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ABSTRACT.—The two new marine sponge (Phakellia sp., western Pacific Ocean) constitu-
ents, phakellistatin 10 {1} and 11 {2}, were found to be cyclic octapeptides that significantly
inhibited growth of the murine P-388 lymphocytic leukemia (ED,, values of 2.1 and 0.20 g/
ml, respectively) and human cancer cell lines. The structures were established based on resules of
extensive tandem ms/ms and high-field (500-MHz) 2D ‘H- and "C-nmr analyses. All of the
amino acid units (except Trp, not determined) were found to correspond to the (§)-configuration.

Because certain peptides can profoundly influence control of cell proliferation and
differentation, it appears likely that anticancer drugs based on naturally occurring
peptides will become increasingly important (2,3). Such approaches to improving
human cancer treatment are already well under way (1,4,5), especially with modified
human peptide hormones (6-9). In 1990 we reported the discovery of hymenistatin 1,
the first cell-growth-inhibitory (murine P-388 lymphocytic leukemia) cyclic octapep-
tide from a marine sponge (Stylotella aurantium) (10). Recently, Kobayashi and col-
leagues described four new cyclic octapeptides from the Okinawan marine sponge
Hymeniacidon sp., of which two (hymenamides H and J, ED;, values of 6.3 and 2.6 g/
ml, respectively) were found to be active against the murine L-1210 lymphocyric
leukemia cell line (11). We report herein the isolation and structural elucidation of two
new Porifera cyclic octapeptides designated phakellistatins 10 {1} and 11 {2} with
significant activity against the P-388 leukemia cell line (ED,; values of 2.1 and 0.20 g/
ml, respectively).

In 1986-87 the yellow-orange sponge Phakellia sp. (class Demospongiae, order
Axinellida) was collected (500 kg wet wt) at depths of 25 to 40 m in the Federated States of
Micronesia (Chuuk). An initial MeOH/sea water extract was concentrated and separated by
a solvent partition and gel permeation (Sephadex LH-20) sequence (12). Further separation
(P-388 bioassay-guided) was accomplished using partition cc (Sephadex LH-20)employing,
successively, hexane-CH,Cl,-MeOH (5:5:1), hexane-toluene-MeOH (3:1:1), and hexane-/-
PrOH-MeOH (8:1:1) as eluents. Final separation was realized by reversed-phase hplc {C,
column, MeOH-MeCN-H,0 (3:3:4)and MeCN-H,0(2:3)as eluents}. Phakellistatin 10(1,

"For part 324 of this series, see Pettit ef a/. (1).
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14 mg, yield 2.8 X107°%) was obtained as a colotless amorphous powder from MeOH,
mp 217-219°% {a}’D —128° (¢=0.19, CH,OH). Phakellistatin 11 (2, 34 mg, yield
6.8X107°%) was also isolated as a colorless amorphous solid, mp 194-196°; [aF’D
—163° (¢=0.08, CH,OH).

The high-field (500-MHz) 2D 'H-nmr, APT, HMQC, and “C-nmr spectra (in
CD,Cl,, Table 1) of phakellistatin 10 {1} indicated the presence of seven CH,, twelve
CH,, three C-CH-C, and nine C-CH-X groups, as well as eight aromatic carbons and four
separated carbonyl signals, which suggested that 1 was a peptide with a tryptophan unit.
Extensive application of 'H,'H COSY and HMBC nmr techniques were used for further
structure determination. A low-field methyl signal (8 1.10,d, J=6.0 Hz) was attributed
to a threonine unit, two methyls (® 0.45, d, J=4.5 Hz; § 0.80, t, J=8.0 Hz) to an
isoleucine unit, the methyls at 8 0.76 (d, /=6.5 Hz) and 0.87 (d, J=6.0 Hz) to valine,
and two at 8 0.79 (d, J=7.0 Hz) and 0.87 (d, J=6.0 Hz) to leucine. Three -CH,-CH,-
CH,- chains correspoending to proline were uncovered. The existence of tryptophan was
recognized by a moderate absorption at 281 nm in the uv spectrum.

