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A B S T R A C T

Sirtuins (SIRT1–SIRT7) are an evolutionary conserved family of NAD+-dependent protein deacylases regulating
the acylation state of ε-N-lysine residues of proteins thereby controlling key biological processes. Numerous
studies have found association of the aberrant enzymatic activity of SIRTs with various diseases like diabetes,
cancer and neurodegenerative disorders. Previously, we have shown that substituted 2-alkyl-chroman-4-one/
chromone derivatives can serve as selective inhibitors of SIRT2 possessing an antiproliferative effect in two
human cancer cell lines. In this study, we have explored the bioisosteric replacement of the chroman-4-one/
chromone core structure with different less lipophilic bicyclic scaffolds to overcome problems associated to poor
physiochemical properties due to a highly lipophilic substitution pattern required for achieve a good inhibitory
effect. Various new derivatives based on the quinolin-4(1H)-one scaffold, bicyclic secondary sulfonamides or
saccharins were synthesized and evaluated for their SIRT inhibitory effect. Among the evaluated scaffolds, the
benzothiadiazine-1,1-dioxide-based compounds showed the highest SIRT2 inhibitory activity. Molecular mod-
eling studies gave insight into the binding mode of the new scaffold-replacement analogues.

1. Introduction

Bioisosterism is a common strategy for optimization of lead com-
pounds in medicinal chemistry which involves structural modifications
of bioactive compounds by replacement of functional groups or scaf-
folds. We have used the chromone and chroman-4-one ring systems as
scaffolds for the development of potent and selective sirtuin 2 (SIRT2)
enzyme inhibitors (Fig. 1).1,2 Sirtuins (SIRTs) catalyze the deacylation
of lysine residues on numerous protein substrates requiring NAD+ as a
co-substrate.3,4 The SIRT enzymes are considered to be important in
various pathologies such as cancer, neurodegeneration, diabetes, in-
flammation and cardiovascular diseases and therefore, the development
of SIRT inhibitor is of vast interest.5–10 Despite the synthetic efforts to
develop potent inhibitors the majority of the reported inhibitors show
IC50 values in the submicromolar to micromolar range with only a
handful of examples exibiting nanolar inhibitory activity.9,11

A drawback of the previously described chromone and chroman-4-
one based SIRT2 inhibitors (e.g. 1, Fig. 1)1 was their high lipophilicity

which prevented their use in more advanced biological assays as they
precipitated at relevant test concentrations. Efforts to increase the hy-
drophilicity afforded compounds containing heterofunctional groups
such as pyridyl or oxadiazole moieties (3 and 5, respectively, Fig. 1)
that allowed them to be tested for their SIRT2-mediated anti-
proliferative effects in cancer cells.2

To further improve the physicochemical properties of potential
SIRT2 inhibitors we decided to investigate the effect of replacing the
chroman-4-one scaffold with other heterocyclic frameworks (Scheme
1).

In the present study, a set of compounds based on three types of
bicyclic scaffolds has been synthesized and evaluated for their activity
as sirtuin inhibitors.

Quinolin-4(1H)-ones (A) and bicyclic secondary sulfonamides such
as benzothiazine-1,1-dioxides (B) and benzothiadiazine-1,1-dioxides
(C–D), or saccharins (E) are versatile scaffolds found in bioactive
compounds. The quinolin-4(1H)-one is structurally similar to the
chromone and is a common scaffold in antibacterial agents such as
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fluoroquinolones.12 Benzothiadiazine-1,1-dioxide derivatives have
been used as diuretic drugs since the 1950s and this scaffold is a fre-
quent motif also in other biologically relevant substances.13,14 Sac-
charin, widely used as an artificial sweetener, has been successfully
used as a core structure in e.g. inhibitors of carbonic anhydrases15 and
is also a key element of repinotan, a highly selective 5-HT1A-receptor
agonist.16 The new scaffold analogues contained comparable substitu-
tion patterns to the previously studied chroman-4-ones/chromones. The
observed structure-activity relationships (SAR) were in agreement with
the findings from docking studies conducted with a SIRT2 3D model
previously published.2

2. Results and discussion

2.1. Design

The design of new scaffold analogues was guided by SAR studies
and the suggested binding mode achieved from molecular modelling
trials performed around the parent chroman-4-one/chromone scaf-
fold.1,2 The main focus was the replacement of the core structure with
less lipophilic ring systems in order to improve the physicochemical
properties. To elucidate the influence of the scaffold replacement on the
inhibitory properties, we aimed to retain a characteristic substitution
pattern which has proven to be vital for inhibitory activity of deriva-
tives based on the chroman-4-one/chromone framework. Hence, the
scaffolds should contain a hydrogen bond acceptor (HBA) group mi-
micking the carbonyl group thereby retaining the hydrogen bond to a
structural water molecule. In addition, the introduction of functional
groups in positions mimicking the 2- and 6-position of the chroman-4-
ones/chromones should be allowed (see Scheme 1 for numbering). The
new compounds should preferably be brominated at the site corre-
sponding to the 6-position of the parent scaffold since chroman-4-one
derivatives holding a Br-substituent in this position showed higher in-
hibitory activity than other substituents due to a halogen bond inter-
action with a backbone carbonyl group of SIRT2. Introduction of an
additional Br-group in the corresponding 8-position might be beneficial

