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Summary

The Sirtuins constitute a conserved enzyme family, which is involved in the regulation of fun-
damental cellular processes like metabolic homeostasis, DNA repair or aging. In this context,
they were linked to multiple aging-related pathologies such as neurodegenerative diseases
and cancer. Sirtuins catalyze the NAD*-dependent hydrolysis of posttranslational acyl-modifi-
cations from protein lysine side chains. Mammalian cells possess seven Sirtuin isoforms
(Sirt1-7), which are primarily located to either the nucleus/nucleolus (Sirt1/6/7), cytosol (Sirt2)
or mitochondria (Sirt3/4/5). While lysine deacetylation was initially supposed to be the con-
served function of all Sirtuins, recent research has revealed a broader range of lysine deacyl-
ase activities, like demyristoylation by Sirt6 or desuccinylation by Sirt5. Of the mitochondrial
Sirtuins, Sirt3 is a robust deacetylase, while no efficient Sirt4 activity was reported so far. Also
the acyl-specificity of Sirt5, albeit identified as desuccinylase/demalonylase, was never sys-
tematically characterized. However, investigating Sirtuin catalysis, their influence on substrate
proteins and relation to organismal pathophysiology demands precise knowledge about Sirtuin
acyl-specificity. Notably, specific Sirtuin modulators provide another possibility for characteriz-
ing Sirtuins in vitro and in vivo and have a potential in prospective medical treatments of Sirtuin-
related dysfunctions like type 2 diabetes (Sirt4) or neurodegeneration (Sirt2/5). However, only

a few specific Sirtuin modulators were developed yet.

In this thesis, the acyl specificities of the mitochondrial Sirtuins 4 and 5 were investigated in
collaborative projects. Our collaborators synthesized an acyl-peptide library to screen Sirt5
activity, which revealed a superior lysine deglutarylation efficiency compared to the reported
desuccinylase/demalonylase activities. We solved crystal structures of Sirt5 in complex with
several acylated peptides to elucidate the molecular background of these activities. Suppos-
edly, the more strained conformation of the glutaryl-ADP-ribose product is responsible for the
improved turnover by enhancing the rate-limiting product release. Concerning Sirt4, we
screened activities with the same acyl-peptide library and identified the hydrolysis of 3,3-dime-
thyl-succinyl as a robust, but unphysiologic activity. Testing chemically similar acyls with a

physiologic background revealed 3-hydroxy-3-methyl-glutaryl as a robust Sirt4 substrate acy!l.

Furthermore, this work includes the first Sirt4 crystal structures obtained by using the
orthologue Xenopus tropicalis Sirt4, which shares a high sequence identity and the same cat-
alytic activities with the human isoform. These crystal structures revealed three interesting
features providing deeper insights into the function and regulation of Sirt4. Firstly, Sirt4 com-
prises a significantly elongated zinc-binding domain loop, which sequence is present in all
chordate Sirt4, but unique in the Sirtuin family. It contributes to the active-site lining and might
be involved in Sirt4 regulation, since loop mutants showed changed catalytic turnovers. Sec-

ondly, the nucleotide-binding pocket is more positively charged compared to other isoforms,
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which appears to correlate with a unique sensitivity among Sirtuins to physiologic NADH con-
centrations, indicating a distinct regulation mechanism for Sirt4. Thirdly, an additional channel
to the acyl-lysine binding site was identified, which might either expand the substrate acyl-
lysine binding pocket or serve as a binding-site for regulatory molecules.

We utilized the insights in Sirt5 structure and function to develop specific small molecule inhib-
itors in collaborative projects. Our contribution to these projects was the analysis of complex
crystal structures to guide the inhibitor synthesis and kinetic studies performed by our collab-
orators. We chose a peptide with succinyl-lysine as a starting point and transformed this robust
and Sirt5-specific substrate into Sirt5-selective peptide inhibitors by derivatization of the suc-
cinyl with alkyl-side chains. These inhibitory peptides initially showed weak potencies in the
two-digit micromolar range and competed with NAD" binding through the alkyl moieties as
revealed by structural analysis. We rationally derivatized these inhibitors by substitution of the
alkyl-side chains with thio-alkyls, which increased potency into the two-digit nanomolar range
and showed a similar inhibitory mechanism in structural analysis. Since peptidic inhibitors often
comprise poor cellular resorption and half-life, the strongest inhibitory acyl was attached to a
lysine or lysine-mimetics to create small molecule modulators, but resulted in a decrease of
potency by at least three orders of magnitude. However, we could obtain structural information
about inhibitor scaffold-optimization in another collaborative structure-activity relationship
study, which pursued a Sirtuin mechanism-based inhibition approach. Herein, short pep-
tide(-like) inhibitors were developed and structurally analyzed, which resulted in potencies in
the sub-micromolar range. Combining this information about Sirt5 affinity hot spots around the
lysine binding-site with the inhibitory acyls of the peptide approach should constitute a starting
point for the development of small molecule Sirt5 inhibitors. These will contribute to the eluci-
dation of Sirt5 physiology and have a potential as therapeutics for the treatment of Sirt5-related

diseases.
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Zusammenfassung

Die Sirtuine sind eine konservierte Familie von Enzymen, welche in die Regulation fundamen-
taler zellularer Prozesse wie der metabolischen Homdostase, der Aufrechterhaltung der geno-
mischen Stabilitat oder dem Altern involviert ist. In diesem Zusammenhang wurden die Sirtuine
mit mehreren alterungsbedingten Pathologien wie neurodegenerativen Krankheiten und Krebs
in Verbindung gebracht. Sirtuine katalysieren die NAD*-abhangige Hydrolyse von posttransla-
tionalen Acyl-Modifikationen von Protein Lysin Seitenketten. Wirbeltiere weisen sieben Sirtuin
Isoformen auf (Sirtl-7), welche priméar im Nukleus/Nukleolus (Sirt1/6/7), dem Zellplasma
(Sirt2) oder den Mitochondrien (Sirt3/4/5) lokalisiert sind. Wahrend die Hydrolyse von Lysin-
Acetylierungen zunachst als konservierte Funktion aller Sirtuine angesehen wurde, offenbar-
ten neuere Studien, dass Sirtuine eine gréRere Bandbreite von Lysin-Deacylase Aktivitaten
aufweisen, wie die Demyristoylierung durch Sirté oder Desuccinylierung durch Sirt5. Von den
mitochondrialen Sirtuinen ist Sirt3 als effiziente Deacetylase bekannt, wohingegen fir Sirt4
bislang keine robuste Aktivitat beschrieben wurde und die Sirt5 Acyl-Spezifitdt nach Entde-
ckung ihrer Demalonylase/Desuccinylase Aktivitdt nie umfassend charakterisiert wurde. Die
detaillierte Kenntnis der Acyl-Praferenz ist jedoch essentiell fir die Untersuchung der Sirtuin
Katalyse, den Einfluss der Sirtuine auf ihre Substrat-Proteine und deren Zusammenhang mit
der Pathophysiologie des Organismus. Bei solchen Untersuchungen spielen wirksame und
Isoform-spezifische Sirtuin-Modulatoren eine bedeutende Rolle, da sie eine weitere Option fur
die in vitro und in vivo Charakterisierung der Sirtuine darstellen. Zusatzlich sind solche Modu-
latoren potentielle Therapeutika fur Krankheiten, welche in Zusammenhang mit Sirtuinen ste-
hen, wie neurodegenerative Erkrankungen (Sirt2/5) oder Typ 2 Diabetes (Sirt4). Allerdings

sind bislang nur wenige spezifische Modulatoren fur Sirtuine bekannt.