High-resolution fab mass measurements of the protonated molecular ion of 1
established an exact mass of m/z 904.5271 corresponding to a molecular formula of
CH;:N;O, (caled m/2904.5297) and indicated a cyclic peptide structure. Tandem mass
spectrometry of the (M+H)™ ion of m/z 904 produced a number of lower mass fragment
ions which were the immonium ions of the amino acids present in the peptide. The
presence of these ions of m/z 70 (Pro), 72 (Val), 74 (Thr), 86 (Leu ot Ile), and 159 (Try),
when combined with the exact mass and nmr information, established the amino acid
content as 3XPro, 2XLeu or Ile, Val, Thr, and Tyr. Protonation at each of the three
proline residues followed by ring opening produced three different acylium ions. The
position of the Leu and Ile residues was established by the presence of low abundance ions
atm/z466and 523 that involve fragmentation of the amino acid side-chain. The acylium
ions, formed by fragmentation at the amide bonds, can undergo further decomposition
to eliminate CO. Such fragment ions that have either Leu or Ile at the C-terminus can
undergo further degradation to eliminate C;H, (—42 atomic mass units) in the case of
Leu or C;H, (—28 atomic mass units) in the case of Ile. The amino acid sequence of 1
was determined to be cyc/o-(Pro-Leu-The-Pro-Ile-Pro-Tyr-Val).

Structure elucidation of phakellistatin 11 {2} was also achieved by 2D nmr and
hrfabms analyses. The high-resolution fabms (m/z 974.5135 {M+H}", A +0.5 ppm)
established the molecular formula as C;;HN,O, (caled 974.5140). The 'H-nmr
spectrum of 2 in DMSO-d, (Table 2) showed signals between 7.46 ppm and 8.72 ppm
(amide protons which were not visible in MeOH-4,) suggesting a peptide. Amino acid
analysis showed the presence of Pro (3 X), Phe (3 X), Ile, and Gln units. The twenty-five
sites of unsaturation required by the molecular formula and a negative reaction to the
ninhydrin-collidine reagent indicated a cyclic peptide.
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TABLE 1. 'H- and “C-Nmr Data of Phakellistatin 10 {1} Recorded in CD,CL,."
Carbon BC HMQC (500 MHz) HMBC (500 MHz)

isoleucine
CO..oovvenn, 171.76 p H-a
NH............. 8.15 (1H, br)
aCH............ 55.80n | 4.08 (1H,t,J=9 Hz) H-yla, H-y2
BCH............ 35.76n | 1.80(1H, m) H-a, H-yla, H-y1B, H-y2, H-3
YI-CH, .......... 25.66p | 1.46 (1H, m) 1.00 (1H, m) H-a, H-y2
Y2-CH, .......... 15.10n | 0.45 (3H,d,J=4.5 Hz) H-vla, H-ylb
8CH, ........... 10.65n | 0.80 (3H,t,/=8.0 Hz) H-yla, H-y1b
leucine
CO......oiii 170.68 p
NH............. 4.56 (1H, br®
aCH............ s4.81n | 3.32(1H, m) H-Ba
BCH, ........... 36.40p | 2.16 (1H, m) 1.72(1H, m) H-81, H-82
NyCH............ 2548n | 137 (1H, m) H-81, H-82
81-CH, .......... 23.52n | 0.87 (3H, d, /=6 Hz) H-32
32CH, .......... 21.12n | 0.79(3H,d,J=7 Hz) H-Ba, H-31
threonine
CO..ovvvinn, 170.68 p H-a
NH............. 7.47 (1H, d, J=9 Hz)
aCH............ 57.44n | 5.04 (1H,dd,J=9, 3.5 Hz) H-y
BCH............ 68.97n | 4.18(1H,dg,J=9, 6.5 H2)
YCH, ........... 1937n | 1.10(3H,d,]J=6.0 Hz)
OH ............. 5.14 (1H, br)°
valine
CO......ovi 171.03 p H-a
NH............. 7.73 (LH, br)
aCH............ 55.22n | 4.69 (1H,t,/=10 Hz) H-y1, H-y2
BCH............ 2944n | 2.15(1H, m) H-a, H-y1, H-y2
YICH, .......... 19.57n | 0.87 3H,d,J=6.0 Hz) H-y2
Y2-CH, .......... 18.83n | 0.76 3H,d,J=6.5 Hz) H-a, H-yl
tryptophan
CO v, 170.68 p°
NH ............. 9.06 (1H, br)®
@CH............ 5481n | 4.58(1H, m) H-Ba
BCH, ........... 25.75p | 3.61 (1H, m)

