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Exchange proteins directly activated by cAMP (Epac) are a family of guanine nucleotide exchange factors
that regulate a wide variety of intracellular processes in response to second messenger cAMP. To explore
the structural determinants for Epac antagonist properties of high throughput screening (HTS) hit ESI-08,
pyrimidine 1, a series of 5-cyano-6-oxo-1,6-dihydro-pyrimidine analogues have been synthesized and
evaluated for their activities for Epac inhibition. Structure–activity relationship (SAR) analysis led to
the identification of three more potent Epac antagonists (6b, 6g, and 6h). These inhibitors may serve
as valuable pharmacological probes for further elucidation of the physiological functions and mecha-
nisms of Epac regulation. Our SAR results and molecular docking studies have also revealed that further
optimization of the moieties at the C-6 position of pyrimidine scaffold may allow us to discover more
potent Epac-specific antagonists.

� 2012 Elsevier Ltd. All rights reserved.
The cyclic adenosine monophosphate (cAMP) signaling
pathway, widely viewed as the ‘prototypic’ second messenger
signaling pathway, regulates a myriad of biological processes,
including cardiac and smooth contraction, insulin secretion, neuro-
transmitter release, learning and memory, inflammation, cell
growth, cell differentiation, and cell apoptosis.1–5 The effects of
cAMP in mammalian cells are attributed to the activation of two
intracellular cAMP targets: the classic cAMP-dependent protein
kinase (PKA) and the more recently discovered exchange protein
directly activated by cAMP (Epac, a.k.a. cAMP-GEF).6–8 By far the
best-studied aspect of cAMP signaling involves cAMP-mediated
activation of PKA. Since the discovery of the Epac proteins in
1998,9 significant progress has been made toward elucidating the
molecular mechanism of Epac activation. These new findings have
altered the prevailing viewpoints about cAMP signaling that previ-
ously had been ascribed mainly to PKA, and the contribution of Epac
is now more and more appreciated.10,11 Epac proteins are guanine
nucleotide exchange factors for Ras-like small GTPases, Rap1 and
Rap2. There are two isoforms of Epac, Epac1, and Epac2, which have
been implicated in a number of cellular processes.12–15 Epac pro-
teins exert their diverse biological functions alone, in concert with
PKA, and/or even in opposed to PKA.16 Therefore, it remains a great
challenge to understand the complexity of Epac activation/inhibi-
tion within the cAMP signaling pathway and to provide insights
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into the molecular mechanisms of Epac in the regulation of multiple
effectors and biological functions.

To distinguish the signaling pathway activated by Epac proteins,
membrane-permeable cAMP analogues with high affinity and spec-
ificity for Epac proteins are needed. The 8-pCPT-20-O-Me-cAMP
(a.k.a. 007), a selective agonist for Epac proteins, is very useful in
unraveling the role of Epac in a wide variety of biological processes,
ranging from exocytosis of insulin to the regulation of calcium
channels and permeability of the vascular endothelium.17–21 While
007 has become a widely used tool in Epac-related research, its
application is greatly limited by its low membrane permeability be-
cause of the negatively charged phosphate group. To mitigate this
issue, an AM (acetoxymethyl)-ester (007-AM) has been introduced
to mask the negatively charged group.22 The ester appendage of
007-AM can be intracellularly removed by esterase to generate
007. Nevertheless, 007 can also bind and inhibit phosphodiester-
ase-1, -2, and -6, and thus indirectly increase intracellular cAMP
or/and 30-50-cyclic guanosine monophosphate (cGMP) levels, and
eventually activate PKA, PKG and/or cyclic nucleotide gated chan-
nels.23 Meanwhile, accumulating evidence demonstrated that Epac
proteins may represent new mechanism-based therapeutic targets
for the treatment of various human disorders such as diabetes,
heart disease and cancer.24–28 Therefore, development of Epac
antagonists as useful pharmacological probes to dissect the physio-
logical functions that Epac proteins play in the overall cAMP-med-
iated signaling remains a major challenge in the research field.29

