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’ INTRODUCTION

DNA-damaging agents such as cisplatin, irinotecan, gemcita-
bine, and ionizing radiation (IR) represent the cornerstone for
the treatment of solid tumors. While they can be highly effective
in the treatment of certain cancers, for example, testicular
cancer,1 for the majority of solid tumors, they provide only
modest benefit. The fact that, in tumor cells, proficient processes
exist to repair the damaged DNA2-5 provides one explanation
for the poor response. Important among these processes is the
DNA damage response (DDR).6 Two phosphoinositol 3-kinase-
like kinase (PIKK) family members, ATM (ataxia telangiectasia
mutated) and ATR (ATM and Rad-3 related), act together as
apical regulators of this signaling pathway.7,8 Between them, they
act on a complex network involving hundreds of substrates, many
of which are shared, to regulate a wide range of critical functions
such as cell cycle checkpoint activation and DNA damage repair.
Although ATM and ATR are recruited to different DNA strand
break structures, it is now known that these structures can be
readily interconverted in the cell.8 Loss of ATM function is very
common in tumors, either through loss of ATM itself or through
defects in upstream and downstream signaling.9-12 It is believed
that such a loss enables the proliferation of incipient cancer cells
that carry DNA lesions.13 While this may confer a growth
advantage on the tumor cells, it is likely to place more reliance

on the ATR pathway, for survival following DNA damage. In
support of this, some studies have shown that disruption of p53
function, a major substrate for ATM, enhances cell sensitivity to
ATR disruption.14,15 The exploitation of a potentially synthetic
lethal interaction between the ATR and the ATM-p53 pathway
provides an attractive opportunity to deliver anticancer drugs
that increase the efficacy of established DNA-damaging agents.
The benefits of exploiting such synthetic lethal interactions have
recently been demonstrated with inhibitors of poly-ADP-ribose
polymerase (PARP), an enzyme also involved in DNA repair.16

Cancer cells defective in the breast cancer susceptibility proteins
BRCA1/2, which participate in a complementary DNA repair
pathway, are acutely sensitive to inhibitors of PARP. A number of
PARP inhibitors are in clinical trials, and initial results are highly
encouraging.17,18

A number of potent and selective inhibitors of the PIKK family
members ATM (e.g. 1, KU-5593319), DNA-PK(e.g. 2, NU-
702620), and the ATR substrate Chk1 (e.g. 3, AZD-776221) have
been disclosed. In contrast, reported inhibitors of ATR such as 4
(caffeine22) and 5 (schisandrin B23) (Figure 1) are weak and
nonselective (Table 1). However, there is a growing interest in
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ABSTRACT: DNA-damaging agents are among the most frequently
used anticancer drugs. However, they provide only modest benefit in
most cancers. This may be attributed to a genome maintenance network,
the DNA damage response (DDR), that recognizes and repairs damaged
DNA. ATR is a major regulator of the DDR and an attractive anticancer
target. Herein, we describe the discovery of a series of aminopyrazines
with potent and selective ATR inhibition. Compound 45 inhibits ATR
with a Ki of 6 nM, shows >600-fold selectivity over related kinases ATM
or DNA-PK, and blocks ATR signaling in cells with an IC50 of 0.42 μM.
Using this compound, we show that ATR inhibition markedly enhances
death induced by DNA-damaging agents in certain cancers but not
normal cells. This differential response between cancer and normal cells
highlights the great potential for ATR inhibition as a novel mechanism to
dramatically increase the efficacy of many established drugs and ionizing
radiation.
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ATR as a target for anticancer drugs,24 and a number of patent
applications have recently been filed that claim ATR inhibitors
(from AstraZeneca and Vertex), although limited biochemical or
cellular data are disclosed in these documents.25-27 The work
described here rectifies the shortage of good, well-characterized
chemical tools that has hampered characterization of ATR as an
oncology target.24 Specifically, these compounds will be valuable
in helping to define the potential for synthetic lethal interactions
with the ATM signaling pathway and the impact of ATR
inhibition on normal cells.

We report a novel series of 3-amino-6-arylpyrazines that has
provided potent and highly selective inhibitors of ATR. Starting
from the hit compound 6 (Figure 1), identified from a high-
throughput screen (HTS), a combination of structure-activity
relationship (SAR) studies and homology modeling led to an
understanding of the interactions between the inhibitors and the
ATR active site that are critical for both potency and selectivity.
Compound 45 represents one of the most potent (Kiapp of 6 nM
for ATR) and selective members of the series and is used here to
illustrate the attractive cellular phenotype that can be achieved by
inhibiting ATR.

’CHEMISTRY

Compound 8, with its 6-bromo functional group, provided a
late stage intermediate that enabled rapid and versatile modifica-
tion of the phenyl ring at the 6-position of the pyrazine nucleus in
compound 6. The synthetic route for the preparation of ATR
inhibitors 6-47 is depicted in Scheme 1. Commercial methyl
aminopyrazin-2-carboxylate 53 was brominated at the 6-position
of the pyrazine nucleus with NBS,28 to provide intermediate 54
in high yield. Base hydrolysis of the methyl ester 54 afforded
the carboxylic acid 56, which condensed with aniline to give
the desired advanced intermediate amide 8.29 Diversity of
the group at the 6-position of the pyrazine ring was introduced
when 8 was subjected to Suzuki cross-coupling30 reactions with
a range of boronic acids/boronates to generate inhibitors 6 and
10-47. The fully saturated cyclohexane 9 was produced from
the cyclohexene derivative 10 by reduction under hydrogenation
conditions.31

For alternative amides at the 2-position of the pyrazine core
(e.g., cyclohexylamide 48), the chemical sequence described
in Scheme 2 was used. A Suzuki cross-coupling reaction be-
tween 4-(methylsulfonyl)phenylboronic acid and 54 provided
advanced intermediate 57, which in turn was converted to amide
48. An array of bicyclic heteroaryl moieties that could act as

phenylamide isosteres was also prepared (benzimidazole, ben-
zoxazole, benzothiazole, and indoles 49-52; Schemes 3 and 4).
Early installation of the bicyclic heteroaryl feature preserved the
versatility of the 6-position. Thus, treatment of intermediate
carboxylic acid 56 with phenylenediamine in DME, in the
presence of diethoxy-phosphorylformonitrile, afforded the late
stage intermediate benzimidazole 58 in moderate yield.32 Sub-
sequent coupling with 4-(methylsulfonyl) phenylboronic acid
provided isostere 49. A similar functionalization sequence was
adopted for the synthesis of benzoxazole and benzothiazole
isosteres 50 and 51. Conversion of the nitrile 59 into late stage
intermediates benzoxazole 60 or benzothiazole 61 proceeded with
2-aminophenol or 2-aminothiophenol in moderate yield.33-35

Suzuki cross-coupling with 4-(methylsulfonyl)boronic acid gave
the required isosteres 50 and 51.

Although the chemical sequences described in Scheme 3 for
the preparation of isosteres 49-51 have provided the desired
compounds, the reverse syntheses (i.e., functionalization through
Suzuki cross-coupling prior to the construction of the isosteric
motifs, in a sequence similar to that described in Scheme 2) have
also been successfully utilized and are preferred for exploration of
the substitution of the bicyclic isosteres.

