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ABSTRACT

Analysis of the fermentation broth of a strain of the marine actinomycete Salinispora tropica has led to the isolation of two unprecedented
macrolides, sporolides A (1) and B (2). The structures and absolute stereochemistries of both metabolites were elucidated using a combination
of NMR spectroscopy and X-ray crystallography.

After more then 50 years of intense scrutiny, pharmaceutical
research into natural products from terrestrial actinomycetes
has experienced a slow decline.1 If these biomedically
important microorganisms are to continue to provide new
secondary metabolites that have medicinal relevance, then
new strategies that lead to the isolation of genetically novel
strains must be found.2 Traditional microbial drug discovery
strategies have focused on soil-derived strains,3 but recent
evidence indicates unequivocally that taxonomically diverse
populations of actinomycetes reside in the marine environ-
ment.4

In 1991, we cultivated an unusual group of actinomycetes
that required seawater for growth, which suggested that they

existed only in the oceans.5 Examination of strains of this
new actinomycete genusSalinispora6,7 showed that greater
than 80% of these organisms produced culture extracts that
inhibited the in vitro growth of human colon carcinoma HCT-
116.

Initial fractionation of the culture broth of the strain
designated CNB-392 (later assigned asS. tropica)7 led to
the isolation of salinosporamide A, a molecule that possessed
an unusual fusedγ-lactam-â-lactone ring structure.8,9 The
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unusual chemical structure of salinosporamide A translated
into potent biological activity, as salinosporamide A was
shown in vivo to inhibit the proteolytic activity of the 20S
subunit of the proteasome.10 On the basis of this promising
in vivo activity, salinosporamide A is anticipated to enter
clinical trials for the treatment of cancer in late 2005.

As part of our continuing investigation into the chemistry
of these unique marine microbes, a detailed time course study
was carried out on the strain11 that produced salinosporamide
A. Monitoring this microbial fermentation by LC-MS
indicated that the metabolite profile varied significantly over
a 15-day period (see Figure S12 in Supporting Information
for representative LC-MS traces for days 7 and 11).
Optimization of the culture conditions and solid-phase
extraction of the fermentation broth with Amberlite XAD-
16 resin led to 4.18 g of crude organic extract after elution
of the resin with acetone. This residue was then purified by
silica gel flash column chromatography using increasing
concentrations of acetone in dichloromethane. The fractions
eluting with 3:1 and 1:1 acetone-dichloromethane were
combined and subjected to further purification by reversed-
phase HPLC, using a linear gradient of 10-100% acetonitrile
in water over 30 min. This afforded two macrolides with
unprecedented structures, sporolides A (1) and B (2).

Final purification of the more polar metabolite, sporolide
A (1),12 was obtained by reversed-phase HPLC. Low
resolution mass spectral analysis provided two pseudo-
molecular ion peaks at 539.1 [MH]+ and 541.1 [MH+ 2]+

atomic mass units in a ratio of 3:1, which indicated1

contained a chlorine atom. The high-resolution mass spectral
data confirmed the presence of a chlorine by giving a
molecular formula of C24H23ClO12 for 1. Also evident from
the MS data was the presence of at least two free hydroxyl
functionalities based on daughter ion peaks at 521
[MH - H2O]+ and 503 [MH - 2H2O]+. This was cor-
roborated by IR absorptions characteristic of hydroxyl, ester,
and conjugated ketone functionalities at 3284, 1737, and
1649 cm-1, respectively. The latter two functional groups
accounted for 3 of the 13 degrees of unsaturation required
by the molecular formula. Three other degrees of unsaturation
could be ascribed to double bonds (δC 146.5, 143.3, 138.2,
130.7, 129.0, and 125.1), which implied that1 contained
seven rings.

Several substructures were determined by analyses of the
2D 1H-1H COSY, 1H-13C HMBC, and HMQC NMR
spectral data. Substructure A was elucidated starting from
the vinylic methyl (C-10′) group (Figure 1) that showed a
series of HMBC correlations to carbons at 190.5, 161.7, and
116.6 ppm (C-4′, C-6′, and C-5′, respectively). These carbon
chemical shifts were assigned to the aforementionedR,â-
unsaturated ketone in which theâ-position was an enol ether
(substructure A). A second fragment could be assembled
starting from the methoxy singlet (C-9′). Proton H-9′ showed
a strong3JCH correlation to an oxygenated methine carbon
(C-2′), while the proton attached to this carbon showed a
HMBC cross-peak to the ester carbon and to a relatively
upfield oxygenated quaternary carbon (δC 59.1). On the basis
of its chemical shift, this quaternary carbon was assigned to
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(12)Sporolide A (1, 5.3 mg): amorphous crystals, mp 230-233 °C
decomposed; [R]D +80.7 (c0.22, MeOH); UV (MeOH)λmax (log ε) 268
(3.9), 206 (4.5) nm; IR (NaCl)λmax 3284, 2931, 1737, 1654, 1649, 1420,
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ClO12Na, [MNa]+, 561.0776).

