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Structure based drug design of a series of novel 1,4-benzoxazin-3-one derived PARP-1 inhibitors are
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The enzyme poly(ADP-ribose)polymerase (PARP), previously
known as poly(ADP-ribose)synthase and poly(ADP-ribosyl)trans-
ferase, constitutes a super family of proteins containing PARP cat-
alytic domains involved in the repair of DNA, the regulation of
cellular energy pools, and the transcription of inflammatory
genes.1 PARP-1 is a nuclear enzyme which catalyzes DNA repair
through cleavage of NAD+ to nicotinamide and ADP-ribose to form
long, branched ADP-ribose polymers on target proteins.2 PARP-1
inhibition leads to sustained DNA damage and ultimately apopto-
sis when used in combination with DNA damaging agents such
as temozolomide (TMZ), thus providing for chemopotentiation
in vitro and in vivo.3 PARP-1 inhibitors have also been shown to
act as single agents through a form of synthetic lethality4 by
exploiting a DNA repair flaw seen in tumors expressing defective
BRCA1/2-genes.5 Therefore, inhibition of PARP-1 (which is over-ex-
pressed in tumors) is expected to hinder intracellular DNA repair
and enhance the antitumor effects of cancer therapies.6

A key feature of PARP inhibitors is the ability to mimic nicotin-
amide binding to the backbone carbonyl and amide N–H of Gly202
as well as the O–H of Ser243 in the NAD pocket of PARP-1 (Fig. 1).7

Hence, inhibitors containing a cis-amide capable of competing with
NAD+ were considered to be a good starting point. A screening
campaign identified several small fragments as weak PARP
inhibitors, from which the 1,4-benz-oxazin-3-one core emerged
as a promising chemotype. Using a published PARP-1 X-ray crystal
structure,8 benzoxazinone 2a was overlaid onto the bound ligand
present in the crystal structure (Fig. 2). Our analysis based on
alignment of the cis-amide indicated the 6-position of the benzox-
azinone to be a suitable initial starting point for extension into the
back pocket to pick up interactions with the protein, although the
7-position could offer an additional vector. In addition, we antici-
pated that interactions with the hydrophobic shelf could be
achieved through substitution on the 2- and 8-position of the ben-
zoxazinone core.

The initial compounds were synthesized as outlined in
Scheme 1. Alkylation of substituted o-nitrophenols was accom-
plished in >70% yield using a-bromoacetates in DMF with K2CO3.
Reduction of the nitro group and subsequent cyclization of the
resultant amine was achieved in a single step using iron dust in
AcOH at 80 �C. Reductive amination when R3 is a formyl group
introduced substituents which could extend into the back pocket.

A notable observation was that a methyl group at the 2-position
increased both binding potency against PARP-1 and ligand-lipo-
philic efficiency10 (LLE) as demonstrated by the benzoxazinone
fragments 2a and 2d where the 2-methyl group confers an order
of magnitude improvement in inhibitory activity (Table 1). In the
case of 3d and 3e, the Kd was increased by two log units and LLE
by 1.5 log units. These observations can be explained by the
presence of a proximal narrow hydrophobic cleft (defined by
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Figure 1. Structures of reported PARP inhibitors and NAD+ with PARP-1 catalytic domain.
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Figure 2. Overlay of 1UK0 ligand in PARP-1 with benzoxazinone 2a.
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Phe897 and Tyr896) which exists in the active site, and the
2-methyl group is optimally sized and positioned to for Van der
Waal’s interactions with these residues. Bis-substitution on C-2
such as 2g resulted in 15-fold reduced binding potency. Occupa-
tion of the back pocket as in 3e, 3g and 3j resulted in sub-micromo-
lar activity and further increases in LLE. Optimizing substituents
for accessing the back pocket from the benzoxazinone 6-position
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Scheme 1. Reagents and conditions: (i) BrCR1R2CO2Me, K2CO3, DMF, 80 �C; (ii) iron du
with the tetrahydropyridine moiety in 3j produces sub-10 nM po-
tency against PARP-1. The X-ray crystal structure of 3j clearly
shows both the hydrophobic shelf occupied by the C-2 methyl
and also the trajectory of the chlorophenyl group off the tetrahy-
dropyridine ring into the back pocket (Fig. 3). The importance of
the regiochemistry for the vector off the benzoxazinone is clearly
demonstrated when comparing 6-substituted 3g (0.046 lM) and
7-substituted 3h (10 lM), and likewise with regioisomeric 3j
(0.003 lM) and 3k (100 lM). Larger substituents at R1 lead to a
greater than 30,000-fold loss of binding potency such as the ethyl
group in 3l (100 lM) compared to its methyl analog 3j (0.003 lM).
Overall, efficiency was improved compared to the fragment start-
ing point 2d with LLE values ranging from 4.5 to 4.9.

