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Cupolamide A: A Cytotoxic Cyclic Heptapeptide from Two
Samples of the Sponge Theonella cupola
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A new cyclic heptapeptide cupolamide A (1) was isolated from two samples of the sponge Theonella
cupola collected in Indonesia and Okinawa. It contains two L-Val, one p-Leu, and one b-Ser, and
three uncommon amino acid residues, b-homoarginine (Har), trans-4-hydroxy-L-proline (Hyp), and

L-2,4-diaminobutanoic acid (Dba).

The structure elucidation of 1 was performed by NMR

spectroscopic techniques and the stereochemistry was determined by Marfey’s method. Cupolamide
A (1) was active against P388 murine leukemia cells with an 1Cs, = 7.5 ug/mL.

Introduction

The relatively rare sponge genus Theonella has given
rise to a remarkably diverse range of secondary metabo-
lites. Among these are macrolides, e.g. the swinholides,?
antiviral alkaloids such as the onnamides,3* and a wealth
of peptides.> In addition, our Hawaii group recently
reported a halogenated nucleoside, kumusine, from an
unidentified Indonesian Theonella species.® Continuing
work with the methanolic extract of the freeze-dried
sponge led our Hawaii/Tokyo group to the isolation of a
new cytotoxic heptapeptide initially named kumamide.
Our Okinawa group had also isolated a new heptapep-
tide, cupolamide A, in addition to kumusine and other
peptides from Theonella cupola collected in Okinawa.”
Occurrence of the same distinctive classes of metabolites
in the two samples suggested that both groups were
working with the same sponge. T. cupola. We named the
new peptide cupolamide A (1) and now describe its
isolation and structure elucidation. Three of the amino
acid residues, 4-hydroxyproline (Hyp), homoarginine
(Har), 2,4-diaminobutanoic acid (Dba), are of uncommon
occurrence, as is amide formation of the y-amino group
of Dba with p-hydroxybenzoic acid.

Result and Discussion

The Hawaii specimen was collected in Manado, Indo-
nesia, in 19925 A freeze-dried sample (503 g) was
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extracted with MeOH and after solvent removal the
residue was partitioned between H,O and CHCI;. The
aqueous layer was extracted with n-BuOH, and the
BuOH extract, which exhibited inhibition of serine pro-
teases (thrombin and trypsin), was subjected to ODS
flash chromatogaphy (aqueous MeOH gradient). An
active fraction, which also showed inhibition against
thrombin, was separated on an ODS column (MeCN/H,0O
35:65), furnishing cupolamide A (1) as an amorphous
solid (7 mg, 1.4 x 1073% based on dry weight).

On the other hand, a sample (600 g wet wt) of the
sponge collected in Yonaguni, Okinawa, in 1994 was
extracted with acetone. After solvent removal the aque-
ous suspension was extracted with EtOAc. The aqueous
layer was concentrated to dryness and the residue was
washed with MeOH. The MeOH extract, which exhibited
cytotoxicity against P388 (ICs 10 ug/mL) was chromato-
graphed on RP-18 silica (H,O/MeOH) followed by Sepha-
dex LH-20 (MeOH/CH,CI,) and finally by HPLC (RP-18,
H,O/MeCN) to give 1 (101 mg, 1.7 x 1072% based on wet
wt) as an amorphous solid.

The molecular formula, C4;Hs7N1;014SNa, of cupola-
mide A (1) was determined by HR-FABMS (m/z
1004.4467, A —1.4 mmu). Salient spectral features—IR
bands at 3343 and 1660 cm~*, amide (6 7—8.5, ¢ 170—
173) and a-proton (6 4—5) NMR signals—revealed the
peptide nature of cupolamide A. The presence of a
sodium sulfate function was indicated by a FABMS
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Table 1. NMR Data for Cupolamide A (1) in DMSO-dg

