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with transcriptEoanakrspnenr ahet contrary, bal anc
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and histone and histone tudor domains,
acetyltransferases deacetylases PHD fingers,
PWWP domains

and malignant
brain tumour

Fi gulrde nucl eosomeamcoost amet esf four different histone prote
envel opedNAy blas® tpgiHisst one tail stamnaeskbabjenal t mopgiositcatio
met hyl ation (Me), acetylation ( Ac) , .Epphiogsepnheotriycl attoioolns (aPrhe) car
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can naturally be reversed by er aseirrmsstsruwcnme naasal hi

mai ntaining the balance of epigenetic regulation

1. 2Hi stongl aeax and Sirtuins
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packaging. This process relies on té&ietineaestchdi ge
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negatively charged phosphate groups of t he DN
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l eads to the reassembly of the DNA,parckeeldds ¢ the hi
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—
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acknowl eNobgneeds.t one proteins such as transcriptio
nucl ear i mpoaltpmbhamidorcy t oskel et @an dpt o deeianit $i f weerde a
targets for histoMerdeaert yhasasray of biologic
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of histonetheametrel smdedern and accurate term to d
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i s pephammai n dehogl ase. Nmeovsetr trheep cerstss,eBit §1 br isd¢ & lc |

term since most major phenotypic rédsponses stem

Hi st one deacetylases are subdivided into four d
yeast omatshaslhogving Bl ass |, I and |V histone de:
cleavage of acetyl groups-fati brsthgtaprzownwcde®na:
|l ysine acet ampir @ enobhees dn uchlagophi |l ic attack of a wa
class 1|, I and |V histone deacetyl ppegntace su
chelators, in particular hydroxamic acids such s
vorinostat, belincd$t®®t and trichostatin A.

Histone deacetylases

- aVa N ™
Class | Class Il Class Il Class IV
HDAC1 HDAC4 Sirtl HDACI11
HDAC2 la HDACS Sirt2
HDAC3 HDAC7 Sirt3
HDACS HDAC9 Sirtd

Sirth
1| HDACG e
HDAC10 Sirt7
o N A

|
NAD™-dependent Sirtuins

Zn**-dependent HDACs

FigwBreThe family of hisatengerdaesadetiynitaosdour different cl ass
classidalpentdnscst one deacetyl ases. Clraespsr eNsheDdtp esrithesre rd elda et y
| mage taBehnfGoortmwe [fwli t h permi ssion fr AmtCri.datiiwe Commons

I n contrast, class I 11 histone deacetebNbAsDes repr
dependent kenrmavysnerst(uSiedEth)i s f ami lswasfidegmset @i ede

buddi ngSaycecahsatr o my c e swhecedrbeev 1 shaei nf or mat igoenner egul
prodwashar actasr ianéd\eADentd deac&tTyheasteer m sirtuin w
introduced to refl ectr etl hdetoabdy lo @@reartsefi awsiolvye r efd Sicrr &
a wide rang® . thusptairiesseven different subtypes
humans, each with its own distihFt gfdureStirend, amsdr
and Sirt7 are predomi nanetrley@isfra B8Bn d Sii matrteh e mml unlir ei ul <
found the mi‘“t®ichtodadrsaa cytoplasmic protein but
during the G2/ M tr anwoi tpiearf oafm tihes @alvlotayclrel e

mi crotubules necedg$ary for cell division
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1.3Sirt?2
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selective Sirt?2 inhibitors wi t h satisfactory [
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Sirt2 inhibitors WerDe 10@&enstyinftiheedt i sdueccho regesd uid om t
pl abnatsed al kaloid cytisine that i°Bynené@zmsd-l gf ulsieg
t hroughput screening, f urAtGKEwWi Bhrdadf il ThwdOMor s
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3.Results & Discussions

Thi s scuwttliiomewsmmardi zes dhbhteairmeesdu | a weorf tthhe aaduhressa s

t sexr esalrtes presented in the form of four individu
been publ i srheevdi eiwvie dpesecri enti fi c journals, while t
manuscript and is awaiting additi ontad gwhhmildsi don
for -pewvirewed publication.
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Co-factor NAD*

