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Abstract: The macrocyclic arrays of heterocycles and amides present inLissoclinumpeptides can serve as
templates for selective metal ion binding and as lead structures for the design of conformationally preorganized
peptides and peptidomimetics. The currently available secondary structure information for this class of marine
alkaloids, however, is limited to 18- and 24-membered ring isomers. This work provides the first information
on the solid state and solution conformation of the 21-membered class ofLissoclinumcyclopeptide alkaloids.
The folding of lissoclinamide 7, both in the solid and in the solution state, is dominated by a combination of
a type IIâ-turn formed at the prolyloxazoline moiety and aâ-loop segment stabilized by intramolecular five-
membered hydrogen bonds at the thiazoline-D-phenylalanine-thiazoline moiety. The resulting rigid backbone
geometry controls the preferred stereochemistry at the stereogenicR-carbons, and the natural compound
represents the thermodynamically most favorable stereoisomer. In addition to these structural studies, we
have compared the relative cytotoxicity of lissoclinamide 7 with analogues with selective oxazoline and thiazoline
heterocycle replacements. On the basis of in vitro cell toxicity assays, we can conclude that the substitution
of thiazolines in the natural product with oxazoline rings leads to a general decrease in cellular toxicity.
However, changes in the stereochemistry of the parent macrocycle also influence cytotoxicity.

Introduction

Marine flora and fauna continue to provide rich sources of
pharmacologically attractive and structurally unique secondary
metabolites.1 Due to the difficulties in the isolation of
significant quantities of marine natural products, synthetic
chemistry serves an important role in their structural assignment
and biological evaluation.1,2 We have recently reported the total
synthesis and stereochemical assignment of lissoclinamide 7
(1),3 a cyclopeptide metabolite from the aplousobranch ascidian
Lissoclinum patella.4 This 21-membered macrocycle contains
two thiazoline rings in addition to the oxazoline heterocycle
and is structurally closely related to a group of ca. 30 18-24-
membered cyclopeptides characterized by an alternating se-
quence of five-membered heterocycles and hydrophobic amino
acid residues (Figure 1).5

As a result of our total synthesis, we were able to study the
secondary structure as well as the biological activity of
lissoclinamide 7 and structural analogues. Upon introduction
of five-membered heterocycles into the cyclopeptide sequence,

the conformationally flexibility of the 18-24-membered mac-
rocycles is considerably reduced, and mostly a single secondary
structure is preferred in the solid state and in solution.
Accordingly, a thorough understanding of the effects of amino
acid-derived thiazoline and oxazoline heterocycles on the
conformation of cyclopeptides can facilitate thede noVo design
of 3-dimensionally preorganized macrocycles.5,6 In particular,
selective metal-ion chelation7 and protein-binding properties8

can be optimized in addition to other biological activities.

(1) (a) Faulkner, D. J.Nat. Prod. Rep.1996, 13, 75. (b) Faulkner, D. J.
Nat. Prod. Rep.1995, 12, 233. (c) Flam, F.Science1994, 266, 1324. (d)
Faulkner, D. J.Nat. Prod. Rep.1994, 11, 355. (e)Marine Biotechnology,
Volume 1: Pharmaceutical and BioactiVe Marine Natural Products;
Attaway, D. H., Zaborsky, O. R., Eds.; Plenum Publishers: New York,
1993. (f) Faulkner, D. J.Chem. ReV. 1993, 93, 1671.

(2) See, for example: (a) Wipf, P.; Lim, S.Chimia 1996, 50, 157. (b)
Hung, D. T.; Nerenberg, J. B.; Schreiber, S. L.Chem. Biol.1994, 1, 67. (c)
Fukuyama, T.; Xu, L.J. Am. Chem. Soc.1993, 115, 8449.

(3) Wipf, P.; Fritch, P. C.J. Am. Chem. Soc.1996, 118, 12358.
(4) Hawkins, C. J.; Lavin, M. F.; Marshall, K. A.; Brenk, A. L. v. d.;

Watters, D. J.J. Med. Chem.1990, 33, 1634.
(5) For recent reviews ofLissoclinumpeptides, see: (a) Wipf, P. In

Alkaloids: Chemical and Biological PerspectiVes; Pelletier, S. W., Ed.;
Pergamon: In press. (b) Wipf, P.Chem. ReV. 1995, 95, 2115. (c) Davidson,
B. S.Chem. ReV. 1993, 93, 1771.

Figure 1. RepresentativeLissoclinumpeptides.
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Most Lissoclinumpeptides display a moderate to high level
of cytotoxicity that has been linked to the presence of oxazoline
functions.15,16 Table 1 illustrates the structure-activity relation-
ships that are currently available for class B5a (21-membered)

Lissoclinumpeptides in comparison to ulithiacyclamide, a class
C5a (24-membered) macrocycle with particularly high cytotoxic
activity.
Solid State and Solution Structure of Lissoclinamide 7.

