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The Indo-Pacific marine sponge Ircinia ramosa has been found to contain two powerful (Glsg
from 0.001 to <0.0001 «g/mL) murine and human cancer cell growth inhibitors. Both were
isolated (1073—10"“% vyields) by cancer cell line bioassay-guided techniques and named
irciniastatins A (1) and B (2). Structural elucidation by a combination of spectral analyses,
primarily high resolution mass and 2D-NMR (principally APT, HMQC, HMBC, and ROESY)
spectroscopy, revealed the unusual structures 1 and 2.

An encouraging number of marine-organism-derived
anticancer drugs are either already in human cancer
clinical trials?29 or advancing in preclinical develop-
ment toward that vitally important objective.2h-i
Others?~™ are in earlier stages of development. As
another productive advance in our research efforts® to
discover increasingly useful anticancer drug candidates
based on marine organism constituents, we have inves-
tigated a promising lead offered by the marine sponge
Ircinia ramosa. In the sponge phylum Porifera, the
order Dictyoceratida contains very productive families
in terms of biologically active constituents, and I.
ramosa is a member of one, the Ircinidae family. The
Ircinia genus is known in the Indo-Pacific area* includ-
ing Malaysia, where we collected it (~1 kg wet weight)
near Samporna, Borneo in 1991. The reddish-brown
exterior was more typical of an Ircinia sp. from Papua
New Guinea.*®

The dichloromethane—methanol extract gave strong
(Glso 1072 ug/mL) activity against the P388 lymphocytic
leukemia and a minipanel of human cancer cell lines.
Unfortunately, our investigation of this lead was seri-
ously delayed and made more challenging by political
problems that prevented recollection on a larger scale.
However, rapid advances in our overall techniques this
past decade have allowed discovery and structural
elucidation of two constituents, designated irciniastatins
A (1) and B (2), that are quite remarkable in terms of
both cancer cell growth inhibition and novel structure.
Since 1972, the Ircinia genus has been part of over 135
published studies where some 1152k have led to cancer
cell growth inhibitors such as the marine alkaloid
ircinamine.>

The sponge was preserved in methanol and extracted
with dichloromethane—methanol (1:1). The dichlo-
romethane fraction was subjected to solvent partition
separation (n-hexane and 9:1 CHz;OH—water followed
by CH.CI; and 3:2 CH3;OH—water). The resulting dichlo-
romethane-soluble fraction was separated, guided by

* To whom correspondence should be addressed. Tel: (480) 965-
3351. FAX: (480) 965-8558. E-mail: bpettit@asu.edu.

T Arizona State University.

* Queensland Museum.

P388 leukemia cell line bioassay, employing gel perme-
ation and partition column chromatographic proce-
dures on Sephadex LH-20 with CH;0OH, CH,Cl,-CH3;OH
(3:2), and n-hexane—CH,Cl,—CH3zOH (5:1:1) as eluents.
Final separation and purification procedures were
performed by utilizing reversed phase (C18) HPLC (30%
and 38% CH3CN in H0) to yield 34.7 and 2.2 mg of
the most potent constituents, irciniastatins A (1) and
B (2), respectively.

1, R = OH, Ry = H, Irciniastatin A
2, R, Ry = O, Irciniastatin B

Irciniastatins A (1) and B (2) were obtained as
colorless amorphous powders. The high-resolution FAB
mass spectrum of 1 showed a pseudomolecular ion peak
at m/z 610.3228 [M + H]*, which revealed the molecular
formula as C31H4sNO11 (calcd 610.3228), implying nine
degrees of unsaturation. Both 1 and 2 exhibited similar
resonance patterns in their *H and 3C NMR spectra.
Interpretation of 2D-COSY, TOCSY, and HMQC spectra
of irciniastatin A (1) revealed three spin—spin systems
(I, CH;=CH(CH3)—CH,-CH(OCH3)—CH(OH)—CO—; II,
NH—CH(OCH3)—CH(O—)—CH,_CH(OH)—; and III,
CH(O—)—CH3-CH(OH)—CH(CH3)—CH(O—)—CH,-). A
methyl, a carbonyl, and six aromatic carbons remained
and were deduced to be a 1'-carbonyl-2',4'-dihydroxyl-
5'-methylbenzene unit based upon HMBC correlations
(Table 1). One proton on the benzene ring had a quite
low downfield chemical shift (6 11.13 s), which indicated
that the proton was hydrogen bonded with an adjacent
carbonyl oxygen atom. An HMBC correlation from the
NH (6 7.09 d) to a carbonyl carbon (6 173.49 s) defined
an amide linkage between spin—spin systems | and II.
A series of HMBC correlations around spin—spin system