3. 1. 1Summary
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I n addition, halogen bonding has also seen notab
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and sudelypeti ve Sirt 2 sdordfhi2bei tnoM, wwihtihc hansilg®i fi c a
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3.1.3Article

Al l mat erhiadrst i fcl em wtere reproduced with permiss
Attribution in accordance with the Royal Soci et
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Tailored SirReal-type inhibitors enhance SIRT2
inhibition through ligand stabilization and
disruption of NAD* co-factor binding
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Human sirtuin 2 [SIRT2) is an NAD™ dependant enzyme that has been linked to the pathogenesis of various
diseases, making it a promising target for pharmaceutical intervention. This study presents a systematic
investigation on the inhibitory effects of SIRT2 inhibitors functionalized with diverse electrophilic functional
groups. Guided by initial docking studies, we designed and synthesised 14 derivatives of two published
potent lead structures 24a and SirReal2. The most potent and subtype selective SIRT2 inhibiter 29 (RW-78)
exhibits an |Cs5q of 26 nM, which outperforms its lead structure 24a (IC5q = 79 nM) by a factor of 3. The
increased potency of 29 is explained by halogen-r interactions with SIRT2 residues as visualized by X-ray
crystallography. Furthermore, 29 interferes with NAD' binding, highlighting co-factor displacement as a
valid strategy to inhibit SIRT2. Additionally, we showed cellular target engagement via NanoBRET assays in
HEK293T cells (ECsp = 15 nM). Altogether our findings provide a deeper insight into the structure-activity
relationships of these SirReal-type inhibitors and offer new avenues for optimisation of SIRT2 inhibitors,
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poses a significant challenge. Published SIRT2 inhibitors with
drug-like properties have been shown to possess a wide range
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Sirtuins, belonging to class 111 histone deacetylases, constitute
a family of highly conservative NAD -dependant proteins that
are involved in the regulation of various biological processes
such as metabolism, aging, inflammation and oxidative
stress.' Although sirtuins were initially recognised solely
for their deacetylation activity,” recent studies unveiled a
broader catalytic scope that includes desuccinylation,’
demalonylation,” demyristoylation® and ADP-ribosylation.”
Furthermore, sirtuin substrates extend beyond histones to
include other proteins, such as c-tubulin,® p53 (ref. 7) and
NF-«B.? Of the seven sirtuin subtypes, SIRT2 emerged as a key
target, particularly due to its involvement in the pathogenesis
of cancer,” viral infections’ and neurodegenerative
diseases.'™"” Despite numerous efforts over the past few
years, the development of potent and subtype selective SIRT2
inhibitors with satisfactory physicochemical properties still
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of structural diversity with various binding mechanisms
(Fig. 1). SIRT2 inhibitors with greater potency tend to
incorporate thicamide (KPM-2 (ref. 13) and TM®) and thiourea
(AF8)* scaffolds that can form stable covalent intermediates
with the essential co-factor NAD'. Additionally, SIRT2
inhibitors with other structural motifs such as oxadiazole
(Moniot_39)"® and chroman-4-one (6f)'® were identified with
IG5y values covering low micromolar ranges. The alkaloid
cytisine derived compound NPD11033 was shown by Kudo
et al. to likewise be a potent SIRT2 inhibitor."” Further potent
SIRT2 inhibitors such as AGK2 were detected by means
of high-throughput screening.'® Similarly, a series of
aminothiazoles were discovered through library screening, in
which the term sirtuin rearranging ligands (SirReals) was
coined.'®*" Among these aminothiazoles, SitReal2 displayed
high inhibitory potency with an ICs, value of 0.44 uM." X-ray
crystallographic studies on a SIRT2-SirReal2-NAD™ complex
unveiled a ligand-induced structural rearrangement of the
active site that generates the emergence of a selectivity pocket
that is occupied by the 4,6-dimethyl-2-mercaptopyrimidine
motif. Further optimisations employing triazole motifs led to
SIRT2 inhibitors with improved potency (Vogelmann 12
(SH10)** and Schiedel_9 and Schiedel_10”). Extending efforts
for the development of alternative SIRT2 inhibitors exploiting
this selectivity pocket, Yang et al. synthesised a library of