Extensive prior work on the structural analysis ofLissoclinum
peptides has focused almost exclusively on 18- and 24-
membered macrocycles.5 These derivatives assume unique
molecular “triangle”, “square”, and “twisted eight” conforma-
tions in solution and in the solid state (Figure 2). Currently,
the structural features that influence the transition between these
conformational states are still poorly understood. A rectangular,
saddle-shaped conformation was first observed for ascidiacy-
clamide (4) and other 24-membered macrocycles.22 In contrast,
a severely twisted secondary structure was observed in the solid
state of the structurally closely related patellamide D.19 Later,

(6) Abbenante, G.; Fairlie, D. P.; Gahan, L. R.; Hanson, G. R.; Pierens,
G. K.; van den Brenk, A. L.J. Am. Chem. Soc.1996, 118, 10384.

(7) (a) Wipf, P.; Venkatraman, S.; Miller, C. P.; Geib, S. J.Angew. Chem.,
Int. Ed. Engl.1994, 33, 1516. (b) van den Brenk, A. L.; Byriel, K. A.;
Fairlie, D. P.; Gahan, L. R.; Hanson, G. R.; Hawkins, C. J.; Jones, A.;
Kennard, C. H. L.; Moubaraki, B.; Murray, K. S.Inorg. Chem.1994, 33,
3549. (c) van den Brenk, A. L.; Fairlie, D. P.; Hanson, G. R.; Gahan, L.
R.; Hawkins, C. J.; Jones, A.Inorg. Chem.1994, 33, 2280. (d) van den
Brenk, A.; Fairlie, D. P.; Gahan, L. R.; Hanson, G. R.; Hambley, T. W.
Inorg. Chem.1996, 35, 1095. see also: (e) Michael, J. P.; Pattenden, G.
Angew. Chem., Int. Ed. Engl.1993, 32, 1.

(8) For a review, see: Fairlie, D. P.; Abbenante, G.; March, D. R.Curr.
Med. Chem.1995, 2, 654 and references therein.

(9) Hambley, T. W.; Hawkins, C. J.; Lavin, M. F.; Brenk, A. v. d.;
Watters, D. J.Tetrahedron1992, 48, 341.

(10) Prinsep, M. R.; Moore, R. E.; Levine, I. A.; Patterson, G. M. L.J.
Nat. Prod.1992, 55, 140.

(11) Ireland, C.; Scheuer, P. J.J. Am. Chem. Soc.1980, 102, 5688.
(12) Biskupiak, J. E.; Ireland, C. M.J. Org. Chem.1983, 48, 2302.
(13) Hamamoto, Y.; Endo, M.; Nakagawa, M.; Nakanishi, T.; Mizukawa,

K. J. Chem. Soc., Chem. Commun.1983, 323.
(14) Hamada, Y.; Kato, S.; Shioiri, T.Tetrahedron Lett.1985, 26, 3223.
(15) (a) Shioiri, T.; Hamada, Y.; Kato, S.; Shibata, M.; Kondo, Y.;

Nakagawa, H.; Kohda, K.Biochem. Pharm.1987, 36, 4181. (b) Kohda,
K.; Ohta, Y.; Kawazoe, Y.; Kato, T.; Suzumura, Y.; Hamada, Y.; Shioiri,
T. Biochem. Pharm.1989, 38, 4500. (c) Kohda, K.; Ohta, Y.; Yokoyama,
Y.; Kawazoe, Y.; Kato, T.; Suzumura, Y.; Hamada, Y.; Shioiri, T.Biochem.
Pharm.1989, 38, 4497.

(16) McDonald, L. A.; Foster, M. P.; Phillips, D. R.; Ireland, C. M.;
Lee, A. Y.; Clardy, J.J. Org. Chem.1992, 57, 4616.

(17) Wasylyk, J. M.; Biskupiak, J. E.; Costello, C. E.; Ireland, C. M.J.
Org. Chem.1983, 48, 4445.

(18) Degnan, B. M.; Hawkins, C. J.; Lavin, M. F.; McCaffrey, E. J.;
Parry, D. L.; Brenk, A. L. v. d.; Watters, D. J.J. Med. Chem.1989, 32,
1349.

(19) Schmitz, F. J.; Ksebati, M. B.; Chang, J. S.; Wang, J. L.; Hossain,
M. B.; Helm, D. v. d.; Engel, M. H.; Serban, A.; Silfer, J. A.J. Org. Chem.
1989, 54, 3463.

(20) Ireland, C. M.; Durso, A. R.; Newman, R. A.; Hacker, M. P.J.
Org. Chem.1982, 47, 1807.