3.38 (1H, dd, J=15, 3.0 Hz) H-a
I-NH ........... 6.45 (1H, brs)
2CH......o.... 123.80n | 7.04 (1H,s) H-Bb, H-1
3-C . 111.35p H-Pa, H-2
4C .ol 127.98 p H-Pa, H-2, H-6, H-8
5CH............ 118.75n | 7.56(1H,d,J=7.5 Hz) H-7
6CH............ 119.69n | 7.09 (1H,t,J=7.5 Hz) H-8
7-CH............ 122.33n | 7.16(1H,t,J=7.5 Hz) H-5
8CH............ 112.14n | 7.39(1H,d,/=8.0 Hz) H-6
9C it 136.86 p H-2,H-5, H-7
proline
CO..oovvvven, 171.03 p H-B
«CH............ 614910 | 3.65(1H, m)
BCH, ........... 3047p | 1.80 2H, m) H-y
NCH, oo 25.27p | 2.04(2H, m) H-B, H-8b
8CH, ........... 49.04p | 3.97 (1H,t,J=4.5 Hz)

3.64 (1H, m)
proline
CO....ovvenn 171.03 p
aCH............ 63.02n | 4.08(1H,t,J=9 H2) H-yb
BCH, ........... 30.06p | 2.12(2H, m) H-8a
YCH, ...oovnnt 3047p | 2.14(1H, m) 1.80 (1H, m)
3CH, ........... 48.33p | 4.08 (1H, m)3.33 (1H, m)
proline
CO..oiviiiin 172.18p H-Ba, H-pb
aCH............ 60.56n | 4.63 (1H,dd,J=9, 6 Hz) H-Ba, H-Bb, H-y, H-8e, H-8b
BCH, ........... 29.42p | 2.23 (1H, m) 2.04 (1H, m) H-v, H-8a, H-3b
NCH, oo 2552p | 1.92(2H, m) H-Ba, H-Bb, H-3a, H-8b
8CH, .....ve-. 4824p | 3.74(1H,m)3.59 (1H, m) H-Be, H-Bb, H-y

“TMS was used as internal standard. The n and p notations correspond to APT results in which n indicates CH or

CH, and p indicates C or CH,.
®Signals may be interchangeable.
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The amino acid sequence of cychc pept1de 2 was first determined by HMBC and
ROESY nmr experiments. The -Pro’ -Gln -Pro’-Phe*-Pro’- segment was deduced by
correlations between NH (Gln?)/CO(Pro') and NH (Phe*)/CO(Pro®) in the HMBC
spectrtum and by nOe connection between H-2 (Pro’) and @-H (GIn®) in the ROESY
specttum (in DMSO-d6) The chemical shift difference (A8 4.11 ppm) between the B
and y-carbons in Pro’ indicated a #rans Gln’-Pro’ amide bond. The -Phe -Il¢’-Phe®
sequence was suggested by HMBC cross-peaks between NH (Ile”/CO(Phe® ), a-H(Ile')/
CO(Phe®) and NH(Phe®y/CO(Ile") in DMSO-d6 In addmon, the HMBC spectrum in
CD,CN showed a cross signal for NH (Phe ) and CO(Pro’). Thus, the structure of
phakelhstatm 11 was determined to be ¢yc/o-(Pro-Gln-Pro-Phe-Pro-Phe-Ile-Phe). When
combined with the data on immonium ions produced in tandem mass spectrometry
experiments, the amino acid content established by nmr was confirmed. Furthermore,
upon collisional activation, the (M+H)" ions of 2 fragment by a route that confirmed
the amino acid sequence to be ¢yelo-(Pro-Gln-Pro-Phe-Pro-Phe-1le-Phe).

The absolute configurations of both peptides were elucidated by chiral gc analysis
(13,14) of the perfluoropropionyl isopropyl ester derivatives of the peptide hydrolysates.
Except for tryptophan (which decomposed during the acid hydrolysis) all of the amino
acids were found to possess the (§)-configuration. With the Ile units, we have assumed
the usual stereochemistry at C-3 rather than that of 2//o-Ile.