A sequential derivatization (Scheme 4) of building block 6236

provided the indole variant 52. This sequence enabled the
introduction of the indole motif at the most reactive position
(vicinal to amino group), usingN-Boc-indol-2-ylboronic ester in
a palladium catalyzed cross-coupling reaction; a second Suzuki
coupling with 4-(methylsulfonyl)phenylboronic acid, followed
by Boc deprotection with TFA, afforded the desired indole
containing derivative 52.

’RESULTS AND DISCUSSION

Compound 6 was identified from a HTS against full-length
recombinant ATR. It inhibits ATR with an IC50 of 0.62 μM and
has good selectivity against ATM and DNAPK (IC50 > 8 μM).
However, inhibition of ATR activity in cell-based assays, as
measured by a reduction in hydroxyurea-induced phosphoryla-
tion of H2AX, a direct substrate of ATR 37 was not observed
(IC50 > 2.5 μM). Because high-resolution crystallographic data
for any member of the PIKK family were unavailable, the related
kinase phosphatidylinositol 3-kinase γ (PI3K-γ) was used as a
structural template38,39 for an ATR homology model to aid
inhibitor design. To provide guidance on selectivity, homology
models of ATM and DNAPK were also constructed from the
same root. The low-resolution structure of DNAPK reported by
Sibanda et al.40 was used to provide guidance on the overall fold.
Although sequence identity between PI3K-γ and PIKK family
members is relatively low (e.g., 22% between PI3K-γ and ATR in
the kinase domain), a number of important residues are con-
served within the active site. These include a salt bridge

Figure 1. Structures of selected inhibitors of the DDR.

Table 1. Inhibitory Activity (μM) of 1, 2, 4, and 5 against
PIKK Family Members

IC50 (μM)

1 2 4 5

ATR >100 >100 1100 7.2

ATM 0.013 >100 200 1740

DNAPK 2.5 0.23 10000 >106

mTor 9.3 6.4 400 n/a

http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-001.png&w=240&h=147
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(Asp2494 and Lys2327 in ATR) and the Tyr2365 gatekeeper
residue, which, together, helped refine the local alignment within
the active site.

The homology model with the HTS hit 6 bound to ATR is
shown in Figure 2. The positioning of compound 6 in the model
active site was guided by a co-complex structure of a related
aminopyrazine in PI3K-γ (not shown). This enabled us to
locate critical H-bond interactions between the hinge motif of
the protein active site and the core scaffold. Minimization of the
co-complex of 6 with ATR predicts H-bond interactions of the
ring sp2-nitrogen with the backbone-NH- of Val2378 (3.01 Å)
and the exocyclic amine of the amino-pyrazine with the carbonyl
of Glu2380 (3.08 Å). The biaryl motif of the inhibitor is also
anticipated to contribute to the binding through π-stacking with
the indole ring of Trp2379.

The hydroxyl of the gatekeeper residue (Tyr2365 in ATR) is
located near the amide carbonyl at the 2-position of the pyrazine
and appears to be positioned to form a H-bond. A salt bridge
between Asp2494 and Lys2327, conserved across the PIKK
family, is predicted to be disrupted by the aniline ring of inhibitor
6, forcing the side chain of Asp2494 down, thus allowing the
aromatic ring to fit under the P loop (Figure 2). This P loop,
unusually rich in lipophilic residues when compared with most
kinases, appears to fold over the aniline ring at the 2-position
(Figure 3) and may also contribute to lipophilic binding.

In addition to the interactions described above, the potential
interactions between compound 6 and ATM or DNAPK were
also examined (described in detail below). This work suggested
exploitable differences that should allow selectivity against these
related kinases to be engineered.

With the objective of increasing potency while preserving
selectivity, a first round of exploration was conducted through
modification or substitution of the 6-aryl ring (Table 2). As
predicted by the homology model, the π-stacking interaction
between the 6-aryl in 6 and the Trp2379 makes an important
contribution to the potency of the inhibitor. Removal of the
phenyl ring (7 and 8) resulted in a 10-fold loss of binding affinity,
and its complete or partial reduction (cyclohexyl 9 and cyclohex-
enyl 10, respectively) led to about 5-fold decrease in potency.
These results prompted us to retain an aromatic group at the
6-position of the aminopyrazine core. Exchanging the 6-phenyl
group with a pyridine (11) produced 3-fold potency increase.
However, inhibition of some Cyp isoforms was also increased
(e.g., IC50 cyp3A4 2 μM for 11 vs IC50 cyp3A4 >100 μM for 6),
discouraging us from using this motif further.

Compounds 13-19 provided information on the effects of
substitution at the ortho-position. Introduction of a nitrile group

(13) led to a 25-fold improvement in potency against ATR but
also increased affinity for ATM and DNAPK. The enhanced
potency for ATR and DNAPK can be explained by the possible
formation of a new H-bond with a serine residue (Ser2305 in
ATR or Ser3731 in DNAPK). Although ATM has no such serine

Scheme 1a

aReagents and conditions: (a) NBS, MeCN, RT, 18 h, 92%. (b) LiOH, MeOH:H2O (1:1), reflux 2 h, 83%. (c) CDI, DIPEA, aniline, DMAP, DMSO,
RT, 18 h, 44-92%. (d) Boronic acid, Na2CO3, PdCl2(PPh3)2, DMF:H2O (2:1), 88 �C, 18 h, 10-90%. (e) H-cube, H2, Pd/C (cat cart), EtOH, 36%.

Scheme 2a

aReagents and conditions: (a) 4-(Methylsulfonyl) phenylboronic acid,
Na2CO3, PdCl2(PPh3)2, DME, 90 �C, 9 h, 91%. (b) Diethoxy-phos-
phorylformonitrile, DIPEA, cyclohexylamine, DME, 88 �C, 10 min,
microwave, 69%.

Scheme 3a

aReagents and conditions: (a) Diethoxy-phosphorylformonitrile, phe-
nylenediamine, Et3N, DME, 170 �C, 20 min, microwave, 43%. (b)
4-(Methylsulfonyl)phenylboronic acid, Na2CO3, PdCl2(PPh3)2, DME,
150 �C, 3 h, microwave, 48%. (c) 2-Aminophenol or 2-aminothiophe-
nol, DME, microwave 150 �C, 60 min, 48-88%. (d) 4--
(Methylsulfonyl)phenylboronic acid, Na2CO3, Pd(PPh3)4, dioxane,
110 �C, 30 min, microwave, 38-61%.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-002.png&w=331&h=95
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residue, a slight change in conformation of the P loop could, in
this case, allow a backbone N-H to participate in an H-bond to
the nitrile group. No other substituent gave such affinity en-
hancement, although sulfoxide 14 was able to provide a 5-fold
improvement.