(21) Toske, S. G.; Fenical, W.Tetrahedron Lett.1995, 36, 8355.
(22) (a) In, Y.; Doi, M.; Inoue, M.; Ishida, T.; Hamada, Y.; Shioiri, T.

Chem. Pharm. Bull.1993, 41, 1686. (b) In, Y.; Doi, M.; Inoue, M.; Ishida,
T.; Hamada, Y.; Shioiri, T.Acta Crystallogr.1994, C50, 432. (c) Ishida,
T.; Ohishi, H.; Inoue, M.; Kamigauchi, M.; Sugiura, M.; Takao, N.; Kato,
S.; Hamada, Y.; Shioiri, T.J. Org. Chem.1989, 54, 5337.

Table 1. Cytotoxic Activity of 21-MemberedLissoclinumPeptides and Ulithiacyclamide (IC50 [µg/mL])
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“figure eight” conformations were also detected for patellamide
B and C in solution23 and tawicyclamide B in the solid state.24

According to one hypothesis, the decrease in theC2-symmetry
of the macrocycle is responsible for this change in secondary
structures between closely related sequences.22,23 However, the
presence ofâ-branched amino acid side chains and the formation
of an intramolecular bifurcated hydrogen-bond network can also
lead to a steric restriction of the backbone geometry into a
flattened, saddle-shaped conformation.25 Since 21-membered
Lissoclinumpeptides share structural features of both the 18-
and the 24-membered analogues in an intrinsically nonsym-
metrical arrangement, an elucidation of the conformational
preferences of the 21-membered macrocycles could contribute
greatly to the understanding of the general folding principles
in this family of cyclopeptide alkaloids.5a To this extent, the
only structural information that has become available is an1H
NMR NOE/force field study of cyclodidemnamide,21 which
assigned a distorted rectangular geometry to this cycloheptapep-
tide. However, due to the ambiguity regarding the primary
structure of cyclodidemnamide,26 no conclusions relevant to
otherLissoclinumpeptides can be drawn.

Crystallization of synthetic lissoclinamide 7 from methanol
and X-ray analysis allowed us to obtain the first detailed
structural information on 21-memberedLissoclinumpeptides
(Figure 3).28 The macrocycle backbone is surprisingly planar.
With the exception of C(29), the maximum deviation of all the
backbone chain atoms from the mean plane is less than 1.5 Å.
The angles between the planes of the heterocyclic rings and
the macrocycle perimeter are, however, close to orthogonal for
the oxazoline and the valine-derived thiazoline and only slighted
tilted from coplanarity for the phenylalanine-derived thiazoline
and the pyrrolidine. None of the amide linkages is distorted,
the largest deviation from planarity is observed at the N(3)-
C(17) thiazolyl-phenylalanine linkage withω ) -167.2°. The
proline amide shows a trans orientation with a dihedral angle
of ω ) 179.0°. Additional selected dihedral angles are given
in Table 2.
An intriguing feature of the secondary structure of lissocli-

namide 7 is the combination of aâ-turn at the prolyl-oxazoline
segment and a wider loop around the thiazoline-phenylalanyl-
thiazoline moiety. Dihedral angles of-59.3° (φ2) and 127.0°
(ψ2), and 110.9° (φ3) and -24.7° (ψ3) for proline and the
threonine-derived oxazoline, respectively, are in close agreement
with an ideal type IIâ-turn.29 Additional stabilization of the
â-turn by a tight intramolecular hydrogen bond is indicated by
an N(7)-O(3)-distance of 3.02 Å. The type IIâ-turn is also
found at the isoleucyl-oxazoline segments of the C2-symmetric

(23) Ishida, T.; In, Y.; Shinozaki, F.; Doi, M.; Yamamoto, D.; Hamada,
Y.; Shioiri, T.; Kamigauchi, M.; Sugiura, M.J. Org. Chem.1995, 60, 3944.

(24) McDonald, L. A.; Foster, M. P.; Phillips, D. R.; Ireland, C. M.;
Lee, A. Y.; Clardy, J.J. Org. Chem.1992, 57, 4616.

(25) Wipf, P.; Venkatraman, S.; Miller, C. P.; Grant, C. M. Unpublished
results.

(26) Boden, C. D. J.; Norley, M. C.; Pattenden, G.Tetrahedron Lett.
1996, 37, 9111.

(27) Ishida, T.; Inoue, M.; Hamada, Y.; Kato, S.; Shioiri, T.J. Chem.
Soc., Chem. Commun.1987, 370.

(28) The atomic coordinates for this work are available on request from
the Director of the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, U.K. Any request should be accompanied by the
full literature citation for this article.

(29) Bend types are classified according to the dihedral angles of the
two central residues. An ideal type IIâ-turn has backbone dihedral angles
of -60° (φ2) and 120° (ψ2), and 80° (φ3) and 0° (ψ3): Chou, P. Y.; Fasman,
G. D. J. Mol. Biol. 1977, 115, 135-75.

