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ABSTRACT.—The cyanobacteria-containing Caribbean sponge, Calyx cf. podatypa, was
collected from three sites in the Bahamas. In each of the three collections, a polar solvent partition
fraction contained six known compounds including five diketopiperazines {1-4, 6] and phenylacetic
acid, along with a new diketopiperazine, cyc/o-(4-methyl-R-proline-S-norvaline) [5}. Interest-
ingly, all six diketopiperazines are proline-derived cyclic dipeptides. This is the first example for
this class of peptide derivative to be isolated from a Ca/yx sponge. Parallel studies of one of the
sponge collections in which the ectosome (cyanobacteria-rich) was separated from the endosome
(no cyanobacteria) revealed no significant differences in their content of diketopiperazines.

Cases where secondary metabolites have been intimated as products of the chloro-
phyll-containing symbionts of a sponge have attracted much attention (2). However, it
is difficule to rigorously sort out which compounds are metabolites elaborated by the
sponge or by the symbiont and most of the suggestions on this point ate based on
circumstantial rather than hard experimental evidence (3). We have been interested in
probing this phenomenon but have realized that very few sponges are known which
might be suitable for such research. The best candidates appear to be limited to Indo-
Pacific taxa of the order Dictyoceratida, restricted to one species, Dysidea herbacea (4,5),
and of the order Lithistida again restricted to a single species, Theonella swinhoei (6,7). A
large number of Caribbean sponges have been mentioned in the biological literature (8)
which possess either filamentous or single cell cyanobacteria (a.k.a. blue-green algae).
This observation prompted us to create a library of Caribbean sponges that were rich in
cyanobacteria while also having secondary metabolites to serve as a tool for further study.
It was also desirable that such sponges be easy to coliect and widely distributed in the
Caribbean. We have located one organism, Calyx cf. podatypa (de Laubenfels) (Renieridae),
which has these properties and herein report on its major secondary metabolite
constituents, diketopiperazines (DKPs).

RESULTS AND DISCUSSION

Calyx cf. podatypa is a common Caribbean organism depicted in a popular under-
water diving guide book to the Caribbean (9). It attracted our attention during an
expedition to the Bahaman Islands because its morphology matched Wilkinson's profile
of a sponge whose ectosome ought to contain cyanobacteria (8). Generous amounts of a
cyanobacterium, tentatively identified as Aphanocapsa, were detected in the ectosome but
not in the endosome of thin sections of this sponge using epifluorescence microscopy. A
previous study of Bahaman material identified as C. podarypa reported a series of
xestamine-type alkaloids (10), but these compounds were completely absent from our
collections obtained at three widely dispersed sites. Each collection was kept separate,
preserved by our standard procedure and then returned to UCSC for extraction with
MeOH. Purification of the crude oil from one representative sample of the CH,Cl,

solvent partition fraction yielded phenylacetic acid which was accompanied by known
DKPs, cyclo-(S-Pro-R-Leu) [11 (11-13); cyclo-(S-Pro-S-1le) {21 (11); cyclo~(S-Pro-R-Val)

"Novel Sponge-Derived Amino Acids, 18. For part 17, see Crews ez a/. (1).
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{31 (13-15); cyclo-(R-Pro-R-Leu) {41 (16); cyclo-(R-Pro-R-Phe) [61(13,15,17),and a
new DKP, cyclo-(4-methyl-R-Pro-§-Nva) [5]. All of these compounds were observed by
analytical hplc analyses of extracts from the ectosome and endosome material, respec-
tively (Collection No. 93318, BAH #4). A parallel content of DKPs could also be
inferred from resonances present in the nmr spectra of both ectosome and endosome
crude extracts.

With the exception of a recent report (18) there is a paucity of °’C-nmr dataavailable
in the literature for DKPs, and therefore we present such data in Table 1 to address this
deficiency. The structures of the diketopiperazones 1 ([eF’> —91°) and 2 {a}’D
—197°), were characterized by comparison of their nmr properties shown in Tables 1 and
2 to those of synthetic DKPs. These were obtained via cyclization (19), of respectively

TaBiE 1. “C-Nmr Data (CDCl,, 300 MHz) of Compounds 1-6.

