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Checkpoint Kinase-1 (Chk1, CHK1, CHEK1) is a Ser/Thr protein kinase that mediates cellular responses to
DNA-damage. A novel class of Chk1 inhibitors, triazoloquinolones/triazolones (TZ’s) was identified by
high throughput screening. The optimization of these hits to provide a lead series is described.

� 2010 Elsevier Ltd. All rights reserved.
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Checkpoint Kinase-1 (Chk1, CHK1, CHEK1) is a Ser/Thr protein
kinase that mediates the cellular response to DNA-damage. Upon
DNA-damage, Chk1 is activated by ATM and ATR kinases, which
phosphorylate residues Ser-317 and/or Ser-345. Chk1 mediated
signaling ultimately leads to S-phase or G2/M cell cycle arrest pri-
marily driven by Cdk inhibition. Consequently Chk1 inhibition
would abrogate this arrest, and therefore permit a cell with damaged
DNA to continue through the cell cycle, ultimately resulting in mito-
tic catastrophe and/or apoptosis.1,2 Therefore, Chk1 inhibitors have
been highly sought after based on their potential to enhance the
efficacy of either chemo- or radio-therapeutic treatments.2 Here,
we report the identification and SAR of a new class of Chk1 inhibi-
tors, the triazolones (TZs).

Early work with the staurosporine analog, UCN-01 identified it
as a potent Chk1 and Chk2 inhibitor (IC50 10 nM for each).3 How-
ever, it also potently inhibits various other kinases, including a
number of the cyclin-dependent kinases. Thus, the clinical effects
of this agent cannot be presumed to predict the effects that will
be seen with inhibitors with greater specificity.

The observed potentiation of the effects of DNA-damaging
agents by UCN-01 is, however, considered to be due to the ability
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of the compound to inhibit Chk1, and hence abrogate cell cycle
arrest.4

It is known that UCN-01 binds to Chk1 in the same manner that
it binds to CDK2, PDK1, and PKC.5

Due to the rather promiscuous nature and high molecular
weight of staurosporine and related analogs such as UCN-01, novel
scaffolds were sought using a HTS screen using a Chk1 scintillation
proximity assay. This screen identified several structural classes of
Chk1 inhibitor (Fig. 1). The three major series identified were thi-
ophene carboxamide ureas (exemplified by 1; IC50 0.15 lM), pyra-
zoles (exemplified by 2; IC50 0.6 lM), and triazolones (exemplified
by 3; IC50 0.8 lM). All the three chemotypes were pursued as lead
series.6

Initial selectivity screening of the parent triazolone 3 showed it
to be surprisingly selective for Chk. When screened against the
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Figure 1. Chk-1 inhibitors identified from high-throughput screening.
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Figure 2. Crystal structure of TZ 3 in Chk-1 kinase domain. The TZ makes the
canonical H-bond interactions with the backbone NH of C87 and the backbone
carbonyl of Y86. In addition a bridging water is trapped between 3 and the side
chain of S147 (PDB ID 2x8d). Picture created using PYMOL.13
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Dundee panel of kinases, compound 3 showed no significant activ-
ity at 10 lM other than Chk1.7

The initial hit 3 was therefore co-crystallized with Chk1 pro-
tein8 to help guide SAR studies. The structure shown in Figure 2 re-
vealed that the nitrogens of the five-membered ring of the
triazolone make a donor–acceptor interaction with the backbone
Cys87 and Glu85 residues in the hinge region, with the carbonyl di-
rected toward the selectivity pocket, and trapping a water mole-
cule that bridges to Ser147. The 4-methyl group is directed into
the solvent channel of the kinase domain. Therefore, it was
deduced that there was the potential to introduce additional inter-
actions with the protein (e.g., by accessing the solvent channel,
P-loop or sugar binding pocket) by additionally derivatizing the
triazolone core.

It was found that the 4-methyl substituent was desirable both
for retention of potency as well as ease of synthesis (see Scheme
1). Thus, holding the 4-methyl group constant, additional substitu-
ents were added in an attempt to access the sugar-binding pocket.
These studies suggested that C6 and C7 substituted 4-methyl
triazolones showed the most promise for delivering potent com-
pounds. C6 and C7 disubstituted compounds, however, were
mostly only moderately to weakly potent in the enzyme assay,2

and were found to be devoid of cellular activity.2,9 Thus efforts fo-
cused on generating a library of 7-substituted aryltriazolones that
was prepared via Suzuki coupling in a multiple parallel synthesis
(MPS) format. The choice of aryl boronic acids was governed by
both structural information suggesting the potential to form inter-
actions in the sugar-binding pocket or P-loop of Chk1 kinase and
commercial availability. The synthetic scheme was designed to
a
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Scheme 1. Synthesis of 7-bromo-4-methyltriazolone. Reagents and conditions: (a) refl
170 �C, 2 h; (e) Pd(PPh3)4, RB(OH)2, microwave, 165 �C, 20 min.
be amenable to library synthesis as the penultimate product could
readily be prepared on a large scale using the synthetic scheme
outlined in Scheme 1.

