQC experiment, establisheardirelationship spectroscopic methods. The data obtained conclusively showed that
between the hydroxyl groups on C-7 and @%Finally, NOE the carbon backbone, including the bicyclic rindlirwas still intact.
correlations from H-11 to H-1dand H-15 established the stereo- A closer inspection of these data revealed the site of dehydration.
chemical configuration around the 1,4-dimethyl-2,8-dioxabicyclo- Specifically, the allylic methyl group no longer showed a HMBC
[3.2.1]octan-3-yl ring (Figure 4). correlation to the amide carbonyl that had been at 175.1 ppm.
To determine the absolute configuration bf the modified Instead, it showed a strong cross-peak to a quaternary carbon at
Mosher method was applied. Whérwas treated with an excess  119.0 ppm, the chemical shift of which was indicative of a nitrile
of a-methoxy(trifluoro)phenylacetyl chloride (MTPA-CI) in pyri-  quaternary carbon. This functional group interconversion is surpris-
dine, it resulted in the quantitative conversion to a less polar ing since, in general, this dehydration requires much more vigorous
compound with a molecular weight suggestive of a dehydration reaction conditions. In this case, the reaction is likely facilitated
product (MW 377). We initially suspected this product was formed by the degree of conjugation of the amide that serves to increase
from the loss of the C-7 hydroxyl group that would result in an the nucleophilicity of the carboxyl oxygen toward acylation and
extended system of conjugation that was consistent with a batho-subsequent dehydration. To our knowledge, however, this is the
chromic shift of the UV absorption maximum. This product was first reported example of the conversion of a primary amide to a
then converted to the mono-MTPA derivative witR{MTPA-CI, nitrile using Mosher’s chloridé? and this result should stand as a

Figure 4. NOE correlations used to establish the configuration of
the ring.
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Table 1. NMR Spectroscopic Data for Saliniketal A)(in CD;OD

C/H no. ¢ 51 (I Hz) cosy HMBC NOESY
1 175.1, qC
2 131.4, qC
3 134.1, CH 6.17,brd (11.1, 1.2) 4,18 1,2,4,5,18 4,5,18
4 128.3, CH 6.60, dd (15.3, 11.1) 3,5 2,3,6 3,5,6,19
5 142.0, CH 5.78, dd (15.3, 8.4) 4,6 3,6,19 3,4,5,6,7,19
6 423, CH 2.35,m (9.3, 8.4, 6.8) 5,7,19 4,5,7,19 19, 20
7 75.82CH 3.71,dd (9.3, 1.8) 6,8 5,9, 20 4,6,8,11, 19, 21
8 35.7, CH 1.88, m (7.4, 4.9, 1.8) 7,9,20 9,20
9 78.22CH 3.52, dd (8.3, 4.9) 8, 10 7,21 8, 20, 21
10 37.1, CH 1.84, brdq (8.3, 7.2, 1.4) 9,11,21
11 74.9, CH 3.97, brd (10.8, 1.4) 10, 12 9,10, 13, 21, 22 9, 13,184, 20, 21, 22
12 35.2, CH 2.00, dqd (10.8, 7.3, 3.4) 13, 14
13 81.6, CH 4.23,brdd (6.3, 3.4) 14 16 11, 12, 14, 22
14, 24.9,CH 1.94, m 16 11
14, 1.90, m 13
15, 35.1,Ch 2.05,m 16 11
15, 1.80, m 16, 17
16 106.4, qC 17
17 24.2, CH 1.39,s 15 16 9,11,13
18 20.9, CH 1.94,d (1.2) 3 1,2,3
19 17.1, CH 0.96, d (6.8) 6 5,6,7 8
20 11.1, CH 1.02,d (7.3) 8 7,8,9 7,9, 12
21 10.2, CH 0.89, d (7.2) 10 9,10, 11 7,9
22 12.8, CH 0.76,d (7.3) 12 12,13 12,15

2These!®C NMR signals are doubled in a 1:1 mixture of gIH/CD;OD.