Figure 2. Cycloxazoline (westiellamide,2),9 ascidiacyclamide (4),27

and patellamide D19 (5) X-ray structures as examples for pertinent
molecular “triangle”, “square”, and “twisted eight” secondary structures
of 18- and 24-memberedLissoclinumpeptides.

Figure 3. Thermal ellipsoid plot (35% probability ellipsoids) and
stereoview of the solid-state structure of lissoclinamide 7.
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patellamide D19 (-76.4° (φ2) and 121.0° (ψ2), and 101.5° (φ3)
and-14.3° (ψ3)).
An interesting question is if the formation of thisâ-turn is

simply a consequence of the cyclic structure of these peptide
alkaloids or actually due to intrinsic conformational preferences
of the amino acid-oxazoline sequence. An X-ray structure of
the dipeptidep-bromobenzoyl-prolyl-oxazoline-N-methyl amide
(6) obtained in our laboratory30 showed a backbone conforma-
tion closely related to the corresponding cyclic peptide fragments
(Figure 4).28 Dihedral angles (-46.9° (φ2) and 141.9° (ψ2),
and 134.5° (φ3) and 45.4° (ψ3)) observed for6 still allow a
classification of this turn as a type IIâ-turn,29 and the only
major derivation atψ3 can be explained by the formation of an
inter- rather than an intramolecular hydrogen bond in the solid
state of6 (dO(3)‚‚‚H-N(3′) ) 2.56 Å). In CDCl3 solution,
the prolyloxazoline methyl amide N-H shows a temperature
coefficient (∆δ/∆T) of -3.1 ppb/K,31 a reasonable indication
of intramolecular hydrogen bonding.32,35 In contrast, the parent
acylated prolyl-threonine methyl amide has a much larger
temperature coefficient of-9.6 ppb/K.31 Therefore, we believe
that a prolyl-oxazoline segment, or, in general, an oxazoline-

containing dipeptide unit as found in lissoclinamide 7 or
patellamide D is intrinsically conformationally preorganized
toward a â-turn. We expect that this important structural
characteristic can be used in the futurede noVo design of
peptidomimetics and peptide ligands for receptor and enzyme
interactions.
Another interesting feature of the solid-state structure of

lissoclinamide 7 is the formation of a tightâ-loop region at the
thiazolyl-D-phenylalanyl-thiazoline segment of the cyclopeptide
alkaloid. The X-ray structure shown in Figure 3 suggests a
network of two stabilizing intramolecular hydrogen bonds
between thiazoline (imine) nitrogens and phenylalanine amide
hydrogens that is graphically depicted in Figure 5. The resulting
five-membered hydrogen bond structure is related to the 2f2
intramolecular H-bonded peptide conformation.33 The latter
five-membered hydrogen bonds are usually quite weak and
difficult to observe.33 We were therefore surprised to learn that
the solution conformation of lissoclinamide 7 also provides
strong evidence for a five-membered hydrogen-bond network
at the loop segment in CDCl3, CD3CN, and in DMSO-d6 (Figure
6).34 In addition, extraordinarily small temperature coefficients35

of the phenylalanine amide hydrogens confirm that these
intramolecular hydrogen bonds are relevant for the solution
conformation of lissoclinamide 7 and might also contribute to
the relative rigidity of the cyclopeptide backbone (Table 3). We
are currently investigating the general relevance of this novel
â-loop stabilization effect for other azole cyclopeptides.
The lack of any major backbone conformational changes

observed in the solution structure of lissoclinamide 7, which is
practically identical with the X-ray structure, suggests that both
â-turn andâ-loop segments of the cyclopeptide alkaloid act in
synergism to stabilize the 3-dimensional architecture. Accord-

(30) Miller, C. P., Ph.D. Thesis, University of Pittsburgh, Pittsburgh,
PA, 1994.

(31) Miller, C. P., M.S. Thesis, University of Pittsburgh, Pittsburgh, PA,
1991.

(32) Imperiali, B.; Fisher, S. L.; Moats, R. A.; Prins, T. J.J. Am. Chem.
Soc.1992, 114, 3182.

(33) Toniolo, C.CRC Crit. ReV. Biochem.1980, 8, 1-44.
(34) Spectroscopic examination of peptides in dimethyl sulfoxide, in

particular, provides biologically relevant structural information: Saulitis,
J.; Mierke, D. F.; Byk, G.; Gilon, C.; Kessler, H.J. Am. Chem. Soc.1992,
114, 4818.

(35) Smith, J. A.; Pease, L. G.CRC Crit. ReV. Biochem.1980, 8, 315-
99.