Im Rahmen dieser Doktorarbeit wurden die Acyl-Spezifitditen der mitochondrialen Sirtuine 4
und 5 in Kollaborationsprojekten untersucht. Unsere Kollaborateure synthetisierten eine Acyl-
Peptid Bibliothek zur systematischen, kinetischen Charakterisierung der Sirt5 Acyl-Spezifitat
und entdeckten eine gesteigerte Lysin Deglutarylierungs-Effizienz gegentber den zuvor be-
richteten Demalonylase und Desuccinylase Aktivitaten. Durch Ldsen von Sirt5 Kristallstruktu-
ren in Komplex mit verschiedenen acylierten Peptiden wurde der molekulare Hintergrund die-
ser Aktivitdten analysiert. Diese legten die Hypothese nahe, dass die effizientere Lysin
Deglutarylierung von der starkeren Stauchung des Glutaryl-ADP-Ribose Produktes rihrt, wel-
che die Katalyse-Geschwindigkeit limitierende Produkt-Freisetzung beschleunigen kénnte. Die
generierte Acyl-Peptid Bibliothek ermdglichte es uns weiterhin, die Acyl-Spezifitat von Sirt4 zu
charakterisieren, wodurch die Hydrolyse von 3,3-Dimethyl-Succinyl von Lysinen als robuste,
aber unphysiologische Sirt4 Aktivitat identifiziert wurde. Durch Experimente mit chemisch &hn-
lichen, potentiell physiologischen Acylen konnte die Hydrolyse von 3-Hydroxy-3-Methyl-Gluta-

ryl von Lysin Seitenketten als robuste Sirt4 Aktivitat gezeigt werden.
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Die vorliegende Arbeit beinhaltet zudem die ersten Kristallstrukturen von Sirt4, welche unter
Verwendung des Xenopus tropicalis Sirt4 Orthologs geltst werden konnten. Dieses Ortholog
weist eine hohe Sequenzidentitat zur humanen Isoform und dieselben enzymatischen Aktivi-
taten auf. Die Kristallstrukturen zeigten drei besondere Merkmale von Sirt4, welche zum bes-
seren Verstandnis dieser Isoform beitragen. Erstens besitzt die Zink-Bindedomane einen ver-
haltnismafig langen Loop, dessen Sequenz konserviert in Chordata Sirt4 Orthologen, aber
einzigartig in der Sirtuin-Familie ist. Dieser steuert Aminosauren zum Aufbau des Aktivzent-
rums bei und scheint in die Regulation der Enzymaktivitat involviert zu sein, da Loop-Deleti-
onsmutanten veranderte katalytische Werte zeigten. Zweitens weil3t die Nukleotid-Bindeta-
sche eine positivere elektrostatische Ladung auf, was die unter den Sirtuinen einzigartige Sen-
sitivitdt gegenliber physiologischen NADH-Konzentrationen erklaren koénnte. Drittens zeigen
die Strukturen einen zusatzlichen Kanal zum Aktivzentrum, welcher als vergroRRerte Substrat

Acyl-Lysin Bindestelle oder als Interaktionsflache fur regulatorische Molekile dienen kénnte.

Die Einblicke in die Struktur und Funktion von Sirt5 flossen in die Entwicklung spezifischer
Modulatoren fiir diese Isoform ein. Unser Beitrag war die Analyse von Komplex Kristallstruk-
turen, um die Inhibitor-Synthese und kinetischen Studien unserer Partner rational zu fihren.
Dafur wahlten wir ein Peptid mit succinyliertem Lysin als Startpunkt und transformierten dieses
robuste und Sirt5-spezifische Substrat durch Derivatisierung des Succinyls mit Alkyl-Seiten-
ketten in Sirt5-selektive Peptid-Inhibitoren. Die zundchst schwachen Inhibitoren mit Wirksam-
keiten im zweistelligen mikromolaren Bereich zeigten in den strukturellen Analysen eine Kom-
petition der Alkyl-Seitenketten mit dem Co-Substrat NAD*. Durch rationale Derivatisierung des
Succinyls mit Thio-Alkylen konnte die Wirksamkeit der Peptid-Inhibitoren jedoch in den zwei-
stelligen nanomolaren Bereich verbessert werden, wobei diese Derivate den gleichen inhibi-
torischen Mechanismus in strukturellen Analysen zeigten. Durch Abtrennen des Peptids sollte
der Schritt zu niedermolekularen Wirkstoffen vollzogen werden, um deren zellulare Resorption
und Halbwertszeit zu verbessern. Allerdings verringerte dies die Wirksamkeit um mindestens
drei GroBenordnungen, je nach Derivatisierung des inhibitorischen Acyls mit verschiedenen
Lysin-Mimetika. In einer weiteren kollaborativen Studie, welche einen Sirtuin-Mechanismus
basierten Ansatz der Inhibition verfolgte, wurden kleinere Peptid(-Mimetika) mit Wirksamkeiten
im sub-mikromolaren Bereich entwickelt und strukturelle Informationen zur Optimierung des
Inhibitor-Ruickgrats rund um die Bindung im Lysin Kanal gewonnen. Die Kombination der Er-
kenntnisse Uber Affinitats-Hotspots am Lysin-Kanal mit den Acylen aus dem Peptid-Inhibitoren
Ansatz ergibt einen Startpunkt zur Entwicklung potenter und selektiver Sirt5 Kleinmolekl-In-
hibitoren. Diese werden einen wichtigen Beitrag zur Aufklarung der Sirt5 Physiologie leisten
und besitzen Potential als Therapeutika fur die Behandlung von Krankheiten, welche in Zu-

sammenhang mit Sirt5 stehen.
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1. Introduction

1.1. Proteins and posttranslational modifications

Proteins are key-players in many cellular functions by catalyzing complex chemical reactions,
providing structural frameworks or tuning gene expression, to name only a few of their manifold
tasks. Thus, changing the performance or fate of a cell requires the regulation of proteins,
which is achieved through several means like enzyme modulation by effector molecules * or
altering protein expression 2. Additionally, an outstandingly complex and adaptable machinery
regulates proteins by attaching and removing posttranslational modifications (PTMs) on pro-

tein termini or amino acid side chains 3.

The human genome encodes for roughly 30,000 proteins, but this diversity is tremendously
extended by mRNA splicing and PTMs to a two to three orders of magnitude more complex,
so called, proteome (Figure 1A) 3. PTMs include the cleavage of the protein backbone as well
as the covalent modification of amino acids. In fact, 5% of the genes in higher eukaryotes
encode for protein modifying enzymes and 15 of the 20 natural amino-acids are PTM targets 2.
The best characterized PTMs are phosphorylation, glycosylation, acetylation, methylation,
ubiquitylation and sumoylation, which are studied for more than half a century, demonstrating

their complex roles in protein folding, degradation, stability and function (Figure 1B) 3.

A B Phosphorylation cascades | | Various modifications regulate | | Plasma-membrane proteins
are involved in many microtubule function can be linked to the membrane
signalling pathways by a GPl anchor

Proteome ®

> 1,000,000
proteoforms

0
Plasma-membrane P g
proteins can carry [S . A
N-glycans E@ \J) Target
- protein

N 7
740265
({543 proteasome

L4

100,000
transcripts

Genome The histone code
~ 30,000 controls many p P
proteins nuclear processes
Nucleus Polyubiquitylation

can induce protein
degradation

[
Nuclear and cytoplasmic
proteins can carry O-glycans

Figure 1: PTMs augment human proteome complexity and account for multifacete d effects on target pro-
teins. (A) lllustration of the increasing complexity of the human proteome by mRNA splicing and PTMs. (B) Exam-
ples of protein modifications and their respective function (reproduced from Jensen, 2006 # with permission of Na-
ture publishing group).

The most prominent function of (poly-)ubiquitylation is the proteosomal degradation of target
proteins >8, but also histone regulation and endocytosis of membrane proteins have been re-

ported 3. Glycosylation mainly occurs in eukaryotic cells and plays roles in, e.g., chaperone-
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mediated protein folding 8, signaling of cell surface proteins ° and transcription factor regula-
tion 1°, Protein phosphorylation is probably the best studied PTM and comprises multifaceted
roles like changing ordered/disordered protein conformations, protein-ligand association/dis-

sociation and enzyme activity 312,

Recent technical advances, especially in the field of high resolution mass-spectrome-
try (MS) 12, enabled the in-depth investigation of lysine side chain-acetylation and -acylation.
These PTMs attracted immense scientific attention and might have as much impact on protein

regulation as phosphorylation or glycosylation, as will be presented in the following.