RSC Med, Chem.
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Fig. 1 Examples of published SIRT2 inhibitors.
N-acylaniline derivatives that identified 24a as a potent and

selective SIRT2 inhibitor with an 1Cs, value of 0.82 uM.2%2

Design rationale

Based on the published co-crystal structures of SIRT2 with
either 24a (PDB ID: 5YQ0)* or SirReal2 and NAD" (PDB ID:
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4RMG)," we hypothesised that significant increase in the
potency of these lead structures can be achieved through
strong, targeted interactions with the vicinal hydroxy groups
of the ribose unit of NAD™ by utilizing appropriate functional
groups that enable reversible covalent binding or halogen
bonding. Although reactive warheads such as Michael
acceptors, B-lactones and P-lactams, epoxides and sulfonyl
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fluorides have seen application in drug development and
present themselves as attractive irreversible covalent binders,
the potential for immunogenic reactions and off-target
toxicity is almost inevitable.***” In contrast, reversible
covalent inhibitors can dissociate from off-targets, reducing
the potential of unwanted side effects while retaining
extended binding at the intended target protein.’® Several
reversible covalent inhibitors have been successfully
approved as therapeutic drugs, such as the boronic acid
bortezomib that inhibits the 20S proteasome for the
treatment of multiple myeloma,**?*® the nitrile-based
dipeptidylpeptidase 4 (DPP4) inhibitor saxagliptin for the
treatment of type 2 diabetes mellitus,”" and the aldehyde-
bearing voxelotor for the treatment of sickle cell anaemia.*
Functional groups such as boronic acids, nitriles and
aldehydes do not only possess the capability to undergo
reversible covalent bonding, but can also form strong non-
covalent interactions in the form of hydrogen bonding, e.g.
with the ribose hydroxy groups of the co-factor NAD'.
Comparably, non-covalent interactions via halogen bonding,
which is sometimes referred to as the hydrophobic equivalent
of hydrogen bonding,* represent an area of interest in
current rational drug design approaches as demonstrated by
the optimisation of PDES5 (ref. 34) and HIV-1 reverse
transcriptase inhibitors®>*® and offer, as such, a promising
drug optimisation technique. This non-covalent interaction
arises from the anisotropic electron distribution in halogen
residues, creating a o-hole with depleted electron density that
enables strong bonding with diverse nucleophiles.”” ™" By
tailoring lead structures 24a and SirReal2 with such
functional groups, we aimed to achieve, in a (to our
knowledge) unprecedented manner in the sirtuin field,
reversible covalent binding and strong halogen bonding with
the co-factor NAD" of SIRT2 that strives for significant
enhancement in potency (Fig. 2).

Encouraged by initial docking studies of the envisaged
boronic acid derivatives of 24a and SirReal2 that showed
poses of the boronic acid moiety in proximity to the vicinal

e
g w (o}
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diol unit of NAD" (Fig. 3), we continued our efforts*’ in
developing highly potent and sub-type selective SIRT2
inhibitors through systematic investigation of the effects of
such functional groups on these two selected lead structures.

Results and discussion
Chemistry

The lead structure 24a (here 10) was synthesised according
to literature with slight modifications in the chronology.”>>*
Syntheses of functionalised 24a derivatives 11-14 were
initiated by the amide coupling of 4-amino-2-bromophenol
(2) and 1-methyl-1H-pyrazole-4-carboxylic acid to give amide
4 (Scheme 1). Williamson ether synthesis of 4 with
3-nitrobenzyl bromide gave bromobenzene intermediate 6,
which afforded nitrile 9 with zinc(i) cyanide following
published procedures,”> and boronic acid 8 following
Miyaura borylation protocols™® and subsequent oxidative
cleavage of boronic acid pinacol ester 7. In the final step,
reduction of the nitrobenzene derivatives 6, 8 and 9
followed by amide coupling with 2-((4,6-dimethylpyrimidin-
2-ylthio)acetic acid gave bromobenzene derivative 11,
boronic acid 13 and nitrile 14, respectively. In contrast, the
introduction of the aldehyde functional group was
performed in the final step due to its instability. Here,
bromobenzene derivative 11 was formylated to aldehyde
12 with in situ generated carbon monoxide from
N-formylsaccharin following protocols from Ueda et al** A
liquid-liquid extraction protocol® utilising sodium bisulfite
to form a charged bisulfite adduct with subsequent
regeneration of the aldehyde via basification was necessary,
since purification with flash column chromatography alone
did not afford the desired aldehyde 12 with sufficient purity.
However, the obtained 3% yield was rather unsatisfactory,
owing to stability issues. Nevertheless, the amount of
product 12 obtained sufficed for chemical analysis and
biological testing. Analogously, the preparation of the
isomeric functionalised 24a derivatives 29-34 followed a

