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Abstract : In order to obtain selective protein kinase C (PKC) inhibitors competitive toward ATP, an efficient synthetic process of a
series of monoindolylmaleimide derivatives was achieved. As expected from the PKC/PKA homology, the PKC selectivity was
promoted by addition of amine chains on the maleimide ring. The most active derivative could be used as starting molecule for the
preparation of specific PKC isotype inhibitors according to the bisubstrate concept.

The mammalian protein kinase C (PKC) family consists of twelve related isotypes that play a pivotal role in
the signal transduction pathways of a variety of hormones, cytokines, neurotransmitters and growth factors1-5.
Recently, potentially different functions of PKC isotypes in proliferation and differentiation of various cell types
have been addressed®. Therefore, specific PKC isotype inhibitors could be very useful tools in the understanding
of the different PKC dependent cellular processes and in the search for drugs in diseases such as human cancers,
disorders of the immune system and other metabolic systems.

All PKC isotypes display the same structural organization consisting in two domains : a regulatory domain
and a catalytic domain which possesses two sites binding respectively ATP and peptidic substrates. Blocking of
ATP or peptidic substrate site is a means to inhibit PKC. Until now, most of described inhibitors interacting with
the catalytic domain were ATP-competitive compounds, including isoquinoline sulfonamides’ and microbial
metabolites possessing an indolocarbazole unit as staurosporine8 and K252 a,b%. Unfortunately, these
compounds show little selectivity for PKC over other kinases. In the search for selective and potent PKC
inhibitors, several groups have chosen staurosporine as a structural lead to derive a series of bisindolylmaleimides
with a significantly improved selectivity for PKCI0-13, Following a bisubstrate approach, we have previously
reponed14 the design of PKC inhibitors suitable to interact simultaneously with the ATP and the protein substrate
binding domains. In our initial design, we had tried to achieve PKC specificity using recognition rules13-19 at
the peptidic substrate level as at this time no PKC specific ligand for the ATP binding site was known.

Although very potent inhibitors were obtained, their lack of specificity could be attributed to the use of a
non specific isoquinoline or naphtalenesulfonamide derivative as ATP mimic. Therefore our efforts have been
focused on the synthesis of a more specific PKC ATP mimic which could be linked to a peptidic sequence.
Eventually, this peptidic sequence might be chosen in the pseudosubstratezo'21 region of the different PKC
isotypes in order to lead to an isotypic specificity.

As no structural data was available for PKC, we used the crystal structure22 of the catalytic domain of
c-AMP dependent protein kinase (PKA)23-25 recently accessible from the Protein Data Bank and the high
sequence homology (40 %) between the PKA and PKC catalytic domains to extrapolate a model of the catalytic
domain of PKC. According to the PKA-PKC sequence alignment, a major difference was observed in a region
close to the ATP binding site and to the C-terminal part of the peptide inhibitor PKI(5-24) bound to PKA : the
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amino acids leucine 82, lysine 83 and glutamine 84 of PKA are replaced by three adjacent negatively charged
aspartic acids in PKC (Figure 1).

Taking advantage of this information, we describe in this paper an efficient synthetic route to a series of
monoindolylmaleimides possessing different amine chains on the maleimide ring. These functions were
introduced in order to interact with the previously described acidic region and to allow the extension with a

peptidic sequence according to the bisubstrate concept (figure 2).
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Figure 1. Schematic representation of the PKA catalytic site according to the crystal structure of the ternary
complex PKA-PKI(5-24)-ATP22 showing : the ATP molecule in its glycine-rich binding site, the C-terminal
region of the peptide inhibitor PKI(5-24) and the three amino acids Leu 82, Lys 83 and Gln 84 replaced in PKC
by three aspartic acids (in brackets).
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Figure 2.