to increase the inhibitory activity even further due to hydrophobic in-
teractions with the target protein. The substituent in the 2-position of
the chroman-4-ones/chromones is located in a narrow hydrophobic
tunnel pointing towards the surrounding water environment. Conse-
quently, the group representing this substituent should be a linear ali-
phatic moiety which can be substituted with heterocycles and bulkier
groups when separated from the core structure with at least an ethylene
spacer.1,2

The heterocyclic frameworks shown in Scheme 1 emerged as pro-
mising alternatives as they are similar in size to the chroman-4-ones/
chromones, readily accessible by synthesis and can be substituted with
functional groups in equivalent positions as the parent scaffold to
maintain the key binding properties of known, potent SIRT2-selective
inhibitors (Fig. 1, 1–5). The calculated logP values of scaffolds B–E are
significantly lower than the one of the chroman-4-one scaffold, in-
dicating a good starting point for addressing the issues of the less fa-
vourable physicochemical properties exhibited by the chroman-4-one
series. In addition, the quinolin-4-(1H)-one framework (A) was also
considered to be of interest due to its structural similarities to the
chromone scaffold despite its higher clogP-value.

2.2. Chemistry

The synthesis towards the quinolin-4-(1H)-one-based analogues is
shown in Scheme 2. The scaffold was synthesized from β-ketoesters and
anilines employing the Conrad-Limpach reaction. The β-ketoesters 8a–c
were obtained in good yields by reacting monomethyl potassium mal-
onate (6) with the CDI-activated carboxylic acids 7a–c in anhydrous
THF at room temperature.17 2-Bromo-4-chloroaniline was then reacted
with 8a–c under argon at 50 °C for 48 h to afford the intermediate
enaminoesters 9a–c. After removal of excess aniline and p-toluene-
sulfonic acid (p-TSA) the cyclization was achieved by heating the en-
aminoesters to 250 °C in diphenyl ether for 45 min using microwave
heating. The quinolin-4-(1H)-ones 10a–c were finally isolated by
crystallization from hexane.

Four analogues with the benzothiazine-1,1-dioxide scaffold were

Fig. 1. SIRT2 selective chroman-4-one based inhibitors. (%-Inhibition at 200 µM inhibitor conc.)

Scheme 1. Overview over the scaffolds en-
visioned to replace the chroman-4-one fra-
mework in the SIRT2 inhibitors. Apart from
Scaffold A, the new bicyclic ring systems
show lower lipophilicity than the chroman-
4-one scaffold as reflected by the calculated
logP values (logP values are calculated of
the unsubstituted scaffolds (R = R′ = H)).
The key-binding interactions of the
chroman-4-one based inhibitors with SIRT2
have been highlighted in 2.2
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white solid. 1H NMR (DMSO‑d6) δ 9.22 (s, 1H), 8.74 (d, J = 1.6 Hz,
1H), 8.17 (dd, J = 8.2, 1.7 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.06 (d,
J = 8.4 Hz, 2H), 6.67 (d, J = 8.4 Hz, 2H), 3.86 (dd, J = 8.4, 6.8 Hz,
2H), 2.91 (dd, J = 8.5, 6.7 Hz, 2H). 13C NMR (DMSO‑d6) δ 157.6,
156.0, 138.3, 138.2, 129.7, 129.4, 127.6, 126.8, 125.4, 124.7, 115.3,
40.3, 33.1. Anal. (C15H12BrNO4S) C, H, N.

���������������������	
����"(&) $�� �"
����!�����
�*��& � &� �32&�� The compound was synthesized according to the
general procedure from 30 (114 mg, 0.38 mmol) to afford 32d (133 mg,
76%) as a white solid. 1H NMR δ 8.06 (dd, J = 1.6, 0.5 Hz, 1H), 7.96
(dd, J = 8.2, 1.6 Hz, 1H), 7.89 (dd, J = 8.2, 0.5 Hz, 1H), 7.47–7.43 (m,
1H), 7.39 (dt, J = 7.5, 1.7 Hz, 1H), 7.25–7.16 (m, 2H), 4.01–3.93 (m,
1H), 3.14–3.06 (m, 2H). 13C NMR δ 158.1, 139.6, 139.1, 137.9, 132.1,
130.4, 130.3, 130.1, 127.7, 126.7, 126.1, 124.4, 122.8, 40.4, 34.4.
Anal. (C15H11Br2NO3S) C, H, N.