OH OH
L —
OH ) (o]
. 5 AN
M, R” SNH
with R-CN
OH OH
L —
$ on : ?:‘""“x F
. 5, H

with R-X ; X: CI, Br, |

Fig. 2 Proposed binding mechanisms and interactions of the selected functional groups with the ribose unit of the co-factor NAD™. Boronic acids
can undergo reversible covalent bonding with one or both hydroxy groups to form (cyclic) boronates. Nitriles can form iminoethers, and aldehydes
can form hemiacetals or cyclic acetals. Halogen residues such as chlorine, bromine and iodine can form halogen bonds with the ribose hydroxy

groups.
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Fig. 3 (A) Docking poses of the envisaged 24a boronic acid derivative (cyan) based on PDB ID: 5YQ0O?® (NAD* shown was extracted separately
from PDB ID: 4RMG") and (B) SirReal2 boronic acid derivative (cyan) based on PDB ID: 4RMG'® in the presence of NAD* showing the boronic
acids in proximity to the vicinal diol unit of ribose of NAD™" for reversible covalent bonding.

similar  synthetic route. Building blocks 4-amino-3-
bromophenol (18) and 4-amino-3-iodophenol (19) were
obtained from the reduction of 3-bromo-4-nitrophenol (15)
and 3-iodo-4-nitrophenol (16), respectively. These phenols
and the commercially available 4-amino-3-chlorophenol (17)
were then subjected to Williamson ether synthesis prior to
amide coupling with 1-methyl-1H-pyrazole-4-carboxylic acid
as we noticed a significantly higher reactivity of the phenols
compared to the aromatic amines. Similar to the previous
synthetic route, bromobenzene intermediate 24 served as a
key intermediate for the preparation of boronic acid 27 and
nitrile 28. Reduction of the nitrobenzene derivatives 23-25
and 28 and subsequent amide coupling with 2-((4,6-
dimethylpyrimidin-2-yl)thio)acetic acid in the final step
afforded halogenated derivatives 29-31 and nitrile 34,
respectively. It is noteworthy that the amide coupling with
2-((4,6-dimethylpyrimidin-2-yl)thio)acetic ~acid after the
reduction of the boronic acid-bearing nitrobenzene 27
failed with various amide coupling reagents. To overcome
this problem, the highly reactive bromoacetyl bromide
was instead implemented, thereby generating a
a-bromoacetamide intermediate that underwent
nucleophilic substitution with 4,6-dimethylpyrimidine-2-thiol
to give boronic acid 33. Aldehyde 32 was obtained from
bromobenzene derivative 30 with the same formylation**
and bisulfite-mediated purification®® protocol that was
developed for the synthesis of aldehyde 12.

The synthesis of functionalised SirReal2 derivatives was
initiated by the preparation of aminothiazole 38 mainly
according to literature (Scheme 2).*° In deviation
therefrom, intermediate 7-bromonaphtalene-1-amine (37)
was prepared in a two-step process according to a

