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Abstract—The first reported synthesis of the DNA-PK inhibitor 3-cyano-6-hydrazonomethyl-5-(4-pyridyl)pyrid-[1 H]-2-one (OK-
1035) is described. The structure of OK-1035 was validated by X-ray crystallography. An ICs, value of 100 pM was determined for
inhibition of DNA-PK, and this is approximately 12-fold higher than that reported previously. © 2001 Elsevier Science Ltd. All

rights reserved.

Introduction

The nuclear serine/threonine protein kinase DNA-
dependent protein kinase (DNA-PK) is a member of the
phosphatidylinositol (PI) 3-kinase family, and consists
of a catalytic subunit (DNA-PKcs), and a heterodimeric
subunit (Ku).!> DNA-PK recognises, and is activated,
by DNA double-strand breaks (DSBs), and is a crucial
component of the cellular DNA repair machinery.
Importantly, DNA-PK is involved in the repair of DNA
DSBs induced by ionising radiation and certain cancer
chemotherapeutic agents, and also in the repair of DSBs

induced during the physiological process of V(D)J
recombination.! Inhibition of DNA-PK activity has
been shown to potentiate the in vitro cytotoxicity of X-
radiation®* and a number of anticancer drugs.>° Inhi-
bitors may thus have clinical utility as radio- and
chemo-potentiators in the treatment of cancer. In addi-
tion, a specific and potent inhibitor would be valuable in
probing the role of DNA-PK in DNA repair, nuclear
signal transduction and V(D)J recombination.?

The currently available DNA-PK inhibitors wortmannin
(1) and LY294002 (2) lack kinase specificity. Both
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compounds are inhibitors of PI 3-kinase*’-® and wort-

mannin also inhibits other members of the PI 3-kinase
family including ATM and ATR.%'® OK-1035 (3) was
identified through a screening programme, and is
reportedly highly selective for DNA-PK compared with
a number of other kinases, although activity against
other PI 3-kinase family members was not deter-
mined.!""'2 As part of a research programme to develop
potent and selective DNA-PK inhibitors, we wished to
determine the activity of 3 against other members of the
PI 3-kinase family, with a view to investigating further
this potentially interesting compound. However, the
synthesis of 3 does not appear to have been published,
beyond a generic patent detailing the preparation of 4-
pyridyl-2-pyridones as cardiotonic agents.'> In this
paper we report an efficient synthetic route to OK-1035,
the structure of which was confirmed by crystal struc-
ture analysis, and the inhibitory activity of this com-
pound against DNA-PK and related PI 3-kinases.

Chemical Synthesis

Our approach to the preparation of 3 was based on the
reported synthesis of the structurally similar bipyridine
phosphodiesterase inhibitor milrinone 4,'%!3 suitably
modified to enable introduction of the hydrazone func-
tion in the final step (Scheme 1). Initial attempts to
prepare ketone 7 by direct acylation of 4-picoline with
ethyl 2-(4-methoxybenzyl)oxyethanoate and n-butyl-
lithium were unsuccessful, resulting in a mixture of
mono- and di-acylated products. This problem was
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avoided by utilising the method of Weinreb.!® Thus,
alkylation of 4-methoxybenzyl alcohol with bromoace-
tic acid afforded 5 in excellent yield, and this was con-
verted smoothly into the Weinreb amide 6 on treatment
with N,0-dimethylhydroxylamine in the presence of
DCC. Metalation of 4-picoline with n-butyllithium, and
reaction with 6, gave the required 4-methoxybenzyl
(pmb) protected a-hydroxyketone 7. Conversion of 7
into enamide 8 was achieved with dimethylformamide
dimethylacetal in DMF, and condensation of 8 with 2-
cyanoacetamide afforded pyridone 9.7 Efforts to
remove the pmb group of 9 by catalytic hydrogenation
proved unsuccessful. However, deprotection of 9 occur-
red in high yield on treatment with ice-cold TFA, fur-
nishing the required alcohol 10 as the trifluoroacetate
salt. Oxidation of 10 with manganese dioxide gave the
aldehyde 11, and final treatment with an excess of
hydrazine hydrate afforded OK-1035 3 in good overall
yield.!®