7-Bromo-2-chloro-4-methyl-quinoline was prepared in three
steps from commercially available reagents by the method of Roth
and co-workers.10 Reaction of 3-bromoaniline with diketene in
refluxing toluene led to the formation of 3-bromoacetoacetanilide
in 48% yield. Cyclization of 3-bromoacetoacetonalide in concen-
trated H2SO4 gave 7-bromo-4-methyl-2(1H)-quinoline in 84%
yield. Chlorination of this quinolone was accomplished by reflux-
ing in POCl3 and the desired compound obtained in 84% yield.
The route to the penultimate intermediate, 7-bromo-4-methyl-
triazolone was developed using microwave chemistry. This essen-
tially involved heating a suspension of 7-bromo-chloroquinolone
in ethanol with ethyl carbazate in the presence of catalytic
amounts of 4 M HCl in dioxane at 170 �C for 20 min to form 7-bro-
mo-4-methyl-triazolone in 60% yield.

In order to identify the optimal distance between the aryl ring
and the polar substituent necessary for interactions with the sugar
binding pocket, two subsets of compounds were generated with
and without a methylene spacer as shown in Tables 1 and 2. Addi-
tionally, the synthesis of C6 substituted matched pairs was under-
taken. The C6 substituted compounds were consistently lower in
potency11 than their C7 substituted counterparts (data for selected
compounds shown in Tables 1 and 2). Compounds 4a and 4b were
synthesized with the intent to derivatize the more potent of the
two further in order to access the sugar binding pocket.

Compound 4a was co-crystallized with Chk1 enzyme,8 and con-
firmed the design hypotheses of generating interactions with resi-
dues in the vicinity of the ribose binding region of the kinase
domain. The phenolic group was found to make a hydrogen bond-
ing interaction with the side chain of Glu91, as depicted in Figure 3.

As hypothesized, aryl-substituted polar groups appeared to
make key interactions with the sugar-binding pocket resulting in
an increase in potency by about 10-fold compared to the parent
triazolone 3. From the initial library efforts, it was found that deriv-
atization of the TZ core with 3-hydroxylphenyl moiety 4a was tol-
erated and resulted in a 190 nM compound conferring about a
fourfold boost in potency relative to the parent compound 3.

4-Hydroxyphenyl substitution on the other hand yielded a very
potent compound (4b, IC50 10 nM). Methylation of the phenolic
group of 4b, however, resulted in an approximate 50-fold drop in
potency (5, IC50 520 nM). Encouraged by this observation, addi-
tional ether-linked analogs were generated as exemplified by 6
and 7, both bearing a terminal amino group to access the sugar
binding pocket. This yielded even more potent compounds, 6 and
7 having IC50 values of 0.01 and 0.03 lM, respectively. The 4-cyano
(15) and 4-methylsulfoxide (8) aryl substituents also gave a mod-
est increase of about eightfold. Additional 4-substituents included
derivatized 4-carboxy and reverse amide moieties on the aryl ring.
Both substitution patterns appear to be tolerated with specific ana-
logs having improved potencies over the original HTS hit 3 that
b
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Table 1
SAR for select 4-methyl-7-substituted aryltriazolones

N

NH
NR

O

Compd R Chk1 IC50 (lm)

4a
O

0.19

4b

O

<0.1

5

O

0.52

6

O
N

0.01

7

O
N

O
0.03

8
S
O

0.09

9 N

O

1.59

10

O

N

O
0.06

11

O

N
H

H
0.04

12
O

0.05

13
N

O
0.21

14 N

O

0.02

15

N

0.1

16
N

O

O

76.8

17

N

24.4

IC50 values are mean values of three determinations.
All compounds found to inactive in cellular assay.