(36) In CD3OD solution, deuterium-exchange kinetics of this amide
hydrogen provide aτ1/2(1H-2H) of 35 h. Theτ1/2(1H-2H) for the D-Phe-
NH and Phe-NH amide hydrogens was even lower (>5 d). The slow time
scale of this exchange provides further support for an intramolecularly
hydrogen-bonded conformation in solution.37

Table 2. Selected Backbone Dihedral Angles for Lissoclinamide 7 [deg]

C(2)-N(1)-C(5)-O(2) 2.7(3) C(21)-N(5)-C(27)-C(28) -178.4(3)
C(2)-N(1)-C(5)-C(6) -176.5(2) C(27)-C(28)-C(29)-S(2) -115.7(2)
C(5)-C(6)-N(2)-C(10) -59.3(3) C(27)-C(28)-N(6)-C(30) 118.3(3)
C(6)-N(2)-C(10)-C(11) 179.0(2) C(30)-C(31)-N(7)-C(1) 99.3(3)
C(10)-C(11)-N(3)-C(17) -123.9(2) C(31)-N(7)-C(1)-C(2) -179.6(2)
C(11)-N(3)-C(17)-C(18) -167.1(3) N(1)-C(5)-C(6)-N(2) 127.0(3)
C(17)-C(18)-C(19)-S(1) -145.8(2) N(3)-C(17)-C(18)-N(4) 4.9(4)
C(17)-C(18)-N(4)-C(20) 139.1(3) N(5)-C(27)-C(28)-N(6) 6.2(4)
C(20)-C(21)-N(5)-C(27) 101.0(3) N(6)-C(30)-C(31)-N(7) 173.2(2)

Figure 4. X-ray structure ofp-bromobenzoyl-prolyl-oxazoline-N-
methyl amide (6, black) and overlay with the prolyl-oxazoline fragment
of lissoclinamide 7 (gray).

Figure 5. Graphical illustration of the hydrogen-bonding network in
the â-loop andâ-turn regions of the solid-state structure of lissocli-
namide 7.
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ingly, both features could be used for the design of conforma-
tionally preorganized compounds. In addition, the conforma-
tional effects ofâ-turn andâ-loop segments should be correlated
to the stereochemistry at the readily epimerizable C(31) and
C(21) asymmetric carbons; e.g., the configuration present in
the natural product should be the most favorable for the
stabilization of the overall conformation of the molecule. To
test this hypothesis, we subjected (31S)-lissoclinamide 7 ()[L-
Val]-lissoclinamide 7)3 to 5-10 equiv of pyridine in CDCl3.
Indeed, a first-order conversion was observed at 60°C that led
to the exclusive formation of the natural (31R)-isomer (Figure
7). Only traces of the starting material or any other isomers
could be observed by NMR- and HPLC-analysis of the crude
reaction mixture.37 In contrast, lissoclinamide 7 remained
unchanged under the same conditions for at least 7 d. This
experiment confirms the suspected strong influence of the
conformation of the cyclopeptide backbone on the configuration
at the epimerizableR-carbons and sheds light on the observation
that despite the multiple stereoisomers that have been isolated
for Lissoclinumpeptides with a single thiazoline ring (see Table
1), only a single stereoisomer is known for the two thiazoline-
containing natural lissoclinamide 7 sequence.38

Cytotoxic Activity of Lissoclinamide 7 and Its Analogues.
With reported IC50 values of 40, 60, and 80 ng/mL in
MRC5CV1, T24, and lymphocytes cell assays,4 respectively,
lissoclinamide 7 (1) is, next to the 24-membered ulithiacycla-
mide, the most cytotoxicLissoclinumderivative (Table 1). It is
also the onlyL. patellametabolite that contains two thiazoline
rings in addition to the oxazoline heterocycle. A comparison
of the cytotoxic effects of naturally occurringLissoclinum
peptides, synthetic cyclic peptides and relatively short linear
segments, served as the basis for the hypothesis that the
oxazoline function is essential for cytotoxicity and that a cyclic
skeleton might not be needed.39 While this hypothesis has found
considerable support,40 no conclusive evidence for or against
it, and no molecular rationalization for an oxazoline-induced

cytotoxicity is available to date.5,41 Since any mechanistic link
between the presence of oxazolines or thiazolines and the
cytocidal activity is unclear, we prepared analogues of lisso-
clinamide 7 with selective replacements of the heterocyclic
moieties.3 The results of a broad screening assay of lissocli-
namide 7 (1), (31S)-lissoclinamide 7, trisoxazoline7, and

(37) We thank Dr. Hidenori Takahashi (University of Pittsburgh) for
performing these experiments.

(38) In this context, it is also interesting to note that one of our earlier
synthetic approaches toward lissoclinamide 7 that used anL-valine-derived
(31S)-stereocenter led unintentionally to the (31R)-natural product after
heterocycle formation and macrocyclization. It is tantalizing, but currently
experimentally not supported, to speculate that the (31S)-isomer can also
be selectively epimerized during the isolation procedure from the ascidian.