Small group substitutions in the meta-position (compounds
20-25) did not lead to significantly increased ATR potency,
although selectivity was compromised by polar groups. On the
other hand, substitution in the para-position (compounds 26-
31) led to the most potent and selective inhibitors in this array.
The sulfone 27, and to a lesser extent nitrile 26, provided
significant improvements in potency against ATR (25-fold for
27), while retaining >100-fold selectivity against ATM and
DNAPK (e.g., for 27, IC50 ATR = 26 nM, IC50 ATM = >8 μM,
and IC50DNAPK = 4.4 μM). These results can be attributed to the
formation of a putative H-bond with the backbone N-H of the
ATR-specific glycine residue (Gly2385), located C-terminal to
the hinge region (Figure 3, blue van derWaals spheres). In ATM,
this residue is a proline (Figure 3, red mesh), and no such
H-bond can be formed. The equivalent residue in DNAPK is a
threonine (Figure 3, yellow mesh), and any chance of a similar
H-bond is likely to be blocked by the presence of the threonine
side chain. Anilides 6-31 have the potential to form anilines
In Vivo and so present a potential toxicological liability. There-
fore, the effects of removing the anilide by reduction of the

aromatic ring or by providing isosteres of the amide functional
group were examined (compounds 48-52). Saturation of the
aniline ring (48) resulted in a >100-fold loss in potency. On the
other hand, the use of heterocyclic motifs as anilide “isosteres”
gave much better results. Benzimidazole 49,41 and by shape
analogy benzoxazole 50, benzothiazole 51, and indole 52 show
similar inhibitory activity to anilide 27 (Table 3) despite the fact
only benzimidazole 49 has the potential to form the same
H-bonds as the original amide. Neither replacement of the
H-bond donor N-H in 27 with an oxygen acceptor in benzox-
azole 50 nor removal of the H-bond acceptor carbonyl in indole
52 compromised potency. These results indicate that the pro-
posed H-bond between the anilide carbonyl and the Tyr2365 is
not a major contributor to binding, and we concluded that the
amide group functions primarily as a linker to position the
aromatic group under the P loop.

Although these bicyclic heteroaryls led to good ATR inhibi-
tion, selectivity against ATM was compromised in all cases.
Compounds 49-52 cannot mimic the exact shape of the anilide
in 27 and, as a consequence, have to bind deeper in the active site
and become more likely to clash with the conserved tyrosine in
the back of the adenosine-50-triphosphate (ATP) binding pocket.
Inspection of the homologymodels led us to hypothesize that the
loss in selectivity may be associated with compounds 49-52
attaining a slightly different position in the active site relative to
27 (clockwise rotation illustrated in Figure 4). In this binding
mode, compounds 49-52 avoid a clash with the tyrosine gate-
keeper residue and also appear to alleviate a potential clash
between the para-sulfone and Pro2775 in ATM that is observed
for 27 (the equivalent residue is Gly2385 in ATR and Thr3809
in DNAPK). In addition, the ATM homology model predicts
that an arginine residue (Arg2691) may also contribute to the
enhanced potency through a H-bond with the sulfone in
compounds 49-52.

Because the anilide 27 remained the most potent and selective
compound, it was chosen as the platform from which to further
understand the interaction of the sulfone group. SARs between
compounds in Table 2 and the ATR homology model (Figure 3)

Scheme 4a

aReagents and conditions: (a)N-Boc-indole-2-boronate, 2MNaHCO3,
Pd(PPh3)4, DME, 120 �C, 10 min, microwave. (b) Then 4--
(methylsulfonyl)phenylboronic acid, 120 �C, 10 min, microwave. (c)
Then TFA:CH2Cl2 (1:1), RT, 15 h, 27% over three steps.

Figure 2. Cartoon representation of the ATR kinase domain homology
model in complex with compound 6 (green). Selected aminoacids are
highlighted as sticks.

Figure 3. Cartoon representation of the ATR homology model in
complex with compound 6 (green spheres). ATR-specific Gly2385 is
represented in blue spheres; the corresponding residues in ATM and
DNAPK are represented in mesh (Pro, red; Thr, yellow, respectively).

http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-005.png&w=206&h=87
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suggested that para-H-bond acceptors were important and that
an optimal interaction with the protein could be formed when
the H-bond acceptor is positioned below the plane of the
6-phenyl ring. A set of para-amides (32-38) (Table 4) that
have a range of in vacuo dihedral angles between the carbonyl
and the plane of the 6-phenylwere used to assess this hypothesis. The
piperidine amide 37, with a natural dihedral angle of ∼60�, was the
most potent in this series. This is consistent with the ATR homology
model, which suggests that the dihedral angle in the co-complex is
∼65� for an optimal H-bond with Gly2385. For other amide
analogues, the decreased potency can be explained by rotational
energy barriers to the optimal∼65� dihedral angle: for example, the
primary amide 32, which is conjugated with the phenyl ring, has to
overcome a 6 kcal/mol barrier, which leads to a 4-fold reduction in
potency (IC50 of 110nMas compared to an IC50 of 26nMfor37). In
the case of sulfone 27, the improved potency is attributed to a low
rotational energy barrier (<1 kcal/mol) to position a sulfone oxygen
at the optimal angle and distance for a H-bond with the -NH- of
Gly2385.

While the use of amides offers advantages in terms of the
provision of chemical diversity, the requirement for favorable

dihedral angles for good H-bond interactions limits the possibi-
lities. We therefore continued to explore the utility of sulfone 27.
Substituting the methyl-sulfone itself with both lipophilic (40-
44) and polar groups (45-47) led to compounds with potency
improvements of up to 4-fold, while retaining selectivity versus
DNAPK and ATM. In addition, polar substitution (45-47)
provided an enhancement in cell potency that may have been due
to improved physical properties. Compound 45, for example, has
an enzyme potency of 12 nM and inhibits ATR-mediated
phosphorylation of H2AX in cells with an IC50 of 0.42 μM; in
contrast, compound 42, with a similar enzyme potency of 14 nM,
inhibits ATR in cells with an IC50 of 2 μM.

Besides its attractive combination of potency, selectivity, and
cellular activity, compound 45 has good “druglike” properties
that include aqueous solubility, lipophilicity (cLogP 3.0), and a

Table 3. Structures and Inhibitory Activities of Compounds
27 and 48-52 against the PIKK Family

Figure 4. Cartoon representation of the ATM homology model in
complex with phenyl amide 27 (green) and benzimidazole isostere 49
(blue). The sulfone group in 49 induces less steric hindrance with ATM-
specific Pro2775 (gray spheres) than the sulfone group in 27.

