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Isothiazoloĳ4,3-b]pyridines as inhibitors of cyclin
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relationship studies and antiviral activity†
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Isothiazoloĳ4,3-b]pyridines are known to be endowed with potent affinity for cyclin G associated kinase

(GAK). In this paper, we expanded the structure–activity relationship study by broadening the structural

variety at position 3 of the isothiazoloĳ4,3-b]pyridine scaffold. The most potent GAK ligands (displaying Kd
values of less than 100 nM) within this series carry an alkoxy group at position 3 of the central scaffold.

Unfortunately, these ligands display only modest antiviral activity against the hepatitis C virus.
Introduction

According to reports of the World Health Organization
(WHO), approximately 170 million people are chronically
infected with the hepatitis C virus (HCV). Among these
patients, 60–70% will suffer chronic liver disease. In 5–20% of
cases, liver cirrhosis or liver cancer is diagnosed, resulting in
1–5% lethal outcomes. It is therefore not surprising that HCV
infection is a major indication for liver transplantation.1

Historically, treatment of HCV infected patients consti-
tuted of parenteral administration of an immunomodulatory
agent (pegylated interferon) to stimulate the hosts' antiviral
immune response, in combination with ribavirin. In 2011,
the first class of directly acting antiviral agents, the HCV
NS3/4A serine protease inhibitors, was added to pegylated
interferon and ribavirin with increased efficacy. Currently,
three NS3/4A protease inhibitors have been licensed for clini-
cal use (Boceprevir,2 Telaprevir,3 Simeprevir4). Another class
of HCV therapeutics constitutes the NS5A inhibitors, from
which Daclatasvir received marketing approval.5 Very
recently, sofosbuvir, a uridine nucleotide analogue acting as
a HCV NS5B RNA-dependent RNA polymerase inhibitor was
approved by the FDA.6 It has emerged as a potent agent with
pan-genotypic efficacy (HCV genotypes 1–6), a high barrier to
resistance and it established the backbone of an interferon-
and ribavirin-free regimens. These existing treatments target
viral factors which are essential for replication of HCV, and
more specifically, the step of HCV RNA replication. An alter-
native strategy, which is much less explored, is the develop-
ment of compounds that target cellular host factors.7 This
approach has the potential advantage of offering a higher
genetic barrier to resistance, since viral mutations are less
able to compensate for the loss of essential host factors. In
addition, different viruses can depend on the same cellular
factor for their replication. Hence, targeting such a common
host factor with small molecules may lead to the discovery of
broad-spectrum antivirals. A potential limitation is drug-
induced toxicity, since some of these factors may be essential
for normal cellular functioning. Multiple cellular factors are
involved in the HCV life cycle and therefore represent potential
targets for antiviral treatment.8 The best studied and validated
cellular targets for anti-HCV treatment are the cyclophylins A,
a family of enzymes with peptidyl-prolyl isomerase activity.
DEB025 (alisporivir) is among the most clinically advanced
representatives of the cyclophilin A inhibitors and has
advanced to phase III clinical trials.9 Besides cyclophilins, a
number of other cellular proteins have been identified as HCV
cofactors by siRNA screening campaigns.10–14 A common target
identified in various screens are the phosphatidylinositol-4-
kinases IIIα and β. Small molecule inhibitors of these enzymes
have been synthesized and found to be endowed with potent
activity against HCV.15,16 Alpha-glucosidase I is another exam-
ple of a host factor essential for HCV infection. Alpha-
glucosidase I inhibitors, such as celgosivir, have been shown
to inhibit replication of HCV as well as Dengue virus.17,18

Recently, cyclin G associated kinase (GAK) emerged as a
promising target for the treatment of HCV infections. GAK is
oyal Society of Chemistry 2015
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a host cell kinase known to regulate interactions between
clathrin adaptor complexes and host cargo proteins. It has
been shown that depletion of GAK by siRNA is dispensable
for HCV RNA replication, but significantly inhibits two tem-
porally distinct steps of the HCV life cycle: entry and assem-
bly.19,20 Similarly, pharmacological inhibitors of the kinase
activity of GAK disrupted HCV entry and assembly, thereby fur-
ther validating GAK as a potential antiviral target. Erlotinib
(Fig. 1), an approved anticancer drug that potently inhibits
GAK as an off-target effect, effectively disrupted HCV entry and
assembly.19,20 Moreover, we recently reported the discovery of
isothiazoloĳ4,3-b]pyridines as a class of selective GAK inhibi-
tors that are structurally unrelated to erlotinib.21 The most
potent compounds, 1 and 2, were endowed with Kd values of
8.3 and 8.9 nM, respectively (Fig. 1). Both analogues were
endowed with potent in vitro anti-HCV activity by inhibiting
HCV entry and assembly. In this paper, we embark on the syn-
thesis and structure–activity relationship (SAR) study of novel
isothiazoloĳ4,3-b]pyridines, with a focus on the expansion of
the structural variety at position 3 of the core scaffold.