1.2. Protein lysine acetylation & acylation

Protein acetylation on lysine side chain Ngamines (Figure 2A) occurs in all branches of life,
implicating an evolutionarily conserved significance 3%, Itis in the scientific focus for 50 years,
since Allfrey and co-workers for the first time discovered reversible acetylation on histones *°.
Thereafter, it took more than two decades to discover the first acetylated non-histone proteins,
which were the microtubule major component .-tubulin *7, the tumor suppressor p53 ® and the
HIV transcriptional regulator Tat °. Since then, the technical advances in MS and the genera-
tion of acetyl-lysine antibodies to specifically enrich acetylated proteins or peptides, enabled
the assembly Rl 3SDFHW\ORPHV" ™ ZK4d rRddifiodtonitbd©dd Gidespread and abun-
dant as phosphorylation 32025 |nterestingly, the majority of acetylation sites reside on non-
nuclear proteins and a huge number of them is present on mitochondrial proteins. In fact, since
phosphorylation rarely occurs in mitochondria, acetylation seems to be the prevalent PTM in

this organelle, implying key regulatory roles 226,

A R ¢ B

acetyl - '

R o 7
HN/ 7‘“\/CH3 s
propionyl -
o]
butyryl - J\/\CH

protein

acylated

----- nNH ]L/U\ tei
: ; rotein
peotEin malonyl - OH P

deacylated
protein

succinyl "'Hv\fo KATS
reactive metabolites

Figure 2: Diversity and regulation of protein acylation. (A) Examples for known lysine side chain acylations.
(B) Acyls are attached to lysine side chains by KATs or reactive metabolites and are removed by KDACs.

Besides acetylation, several other lysine acylations were reported in the last decade (Fig-
ure 2A). Among those are butyrylation, propionylation 2’2° and crotonylation 2°, which are

chemically similar to acetylation, but vary in size. In contrast, the short carboxyls malonylation
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and succinylation are chemically dissimilar due to their charged terminal group 32, Addition-
ally, myristoylation of lysine side chains was described and seems to play an important role in

membrane association 34%.

The mechanisms of lysine acylation are not fully elucidated, but two pathways have been pro-
posed (Figure 2B) . Firstly, acetyl-moieties are attached to lysine side chains by acetyl-trans-
ferases (KATSs) of the three major families GCN5, CREB-Binding-Protein/p300 and MYST us-
ing acetyl-Coenzyme A (acetyl-CoA) as donor molecule >3, Furthermore, some KATs can
also utilize bigger hydrophilic acyl-CoA molecules like propionyl-, butyryl- or crotonyl-CoA to
modify lysines 282937 #0 |t was also reported that CREB-Binding-Protein/p300 has the ability to
catalyze lysine succinylation in vitro 4%, but there are contrary implications based on a structural
study, questioning that its aliphatic pocket can bind charged acyl-CoA variants *’. Secondly,
several in vitro studies suggested that non-enzymatic lysine acetylation and acylation in cells
is feasible through reactive metabolites with good leaving groups like the above-mentioned
CoA “2#4 Indeed, the physiologic significance of this non-enzymatic pathway could be shown
in vivo by adding the reactive precursors to cell feeds or accumulating/diminishing them by
deleting distinct metabolic genes *4°. Specific properties of the mitochondrial matrix like the
alkaline pH, which increases lysine nucleophilicity, and the relatively high concentration of sev-
eral acyl-CoA species could explain the high abundance of respective lysine-acylations in mi-
tochondria 4°*’, Additional to reactive CoA-species, lysine side chains can be modified by other
reactive metabolites like acetyl-phosphate or 1,3-bisphosphoglycerate in vitro and in vivo 4448,

augmenting the theoretically possible diversity of lysine modifications.

The reversible acylation of lysine side chains is counteracted by the lysine deacylases
(KDACSs) (Figure 2B) , which are phylogenetically grouped in four classes in higher eukaryotes.
Class I, Il and IV are constituted by the historically termed histone deacetylases 1-11
(HDAC1-11) *°. These utilize a zinc ion bound to the active-site, which polarizes the lysine- 1 0
acetyl carbonyl to facilitate deacetylation by hydrolysis °°°1. The KDAC Class lll, in contrast,
uses a completely different enzymatic mechanism, and is constituted by WKH 36 LOWXLQV”

1.3. Deacylase Class lll: The Sirtuin Family

The name Sirtuin is derived from the yeast homolog Sir2 (Silent information regulator 2), which
was discovered in 1987 and regulates transcriptional silencing °2. It was initially proposed to
transfer ribose-phosphate moieties, because of its close homology to the bacterial cobalamine
synthesis proteins cobB and cobT %354, Later, Frye reported the ability of Sir2 to transfer the
adenosine diphosphate ribose (ADP-ribose) moiety of nicotinamide adenine dinucleotide
(NAD") to proteins *°, and, finally, Imai and co-workers (2000) showed, that Sir2 deacetylates
the histones H3 and H4 using an NAD* dependent mechanism °°. Recent studies showed, that

some human Sirtuins comprise other robust lysine deacylase activities, like desuccinylation by

-9-
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Sirt5 or demyristoylation by Sirt6 578, The molecular basis of these activities will be described
later. Remarkably, homologs of Sir2 were identified in organisms ranging from archaea over
bacteria to humans, which again implicates a vital role for reversible lysine acylation *°. A lot
of effort was and is still spent on the investigation of Sirtuin functions, which demonstrated
regulatory roles in DNA-repair, energy homeostasis and tumorigenesis. Furthermore, Sirtuins
were implied to play a significant role in the process of aging (see below) 861,

Mammals possess seven Sirtuin isoforms (Sirt1-7) with different primary location either in the
nucleus (Sirt1,6), nucleolus (Sirt7), cytosol (Sirt2) or mitochondria (Sirt3,4,5) ®2. However, lo-
calization can vary under certain circumstances, e.g. appearance of Sirtl in the cytosol in dif-
ferent mouse tissues °° or Sirt2 shuttling between cytoplasm and nucleus with implications in
mitosis . Concerning the mitochondrial Sirtuins, full-length Sirt3 was detected in the cytosol
and nucleus, whereas an N-terminal truncated form resides solely in the mitochondria 367, A
shuttling of Sirt4 and 5 was not reported yet, but a cytosolic Sirt5 demalonylase activity has

been shown in quantitative MS-experiments ©8,

1.4. Sirtuin requlatory functions

The Sirtuins primarily raised attention because of their involvement in aging and mediation of
lifespan extension upon caloric restriction (CR) ®°. Deletion of the yeast Sir2 gene shortened
lifespan, whereas a second copy promoted longevity °, and similar results were obtained in
C. elegans (homologue sir-2.1) "°7, D. melanogaster (homologue dSir2) '27>76 and male mice
(Sirt6-dependent) ”7. However, other studies disproved the relation of Sirtuins with CR and
aging in yeast, C. Elegans and D. melanogaster, which started an ongoing controversy 8#3,
A model was proposed, in which Sirtuins are not the only mediators of CR on lifespan exten-
sion, but contribute together with other mechanisms 8. Additionally, Sirtuins are reported to
delay aging-related diseases, diabetes and cancer 8#%¢ and are linked to central molecular
functions like genomic maintenance, metabolic homeostasis or stress response ¢, which all

influence lifespan.