In an attempt to identify novel molecular antagonists that are
capable of specifically inhibiting Epac, an automated, fluores-
cence-based high throughput screening (HTS) assay has been
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Scheme 1. Synthesis of the 5-cyano-6-oxo-1,6-dihydro-pyrimidine analogues.
Reagents and conditions: (a) piperidine, EtOH, reflux; 5a R1 = cyclohexyl, 51%; 5b
R1 = isopropyl, 55%; 5c R1 = cyclopropyl, 18%; 5d R1 = cyclopentyl, 62%; 5e R1 = 1-
methyl-piperidin-4-yl, 69%; 5f R1 = 1-Boc-piperidin-4-yl, 59%; 8a R3 = H, 48%; 8b
R3 = 4-Cl, 49%; (b) various benzyl halides, K2CO3, acetone, rt; 6a 93%; 6b 87%; 6c
91%; 6d 94%; 6e 95%; 6f 75%; 6g 80%; 6h 92%; 6i 65%; 6j 77%; (c) TFA, DCM, 0 �C,
92%; (d) EDCI, DIPEA, various anilines, DCM, rt; 11a 91%; 11b 80%; 11c 82%.
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developed by our team using a fluorescent cyclic nucleotide analog,
8-NBD-cAMP (8-(2-[7-Nitro-4-benzofurazanyl]aminoethylthio)
adenosine-30,50-cyclic monophosphate). This competitive assay
which is performed in a ‘mix and measure’ format, is based upon
a dramatic dose-dependent change in fluorescence signal of the
binding of 8-NBD-cAMP to Epac2.30 A Maybridge Hitfinder com-
pound library of 14,400 chemically diversified small molecules
has been screened. ESI-08 (1) has been identified as an Epac
antagonist (Fig. 1) which is capable of completely inhibiting both
Epac1 and Epac2 activity at 25 lM in the presence of equal molar
concentration of cAMP (unpublished data). Herein, we report the
synthesis and the exploration of the structure–activity relation-
ship (SAR) of the 5-cyano-6-oxo-1,6-dihydro-pyrimidine ana-
logues as potent antagonists targeting Epac. Molecular
modeling studies of these novel Epac inhibitors were also per-
formed using AutoDock Vina docking approach.31

Using the HTS hit ESI-08 as a starting point, structural modifica-
tions of three major sites on the 5-cyano-6-oxo-1,6-dihydro-
pyrimidine scaffold have been explored. The synthesis of various
pyrimidine analogues is outlined in Scheme 1. The reaction of
methyl cyanoacetate with the corresponding aldehydes 2a–f and
thiourea in the presence of piperidine refluxing in EtOH afforded
the pyrimidine thiones (or thiouracils) 5a–f.32 Selective S-alkyl-
ation of 5a–f with the appropriate benzyl halide in the presence
of K2CO3 in acetone gave the desired products 6a–j.33 Removal of
the Boc group from 6j with trifluoroacetic acid yielded the desired
compound 6k. Condensation of 2a with methyl cyanoacetate 3 and
appropriate phenylguanidines 7a–b provided analogues 8a–b.
The S-alkylation reaction of 5a with bromoacetic acid 9 afforded
the intermediate 10. Compound 10 was then condensed with the
appropriate anilines in the presence of EDCI and DIPEA to form
11a–c. The structures and purity of all synthesized compounds
were confirmed by 1H and 13C NMR, HR-MS and HPLC analysis.34

Synthesized 5-cyano-6-oxo-1,6-dihydro-pyrimidine analogues
5a, 6a–k, 8a–b, 10 and 11a–c were screened for their relative
binding affinity of Epac2 by using dose-dependent titrations to
compete the binding of 8-NBD-cAMP to Epac2.30 Apparent IC50