precautionary tale when interpreting NMR data of derivatives however,1 does not have a significant bactericidal effect. This lack
containing primary amides. of antibacterial activity ofl can be rationalized on the basis of the
A significant body of research devoted to ornithine decarboxylase SAR data for rifamycin, which indicate that the ability®fo inhibit
has accumulated since the discovery of the mammalian isoform of the initial phase of DNA-dependent RNA polymerase in prokaryotes
this enzyme and its role in cell grow#h.It is now known that is highly dependent on the formation of four key hydrogen bonds
ODC is present in a considerable array of species, including both between the four free hydroxyl groups (7-OH, 9-OH, 23-OH,
prokaryotes and eukaryotes. While mammalian ODCs are highly 25-OH) and the polymerase. Obviouslylacks the two phenolic
conserved, comparisons of prokaryotic and eukaryotic ODC amino protons present in rifamycin and is therefore unlikely to form all
acid sequences show few similarities. Despite these structuralthe hydrogen bonds required for this inhibition. Elegant work with
differences, several inhibitors of ODC activity are effective against stable precursor and molecular genetics has established that the
both mammalian and bacterial forms. For example, whHdif- rifamycins are polyketides assembled from an aromatic starter unit,
luoromethylornithine (DFMO, eflornithine) has no time-dependent 3-amino-5-hydroxybenzoic acid, that is elaborated with two acetate
effect on bacterial OD@ the corresponding monofluoro derivative  and eight propionate unit8.This suggests that saliniketals A and
is active against both mammalian and bacterial G&Chese latter B are not degradation products or shunt metabolites from rifamycin
results suggested that bacteria might have evolved ODC inhibitors biosynthesis. The presence of a primary amide in these compounds
that may be effective against mammalian homologues. Saliniketalsis unlikely to arise from any degradative process involving cleavage
A and B were tested for potential to inhibit ornithine decarboxylase of the ansaside chain from the aromatic ring. Also, since the
activity, but were found to be inactive at concentrations up to 1 nitrogen of the amide bond in rifamycin originates from the aromatic
mM (data not shown). starter unit, the presence of the primary amidelimplies it is
Interestingly, however, several other compounds derived from most likely not a shunt metabolite of rifamycin biosynthesis.
marine sources have been shown to induce ODC activity, including Therefore, the saliniketals appear to be formed from an unusual
calyculin A%> and okadaic acid from marine sponges, and lyng- three-carbon starter unit, i.e., glycoRter pyruvate, followed by
byatoxin A and debromoaplysiatoxin isolated from the marine elongation with two acetate and five propionate units, which results
cyanobacteriumLyngbya majusculd& Despite their structural in a heptadecaketide with chiral centers of identical stereochemistry
diversity, these compounds have been shown to serve as tumotto those in rifamycin. The genetic significance of these similarities
promoters. While the ecological significance of these compounds will be revealed once the genome sequencing ofirenicolais
and their effect on ODC have not been fully investigated, it is complete3!
interesting to note that in the case\éibro choleraea polyamine
sensor has been identified that mediates biofilm formaXiarhis
raises the intriguing speculation that the potential ecological role
of these natural products is to regulate the formation or composition
of the bacterial communities associated with sponges and cyano-
bacteria by either promoting or inhibiting polyamine producé®n.
Saliniketals A and B were tested for ODC induction capability
using culture T24 cells as a model and found to be inactive.
Conversely, however, when tested in conjunction with TPA, a potent
tumor promoter that induces ODC activity, saliniketals A and B
were found to weakly but significantly inhibit induction with 4&
values of 1.95+ 0.37 and 7.83t 0.12ug/mL, respectively.
The saliniketals are also of interest because of their structural Experimental Section
relationship to thensaside chain (C-1 through C-15 in blue) of General Experimental Procedures.Optical rotations were mea-
the rifamycin structural class3) of antibiotics, which co-occur sured on an Autopol Ill automatic polarimeter at the sodium line (589
within the fermentation broth. Despite the structural similarities, nm). UV spectra were obtained on a Shimadzu UV-1601-Wigible

Rifamycin (3)
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spectrophotometer, and IR bands were measured as a thin film on a Supporting Information Available: Complete synthetic procedures
NaCl disk using a Perkin-Elmer 1600 series FTIR. NMR spectra were for the formation of the derivatives and for the assay protocol and

acquired on a Varian Inova 500 MHz spectrometer operating at 500 or tabulated NMR data foR together with!H, 3C, gCOSY, gHMBC,
125 MHz using the residual solvent signals as an internal reference and gHSQC NMR spectra fdr and2. This material is available free