Table 2
SAR for select 4-methyl-7-substituted aryltriazolones with methylene spacer

N

NH
N

O

R

Compd R Chk1 IC50 (lm)

18
N

N 0.006

19 N
N

0.007

20
N

N 0.009

21
N

O 0.009

22
N

0.04

23 N 0.21

24
O

3.49

25 O 0.04

26
O

0.01

27
O

0.69

IC50 values are mean values of three determinations.
All compounds found to inactive in cellular assay.

Figure 3. Crystal structure of 4a. In the kinase domain of Chk-1. The canonical
interactions observed with 3 are maintained and the 6-substituent phenol is
directed in the vicinity of the sugar pocket as originally designed (PDB 2x8i). Picture
created using PYMOL.13
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ranged from fourfold in the case of 4-acetamido (13) to about 40-
fold for 4-ethylcarboxamide (14).

Additional exploration of the SAR centered on the methylene
spaced analogs containing cyclic as well as acyclic amines (18–
21). The acyclic amine 22 showed �39 nM potency, but of note are
the cyclic variants (18–21), which showed an approximate 10-fold
boost in potency ranging from 6 to 9 nM and were more than two
orders of magnitude more potent than the parent triazolone 3. The
Suzuki coupling reaction highlighted in Scheme 1 was used to pre-
pare examples from commercially available boronic acids. For those
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Scheme 2. Synthesis of derivatized boronate esters. Reagents and conditions: (a)
alkyl chloride (RCl, 1.1 equiv), Cs2CO3 (1.1 equiv), DMF; (b) RR0NH amine, THF (2 M),
reflux, 2 h to overnight.

Table 3
4-Methyl-7-heterocyclic triazolones

N

NH
N

O

R

Compd R Chk1 IC50 (lm) Abrogation EC50 (lm)

28
N

0.014 100

29
N

0.12 52

30
N

N

1.59 N.A.

31
N

S
2.96 N.A.

32
S

0.02 2

33
S

0.06 13

34
N

0.0001 0.51

35
N

0.026 1.5

36 N
N

0.004 0.44

37
N

N
0.16 3.8

38
O

0.01 14

39
O

1.6 1.6

N.A., not available.
IC50 and EC50 values are mean values of three determinations.

Figure 4. The crystal structure of 28. Bound to the kinase domain of Chk-1. The
binding mode differs to those of 3 and xx with the core now making H-bonds to the
backbone NH of C87 and the backbone carbonyl of C87. The 7-substituent pyridyl is
directed down the solvent channel (PDB ID 2x8d). Picture created using PYMOL.13
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analogs (4, 5, and 18–21) where the desired boronic acids were not
commercially available, alkylation using the appropriate alkyl chlo-
ride or amination of 4-bromomethylphenylboronic acid with the
appropriately protected amine was carried out to generate the
desired boronate ester prior to conducting the Suzuki coupling
and followed by subsequent deprotection as depicted in Scheme 2.

Some key matched pairs included the p-hydroxymethylphenyl
analog (26) and its truncated version (4) showing 60-fold boosts
in potency. This, however, was not a consistent effect, for example,
inserting a methylene spacer in the case of 24, proved to be detri-
mental and resulted in a decrease in potency from 80 nM (5) to
3.4 lM (24). The corresponding m- and o-substituted hydroxym-
ethylphenyl analogs (25 and 26) suggest that both the p- and
m-hydroxymethylphenyl substituents are favored over the
o-hydroxymethylphenyl isomer (27).

To demonstrate their mechanism of action, Chk1 inhibitors
were profiled in a cellular assay where HT29 tumor cells were
pre-treated with the DNA damaging agent, camptothecin for 2 h,
resulting in cell cycle arrest at G2/M. The ability of a compound
to abrogate this cell cycle arrest is then quantified by measuring
levels of phosphohistone-H3 (a marker of mitosis (M phase)2.
Although compounds listed in Tables 1 and 2 were very potent in
the Chk1 enzyme assay, they failed to abrogate the G2/M block
(EC50 >12.5 lM). Thus, while successfully generating low nanome-
ter leads at the enzyme level, the reason for the lack of activity in
the cellular assay was not clear. Possible explanations investigated
were lack of cell permeability, efflux potential, or off-target activity
against other kinases, which could potentially mask the cellular
phenotype, specifically CDK1.12 This was found not to be the case
as confirmed by screening the compounds in a CDK1 enzyme assay,
and we were ultimately unable to determine the precise reason(s)
behind the lack of cellular activity for these analogs.

Additional SAR studies were focused on 7-heterocyclic substi-
tuted analogs, initially based on commercially available heterocy-
clic boronic acids.

