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ABSTRACT

Three diterpene —benzoate natural products, with novel carbon skeletons and an unusual proposed biosynthesis, were isolated from extracts

of the Fijian red alga Callophycus serratus and identified by a combination of X-ray crystallographic, NMR, and mass spectral analyses.
Bromophycolide A (1) displayed cytotoxicity against several human tumor cell lines via specific apoptotic cell death. This represents the first
discovery of natural products incorporating a diterpene and benzoate skeleton into a macrolide system.

The discovery of novel carbon skeletons in natural products of macrolides fromCallophycus serratysan understudied
research is uncommon, providing new targets for synthetic member of the Solieriaceae. We used bioassay-guided
chemists and pharmacologists, and leading to testablefractionation followed by spectroscopic and X-ray crystal-
hypotheses regarding biosynthetic mechanisms and ecologi{ographic analyses to identify three novel natural products
cal function. Red macroalgae are well-known for the (1—3) of unusual biosynthetic origin and possessing promis-
production of brominated metabolites, including terpenoids ing antineoplastic and antimicrobial activities.
and phenols, yet some taxa within the Rhodophyta remain Extracts fromC. serratuscollected at several sites in Fiji
relatively unstudied. Only six secondary metabolites, one were separated by liquidiquid partitioning and chroma-
oxylipin and five bromophenols, have been previously tography, guided by a cytotoxicity assay using ingestion rates
characterized from the red algal family Solieriacéde. of the invertebrateBrachionus calyciflorus(Rotifera)?
Herein, we report the discovery of a unique structural class Following reversed- and normal-phase HPLC, bromophy-

T School of Biology, Georgia Institute of Technology. .Co“des A-B (1_2) and erromophy(_:ollde ASI W.ere

# School of Chemistry and Biochemistry, Georgia Institute of Technology. iSolated (see the Supporting Information for experimental

§ Emory University. details)?
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with m/z 661.0194 and characteristic tribrominated isotopic
pattern, suitable for a molecular formula 0f/837;04Brs.
X-ray diffraction analysis ofl revealed a 15-membered
macrolide within a diterpenebenzoate framework (Figures

With an [M — H]~ parent ion atm/z 439.2490 and no
characteristic bromine isotope splitting, debromophycolide
A (3) possessed the molecular formulgdssOs. Examina-
tion of chemical shifts, scalar couplings, and 2D NMR

1 and 2). The bromine atom within the isopropyl appendage spectral data indicated that thénydroxybenzoate group was

Figure 1. Novel natural products ofallophycus serratus

was disordered with respect to the isopropyl methyls over
two primary positions, with 70% and 30% occupancies. The
Flack parameter was refined to be).002(16), indicating
that the geometry shown is the absolute configuration.
The NMR spectral data daf supported the structure de-
rived from X-ray diffraction analysis (Table 1; Supporting
Information). HMBC correlations from the methyl groups

intact (Table 1; Supporting Information). The ester group
appeared to be attached to the diterpene skeleton with the
same connectivity and stereochemistry gsdue to the
presence of a downfield methine signal assigned to position
15 of 3 (*H 0 4.96 doublet of doubletdC 6 81.7). Two
methyl singlets (Me-26:0 1.23; Me-27: 6 1.24) showed
HMBC correlations to C-15, to C-25, and to each other (
25.2, 26.4). The downfield resonance for the fully substituted
C-25 (¢ 72.6) indicated the attachment of OH at that position,
leaving one oxygen atom from the molecular formula to be
assigned. Chemical shifts for positions 1 ¢ 2.91;3C
59.8) and 12 C 6 59.0) supported the existence of an
epoxide group irB. NOEs observed between H-10bZ.12)
and H-11, between H-10a (1.72) and Me-24d 1.17), but
not between H-11 and Me-24 establishetlams (115,129
configuration at the epoxide withi® (Supporting Informa-
tion).