Table 2. Structures and Inhibitory Activities of Compounds
6-31 against Selected Members of the PIKK Family

enzyme inhibition IC50 (μM)

compd R ATR ATM DNAPK

6 -C6H5 0.62 >8 >8

7 -H 7.1 >8 >8

8 -Br 5.2 >8 >8

9 -cyclohexyl 3.0 >8 >8

10 -cyclohexen-1-yl 2.1 >8 >8

11 -pyrid-3-yl 0.18 >8 >8

12 -pyrid-4-yl 0.64 >8 5.0

13 -C6H4-2-CN 0.024 0.32 0.72

14 -C6H4-2-SOMe 0.13 3.0 2.0

15 -C6H4-2-SO2Me 1.3 >8 >8

16 -C6H4-2-OH 2.4 >8 >8

17 -C6H4-2-OMe 0.74 >8 >8

18 -C6H4-2-Cl 0.70 >8 3.8

19 -C6H4-2-Me 1.4 >8 1.4

20 -C6H4-3-CN 0.40 >8 2.2

21 -C6H4-3-SO2Me 0.34 6.6 0.74

22 -C6H4-3-OH 0.54 >8 2.2

23 -C6H4-3-OMe 2.2 >8 4.2

24 -C6H4-3-Cl 1.6 >8 >8

25 -C6H4-3-Me 0.56 >8 >8

26 -C6H4-4-CN 0.18 >8 >8

27 -C6H4-4-SO2Me 0.026 >8 4.4

28 -C6H4-4-OH 0.32 5.8 1.8

29 -C6H4-4-OMe 1.5 >8 6.6

30 -C6H4-4-Cl 2.4 >8 >8

31 -C6H4-4-Me 1.7 >8 >8

http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-009.png&w=227&h=153
http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-010.jpg&w=199&h=150
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profile in Caco2 study that suggests good passive diffusion across
membranes with minimal efflux liability (A-B = 17.10-6 cm/s,
and B-A = 23.10-6 cm/s). It was therefore selected for further
biological evaluation.

’BIOLOGICAL EVALUATION OF SULFONE 45

Sulfone 45 is an ATP competitive inhibitor of ATR
(Figure 5).42 Secondary analysis, using the Morrison equation
for tight binding, gives the inhibition constant Ki as 6 nM.
Compound 45 displays excellent selectivity for ATR against
the related PIKK family members ATM and DNAPK (IC50 > 8
μM) and also against a panel of 50 unrelated kinases where in all
cases the predicted IC50 was >400 nM (data provided in the
Supporting Information). Sulfone 45 blocks ATR activity in cells
with an IC50 of 0.42 μM, as determined bymeasurement of ATR-
dependent phosphorylation of H2AX (Ser139) in hydroxyurea-
treated HT29 cancer cells37 (data shown in the Supporting
Information). Because ATR has been shown to promote cell
survival in response to naturally occurring DNA damage43-45 or
in response to DNA-damaging agents,14,15,46-48 we looked at the
effect of 45 both as a single agent and in combination with
genotoxic agents in a representative cancer (HCT116) and
normal (HFL1) cell lines. HCT116 cancer cells were selected
for their known defects in the ATM signaling pathway49,50 that is
hypothesized to cause sensitivity to ATR inhibition. Sulfone 45
showed potent activity against these cancer cells (IC50 of 1.1
μM), while in contrast it did not kill normal HFL1 cells, even at
high concentrations (20 μM). The effect of 45 in combination
with DNA-damaging agents was assessed with IR and the DNA
cross-linking drug cisplatin. Data were analyzed using the
MacSynergy software that represents synergistic and antagonistic

interactions as deviations above and below a plane that corre-
sponds to additivity (Figure 6).51 Marked synergy was observed
for 45 in combination with both IR and cisplatin in the HCT116
cells across a range of IR intensity or cisplatin concentrations. In
the case of cisplatin combinations, 45 at 0.62 μM was able to
increase the potency of cisplatin by 7-fold. The effect was much
reduced in the normal cell line (1.1-fold at 0.62 μM of 45), and
no synergy with IR was observed at all. The different responses to
compound 45 in the normal and cancer cell lines support the
hypothesis that cells lacking the ATM signaling pathway are
reliant on ATR for survival following DNA damage.27

’CONCLUSION

We have described the discovery of the first potent and highly
selective inhibitors of ATR. This series of 3-amino-6-arylpyra-
zines inhibits ATR with an ATP competitive mechanism of
action. The study of SARs and homology modeling has helped
identify a number of interactions that are important for ATR
potency and selectivity. Most importantly, an aromatic group at
the 6-position of the pyrazine ring is required for optimal π-stack
interactions with a tryptophan (Trp2379) in ATR. Appropriate
substitution of this ring from the para-position enables an
H-bond to be established with the backbone NH of an ATR-
specific glycine residue (Gly2385) at the rim of the active site.
The fact that ATR can tolerate a range of phenylamide isosteres
at the 2-position of the pyrazine ring can be used to influence
selectivity within the PIKK family. The most potent and selective
compound from this series, sulfone 45, inhibits ATR with a Ki of
6 nM, with excellent selectivity over the 50 or so kinases that we
tested it against. These included the closely related PIKK family
members ATM and DNA-PK (IC50 > 8 μM).

Table 4. Structures and Inhibitory Activities of Compounds 6, 27, and 32-47 against Selected Members of the PIKK Family

enzyme inhibition IC50 (μM) cellular inhibition IC50 (μM)

compd R ATR ATM DNAPK ATR

6 -C6H5 0.62 >8 >8 >2.5

32 -C6H4-4-CONH2 0.11 2.9 1.2 ND

33 -C6H4-4-CONHMe 0.18 2.6 7 ND

34 -C6H4-4-CO-azetidin-1-yl 0.10 >8 >8 1.0

35 -C6H4-4-CONMe2 0.054 >8 >8 2.0

36 -C6H4-4-CO-pyrrolidin-1-yl 0.054 >8 2.8 1.4

37 -C6H4-4-CO-piperidin-1-yl 0.026 >8 >8 6.5

38 -C6H4-3-chloro-4-CONMe2 0.048 >8 >8 12.0

39 -C6H4-4-SOMe 0.056 >8 6.8 5.4

27 -C6H4-4-SO2Me 0.026 >8 4.4 0.8

40 -C6H4-4-SO2Et 0.012 >8 5.8 1.5

41 -C6H4-4-SO2iPr 0.008 >8 5.6 1.0

42 -C6H4-4-SO2nPr 0.014 5.4 >8 2.0

43 -C6H4-4-SO2sBu 0.010 6.6 >8 1.6

44 -C6H4-4-SO2tBu 0.006 >8 >8 1.0

45 -C6H4-4-SO2CH(Me)CH2NMe2 0.012 >8 >8 0.42

46 -C6H4-4-SO2CH(Me)CH2CH2OH 0.008 >8 3.2 0.38

47 -C6H4-4-SO2-(R)-THF 0.010 5 4.4 0.46
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Consistent with the notion that cells with deficiencies in the
complementary ATM-mediated DDR pathway may be reliant
on ATR for survival following DNA damage, compound 45
showed potent cytotoxic activity against a cancer cell line with
this defect. In contrast, it was not cytotoxic toward normal
cells. The effect on ATM pathway-deficient cancer cells was
magnified when DNA-damaging agents were used, and 45
markedly sensitized these cells to IR and the DNA cross-linking
drug cisplatin. Sensitization was almost absent in the normal
cells. These results provide more good evidence that an ATR
inhibitor should provide a new means by which to enhance the
efficacy of radiotherapy andwell-established oncology drugs such
as cisplatin.