values of these analogues are summarized in Table 1. As illustrated
in Table 1, the pharmacophore moieties at the 2-position of the
pyrimidine scaffold have demonstrated very crucial to the activity,
and an appropriate hydrophobic group such as S-benzyl moiety is
required to achieve the activity of these analogues to target Epac.
For example, compound 5a with a mercapto group at the 2-posi-
tion that is not alkylated with a hydrophobic group displayed no
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Figure 1. The structures of cAMP, Epac agonists: 20-O-Me-cAMP analogs 007 and
007-AM, Epac antagonist: HTS hit 1 (ESI-08).
activity (IC50 >300 lM). Given that the hydrophobic group is
important for the potency and the hit (1) itself has a 2,5-dimethyl
substituent on the phenyl ring, analogues 6a–e with substituents
of proton, methyl, dimethyl, or trimethyl groups at various posi-
tions of the aromatic ring were initially explored and compared.
Among compounds 6a–e, 6c and 6e demonstrated a moderate po-
tency against Epac2 with IC50 values of 15.7 and 11.6 lM, respec-
tively. The 3,5-dimethyl analogue 6b, with an IC50 value of
7.0 lM, showed a slightly better activity than the hit ESI-08 (1),
a corresponding 2,5-dimethyl analogue. Compounds 6a and 6d
with the R2 of either 4-methyl or H displayed a much lower
potency.

The effects of various alkyl substituents at the C-6 position of
the pyrimidine ring have also been investigated. As shown in Table
1, compound 6g with the 6-cyclohexyl replaced by 6-cyclopropyl
moiety displayed enhanced activity with an IC50 value of 4.0 lM
when compared with the hit ESI-08 (1). 6-Cyclopentyl derivative
6h showed a similar potency with an IC50 value of 5.9 lM
(Fig. 2). In contrast, 6f and 6i with an isopropyl or a N-methyl
piperidyl were found significantly less active, with IC50 values of
12.7 and 127 lM, respectively. Interestingly, compound 6k with
6-(piperidin-4-yl) group, which was initially designed with an at-
tempt to improve the aqueous solubility, showed no activity
(IC50 >300 lM), indicating that a basic moiety at this position
seems inappropriate. Taken together, these results suggest that a
moderate hydrophobic group at the C-6 position of the pyrimidine
scaffold is important to achieve the potent inhibition activity. In



Table 1
Apparent IC50 values of the 5-cyano-6-oxo-1,6-dihydro-pyrimidine analogues for competing with 8-NBD-cAMP in binding Epac2
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Entry R1 X Y R2 IC50 (lM) Relative potency (RA)a

cAMP 48 1
1 Cyclohexyl S CH2 2,5-Dimethyl 8.4 5.7
5a >300 <0.16
6a Cyclohexyl S CH2 4-Methyl 38.7 1.2
6b Cyclohexyl S CH2 3,5-Dimethyl 7.0 6.9
6c Cyclohexyl S CH2 2,4-Dimethyl 15.7 3.1
6d Cyclohexyl S CH2 H 30.5 1.6
6e Cyclohexyl S CH2 2,4,6-Trimethyl 11.6 4.1
6f Isopropyl S CH2 2,5-Dimethyl 12.7 3.8
6g Cyclopropyl S CH2 2,5-Dimethyl 4.0 12
6h Cyclopentyl S CH2 2,5-Dimethyl 5.9 8.1
6i 1-Methyl-piperidin-4-yl S CH2 2,5-Dimethyl 127 0.4
6k Piperidin-4-yl S CH2 2,5-Dimethyl >300 <0.16
8a Cyclohexyl NH — H >300 <0.16
8b Cyclohexyl NH — 4-Cl >300 <0.16
10 >300 <0.16
11a Cyclohexyl S CH2C(O)NH H >300 <0.16
11b Cyclohexyl S CH2C(O)NH 2,4,6-Trimethyl >300 <0.16
11c Cyclohexyl S CH2C(O)NH 4-Methyl >300 <0.16

a RA = IC50, cAMP/IC50, compound

Figure 2. Relative potency of Epac2 antagonists. Dose-dependent competition of
Epac2 antagonists with 8-NBD-cAMP in binding to Epac2: closed circles, 6g
(HJC0198); closed triangles up, 6h (HJC0197); closed diamonds, 1 (ESI-08); open
triangles down, 6a (HJC0167); closed squares, cAMP.
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addition, the replacement of the S-benzyl group at the 2-position of
the pyrimidine scaffold with either phenylamino (8a) or 4-chloro-
phenylamino (8b) led to a dramatic loss of the inhibitory activity
(IC50 >300 lM). This is also true for analogues 10 and 11a–c, in
which S-benzyl moiety was replaced with either 2-sulfanyl acetic
acid or 2-sulfanyl acetamides, indicating that 2-benzylsulfanyl
group is a crucial hydrophobic pharmacophore for this type of mol-
ecules to achieve the activity targeting Epac2.