The molecular formula o8 indicated 10 sites of unsat-
uration, of which 6 were accounted for by tpenydroxy-

anchored the carbon skeleton, enabling assignments of allPénzoate and the epoxide. In addition to the aryl group, there
quaternary carbons. COSY and additional HMBC correla- Were four olefinic carbon resonances accounting for two of
tions provided the connectivity within spin systems (Sup- these sites, leaving two additional rings, as expected for

porting Information).

bromophycolide-type molecules. Working from the epoxide

From high-resolution mass spectral data, bromophycolide of 3, H-11 showed COSY correlations with the two meth-

B (2) appeared to be an isomer hfwith a parent ion with
m/z661.0191. X-ray diffraction analysis @findicated a 16-

ylene H-10 ¢ 1.72, 2.12), which in turn both correlated with
an olefinic proton H-94 5.28). The singlet Me-23)(0.93)

membered macrolide with absolute stereochemistry predictedshowed HMBC correlations to C-2 £9.8), C-8 ¢ 138.2),

as in Figures 1 and 2. Chemical shift and 2D NMR
correlation data were very similar for mostband2 (Table

1; Supporting Information), except near the link between
benzoate and the diterpene head2,la downfield-resonating
quaternary carbon (C-1%;83.4) appeared to be the site of
benzoate attachment.

and C-9 ¢ 122.8), establishing an olefin at positions 8 and
9. From NOEs observed between Hé73.31) and H-9, and
between H-10b and Me-23, this olefin possessedEan
configuration. Continuing with the connectivity analysis, H-7
showed COSY correlations with both methylene H-21 (
1.59, 1.91), which in turn showed COSY correlations with

Figure 2.

Perspective drawings df (left) and 2 (right) from X-ray crystallographic data.
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Table 1. 13C andH NMR Spectral Data foi—3 (500 MHz;
in CDClz)2

1 2 3
o H 0H o H
no. o 13C G 0 13C CJun) 0 13C CJun)
1 165.9 165.1 166.8
2 121.5 123.6 122.8
3 1314 797d 130.3 7.68d 1336 7.64d
(<2.0) (<2.0) (2.0)
4 125.5 126.0 124.3
5 29.1 3.25d 28.9 3.41d 31.2 3.24d
(18.1) (18.3) (14.9)
3.47d 3.46d 3.58d
(18.2) (18.7) (15.1)
6 130.1 130.0 133.0
7 435 43.5 59.8 3.31m
8 37.6 1.31m, 38.2 1.66dd 138.2
1.90 m (13.3, 3.4)
1.84m
9 286 1.77m 28.9 1.99m, 122.8 5.28 brd
2.0l m (9.0)
2.03 m
10 73.6 345m 68.8 3.63dd 27.7 1.72m,
(7.2,4.4) 2.12m
11 72.5 74.0 59.8 2.91dd
(7.8, 2.6)
12 34.3 1.08 m, 36.0 1.45m, 59.0
1.72m 2.06 m
13 28.3 2.05m, 29.1 2.03m, 31.8 1.80m,
2.12m 2.16 m 2.06 m
14 80.4 4.65dd 61.6 4.47m 20.9 1.58m,
(10.9,1.9) 1.77m
15 67.3 83.4 81.7 4.96dd
(10.7, 2.2)
16 129.8 7.82dd 129.5 7.78dd 130.5 7.83dd
(8.3,1.9) (8.3, 1.8) (8.5,2.1)
17 1152 6.83d 1151 6.79d 116.0 6.81d
(8.3) (8.3) (8.4)
18 158.1 157.8 159.5
19 1335 132.7 138.0
20 33.6 2.02m, 321 222m 37.5 2.33m,
2.30 m 2.39 m
21 30.5 2.28m 294 2.22m, 26.2 1.59m,
2.35 m 191m
22 60.9 4.48dd 61.6 4.47m 144 192s
(10.8, 4.0)
23 21.0 1.40s 21.1 1.47s 11.4 093s
24 26.1 1.30s 254 1.25s 19.2 1.17s
25 33.7 1.28s 285 1.25s 72.6
26 309 181ls 242 1.69s 25.2 1.23s
27 316 1.80s 26.1 1.82s 264 124s
OH 5.55 brs 5.52 br s 5.80s
OH 1.96 br s

aKey: br= broad; s= singlet; d= doublet; dd= doublet of doublets;
m = multiplet.

both methylene H-202.33, 2.39), to connect C-7 to C-21
and C-21 to C-20. This ended another spin system, but
HMBC correlations from Me-22§ 1.92) to C-20 ¢ 37.5),

to C-6 (0 133.0) and to C-194138.0), revealed the position
of the last olefin at C-6-C-19. Finally, HMBC correlations
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from methylene H-5b{ 3.58) to C-4 § 124.3) of the aryl
system, and from H-5b to C-7, confirmed the cyclopentenyl
group within the larger macrolide framework &f Addition-
ally, weak COSY correlations between H-5a 3.24) and
H-20a, and between H-5a and Me-22 provided additional
evidence for this connectivity.