(39) Shioiri, T.; Hamada, Y.; Kato, S.; Shibata, M.; Kondo, Y.;
Nakagawa, H.; Kohda, K.Biochem. Pharm.1987, 36, 4181.

(40) McDonald, L. A.; Foster, M. P.; Phillips, D. R.; Ireland, C. M.;
Lee, A. Y.; Clardy, J.J. Org. Chem.1992, 57, 4616.

(41) For a structure-activity analysis of a tris-oxazoline analogue vs
the tris-thiazoline-containing natural product thiangazole, see: Wipf, P.;
Venkatraman, S.Synlett1997, 1.

Figure 6. Stereoview of the lowest energy solution conformations of
lissoclinamide 7 in CDCl3 and DMSO-d6 as determined by NMR
restraints based on gradient COSY, TOCSY, NOESY, and ROESY
experiments (all at 500 MHz) used in conjunction with Monte Carlo
conformational search methods.

Table 3. Tabular and Graphical Display of Amide Proton
Temperature Coefficients (∆δ/∆T) for Lissoclinamide 7 in
DMSO-d6, CDCl3, and CD3CN [ppb/K]

D-Val-NH36 D-Phe-NH Phe-NH

DMSO-d6 -0.6 -0.3 -0.3
CDCl3 -0.7 1.1 -0.2
MeCN-d3 -0.09 -0.2 0.9

Structure-ActiVity Analysis of Lissoclinamide 7 J. Am. Chem. Soc., Vol. 120, No. 17, 19984109



tristhiazoline8 by the NCI Developmental Therapeutics Pro-
gram42 are summarized in Table 4.
Surprisingly, in these assays synthetic lissoclinamide 7 (1)

shows a lower than expected level of cytotoxicity.43 Differences
in the type of assay, as well as the cell types, could account for
this discrepancy with the earlier4 data. In addition, the presence
of contaminating cytotoxic impurities is a major concern with
natural product samples.44 Nonetheless, it is clear from
comparison of lissoclinamide 7 (1) and trisoxazoline7 that
replacement of the thiazoline rings with oxazolines leads to a
significant decrease in cytotoxicity. Further support for the
relative importance of the thiazoline structure in causing
cytotoxicity in these cell assays is provided by the general
increase in toxicity observed in the tris-thiazoline analogue8.
The high activity of8 in the human leukemia cell line HL-60,
however, is unexpected, and we currently have no explanation
for this specific effect.
The biological data obtained in this cross-comparison of

heterocycle isomers ofLissoclinumpeptides represents the first
systematic structure-activity investigation in this class of natural
products but does not necessarily invalidate the earlier phar-
macological hypothesis39 that certain levels of cytotoxicity can
be correlated with the presence of oxazoline functions. How-
ever, it provides strong evidence that either heterocyclic building
block in general is not solely responsible for cytotoxicity and
more subtle structural features of the macrocycle also have to
be considered in SAR analyses. In this context, it is important

to note that a simple stereoisomer of lissoclinamide 7 (1), the
(31S)-compound with theL-Val substitution forD-Val, displayed
increased cytotoxicity that almost rivals the level of activity
found for the most potent analogue, tristhiazoline7 (Table 4).

Conclusions

One of the major attractive features ofLissoclinumpeptides
is their potential to serve as lead structures for the design of
conformationally preorganized peptide and peptidomimetic
sequences. A better understanding of the effects of amino acid-
derived thiazoline and oxazoline heterocycles on the secondary
structure of peptide chains might facilitate the rational engineer-
ing of short, intrinsically spatially organized peptide-hetero-
cycle hybrid molecules and lead to practical applications of
metabolically more stable peptide analogues.
We have determined the X-ray structure and the solution

conformation of synthetic lissoclinamide 7, and thus established
the first structural information for a 21-membered macrocycle
in this family of marine peptide alkaloids. The conformational
preferences both in the solid and in the solution state are
dominated by a type IIâ-turn formed by the prolyloxazoline
moiety and aâ-loop segment stabilized by intramolecular five-
membered hydrogen bonds at the thiazoline-D-phenylalanine-
thiazoline sequence. These are novel design features that are
of general significance, in particular since the type IIâ-turn is
closely preserved in the small acyclic dipeptide derivative6.
Compared to other structural types identified for 18- and 24-
memberedLissoclinumpeptides, the lissoclinamide 7 structure
most closely resembles the “twisted figure eight” conformation
of patellamide D. However, the later compound does not have
a â-loop region, and lissoclinamide 7 is much flatter and
completely devoid of any apparent symmetry elements. The
extensive conformational rigidity of lissoclinamide 7 as a
consequence of the presence of bothâ-turn andâ-loop regions
facilitates epimerization at labile stereocenters within the
macrocycle. The natural product appears to be the thermody-
namically clearly favored stereoisomer.
We have also been able to probe the structural basis for