# H HMBC # 13C H HMBC
Hbz 1 166.1s Leu 22a 395t 1.63ddd 5, 9, 14 C: 20, 21, 23—-25
2 125.2s 22b 1.48 m C: 20, 21, 23—-25
3 129.0d 7.72d9 C:1,5 23 243d 1.78m C:22,24,25
4 1147d  6.77d9 C:2,5 24 228q 0.93d7 C:22,23,25
5 160.0 s 25 2149 0.88d7 C: 22,23, 24
6 114.7d  6.77d9 C:2,5 NH-5 8.47 d4 C: 17,21, 22
7 129.0d 7.72d9 C:1,5 Har 26 170.4s
Dba 8 171.0s 27 52.1d 4.19m C: 26, 29, 30
9 60.6d 3.60m C:8, 10, 11, 38 28a 30.2t 1.90 m
10a 288t 242m C:8 28b 147 m C: 26, 30
10b 2.18m C:11 29 22.7t 1.27m C: 27,28, 30,31
11 36.7t 3.29m C:8,9,10 30 278t 1.45m C:26—28, 31
NH-1 8.77 d7 C: 9,10, 38 31 404t 3.08 m C:27-29, 32
NH-2 8.15t6 c:1,11 32 156.8 s
Val-1 12 170.6 s NH-6 7.58 d9 C: 20, 27, 28
13 60.6d 4.05dd9,9 C:12, 14,15 NH-7 7.44dd5,6
14 31.3d 193m C:13,15,16 Val-2 33 1713s
15 185q 0.84d7 C:13,14,16 34 55.8d  4.33dd 10, 10 C: 26, 33, 35, 36
16 19.2q 0.82d7 C:13,14,15 35 30.7d 221m C: 34, 36, 37
NH-3 7.83d10 C:8,13 36 19.2q 0.83d7 C: 34, 35,37
Ser 17 172.2s 37 179q 0.95d7 C:34,35,36
18 52.8d 4.73ddd4,5,9 C:17,19 NH-10 7.11d10 C: 26, 34
19a 633t 4.10m C: 18 Hyp 38 171.4 s
19b 3.62m 39 59.8d 4.25dd6, 11 C: 33,40
NH-4 8.05 d9 C:12 40a 354t 257dd6, 13 C:41, 42
OH 5.36dd 4,5 C:18 40b 1.97ddd 4,11,13 C:38
Leu 20 172.3s 41 746d 4.86dd3, 4 C: 39
21 546d 3.94ddd4,4,9 C:20,22,623 42a 548t 3.95d12 C:40, 41
42b 3.85dd 3, 12

fragment ion at m/z 902 [(M + 1)* — SOzNa] and by the
IR band at 1246 cm~* and confirmed by positive sodium
rhodizonate test. Analysis of 1D and 2D NMR (COSY,
TOCSY, HMQC, HMBC) data delineated eight spin
systems which could be ascribed to seven amino acid
residues [two Val, Leu, Ser, homoarginine (Har), 4-hy-
droxyproline (Hyp), 2,4-diaminobutanoic acid (Dba)] and
to a p-hydroxybenzoyl (Hbz) moiety (Table 1). The amino
acid composition which included three uncommon resi-
dues (Har, Hyp, Dba) was confirmed by amino acid
analysis employing the PTC method. The presence of a
guanidino function was shown by a positive Sakaguchi
test and by a characteristic 3C NMR chemical shift (0
156.8) for C-32. Its location in Har was demonstrated
by HMBC correlation of H-31 to C-32. The connectivity
of H-27 through H-31 in Har was ascertained by consecu-
tive COSY correlation. Observation of interresidual
HMBC correlation, cross peaks between an amide NH
and/or a-proton of each residue and a carbonyl carbon of
next residue, led to the cyclic sequence Vall-Dba-Hyp-

HoN

|
[N J39,408 = 6.4 Hz
40 J39,40b = 11.0 Hz
g H J40a,400 = 13.2 Hz
Ho o Ji0a.41 = 0 Hz
H Jdob,41 = 4.1 Hz

0SO;Na

Figure 2. Relative stereochemistry of Hyp.

Val2-Har-Leu-Ser-Vall. The linkage of Hbz with the
y-amino group of Dba was established by HMBC correla-
tion of H—N-2 to C-1 of Hbz as shown in Figure 1.

The remaining portion of the molecule, SO3;Na, was
located as a sulfate ester of the hydroxyl group of Hyp.
Other possible positions, either on Ser or Hbz, were
excluded by observing chemical shift differences between
1 and its diacetate (2). Acetate 2 exhibited large down-
field shifts for the methylene protons (Ad +0.40, +0.58)
of Ser and the aromatic protons (Aé +0.43, +0.17) but
were virtually unchanged for the y-proton (Aé —0.02) of
Hyp, thereby confirming acetylation of Ser and Hbz in 2
and consequently the location of the sulfate on Hyp. The
relative configuration of Hyp was suggested to be trans
by analysis of coupling constants of the protons in Hyp.
A large coupling constant (J = 11.0 Hz) between H-39 (6
4.25) and H-40b (6 1.97) indicated a trans diaxial
relationship of the two protons in a preferred half-chair
conformation of Hyp. This allows H-40a (6 2.57), which
shows Jszg40a = 6.4 Hz, to be located cis to H-39. The
couplings Jaon41 = 4.1 Hz and J40441 = 0 Hz revealed that
H-41 (0 4.86) is cis to H-40b and thus trans to H-39, as
shown in Figure 2.