Chemistry

The synthesis started with the large-scale synthesis of
3-amino-6-bromo-isothiazoloĳ4,3-b]pyridine 3 as a key building
block, according to a known procedure (Scheme 1).21 The
exocyclic amino group was used to prepare a series of
This journal is © The Royal Society of Chemistry 2015

Fig. 1 GAK inhibitors.

Scheme 1 Reagents and conditions. a) RCOOH, TBTU or HATU, DIPEA, D
DME; c) 30% aq. H2O2, CH3OH, rt; d) R3OH, NaH, μW or R3NH2, EtOH, 75 °C
amides. As coupling with acid chlorides led inevitably to the
formation of di-acylated compound, the amides 4 were pre-
pared by mixing 3 with an appropriate carboxylic acid using
O-Ĳbenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetra-
fluoroborate (TBTU) or 1-ĳbisĲdimethylamino)methylene]-1H-
1,2,3-triazoloĳ4,5-b]pyridinium-3-oxide hexafluorophosphate
(HATU) as coupling reagent. Introduction of the 3,4-
dimethoxyphenyl moiety via a Suzuki type of reaction,
furnished a small library of N-Ĳ6-Ĳ3,4-dimethoxyphenyl)-
isothiazoloĳ4,3-b]pyridin-3-yl)amide derivatives 5a–j.
Diazotation of the exocyclic amino group of 3 using sodium
nitrite, hydrogen bromide and copperĲI) bromide afforded
3,6-dibromo-isothiazoloĳ4,3-b]pyridine 6. The bromine at posi-
tion 3 was selectively displaced by a number of nitrogen and
oxygen nucleophiles. For oxygen nucleophiles, the reactions
took place under microwave irradiation, whereas amines
were introduced under classical heating conditions. Subse-
quently, a palladium-catalyzed Suzuki cross-coupling reaction
with 3,4-dimethoxyphenylboronic acid or 3-thienylboronic acid
afforded a series of 3-substituted-6-aryl-isothiazoloĳ4,3-b]-
pyridine analogues 8a–t.

GAK affinity data and structure–
activity relationship studies

The compounds were assayed for their binding affinity for
GAK, using the KINOMEscan Profiling Service of DiscoveRx.22
Med. Chem. Commun., 2015, 6, 1666–1672 | 1667

MF, rt; b) arylboronic acid, K2CO3, PdĲPPh3)4, reflux, H2O, dioxane or
.
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Table 1 SAR of isothiazoloĳ4,3-b]pyridines with an amide group at
position 3

Cmpd# R % Ctrl (10 μM)a Kd (μM)a

5a 54 ND

5b 15 ND

5c 29 ND

5d 66 ND

5e 90 ND

5f 2.3 1.1

5g 15 ND

5h 88 ND

5i 58 ND

5j 2.2 0.6

ND = not determined. a Values are the average of two independent
experiments.
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This is based on a competition binding assay that quantita-
tively measures the ability of a compound to compete with an
immobilized, active-site-directed ligand. The binding of DNA-
tagged GAK to an immobilized ligand on the solid support is
measured by quantitative PCR of the DNA tag. The experi-
ment is then repeated in the presence of a “free test” com-
pound. The more test compounds that bind to GAK, the
fewer DNA-tagged GAK enzyme will bind to the immobilized
ligand. In a first round of screening, compounds were tested
at a single concentration of 10 μM. The results are expressed
as % of control (% Ctrl), with high affinity compounds have
% Ctrl = 0, while weaker binders have higher % control
values. For compounds that display a % Ctrl of less than 5,
exact dissociation constant (Kd) values were calculated, using
dose–response curves.