The prospect of enhancing the efficacy of IR and other
established genotoxic agents without enhancing collateral da-
mages or side effects is potentially transformational in the treat-
ment of cancer. In the context of tumors that have lost their
ATM-p53 pathway function, a common lesion in cancer cells, an
ATR inhibitor may be able to deliver such a desirable outcome.
ATR inhibition therefore appears to provide a rare opportunity in
cancer drug discovery where toxicity toward tumor cells can be
enhanced in preference to normal tissue.

’MATERIALS AND METHODS

General Experimental Section. All commercially available sol-
vents and reagents were used as received. Microwave reactions were
carried out using a CEM Discovery microwave. Analytical thin-layer
chromatography was carried out using glass-backed plates coated with
Merck Kieselgel 60 GF240. Plates were visualized using UV light (254 or
366 nm) and/or by staining with potassium permanganate followed by
heating. Flash chromatography was carried out on an ISCOCombiflashR

Companion system eluting with a 0-100% EtOAc/petroleum ether
gradient. Samples were applied preabsorbed on silica. Semipreparative
reverse phase HPLC was carried out on a Waters autopurification
HPLC-MS system equipped with a waters C-18 sunfire reverse phase
column (19mm� 150mm, 5 μm). Themobile phases were acetonitrile
(0.1% trifluoroacetic acid) and water (0.1% trifluoroacetic acid). 1H
NMR spectra were recorded at 400 MHz using a Bruker DPX 400
instrument. MS samples were analyzed on a MicroMass Quattro Micro
mass spectrometer operated in single MS mode with electrospray
ionization. Samples were introduced into the mass spectrometer using
chromatography. All final products had a purity g95%, unless specified
otherwise in the experimental details. The purity of the final compounds
was determined usingHPLCmethod: Analytical reverse phaseHPLC-MS

was carried out on an agilent 100 HPLC with a waters Quattro
MS system equipped with an ACE 5 mm C-18 reverse phase column
(4.6 mm � 150 mm, 5 μm). The mobile phases were acetonitrile/
methanol (1:1) and water (10 mm ammonium acetate).
Method A: General Procedure for Suzuki Cross-Coupling;

Compounds 6, 11-33, 35, and 39-41. To reaction tubes
containing 3-amino-6-bromo-N-phenyl-pyrazine-2-carboxamide 8 (88
mg, 0.3 mmol) in DMF (4 mL) were added boronic acid or ester (0.3
mmol) followed by Pd(PPh3)2Cl2 or Pd(PPh3)4 (5 mol %) and 2 M
aqueous Na2CO3 solution (2 mL). The tubes were then flushed with N2

and heated to 88 �C for 18 h. After this time, the reactions were allowed
to cool to ambient temperature, filtered, and purified by reverse phase
HPLC to give the desired products as solids after lyophilization (yields
ranged from 10 to 90%). Analytical data for 6, 11-33, 35, and 39-41
are provided in the Supporting Information.
Method B: General Procedure for Amide Derivatives;

Compounds 34 and 36-38. To a solution of 4-[5-amino-
6-(phenylcarbamoyl)pyrazin-2-yl]benzoic acid (preparation described
in the Supporting Information) (50 mg, 0.15 mmol) in DMSO (1 mL)
were sequentially added a required amine (0.45 mmol), CDI (49mg, 0.3
mmol), DMAP (1.8 mg, 0.015 mmol), and DIPEA (78 μL, 0.45 mmol).
The resulting solution was stirred at 40 �C for 6 h. The resulting solution
was filtered and purified by reverse phase HPLC to the desired amide
derivative (yields ranged from 35 to 74%). Analytical data for 34 and
36-38 are provided in the Supporting Information.
Method C: General Procedure for Sulfone Derivatives;

Compounds 42-47. To a solution of a generic 1-bromo-
4-(alkylsulfonyl)benzene (preparations described in the Supporting
Information) (0.34 mmol) in dioxane (1 mL) was added bis-
(pinacolato)diboron (130 mg, 0.5 mmol), followed by potassium
acetate (100 mg, 1 mmol). The reaction was degassed with N2 before
Pd(dppf)Cl2 3CH2Cl2 (28 mg, 0.03 mmol) was added. The reaction was
heated to 90 �C for 2 h, allowed to cool, and purged with N2 for 10 min.
3-Amino-6-bromo-N-phenyl-pyrazine-2-carboxamide 8 (100 mg, 0.34
mmol) was then added, followed by an aqueous solution of Na2CO3

(512 μL of 2M, 1 mmol) and Pd(PPh3)4 (39 mg, 0.03 mmol). The
reactionmixture was heated to 150 �C in amicrowave reactor for 30min,
allowed to cool to room temperature, and filtered through an SCX-2
cartridge. The cartridge was washed with 200 mL of MeCN/MeOH,
followed by 2 M NH3 in MeOH with MeCN to elute the compound.
Evaporation of the combined solvents gave a brown solid, which was

Figure 6. Macsynergy plots of 45 in combination with cisplatin in
HCT116 cells (a), cisplatin in HFL1 cells (b), IR in HCT116 cells (c),
and IR in HFL1 cells (d).

Figure 5. IC50 values for 45 against ATR were determined at different
ATP concentrations [ranging from 0.5- to 12-fold Km (Km = 10 μM)] in
quadruplet. Mean IC50 values ((SEM) were plotted against ATP
concentration and fit to the Cheng-Prussof equation for tight binding
competitive inhibition [IC50 = Ki(1 þ [ATP]/Km) þ [E]/2; R2 =
0.996].

http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-013.jpg&w=225&h=190
http://pubs.acs.org/action/showImage?doi=10.1021/jm101488z&iName=master.img-014.png&w=159&h=111
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purified by reverse phase HPLC (yields ranged from 21 to 52%).
Analytical data for 42-47 are provided in the Supporting Information.
3-Amino-N-phenylpyrazine-2-carboxamide (7). To a solu-

tion of 3-aminopyrazine-2-carboxylic acid 55 (100 mg, 0.72 mmol) in
DME (2 mL) were added aniline (67 mg, 66 μL, 0.72 mmol), diethoxy-
phosphorylformonitrile (130 mg, 119 μL, 0.72 mmol), and triethyla-
mine (132 mg, 182 μL, 1.3 mmol). The reaction mixture was stirred at
room temperature for 2 h and then partitioned between water and
CH2Cl2 (3 � 50 mL). The combined organic layers were dried over
MgSO4 and concentrated to give an oil, which solidified upon standing.
The solid was redissolved in MeCN and then purified by reverse phase
HPLC to give 3-amino-N-phenylpyrazine-2-carboxamide 7 (66 mg,
44%) as a brown solid. MS (ESþ) m/z 215 (M þ H)þ. 1H NMR
(400 MHz, DMSO-d6): δ 10.51 (s, 1H), 8.29 (d, 1H), 7.93 (d, 1H),
7.85-7.82 (m, 2H), 7.62 (s, 2H), 7.36 (dd, 2H) and 7.12 (dd, 1H) ppm.
13C NMR (100 MHz, DMSO-d6): δ 164.91, 155.82, 147.71, 138.51,
131.31, 128.99, 125.73, 124.26, 120.79 ppm. HRMS (ESþ) calcd for
C11H11N4O (M þ H)þ, 215.0933; found, 215.0943.
3-Amino-6-bromo-N-phenylpyrazine-2-carboxamide (8). To