10.1021/jm030207d CCC: $27.50 © 2004 American Chemical Society
Published on Web 01/30/2004



1150 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 5 Pettit et al.
Table 1. 13C and 'H NMR Assignments (recorded in CDClIs) for Irciniastatins A (1) and B (2)
irciniastatin A (1) HMBC irciniastatin B (2) HMBC

C no. IH 6 J (Hz) BCH (from H to C) C no. H6 J (Hz) BBCH (from H to C)
1 4.80s 113.06 t 2,3 1 4.80 s 113.07 t 2,3

2 141.96 s 2 141.89 s

3a 2.18 m 3758t 1,2,4,5,25 3a 2.16m 37.21t 1,2,4,25
3b 2.38dd 4.0, 15 1,2,4,5,25 3b 2.36m 1,2,4,25
4 3.74m 80.53d 3,6, OCHs; 4 3.74m 80.36 d OCH3
OCH3 3.38s 57.92q 4 OCH3s 3.36s 56.41 q

5 411d 2.5 73.11d 3,4,6 5 4.44d 2.5 72.23d 3,4,6
OH 5.76 s2

6 173.49s 6 172.77 s

NH 7.09d 10.5 6 NH 7.36d 10 6

7 545t 4.5 78.31d 6, 8, OCH3 7 520t 4.5 80.24 d OCH3
OCH3 3.38s 56.25q 7 OCH3s 3.38s 56.67 q

8 3.89m 73.11d 7,12 8 3.89m 73.58d 7,10, 12
9a 1.81m 29.70 t 7,8,10, 11 9 2.62m 38.581t 7,8,10
9b 2.06 m 7,8,10, 11

10 3.67 dd 4.0, 10.5 71.41d 11,12, 27 10 210.00 s

11 38.75s 11 49.40 s

12 3.53d 10.5 81.90d 8,10, 11, 13, 14, 26 12 4.00d 11 82.96 d 8, 10, 11, 13, 26
13 1.62m 3211t 12 13 1.58 m 3217t

14 3.96 m 73.75d 12, 16, 26 14 4.08 m 72.40d 16

OH 4.36s 13, 14, 15

15 1.84m 42.62d 14, 16 15 1.90 m 42.64d

16 453 m 79.41d 14, 15, 18, 26 16 457 m 80.09d

17a 2.82m 28.39t 15, 16, 18, 19, 23 17a 2.88m 28.18t

17b 2.89m 16, 18, 19, 23

18 139.68 s 18 139.69 s

19 113.20 s 19 113.07 s

20 160.08 s 20 162.36 s

OH 4.60 s? 21

21 6.31s 101.28 d 19, 20, 22, 23, 24 21 6.32s 101.37d

22 162.29 s 22 162.36 s

OH 11.13s 21, 22,23

23 101.59 s 23 101.37 s

24 170.44 s 24 170.48 s

25 1.76 s 22.68 q 1,2,3 25 1.75s 22.66 q 1,2,3

26 0.92s 13.67 q 11, 27 26 1.10s 19.21¢q 10, 11, 27
27 0.97s 23.06 q 11, 26 27 1.16s 22.16 q 10, 11, 26
28 1.10d 6.0 9.36q 14, 16 28 1.11d 9.02q 14,15, 16
29 2.02s 10.44 q 17,18, 19 29 2.08s 10.53¢q 17,18, 19

a The data were obtained using CD3OH as solvent.