Cyclic peptides 1 and 2 were tested (10’ M high test concentration; log,, dilutions)
in the NCI's 60-cell line human tumor in vitro screen (15-17) and a variety of data

TABLE 2. 'H- and >C-Nmr Data for Phakellistatin 11 {2}.*
Carbon *C Nmr 'H Nmr Carbon C Nmr 'H Nmr
pro' pro’
CO.......... 171.16 (s) CcO ....... 169.53 (s)
a-CH........ 59.79 (d) 2.85 (1H) a-CH ..... 59.67 (d) 2.86 (1H)
B-CH,....... 30.08 (v) 0.94 (1H), 1.81 (1H) B-CH,..... 29.37 (v) 0.71 (1H, m), 1.65 (1H)
YyCH, ....... 21.54 (v 1.35 (1H), 1.58 (1H) v¥-CH, ..... 20.81 (v) 0.50 (1H, m), 1.32 (1H)
3CH, ....... 46.21 (t) 3.30 (2H) 8-CH, ..... 45.85 () 2.87 (1H), 3.12 (1H)
gln? phe®
NH......... 8.67 (1H, d,J=8.1 H2) NH....... 8.72(1H, d, J=8.9)
CO.......... 168.49 (s) cOo ....... 168.14 (s)
a-CH........ 51.23 (d) 4.16 (1H, brt,J=11.2 Hz) a-CH ..... 53.64 (d) 4.23 (1H, ddd,
J=3.3,88,12.1 Hz)
B-CH,....... 24,76 (v) 1.88 (1H), 1.94 (1K) B-CH,..... 3543 (1) 2.92(1H,t,J=12.1 Hz)
YyCH, ....... 30.82 (v) 2.00 (1H), 2.10 (1H) 1-C....... 139.68 (s)
¥-CO........ 173.09 (s) 2,6-CH 128.59 (d) 7.24 2H)
NH,......... 6.62 (1H, brs), 7.20 (1H) 3,5-CH 127.57 (d) 7.19 (2H)
4-CH...... 125.55 (d) 7.10 1H)
pro’
CO..oevnnn 172.13 (s) ile’
aCH........ 57.84 (d) 4.36 (1H) NH....... 7.46 (1H, d, J=8.8 Hz)
B-CH,....... 28.87 (1) 1.91 (1H), 2.13 (1H) CO ....... 171.45 (s)
yCH, ....... 24.76 (v) 1.83 (1H), 1.91 (1H) a-CH ..... 56.61 (d) 4.07 (1H, d,J=7.7 Hz)
8-CH, ....... 4645() | 3.46(td,J=4.2,10.1 Ha) BCH ..... 36.09 (d) 1.65 (1H)
3,66 (td, J=4.3, 10.1 Hz) B-CH, ..... 14.89 (g 1.07 3H, d,J=6.7 Hz)
y-CH, ..... 25.13(v) 1.17 (1H), 1.57 (1H)
phe* 8-CH, ..... 10.82 (q) 0.88 (3H, t, J=7.2 Hz)
NH ......... 8.45 (1H)
CO..oonin 169.53 (s) phe®
a-CH........ 53.92 (d) 4.37 (1H) NH....... 8.43 (1H)
B-CH,....... 37.25(v) 2.85 (1H) CcOo ....... 169.58 (s)
3.07 (dd, J=4.4, 12.5 Hz) a-CH ..... 53.92 (d) 4.38 (1H)
1-C ... 135.99 (s) B-CH,..... 37.55 (v) 2.84 (1H), 3.14 (1H)
26-CH ...... 129.25 (d) 7.17-7.20 2H) 1-C ....... 135.99 (s)
35-CH ...... 128.59 (d) 7.20-7.36 2H) 2,6-CH 129.25 (d) 7.17-7.20 (2H)
4CH........ 127.09 (d) 7.29-7.33 (1H) 3,5-CH 128.59 (d) 7.20-7.36 (2H)
4-CH...... 127.09 (d) 7.29—7.33 (1H)

*'H nmr 400 MHz, C nmr 100.6 MHz. TMS was used as internal standard.

*Recorded in DMSO.
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analyses (16,18) were performed. Phakellistatins 10 and 11 (1 and 2) gave overall panel-
averaged GI,, concentrations of 7.90%2.63 X107 M, and 1.3220.49X10™" M,
respectively. TGI-COMPARE correlation analyses (18) of the differential cytotoxicity
profile of cyclic octapeptide 1 showed Pearson correlation coefficients of 0.81, 0.96, and
0.77 with the profiles of phakellistatin 4 (5), phakellistatin 11 {2}, and the standard
agent vinblastine, respectively. Likewise, similar analyses of the profile of cyclic
octapeptide 2 showed Pearson correlation coefficients of 0.83, 0.96, and 0.87 with the
profiles of phakellistatin 4, phakellistatin 10 [1] and vinblastine, respectively.