a solution of 3-amino-6-bromo-pyrazine-2-carboxylic acid 56 (10 g, 46
mmol) in DMSO (100 mL) were added CDI (15 g, 92 mmol), DIPEA
(6.5 g, 8.8 mL, 50 mmol), and DMAP (280 mg, 2.3 mmol). The reaction
mixture was stirred for 30 min, and then, aniline (4.3 g, 4.2 mL, 46 mmol)
was added, and the resulting solution was stirred at room temperature for
18 h.Water was then added, and the product was collected by filtration to
give 3-amino-6-bromo-N-phenyl-pyrazine-2-carboxamide 8 (13 g, 92%)
as a brown powder. MS (ESþ)m/z 294 (MþH)þ. 1HNMR (400MHz,
DMSO-d6): δ 10.22 (s, 1H), 8.36 (d, 1H), 7.73-7.71 (m, 2H), 7.68 (s,
2H), 7.29 (dd, 2H), and 7.06 (t, 1H) ppm. HRMS (ESþ) calcd for
C11H10BrN4O, 293.0038; found, 293.0049.
3-Amino-6-cyclohexyl-N-phenylpyrazine-2-carboxamide

(9). A solution of 3-amino-6-(cyclohex-1-en-1-yl)-N-phenylpyrazine-2-
carboxamide 10 (30 mg) in EtOH (5 mL) was passed though an H-cube
fitted with a Pd/C catalyst cartridge with a flow rate of 0.5 mL/min at
35 �C. The solvent was removed in vacuo, and the resulting pale yellow
solid was purified by reverse phase HPLC to yield 3-amino-6-cyclohexyl-
N-phenylpyrazine-2-carboxamide 9 (11 mg, 36%) as a yellow solid. MS
(ESþ) m/z 297 (M þ H)þ. 1H NMR (400 MHz, DMSO-d6): δ 10.19
(s, 1H), 8.24 (s, 1H), 7.78 (d, 2H), 7.41 (br s, 2H), 7.40-7.36 (m, 2H),
7.14 (t, 1H), 2.73-2.65 (m, 1H), 1.88 (d, 2H), 1.82 (d, 2H), 1.72 (d, 1H),
1.59 (td, 2H) and 1.43-1.24 (m, 3H) ppm. HRMS (ESþ) calcd for
C17H21N4O, 297.1715; found, 297.1723.
3-Amino-6-(cyclohex-1-en-1-yl)-N-phenylpyrazine-2-car-

boxamide (10). To a solution of 3-amino-6-bromo-N-phenyl-
pyrazine-2-carboxamide 8 (300 mg, 1 mmol) and 2-(1-cyclohexenyl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (330 μL, 1.5 mmol) in DMF
(3 mL) were added Pd(PPh3)4 (118 mg, 0.1 mmol) and a 2 M aqueous
solution of Na2CO3 (1.5 mL, 3 mmol). The resulting solution was stirred
at 90 �C for 3 h. The solution was then allowed to cool, water was added,
and the mixture was extracted with CH2Cl2 (3� 10 mL). The combined
organic layers were concentrated, and the residue was purified by reverse
phase HPLC to give 3-amino-6-(1-cyclohexenyl)-N-phenyl-pyrazine-2-
carboxamide 10 (134 mg, 40%) as an orange solid. MS (ESþ) m/z 295
(M þ H)þ. 1H NMR (400 MHz, DMSO-d6): δ 10.18 (s, 1H), 8.50 (d,
1H), 7.78 (d, 2H), 7.50 (s, 2H), 7.41-7.36 (m, 2H), 7.14 (t, 1H), 6.71 (t,
1H), 2.23 (d, 2H), and 1.78-1.62 (m, 6H) ppm. 13C NMR (101.0 MHz,
DMSO): δ 164.95, 154.08, 143.93, 141.08, 138.22, 133.49, 129.04,
126.04, 124.41, 123.06, 120.97, 25.61, 25.06, 22.68, and 22.11 ppm.
HRMS (ESþ) calcd for C17H19N4O (M þ H)þ, 295.1559; found,
295.1558. Purity, 89% (method 2).
3-Amino-6-(4-((1-(dimethylamino)propan-2-yl)sulfonyl)-

phenyl)-N-phenylpyrazine-2-carboxamide (45). Prepared from
2-(4-bromophenyl)sulfonyl-N,N-dimethyl-propan-1-amine (see the Sup-
porting Information) according to method C; yellow solid. MS (ESþ)

m/z 440 (Mþ H)þ. 1H NMR (400 MHz, DMSO-d6): δ 10.47 (s, 1H),
9.08 (d, 1H), 8.60 (d, 2H), 8.00 (d, 2H), 7.94 (s, 2H), 7.82 (d, 2H), 7.42
(t, 2H), 7.18 (t, 1H), 4.09 (s, 1H), 3.34 (d, 1H), 2.83 (s, 3H), 2.80 (s, 3H),
2.55 (t, 1H), and 1.29 (d, 3H) ppm. 13C NMR (101.0 MHz, DMSO-d6):
δ 164.73, 155.14, 145.79, 141.06, 138.20, 137.06, 136.69, 129.21, 128.99,
126.41, 124.87, 124.68, 121.64, 58.77, 57.26, 45.59, and 12.40 ppm.
HRMS (ESþ) calcd for C22H26N5O3S (M þ H)þ, 440.1756; found,
440.1741.
3-Amino-N-cyclohexyl-6-(4-(methylsulfonyl)phenyl)pyrazine-

2-carboxamide (48). To a suspension of methyl 3-amino-6-bromo-
pyrazine-2-carboxylate 54 (10 g, 43.1 mmol) in DME (125 mL) at room
temperature were added (4-methylsulfonylphenyl)boronic acid (10.35 g, 51.7
mmol) followed by PdCl2(PPh3)2 (1.51 g, 2.15mmol) andNa2CO3 (64.6
mLof 2M, 129.3mmol). The reactionmixture was heated at 90 �C for 9 h.
After it was cooled to room temperature, the solid was collected by
filtration, washed with DME, and dissolved into water. The aqueous
solution was acidified to pH 1 with 1MHCl. The precipitate was collected
by filtration and dried under vacuum to give 3-amino-6-(4-methylsulfo-
nylphenyl)pyrazine-2-carboxylic acid 57 as a yellow solid (11.5 g, 91%). 1H
NMR (400 MHz, DMSO-d6): δ 13.20 (br s, 1H), 9.03 (s, 1H), 8.35 (d,
2H), 8.00 (d, 2H), 7.70 (br s, 2H), and 3.25 (s, 3H) ppm. 13CNMR(101.0
MHz, DMSO-d6): δ 167.95, 155.70, 146.08, 141.08, 140.19, 137.52,
127.82, 126.21, 123.15, 43.95 ppm. MS (ESþ) m/z 294 (M þ H)þ.