Acylation of lysine side chains has two primary effects. First, the potentially positively charged
lysine side chain is either neutralized (e.g. by acetylation) or becomes negatively charged (e.g.
by succinylation). Second, it introduces sterical hindrance LQ WKH O\WLQHYfV PLFURHQY
These primary effects are responsible for the regulation of protein-ligand-, protein-DNA- or
protein-protein-interactions, enzymatic activity or even the subcellular localization of pro-

teins 133287,

The nuclear Sirtl, 6 and 7 are involved in, e.g., transcriptional regulation and genome stabil-

ity 8988, They deacetylate histones to regulate gene-silencing and participate in DNA repair,
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e.g., by recruiting DNA-damage response enzymes %8 %3 hut also modulate non-histone pro-
teins like the transcriptional Hypoxia-inducible factor 1-. DQ6. WR GHFUHDVH WKH H[SUI
of glycolytic genes °+9, Sirtl controls p53 function in cell cycle arrest, apoptosis and DNA-
damage repair %. Sirt6 was found to demyristoylate tumor necrosis factor alpha to release it
from the membrane, which can thereafter enable one of its multifaceted effects ranging from

apoptosis over cell survival to proliferation 5897,

The cytosolic Sirt2 deacetylates the main component of microtubules, .-tubulin, and thereby
influences their stability and structure °. Several other functions have been reported, e.g., a

Sirt2 control function in cell cycle progression %91 and adipogenesis 61102,

1.5. Functions of mitochondrial Sirtuins

An important regulatory role of mitochondrial processes is accounted to Sirt3, 4 and 5, since
they are the only deacylases in mitochondria and acylations are the prevalent PTMs in this
organelle (Figure 3) 242°,

Glucose

/

Fatty Pyruvate Amino
acids acids

o SIRT3
SI LCAD SIRT4 ™
ST o
L e o AcetleoA . —— Gin
[-Oxidation \ /Glu
m u-KG
{ SI AceCS2 ATF’ Krebs\  +

CoA+Acetate

ieslanm)

Urea
cycle

ATP

Figure 3. Exemplary regulatory roles of the mitochondrial Sirtuins 3, 4 and 5. Sirt3 deacetylates and activates
long-chain acyl-CoA-dehydrogenase (LCAD), acetyl-CoA synthetase 2 (AceCS2), glutamate dehydrogenase
(GDH) and enzymes of the respiratory electron transport chain to stimulate catabolic pathways and ATP supply.
Sirt4 inhibits GDH activity, which increases insulin secretion. Sirt5 deacylates and activates carbamoyl-phosphate
synthase 1 (CPS1), the key entry point to the urea cycle (Figure reproduced from Verdin et al., 2010 2 with per-
mission of Elsevier).

Sirt3 exhibits robust deacetylase activity and mainly targets metabolic enzymes. It deacety-
lates and thereby activates acetyl-CoA synthetase 2 (AceCS2) to replenish acetyl-CoA for the
Krebs cycle or other biosynthesis pathways 1%, Furthermore, Sirt3 activates complex | and Il
of the respiratory chain to enhance ATP generation 1941% Jong-chain acyl-CoA dehydrogenase
(LCAD) to stimulate fatty acid oxidation 1° and glutamate dehydrogenase (GDH) to support
metabolic intermediate anaplerosis 1. Interestingly, Sirt3 is also involved in the regulation of
reactive oxygen species (ROS) suppression by activating superoxid dismutase 2 (SOD2) 108,
In summary, Sirt3 activity stimulates catabolic pathways and simultaneously represses ROS

generation to dodge emerging cellular damage.
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The regulatory function of Sirt4 was less studied yet. Sirt4 was reported to oppose Sirt3 by
attenuating GDH-activity 1%, which subsequently increases insulin secretion and reduces
blood glucose levels °. Furthermore, it deacetylates malonyl-CoA decarboxylase (MCD),
which inhibits the turnover of malonyl-CoA to acetyl-CoA and thereby decreases fatty acid
oxidation and promotes lipogenesis L. It influences hepatic peroxisome proliferator-activated
receptor . (PPAR .) to decrease expression of genes involved in fatty acid catabolism 2, Ad-
ditionally, Sirt4 was reported to abolish pyruvate dehydrogenase (PDH) activity by delipoylating
a catalytic lysine residue, which hinders the glycolysis product pyruvate to enter the Krebs
cycle 3, In sum, Sirt4 influences metabolic pathways to favor lipid anabolism and reduce li-
polysis. Remarkably, it is the highest induced Sirtuin upon DNA-damage and facilitates repair

mechanisms by inhibiting GDH, which contributes to cell cycle arrest 89199,

Only a few regulatory roles of Sirt5 have been reported, but information might increase soon,
since its specificity for carboxylic acyls has only recently been uncovered *’. Sirt5 was reported
to stimulate the glycolytic enzyme glycerinaldehyld-3-phosphat-dehydrogenase (GAPDH) ©,
the ketogenic enzyme 3-hydroxy-3-methyl-glutaryl-CoA synthase 2 (HMGCS2) and lipolytic
enzymes 14, It is important for nicotinamide adenine dinucleotide phosphate (NADPH) home-
ostasis by deacylating isocitrate dehydrogenase 2 (ICD2) and glucose-6-phosphate dehydro-
genase (G6PDH) to stimulate their NADPH production, which in turn promotes biosynthetic
pathways or scavenges ROS by reducing glutathione *°. Furthermore, it facilitates the disposal
of ammonia by deacylating and activating carbamoyl-phosphate synthase 1 (CPS1), the key
entry point to the urea cycle 18, Like Sirt3, it boosts energy supply by enhancing glycolysis,
lipolysis and ketogenesis, and protects from consequential ROS-induced cellular damage. This
contrasts Sirt4 functions and suggests a balancing regulatory axis of metabolic processes by

Sirt3/5 opposing Sirt4.

1.6. Mammalian Sirtuins *Structure and enzymatic mechanism

The highly conserved Sirtuin catalytic core is constituted by 275 amino acids, flanked by N-
and C-terminal extensions of varying length (Figure 4 A). These are long for Sirtl, where they
comprise nuclear localization signals as well as stabilizing and regulatory domains 17118 and
are shorter for Sirt2-7, where they mainly function as mitochondrial (Sirt3,4,5) 116119120 or nu-
clear/nucleolar (Sirt6,7) 1?1122 targeting sequences. The catalytic core of each isoform consists
of a Rossmann-fold domain, typical for NAD* binding proteins 23, and a smaller zinc-binding
domain (Figure 4B) 24, In contrast to HDACs of Class I, Il and 1V, the zinc ion does not par-
ticipate in catalysis, but is important for W KH H Q JatBiHify Wy clamping two -sheets of the
zinc-ribbon 1%, The active-site is located in a cleft between the two core domains, which are
connected by several loops (Figure 4B ,C). It consists of a (poly)peptide binding groove, a
relatively conserved NAD* pocket and a more variable acyl-lysine binding site. A conserved

active-site histidine is of crucial importance for NAD* binding and activation 8126429,
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Figure 4. Conserved features of Sirtuin isoforms. (A) The Sirtuin V §atalytic cores are flanked by N- and C-

terminal extensions, which consist of stabilizing and regulatory domains for Sirtl and comprise localization se-
quences for Sirt3-7. (B) The conserved structure of the Sirtuin catalytic core consists of a Rossmann-fold (light blue)
and a Zn?*-binding domain (cyan) connected by several loops. The active-site is located between the two core
domains. The so-called cofactor-binding loop (dark blue) plays an important role in cofactor binding and catalysis.
Protein (blue/cyan) and peptide (green) are shown in cartoon representation, the zinc ion as yellow sphere and the
catalytic histidine (catalytic His) as well as the peptide acetyl-lysine and NAD* (green) as cpk color-coded sticks
(PDB 4FVT). (C) The surface representation of the Sirtuin catalytic core shows the binding pockets for the acylated
peptide and NAD", colored by electrostatic potential ranging from -10 to +10 KyT/ec (PDB 4FVT). (D) Scheme of
the Sirtuin catalyzed deacylation reaction (NAM: nicotinamide, ac-ADP-Ribose: acylated ADP-Rbose).

The relative conformation of Rossmann-fold and zinc-binding domain changes during cataly-
sis. Substrate binding induces a closed conformation constituting the acyl-lysine tunnel and
positioning the reacting substrate moieties close to each other. Furthermore, it orders the ini-
WLDOO\ IOCIHEWEH EAR GLQJ ORR Ssulstta NARDY it Yinkéd so Ealked
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3SURGXFWLYH " FRQ liRibdspensaliedor catalysisFigure 4 B,C) 124120, |n the first
reaction step, the nicotinamide (NAM) moiety of NAD" is released and the instable, not yet
evidenced as free or highly dissociative, & § R[DF D U E H @ linsténtly Rt@cked by the
acety- O\VLQH TV F D U E&R@M@nRDPIibeSeWeptidyl imidate (Figure 4 D) 12°131, This
first intermediate can either be attacked on L W-f&ce by NAM to reconstitute NAD™ or be pro-
cessed to a second, cyclic intermediate by collapse of the ADP-ribose §OH group ?°. Sirtuins
favor the downstream deacetylation reaction by a conserved Phe/Tyr residue of the co-factor
binding loop, which flips in upon NAM-release, probably expelling NAM and hindering the re-
verse reaction 32133, Furthermore, collapse of the ADP-ribose $OH is promoted by the con-
served catalytic histidine, which acts as a base to deprotonate the ADP-ribose YOH subse-
quently activating L WMDH 28131134 The second, bicyclic intermediate gets hydrolyzed and
WKH GHDFHW\ODW H-Gce§kARMIBASE, vihighGspofitaneously equilibrates with

facetyl-ADP-ribose, are finally released as reaction products 31,

1.7. Diverse Sirtuin deacylation functions

Robust deacetylation activity was demonstrated for Sirtl, 2 and 3 1. However, the mitochon-
drial Sirt4 and 5 as well as the nuclear/nucleolar Sirt6 and 7 display very weak or undetectable
deacetylase activity in vitro. It was reported, that Sirt4 and 6 possess ADP-ribosyltransferase
activity 120135136 hut a follow-up study showed that this is an inefficient side reaction for both
isoforms 3. In recent years, crystal structures and biochemical characterizations revealed
novel, robust functions of Sirt5 and 6, which correlates with the afore-mentioned discovery of

new acyl-modifications on lysine side chains.

