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Abstract: The synthesis and in vitro protein kinase C (PKC) inhibition of a series of staurosporine derivatives is described. Essential
for activity is a free NH of the lactam portion of the molecule. A large variety of substituents is tolerated at the secondary amine,
although in most cases these modifications lead to a decrease in activity. Acylation of the methylamino group leads generally to the
most selective derivatives with respect to other serine/threonine and tyrosine kinases.

The multifunctional serine/threonine-specific protein kinase C (PKC), the major receptor for a number of tumor promoting
agents utilizes diacylglycerol (DAG) and/or other lipids in combination with calcium to modulate various cellular functions!-9,
Recent molecular cloning revealed that PKC consists of a family of related but distinct enzymes!-3). The PKC subtypes can be
classified into 3 groups comprising the conventional calcium-dependent PKC subtypes (cPKCs: a-, l-, BII- and y-PKC), the non-
conventional calcium-independent PKC isoforms (nPKCs: 8-, e-, n- and 8-PKC) and the atypical calcium-independent and DAG or
phorbol ester unresponsive PKC subtypes (aPKCs: {- and A-PKC). The finding that tumor promoting phorbol esters such as 12-0-
tetradecanoyl-phorbol-13-acetate (TPA) were able to replace the endogenous activator DAG in the stimulation of PKC has provided
insights into the role of this enzyme family in the regulation of a variety of cellular processes such as exocytosis, gene expression,
proliferation, differentistion and tumor promotionl-9), The various PKC subtypes show distinct enzymological properties,
differential tissue expression with specific subcellular localization and different modes of cellular regulationl9). These features
combined with the finding that more than one subtype of PKC is usually expressed in a single cell type have led to the impression
that each member of the PKC family plays discrete roles in the processing of various physiological and pathological responses to ex-
tracellular stimuli.

The scenarios of multistep carcinogenesis suggest close cooperativity between oncoproteins and PKC in regulating cellular
growth and neoplastic transformation. Various oncogenes increase DAG levels and activation of PKC by TPA or overexpression of a
specific PKC isoform enhances the transforming potenrial of various oncogenes!-9). These findings, indicate that deregulated PKC
activity contributes to the uncontrolled proliferation of tumor cells making PKC an attractive target for the development of antitumor
agents.

Staurosporine (1), an alkaloid first isolated by Omura et al. 10) and found almost a decade later to be a very potent inhibitor of
PKC by Tamaoki et al.11) was the lead structure for the present study. However, staurosporine is completely unselective with respect
to inhibition of other protein kinases including tyrosine-specific protein kinases! D) (sce also table I). In the last decade a large
number of alkaloids have been isolated and reported to contain an identical or closely related indolecarbazole moiety as
staurosporine or to differ in the “glycosidic” part of the molecule. These include K-252a-d12-14), UCN-0115,16), and its methyl
etherl?), TAN-999 and TAN-1030A18), RK-286C19:20), 7-oxo-staurosporine RK-140921,22) and RK-1409B23). In order to
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improve the selectivity of this very potent and interesting class of compounds we have synthesized derivatives of staurosporine and
tested them on a a variety of of serine/threonine- or tyrosine-specific protein kinases.

Chemistry: The staurosporine derivatives shown in tables I and II have been synthesized by standard alkylation and acylation
reactions starting from staurosporine, and most of them were purified by chromatography on silica gel. Accordingly, alkyl
derivatives 2-5 and 7 were obtained by reaction of staurosporine with the corresponding alkyl iodides and bromides in N,N-
dimethylformamide (DMF) in the presence of N,N-diisopropylethylamine. N-Phenyl-staurosporine (6) was prepared by reaction of 1
with a 1 N phenyl-diazonium chloride solution in dioxane for one hour, and the acetic acid derivative 8 was obtained by hydrolysis
of ester 7 with sodium hydroxide in methanol. Reaction of staurosporine with neat acrylonitrile at 140°C (sealed tube) for 44 h gave
the 2-cyanoethyl derivative 9, and reaction of 1 with 1,2-epoxyhexane at 110°C in ethanol (sealed tube) for 24 h yielded the 2-
hydroxy-1-hexyl derivative 10. Most of the acylation reactions at the secondary amine of staurosporine were performed with the
corresponding acid chlorides in chloroform in the presence of one equivalent of N,N-diisopropylethylamine (12, 14, 20-30, table I).
Acetic anhydride, trifluoroacetic anhydride, succinic anhydride, and di-tert-butyl dicarbonate were used to prepare 11, 15, 18, and
19, respectively. The thiourea 13 was obtained by reaction of 1 with methyl isothiocyanate, and 16 was obtained by coupling 1 with
the BOC-glycine using DCC and HOBT. Cleavage of the BOC group in 16 with HCVethyl acetate gave glycyl derivative 17, and the
carboxylic acid 31 was generated by hydrolysis of ester 30 with sodium hydroxide in methanol. Alkylation of the lactam nitrogen of
N-benzoyl-staurosporine (20) with sodium hydride and benzyl bromide or methyl bromoacetate gave 32 and 33, respectively (table
11). The synthesis of the oxygenated products shown in table Il was achieved by oxidation of the 7-position in N-BOC-staurosporine
(19) or N-benzoyl-staurosporine (20) with chromium-trioxide pyridine complex24) in dichloromethane to give 34 and 40,
respectively. Deprotection of 34 using trifluoroacetic acid in dichloromethane gave 7-oxo-staurosporine (35) which was then reduced
with sodium borohydride in dichloromethane/isopropanol to give a mixture of all four possible isomeric hydroxy compounds 36-39.
These could be separated by preparative HPLC on a Lichrosorb Si<60 column (16x250 mm) using a mixture of
dichloromethane/isopropanol saturated with water as cluent. By comparison of the 1H.NMR data and the optical rotations of 36 and
37 with those reported by Takahashi et al.16) it was concluded that 36 corresponds to UCN-01 and 37 to UCN-02, respectively. All
the compounds shown in tables I to I were charactcrized by their TH-NMR, FAB-MS and IR spectra.