The stereochemistry of 1 was determined by Marfey
analysis,® which led to the assignment of the L-configu-
ration for Val, Dba, and Hyp and the p-configuration for
Leu, Ser, and Har. Since p-Har and p-Dba were com-
mercially unavailable, racemic mixtures prepared from
L-isomers were used as standards in the analysis. L-trans
stereochemistry for Hyp was ascertained by using the
Matsunaga and Fusetani modification® of the Marfey
analysis.

Of the three uncommon amino acids, trans-4-hydroxy-
proline is a constituent of collagen and occasionally has
been found in terrestrial biota.’® It has also been
reported as a constituent of hormothamnin A isolated
from the marine cyanophyte Hormathamnion enteromor-
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phoides'? and of kahalalides H and J from the marine
sacoglossan mollusk Elysia rufescens.’? Homoarginine
is a rare constituent of a toxic peptide isolated from a
freshwater bluegreen alga.’®* Finally, 2,4-diaminobu-
tanoic acid is known, for example, as a metabolite of
Pseudomonas spp.**®> Its resemblance to GABA may
indicate the central nervous system activity of cupola-
mide A, which has not been assayed. In contrast to the
anti-thrombin activity of the crude extract, cupolamide
A was active against P388 murine leukemia cells with
an I1Cg of 7.5 ug/mL but not against thrombin.

Experimental Section

General Procedures. IR spectra were measured as KBr
pellets on a FTIR spectrophotometer. Optical rotations were
recorded on a digital polarimeter. UV spectra were obtained
using a diode array spectrophotometer. NMR spectra were
recorded at 500 MHz for 'H and 125 MHz for 13C.

Material. The sponge used in Hawaii was collected north
of Manado Bay, Indonesia, in October, 1992, at —64 m and
identified by Dr. M. Kelly-Borges as Theonella sp.6 The sponge
used in Okinawa was collected at —35 m at the Umabana point
of Yonaguni, Okinawa, Japan, in September, 1994, and
identified by Dr. J. N. A. Hooper as T. cupola. A voucher
specimen (QMG312708) has been deposited at Queensland
Museum, South Brisbane, Australia.

Extraction and Isolation. Okinawan Sample. A wet
frozen sample (600 g) was extracted by steeping in acetone.
The extract was concentrated and the resulting aqueous
suspension was extracted with EtOAc. The aqueous layer was
dried under vacuum, and the residue was washed with MeOH.
The MeOH-soluble material (5.34 g) which exhibited cytotox-
icity (ICsp 10 ug/mL) against P388 was subjected to flash
chromatography on RP-18 silica (stepwise gradient of aqueous
MeOH). A fraction (198 mg) eluted with H,O/MeOH 1:3 was
further separated on Sephadex LH20 (CH,Cl,/MeOH 1:1) into
three fractions. HPLC separation (RP-18, H,O/MeCN 5:2) of
the first fraction (114 mg) gave 101 mg of cupolamide A (1) as
a white amorphous solid, [a]p —34.28 (c 1.94, MeOH); UV
(MeOH) Amax 253 nm (e 1.1 x 10%); IR (KBr) 3343, 1660, 1622,
1538, and 1246 cm™!; LR-FABMS (NBA matrix) m/z 1004
(M), 902, 731, 307, and 289; HR FABMS m/z 1004.4467 (A
-1.4 mmu) (C42H67N110148Na); 1H and 3C NMR, see Table 1.

Indonesian Sample. A freeze-dried sample (503 g) was
extracted with MeOH. The MeOH extract was concentrated
and the resulting residue was partitioned between CHCI; and
H;0. The aqueous layer was further extracted with n-BuOH,
and the n-BuOH layer which showed activity as a serine
protease inhibitor was subjected to ODS flash chromatography
using a stepwise gradient system of aqueous MeOH. A part
of the most active fraction that eluted with 70% MeOH was
triturated with 60% MeCN. The soluble part was separated
by ODS HPLC with 35% MeCN to yield 7.0 mg of cupolamide
A (1): [o]o —128 (c 0.05, MeOH); UV (MeOH) Amax 253 nm (e
1.3 x 10%; HR-FABMS (glycerol matrix): m/z 902.5071 [(M
+ H)+ — SO3Na)] (C42H53N11011), A —29 mmu). The 'H and
13C NMR spectra were identical with those of 1 from the
Okinawan sample.