To a solution of 3-amino-6-(4-methylsulfonylphenyl)pyrazine-2-car-
boxylic acid 57 (100 mg, 0.34 mmol) in DME (1 mL) were added
cyclohexylamine (51 mg, 59 μL, 0.51 mmol), diethoxy-phosphorylfor-
monitrile (111 mg, 0.68 mmol), and DIPEA (132 mg, 178 μL, 1.02
mmol). The reaction mixture was heated at 100 �C for 10 min under
microwave conditions. The reaction mixture was then filtered and
purified by reverse phase HPLC to give the title product as a yellow
solid (88 mg, 69%). MS (ESþ) m/z 375 (M þ H)þ. 1H NMR (400
MHz, DMSO-d6): δ 8.95 (s, 1H), 8.47 (d, 1H), 8.40 (d, 2H), 7.99 (d,
2H), 3.82 (d, 1H), 3.26 (s, 3H), 1.84-1.74 (m, 4H), 1.64 (d, 1H), 1.50
(dd, 2H), 1.34 (d, 2H), and 1.19 (s, 1H) ppm. 13C NMR (101.0 MHz,
DMSO): δ 165.06, 159.94, 145.06, 141.15, 140.11, 136.59, 127.72,
126.40, 125.25, 48.30, 43.96, 32.44, 25.55, and 25.28 ppm.HRMS (ESþ)
calcd for C18H23N4O3S (M þ H)þ, 375.1491; found, 375.1491.
3-(1H-Benzo[d]imidazol-2-yl)-5-(4-(methylsulfonyl)phenyl)-

pyrazin-2-amine (49). To a solution of 3-amino-6-bromo-pyrazine-2-
carboxylic acid 56 (900 mg, 4.1 mmol) in DME (27 mL) were added
phenylenediamine (491 mg, 4.5 mmol), diethoxyphosphorylformonitrile
(741 mg, 673 μL, 4.5 mmol), and triethylamine (835 mg, 1.2 mL, 8.3
mmol). The reaction mixture was heated in the microwave at 170 �C for
20 min and cooled to room temperature before water was added. The
formed precipitate was collected and washed with a small amount of
ether to give 3-(1H-benzo[d]imidazol-2-yl)-5-bromopyrazin-2-amine 58
(553mg, 43%) as a yellow solid.MS (ESþ)m/z 291 (MþH)þ. 1HNMR
(400 MHz, DMSO-d6): δ 13.09 (s, 1H), 8.29 (s, 1H), 7.76 (d, 1H), 7.58
(d, 1H), and 7.33-7.24 (m, 2H) ppm.

To a solution of 3-(1H-benzimidazol-2-yl)-5-bromo-pyrazin-2-amine
58 (100 mg, 0.3 mmol) in DME (1.25 mL) were added (4-methylsulfo-
nylphenyl)boronic acid (69 mg, 0.3 mmol) followed by Pd(PPh3)2Cl2
(12 mg, 0.02 mmol) and a 2 M aqueous solution of sodium carbonate
(517 μL, 1mmol). The reactionmixture was heated inmicrowave for 3 h
at 150 �C, cooled to room temperature, diluted with EtOAc (50 mL),
washed with water (50 mL), and extracted with EtOAc (3 � 50 mL).
The combined organic layers were dried (MgSO4) and concentrated.
The residue was purified by reverse phase HPLC to give 3-(1H-benzo-
[d]imidazol-2-yl)-5-(4-(methylsulfonyl)-phenyl)pyrazin-2-amine 49 as
a yellow solid (53 mg, 48%). MS (ESþ) m/z 366 (Mþ H)þ. 1H NMR
(400 MHz, DMSO-d6): δ 13.2 (s, 1H), 8.95 (s, 2H), 8.58 (d, 2H), 8.05
(d, 2H), 7.8 (d, 1H), 7.67 (d, 1H), 7.2-7.38 (m, 2H), 3.4 (s, 3H) ppm.
13C NMR (101.0 MHz, DMSO): δ 153.44, 150.50, 143.31, 142.30,
141.56, 140.03, 137.12, 134.41, 127.71, 126.11, 125.41, 124.21, 122.54,
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119.60, 112.21, and 43.99 ppm. HRMS (ESþ) calcd for C18H16N5O2S
(M þ H)þ, 366.1025; found, 366.1042. Purity, 90% (method 1).
3-(Benzoxazol-2-yl)-5-(4-(methylsulfonyl)phenyl)pyrazin-

2-amine (50). To a solution of 3-amino-6-bromo-pyrazine-2-carboni-
trile 59 (500mg, 2.5mmol) inDME (2.5mL)was added 2-aminophenol
(109.7 mg, 2.5 mmol). The reaction mixture was stirred at 150 �C in the
microwave for 60 min, cooled to room temperature, and filtered. The
solid was washed with diethyl ether to give 3-(1,3-benzoxazol-2-yl)-5-
bromo-pyrazin-2-amine 60 (353 mg, 48%) as a sandy solid. MS (ESþ)
m/z 291 (M þ H)þ. 1H NMR (400 MHz, DMSO-d6): δ 8.44 (s, 1H),
8.09 (s, 2H), 7.91-7.89 (m, 2H), and 7.51 (m, 2H) ppm.

To a solution of 3-(1,3-benzoxazol-2-yl)-5-bromo-pyrazin-2-amine
60 (68 mg, 0.2 mmol) in dioxane (1 mL) were added (4-methylsulfo-
nylphenyl)boronic acid (47 mg, 0.2 mmol) and a 2 M aqueous solution
of Na2CO3 (234 μL, 0.47 mmol). The resulting suspension was purged
with N2, and Pd(PPh3)4 (27 mg, 0.02 mmol) was added. The reaction
mixture was heated in the microwave at 110 �C for 30 min, cooled to
room temperature, and diluted with water. The solid was collected by
filtration, washed with a water, dried, and then redissolved inDMSO; the
resulting solution was purified by reverse phase HPLC to give 3-(1,3-
benzoxazol-2-yl)-5-(4-methylsulfonylphenyl)pyrazin-2-amine 50 as a
yellow solid (45 mg, 61%). MS (ESþ) m/z 295 (M þ H)þ. 1H NMR
(400 MHz, DMSO-d6): δ 9.05 (s, 1H), 8.37 (d, 2H), 8.24 (s, 2H), 8.07
(d, 2H), 7.96-7.93 (m, 2H), 7.56-7.48 (m, 2H), and 3.34 (s, 3H) ppm.
13C NMR (101.0 MHz, DMSO-d6): δ 160.78, 153.96, 149.99, 144.26,
140.84, 140.34, 138.29, 128.00, 126.84, 126.21, 125.64, 121.97, 120.44,
111.65, 43.99 ppm. HRMS (ESþ) calcd for C18H15N4O3S (M þ H)þ,
367.0865; found, 367.0865.
3-(Benzo[d]thiazol-2-yl)-5-(4-(methylsulfonyl)phenyl)-