Table 1. NMR Spectral Data for1 at 300 MHz in Pyridine-d5

C/H
no.

δH mult
(J in Hz; integration) δC, mult COSY HMBC

1a 3.55, t (10.2; 1H) 70.3, CH2 1b, 2 2, 3, 1′
1b 5.22, dd (6.0, 10.2; 1H) 1a, 2 2, 3, 1′
2 5.91, dd (6.0, 10.2; 1H) 65.4, CH 1a/b 1, 3, 14
3 143.3, C
4 146.5, C
5 138.2, C
6 95.7, C
7 5.40, dd (4.2, 7.2; 1H) 68.3, CH 8a/b 6
8a 3.04, dd (7.8, 15.2; 1H) 47.0, CH2 7, 8b 9, 10
8b 3.20, ddd (4.2, 7.2, 15.2; 1H) 7, 8a, 9 6, 9, 10
9 4.94, d (6.6; 1H) 74.1, CH 8b 6, 7, 10
10 102.7, C
11 5.27, s (1H) 79.8, CH 5, 6, 10
12 130.7, C
13 7.56, d (7.8; 1H) 125.1, CH 14 3, 5, 11, 14
14 7.93, d (7.8; 1H) 129.0, CH 13 2, 4, 12
1′ 168.0, C
2′ 4.95, s (1H) 77.4, CH 8′ 1′, 3′, 9′
3′ 59.1, C
4′ 190.5, C
5′ 116.6, C
6′ 161.7, C
7′ 90.3, C
8′ 4.59, s (1H) 59.3, CH 2′ 3′, 6′, 7′
9′ 3.54, s (3H) 61.2, CH3 2′
10′ 1.48, s (3H) 7.8, CH3 4′, 5′, 6′
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one of the carbon atoms of an epoxide ring; the other carbon
atom in the epoxide was evidently a methine based on its
relatively upfield carbon chemical shift ofδC 59.3. Together
this gave substructure B. Analysis of the COSY spectrum
led to two small fragments (H-1/H-2 and H-13/H-14) that
were joined on the basis of an HMBC correlation (H-2 to
C-14) and then further expanded into a tetrasubstituted
benzene ring to give substructure C. The final fragment was
assembled on the basis of a network of COSY cross-peaks
between H-7, H-8, and H-9 that defined a three-carbon chain
containing a diol. This unit was then extended into a five-
membered ring (substructure D) on the basis of a series of
HMBC correlations to the oxygenated quaternary carbons
C-6 and C-10 from all of these three proton signals.13 These
substructures (A-D) accounted for all but two (C-11 and
C-7′) of the 24 carbons in the molecular formula of1.

HMBC correlations to these last two carbon signals (C-
11 and C-7′) were crucial in assembling a larger portion of
the gross structure of sporolide A (1). Briefly, cross-peaks
to C-7′ and C-6′from H-8′ connected substructures A and
B, while HMBC correlations from H-11 to C-5, C-6, and
C-10 linked fragments C and D together (Figure 1). The last
connectivity that could be gleaned from the HMBC NMR
spectrum was an ester linkage between C-1 and C-1′ (HMBC
correlation from H-1 to C-1′) that connected substructures
B and C.

Two other connectivities could be postulated on the basis
of the available data. First, the chemical shift of C-4′ (δC

190.5) defined this carbonyl as a ketone and thus C-4′ had
to be bonded to one of the two available carbons, either C-4

or C-3′. The remaining chlorine atom, mandated by the
molecular formula of1, also had to be bonded to one of
these two carbons. On the basis of carbon chemical shift
considerations and the UV spectrum of1, the chlorine was
attached to C-4 and the ketone joined to C-3′ to form
substructure E, which contained substituted chlorobenzene
and cyclohexenone rings.