The monoindolylmaleimide derivatives 5-1035 were synthesized as shown in Scheme 1 : addition of
indolylmagnesium bromide to a 2,3-dibromo-N-protected maleimide, protection of the indolic nitrogen and finally
substitution of the bromine atom by an amine. Protecting groups on the maleimidylimine and the indolic nitrogen
were used to avoid side reactions. Although various protecting groups have been described in the literature for the
protection of the imino function including 4-methoxybenzyl, anisyl, allyl, benzyloxymethyl, 1-oxy-2-picolyl,
benzyl or mcthy126, the use of these different N-protecting groups was not possible in the synthesis of
staurosporinone, the imino analogue of staurosporine26,
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Besides, while N-methylation was successfully employed in the synthesis of arcyriarubin B structurally
related to the aglycon of staurosporine27 and GF 109203X another bisindolylmaleimide PKC inhibitor13, in our
series the final removal of the methyl protecting group employing the usual conditions (i : refluxed aqueous or
ethanolic KOH. ii : HCI 2N and ammonium acetate, 140°C) did not yield the desired amines.
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Scheme 1. a) tritylCl, TEA, CHCl3, O°C ; b) indolylMgBr, toluene-THF, 50°C ; ¢) Boc0O, DMAP, THF,
0°C ; d) amine, CHCl2, room temperature ; ¢) pure TFA.

This led us to investigate for the imino protection, the use of acidic labile groups which would offer the
advantage of allowing a single final deprotection step28. Tritylchloride (C6H5)3C-Cl and its analogues 4-
methoxytrityl and 4,4'-dimethoxytrityl were thus introduced on 2,3-dibromomaleimide 134 in the presence of
triethylamine. Only the first reagent gave a N-protected product 2 stable enough to allow an easy purification with
a good yield. Compound 3 obtained by reaction of 2 with indolylmagnesium bromide was converted into its N-
tert-butyloxycarbony! derivative 4 by treatment with di-tert-butyl dicarbonate in the presence of 4-
(dimethylamino)pyridinc”. The nucleophilic substitution of 4 by different primary diamines or polyamines taken
in excess was performed in dichloromethane. The different products of substitution were purified by thick layer
chromatography, deprotected by TFA and then precipitated by dropwise addition of the TFA solution into diethyl
ether. The inhibitory capacities of compounds 5-10 towards PKC (B isoform) and PKA were tested using
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histones III S and histones IT A respectively as substrates. IC5( determinations for the two protein kinases are

given in Table 1, along with the non-specific inhibitor H-77 and GF 109203X!3 for comparison.

Table 1. Inhibitory potencies for compounds 5-1635. 36

compounds R PKC IC50 (uM) PKA IC50 (uM)

5 NH-(CH?2)2-NH3 90 100

6 NH-(CH?2)s-NH?2 8 300

7 NH-(CH3)6-NH2 40 50

8 NH-(CH2)7-NH2 5 150

9 NH-(CH2)2-NH-(CH2)2-NH2 120 310

10 NH-(CH2)3-NH-(CH2)3-NH2 100 390

11 NH-(CH?2)5-NH-Arg 60 no inh.

12 NH-(CH32)5-NH-Phe 120 no inh.

13 NH-(CH?)5-NH-Glu 105 390

14 NH-(CH2)5-NH-(CH?2)2-NH? 110 > 500

15 NH-(CH2)s-NH-(CH2)2-NH-Arg 8 210

16 NH-(CH2)5-NH-(CH2)2-NH-Phe 95 120

GF 109203X 0,01 2
H-7 6 3

With the exception of § and 7, the different amines were selective toward PKC versus PKA. 1.5

diaminopenty! 6 and 1,7 diaminoheptyl 8 derivatives showed the best inhibitory potencies in the micromolar

range while compounds 9-10 with an alkyl chain including three amino groups were less active.
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In order to investigate its mechanism of PKC inhibition, the most selective compound 6 was tested for its
competitive effect toward ATP and toward histones IIIS. The results clearly indicated that this compound was
competitive toward ATP with a Kj value of 10 pM and not competitive toward histones. As the PKC and PKA
ATP binding sites are very similar, PKC specificity can be due as expected to the interaction between its terminal
amine group and the acidic region found only in PKC.

To the suitable ATP mimic 6, we decided to couple the first amino acid which would serve as a cornerstone
for the subsequent addition of a peptidic sequence. Arginine, phenylalanine and glutamic acid were thus chosen
for their different polarities and linked to the protected form of 6 either directly or after elongation with an
aminoethylene group to preserve the terminal basicity. In the last case, the protected form of 6 was first treated
with 2-bromoethylamine to yield the protected form of 14. Addition of arginine, phenylalanine or glutamic acid
was attempted by the DCC/HOBt method with respectively Fmoc-Arg(Pmc)-OH33, Boc-Phe-OH33 and Fmoc-
Glu(OtBu)-OH33, Whatever the conditions, the protected form of 14 did not react with the glutamic derivative.