Results and Discussion: As already mentioned, staurosporine is an unselective protein kinase inhibitor with the exception of
the protein tyrosine kinase activity of the EGF receptor (EGF-R) which is somewhat less sensitive. The same is true for all the alkyl
derivatives listed in table I (entries 1 to 10). It is also evident from the data that the alkylation of the secondary amine is
accompanied with a loss of inhibitory activity towards PKC and with only a marginally improved selectivity. The only exception is
the quaternary ammonium salt 4 which is about equipotent to I and shows a moderate selectivity with respect to cAMP-dependent
protein kinase (PKA).

Table 1 (entrics 11 to 31) summarizes our results obtained with acyl substituents at the secondary amine. Again a drop in
PKC activity can be observed but in some examples the concomitant loss of activity on the other kinases is much more pronounced,
which results in an overall increase in selectivity. One such compound is N-benzoyl-staurosporine (20) which shows good selectivity
for PKC as compared to all kinases tested except for phosphorylase kinase (PPK), an observation made with all the staurosporine
derivatives prescnted in this study. PPK seems to have very similar structural requirements as PKC for this class of compounds. In
order to further improve the potency and/or selectivity of 20, derivatives 21-31 were synthesized. No additional improvement could
be achieved, except for the dinitro derivative 28 which is completely inactive on PKA and the EGF-R but at the same time is 20
times less potent on PKC than staurosporine.
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Table [ Inhibition of protein kinases by alkyl and acyl derivatives of staurosporine (1), ICsg [UM]:

LaYad
Hr WCH,

o™

=

Comp. R PKC PKA PPK S6-K PTK C-31c
1 H (Staurosporine) 0.006 0.015 0.003 0.005 0.1 0.35
2 Et 0.10 1.6 0.07 0.33 0.24
3 Me, Me 0.032 0.068 0.021 0.05 0.019
4 Et, Me 0.014 0.27 0.018 0.043
s Benzyl 0.70 0.48 0.10 091
6 Phenyl 0.63 0.055 0.015
7 Carbomethoxymethyl 0.26 3.2 0.44 1.3
8 Carboxymethyl 0046  0.14 0.01$ 0.031
9 2-Cyanocthyl 0.19 14 0.024 11