Interestingly, 1 is the Pro-Ile-Pro counterpart of the hymenamide Pro-Leu-Pro
sequence (11). Hymenistatin 1 bears the same (Ile vs. Leu) relationship to hymenamide
G (11). In turn chis suggests that these cell growth-inhibitory cyclic peptides have a
common microorganism genesis or are growth regulatory/defensive substances pro-
duced by closely related marine Porifera. Assessment of the phakellistatins as potentially
useful antineoplastic agents is in progress.

ACKNOWLEDGMENTS

The research reported herein was made possible by the following financial assistance: Outstanding
Investigator Grant CA44344-01A1-06 awarded by the Division of Cancer Treacment, National Cancer
Insticute, DHHS; the Fannie E. Rippel Foundation; the Arizona Disease Control Research Commission; the
Robert B. Dalton Endowment Fund; Virginia Piper; Eleanor W. Libby; Diane Cummings; Gary L. Tooker;
John and Edith Reyno, and Polly J. Trautman. For other very helpful assistance we thank the Federated
States of Micronesia (Chuuk, D.E. Aten, R. Killion, and A. Amaraich) and Drs. Matthew Suffness and Fiona
Hogan, Ms. Denise Neilson-Tackett, Mr. Lee Williams, and Mrs. Kim M. Weiss. The four-sector tandem
mass spectrometer used in these studies was purchased with funds awarded by the former NSF regional
instrumentation program and the University of Nebraska-Lincoln. Additional support was provided by the
NSF Biology Division (DIR-9017262).

LITERATURE CITED

1.  G.R.Pettit,J.-P.Xu, A.-C. Dorsaz, M.D. Williams, M.R. Boyd, and R.L. Cerny, Biomed. Chem. Lett.,

in press.

G.R. Pettit, “Synthetic Peptides,” Van Nostrand Reinhold Co., New York, Vol. 1, 1970.

G.R. Pettit, “Synthetic Peptides, Volume 6,” Elsevier, Amsterdam, 1982.

G.R. Pettit, R. Tan, D.L. Herald, R.L. Cerny, and M.D. Williams, J. Org. Chem., 59, 1593 (1994).

G.R. Pettit, J.-P. Xu, Z. Cichacz, J.M. Schmidt, A.-C. Dorsaz, M.R. Boyd, and R.L. Cerny,

Heterocycles, 40, 501 (1994).

C. Liebow, D.H. Crean, A.V. Schally, and T.S. Mang, Proc. Natl. Acad. Sci. USA, 90, 1897 (1993).

L. Anthony, D. Johnson, K. Hande, M. Shaff, S. Winn, M. Krozely, and J. Oates, Acta Oncologica, 32,

217 (1993).

8. Y.-B.He, Z. Huang, K. Raynor, T. Reisine, and M. Goodman, J. Am. Chem. Soc., 115, 8066 (1993).
9.  G. Prevost, C. Mormont, M. Gunning, and F. Thomas, Acta Oncologica, 32, 209 (1993).

10. G.R. Pettit, P.J. Clewlow, C. Dufresne, D.L. Doubek, R.L. Cerny, and K. Riitzler, Can. J. Chem., 68,
708 (1990).

11. M. Tsuda, T. Sasaki, and J. Kobayashi, Tetrabedron, 50, 4667 (1994).

12.  G.R. Pertit, Y. Kamano, R. Aoyagi, C.L. Herald, D.L. Doubek, J.M. Schmidt, and J.J. Rudloe,
Tetrabedron, 41, 985 (1985).

13.  F. Westall and H. Hesser, Anal. Biochem., 61, 610 (1974).

14. H. Frank, G.J. Nicholson, and E. Bayer, J. Chromatogr. Sci., 15, 174 (1977).

15.  M.R. Boyd, in: “Cancer: Principles and Practices of Oncology Update.” Ed. by V.T. DeVita, Jr., S.
Hellman, and S.A. Rosenberg, Lippincott, Philadelphia, 1989, Vol. 3, No. 10, pp. 1-12.

16.  M.R.Boyd, K.D. Paull,and L.R. Rubinstein, in: “Cytotoxic Anticancer Drugs: Models and Concepts
for Drug Discovery and Development.” Ed. by F.A. Valeriote, T. Corbett, and L. Baker, Kluwer
Academic Publishers, Amsterdam, 1992, pp. 11-34.

17.  MR. Boyd, in: “Current Therapy in Oncology.” Ed. by J.R. Niederhuber, B.C. Decker, Inc.,
Philadelphia, 1993, pp. 11-22.

18.  M.R. Boyd and K.D. Paull, Drug Dev. Res., 34, 91 (1995).

MW

o

Revised version received 1 May 1995