The in vitro SAR results allowed us to select compounds exhib-
iting a high Epac2 inhibitory activity for further investigation.
Compounds 6g (HJC0198) and 6h (HJC0197) have therefore been
selected for further evaluation in suppressing cAMP-mediated
Epac1 and Epac2 GEF activities to determine their specificity using
purified recombinant full-length Epac1 and Epac2 proteins
(Fig. 3).30,35,36 These two analogues were shown to be able to inhi-
bit Epac2 GEF activity to basal levels at 25 lM concentration in the
presence of equal concentration of cAMP. Compound 6h was found
to also inhibit Epac1-mediated Rap1-GDP exchange activity at
25 lM in the presence of equal concentration of cAMP, while com-
pound 6g is more Epac2-specific (Fig. 3). From these results it ap-
pears that smaller alkyl substituent on the C-6 position of the
pyrimidine ring may be more beneficial for the specificity of Epac2.
These findings suggest that further optimization on the moieties at
the C-6 position of pyrimidine scaffold may provide a great poten-
tial to develop new and more Epac2-specific inhibitors.

To further characterize the relative potency of these Epac antag-
onists, we have performed counter-screening assays that measure
type I and II PKA holoenzyme activities, respectively.30 As shown in
Figure 4, compounds ESI-08, 6g (HJC0198) and 6h (HJC0197) at
25 lM have been found not to alter cAMP-induced type I and II
PKA holoenzymes activation while H89, a selective PKA inhibitor,
blocked the type I or II PKA activities completely. These results sug-
gest that compounds ESI-08, 6g (HJC0198) and 6h (HJC0197) are
Epac-specific inhibitors that selectively block cAMP-induced Epac
activation, but do not inhibit cAMP-mediated PKA activation.

Epac proteins are also known to activate the Akt/PKB signaling
pathways.16 To determine if our newly synthesized Epac specific
inhibitors are capable of blocking Epac1- or Epac2-mediated Akt
activation, the phosphorylation statuses of T308 and S473 of Akt
in HEK293 cells ectopically expressing Epac1 or Epac2 were mon-
itored using anti-phospho-Akt antibodies. As shown in Figure 5,
pretreatment of HEK293/Epac1 and HEK293/Epac2 cells with
10 lM of HJC0197 (6h) and HJC0198 (6g) for 5 min before the
administration of 007-AM, a membrane permeable Epac selective
agonist, completely blocked Epac1 and Epac2-mediated Akt phos-
phorylation. These results demonstrate that in addition to inhibit-
ing Epac1 and Epac2 biochemically, HJC0197 (6h) and HJC0198
(6g) can also suppress Epac1 and Epac2 function in cells.

Molecular docking studies were performed to investigate the
conformation and the required spatial relationship between the
pyrimidine scaffold and Epac2 protein.37 Since our robust HTS



Figure 3. Specificity of Epac antagonists 6g and 6h. (A) cAMP-mediated Epac1 GEF
activity measured in the presence or absence of Epac antagonists: open squares,
Epac1 alone; closed squares: Epac1 in the presence of 25 lM cAMP; open circles,
Epac1 with 25 lM cAMP and 25 lM 6g; closed circles, Epac1 with 25 lM cAMP and
25 lM 6h. (B) cAMP-mediated Epac2 GEF activity measured in the presence or
absence of Epac antagonists: open squares, Epac2 alone; closed squares: Epac2 in
the presence of 25 lM cAMP; open circles, Epac2 with 25 lM cAMP and 25 lM 6g;
closed circles, Epac2 with 25 lM cAMP and 25 lM 6h. Similar results were obtained
from two independent experiments.