Sirt5 was shown to efficiently turnover short carboxylic acyl modifications such as malonyl or
succinyl 7, which have been reported as physiological lysine PMTs 3123, Consistent with these
studies, a recent proteomics approach demonstrated that Sirt5 knock-out (KO) mouse embry-
onic fibroblasts showed increased protein succinylation, while acetylation levels remained rel-
atively constant 1*8, The reason for this acyl-selectivity was revealed by crystal structure anal-
ysis. Sirt3 Phel80 caps the acyl-lysine binding site (Figure 5 A), but is substituted by Ala86 in
Sirt5, which widens the pocket (Figure 5B) . Additionally, a Tyr-X-X-Arg motif at the back of the
acyl-lysine binding site recognizes the negatively charged acyl (Figure 5 B). Kinetics for Sirt5
demalonylation and desuccinylation are in the range of other robust Sirtuin activities, like Sirt2
deacetylation, with low micromolar Ky and catalytic efficiencies of a few thousand s* M1 57139,
Confirming the physiological relevance, experiments with Sirt5 KO mice showed that CPS1

activity is regulated by Sirt5 desuccinylation 7.

In contrast, Sirt6 was reported to efficiently hydrolyze long-chain fatty acyls from lysine side
chains %8. The Sirt6/myristoyl-peptide complex crystal structure revealed a large pocket lined

by hydrophobic residues, ideal for binding fatty acyl-lysine substrates and explaining Sirt6
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specificity (Figure 5 C) 8. A follow-up study reported that the low Sirt6 deacetylation activity is
significantly increased by the addition of free long-chain fatty acids *°. Biochemical data sug-
gested that the free fatty acid binds in the hydrophobic substrate pocket, thereby increasing
the affinity for the acetyl-lysine substrate and enhancing Sirt6 deacetylase activity. Interest-
ingly, also Sirt1-3 and 5 were shown to hydrolyze fatty acyls from lysine side chains. However,
only Sirt6 but not Sirtl deacetylation could be activated by the addition of free fatty acids 4°.

Figure 5: Sirtuin isoforms comprise diverse acyl-specificities due to variable acyl-lysine blndlng sites.
(A) The Sirt3 acyl-lysine binding site is short due to capping by Phe180 and can accommodate short lysine modifi-
cations like an acetyl-group (ace-Lys), which fits to its strong deacetylase activity. (B) The Sirt5 acyl-lysine binding
site is wider than in Sirt3 and a Tyr-X-X-Arg motif at the back of the pocket recognizes the negatively charged
carboxyl function of carboxylic acyls, e.g. succinyl (succ-Lys). (C) Sirté comprises a broad acyl-lysine channel lined
by hydrophobic residues facilitating long-chain fatty-acyl-lysine, e.g. myristoyl-lysine (myr-Lys), binding. The pro-
teins Sirt3 (PDB 4FVT), Sirt5 (PDB 4G1C) and Sirté (PDB 3ZG6) are represented in grey cartoon style with the
proteins famino acids of interest shown as cpk color-coded sticks. The substrate peptides (green) are shown in
cartoon style with the acyl-lysines as cpk color-coded sticks. Dashed lines indicate protein-ligand interactions.

Due to these findings, it is worthwhile considering that Sirt4 and 7, which do not display robust
in vitro deacetylase activity, bear an unrevealed primary function or can be activated by phys-
iologic small molecules in a similar way as Sirt6. Indeed, a Sirt4 in vivo deacetylation activity
was reported 1, which suggests that this activity is stimulated by an unknown mechanism. In
2014, Mathias and co-workers reported a delipoylase activity for Sirt4 on PDH protein and
peptide in vitro and in vivo, but the kinetics were orders of magnitude weaker than robust pri-

mary functions of other Sirtuins 13,

1.8. Modulation of Sirtuin activity

Sirtuins are regulators of multiple key cellular functions and therefore have to be tightly con-
trolled %61, Cells achieve this by either changing Sirtuin transcription levels, by regulatory pro-
teins binding to Sirtuins, PTMs or physiological small molecules. Of these multifaceted possi-
bilities, only the small molecules will be discussed in the following due to their implications for

drug development studies.
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1.8.1. Physiological small molecule modulators

The characterization of physiological small molecule modulators contributed to both charac-
terization of Sirtuin catalysis and drug development studies. The availability and redox status
of NAD*/NADH regulates Sirtuin activity. NAD" is the co-substrate with Ky values between
10 and 600 pM, depending on the Sirtuin isoform 22141 ‘which is in the range of the physiolog-
ical concentration of 300 to 400 uM NAD* in mammalian cells 142143, The fact that Sirtuins
require NAD"* to catalyze lysine deacylation renders them metabolic sensors for sufficient nu-
trient supply (low NAD* level) or starvation (high NAD* level) 44, In contrast, NADH is a weak
inhibitor with one-digit millimolar ICso values for human Sirt1,2,3,5 and 6 *° and possibly also
for the other, not yet tested isoforms due to the high conservation of the co-factor binding site.
Molecular dynamic simulations predicted NADH binding to Sirtuins solely in an elongated, un-
productive conformation, whereas NAD* with the oxidized NAM was more stably binding in the
kinked, productive conformation, an essential feature for catalysis 5. A physiological pan
Sirtuin inhibitor is NAM, which is generated by several metabolic pathways and released from
NAD" during the Sirtuin deacylation process as a by-product 12°, NAM inhibited all tested
Sirtuins (human Sirtl, 2, 3, 5 (desuccinylation), Sir2, Hst2, Sir2Tm) with ICso values of
20-140 pM 46448 which is in the range of physiological NAM concentrations (10-400 puM) im-
plying a regulatory mechanism %°. However, a few exceptions like the bacterial Sir2Af2 (from
Archaeoglobus fulgidus) and the human Sirt5 deacetylation function showed weak inhibition
with ICsp values in the millimolar range. Thus, NAM appears to be a deacylase activity discrim-
inating inhibitor, but a comprehensive investigation of its effects on Sirtuins with multiple weak

and strong activities was not performed yet.

1.8.2. Pharmacological Sirtuin modulation

Specific Sirtuin modulators are essential tools for the characterization of Sirtuin mechanism,
activity and regulatory function in in vitro and in vivo experiments. Furthermore, Sirtuins are
potential drug-targets due to their multiple physiological and pathophysiological roles in, e.g.,
neurodegenerative disorders, metabolic and aging-related diseases or cancer 110, Unfortu-
nately, most drug-development projects concerning Sirtuins yielded compounds lacking iso-
form specificity or exhibiting low potency #1%, but a few exceptions (e.g. EX527) will be de-

scribed briefly below.

Modulators extensively occupying the NAD" pocket often lack isoform specificity due to the
high conservation of this site in Sirtuins '>* and regularly affected other enzymes binding NAD*
or adenosine derivatives 88126150452 |nterestingly, the structures of human Sirt5 and 6 revealed
substantial variations in the acyl-lysine binding site among the Sirtuin family, which might fa-
cilitate isoform selectivity and is therefore an attractive site for the development of specific

modulators 57:58.
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Notably, either Sirtuin activation or inhibition, depending on the disease or condition to be
treated, would be required for medical purposes. In order to promote longevity, boosting Sirtuin
activity related to lifespan extension would be desired. Concerning the medication of obesity
or metabolic defects, activation or inhibition of a subset of mitochondrial Sirtuins would be
helpful, since they have different regulatory functions on metabolism as described above.