Il and 111 as well as one quaternary carbon (6 38.75 s)
and two geminal methyl groups (6 0.92 s/13.67 g and ¢
0.97/23.06 q), with cross-peaks of H-8/C-12, H-12/C-8,
H-12/C-10, H-10/C-12 and H-9/C-11 (Table 1), estab-
lished a gem-dimethyltetrahydropyran unit between
spin—spin systems Il and I1Il. Between spin—spin
system 11l and the benzene ring, many HMBC correla-
tions were observed, namely from H-17 (6 2.82 and 2.89)
to C-18 (0 139.68 s), C-19 (6 113.20 s), and C-23 (0
101.59 s), from H-16 (6 4.53) to C-18, and from methyl
protons at the benzene ring (C-29, 6 2.02 s) to C-17 (6
28.39 t). Thus, connection of one side of spin—spin
system Il with the 1'-carbonyl-2',4'-dihydroxyl-5"-me-
thylbenzene portion was confirmed. Also, according to
HMBC cross-peaks, two methoxyl groups (6 3.38 s) were
identified and linked at C-4 (6 80.53 d) and C-7 (6 78.31
d), respectively.

The 13C chemical shifts of C-5 (6 73.11 d), C-10 (6
71.41 d), and C-14 (6 73.75 d) indicated the presence of
a hydroxyl group linked to each of the three carbons. A
special deuterated solvent (CD3;OH) was used in 1D- and
2D-NMR experiments for defining each hydroxyl group
location. Four active hydroxyl protons were determined
to be located at C-5, C-14, C-20, and C-22. Since a few
signals were found to overlap with the large D,0O
resonance, the hydroxyl proton at C-10 was not ob-
served. Comparison of the 13C chemical shift of C-16
with those of C-5, C-10, and C-14 showed that C-16 was
shifted downfield by 5.66 to 8.0 ppm. Those data clearly
showed C-16 was the site of another ring involving an

" NOE
Figure 1. NOE correlations around C-5—C-12 in 1.

oxygen atom, which satisfied the last one degree of
unsaturation. In NMR experiments employing CD;0OH
solvent, the lactone carbonyl group (C-14, 6 170.44 s)
was found linked to the benzene ring, which suggested
the formation of a six-member lactone with C-16. On
the basis of the above extensive analysis, the structure
of irciniastatin A (1) was established.

A review of 2D-NOESY and ROESY experiments
afforded valuable stereochemical information for as-
signment of four chiral centers. Because both protons
at C-5 and C-8 exhibited NOE correlations with the
amide proton (NH), these three protons were clearly
oriented from the same side in space (Figure 1). Two
other NOE correlations were observed from H-7 to the
two axial protons on the tetrahydropyran, H-10 and
H-12, and implied that these three protons were in close
proximity on another side. Therefore, the relative con-
figuration of the four chiral carbons was deduced as 7R*,
8S*, 10R*, and 12R*.
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Table 2. Inhibition of Cancer Cell Line Growth (Glso, ug/mL)
by Irciniastatins A (1) and B (2)

human cancer cell line

irciniastatin A irciniastatin B

pancreas BXPC-3 0.0038 0.00073
breast MCF-7 0.0032 0.00050
CNS SF268 0.0034 0.00066
lung NCI-H460 <0.0001 0.0012
colon KM20L2 0.0027 0.0021
prostate DU-145 0.0024 0.0016
leukemia? P388 0.00413 0.006
normal endothelial HUVECP <0.0005 ND

a Murine. P BD-Biosciences Clontech.

Irciniastatin B (2) was found to correspond to molec-
ular formula C3;H45NO11, as determined by high-resolu-
tion FAB mass spectroscopy, indicating two hydrogens
less and one degree of unsaturation more than ircini-
astatin A (1). In the 3C NMR spectrum one hydroxyl
disappeared and one ketone carbon signal (6 210.00 s)
appeared compared to that of 1. HMBC correlations
from H-8, H-9, H-12, and two geminal methyls (C-12
and C-27) to the ketone carbon were observed, suggest-
ing that the ketone was at C-10. Also, the chemical
shifts of two neighboring carbons (C-9 and C-11) were
shifted downfield by 8.88 and 10.65 ppm, respectively.
The resonance shifts supported the assignment from the
HMBC experiment. Therefore, irciniastatin B was as-
signed structure 2. Both irciniastatins A and B resisted
a variety of attempts at crystallization, and that has so
far precluded completing the stereochemical assign-
ments by X-ray crystal structure determination. Syn-
thetic approaches to these important new anticancer
drug candidates will now be undertaken to define the
remaining chiral centers and increase the availability
of both irciniastatins and derivatives for further devel-
opment.