The resulting protected derivatives were purified by thick layer chromatography and submitted to the final
TFA deprotection to give 11-13 and 15-16. The Fmoc protecting group of glutamic acid and arginine
derivatives required a cleavage step with piperidine 20 % in DMF before the final acid deprotection. In the case of
the arginine derivatives the transfer of the Pmc group to the indolic nitrogen was observed as described in peptide
solid phase synthesis30 but could be avoided by the use of ethanedithiol and thioanisole as scavengers.
Simultaneous removal of the protecting groups Boc and Pmc was thus achieved by treatment with TFA (85 %),
water (5 %), ethanedithiol (5 %) and thioanisole (5 %). The trityl protecting group proved to be resistant and
required a final treatment with pure TFA to be completely removed as checked by mass spectrometry or 1H
NMR. Each deprotected product was finally precipitated by dropwise addition of the TFA solution into diethyl
ether.

As shown in Table 1, acylation of 6 with any of the three amino acids leads to less active compounds 11,
12, 13 demonstrating the importance of the terminal primary amine for recognition by PKC. When 6 was first
elongated with an aminoethylene group, acylation with phenylalanine yields a less active and non selective
compound 16 ; on the contrary, acylation with arginine whose side chain is known to be involved in the
recognition of protein substrates by PKC leads to the potent and selective inhibitor 15 (IC50 : 8 uM for PKC
versus 210 uM for PKA).

In conclusion, we have developed a convenient synthesis of a series of monoindolylmaleimide derivatives
functionalized with various amine chains ; an original maleimide protection by the trityl group has been achieved.
Compound 6 is the most PKC selective inhibitor and interacts with the ATP binding site. Compound 15 which
includes an additional aminoethylene chain and an arginine residue proves to be the best derivative. It can be a
good lead for the design of specific PKC isotype inhibitors in a bisubstrate approach ; additional amino acids
should be added in order to increase the interaction with the peptidic recognition site.

A w n

We are extremely grateful to D. H. COSTE (GLAXO laboratories, les ULLIS, France) for providing protein
kinase C. We gratefully thank P. LEMIERE for skillfull technical assistance.



2850

o 0 I N W —

._._.._.._
bl A

14.
15.

16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34.
35.

36.

M. HE et al.

References and notes

Nishizuka, Y.; Nature. 1984, 308, 693.

Nishizuka, Y.; Science. 1984, 225, 1365.

Asendel, C. L.; Biochem. Biophys. Acta 1985, 822, 219.

Kikkawa, U.; Kishimoto, A.; Nishizuka, Y.; Annu. Rev. Biochem. 1989, 58, 31.

parker, P. J.; Kour, G.; Marais, R. M.; Mitchell, F.; Pears, C.; Schaap, D.; STabel, S.; webster, C.;
Mol. Cell. Endocroinol. 1989, 65, 1.

Dekker, L. V.; Parker, P. I.; Tibs. 1994, 73.

Hidaka, H.; Inagaki, M.; Kawamoto, S.; Sasaki, Y.; Biochemistry. 1984, 23, 5036.

Tamaki, T.; Nomoto, H.; Takahashi, I.; Yato, Y.; Morimoto, M.; Tomita, F. Biochemical and
Biophysical Research Communications. 1986, 135, 2, 397.

Kase, H.; Iwahashi, K.; Nakanishi, S.; Matsuda, Y.; Yamada, K.; Takamashi, M.; Murakata, C.; Sato,
A.; Kaneko, M. Biochemical and Biophysical Research Communications. 1987, 142, 2, 436.
Davis, P. D.; Hill, C. H.; Lawton, G.; Nixon, J. S.; Wilkinson, S. E.; Hurst, S. A.; Keech, E.; Turner,
S. E. J. Med. Chem. 1992, 35, 177.