One of the first discovered and extensively studied Sirtuin compounds is the plant stilbene
resveratrol, which activates Sirt1, 3 and 5 %31%4, Similar to CR, it extended lifespan and showed
positive health effects %57 but it is unclear in which extent this resulted from Sirtuin activa-
tion, since this compound targets a variety of proteins 11158, Remarkably, resveratrol induced
either positive, negative or no effects on Sirtl deacetylase activity in a peptide array with ~6500
physiological acetylation motifs *°°. This adds another level of complexity to Sirtuin modulation,
since compound effects appear not to depend only on the isoform, but also on the acyl-modi-
fication (see NAM =Sirt5) or the substrate sequence (see Resveratrol £Sirtl).

One of the best studied Sirtuin inhibitors is EX-527 (Figure 6A,B) , which inhibits Sirtl
(ICs0 0.1 uM) and has two orders of magnitude weaker potencies towards Sirt2 and 3 and no
effect on Sirt5 160161 |t was reported to bind to the NAM pocket with NAM-like H-bonds to 11e230
and Asp231 and inhibit Sirtuin catalysis by stabilization of the Sirtuin/inhibitor/acetyl-ADP-ri-
bose complex (Figure 6B) . This mechanism explains the insensitivity of Sirt5, which com-

prises substantial structural differences blocking this site for EX-527 6°,

1.8.3.Mitochondrial Sirtuin modulators

Most initial drug development studies concerned Sirtl and 2, whereas mitochondrial Sirtuins
have not been extensively targeted yet 8. Concerning Sirt5, efforts were hampered due to the
lack of in vitro assay systems, until its efficient demalonylation and desuccinylation activities
were reported a few years ago in 2011 °’. Likewise, no Sirt4 modulator was developed yet,
since there was no robust in vitro activity reported for this isoform. Thus, only a few modulators

for Sirt3 and 5 were discovered so far, which will be described in the following.

Suramin was the first Sirtuin compound for which inhibition data as well as structural infor-
mation were obtained. The compound shows single-digit micromolar ICso on Sirtl, but also
inhibits Sirt2 and 5 with similar potencies. This can be explained by the crystal structure of
Sirt5 with bound Suramin, which shows that the compound broadly and non-specifically targets
the peptide-lysine and NAD* binding sites 162163, Furthermore, it has strong off-target effects
on G-proteins, reverse transcriptase and growth factors 164466 3|l together rendering it unusa-

ble as a specific Sirtuin modulator.

The #®xtended library technology = (/ 7inhibitor class comprises the strongest Sirtuin inhibi-

tors reported so far, which unfortunately affect Sirtl, 2 and 3 equally (Figure 6A,C) ¢7. The
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top compound inhibited Sirt3 with an 1Cso of 4 nM. Complex crystal structures demonstrated
that the inhibitors partially occupy the acyl-lysine tunnel and the NAM pocket 7, where its
carboxamide forms NAM-like H-bonds to the protein (Figure 6C) . Furthermore, ELTs interact
by (stacking of the thieno[3,2-d]pyrimidine with the highly conserved phenylalanine (Phel57
in Sirt3) of the co-factor binding loop (Figure 6C) without affecting the loops regular confor-
mation. These compounds did not show off-target effects, which renders them starting points

for derivatization to develop potent and selective Sirtuin inhibitors 8167,

SRT1720 is a potent (K; 0.6 uM) Sirt3 inhibitor, which does not affect Sirt5, but activates Sirtl
with a similar potency (EC15 0.16 uM) (Figure 6A,D) 5168 |ts mechanism towards Sirt3 has
been extensively characterized by kinetic and structural studies. It is a competitive inhibitor
towards the acetyl-lysine substrate and uncompetitively inhibits NAD* binding to Sirt3. This
was explained by complex crystal structures, which showed that SRT1720 tightly binds be-
tween the protein and the NAM-moiety of NAD* in the Sirt3 active-site, leading to a rearrange-
ment of the co-factor binding loop and a stable, inactive Sirt3/NAD*/inhibitor complex 8. Deri-
vatization of SRT1720 is promising to yield the first selective and highly potent Sirt3 inhibitor.

Finally, the indole GW5074 is an acyl- and possibly sequence-dependent Sirt5 inhibitor 1°2. It
efficiently inhibits Sirt5 desuccinylation (ICso 20 uM), while Sirt5 deacetylation is an order of
magnitude less potently affected (ICso 200-400 uM). Unfortunately, it has strong off-target ef-

fects on kinases and Sirt2 %%, rendering it a difficult starting point for further drug development.
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Figure 6: Examples of small molecule mitochondrial Sirtuin modulators. (A) Chemical structures of the Sirtuin
inhibitors ELT11-c, EX-527 and SRT1720. (B) Complex crystal structure of Sirt3 with acetyl-ADP-ribose (ace-ADP-
ribose) and the inhibitor EX-527 (PDB 4BVH). EX-527 binds to Sirt3 in the NAM pocket and adjacent area with
NAM-like H-bonding interactions to lle230 and Asp231 (indicated by dashed lines). It inhibits Sirtuins by stabilizing
the Sirtuin/EX-527/acetyl-ADP-ribose complex, which blocks the active site. (C) Complex crystal structure of Sirt3
with ELT-11c (PDB 4JSR). The NAD* analog Carba-NAD* and the acetylated peptide were modeled from the
Sirt3/acetyl-ACS2-peptide/carba-NAD* complex structure (PDB 4FVT). ELT-11c binds in the acyl-lysine channel
and part of the NAD* binding site and thereby competitively inhibits Sirt1, 2 and 3 with high potency. ELT-11c binds
to Sirtuins through @stacking of the thieno[3,2-d]pyrimidine with the highly conserved phenylalanine of the co-factor
binding loop (Phel157 in Sirt3) and NAM-like interactions (compare carba-NAD* NAM moiety with ELT-11c pyrimi-
dine group). (D) The crystal structure of Sirt3 in complex with SRT1720 and Carba-NAD* (PDB 4BN5) shows the
binding of SRT1720 between Sirt3 (e.g. &stacking to co-substrate binding loop Phel57) and co-substrate. The
compound stabilizes the inactive Sirt3/NAD*/SRT1720 complex. Proteins are shown in grey cartoon representation
with amino acids of interest as cpk color-coded sticks. Inhibitors are represented as cyan cpk color-coded sticks,
while peptides, Carba-NAD* and acetyl-ADP-ribose are shown as green cartoon and cpk color-coded sticks.

Summarizing, there is undoubtedly need for the development of Sirtuin modulators for phar-
macological as well as scientific purposes, especially in the field of the mitochondrial isoforms,
which were not investigated as thoroughly as Sirtl and 2 so far.
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2. Aims of this work

2.1. Characterization of Sirt5 acyl-specificity and Sirt5 inhibitor development

Even though the first structure of the mitochondrial Sirtuin 5 was already solved in 2006 162,
the first robust activities of this isoform, demalonylation and desuccinylation of target protein
lysines, were only discovered in 2011 %’. However, the acyl-specificity of Sirt5 was never sys-
tematically characterized, although this could reveal further physiologic activities, which in turn
should stimulate investigations to uncover their regulatory function. Therefore, a collaborative
study will be set up to synthesize a peptide-based acyl-library for screening Sirt5 activity and
investigating the molecular background of distinct activities by crystal structure analysis of
Sirt5/peptide complexes.

Specific Sirt5 inhibitors would be valuable tools for biochemical investigations of Sirt5 catalysis
or physiologic roles and might one day serve as leads for medicating Sirt5 related diseases,
e.g., for its possible involvement in neurodegeneration 817°, Thus, the obtained insights in
Sirt5 structure and function should be used to develop inhibitors for this isoform. The rationale
is to create succinyl-derivatives on a peptide lysine to transform the robust and Sirt5-specific
substrate into Sirt5 peptide inhibitors. Our collaborators will synthesize and test the inhibitors,
while we guide the study by crystal structure analysis revealing their inhibition mode and po-
tential for optimization. It will be necessary to truncate the peptidic part of these inhibitors to
improve in vivo availability, which is assumed to result in a significant loss of potency. Thus, a
collaborative structure-activity relationship (SAR) study should be performed to decrease pep-
tide-length while retaining inhibitor potency. Our collaborators will synthesize and test small
peptide-(like) inhibitors, while we guide the process by crystal structure analysis to reveal their

binding and inhibition mode and further potential for small molecule inhibitor development.