Compound
Carbon

1 2 3 4 5 6
1 171.4 169.9 : 169.6 169.3 :
. J 45.6 45.2 45.2 45.7 45.7 45.6
. 22.8 224 225 231 39.7 22.6
S e 28.2 28.6 28.6 29.1 29.5 28.4
6 .. 59.1 58.9 58.9 58.1 58.4 59.2
T 167.1 165.1 : 166.4 165.2 *
2 2 53.4 60.6 60.4 56.4 63.0 56.2
10 ... L 38.7 35.3 28.4 42,6 22.1 36.9
11 ..o, 24.8 24.1 194 24.5 24.6
12 ... ... L. 22.8 12.2 22.3 11.4
Me@11 ........ 21.2 21.4
Me@10 ........ 16.0 16.1
Me@4 ......... 15.4
Ar@10.........
1. 129.4
2 . 129.2
3 127.6
4" 129.2

*Sample too dilute to observe quaternary resonances.
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the dipeptides of Pro-Leu and of S-Pro-S-Ile. Two-dimensional nmr data (‘H-"H and 'H-
C COSY) were also used to characterize two other known DKPs, 3 ({a}’p —74°) and
6 [aF°p +68°%. Also, the nmr data and [a}°D +142° obrained for compound 4
indicated that it was a diastereomer of 1.

The new DKP was initially recognized to be slightly different from the other
proline-derived DKPs described above. Its molecular formula of C,;H,;;N,O, was
proposed from the lreims M™ m/z 210 which was also consistent with the APT nmr
formula of C;,H,,. The DKP skeleton was apparent from the characteristic ’C- and 'H-
nmr shifts of the two amides (8 165.2 s, 169.3 s) and the N-C residues (58.4d, 4.08 dt,
and 63.0 d, 3.77 dt). The nmr shifts pinpointed the additional ring substituents as a
propyl (8 11.4 q, 0.92 t) and B-Me proline (8 15.4 q, 1.01 d). This suggestion was
consistent with 'H-"H COSY nmr correlations observed from H-9 to N-H, H-10, and
H-10’, and from H-6 to H-5 and H-5' and from H-4 to H-5 and a CH, group at position
4.

The task of assigning the absolute stereochemistry for 1-5 was begun by collecting
known optical rotations for proline-containing DKPs. Summarizing a subset of data
from the literature illustrates an interesting empirical trend (see Table 3). The overall
sign of [o]D for DKPs in this study is either negative or positive depending only on the
Pro absolute configuration being § or R, respectively (14). In addition, the actual
magnitude of this {a]D varies from —134° to —185° for the §-Pro-S-Xxx substances
versus —78° to —120° for §-Pro-R-Xxx compounds, where Xxx has an aliphatic side-

TABLE 3. Optical Rotations for
Diketopiperazines of the General
Formula ¢yclo-(S-Pro-R/S-Xxx).

Xxx [alp () Ref.
SLeu........ —-156 {1 (13)
—143 [EtOH} (10

—142 [EtOH} (11

—-91.3 [H,0 (14)

Rleu........ -91.2 % (13)
—78 [EtOH] (12)

SIle......... -171 0% (13)
Rlle ........ —109 ['¥ (13)
S-Val ........ —185 [} 13
—180 [EtOH} (12)

—161 {EcOH} (13)

—134 [EcOH} 7)

R-Val........ ~120 {EtOH} (12)
—103 {1 (13)

S-Nva........ —147 {1 (13)
R-Nva ....... —-100{"} (13)
S-Phe........ —115 {EtOH} (12)
—-91 {1 (13)

—83 {H,0} (16)

—68 [{H,01 (14)

R-Phe........ —102 [EtOH] (12)
—92 [H,0OF (16)

—94 {71 (13)

*=0.01 N NaOH in aqueous MeOH (1:1, v/v).

