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agarose (lane B), and the PKC preparation after elution
from W7 agarose (lane C). All three lanes contained an 82
kD band characteristic of our PKC preparations [18], and
it is apparent that contaminating bands were less abundant
in the preparations purified on the W7-agarose and CAPP-
agarose columns.

Discussion

In view of the central role of PKC in numerous signal
transduction mechanisms, it is of great interest to develop
specific PKC inhibitors for mechanistic studies of the
enzyme and for potential therapeutic purposes. Several
PKC inhibitors that have been identified, including chlor-
promazine [2] and W7 [3], appear to inhibit PKC by drug-
lipid interactions, but the possibility that there are direct
interactions between these drugs and PKC has not been
investigated prior to this report. In this paper, we show
that PKC interacted directly with W7 and also with a
chlorpromazine analog. These interactions did not require
the presence of phospholipid, Ca**, or other PKC cofac-
tors. Our evidence for direct interactions betwen PKC and
these inhibitors suggests that the mechanism of inhibition
of PKC by cationic amphiphilic drugs does not merely
involve drug-lipid interactions.

Certain PKC inhibitors also inhibit calmodulin-depen-
dent enzymes by binding to calmodulin in a Ca?*-dependent
manner (3,10]. In addition, calmodulin binds to W7
Sepharose and to CAPP Sepharose, in a Ca?*-dependent
manner [12, 13, 17, 19]. In contrast, we find the PKC binds
to W7 agarose and CAPP agarose in a Ca**-independent
manner. A chemically reactive chlorpromazine analog,
[*H] norchlorpromazine isothiocyanate, forms a covalent
one-to-one complex with calmodulin [20]. It will be of
interest to determine whether chemically reactive deriva-
tives of PKC inhibitors bind covalently to the enzyme and
to determine the specific sites on the enzyme to which these
drugs might bind. Such studies could lead to a rationale for
the design of specific PKC inhibitors.

PKC cluted from the W7-agarose column as an asym-
metrical peak and from the CAPP-agarose column in two
peaks (Figs. 1 and 3). These elution profiles may refiect
structural heterogeneity of PKC molecules within the
enzyme preparation. Such heterogeneity would be con-
sistent with the evidence for multiple and distinct PKC-
encoding cDNAs [18,21,22]. Thus, the affinity column
procedures described in the present study may also be
useful in resolving multiple forms of PKC.
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Cytotoxic activity of cyclic peptides of marine origin and their derivatives: importance
of oxazoline functions
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A series of cytotoxic cyclic peptides have been isolated
from marine organisms in the last few years [1-6]. All
of these peptides contain unusual amino acid moieties
involving the thiazole ring as their constituents. Further-
more, except dolastatin 3[5], all of the other peptides have

the unique oxazoline ring. Their intriguing structures and
cytotoxic activities led us to synthesize some of these pepti-
des: dolastatin 3 (the proposed structure and its 15 isomers)
[7,8], ascidiacyclamide [9,10], patellamides A[11],
B[12, 13], and C[12, 13} (their proposed and revised struc-
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tures), and ulithiacyclamide [10, 14]. We then surveyed the
cytotoxic activity of these cyclic peptides and their synthetic
intermediates. This investigation revealed the importance
of the oxazoline ring for cytotoxicity of these peptides.

Materials and methods

Chemicals. Cyclic peptides and their derivatives used for
the cytotoxicity test have been prepared according to our
previous reports {7-14]. As positive controls, clinically used
representive anticancer drugs such as vincristine (VCR), 5-
fluorouracil (SFU), adriamycin (ADM), and 1-(4-amino-2-
methyl-5-pyrimidinyl)methyl- 3- (2-chloroethyl) - 3-nitro-
sourea (ACNU) were employed. These drugs are gifts from
Dr. T. Kato, Aichi Cancer Center Research Institute.
Cyclic peptides and anticancer drugs were dissolved in
DMSO and saline, respectively, and used for cytotoxicity
test.

Growth inhibition of L1210 cells. Mouse leukemia 11210
cells were grown in RPMI-1640 medium (Nissui Seiyaku
Co. Ltd., Tokyo) supplemented with 10% heat-inactivated
fetal calf serum (Gibco, New York), L-glutamine (300 ug/
ml), NaHCO, (2 mg/ml), and kanamycin (100 ug/ml). The
cells were incubated at 37° in a humidified incubator with
5% CO, in air. For the cytotoxicity assay of the compound,
cells (5 x 10°) were suspended in 5 ml of the medium in 60-
mm plastic dish and incubated for 24 hr. Then 25 ul of
DMSO or saline containing appropriate concentration of
the test compound was added to the cell culture and the
mixture was incubated for another 48 hr. At the end of
the incubation, the number of viable cells was counted.
Cytotoxicity assay of each compound was done at least
twice. The median inhibitory dose, 1Dy, the concentration
of the compound that decreases the growth rate of the cells
to 50% of the control cells, was deduced graphically.