Although substructure E (Figure 1) contained all of the
necessary carbons and oxygens, two more ether rings were
required by the molecular formula. Clearly, because of its
carbon chemical shift that was indicative of a ketal, C-7′
was involved in one of these ether linkages, but since none
of the alcohol proton signals were visible in the NMR spectra,
several structures differing in the position of the ether
linkages could be postulated.

In the end, to discriminate between these possibile
structures, it became necessary to crystallize1 from a mixture
of isooctane-acetone. This resulted in orthorhombic crystals
that were suitable for X-ray analysis. These crystals, which
diffracted as aP2(1)2(1)2(1) space group, revealed the final
connectivities needed to assign the structure of1 (Figure 2)

and allowed the absolute configuration of1 to be assigned
as depicted on the basis of the diffraction anisotropy of the
chlorine atom. X-ray analysis of these crystals indicated that
they were a mixture of1 and the corresponding C-4 bromo
derivative. On the basis of this diffraction data, the latter
was present in only trace amounts (6%) as compared to1.
Attempts to isolate this analogue were unsucccessful, as only
a trace amount of this metabolite was present in the bacterial
extract.

The molecular formula of the less polar compound,
sporolide B (2),14 was deduced to be C24H23ClO12, which

(13) The carbon chemical shifts of C-6 and C-10 are downfield of a
typical oxygenated quaternary carbon. The constrained conformation
imposed by the three-dimensional ring strucutre of1 and2 may place these
carbons into the deshielding region of the anisotropic intramolecular
magnetic field of the aromatic ring or of the adjacent oxygens.

(14)Sporolide B (2, 5.3 mg): colorless gum, [R]D +8.6 (c 0.17, MeOH);
UV (MeOH) λmax (log ε) 269 (3.9), 206 (4.5) nm; IR (NaCl)λmax 3424,
1737, 1648, 1420, 1190, 1108, 1020 cm-1; 1H and13C NMR see Table S1;
ESIMSm/z561.1 [MNa]+, 539.1 [MH]+; HRMALDI-FTMS m/z561.0748
(calcd for C24H23ClO12Na, [MNa]+, 561.0776).

Figure 1. Partial structures and HMBC correlations used to
establish the gross structure of1.

Figure 2. X-ray crystal structure of1.
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indicated it was isomeric with1. The 1H and 13C NMR
spectra of sporolide B (2) (Table S1 in Supporting Informa-
tion) displayed most of the key resonances seen in the spectra
of sporolide A (1). The most noticeable difference in the
proton NMR spectrum of2 was the two aromatic proton
signals that now appeared as broad weakly coupled singlets
rather than doublets. Inspection of the COSY and HMBC
data of2 established that these aromatic protons were now
meta to each other and that the chlorine atom was now
substituted at C-13. Further analysis of the NMR data
allowed the carbon framework of2 to be defined as shown,
and the positions of the ether linkages were confirmed by
peracetylation of2. This yielded 2,7,9,11,7′-penta-acetyl-2
as determined by analysis of the NMR and MS spectral data
(not shown).

Unfortunately, the sporolides were inactive when screened
in our standard assays. They displayed no activity against
human colon carcinoma HCT-116, methicillin-resistant
Stapyhlococcus aureus, and vancomycin-resistantEntero-
coccus faecium. The highest concentration tested against
HCT-116 was 78µg/mL and in the antibacterial assay the
upper limit was 250µg/mL.

The structures of sporolides A are B are unique for several
reasons. First, while both compounds appear to be polyketides
and therefore derived from acetate units, the number of
oxidized carbons is amazing, with 23 of 24 carbons either
oxygenated or sp2 hybridized! This, in part, contributes to
the highly unusual structures of the sporolides. The only
compounds reported in the literature that have any structural
resemblance to any portion of the sporolides are the
cyclohexenone vertinoid polyketides, from the marine-

derived fungusTrichodema.15 These bear a slight resem-
blance to the lower cyclohexenone-half of the sporolides,
but the upper portion of the sporolides and the overall
structures are completely unprecedented.

The sporolides are also of interest because they are only
the second class of compounds isolated from the recently
described marine actinomycete genusSalinispora. The
unique carbon skeletons of the sporolide and salinosporamide
structural classes from this genus provide a clear indication
of the tremendous potential of marine actinomycetes as a
source of novel secondary metabolites.
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