Irciniastatins A (1) and B (2) displayed powerful
cancer cell growth inhibition against the murine P388
leukemia cell line and six human cancer cell lines with
Glsp values of 1073—10"* ug/mL (Table 2). Although
there was only one minor difference at C-10 between
irciniastatins A and B, the cell growth inhibition of 2
proved to be 10 times stronger than that of 1 against
the human pancreas (BXPC-3), breast (MCF-7), and
central nervous system (SF268) cancer cell lines. How-
ever, against lung cancer cells (NCI-H460), irciniastatin
A was at least 10 times more active than irciniastatin
B. Human umbilical vein endothelial cells (HUVEC)
were strongly inhibited by irciniastatin A (Table 2), with
no evidence of tube formation. That powerful antivas-
cular activity may in part be assisted by cytotoxicity.
Irciniastatin A (1) was available in sufficient quantity
to evaluate possible antimicrobial activity. Irciniastatin
A (1) had marginal antifungal and antibacterial activi-
ties, with minimum inhibitory concentrations of 16 ug/
mL for Cryptococcus neoformans and 64 ug/mL for
Neisseria gonorrhoeae.

In summary, irciniastatins A (1) and B (2) are very
promising anticancer agents and their development,
including synthetic approaches and investigation of
possible microorganism sources, is in progress.

Experimental Section

General Procedures. Organic solvents used for column
chromatography were freshly distilled. Sephadex LH-20, par-
ticle size 25—100 um, used in gel permeation and partition
column chromatographic separations was obtained from Phar-
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macia Fine Chemicals AB, Uppsala, Sweden. The TLC plates
were viewed under shortwave UV light and then developed
by 20% H,SO, or 3% ceric sulfate—3 N sulfuric acid spray
reagent following by heating at approximately 150 °C. For
HPLC separations, a Phenomenex Zorbox SB C18 (particle size
10 um, ¢ 9.4 mm x 25 cm) C18 column and a Phenomenex
IB-SIL (particle size 5 um, ¢ 4.6 mm x 25 cm) C-18 column
were used in reversed-phase mode with Waters Delta (model
600) solvent metering pumps in conjunction with a Waters
2487 Dual A Absorbance Detector (at 4 254 nm), with Gilson
(model 306) solvent metering pumps and Gilson 118 UV/VIS
detection at 1 254 nm. HPLC grade organic solvents were
purchased from EM Science, and pure water was produced by
Barnstead Easypure PF compact ultrapure water system
model D7031. The solvent partitioning sequence was a modi-
fication of the original procedure of Bligh and Dyer.5

Optical rotation was determined by employing a Perkin-
Elmer Model 241 polarimeter. The UV spectrum was recorded
with a Hewlett-Packard 8450 UV-—vis spectrometer. The
HRFABMS was measured with a JEOL JMS-LC mate LCMS
system. The 'H and 3C NMR, APT, 'H-'H-COSY, TOCSY
(mixing time of 45 ms and 60 ms), HMQC (optimized for *Jy_c
= 8.2 Hz), ROESY (mixing time of 100 ms and 150 ms), and
2D J-solution data were recorded using a Varian VXR-500
instrument in CDCls.

Collection of I. ramosa. On July 6, 1991, an approximate
1 kg sample of wet I. cf. ramosa Bergquist, 1965 (Demospon-
giae: Dictyoceratida: Ircinidae) was collected using SCUBA
at —20 to —36 M on a barrier reef near Semporna, Sabah
(Borneo), Malaysia. The reddish brown (darkens on exposure
to air) encrusting (with vertical branching) sponge with a light
brown exterior was preserved in methyl alcohol. Reference
specimens are maintained at ASU-CRI and Queensland
Museum.

Extraction and Solvent Partitioning. The |. ramosa
sponge sample (~1 kg wet wt) was extracted with methylene
chloride—methanol (1:1) and was dried to a 98.8 g residue. This
material was successively partitioned using the system MeOH—
H20 (9:1 and 3:2) against n-hexane and methylene chloride,
respectively, to yield the most bioactive methylene chloride
fraction (1.78 g, yield 1.8%) with an EDs, of 0.0077 ug/mL for
P388 and Glsy values of 0.0018, <0.001, 0.00089, <0.001,
0.0014, and 0.0012 ug/mL for BXPC-3, MCF-7, SF268, NCI-
H460, KM20L2, and DU-145 cells, respectively.