*This value is inconsistent with other reported
data.

‘Actual data of the enantiomer.
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chain of three carbons or more. As a cautionary note, an opposite empirical relationship
appears to hold for Pro-Ala DKPs in that the cis-(§-Pro-S-Ala) has an {a]D range of - 85°
to —120° (14, 20, 21) while the #rans-(S-Pro-R-Ala) has [a]D values of ~140° to —185°
(14,21). Applying these trends to the DKPs isolated in this study allowed the following
conclusions. Based on the overall +/— sign of {@]D, compounds 1-3 have an §-Pro, 4
and 6 have an R-Pro, and the B-MePro of 5 can be provisionally assigned as R. Examining
the actual magnitudes of these rotations supported additional assignments of R-Leu in
1 and in 4, S-Ile in 2, and S-Nva can be provisionally assigned in 5. Compound 6 has
an R-Pro and it was concluded to have the cis geometry as shown because the shift of H-
6 (8 4.08) is diagnostic of a cis H-6/9 relationship (22). Thus the Phe was assigned as R.

In contrast to the stability of acyclic dipeptides, DKPs are susceptible to rapid
epimerization in both acid- and base-catalyzed conditions (23). In proline-containing
DKPs, epimerization occurs preferentially at H-6 and the equilibrium mixture consists
of an 80-95% trans and 20-5% cis mixture of epimers (14). This situation was used to
further support the stereochemical assignments proposed above. For example, when 5
was equilibrated (0.01 N NaOH in aqueous MeOH, 1:1, v/v) the optical rotation
changed from [a}’D +91° (initial) to +81° (24 h). A decrease in the positive value of
this rotation would be expected for the addition of a small amount of the ¢#s-S,S isomer
to the equilibrium mixture dominated by the trans-R,S isomer. An analogous case was
reported in the literature (14) and is represented by the epimerization of respectively
trans-R-Pro-S-1le or trans-R-Pro-S-alle in which the optical rotation changed from
[oF°D +108° to +82° for the former and from [0F*°D +94° to +71° for the latter.
Alternatively, epimerization of a cis-R,R 5 ought to give a mixture rich in the trans-S,R
isomer having an overall negative rotation. An example of this situation is provided by
the{a]D —59° reported for the equilibrium mixture of trans-(cyclo-S-Pro-R-Nva) and ¢s-
(cyclo-R-Pro-R-Nva) (14). A different consideration involves the possibility that the cis
isomers reported above are artifacts from epimerization reactions occurring during the
isolation work. We believe this to be unlikely because the relative yields of 1 (1.4 mg,
trans-S,R) and 4 (3.7 mg, cis-R,S) of are opposite of the cis/trans=11/89 equilibrium
ratio reported in alkaline solution for this equilibration (14).

The two peptide bonds in DKPs possess the cis geometry and the ring has a boat
conformation (24) which might be a factor in the action of these compounds on metabolic
functions (25). For example, it has been reported that some act as hormones, antibiotics,
antitoxins, or ion carriers. According to Sammes (26), diketopiperazines are ubiquitous
throughout nature and are most commonly isolated from terrestrial yeast, lichen and
fungi culture filtrates and are also observed in the culture broths of marine bacteria (27)
and marine actinomycetes (28). Other examples of DKPs from marine sources include
the isolation of cyclo-(Gly-S-Pro) from the starfish Luidia clatharata (29) and of cyclo-(Ala-
Pro) from marine bacteria associated with sponges (30). To date, DKPs have also been
isolated from the following marine sponges: Jaspis sp. (31), Tedania ignis (32), Dysidea
fragilis (31), Dysidea herbacea (33), Geodia baretti (34), and Leucophlocus fenestrata (35).
Hence, this is the first example of DKPs to be obtained from a Calyx sponge. Current
studies are underway to determine why the metabolites of C. pedatypa appear to be
variable.