Davis, P. D.; Elliot, L. H.; Harris, W.; Hill, C. H.; Hurst, S. A.; Keech, E.; Kumar, K. H.; Lawton,
G.; Nixon, J. S.; Wilkinson, S. E. J. Med. Chem. 1992, 35, 994,

Bit, R.A.; Davis, P. D.; Elliot, L. H.; Harris, W.; Hill, C. H.; Keech, E.; Kumar, H.; Lawton, G.; Maw,
A.; Nixon, J. S.; Vesey, D. R.; Wadsworth, J.; Wilkinson, S. E. J. Med. Chem. 1993, 36, 21.
Toullec, D.; Pianetti, P.; Coste, H.; Bellevergue, P.; Grand-Perret, T.; Ajakne, M.; Baudet, V.;
Boissin, P.; Boursier, E.; Loriolle, F.: Duhamel, L.; Charon, D.; Kirilovsky. J.Biol Chem. 1991,
266, 24, 15771.

Ricouart, A.; Gesquiere, J. C.; Tartar, A.; Sergheraert, C. J. Med. Chem.1991, 34, 73.

O'Brien, C. A.; Laurence, D. S.; Kaiser, E. T.; Weinstein, 1. B. Biochem. Biophys. Res. Commun.
1984, 124, 296.

Turner, R. S.; Kemp, B. E.; Su, H.; Kuo, J. F. J. Biol. chem. 1985, 260, 11503.

House, C.; Wettenhall, E. H.; Kemp, B. E. J. Biol. Chem. 1987, 262, 772

woodgett, J. R.; Gould, K. L.; Hunter, T. Eur. J. Biochem. 1986, 161, 72.

Ferrari, S.; Marchiori, F.; Borin, G.; Pinna, L. A. Febs Lett. 1985, 184, 72.

House, C.; Kemp, B. E. Science 1987, 338, 1725.

Hug., H.; Sarre, T. F. Biochem. 1993, 291, 329.

Entry 1ATP, Protein Data Bank, version of october 93; Chemistry Department, Brookaven National
Laboratory, Upton NY 11973 U. S. A.

Knighton, D. R.; Zheng, J.; Eyck, L. F. T.; Ashford, V. A.; Xuong, N. H.; Taylor, S. S.; Sowadski,
J. M. Science. 1991, 253, 407

Knighton, R. R.; Zheng, J.; Teneyck, L. T.; Xuong, N. H.;Taylor, S. S.; Sowadski, J.M. Science.
1991, 253, 414.

zheng, J.; Trafny, E. A.; Knighton, D. R.; Xuong, N. H,; Taylor, .S. S.; Eyck, L. F.; Sowadski, J. M.
(To be published).

Hughes, I.; Nolan, N. P; Raphael,. R. A. J. Chem. Soc. Perkin. Trans. 1990, 1 | 2475.

Brenner, M .; Rexhausen, H .; Steffan, B.; Steglich, W. Tetrahedron. 1988, 44, 10, 2887.

Sieber, T. L. Tetrahedron letters. 1991, 32, 6, 739.

Grehn, L.; Ragnarsson, U.; Angew. Chem. Int. Ed. Engl. 1984, 23, 296.

Riniker, B.; Hartmann, A. Peptides (chemistry, structure and biology); Riviers, J. E.. Marschall, G.
R., Eds.; ESCOM Press : 1990, 1-1113.

Brown J.P. BRIT |, 026, 442 (1966).

Elvidge, 1. A.; Golden, 1. H.; Linstead, R. P. J. Chem. Soc. 1957, 51, 2466.

Abbreviations : Boc, tert-butyloxycarbonyl; Boc20, di-tert-butyl dicarbonate; DCC,
dicyclohexylcarbodiimide; DMAP, 4-(dimethylamino)pyridine; Fmoc, fluorenylmethoxycarbonyl;
HOBLt, 1-hydroxybenzotriazole; Pmc, 2,2,5,7,8-pentamethylchroman-6-sulfony!; TEA, triethylamine;
TFA, trifluoroacetic acid; THF, tetrahydrofuran.

3,4 dibromo pyrrole 2,5 dione I was synthesized as previously described31-32,

All new compounds gave 1H NMR and Ms consistent with their structure and elemental analytical
data were satisfactory for all protected derivatives.

For a detailed description of PKA-PKC inhibition tests see reference 14.

Molecular modeling was performed using the Insight II module of the BIOSYM software (BIOSYM
Technologies, San Diego) implemented on a INDIGO R4000 Silicon Graphics workstation.
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