Determination of stereochemistry at C-7 ®fwas not
straightforward. One would expect an NOE to be observed
between H-7 and thero-R H-5 (the one pointing up in
Figure 1) if the configuration wasS such an NOE was not
observed. NOEs observed between H-7 and both H-20 could
be explained by either configuration at C-7. The broad
multiplet resonance of H-7, suggesting small scalar couplings
or the lack of a defined conformation for the cyclopentenyl
system, offered no additional insights. At this time, the
stereochemistry at position 7 remains undetermined.

The three novel macrolides characterized in this study
represent two new carbon skeletons, each possessing a hybrid
diterpene-benzoate structure. Although diterperi®enzoates
have been previously described, for example, tolypodiol from
cyanobacterid,to our knowledge, the current study is the
first account of such natural products displaying a macro-
cyclic system.

In the biosynthesis of bromophycolides, carb@arbon
bond formation between benzoate and geranylgeranyl diphos-
phate (GPP) would be expected to occur by electrophilic
aromatic substitution. Esterification could occur either by
nucleophilic attack of the benzoyl carboxylate on a bromo-
nium ion-type intermediate of GPP or by transesterification
of p-hydroxybenzoyl CoA with a bromohydrin intermediate
of GPP acting as nucleophile, leading to both 15-membered
and 16-membered macrolide products. Bromine atoms were
extensively observed within the diterpene fragments-e2,
positioned at sites that would have been unsaturated within
the diterpene precursor, suggesting that halogenation occurred
using an electrophilic source of bromine, consistent with
previously proposed mechanisfsNucleophilic displace-
ment of Br by OH would lead to theans epoxide evident
in 3. However, in previously identified brominated natural
products, regioselectivity and stereoselectivity of biological

(4) Bromophycolide A {): white crystals recrystallized from methanol
(39.7 mg; 0.80% plant dry mass)xJf% —35 (¢ 0.21 g/100 mL, CHG);
UV (MeOH) Amax 229 nm (loge = 3.73), 265 nm (log = 4.27); IR (thin
film) vmax 3350 (br), 2970, 2930, 1683L721, 1608, 1455, 1372, 1338,
1265, 1246, 1108, 769, 738 ci) H NMR (CDCl;, 500 MHz) and'*C/
DEPT NMR (CDC}, 125 MHz) data, Table 1; NOE, COSY, HMBC NMR
data, Supporting Information; HRESIMS [M H]~ m/z 661.0194 (calcd
for Cy7H3604Br3, 661.0169). Bromophycolide B2). white crystals
recrystallized from aqueous methanol (6.1 mg; 0.11% plant dry mags} [
—1 (c0.044 g/100 mL, CHG); UV (MeOH) Amax 224 nm (loge = 3.63),
265 (loge = 3.68); 'H NMR (CDClz, 500 MHz) and'*C/DEPT NMR
(CDCls, 125 MHz) data, Table 1; NOE, COSY, HMBC NMR data,
Supporting Information; HRESIMS [M- H]~ m/z 661.0191 (calcd for
C27H3604Br3, 661.0169). Debromophycolide 8). white amorphous solid
(1.6 mg; 0.043% plant dry massy]P%p —7 (c 0.012 g/100 mL, CHG);
UV (MeOH) Amax 265 nm (loge = 3.46);'H NMR (CDCls, 500 MHz) and
13C/DEPT NMR (CDC4, 125 MHz) data, Table 1; NOE, COSY, HMBC
NMR data, Supporting Information; HRESIMS [M H]~ m/z 439.2490
(calcd for G7H350s5, 439.2490).

(5) Prinsep, M. R.; Thomson, R. A.; West, M. L.; Wylie, B. . Nat.
Prod. 1996 59, 786-788.