Figure 4. Effects of Epac antagonists ESI-08, 6g (HJC0198) and 6h (HJC0197) on
type I and II PKA activities. Relative Type I (filled bars) and II (open bars) PKA
holoenzyme activities in the presence of 100 lM cAMP plus vehicle control, 25 lM
H89 or 25 lM ESI-08 or 25 lM 6g (HJC0198) or 25 lM 6h (HJC0197). Data are
presented in the format of means and standard deviations (n = 3).

Figure 5. Effects of Epac antagonists on Epac-mediated Akt/PKB phosphorylation in
HEK293/Epac cells. HEK293/Epac1 and HEK293/Epac2 cells with or without
pretreatment of 10 lM Epac antagonists (HJC0197 and HJC0198, respectively)
were stimulated with 10 lM 007-AM. Cell lysates were subjected to Western blot
analyses using anti-phospho-Ser473-specific (PKB-P473) and anti-phospho-
Thr308-specific (PKB-P308) PKB antibodies.
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assay is particularly sensitive for searching compounds that di-
rectly compete with 8-NBD-cAMP in binding to Epac2, we pre-
dicted that our compounds may bind to the cAMP binding
domain (CBD) of Epac2. AutoDock Vina docking data indeed re-
vealed that our compounds could fit nicely into the functional
cAMP binding packet of Epac2.38 To further characterize the bind-
ing pose, we selected analogue 6h as a case study for our theoret-
ical investigation. As depicted in Figure 6A & B, the molecular
docking results showed that the position and size of substituted
groups played a key role in the binding of the compound with
Epac2. The hydrophobic S-benzyl moiety interacts with the hydro-
phobic residues of Val447, Phe403, Lys405 and Leu406.
Meanwhile, the cyclopentyl moiety at the C-6 position of the
pyrimidine ring was also found to form hydrophobic interactions
with Phe367, Ala407, Ala412, Pro413, Ala415, Ala416 and Ile418.
These results are in full agreement with our established SAR data
that hydrophobic groups at the C-6 position and 2-position of the
pyrimidine scaffold are crucial to target Epac. These docking find-
ings may also help us understand why analogues with the moder-
ate hydrophobic substituent at the C-6 position have better
potency while analogue 6k with 6-(piperidin-4-yl) group displays
no activity. Moreover, this binding mode is further stabilized by
the occurrence of one hydrogen bond between the oxygen of car-
bonyl group in the pyrimidine ring with the residue Lys450. Taken
together, these studies suggest that optimization of the moieties at
the C-6 position and 5-cyano of the pyrimidine scaffold may pro-
vide further opportunities to improve the binding affinity and
specificity of the pyrimidine derivatives.

In summary, a series of 5-cyano-6-oxo-1,6-dihydro-pyrimidine
derivatives have been synthesized and biologically evaluated as a
novel class of Epac antagonists. We have identified important
structural features of the small molecule inhibitors targeting Epac.
The SAR results and docking studies indicate that further modifica-
tion at the C-6 position of the pyrimidine scaffold can tune the ori-
ginal hit 1 to achieve a more specific Epac2 antagonist. The
pharmacological probes identified such as 6g (HJC0198) and 6h
(HJC0197) will facilitate our efforts in elucidating the physiological
functions of Epac and mechanisms of cAMP-mediated cell signal-
ing. These probes will also have potential for the development of
novel therapeutics against human diseases associated with dys-
function of specific cAMP-signaling components. Further studies
of a systematic lead optimization on the C-6 position and 5-cyano
of the pyrimidine scaffold by appropriate modifications of length,
size, and chemical nature of the substituents are undergoing and
will be reported in due course.



Figure 6. Predicted binding mode and molecular docking of compound 6h into the
cAMP binding domain (CBD) of Epac2 protein. (A) Nitrogen, oxygen, sulfur and
phosphorus are shown in blue, red, orange and pale red, respectively. Compound 6h
is shown in big sticks and in green color. cAMP is shown in small sticks and in
yellow color. Protein residues likely to be involved in polar and hydrophobic
interactions are shown in sticks. Hydrogen bonds are indicated by dashed lines. (B)
Compound 6h is shown in yellow color while cAMP is shown in pink color.
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