biological activity observed with manyLissoclinumpeptides
in a systematic fashion. Contrary to a current hypothesis that
correlates cytotoxicity with the presence of oxazoline hetero-
cycles in the backbone ofLissoclinumpeptides, we have found
that the replacement of thiazolines in lissoclinamide 7 with
oxazolines leads to a general decrease in cellular toxicity. In
contrast, replacement of the single oxazoline ring of the natural
product with a thiazoline heterocycle increases cytotoxicity.
Therefore, we have been able to engineer for the first time a
more activeLissoclinumpeptide derivative. However, we have
also found that changes in the stereochemistry of the parent
macrocycle can influence cytotoxicity. Accordingly, the bio-
logical activity ofLissoclinumpeptides has to be considered to
encompass all structural features of these natural products.

Experimental Section

Crystal data for 1: C38H45N7O5S2, Mr ) 743.93, triclinic, space
groupP1h, a ) 7.921(2) Å,b ) 10.277(2) Å,c ) 12.448(3) Å,R )
71.79(3)°, â ) 82.98(3)°, γ ) 79.65(3)°, V ) 944.5(3) Å3, Z ) 1,
dcalcd ) 1.308, F(000) ) 3942; 5616 independent reflections were
collected and used in structure solution and subsequent least-squares
refinement onF2; RF ) 0.0416 (all data), wRF ) 0.1112 (all data),
GOF) 1.051.28

Crystal data for 6: C17H20BrN3O3,Mr ) 394.27, monoclinic, space
groupP21, a ) 5.3940(10) Å,b ) 20.120(4) Å,c ) 8.847(2) Å,â )

(42) Boyd, M. R.; Paull, K. D.Drug DeV. Res.1995, 34, 91 and
references therein.

(43) Due the scarcity of natural material, no direct comparison with
synthetic compound could be made in our bioassays.

(44) See, for example: Pettit, G. R.; Taylor, S. R.J. Org. Chem.1996,
61, 2322.

Figure 7. Thermodynamic equilibration of [L-Val]-lissoclinamide 7.

Table 4. GI50 Data42 [µg/mL] for LissoclinumPeptides against
Selected Cell Types

cell type 1 (31S)-1 7 8

HL-60 >75 6 >75 0.07
K-562 70 8 >75 3
RPMI-8226 15 8 >75 6
HCC-2998 16 16 >75 8
OVCAR-4 30 15 >75 8
PC-3 30 16 >75 11
MDA-MB-435 40 30 >75 10
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106.42(2)°, V ) 921.0(3) Å3, Z ) 2, dcalcd) 1.422,F(000)) 404; of
2953 reflections collected, 1503 independent reflections were used in
structure solution and subsequent least-squares refinement onF2; RF
) 0.0515 (all data), wRF ) 0.0545 (all data), GOF) 0.849.28

Data for6 were collected on a Siemens P3 diffractometer with Mo
KR radiation at 293 K. Compound6 crystallizes in noncentrosymmetric
P21. Data for1 were collected on a Rigaku AFC5R diffractometer
using Ni-filtered Cu radiation at 293 K. Compound1 crystallizes in
the noncentrosymmetric space groupP1h. Both data sets were corrected
for absorption and extinction effects. Direct methods solutions yielded
positions of all non-hydrogen atoms which were refined anisotropically.
Hydrogen atom positions were calculated (d(C-H) ) 0.96 Å), except
for nitrogen hydrogen positions, which were located and refined
isotropically. Refinement of the Flack parameter (0.01(2) for1,-0.05-
(2) for 6) confirmed the absolute configuration for both structures.

NMR Spectroscopy: General. Approximately 1 mg of synthetic
lissoclinamide 7 was dissolved in 700µL of each of the following
solvents, CDCl3, DMSO-d6, and CD3CN.45 1D and 2D1H NMR spectra
were recorded and processed at 25°C on a Varian Unity Plus 500
spectrometer. States methodology46was used to obtain phase-sensitive
spectra. Temperature studies were performed in 5° increments for
CDCl3 from 25 to 50°C and in 10° increments from 25 to 85°C for
DMSO-d6. Spectra were referenced to CDCl3, DMSO-d6, and CD3-
CN at 7.26, 2.49, and 1.93 ppm, respectively.