(6) Murphy, C. D.J. Appl. Microbiol.2003 94, 539-548.

(7) Butler, A.; Carter-Franklin, J. NNat. Prod. Rep2004 21, 180~
188.
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Table 2. Pharmacological Activities of—3

anticancer activity anti-HIV IC5¢ (uM)
antibacterial MIC* (uM) cell line selectivity HIV-1 strain HIV-1 strain antifungal®
compd MRSA VREF 1Cs0 (uM)* (max ICs0/ min ICs) 96USHIPS7 UG/92/029 ICs0 (uM)
1 5.9 5.9 6.7 4.8 9.8 9.1 49
2 5.9 3.0 27.7 3.8 NT NT 49
3 NT NT >76 NT NT NSA

aMean of 11 cell lines (see the Supporting Information for detafl§)sing amphotericin B-resista@andida albicans® MRSA = methicillin-resistant
Staphylococcus aureu¥REF = vancomycin-resistarfEnterococcus faeciunNSA indicates not significantly active; NT indicates not tested.

Table 3. Effect of Bromophycolide A1) on Cell Cycle
Progression and Induction of Apoptosis

bromohydrin formation appears to more typically lechtdi
relationships between halogens and OH (althowsyh
substituted bromo- and chlorohydrins are knofr§)Cy-

clization within the diterpene fragment leadinglte 3 could treatment % apoptosis %Gl %S % G2/M
have occurred either before or after electrophilic aromatic .ypntrol 15 437 419 19.7
substitution, according to the mechanism proposed in Scheme compound 1 (3 M) 3.0 52.1 323 13.5
1, consistent with previously proposed mechanigrnise compound 1 (10 xM) 19.3 56.7 279 6.7

coccus aureu§MRSA) and vancomycin-resistafintero-
coccus faeciumVREF), and antifungal activity against

Scheme 1. Proposed Biogenesis of Diterpene Carbocyclic

Rings for1—37 amphotericin B-resistar@andida albicangTable 2). Only
e R 1 was isolated in sufficient yield for testing against HIV,
. f’i 5 revealing anti-HIV IGgs of 9.1 and 9.&«M for two HIV
/=~ 2~2-Bu:-| zﬁf strains (Table 2).
The current study reports a class of natural products,
, l 1 involving mixed biosynthesis, that is unexpected for red
N 4 an macroalgae. Red algae are widely known as sources of
C’\ . 2 |§— isoprenoid natural products, including halogenated monot-
erpenes, sesquiterpenes, and diterpenes, as well as being
l_H+ prolific sources of halogenated phendlslacrocyclic lac-
whn b l i tones derived from isoprenoid biosynthetic precursors are
DN S /%j)r\a,; o Iy less common, whether from red algae or other natural
22 Br HL K sources. Our discovery of natural produtts3 representing
(leading to 1-2) (leading to 3) two new carbon skeletons suggests that members of the red
algal family Solieriaceae may possess more active secondary
2 Atom numbering as in Figure 1. metabolic pathways than previously thought, directing com-

mon terpene biosynthetic precursors into unusual macrocyclic

natural products.
structural similarity of3 to the bromophycolides suggests

that3 may have been formed as a rearrangement product o
a metabolite related td (Scheme 1) or from a common
biosynthetic precursor.

Bromophycolide A 1) demonstrated moderate in vitro
cytotoxic potency (mean paneldgvalue: 6.7 uM) and broad
activity against a range of tumor types, whereas3
demonstrated less potent cytotoxicity values (Table 2). When
A2780 human ovarian cells were treated for 24 h with Supporting Information Available: Additional acknowl-
arrest in the G1 phase of the cell cycle was observed, edgments, experimental details, 2D NMR data (COSY,
consistent with loss of cells from the S and G2/M phase HSQC, HMBC, NOESY, ROESY)!H NMR spectra for
(Table 3). In addition, a 10-fold induction of apoptosis 1-—3, and X-ray crystallographic data (tables and CIF files)
occurred as a result of treatment withwith data indicating  for 1 and2. This material is available free of charge via the
that apoptosis stemmed from cells arrested in G1. Internet at http://pubs.acs.org.

Bromophycolides AT) and B @) also exhibited moderate
antibacterial activity, against methicillin-resistegtaphylo-
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