������������ ���������	
����"(&) $�� �"
����!������*��
& � &� �32��� The compound was synthesized according to the general
procedure from 30 (150 mg, 0.53 mmol) to afford 32e (166 mg, 76%)
as an off-white solid. 1H NMR (DMSO‑d6) δ 8.74 (dd, J = 1.7, 0.5 Hz,
1H), 8.20–8.15 (m, 2H), 8.08 (ddd, J = 8.2, 2.4, 1.0 Hz, 1H), 7.95 (dd,
J = 8.2, 0.5 Hz, 1H), 7.74 (ddd, J = 7.6, 1.7, 1.0 Hz, 1H), 7.58 (ddd,
J = 8.1, 7.6, 0.4 Hz, 1H), 4.05 (t, J = 7.0 Hz, 1H), 3.19 (t, J = 6.9 Hz,
1H). 13C NMR (DMSO‑d6) δ 157.8, 147.8, 140.1, 138.3, 138.1, 135.9,
129.9, 129.5, 126.8, 125.3, 124.8, 123.7, 121.7, 39.41, 33.2. Anal.
(C15H11BrN2O5S) C, H, N.

��������������$��� � � &	
����	
����"(&) $�� �"
����!��
����*��& � &� �32%�� The compound was synthesized according to
the general procedure from 30 (90 mg, 0.3 mmol). Purification by re-
crystallization from EtOAc/pentane afforded 32f (71 mg, 59%) as a
white solid.

1H NMR (DMSO‑d6) δ 8.74 (dd, J = 1.7, 0.5 Hz, 1H), 8.20 (dd,
J = 8.2, 1.7 Hz, 1H), 8.02 (dd, J = 8.2, 0.5 Hz, 1H), 3.91–3.80 (m, 2H),
3.80–3.70 (m, 2H), 2.55 (s, 4H). 13C NMR (DMSO‑d6) δ 177.8, 157.9,
138.4, 137.9, 129.6, 126.8, 125.3, 125.0, 37.0, 35.6, 28.0. Anal.
(C13H11BrN2O5S) C, H, N.

4.17. SIRT1–3 in vitro assay

The Fluor de Lys fluorescence assays were based on the method
described in the BioMol product sheet (Enzo Life Sciences) using the
BioMol KI177 substrate for SIRT1 and the KI179 substrate for SIRT2
and SIRT3. The determined Km value of SIRT1 for KI177 was 58 μM,
and the Km of SIRT2 for KI179 was 198 μM.26 The Km of SIRT3 for
KI179 was reported by Enzo Life Sciences to be 32 μM. The Km values of
SIRT1, SIRT2 and SIRT3 for NAD+ were reported by BioMol to be
558 μM, 547 μM and 2 mM, respectively.

Briefly, assays were carried out using the Fluor de Lys acetylated
peptide substrate at 0.7 Km and NAD+ (Sigma N6522 or BioMol KI282)
at 0.9 Km, recombinant GST-SIRT1/2-enzyme or recombinant His-
SIRT3 and SIRT assay buffer (KI286). GST-SIRT1 and GST-SIRT2 were
produced as described previously.27,28 His-SIRT3 (BML-SE270) was
purchased from Enzo Life Sciences. The buffer, Fluor de Lys acetylated
peptide substrate, NAD+ and DMSO/compounds in DMSO (2.5 μL in
50 μL total reaction volume; DMSO from Sigma, D2650) were pre-
incubated for 5 min at room temperature. The reaction was started by
adding the enzyme. The reaction mixture was incubated for one hour at
37 °C. After that, Fluor de Lys developer (KI176) and 2 mM nicotina-
mide (KI283) in SIRT assay buffer (total volume 50 μL) were added, and
the incubation was continued for 45 min at 37 °C. Fluorescence read-
ings were obtained using EnVision 2104 Multilabel Reader (Perki-
nElmer) with excitation wavelength 370 nm and emission 460 nm.

4.18. Molecular modeling

4.18.1. Docking
The previously published 3D-structure of SIRT22 was prepared

using Protein Preparation Wizard29 implemented in the Schrödinger
Suite. Ensembles of conformations for each ligand to be docked were
generated in order to prevent the starting conformation bias the final
docking solutions. In case of a chiral compound, both enantiomers were
docked. The docking was conducted using Glide XP (extra precision)
into the proposed binding site for the chroman-4-one inhibitors.2 In the
docking trial the protein structure was held rigid while the ligands were
flexible. The best scored docking solutions that fulfilled the inhibitor-
enzyme key interactions were reported. Single point energies for each
docked ligand conformation were calculated, to be able to determine
their relative energies. All calculations have been performed using
OPLS3 force field21 in a water solvation model with tools implemented
in Schrödinger Suite.22
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