The design goal for compounds 28–39 was to access either the
conserved lysine (Lys38) or the P-loop of the Chk1 protein. As sum-
marized by the examples shown in Table 3, the 7-heterocyclyl
substituted triazolone library contained a number of potent com-
pounds. Chk1 enzyme activity revealed that six-membered hetero-
cyclic analogs were generally less potent than five-membered
heterocycles with the exception of the 4-pyridyl compound (28).
Within the subset of five-membered heterocyclic triazolones, a
range of activities was observed. The thiazole substituent in 31
was associated with an appreciable loss of potency of 2.96 lM. In
contrast, 2 and 3 furanyl substituted analogs, 38 and 39, respec-
tively, had activity in the low nanomolar range. A striking differ-
ence was observed in the activities of 2- and 3-substituted
pyrroles, 34 and 35, respectively, where the former was signifi-
cantly more potent (0.1 nM) than the latter (26 nM). 2-Pyrazole
substitution yielded a 41 nM compound as exemplified by 36.

Examples 34 and 36 were the most potent inhibitors at the en-
zyme level, and also led to the abrogation of camptothecin-induced
G2/M arrest (EC50 500 and 440 nM, respectively), consistent with



Table 4
4-Methyl-7-heterocyclic triazolones

N
N

N
N

O

N
N

NN
N

O

N
N

N
S

O

Physical properties
log D 3.3 2.1 2.67
Solubility (lm) 2.84 2.83 0.4
PPB (% free) 3 1.3 N.A.

PK properties
Mouse C1 (ml/min/kg) 68 101 60
T1/2 (h) 2 0.6 1.3
Vss (1/kg) 2.4 5 3.5

Safety
hERG >31.6

Kinase selectivity*

CDK1 (lm) 46.9 0.24 >100

* CDK1 kinase routinely checked for all the relevant Chk1 inhibitors in the series. Additional selectivity against a panel of kinases
done internally as well as externally as needed to find compound 34 was exquisitely selective against all the kinases tested.
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Chk1 inhibition. The positional isomer 35 of pyrrole 34 was found
to be threefold less potent at 1.5 lM. Interestingly, the furan
matched pairs, while potent in the enzyme assay, showed no G2/
M checkpoint abrogation. While the enzyme to cellular potency
drop off remained large, a subset of 7-heterosubstituted triazol-
ones were identified which had both enzyme and cellular activity
that differentiates them from the aryl-substituted analogs de-
scribed in Tables 1 and 2. Activity at CDK1 was at first suspected
for such a drop off as it may have counterproductive effect on
the cellular abrogation.12 It was ruled out by screening these com-
pounds against CDK1 enzyme assay. The other reasons for such
drop off are still being understood but can be speculated to be re-
lated to permeability, efflux or other off-target activity.

Compound 28 was co-crystallized with Chk1 enzyme8 to gain
insight into its binding mode. Interestingly, 4-pyridyl moiety bear-
ing 28, which was originally designed to access Lys38, exhibited a
different binding mode with respect to 3 and 4a. The presence of
the 4-pyridyl ring led 28 to flip over and position itself in the sol-
vent channel of kinase domain of the protein (Fig. 4). There is a
concomitant switching of the interactions between the ligand
and the hinge residues with the carbonyl now accepting a hydro-
gen from the backbone NH of Cys87 and the NH of the triazolone
ring acting as a donor to the backbone carbonyl of Glu85. This is
in contrast to the aryl group in this position as exemplified by
the co-crystal structure of 4a with Chk1 protein.

Structure guided SAR efforts undertaken towards the TZ class of
inhibitors led to the identification of three key compounds listed in
Table 4.

To summarize, inhibition of Chk1 is an attractive strategy for
identifying anti-cancer therapeutics due to the chemo-potentiation
effects obtained when a Chk1 inhibitor is combined with a DNA
damaging agent. We have identified a novel series of triazolones
from a HTS campaign against Chk1. Utilizing data generated by
an initial library campaign, we were able to efficiently improve
the potency of a HTS hit from 800 to�0.1 nM in the Chk1 SPA assay
and successfully address limitations of the early analogs, which
were devoid of cellular activity. Thus a hit to lead campaign suc-
cessfully yielded compounds with improved potency (enzymatic
and cellular) that were suitable for further lead optimization to
generate a Chk1 inhibitor with the desired drug like properties.
Since the aspiration was to deliver the Chk1 inhibitor as an intra-
venous agent, in addition to improving pk, potency, and in vivo
efficacy, improving solubility was a key objective of the lead opti-
mization phase of the program, and will be described in the near
future.
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