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Evaluation of series of isobenzofuranone dimers as PKCa ligands:
implication for the distance between the two ligand binding sites
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Abstract—Protein kinase C (PKC) is a family of enzymes, which play important roles in intracellular signal transduction. To
examine the distance between the two ligand binding sites (C1A and C1B) of PKC, we designed and synthesized two series of
isobenzofuranone dimers. Peak binding activities were observed for the C3-acyl chain dimers having a C,p—C; linker and for the C7

dimers having a C;4—Cjs.
© 2004 Elsevier Ltd. All rights reserved.

Protein kinase C (PKC) is a family of Ser/Thr kinases
involved in important intracellular signaling pathways.!
The isozymes are divided into three classes, conven-
tional PKCs (a, BI/BIL, v), novel PKCs (9, €, 1, 0), and
atypical PKCs (C, 1/\) according to the structure of the
regulatory domains. DAG (1,2-diacyl-sn-glycerol) is a
physiological ligand for the former two classes of iso-
zymes. Phorbol esters such as TPA are strong activators
of PKCs. In the case of the conventional PKCs, the
regulatory domain includes the C1 domain, which is
composed of tandem ligand-binding domain C1A and
C1B, and the C2 calcium-binding domain. The novel
PKCs have a similar C1 domain structure, but their C2
domain does not bind calcium ion. A single ligand-
binding domain, which lacks DAG binding affinity
exists in the atypical PKCs. The molecular mechanisms
of activation of the isozymes are of particular interest,
but have not yet been fully clarified.? Crystal and NMR
structures of the C1B domain and C2 domain have been
reported,’ but there is no structural information about
the active form of the whole PKC molecule so far. This
is because of the complex nature of active PKC,
involving many activators, such as DAG, Ca’", and
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phospholipid-containing membrane. Since no large
structural difference was observed between the free and
phorbol 13-acetate-bound C1B domain of PKCS3, it is
likely that a drastic change of the relative arrangement
of the C1A and C1B domains is the key to the confor-
mational change of PKC upon activation. Although
several models of the relative CIA-C1B arrangement
have been proposed on the basis of molecular modeling
studies,* experimental studies are required to determine
which model is most appropriate. Thus we planned
to synthesize a series of dimeric ligands to obtain infor-
mation about the inter-site distance and relative orien-
tation of the two ligand binding sites, C1A and CIB.

As described in the previous paper, we have developed a
new isobenzofuranone-type PKC ligand 1 (Fig. 1).° This
isobenzofuranone 1 has a rigid core structure and two
separate variable sites at the C3-acyl group and C7
position. In contrast, the two variable sites of phorbol
ester are located at similar positions (C12 and C13).
Thus, we selected isobenzofuranone as a probe ligand to
examine the distance between the two ligand binding
sites, even though the binding affinity of this iso-
benzofuranone skeleton itself is weaker than that of the
phorbol skeleton (Fig. 2).

Two series of dimers (R,R)-4 and (R,R)-7 were syn-
thesized from the optically active isobenzofuranone
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1a: R® =Bn, R* = CH3
1b: R = Bn, R* = (CHy)1oCH3
1c: R® = (CHp)11CH3, R*=CHjs

Figure 1. Structure of the phorbol esters and the isobenzofuranone
ligands.

Figure 2. Distances between two different points of a dimeric ligand
bound to PKC.

intermediates (S)-2 and (S)-5, respectively.® Various C3-
acyl chain dimers (R,R)-4a-k were synthesized by the
reaction of (S)-2 with the corresponding dicarboxylic
acid chlorides followed by deprotection with HF-pyri-
dine complex. For the preparation of a series of C7 di-
mers, two molecules of (S)-5 were connected with
various ether linkers by means of the Mitsunobu reac-
tion, followed by deprotection to give (R,R)-7a-j
(Scheme 1).6

Next, the binding affinity of the isobenzofuranone
dimers to PKCa was examined by measurement of
competitive inhibition of the binding of tritium-labeled
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phorbol dibutyrate (PH]JPDBu) to PKCo at 100 pM.>
Details of the assay method were reported previously.’
As shown in Fig. 3A, the binding affinity of the dimers
4a-h, in which the acyl group at the C3 position is
connected with a methylene linker, exhibited a clear bell-
shape relationship depending on the length of the
methylene linker. Compounds 4d and 4e having Cy and
Cy; linkers bound most strongly to PKCa, being much
more potent than the corresponding acetate monomer
la. The dimers with either longer or shorter methylene
linkers showed much weaker binding. The dimers with
the rigid benzene linkers, 4i-k, showed negligible bind-
ing, indicating that these linkers prevent effective inter-
action with PKC. Since a hydrophobic side chain is
known to enhance binding of a monomer ligand, pre-
sumably through interaction with the membrane, part of
the positive effect of increasing the number of methylene
groups may be due to this hydrophobic effect. Indeed,
the monomer 1b having C, side chain indicated higher
binding affinity compared with the acetate 1a. However,
the drastic decrease in the affinity of the dimers having a
more hydrophobic, longer methylene linker such as 4g
and 4h strongly suggests that the second isobenzofura-
none group of the dimers 4d and 4e should, at least,
have a positive interaction with the second ligand
binding site, though it is still difficult to obtain a direct
evidence of the binding to the second site.