pyrazin-2-amine (51). This compound was prepared from 2-ami-
nobenzenethiol according to the procedure used for 50; yellow solid
(29 mg, 38%). MS (ESþ) m/z 383 (M þ H)þ. 1H NMR (400 MHz,
DMSO-d6): δ 8.89 (s, 1H), 8.42 (d, 2H), 8.26 (d, 2H), 8.26 (d, 1H), 8.17
(d, 1H), 7.75-7.64 (m, 2H), and 3.31 (s, 3H) ppm. 13C NMR (101.0
MHz, DMSO): δ 169.49, 153.62, 152.38, 144.11, 141.01, 140.35, 137.78,
134.73, 128.05, 127.33, 127.07, 126.52, 125.98, 123.55, 122.71, and 43.98
ppm. HRMS (ESþ) calcd for C18H15N4O2S2 (M þ H)þ, 383.0636;
found, 383.0640.
3-(1H-Indol-2-yl)-5-(4-(methylsulfonyl)phenyl)pyrazin-2-

amine (52). To a solution of 3,5-dibromopyrazin-2-amine 62 (100mg,
0.4 mmol) in DME (1 mL) were added tert-butyl 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)indole-1-carboxylate (130 mg, 0.4 mmol) fol-
lowed by a 2 M aqueous solution of NaHCO3 (0.6 mL, 1.2 mmol) and
Pd(PPh3)4 (22 mg, 0.02 mmol). The reaction mixture was heated at
120 �C in themicrowave for 10min, allowed to cool to room temperature,
and then purged with N2. (4-Methylsulfonylphenyl)-boronic acid (80mg,
0.4 mmol) was added, and the reaction was heated at 120 �C in the
microwave for a further 10 min. The mixture was partitioned between
ethyl acetate, extracted with EtOAc (2 � 5 mL), dried (MgSO4), and
concentrated in vacuo. The residue was dissolved in a mixture TFA/
CH2Cl2 (1/1, 15 mL), and the reaction was stirred overnight at room

temperature. Themixturewas neutralizedwith aqueousNa2CO3 (50mL)
and extracted with CH2Cl2 (2 � 50 mL). The combined organic layers
were concentrated in vacuo, and the residue was purified by reverse phase
HPLC to give 3-(1H-indol-2-yl)-5-(4-methylsulfonyl phenyl)pyrazin-2-
amine 52 as a yellow solid (39mg, 27%). MS (ESþ)m/z 365 (MþH)þ.
1H NMR (400 MHz, DMSO-d6): δ 11.58 (s, 1H), 8.75 (s, 1H), 8.53 (d,
2H), 8.01 (d, 2H), 7.63 (d, 1H), 7.58 (d, 1H), 7.30 (d, 1H), 7.21 (t, 1H),
7.06 (t, 1H), 6.85 (s, 2H), and 3.28 (s, 3H) ppm. 13C NMR (100 MHz,
DMSO-d6): δ 152.26, 141.96, 139.86, 138.78, 137.56, 137.10, 133.72,
130.82, 128.86, 127.66, 126.21, 123.28, 121.26, 119.82, 112.09, 102.95
ppm.HRMS (ESþ) calcd forC19H17N4O2S (MþH)þ, 365.1072; found,
365.1066.
Kinase Inhibition Assays. Materials and Reagents. HEPES,

Tris-HCl, NaCl, KCl, MnCl2, MgCl2, EGTA, EDTA, BSA, ATP,
phosphoric acid, calf thymus DNA, and DMSO were supplied by
Sigma-Aldrich. DTT was from Melford Laboratories. Target peptides
were synthesized at Biomol International LP. Stock 3 mCi/mmol
[γ-33P]ATP and Optiphase Supermix scintillation cocktail were sup-
plied by Perkin-Elmer. Phosphocellulose capture plates (MSPHNXB)
were from Millipore. Full-length ATR and ATM kinases were produced
in-house using methods based on published protocols,52 and DNAPK
was purchased from Promega.

Kinase Inhibition Assays. The ability of compounds to inhibit ATR,
ATM or DNAPK kinase activity was tested using a radiometric-
phosphate incorporation assay,53 as described in Table 5 and below. A
stock solution was prepared consisting of the appropriate buffer, kinase,
and target peptide. To this was added the compound of interest, at
varying concentrations in DMSO to a final DMSO concentration of 7%.
Assays were initiated by addition of an appropriate [g-33P]ATP solution
and incubated at 25 �C. Assays were stopped, after the desired time
course, by addition of phosphoric acid and ATP to a final concentration
of 100 mM and 0.66 μM, respectively. Peptides were captured on a
phosphocellulose membrane, prepared as per manufacturer's instruc-
tions, and washed six times with 200 μL of 100 mM phosphoric acid,
prior to the addition of 100 μL of scintillation cocktail and scintillation
counting on a 1450 Microbeta Liquid Scintillation Counter (Perkin-
Elmer). Dose-response data were analyzed using GraphPad Prism
software (Version 3.0cx for Macintosh, GraphPad Software).
Cellular Assays. Cell lines were purchased from ATCC and

maintained according to the distributor's instructions. Cell assays were
performed using exponentially growing cultures. For H2AX phosphor-
ylation analysis using immunofluorescence (IF) microscopy, cells were
fixed in 4% formaldehyde, permeabilized with 0.5% Triton X-100, and
stained with mouse H2AX pS139 antibody (Upstate), AlexaFluor 488
goat antimouse antibody (Invitrogen), and Hoechst (Invitrogen). The
cells were then analyzed using the BD Pathway 855 bioimager and BD
Attovision software. The cell density was analyzed using the CellTiter 96
AQueous Cell Proliferation (MTS) assay (Promega). Cells were plated
in 96-well plates and allowed to adhere overnight. The following day,
compounds were added at the indicated concentrations in a final volume
of 200 μL, and the cells were then incubated for 96 h. MTS reagent

Table 5. Parameters for Kinase Activity Assays

assay [kinase] (nM)d target peptidee [peptide] (mM)d [ATP] (mM)d μCi [γ-33P] ATP per nmol ATP time course (h)f

ATRa 5 ASELPASQPQPFSAKKK 0.8 0.01 0.8 24

ATMb 50 DPSVEPPLSQETFSDKKK 0.02 0.02 2.1 24

DNAPKc 4 EPPLSQEAFADLWKKK 0.8 0.11 0.3 2
aAssay buffer: 50 mM Tris-HCl (pH 7.5), 10 mMMgCl2, and 1 mM DTT. bAssay buffer: 10 mM HEPES (pH 7.5), 5 mMMgCl2, 5 mMMnCl2, 100
mM NaCl, 0.1% BSA, and 1 mM DTT. cAssay buffer: 50 mM HEPES (pH 7.5), 10 mMMgCl2, 100 mM KCl, 0.2 mM EGTA, 0.1 mM EDTA, 0.01%
BSA, 5 μg/mL calf thymus DNA, and 1 mM DTT. d Final assay concentration. e Primary amino acid sequence. fThe duration of the enzyme assay was
guided by the activity of the enzyme; for both ATR and ATM, low enzyme activity necessitated an extended assay to ensure sufficient activity for
detection. In all cases (data not reported), previous studies had been run to ensure linearity of the reaction progress curves throughout the duration of the
enzyme assay.
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(40 μL) was then added, and 1 h later, absorbance at 490 nm was
measured using a SpectraMax Plus 384 plate reader (Molecular
Devices). Synergy and antagonism were assessed using Macsynergy
software.51
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