10 2-Hydroxy-1-hexyl 0.14 0.36 0.05 1.3

11 Acetyl 0.075 1.5 0.01 26

12 Methoxycarbonyl 0.18 0.48 0.04 24

13 N-Methyl-thiocarbamoyl 0.041 1.6 0.01 0.9 12.5

14 Methylsulfonyl 0.081 1.0 0.019 11

15 Trifluoracetyl 0.13 17.0 0.01 0.1 6.4

16 BOC-glycyl 0.064 225 0.12 0.2 3.5 0.16
17 Glycyl 0.014 0.36 0.051 0.22

18 Succinoyl 0.04 0.7 0.062 0.16 0.2
19 BOC 0.35 28 0.42 1.0 13.5

20 Benzoyl 0.050 24 0.048 5 1.9 0.8
21 Cyclohexanoy! 0.56 1.57 0.08

22 Nicotinoy! 0.031 0.38 0.012 8.18

23 2-Pyrazinoyl 0.036 075 0.020 3.18

24 2-Chiorobenzoyl 0.23 1.5 0.078 47

25 3-Chlorobenzoyl 0.57 6.8 1.9 4.6

26 4-Chlorobenzoyl 0.35 26 0.32 7.0

27 3-Nitrobenzoyl 0.063 25 0.06 0.1 48

28 3,5-Dinitrobenzoyl 0.125 > 100 0.37 0.2 >70

29 4-Methoxybenzoyl 0.27 15 0.13 3.6

30 Methy! 4-terephthaloyl 0315 367 0.053 14

31 4-Terephthaloyl 0.062 10.0 0.03 0.1 0.11

In order to explore the influence of a substituent on the lactam nitrogen of 20, the two derivatives 32 and 33 shown in table II
were synthesized. Surprisingly these two compounds were completely devoid of any inhibitory activity towards all the protein
kinases. This suggests that the lactam portion of staurosporine could be involved in a hydrogen bond which is cssential for binding
and/or that there is no space to accommodate a substituent in this position.

7-Hydroxy-staurosporine (36) (UCN-01)!5) and N-benzoyl-staurosporine (20) (CGP41251)25) have been reported to be
remarkably selective PKC inhibitors. Unexpectedly, the combination of the two structural modifications which by themselves lead to
an increase in selectivity, did not give rise to more selective compounds (table 1IT). On the contrary 40 and also 41 were both less
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selective than UCN-01 or CGP41251. 7-Oxo-staurosporine (35) behaved similar to staurosporine in the protein kinase assays. On
the other hand the four isomeric hydroxy-staurosporines 36-39 gave confusing results: they were about equipoient on PKA but
varied quite strongly in their PKC inhibitory activity. Therefore 36 and 38 were selective for PKC with respect to PKA while 37
showed high selectivity for phosphorylase kinase.

Table II; Inhibition of protein kinases by 6-substituted N-benzoyl-staurosporine (20), ICsq [uM]:

Qs

Hy, \\\Q'i,
o™

N,

CH,
o
Comp. R PKC PKA PPK S6-K PTK
32 Benzyl > 100 > 100 ~ 100 > 100 > 100
33 CH,COOCH; > 100 > 100 ~ 100 > 100 > 100

Table II1; Inhibition of protein kinases by oxo- and hydroxy-derivatives of staurosporine (1), IC50 [UM]:

Comp. R" X Y PKC PKA PPK EGF-R _c-src
34 BOC o 0 1.5 >100  5.25
35 H o o} 0009 0026 0005 02 0.8
36 H o HOH 0013 L15 0004 0017 06
312) H o] OHH 0.255 185  0.006
383) H HOH O 0.09 225 0022 026 1.8
39 H OHH O 0235 33 0.17
40 Benzoyl O o 0095 075 027
41 Benzoyl O HOH 0030 03 0.035

1) {alp = + 140° (¢ = 0.1, McOH) 3) [alp = + 55°(c = 0.1, MeOH)
2)[alp = - 20° (¢ = 0.1, MeOH) 4)falp = - 75° (¢ = 0.1, MeOH)
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Kinetic Analysis: The exact mode of action of staurosporine is not completely understood11:26-28). we therefore decided to study
one of our most selective stanrosporine derivatives in more detail. As illustrated in figure 1, BOC-glycyl-staurosporine (16) at
concentrations of up to 300 uM did not inhibit the binding of [3H]-pborbol dibutyrate, but it was an apparent competitive inhibitor
with respect to the phosphate donor ATP (Ki = 45 nM, figure 2). This clearly shows that 16 interacts with the catalytic domain of
PKC and it is in line with the finding that 16 inhibited the phosphorylation of protamine sulfate by PKC, an exogenous substrate
which is phosphorylated in the absence of lipid activators (data not shown).

3 H-PDBU binding (% of control)

Figure 1: Effect of BOC-glycyl-staurosporine (16) on 3[H]-PDBu binding to purified PKC

2

v, (pmol of Pimin/mg protein)

Figure 2: Inhibition of PKC activity by BOC-glycyl-staurosporine (16)
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In summary, it is possible to obtain a remarkable degree of selectivity for inhibition of PKC by staurosporine derivatives although in
most cases the increase in selectivity is paralleled by a more or less pronounced decrease in potency. While a wide range of
substituents at the secondary amine and oxygenation at the 7-position are tolerated, the attachment of a substituent at the lactam
nitrogen atom abolishes completely the protein kinase inhibitory activity. Selective inhibitors of PKC like the staurosporine
derivatives presented in this study, may contribute to better understand the role(s) of PKC in signal transduction and may eventually
tead to the development of therapeutically useful compounds.

Methods and Abbreviations: The enzyme assays for protein kinase C (PKC), cAMP-dependent protein kinase (PKA),
phosphorylase kinase (PPK), 56 kinase (56-K), and the protein tyrosine kinase of the epidermal growth factor receptor (PTK) were
performed as described by Meyer et al.25) and c-src was assayed as described by Geissler et al.29),
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