An earlier report focused on morpholino-like substituents
at position 3 of the isothiazoloĳ4,3-b]pyridine scaffold.21 Initial
data from this paper indicate that structural variation is toler-
ated at this position. Therefore, further SAR studies in this
region might yield important information for GAK inhibition
by isothiazoloĳ4,3-b]pyridines. This prompted us to embark on
the synthesis of three different series of isothiazoloĳ4,3-b]-
pyridines, carrying alkoxy, amine and amide substituents at
position 3. Table 1 summarizes the GAK affinity data of
isothiazoloĳ4,3-b]pyridines, bearing an amide group at posi-
tion 3. Different aliphatic moieties (such as a methyl, ethyl,
isopropyl, tert-butyl and 2-ethyl-propyl) were introduced,
albeit all of them lacked GAK affinity. A small cyclo-aliphatic
substituent, such as a cyclopropyl (compound 5f), yielded an
isothiazoloĳ4,3-b]pyridine derivative with potent GAK affinity
(Kd value of 1.1 μM). The introduction of bulkier cyclo-ali-
phatics, such as a cyclopentenyl (compound 5g), a cycloheptyl
(compound 5h), or a tetrahydropyranyl (compound 5i)
reduced the affinity to GAK. In contrast, the presence of an
aromatic phenyl ring afforded compound 5j, which is endo-
wed with potent GAK affinity (Kd = 0.6 μM).

Previously, alkoxy groups were not explored as potential
substituents at position 3 of the scaffold, mainly because in
the original matrix, the 3-methoxy analogue 8a was devoid of
GAK affinity.21 Surprisingly, enlarging the group from a
methoxy to an isopropoxy (compound 8b) led to a drastic
increase in GAK affinity, with a Kd value of 0.085 μM. The
presence of a racemic 2-methoxybutyl group (compound 8c)
furnished a compound which was slightly more potent as
GAK ligand (Kd = 0.074 μM). Elongation of the chain length
to an n-butoxy (compound 8d) reduced GAK binding (Kd =
0.31 μM), whereas the addition of one single carbon (an
n-pentyloxy group as in compound 8e) completely abolished
GAK affinity. These findings demonstrate the importance of
the chain length of the alkoxy group in GAK binding.
Branching of the n-butoxy group of compound 8d, yielded
the isoamyloxy derivative 8f which displays a Kd value of 0.59
μM, and hence is equally active as its linear counterpart. A
cyclic derivative, as exemplified by the synthesis of the
3-cyclohexyloxy derivative 8g, is a potent GAK ligand, endo-
wed with a Kd value of 0.34 μM.
1668 | Med. Chem. Commun., 2015, 6, 1666–1672
We have shown before that a 3,4-dimethoxyphenyl group
can be replaced by a 3-thienyl moiety with retention of GAK
affinity.21 Therefore, a number of 6-Ĳ3-thienyl)-3-alkoxy-
isothiazoloĳ4,3-b]pyridines were evaluated for their GAK bind-
ing properties. Similar to the 3,4-dimethoxyphenyl series, the
3-methoxy-analogue 8h is devoid of GAK affinity, whereas the
3-ethoxy- (compound 8i) and 3-isopropoxy- (compound 8j)
derivatives are potent GAK ligands, with Kd values of
0.22 μM, and 0.11 μM, respectively. It seems however that the
beneficial effect of the isopropoxy group is less pronounced
in the 3-thienyl series than in the 3,4-dimethoxyphenyl series
(Table 2).

Piperazine substructures are often used in medicinal
chemistry optimization campaigns. They are cheap chemicals
and are privileged substructures. In addition, the second
nitrogen functions as a chemical handle, where a wealth of
This journal is © The Royal Society of Chemistry 2015
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Table 2 SAR of 6-aryl-3-alkoxy-isothiazoloĳ4,3-b]pyridines

Cmpd# R6 R3 % Ctrl (10 μM)a Kd (μM)a

8a 19b ND

8b 0 0.085

8c 0 0.074

8d 0.8 0.31

8e 27 ND

8f 4.7 0.59

8g 0.95 0.34

8h 22b ND

8i 0.55 0.22

8j 0.11 0.11

ND = not determined. a Values are the average of two independent experiments. b Literature value.
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structural variety can be introduced. As previously shown, an
N-Me-piperazinyl group at position 3 (compound 8k) is devoid
of GAK affinity (Table 3).21 Increasing the size to an
N-isopropyl-piperazino (compound 8l), a n-butyl-piperazino
(compound 8m) or a 4-pyridyl-piperazino substituent (com-
pound 8n) did not lead to any improvement in GAK affinity.
Besides these N-alkyl/N-aryl piperazines, the second nitrogen
of the piperazine group was also coupled to a number of acid
This journal is © The Royal Society of Chemistry 2015
chlorides, affording a series of amides. The N-acetyl deriva-
tive (compound 8o) and a small carbamate derivative (com-
pound 8p) both show pronounced GAK affinity (Kd values of
0.29 μM and 0.61 μM, respectively), when compared to the
parent N-Me-piperazinyl analogue 8k. In contrast, increasing
the size of the N-acyl group (yielding benzoyl derivative 8q)
led to an inactive compound. In addition, a number of piper-
azine isosters was prepared, including a N-homopiperazine
Med. Chem. Commun., 2015, 6, 1666–1672 | 1669
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1670 | Med. Chem. Commun., 2015, 6, 1666–1672