Pretreatment of ulithiacyclamide (10) with dithiothreitol.
One mg of 10 and 10 eq. mol of dithiothreitol (2 mg) in
500 ul of DMSO were incubated at 37° for 12 hr. By this
treatment, 10 was almost completely changed to another
product; probably the disulfide bond cleaved compound
which was detected by TLC (silica gel plate,
MeOH: CHCl; = 1:19 v/v, R;0.60; cf. Ry of 10, 0.77) after
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the DMSO in the reaction mixture was removed by freeze-
drying and the residue was solubilized in a small amount
of CHCl;. For the cytotoxicity assay, an aliquot of the
above DMSO solution was added to the cell suspension.
As a control, 10 in DMSO without dithiothreitol was also
examined and we found no decrease of the cytotoxic activity
compared with that of the non pre-treated 10.

Results and discussion

The compounds were evaluated for the cytotoxic effect
against the L1210 cells. Dolastatin 3 (1a) containing two
thiazole rings but no oxazoline rings has been claimed by
Pettit and coworkers [5] to show a high cell growth inhi-
bition (EDs < 1 X 107*-1 X 107" ug/ml) against murine
P388 lymphocytic leukemia cell line. On the contrary,
synthesized dolastatin 3 having the proposed structure la
and its 7 diastereomers (1b—1h) shown in Scheme I had no
activity against L1210 leukemia cells (IDs; > 250 ug/ml).
The reverse isomer 2a of 1a, suggested [5] as an alternative
structure, and its 7 diastereomers (2b-2h) aiso had no
activity (IDs, > 250 pyg/ml). We have already demonstrated
that the melting points, the optical rotations, and the spec-
tral data of these 16 synthesized samples are different
from those of natural dolastatin 3, and concluded that the
structures 1 and 2 assigned to dolastatin 3 require revision
(15, 16].

The structures of other compounds tested are shown in
Scheme II, and their cytotoxic data are summarized in
Table 1.

Of the compounds tested, ulithiacyclamide (10) exhibits
the most potent cytotoxicity which is comparable with that
of presently clinically used useful anticancer drugs. Survey
of Table 1 indicates that the oxazoline function is essential
to display cytotoxicity since the cytotoxicity depends on
whether the oxazoline function is present or not. Even
small peptides having the oxazoline function such as 14
and 15 show moderate but distinct cytotoxicity. This also
suggests that the cyclic skeleton of peptides might not be
essential for cytotoxicity.

Patellamides A—C (3a—c) and ascidiacyclamide (3d) hav-
ing the same carbon skeleton with different side chains
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Table 1. Effects of cyclic peptides and their derivatives
against L1210 leukemia cells

Compd g (ug/m))  Compd Dy, (pig/ml)
3a 80 7 25

3b 15 8 100

3c 12 9 >250*

3d 22 10 0.04
4a 90 101 0.08
4b 6 11 >125*

4c 33 12 >300*

5a >125* 13 >300*

5b 210 14 100

5c >125* 15 33

5d >125* VCR 0.013
6a >125* SFU 0.21
6b >250* ADM 0.14
6¢ >125* ACNU 0.50

* At this concentration, the cell viability was 100% of
that of control cells.

+ Ulithiacyclamide (10) was pre-treated with 10 eq. mol
of dithiothreitol as shown in the Experimental Section.

show more or less similar potency except that patellamide
A (3a) is much weaker. Our results agree, in part, with the
reported ones [2], in which 3a displays cytotoxicity of the
same order of magnitude as others (3b and 3c). Asci-
diacyclamide is also reported [6] to show an extremely
lethal effect on PV, culture cells transformed with polyoma
virus, the result of which is parallel to our cytotoxic data.
We have already revised the proposed structures 4a—c {2, 3]
of patellamides A-C to 3a—c by synthetic studies [11-13].
Interestingly, however, patellamides with the originally
proposed structures 4a—c also exhibited similar cytotoxicity
to those with the revised structures 3a—c. This again suggests
the cyclic skeleton of peptides is not necessarily essential.

Ulithiacyclamide (10), the most potent cytotoxic peptide,
also has the same carbon skeleton as those of patellamides
A-C (3a—c) and ascidiacyclamide (3d), but it has a unique
disulfide bridge which will assist to fix the conformation of
the molecule. Interestingly, decrease of its cytotoxicity was
observed by treatment of 10 with dithiothreitol known as
a reagent to cleave the disulfide bond. This result suggests
that the fixed conformation and/or disulfide bridge may be
necessary to improve cytotoxic activity. Although we must
wait for further investigation on why these peptides display
cytotoxicity, the above data show the necessity of the
oxazoline function for the cytotoxicity of cyclic peptides
and their derivatives. The study on the mechanism is in
progress.

In summary, cytotoxic activity of cyclic peptides of mar-
ine origin and their derivatives was investigated using 1.1210
murine leukemia cells in culture. Ulithiacyclamide (10)
having the oxazoline function and the disulfide bridge has
shown marked cytotoxicity. The importance of the oxazo-
line function for cytotoxicity has been well documented.

+ To whom correspondence should be addressed.
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