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Protein kinase C (PKC), a serine- and threonine-phosphory-
lating enzyme, is thought to play central roles in cellular signal
transductions.2 To clarify its physiological roles and to serve,
potentially, as an important compound in anticancer therapies, a
specific PKC inhibitor would be of great use. PKC has a catalytic
site that phosphorylates substrate proteins and a regulatory site
that controls its kinase activity. Since the catalytic site shares
many features with the catalytic sites of other kinases, such as
protein kinase A (PKA), it appears that a specific PKC inhibitor
targeting the regulatory site would be advantageous in terms of
kinase selectivity and/or PKC subtype selectivities. Most of the
potent PKC inhibitors, such as H73 and staurosporine,4 bind to
the catalytic site in competition with ATP, and thus these
inhibitors have the potential to inhibit other kinases. Although
some PKC inhibitors have been reported to act at the regulatory
site,5-7 their mode of interaction with PKC is not fully understood.
The following description of the rational design, synthesis, and
evaluation of a regulatory site-inhibitor of PKC is therefore
presented as a novel approach.
In the inactive state, PKC resides in the cytosol, and the

regulatory site of PKC interacts with the catalytic site through
the pseudosubstrate sequences, preventing the access of substrates
to the catalytic site. PKC is believed to be activated by its
translocation to the membrane and the subsequent conformational
change caused by the binding of phosphatidyl-L-serine (L-PS) and
sn-1,2-diacylglycerol (DAG), an endogenous PKC activator, to
the cysteine rich domain (CRD)8,9 in its regulatory site. Many
structurally diverse agonists have been reported, such as phorbol
12-myristate 13-acetate (PMA), ingenol, aplysiatoxin, bryostatin,

teleocidin, and their derivatives. However, to our knowledge,
there is no mention in the literature of a DAG antagonist. This
is probably because the binding of these agonists is highly
synergetic to the interaction of PKC with a membrane containing
L-PS (Figure 1).
We focused on this unique property of PKC activation. If a

molecule capable of blocking the binding sites of both DAG
(phorbol ester) andL-PS in CRD were made available, it would
likely prevent the interaction with the membrane and keep PKC
inactive in the cytosol (Figure 1). To this end, we designed the
phorbol ester-phosphatidyl-L-serine hybrid molecule (PEPS)1
(Figure 2). Although the exactL-PS binding sites have not been
identified, the design of compound1was based on the results of
the reported photoaffinity labeling experiments using [20-3H]-
phorbol 12-azidobenzoate derivatives.10,11

Synthesis of PEPS (1) was achieved as shown in Scheme 1.
1,2:5,6-O-Diisopropylidene-D-mannitol2 was converted to3 in
five steps.12 Removal of an allyl group, reduction, and protection
of the resulting primary alcohol gave4. The triphenylmethyl
group of4 was converted to an acetyl group, and debenzylation
gave alcohol5. The compound5 and phosphoramidite613 were
treated with tetrazole in anhydrous THF, and oxidation of the
resulting phosphine gave the phosphotriester7. Deprotection of
the silyl ether gave theL-PS portion8. The coupling of theL-PS
portion and the phorbol ester9, which was synthesized from
phorbol in four steps,14 was achieved using Yamaguchi’s method.15
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Figure 1. Strategy for the development of novel PKC inhibitor.

Figure 2. Phorbol ester-phosphatidyl-L-serine hybrid molecule (PEPS).
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Finally, deprotection under acidic conditions gave the target
molecule PEPS (1).
The PKC-binding affinity of PEPS (1) was first examined by

its competitive inhibition of the binding of tritium-labeled phorbol
12,13-dibutyrate ([3H]PDBu) to PKC (mixture ofR, â, andγ
isozymes from rat brain).16 PEPS (1) exhibits significant binding
to PKC, although it is about 10-fold weaker than PMA under
these conditions. Evaluation of the inhibiting effect of PEPS (1)
on PKC activity was then carried out by comparison of the
catalytic activities of PKC stimulated by PMA (10 nM) in both
the absence and presence of PEPS (1) according to the method
of Bell et al. with minor modifications.17 As shown in Figure 3
(lane 1), PEPS (1) significantly inhibited PKC activity. A phorbol
ester derivative10, which lacked theL-PS portion, did not inhibit
PKC activation (lane 2), indicating that theL-PS portion of PEPS
is essential to the inhibition. The inhibition of pure PKC isozymes
(human, recombinant) was also evaluated. PEPS (1) showed
significant inhibition of the PKCR andâI (lanes 3, 4, 5, 7, and
8). To further clarify the importance of specific interaction of
the L-PS portion, the inhibition of PKCR andâI by compound
11,18 which had aD-PS component in place ofL-PS, was
examined.19 The compound11 was found to be a significantly
less potent inhibitor than PEPS (1) (lanes 6 and 9). This result
suggests that recognition of PS region of PEPS by PKC is
stereospecific and that the inhibition of PKC by PEPS is
dependent upon the interaction of PKC at both the phorbol and
L-PS sites of PEPS.
PEPS (1) displayed an ability to act alone as a partial agonist

for PKC, probably because its hydrophobic element still had some
affinity for the membrane.20 Attempts to suppress this undesired
interaction and increase the binding affinity of PEPS (1) for PKC
are now in progress.
In summary, this is the first report on a rationally designed

phorbol ester derivative showing PKC inhibition. Although PEPS (1) would require significant structural modification for therapeutic
applications, the concepts demonstrated herein should pave the
way for further design of novel PKC inhibitors.
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Scheme 1.Synthesis of the Phorbol Ester-Phosphatidyl-L-serine Hybrid Molecule (PEPS)

a (a) IO4
- resin, BH4- resin; (b) BnBr, NaH; (c) 1 N- HCl; 73% (three steps); (d) TrCl, Et3N, DMAP; 94%; (e) 7-allyloxycarbonylheptanoic acid,

DCC, DMAP; 97%; (f) Pd(PPh3)4, morpholine; 92%; (g) BH3‚THF; 92%; (h) TBDPSCl, imidazole; 98%; (i) HCO2H; 72%; (j) Ac2O, Py; 95%; (k)
Pd-C, H2; 93%; (l) 6, tetrazole; 89%; (m)mCPBA, NaHCO3; 76%; (n) HF-Py; 41%; (o) 4-allyloxycarbonylbenzoic acid, DCC, DMAP; 95%; (p)
Pd(PPh3)4, morpholine; 93%; (q) 2,4,6-trichlorobenzoyl chloride, Et3N; then8, DMAP; 69%; (r) anisole in TFA; 76%.

Figure 3. Inhibition of PKC activities by PEPS (1). PKC activities in
the presence of 10 nM PMA and indicated concentration of inhibitors
dispersed in Triton X-100-L-PS mixed micelles were measured.
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