EXPERIMENTAL

GENERAL EXPERIMENTAL PROCEDURES.— The ninr spectra were recorded in CDCl, at 250, 300, ot 500
MHz for 'Hand 62.9,75.5, 125.7 MHz for "°C. Multiplicities of *C-nmr resonances were determined from
"H-’CCOSY experiments. 'H-"H and "H-"C COSY nmr data were used to assign resonances of compounds
1-6. Low- and high-resolution fabms (using 2 Magic Bullet matrix, 3:1 erythro/threo C,H,;0,S,) were
obtained at the UCSC mass spectrometry facility. Optical rotations were determined on a digital



206 Journal of Natural Products [Vol. 58, No. 2

polarimeter. Hplc was performed using a 10-jum normal phase column. The solvent system used in this
study was hexanes-EtOAc (3:7) with a flow rate of 1.0 ml/min.

ANIMAL MATERIAL —The sponges were collected with scuba at a depth of 40 to 100 feet from open reef
environments at three coral reef habirats in the southeastern Bahamas: off Cape Verde, near Crooked Island
Passage from BAH#4 site, 22°30’, 73°00’ (Collection Nos. 93318 endosome and 93318 ectosome); off Fish
Cay reef near Bight of Acklins from BAH#9 site 22°08’, 74°20’ (Collection No. 93318 whole); and near
Lictle San Salvador Island from BAH#10 site 24°36', 75°58" (Collection No. 93347). They were identified
as Calyx cf. podatypa (De Laubenfels, 1934), order Haplosclerida (36), family Oceanapiidae (37), by M.C.
Diaz. The species has been previously classified in the order Petrosida (38,39), family Oceanapiidae. It is
important to mention that this species has also been referred to as Haliclona podatypa and Packypellina podatypa
(38,39) but presently is considered to belong to the genus Calyx (40). The specimens were massive-
amorphous to lobate in shape, sometimes consisting of repent branches. The sizes of the specimens were
variable, but were usually more than 5-cm thick. When observed in situ, the color of the sponge was
burgundy red on the ectosome and tan on the endosome. Under atmospheric conditions, the color changed
to brownish-tan. The external color is attributed to the presence of cyanobacteria in the outermost tissue
layers which were verified to be present by epifluorescence microscopy of freshly collected material. The
surface of the specimens had a smooth texture with a consistency varying from very soft and fragile to
compressible. The sutface of some of the sponges contained a dense population of brown zooanthids. The
oscules were round and slightly elevated from the body surface. The skeleton formed from oxeas or
strongyloxeas (220-350X6-8 pm), consisted of multispicular tracts, loosely oriented, and spicules were
arranged in an isotropic fashion. A thick tangential spicule conglomeration was observed at the surface.

EXTRACTION AND ISOLATION.—Sponges were preserved by being immersed in a EcOH-H,O (1:1)
solution. After approximately 24 h, this solution was decanted and discarded. The damp organisms of each
collection were separately placed in Nalgene bottles and shipped back to the home laboratory at ambient
temperature. Next, 100% MeOH was added and the organisms were soaked for at least 24 hafter which time
the extraction solvent was decanted and evaporated at room temperature /n vacxo. This procedure was
repeated two more times. The MeOH extract was then successively partitioned between equal volumes of
aqueous MeOH (percent adjusted to produce a biphasic solution) and hexanes (FH fraction) followed by
CH,Cl, (FD fraction). The remaining H,O solubles were extracted with 2-BuOH. The actual isolation work
was initially done on the CH,CI, fraction from Collection No. 93318 from BAH#4 collection site. The
semipure oil was chromatographed over Sephadex LH-20 using MeOH-CH,Cl, (1:1) as eluent to yield six
main fractions, the last of which gave phenylacetic acid as a pure compound. Fractions containing low-field
peaks in the "*C-nmr spectra were combined and subjected to further purification via Si gel flash cc using
a solvent gradient of hexanes-EtOAc (1:1) to 100% EtOAc followed by MeOH-CH,Cl, (15:85) and adding
5% Et,N. The fractions containing compounds of similar polarity were monitored by tlc and nmr. The fifth
fraction displayed low-field signals in the *C-nmr spectrum (i.e., contained the 6 DKPs) and was further
purified by hplc. In order of increasing polarity the following DKPs were isolated as amorphous solids: cyc/o-
(5-Pro-R-Leu) [1}] 1.4 mg; cyclo~(S-Pro-S-Ile) {2} 1.3 mg; cyclo~(S-Pro-R-Val) [3] 3.3 mg; cyclo-(R-Pro-R-
Leu) [4] 3.7 mg; cyclo-(4-methyl-R-Pro-S-Nva) [51, 1.7 mg; and cyc/o-(R-Pro-R-Phe) {6}, 4.5 mg. Similar
work up and hplc purification of Collection No. 93318 “endosome” BAH#4 gave identical results.
Comparison of the 'H- and *C-nmr spectra as well as the hplc traces of all four collections showed that they
were similar in content of compounds 1-6.