RSC Med. Chem.
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patented method."® Starting from 7-bromo-1-tetralone (35),

oxime 36 was prepared and then converted to
7-bromonaphtalene-1-amine  (37) via  Semmler-Wolff
aromatisation.  Subsequently, a modified Meerwein

arylation afforded aminothiazole 38 that served as a key
intermediate for further functional group modifications,
such as the palladium-catalysed synthesis***” of nitrile 39
and cyanomethyl derivative 40. Notably, the introduction
of the boronic acid necessitated the protection of the
N-Boc protection of aminothiazole 38 gave
bromobenzene intermediate 41, which underwent Miyaura
borylation** to give boronic acid pinacol ester 42.
Oxidative cleavage of 42 and subsequent N-Boc cleavage
with TFA gave boronic acid 44. The functionalised SirReal2
derivatives 45-48 were then obtained in the final step
from 38-40 and 44 via amide coupling with 2-((4,6-
dimethylpyrimidin-2-yl)thio)acetic acid. Formylation of 45
was again performed in the final step of the synthesis, in
this case using a protocol from Konishi et al*® that
utilises a different phosphine ligand, which generated a
better yield for the preparation of aldehyde 49. Laborious
purification of aldehyde 49 with the aforementioned
liquid-liquid extraction protocol®® via a bisulfite adduct
was not necessary in this case.

amine.

In vitro sirtuin inhibitory activities

The determination of SIRT2 inhibitory activity was
performed by Reaction Biology Corporation (Malvern, USA)
with a fluorescence-based assay utilizing the fluorogenic
peptide of p53 residues 379-382 (RHKK(Ac)-Fl). In general,

the determined ICs, values of literature-known lead

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Reagents and conditions: (a) 1-methyl-1H-pyrazole-4-carboxylic acid, HATU, DIPEA, THF, rt-65 °C, 3 h-6 d, 21-71%; (b) 3-nitrobenzyl
bromide, K,COs, DMF, 0 °C-rt, 5 h-16 h, 38% quant.; {c) Fe, NH,Cl, EtOH, 90 °C, 2 h, 86-89%; {d) 2-((4,6-dimethylpyrimidin-2-ylithio)acetic acid,
EDC, HOBt, DIPEA, BDCM, rt, 18 h, 62% (over 2 steps); (e) Pd(OAc).. dppb, N-formylsaccharin, Na,COs, EtsSiH, DMF, 75 °C, 19 h, 3%; (f) Bapina,
PdCly(dppf)-DCM, KOAc, 1,4-dioxane, 95 °C, 19 h, 26-45%; (g) NalO,, NH,OAc or HCl, acetone/H;O or THF/H,O, rt, 2 h-15 h; 45% quant. (h)
Zn(CN)z, Pd(PPhs)s. DMF, 150 °C, 22 h, 7%; (i} 2-((4.6-dimethylpyrimidin-2-yl)thio)acetic acid, EDC-HCL 4-DMAP, DMF, rt, 18 h-7 d, 40-69% (over 2
steps); (j) bromoacetyl bromide, DMF, rt, 30 min; then 4,6-dimethylpyrimidine-2-thiol, t-BuOK, DMF, rt, 19 h, 26% (over 3 steps); (k) CUCN, DMF,

150 °C, 22 h, 46%.

structures 24a (here 10)** and SirReal2z (ref. 20) in this
assay are in accordance with their published values.
Furthermore, all 24a derivatives showed potent and sub-
type selective inhibition of SIRT2 in the nanomolar range
(Table 1). However, the introduction of the boronic acid,
nitrile and aldehyde moieties in both positions R' and R?
(12-14, 32-34) showed no improvement, and to some
extent a decrease in the potency compared to the lead
structure 24a (10). Similarly, halogen modifications with
bromine at the R' position (11) showed no significant
improvement in potency. On the contrary, we observed a
significant increase in potency by the introduction of

This journal is @ The Roval Society of Chemistry 2025

Il
M

halogens at the R® position (compounds 29-31),
highlighting the importance of the position of the
functional group modifications. In particular,

chlorobenzene derivative 29 displayed a 3-fold increase in
potency, exhibiting an ICs, value of 26 nM, but also the
iodine (compound 31, IC;y = 29 nM) and bromine
derivatives (compound 30, IC;, = 54 nM) were highly
potent. These results lead to the following ranking in
descending order of potency: Cl > I > Br. Although in
theory the chlorine atom should form the weakest halogen
bond with the ribose hydroxy groups of NAD",*" the
observation that the chlorobenzene derivative 29

RSC Med. Chem.
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