Although sub-100 nM PARP-1 inhibitors had been identified,
cellular potentiation was lacking for all compounds in Table 1.
There are many possible reasons for the lack of cellular activity,
including the inability of the inhibitors to engage intranuclear
PARP since the nuclear membrane is less permeable to xenobiotics
than the cellular membrane.11 One strategy for improving cellular
potency was to design compounds with reduced LogD and lipohi-
licity (cLogD values for 3g–3i fell within the range of 3.3–3.9)
could be attenuated. One approach to reduce logD values was to
replace the piperidine or tetrahydropyridine moiety present in
compounds 3f–3l with a piperazine group and optimizing the phe-
nyl substituents, thus lowering the LogD to an lower value of <3.0.
Exploration of back pocket interactions seen in Fig. 3 was enabled
through appropriate substitutions on the phenyl ring with poten-
tial for hydrogen bonding with Ile879 and/or Arg878. The X-ray
co-crystal structure12 of 3j also showed there was room for substi-
tution at the 8-position of the benzoxazinone core to allow for
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Figure 3. X-ray crystal structure of 3j (S-enantiomer shown) (a) binding pocket view (b) back pocket view.
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Table 1
PARP-1 binding potencies and efficiency metrics for benzoxazinones 2–3

NH
O

O
R1 R2

R3

Compound a R1 R2 R3 PARP-1bKd (lM) PARP-1c LLE

2a H H H >500
2d Me H H 32 2.3
2g Me Me H >500
2b H H 6-Formyl 170 2.0
2f H H 6-Ethyl 100 2.0
3a H H 6-PhenylNHCH2 26 2.2
3b H H 6-BenzylNHCH2 11 3.5
3c Me H 6-BenzylNHCH2 5.2 3.2
3d H H 6-(4-(Me2N)piperidine)CH2 15 3.0
3e Me H 6-(4-(Me2N)piperidine)CH2 0.096 4.6
3f H H 6-(4-(Phenyl)piperidine)CH2 0.296 3.4
3g Me H 6-(4-(Phenyl)piperidine)CH2 0.046 3.7
3h Me H 7-(4-(Phenyl)piperidine)CH2 10 1.4
3i H H 6-(4-(4-Chlorophenyl)-1,2,3,6-tetrahydropyridine)CH2 0.015 4.5
3j Me H 6-(4-(4-Chlorophenyl)-1,2,3,6-tetrahydropyridine)CH2 0.003 4.9
3k Me H 7-(4-(4-Chlorophenyl)-1,2,3,6-tetrahydropyridine)CH2 100 0.2
3l Et H 6-(4-(4-Chlorophenyl)-1,2,3,6-tetrahydropyridine)CH2 100 0.1

a When applicable, compounds are racemic.
b Determined using SPR9, n = 2.
c LLE = pKd�cLogD.
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Table 2
Enzymatic and cellular activity for benzoxazinones 10

NH
O

O

N
R1

N

N
H

O
R3

R2

Compounda R1 R2 R3 PARP-1b IC50 (nM) Cell EC50
c w/TMZ (lM) Cell EC50 w/o TMZ (lM) Cell PF50

10a H H Me 29 15 14 1.0
10b H H Et 22 15 42 2.8
10c H Cl Et 18 4 100 20
10d Me H Me 17 11 75 6.8
10e Me H Et 6 9 94 10.4
10f Me H cPr 33 5 100 20
10g OMe H Me 29 27 251 9.3
10h OMe H Et 23 16 151 9.4
10i OMe H cPr 30 16 162 10.1
10j Me Cl Me 49 14 45 3.2
10k Me Cl Et 89 14 47 3.4
10l Me Cl cPr 76 0.01 43 4300
10m Me Me Me 38 9 78 8.7
10n Me Me Et 56 9 55 6.1
10o Me Me cPr 52 18 100 5.6
10p OMe Me Me 36 0.06 100 1667
10q OMe Me Et 32 0.01 44 4400
10r OMe Me cPr 147 0.02 77 3850
10s OEt Me Me 35 0.02 26 1300
10t OEt Me Et 55 0.02 100 5000
10u OEt Me cPr 41 0.02 100 5000
ABT-888 — — — 16 3 160 56
AZD-2281 — — — 6 0.06 16 660
MK-4827 — — — 35 0.20 31 160