Cyclo-(S-Pro-S-Lex) [1]1.—Colorless amorphous solid; [a]*°D —90.6° (¢=0.14, EtOH); hplc R,=120
min; nmr data in accordance with the structure are shown in Tables 1 and 2.

Cyclo~(S-Pro-8-1le) {21.—Colorless amorphous solid, {a*’D —197° ((=0.13, EtOH); hplc R,=145
min; nmr data in accordance with the structure are shown in Tables 1 and 2.

Cyclo-(S-Pro-R-Val)[3].—Colorless amorphous solid, [a}®D —74.15°(c=0.26, EtOH); hplcR,=165
min; nmr data in accordance with the structure are shown in Tables 1 and 2.

Cyclo-(R-Pro-R-Lex) {4]1—Colorless amorphous solid, [a}D —142.14° (¢=0.28, EtOH); hple
R,=180 min; nmr data in accotdance with the structure are shown in Tables 1 and 2.

Cyclo-(4-methyl-R-Pro-8-Nva) [3}.—Colorless amorphous solid, [a°D + 128° (¢=0.1, EtOH); [aF’D
+91° (¢=0.001, 0.01 N NaOH in aqueous MeOH (1:1, v/¥), lefabms m/z M™ 210° (C,;H,gN,0,); hplc
R,=215 min; nmr data in accordance with the structure are shown in Tables 1 and 2.

Cyclo-(R-Pro-R-Phe) [61.—Colorless amorphous solid, {a1*°D +68° ((=0.45, EtOH); hplc R, =225
min; nmr data in accordance with the structure are shown in Tables 1 and 2.

CONVERSION OF PROLYL-LEUCINE DIPEPTIDE INTO CYCLO-(PRO-LEU) {1}.—To a stirred solution of 10 g



February 19951 Adamczeski et @/.: Diketopiperazines from Calyx 207

of phenol under N, at 140-150°, was added 22.4 mg of the dipeptide, Pro-Leu, also dissolved in the molten
phenol. Heating was continued for 3 h. Phenol was removed by washing the reaction mixrure twice with
asaturated solution of K,CO,. Next, H,0 was added to the phenoxide mixture and the alkaline solution was
extracted three times with CH,Cl,. The CH,Cl, was evaporated at room temperature in vacuo to afford the
cyclized product in 82% yield after purification via hplc with a R, of 110 min; nmr, see Tables 1 and 2.

CONVERSION OF $-PROLYL-S-ISOLEUCINE-DIPEPTIDE INTO CYCLO-(S-PRO-S-ILE) {2}.—The procedure was
identical to that described above except that 33.7 mg of the dipeptide and 483.3 mg of the phenol were used.
Following hplc purification, the diketopiperazine, cyc/o-(S-Pro-S-Ile), was afforded in 87% yield, the hplc
R, was 165 min; {alD —197° (¢=0.13, EtOH); nmr, see Tables 1 and 2.
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