Isolation of Irciniastatins A (1) and B (2). Two bioactive
fractions were obtained from the methylene chloride fraction
(1.78 g) by a series of Sephadex LH-20 gel permeation and
partition column chromatographic steps using methanol, me-
thylene chloride—methanol (3:2), and n-hexane—methylene
chloride—methanol (5:1:1) as eluents. Further separation of
the two fractions (A, 144 mg and B, 69.5 mg) was performed
employing C18 (10 um) reversed-phase column (9.4 mm x 25
c¢cm) HPLC with mobile phases 3:7 and 19:31 CH3;CN—H,0 to
isolate and collect two major peaks. Final purification was
achieved by using an ODS (5 um) column (4.6 mm x 25 cm)
HPLC techniques with 3:7 and 19:31 CH3CN—H,0 as eluents.
By this means, pure irciniastatins A (34.7 mg, yield 3.51 x
1072 %) and B (2.2 mg, yield 2.23 x 107 %) were isolated.
Irciniastatin A (1) was obtained as a colorless amorphous
powder: [a]p + 24.40° (c, 0.55, CH30H); UV (CH;0H—H;0) 1
310, 270, 230(sh), 215 nm; FAB-MS m/z 610 [M + H];
HRFABMS m/z 610.3228, C3;H4sNO;; (calcd 610.3228). The
H, APT, HMQC, HMBC, and ROESY (in CDCI;) assignments
have been summarized in Table 1.

Irciniastatin B (2) was isolated as a colorless amorphous
powder: [a]po —4.67° (c, 0.15, CH30OH); UV (CH3OH—H,0) 1
310, 270, 230(sh), 215 nm; FAB-MS m/z 608 [M + HI]*;
HRFABMS m/z 608.3101, C3;H4sNO1; (calcd 608.3071). Refer
to Table 1 for the *H, APT, HMQC, HMBC, and ROESY (in
CDCl3) data.

Cancer Cell Line Procedures. Inhibition of human cancer
cell growth was assessed using the National Cancer Institute’s
standard sulforhodamine B assay as previously described.”
Briefly, cells in a 5% fetal bovine serum/RPMI11640 medium
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solution were inoculated in 96-well plates and incubated for
24 h. Serial dilutions of the compounds were then added. After
48 h, the plates were fixed with trichloroacetic acid, stained
with sulforhodamine B, and read with an automated micro-
plate reader. A growth inhibition of 50% (Glso of the drug
concentration causing a 50% reduction in the net protein
increase) was calculated from optical density data with Im-
munosoft software. Mouse leukemia P388 cells were incubated
in a 10% horse serum/Fisher medium solution for 24 h followed
by a 48 h incubation with serial dilutions of the compounds.
Cell growth inhibition (EDsg) was then calculated using a Z1
Beckman/Coulter particle counter.

HUVEC and Tube Formation. Unpolymerized Matrigel
(Becton Dickinson) was used to coat the wells (250 uL/well) of
a 24-well tissue culture plate and allowed to polymerize for 1
h at 37 °C. HUVEC (human umbilical vascular endothelial
cells) (BD Biosciences Clontech) were plated (6 x 10* cells/
well) in 0.5 mL of EGM-2 complete medium (Clonetics-Bio-
Whittaker Cambrex) to which irciniastatin A doses were added
in experimental wells. After ~24 h of incubation, digital
photographs were taken. Tube formation in control wells was
compared with that in irciniastatin A-exposed wells.

Antimicrobial Susceptibility Testing. Ircinastatin A (1)
was evaluated against the bacteria Stenotrophomonas malto-
philia ATCC 13637, Micrococcus luteus Presque Isle 456,
Staphylococcus aureus ATCC 29213, Escherichia coli ATCC
25922, Enterobacter cloacae ATCC 13047, Enterococcus faecalis
ATCC 29212, Streptococcus pneumoniae ATCC 6303, and N.
gonorrhoeae ATCC 49226 and the fungi Candida albicans
ATCC 90028 and C. neoformans ATCC 90112, following
established broth microdilution susceptibility assays.®° The
minimum inhibitory concentration was defined as the lowest
concentration of irciniastatin A that inhibited all visible growth
of the test organism (optically clear). Assays were repeated
on separate days.
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