Table 3 SAR of 6-aryl-3-amino-substituted-isothiazoloĳ4,3-b]pyridines

Cmpd# R3 % Ctrl (10 μM)a Kd (μM)a

8k 19b ND

8l 11 ND

8m 52 ND

8n 23 ND

8o 0.7 0.29

8p 5 0.61

8q 12 ND

8r 0.4 0.9

Table 3 (continued)

Cmpd# R3 % Ctrl (10 μM)a Kd (μM)a

8s 0.25 0.64

8t 2 0.66

ND = not determined. a Values are the average of two independent
experiments. b Literature value.
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derivative (compound 8r), an N-aminopiperidine analogue
(compound 8s) and a N-piperidino congener (compound 8t).
They are endowed with GAK Kd values in the range of 0.61–0.9
μM, indicating that these heterocycles are suitable for further
medicinal chemistry work in order to improve GAK affinity.

Antiviral activity

It has been shown before that GAK is involved in the regula-
tion of HCV entry and assembly.19,20 Small-molecule GAK
inhibitors, such as the known anticancer agent erlotinib
(developed as an EGFR inhibitor, but displays a potent GAK
affinity as an off-target effect)19,20 and isothiazoloĳ4,3-b]-
pyridines (developed as selective GAK inhibitors) have potent
anti-HCV activity.21 Therefore, the three most potent GAK
ligands (8b, 8c and 8j) from the current SAR study were
tested for their antiviral activity. Erlotinib, a very potent GAK
ligand (Kd = 3.1 nM), was included as a positive control (Fig. 2).
The antiviral activity of these compounds was tested in
Huh-7.5 cells infected with J6/JFHĲp7-Rluc2A) HCV, a recom-
binant culture grown virus harboring a Renilla luciferase
gene.23 Cells were pretreated with various concentrations of
8b, 8c, 8j, or erlotinib for 30 minutes prior to infection.
Growth media was replaced daily with compounds containing
media. Antiviral activity and cell viability were assessed by
luciferase assays and AlamarBlue-based assays 72 hours
postinfection, respectively.

As shown in Fig. 2, the least potent GAK ligand (com-
pound 8j, Kd = 0.11 μM) had a minimal to no effect on the
HCV replication. The two more potent GAK ligands (com-
pound 8b; Kd = 0.085 μM and compound 8c; Kd = 0.074 μM),
do display a dose–response curve, although they are clearly
less potent than the positive control, erlotinib. The effect of
these compounds on HCV replication thus appears to
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Selective GAK inhibitors inhibit HCV infection. Dose response curves of 8b, 8c, 8j, and erlotinib effects on infection of Huh-7.5 cells with
cell culture grown HCV (HCVcc). Plotted in orange (left y-axes) are percentage of luminescence values compared to DMSO treated controls. Cor-
responding cellular viability, as measured by alamarBlue-based assays, are plotted in blue (right y-axes). Data reflect means and s.d. (error bars).
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correlate with their affinity to GAK. The EC50 for 8b and 8c
are >5 μM and >14 μM, respectively. This diminished cellu-
lar activity is possibly due to the poor cellular permeability of
the compounds or the metabolic instability of the com-
pounds in hepatocytes.

Conclusion

Recently, we have reported the discovery of a novel series of
isothiazoloĳ4,3-b]pyridines that act as potent and selective
GAK inhibitors.21 In this manuscript, we describe an exten-
sion of the SAR of this first series of compounds and demon-
strate that a wide variety of substituents can be introduced at
position 3 of the isothiazoloĳ4,3-b]pyridine scaffold, besides
the parent morpholine group. These data suggest that struc-
tural variety at this position is quite tolerated and allows
retaining an acceptable GAK affinity. The most potent GAK
ligands within this series are the 3-alkoxy-isothiazoloĳ4,3-b]-
pyridines. The ligands display only modest anti-HCV activity
in correlation with their affinity to GAK. These results suggest
that compounds with very high affinity for GAK (with Kd

values in the low nanomolar range) are necessary to achieve
potent antiviral activity.
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