2.2. Biochemical and structural studies of Sirtuin 4

In contrast to most other Sirtuins, the mitochondrial Sirtuin 4 is poorly understood. Its structure
could not be resolved so far and its primary enzymatic activity is unknown. However, a few
regulatory roles of Sirt4 were discovered through in vivo studies, e.g., deacetylation of MCD 11,
ADP-ribosylation of GDH ?° or delipoylation of PDH 3, but corresponding in vitro kinetics
were much weaker than for primary activities of other Sirtuins. Probably, many trials to explore
this isoform were hampered by its intrinsically high insolubility. Therefore, constructs and pro-
tocols for efficient production of human Sirt4 and, if a breakthrough cannot be achieved, Sirt4
orthologues from other species will be established. In case of success, Sirt4 will be biochemi-
cally characterized and its deacylation activity screened using the peptide-based acyl-library
of the Sirt5 study. Furthermore, a Sirt4 crystal structure is a major objective of this work, since
it could provide valuable information to enable further investigations concerning Sirt4 acyl-

recognition, catalysis or physiologic regulation.
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3. Summary and discussion of results

3.1. Systematic characterization of the Sirt5 acyl-specificity

Ever since it was discovered, Sirt5 was supposed to be a relatively weak deacetylase with
reported regulatory functions 7116, Only a few years ago, Du and co-workers found that Sirt5
features strong demalonylase and desuccinylase activity °’, which prompted studies linking
these activities with regulatory roles 38114 + RZHYHU D V\VWHPDWLF SURELQJ RI 61
ificity was never performed, but could unravel further physiologic activities. Therefore, our col-
laborators modified a peptide derived from the Sirt5 substrate CPS1 (CPS1-K527) with a li-
brary of acyls on its central lysine residue side chain and tested them as Sirt5 substrates in
Michaelis-Menten kinetics. This library included a series of acyls of incremental length with
distal carboxyl groups (Figure 7A ,B) and a variety of succinyl- and glutaryl-modifications with

small substitutions or heteroatoms L Q 9§ positioffis (see scheme 1, 2, 3 in publication 1 ).

A 1 Bz-Gly-Val-Leu-Lys-Glu-Tyr-Gly-Val-NH

- kcat/KM
o) o o) peptide Ku [UM] Keat [S7Y] o
2 62 Il [Ms]
<N S
2 243+9.1 3.9x10* + 6x10° 16
o) o)
416 + 24 1.6x10° + 8x10° 4
4 51+11 1.9x102 + 1x10° 3758
o o 5a 3.8+£0.6 5.3x10?2 + 2x10° 13995
WOH 6a 41+1.0 7.7x102 + 2x10°® 18699
7 6.5+1.6 1.0x1072 + 6x10* 1538
OH 80.5+22.9 2.8x10* + 4x10° 4
409 + 283 5.3x10% + 2x10° 1

Figure 7 : Sirt5 specificity screening and structural binding
mode analysis of acylated peptides.  (A) A CPS1-K527 peptide
(1) was modified with an acetyl- (2), oxalyl- (3), malonyl- (4), suc-
cinyl- (5a), glutaryl- (6a), adipoyl- (7), suberoyl- (8) or pimeloyl-
group (9) on the lysine side chain. The table on the right shows
kinetic parameters of Sirt5 towards these acylated CPS1 pep-
tides. Error is the standard deviation (s.d.) of two independent ex-
periments. (B) zSirt5/CPS1 peptide complexes with succinyl-,
glutaryl- and adipoyl- or (C) succinyl, 3-methyl-succinyl- and 3,3-
di-methyl-succinyl-CPS1 peptide were overlaid to investigate
their binding mode and differences in catalytic efficiency. All acyl-
lysines interacted with side chains of Sirt5 residues Tyr98/Arg101
and Val217 backbone (except adipoyl for Val217), as indicated
by dashed lines. zSirt5 is shown in grey cartoon style with amino
acids of interest as cpk color-coded sticks, while peptides are
shown as blue (succinyl), yellow (glutaryl), magenta (adipoyl),
brown (3-methyl-succinyl) or green (3,3-di-methyl-succinyl) car-
toon with the acyl-lysine as respectively cpk color-coded sticks.

These assays confirmed the several orders of magnitude increased catalytic efficiency of ly-
sine demalonylation (4) and desuccinylation (5a) compared to its low deacetylase (2) activity.
Interestingly, Sirt5 exhibited even higher catalytic efficiency for the glutarylated peptide (6a)

due to the elevated kc.: compared to desuccinylation and demalonylation. Further elongation
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of the carboxylic acyl (7-9) or the introduction of any kind of substitutions or heteroatoms re-

duced Sirt5 activity (see Table 1 in publication 1).

Since the molecular basis of the enhanced Sirt5 deglutarylation activity was unclear, we solved
crystal structures of zebrafish Sirt5 (zSirt5) in complex with several CPS1 peptides. zSirt5 was
used instead of human Sirt5 (hSirt5), since it showed a high (75%) sequence identity of the
catalytic core and crystallized more reliably. The crystals exhibited moderate diffraction around
3 A resolution, which allowed modeling of the complete peptide including the acyl. Structural
analysis showed that succinyl-, glutaryl- and adipoyl-modifications tightly interacted with the
Tyr98/Arg101 motif at the back of the Sirt5 substrate pocket and that the Val217 backbone
carbonyl fixed the acyl-lysine 10 LQ D FRQVHU Y(HS&8dus RunbihgR@fers to
zSirt5) (Figure 7B). Both observations concerning succinyl-lysine binding are in congruency
with a reported hSirt5/succinyl-peptide crystal structure °’. Thus, the acyls need to arrange
themselves between the two interaction motifs, leading to increasingly twisted conformations
for glutaryl- and adipoyl-lysine compared to succinyl-lysine and weaker contact between adi-
poyl-lysine and Val217 due to a slight substrate shift (Figure 7B) . Consistently, a docking
study of our collaborators with pimeloylated and suberoylated CPS1-K527 peptides indicated
weaker interaction and unfavorable conformations of acyl and protein side chains due to an
extension beyond the normal acyl-lysine channel. This explains the increasingly weakened Kwv
and turnover of acyls longer than glutaryl (see Figure 1b and Table 1 in publication 1)

The kinetic analysis showed similar Ky (3.8/4.1 uM), but changing Kca: values for CPS1-K527
desuccinylation (5.3 x 102 s!) and deglutarylation (7.7 x 102 st). Two hypotheses were built
on the obtained structural data, which could explain the different turnovers. First, the more
winded acyl of the substrate glutaryl-lysine compared to the unstrained succinyl-lysine (Fig-
ure 7B) implies a more strained glutaryl-ADP-ribose product, which might prompt faster prod-
uct release, probably the rate-limiting step in Sirtuin catalysis ?8. Second, a slight carbamide
rotation was observed for glutaryl- compared to succinyl-lysine, which might enable a more
efficient nucleophilic attack during intermediate formation. Supporting this idea, a similar rota-
WLRQ RI WKH FD U E BundtiGnHdwdrds the) IRADQpPdRket correlated with decreasing
keat Values for succinyl- (5.3 x 102 s), fmono-methyl-succinyl (2.4 x 102 s?) and wi-
methyl-succinyl-CPS1 peptides (2.2 x 10 s*), while all of them showed similar Kn and inter-
actions with Tyr98/Arg101/Val217 (Figure 7C) .