Results and Discussion

The structure of 3 was confirmed by X-ray crystal-
lography (Fig. 1).!° The NH, group acts as a double
hydrogen-bond donor: one N-H donates to the pyridyl
N atom in an adjacent molecule, forming centrosym-
metric dimers, while the other donates to a carbonyl
oxygen atom, linking the dimers into sheets of mole-
cules. By contrast, the pyridone NH group forms only a
relatively weak intramolecular hydrogen bond with the
nearer N atom of the hydrazone substituent, and the
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Scheme 1. Synthesis of OK-1035 (3). Reagents and yields: (i) BrCH,CO,H, NaH, THF, reflux, 90-94%; (ii)) MeONHMe-HCI, DCC, NEt;, EtOAc,
25°C, 75-80%:; (iii) n-BuLi, THF, picoline, —78 — 0°C, 75-76%; (iv) Me;NCH(OMe),, DMF, 65 °C; (v) N=CCH,CONH,, NaOMe, DMF, 95°C,
45-50%; (vi) CF;CO,H, 0°C, 98-100%; (vii) MnO,, DMF, 25°C; (viii) N,H4-H,0, MeOH, 25°C, 25-30%. pmb = 4-methoxybenzyl.
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Figure 1. Molecular structure of OK-1035 (3).

cyano group does not act as a hydrogen bond acceptor.
Intramolecular geometry is unexceptional; all atoms
except for the pyridyl group lie essentially in one plane,
and the pyridyl ring is twisted by 45° relative to this
plane.

The DNA-PK inhibitory activity of OK-1035 (3), and
the two synthetic intermediates 9 and 10, was deter-
mined as described previously?® and the results are
shown in Table 1. The activity of the benchmark inhi-
bitor LY294002 (2) is included for comparative pur-
poses. The lack of activity observed for 9 and 10 is
consistent with previously reported structure—activity
relationships, where a 6-hydrazonomethyl function was
found to be essential for DNA-PK inhibition.!" How-
ever, a marked difference was observed between the lit-
erature value for the potency of 3 (ICso=8 puM),'! and
the value obtained for the compound synthesised in our
laboratory (ICso=100 uM; Fig. 2a). The reasons for
this discrepancy are uncertain, and although we have
utilised the same peptide substrate and ATP concentra-
tion as reported, may relate to some unknown difference
in the DNA-PK assay. Interestingly, the authors
observed a variation in the inhibitory activity of 3 with

Table 1. Inhibition of DNA-PK by selected compounds?®

Compd number DNA-PK inhibition

ICso (uM)°
2 (L'Y294002) 1.4
3 (OK-1035) 100
9 >500
10 > 3500

“DNA-PK was purified from HeLa cell nuclear extract as described
previously?® and assayed by the method of Lees-Miller?! using peptide
#15 (HPLC purified 97% pure) and a recombinant GST fusion protein
containing the amino-terminal 66 amino-acids of wild-type human p53
(p53N66).

®Defined as the concentration of inhibitor required to reduce DNA-
PK activity by 50% of control. Values are the means of three separate
determinations.
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Figure 2. (a) OK-1035 inhibits DNA-PK in a peptide-based assay with
an 1Csy of 100 uM. (b) OK-1035 does not inhibit DNA-PK activity
towards a p53 based protein substrate (pS3N66), as judged by phos-
phorimage analysis following electrophoresis on a 12% SDS-poly-
acrylamide gel.

differing substrates, and while casein afforded an ICs
value of 40uM, only weak inhibitory activity was
observed at the highest concentrations of 3 (40 and
160 uM) when wild-type p53 was employed as a sub-
strate. Similarly, when we used a wild-type p53 sub-
strate we did not observe any significant inhibition in
our assay at concentrations up to 500 uM as determined
by phosphorimager scanning (Fig. 2b). Alternatively, it
is possible that the DNA-PK inhibitor identified from
the original screening programme, was structurally
different from that reported as OK-1035.

The analytical and crystal structure data obtained for
our sample of 3, prove that the compound described in
this paper is indeed 3-cyano-6-hydrazonomethyl-5-(4-
pyridyl)pyrid-[1 H]-2-one. Unfortunately, details of the
synthesis and characterisation of the OK-1035 used in
the original biological studies have not been published,
and although we have requested an authentic sample of
this material for comparative purposes, further quan-
tities are no longer available. Finally, 3 was also found
to be devoid of inhibitory activity against PI 3-kinase
and ATM at a single concentration of 100 uM (data not
shown). Thus, although in our hands 3 is a weak inhi-
bitor of DNA-PK, the compound does perhaps exhibit
some selectivity for this kinase over other members of
the PI 3-kinase family. In summary, we have developed
a viable synthetic route for the preparation of 3, the
structure of which has been unambiguously determined
by X-ray crystallography. The DNA-PK inhibitory
activity of 3 has been confirmed, albeit with a potency
approximately 12-fold lower than that reported pre-
viously, and some evidence for selectivity for DNA-PK
over related PI 3-kinases has been adduced.
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