Acetylation of 1. A mixture of 4.0 mg of 1, 0.5 mL of acetic
anhydride, and 0.5 mL of pyridine was stirred overnight at
room temperature. After concentration to dryness under
nitrogen, the product mixture was dissolved in MeOH and
filtered over a small amount of RP-18 silica in a disposable
pipet. The residue of the filtrate was purified by HPLC (RP-
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18, MeCN/MeOH/H,0 2:1:2.8) to give 3 mg of diacetate 2 as a
white amorphous solid. *H NMR (DMSO-dg) 6 0.81 (6H, H-15,
37), 0.82 (3H, H-16), 0.88 (3H, H-24), 0.91 (3H, H-36), 0.93
(3H, H-25), 1.23 (1H, H-29b), 1.34 (1H, H-29a), 1.45 (2H,
H-22ab), 1.46 (2H, H-30), 1.50 (1H, H-28b), 1.61 (1H, H-28a),
1.75 (1H, H-23), 1.78 (3H, Ac0-19), 1.94 (1H, H-40b), 1.95 (1H,
H-14), 2.19 (1H, H-35), 2.20 (1H, H-10b), 2.33 (3H, AcO-5),
2.45 (1H, H-10a), 2.59 (1H, H-40a), 3.09 (1H, H-31), 3.30 (2H,
H-11), 3.60 (1H, H-9), 3.85 (1H, H-42Db), 3.85 (1H, H-27), 3.92
(1H, H-42a), 4.00 (1H, H-13), 4.19 (1H, H-39), 4.20 (1H, H-19b),
4.20 (1H, H-21), 4.33 (1H, H-34), 4.50 (1H, H-19a), 4.84 (1H,
H-18), 4.84 (1H, H-41), 7.20 (2H, H-4,6), 7.21 (1H, NH-10), 7.34
(1H, NH-5), 7.39 (1H, NH-7), 7.81 (1H, NH-3), 7.89 (2H, H-3,7),
8.31 (1H, NH-4), 8.37 (1H, NH-6), 8.43 (1H, NH-2), 8.74 (NH-
1); LR-FABMS (triethanolamine) m/z 1088 (M™).

Amino Acid Analysis. A solution of 1 (3.3 mg) in 6 N HCI
(1 mL) was heated at 110 °C under nitrogen in a sealed tube.
After cooling to room temperature, the reaction mixture was
concentrated to dryness under vacuum with three consecutive
additions of water (5 mL each) to ensure complete elimination
of HCI. Part (10 ug) of this product was treated with a solution
of phenyl isothiocyanate (PITC) in MeOH/H,O/Et;N. Amino
acid standard mixture, Har, Hyp, and Dba were identically
treated separately with PITC. These products were analyzed
by HPLC (Wakosil-PTC column) by gradient elution using a
commercially available solvent system (A, 6% MeCN; B, 60%
MeCN in AcONH4-buffered solution) at a flow rate of A + B
at 1 mL/min, varying B from 0 to 70% in 15 min. Elution was
monitored by UV at 254 nm. The elution profile of the
hydrolysate of 1 showed peaks corresponding to 1 mol equiv
of Hyp, Ser, Har, Leu, and Dba at tg 5.293, 6.496, 8.649,
13.064, and 14.070 min, respectively, and 2 mol equiv of Val
at 11.282 min.

Determination of Absolute Configuration. The hy-
drolysate (0.28 mg) of 1 in 40 uL of H,O, prepared as above,
was treated with a solution of N*-(5-fluoro-2,4-dinitrophenyl)-
L-alaninamide (FDAA, 0.76 mg) in acetone (80 L) and 20 uL
of 1 N NaHCO3 at 40 °C for 1 h. L- and p-amino acid standards
were treated separately with FDAA in the same manner. For
standards of p-Har and p-Dba which were commercially
unavailable, racemic mixtures prepared by racemization?® of
L-isomers were used. The FDAA derivatives were analyzed
by HPLC (Capcell Pak, UG120) eluting with 0.05 M H3PO, in
EtsN (pH adjusted to 3.0)/MeCN (either 7:3 or 8:2) at a flow
rate of 2 mL/min. The elution profile was monitored by UV
at 340 nm. Retention times of the constituents of 1 matched
with L-Val, L-Dba, L-trans-Hyp, p-Har, p-Leu, and p-Ser.
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