The binding profile of the C7 methylene dimers 7a—j is
shown in Fig. 3B. Compounds 7f-h having C;—Cjs
linkers exhibited the strongest binding to PKCa. As the
length of the linker is increased from Cy to C;s, the
binding is also increased (7a-g), and the binding
strength of the C;4—C;s dimers 7f-h seems to be the
maximum. The dimers 7i and 7j with much longer Cy,
and C,4 linkers showed much weaker binding to PKCa.

Figure 4 shows the dose-dependent inhibition curves of
the monomers la and 1c and the dimers 4d and 7g for
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Scheme 1. Synthesis of the optically active isobenzofuranone dimers. (a) CICO-Y-COCI, NEt;, DMAP, CH,Cl, (3a, 84%; 3b, 91%; 3¢, 89%; 3d, 72%;
3e, 88%; 3f, 75%; 3g, 33%; 3h, 51%; 3i, 62%; 3j, 86%; 3k, 84%); (b) HE-Py, pyridine-CH,Cl, (4a, 47%; 4b, 88%; 4c, 94%; 4d, 91%,; de, 82%; 4f, 94%,;
4g, 54%; 4h, 48%; 4i, 90%; 4j, 97%; 4k, 96%; Ta, 87%; b, 84%; Tc, 91%; 7d, 89%; Te, 78%; T, 45%:; Tg, 75%:; Th, 53%; Ti, 92%, Tj, 56%); (c)
HO(CH,),OH, DEAD, PPh;, THF (6a, 98%; 6b, 87%; 6c, 85%; 6d, 82%; 6e, 77%,; 6f, 93%; 6g, 74%; 6h, 85%; 6i, 88%:; 6j, 95%).
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Figure 3. Inhibition of binding of [PHJPDBu to PKCa by the iso-
benzofuranone dimers (100 uM). PKCa 4.3-4.8 nM, [*'H]PDBu 10nM,
CaCl, 4mM, PS 100 pg/mL, BSA 4 mg/mL, S0 mM Tris-HCI (pH 7.5).
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Figure 4. Dose-dependent inhibition curves of la,c, 4d, and 7g for
[*H]PDBu binding to PKCao..

PH]PDBu binding to PKCa. The binding affinity of
the dimer 4d was about two orders of magnitude
higher than that of the monomer 1a. The dimer 7g also
binds to PKCa about 10 times more strongly than the
monomer lec.

According to our binding model of isobenzofuranone
derivatives,’ the C7 oxygen of the isobenzofuranone
would occupy a similar position to the C12 oxygen atom
of phorbol in the phorbol 13-acetate-PKCd complex.
Synthesis and evaluation of several phorbol ester dimers
with methylene linkers were also reported.*®”® The
phorbol dimers with C;,—C;; methylene ester linkers
(corresponding to Cj,—Cy¢ linkers if the carbonyl car-
bons are also counted) showed much stronger binding to
PKC compared with the dimers with C¢ and/or C,
methylene linkers. These results are consistent with our
findings on the isobenzofuranone derivatives.

Recently C1A and C1B domains of PKCa were reported
to have different ligand preference. Binding affinity of
phorbol esters with C1B is much higher than that with
Cl1A. In contrast, DAG binds C1A more strongly than
C1B.° Although it is difficult to know the binding
affinity to C1A by the assay using [’HJPDBu, the iso-
benzofuranone derivatives are likely to have affinity not
only to C1B but also to C1A.

In conclusion, we have synthesized two series of iso-
benzofuranone dimers 4 and 7, and evaluated their
PKCo binding affinity. Peak binding activity was
observed for the C3-acyl chain dimers 4 with C;—C;
linkers and for the C7 dimers 7 with C4,—C¢ linkers.
These experimental facts should provide useful infor-
mation for modeling studies of the whole PKC molecule
and for the design of novel agonists or antagonists.
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