a Compounds are racemic.
b Determined using Trevigen assay, n = 2, av SD = 8 nM.
c TMZ = 100 lM.
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Figure 4. Pharmacodynamic effects of 10l in SW-620 tumor xenografts.15
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interaction with the hydrophobic shelf and further optimization of
physicochemical properties.

The desired piperazines 6a–i were prepared using coupling and
nucleophilic aromatic substitution reactions (Scheme 2). Scheme 3
outlines the preparation of compounds 10 exemplified in Table 2 in
which all three substituent possibilities are exemplified: substitu-
tion at the benzoxazinone core (8-position R1), and back-pocket
phenyl group substitution (R2 and R3).

Cellular potency was determined in duplicate in the Jurkat cell
line using a cell viability assay that measured the conversion of
MTS after 96 h treatment with serially diluted compound in the
presence or absence of TMZ. Chemopotentiation factor (PF50) was
calculated as the ratio of EC50 values of cells co-treated with and
without TMZ, respectively.13

Biological evaluation showed R2 substitution maintained enzy-
matic potency (10b–c,Table 2).14 However, 10c where R2 is chloro
shows the first hint of chemopotentiation (PF50 = 20). When R2 = H
(10d–i), cellular chemopotentiation showed no improvement over
10c and the optimal substituent for R2 is methyl. The first
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compound with >100-fold cellular chemopotentiation was 10l
where all three positions are substituted. Compounds 10p through
10u have an alkoxy substitutent at R1 and methyl at R2. Chemopot-
entiation was improved when R3 is ethyl or cyclopropyl compared
to methyl. Such optimal substitution patterns resulted in chemo-
potentiation factors above 1000. When compared to the clinical
compounds in Figure 1, the benzoxazinones showed chemopoten-
tiation factors with an order of magnitude improvement in many
cases despite being 3- to 6-fold less potent in the enzymatic assay.
Our objective to design higher quality compounds (cLogD <3.0)
which maintained the enzymatic potencies seen in Table 1 but also
displayed chemopotentiation in cellular systems had been
demonstrated.

The increased chemopotentiation seen with 10l resulted in a
pharmacodynamic effect in tumor bearing mice, preventing poly-
ADP-ribosylation in SW-620 tumor xenografts at 8 and 24 h post
dose (Fig. 4).15 SW-620 (a p53�/� human colorectal adenocarci-
noma cell line) was implanted into nude mice and allowed to grow
to �325 ±75 mg. The PARP inhibitor 10l was dosed orally with TMZ
(50mpk). Tumors were removed 8 or 24 h after dosing, homoge-
nized, normalized for total protein and the lysates were analyzed
using Trevigen ELISA (Cat. #: 4510-096-K). A strong and sustained
tumor pharmacodynamic response was observed with 10l main-
taining inhibition of poly-ADP-ribosylation through 24 h.

The major liability of the PARP inhibitors described above which
prevented further development was hERG inhibition. Compounds
10p, 10q, and 10s all exhibited >97% inhibition of the hERG chan-
nel in an electrophysiology assay at 10 lM.

In summary, PARP inhibitors have been developed from a frag-
ment screening campaign utilizing structure-based drug design
principles to yield novel benzoxazinones displaying sub-100 nM
potency in enzymatic assays and cellular potentiation factors
greater than 1000. When optimally substituted, the compounds
show an improvement in synergy over PARP inhibitors currently
in clinical development. The increased cellular activity translated
to an in vivo pharmacodynamic response with sustained inhibition
for 24 h. Further development of the benzoxazinone scaffold into
drug-like inhibitors which demonstrate in vivo efficacy and over-
come a hERG liability seen in the above compounds has been pur-
sued. The inhibitors described here provide additional tools to
explore the role of PARP-1 in cancer and other diseases.
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