Gradient COSY47 (500 MHz): 512 experiments of 32 scans each
with a relaxation delay of 1.3 s, an acquisition time for one scan of
0.253 s, a size of 2 K, a spectral width in F2 and F1 of∼4000 Hz
ppm, zero filling in F2 and F1 to 2 K, and apodization in both
dimensions with a sinebell.
TOCSY (500 MHz): pulse sequence according to Bax and Davis

with MLEV-17 spin-lock,48,49 512 experiments of 32 scans each,
relaxation delay of 1.7 s, mixing time of 65 ms, acquisition time for
one scan 0.206 s, size 2 K, spectral width in F2 and F1∼4000 Hz,
zero filling in F2 and F1 to 2 K, apodization in both dimensions with
squared sinebell shifted byπ/2.
NOESY (500 MHz): Pulse sequence according to Bodenhausen et

al.,50 2 s relaxation delay, 500 ms mixing time, acquisition time of
0.142 s, size 2 K, spectral width in F2 and F1∼4000 Hz, apodization
in both dimensions with squared sinebell shifted byπ/2.
ROESY (500 MHz): pulse sequence according to Kessler et al.51

with a pulsed 2 kHz spin lock, 2 s relaxation delay, 15% duty cycle,
250 ms mixing time, acquisition time of 0.348 s, size 2 K, spectral
width in F2 and F1∼4000 Hz, apodization in both dimensions with
squared sinebell shifted byπ/2.
Molecular Modeling. All modeling was performed using Macro-

Model/Batchmin software version 6.0.52 Monte Carlo searches (2000
iterations) and minimizations were run with the constraints shown in
Table 5. The NOEs and ROEs were used as qualitative restraints only,
i.e., protons showing an ROE and/or NOE were constrained to be<5
Å apart. Two searches were performed for the DMSO-d6 and the CDCl3
constraints; calculations were not performed for CD3CN due to the
similarity of the constraints with DMSO-d6. Energy minimizations were
carried out with MacroModel’s TNCG method, using the Amber*53

force field until gradient convergence was achieved. GB/SA solva-
tion54,55 was used with the water parameters for DMSO-d6 and the

(45) At this concentration (approximately 1.9 mM), no indication of
aggregation was noted. Line widths were very sharp in all solvents. D2O
and D2O-organic solvent mixtures were not used due to (a) the very low
solubility of lissoclinamide 7 in aqueous environments and (b) the known
problems with viscosity effects in NOE studies in DMSO- or acetonitrile-
water mixtures: Amodeo, P.; Motta, A.; Picone, D.; Saviano, G.; Tancredi,
T.; Temussi, P. A.J. Magn. Reson.1991, 95, 201.

(46) States, D. J.; Haberkorn, R. A.; Ruben, D. J.J. Magn. Reson.1982,
48, 286.

(47) von Kienlin, M.; Moonen, C. T. W.; van der Toorn, A.; van Zijl, P.
C. M. J. Magn. Reson.1991, 93, 423.

(48) Bax, A.; Davis, D. G.J. Magn. Reson.1985, 65, 355.
(49) Levitt, M.; Freeman, R.; Frenkiel, T.J. Magn. Reson.1982, 47,

328.
(50) Bodenhausen, G.; Kogler, K.; Ernst, R. R.J. Magn. Reson.1984,

58, 370.
(51) Kessler, H.; Griesinger, G.; Kerssebaum, R.; Wagner, K.; Ernst, R.

R. J. Am. Chem. Soc.1987, 109, 607.
(52) Mohamadi, F.; Richards, N. G.; Guida, W. C.; Liskamp, R.; Lipton,

M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C.J. Comput. Chem.
1990, 11, 440.

(53) McDonald, D. Q.; Still, W. C.Tetrahedron Lett.1992, 33, 7743.
(54) Hasel, W.; Hendrickson, T. F.; Still, W. C.Tetrahedron Comput.

Methodol.1988, 1, 103.
(55) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T.J. Am.

Chem. Soc.1990, 112, 6127.
(56) The correspondingΦ angles were determined according to the

following: Pardi, A.; Billeter, M.; Wüthrich, K. J. Mol. Biol. 1984, 80,
741.

Table 5. NMR Constraints Used for Monte Carlo Conformational
Searches of Lissoclinamide 7a

a Protons were not stereospecifically assigned. When ambiguous, the
constraint was made to the carbon atom and 1 Å was added to the
constraint.

Figure 8. Kinetics of conversion of [L-Val]-lissoclinamide 7 to
lissoclinamide 7.
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chloroform parameters for CDCl3. The structures were superimposed
using the backbone atoms and were then filtered further for agreement
with the angle constraints (see Table 5).

Conversion of [L-Val]-lissoclinamide 7 into lissoclinamide 7. A
solution of 2.0 mg (2.7µmol) of [L-Val]-lissoclinamide 7 in 0.5 mL of
CDCl3 was treated with 3µL (37 µmol) of pyridine and warmed to 60
°C. A first-order half-life of 40 h for the conversion to lissoclinamide
7 was detected by1H NMR integration of the two doublets at 0.94 and

0.92 ppm for [L-Val]-lissoclinamide 7 vs the doublet at 0.64 for
lissoclinamide 7 (Figure 8).3,37
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