(CDsOD 6n 3.30 ppm,dc 49.0 ppm). Low-resolution mass spectro-
metric data were obtained on a Hewlett-Packard 1100 series MSD, and

of charge via the Internet at http:/pubs.acs.org.

high-resolution mass spectrometric data were measured on an lon Spe&eferences and Notes

Ultima MALDI-FTMS using the ES mode.

Fermentation. Strain CNR-005 was isolated from a sediment sample
collected in Guam at a depth of approximately 30 m in January 2002.
The producing organism was cultured in 401 L Fernbach flasks
containing A1BFe medium (10 g of starchg of yeast extract2 g of
peptone, 5 mL of F£SOy);3+-4H,0 at 8 g/L, 5 mL of KBr at 20 g/L, 1
L of seawater) for 7 days at 227 °C while shaking at 230 rpm. Strain
CNR-059 was isolated from a sediment sample collected in Guam at
a depth of approximately 300 m in January 2002. It was fermented in
9 x 1 L Fernbach flasks using the same medium that was used for
CNR-005 except for the additiorf @ g of CaCQ per liter of seawater.
The identification of these two strains was accomplished by 16s rRNA
gene analysis. Both strains are highly homologousS#dinispora
arenicola,the systematic description of which has appedted.

Isolation of Saliniketal A from CNR-005. Sterilized Amberlite
XAD-16 resin (20 g) was added to each flask on day 7 and the slurry
shaken for 24 h before it was filtered off from the bacterial cells and
washed with water. The resin was then extracted overnight with acetone
and the organic extract concentrated in vacuo to afford30ag of
crude extract. This residue was separated by a silica flash column eluting
with DCM, 10% MeOH in DCM, 20% MeOH, and MeOH.

The residue from the 10% MeOH fraction was separated by a
reversed-phase (RP) flash column eluting with 25, 50, 75, and 100%
CHsCN in water. The residue from the 50% fraction was separated by
RP HPLC (Ultracarb &, 10 x 250 mm, 2.5 mL/min; ELSD detection,
25% CHCN in water for 10 min then a linear gradient up to 100%
over 50 more min) to afford saliniketal ALY (ca 20 mg; tr = 32
min).

Isolation of Saliniketals A and B from CNR-059.The crude extract
(6 g from 9 L) was generated from the fermentation broth as described
above. This extract was separated by a RP flash column eluting
sequentially with 10, 30, 45, 55, 65, 85, and 100% MeOH in water.
The residue from the 65% fraction was separated by RP HPLC (Waters
Prep, LC 4000 system, Waters preparative columg 8D A, 25 x
200 mm, 10 mL/min; UV detection at 210 nm, 25% §HN in water
for 10 min and then a linear gradient up to 40% over 40 more min) to
afford saliniketal B (ca2.2 mg;tzg = 25 min) and saliniketal A (c&b
mg, tr = 37 min).

Saliniketal A (1, 20 mg, 0.07% yield): amorphous powdeu]{
—13.7 € 0.133, MeOH); UV (MeOH . max (log €) 240 (3.1) nm; IR
(NaCl) vmax3354, 3201, 1719, 1660, 1598, 1454, 1384, 1331, and 1014
cm 1, *H and*3C NMR data (CROD), see Table 1; ESIM&vVz 418
(M + Na)"; HRMALDI-FTMS nvz 396.2760 [calcd for &H3sNOs™,
396.2750].

Saliniketal B (2, 2.2 mg, 0.03% yield): amorphous powdew]d
—22.4 € 0.107, MeOH); UV (MeOHY.nax (log €) 242 (4.0) nm; IR
(NaCl) vmax 3350, 3198, 1720, 1664, 1604, 1460, 1384, 1184cm
1H and*C NMR data (CROD), see Table S1; ESIMBVz 434 (M +
Na)"; HRESITOFMSmz 434.2516 [calcd for @Hz/NOsNa', 434.2513].
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