Another independent study confirmed the Sirt5 deglutarylation activity and provided proteomic
data evidencing lysine glutarylation as a physiologic PTM 71, Interestingly, glutarylation was
mapped on proteins in bacteria, yeast, drosophila, mouse and human cells, which tas for
acetylation ximplies an evolutionarily conserved function 1'172, Glutarylation and succinylation

sites significantly overlapped in samples derived from mouse liver and hyperglutarylation as
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well as hypersuccinylation reduced CPS1 activity 5”171, both suggesting similar roles for these
acylations. Like acetylation, also succinylation and glutarylation were abundantly found on met-
abolic proteins, underlining their presumable regulatoryrole DV ZHO O D W (G WBWoW TV

trol function in metabolic homeostasis 114.138.171.173,174

3.2. Development of peptidic Sirt5 inhibitors

Despite several attempts, Sirt5 drug discovery projects so far only yielded compounds with

weak potency or lacking isoform selectivity, e.g., GW5074, Suramin and compounds of the
thiobarbiturate family 52175176 Hence, our collaborators expanded the acyl-peptide library de-

scribed in chapter 3.1 and screened for inhibitory acyls exploiting Sirt5 affinity- or selectivity-

hot spots to propose starting points for non-peptidic, drug-like inhibitor development. The suc-

cinylated CPS1-K527 peptide was used as a scaffold to target the Sirt5 Tyr/Arg motif, which is

a distinct selectivity feature among the mammalian Sirtuins 5”176, The succinyl-moiety was
PRGLILHG E\ DON\OV RU EXON\ Uth @ahsfoinVtheSéblst BulhsRadeMnto] RU
inhibitors. In parallel, we solved complex crystal structures of zSirt5 with inhibitory CPS1-K527

peptides to rationalize results and guide the derivatization process.

Initially, 3-phenyl-succinyl (3PS) was identified as a weak inhibitor of Sirt5 desuccinylation
(Ki = 100 pM) (Figure 8A) . As expected, the zSirt5 complex crystal structure showed the sub-
strate-like binding of the 3PS-CPS1 peptide to Tyr98/Argl01 and Val217, while its phenyl-
group protruded to the NAD* pocket and clashed with modeled NAD*, which suggests a com-
petitive inhibition of substrate and co-substrate binding (Figure 8B) . Follow-up trials yielded
the more potent inhibitory acyl 3-butyl-succinyl (3BS; K; 17.2 uM), which showed similar bind-
ing in the zSirt5 complex crystal structure and clashing of the butyl moiety with modeled NAD*
(Figure 8A,B) . Interestingly, introducing an additional methyl group on the succinyl  LQ
creased potency of the weak 3PS by two orders of magnitude (3-phenyl-3-methyl-succinyl;
3PMS; Ki 4.3 uM) (Figure 8A) , yielding a potent and selective inhibitory peptide, not affecting
Sirt1/3 and weakly inhibiting Sirt2 deacetylase activity (4% inhibition at 50 UM dose).

Since several potent Sirtuin inhibitors like EX-527 occupy the NAM-site %9, a methyl-carba-
mate linker was introduced to move the phenyl moiety into this pocket (3(S)-Z-aminosuccinyl
(3ZAS)) (Figure 8A,C) . This approach yielded moderate potency (Ki 38 uM), but fixing the
loose ring (indicated by its weak electron density, see Sl Figure S14c in publication 1 ) in the
NAM-site by adding a carboxamide function to the phenyl, similar to NAM or EX-527 8816 and
D G G L W nkethya@on fke in 3PMS might yield a compound with enhanced potency.
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3-phenyl-succinyl (3PS) 3-(phenyl-thio)-succinyl (3PTS)  3-(3,4-dimethyl-phenyl-thio)-

100 u - 1350 U : AN »
& R ] R: CHy ; \
Ho “g ) /@[ , yrQE% 4 -“
s CH, -3 1

>

& 3-butyl-succinyl (3BS) 3-(benzyl-thio)-succinyl (3BTS)

R: "~-.,/\/C“3 & 170 nM -
o 17.2puM 3-(3,4-dichloro-phenyl-thio)- =
.S
Hi 3-phenyl-3-methyl-succinyl Suodiny

(3PMS)
4.3uM 3-(napthylmethyl-thio)-succinyl ~ R: | f
R: additional CH, (BNMTS) 7 nM V—/221 o
on succinyl 3' S ; !
o  3(S)z-aminosuccinyl (3ZAS) K ' S
74 J\ 38uM

98’/ y
\W »Arg101

Figure 8 : Chemical structures and binding mode analysis of Sirt5 |nh|b|t|ng acyls . (A) Chemical structures of
inhibitory acyls, which were created by different substitutions (R) on a succinyl-O\VLQH Dpusitisk K vafues
are given in bold for each derivative. Complex crystal structures of zSirt5 with (B) 3PS- (cyan) and 3BS- (yellow),
(C) 3ZAS- (orange), (D) 3PTS- (blue) and 3BTS- (green) and (E) BNMTS-CPS1 peptide (light blue), each overlaid
with NAD* (magenta) modeled from hSirt5/succinyl-H3K9/NAD* complex (PDB 3RIY). zSirt5 (grey) and CPS1 pep-
tides are represented in cartoon style with zSirt5 amino acids of interest and acyl-lysines shown as respectively cpk
color-coded sticks. Interactions between zSirt5 and acyl-lysines are indicated by dashed lines.

Exchanging the polar carbamate linker RQ WKH V Xpositicp vD3ZAS by a more hydro-
phobic thioether function was supposed to enhance affinity. Furthermore, it enabled the syn-
thesis of a comprehensive set of 3-(alkyl-thio)-succinylated CPS1-K527 peptides by coupling
thiols to maleinyl-lysines via Michael-addition (see Table 1 in publication 2) . Addition of a
thioether-linked phenyl (3-(phenyl-thio)-succinyl; 3PTS) or benzyl (3-(benzyl-thio)-succinyl;
3BTS) WR WKH VXFFL Q &sulte§ irSHy¥ly. Mipr&/€d Kj values of 135 nM (3PTS) and
170 nM (3BTS) (Figure 8A) . Notably, 3S and 3R enantiomers of the chemical synthesis could
be separated in the chromatography purification process and showed significantly different Ki;
values, but it is unclear which enantiomer of 3PTS and 3BTS is the more potent one. Complex
structures showed a binding of 3PTS close to modeled NAD*, while 3BTS was clashing heavily
with the NAM and NAM-ribose of modeled NAD* (Figure 8D) . However, electron density was
too weak to distinguish enantiomers. Adding chlorines or methyls to 3PTS in meta- and para-
position (Ki 23 nM for both, Figure 8A) or introducing a bulkier naphthyl moiety instead of the
phenyl-ring (Ki30 nM, see compound 33.2 in Table 1/S1 in publication 2 ) both increased

potency by another order of magnitude. Finally, introduction of a methylene into the linker to
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create the 3-(2-naphthylmethyl-thio)-succinyl-CPS1-K527 peptide yielded the strongest inhib-
itor of this study (3NMTS). It showed a similar inhibition mode in the solved Sirt5 complex
crystal structure by clashing with modeled NAD* and for the first time reached single-digit na-
nomolar potency (Ki 7 nM) (Figure 8A,E) .

3.3. Development of Sirt5 small molecule inhibitors

Truncation of the peptidic Sirt5 inhibitors to small molecules is desired, since it enhances drug
properties like cell-permeability or in vivo half-life and decreases susceptibility to proteolysis
after resorption in the body/cell 1’7, Thus, a collaborative SAR study was performed to optimize
the lysine-scaffold and shrink peptide size while retaining potency. In this study, our collabora-
tors synthesized and tested the inhibitors, while we solved crystal structures to reveal their
binding and inhibition mode.

A lysine side chain was initially modified with a thio-glutaryl moiety, since glutaryl- and succinyl-
lysine share a comparable Kw (see publication 1) and thio-succinylated peptides were shown
to inhibit Sirt5 with single-digit micromolar ICso 178, The N-terminus was Cbz protected and the
C-terminus modified with an ethyl-indole, which indeed yielded a moderate Sirt5 inhibitor as
starting point of the study (ICso 25 uM, compound 1, see scheme 2 in publication 3 ). In the
course of the SAR study, more than 70 compounds with different N-terminal, C-terminal and
lysine side chain modifications were synthesized and tested by our collaborators. Strikingly,
the first iterative cycle yielded the sub-micromolar inhibitors 3F R P S R20QIGs, 830 nM) and
3FRP SR20QI&s0 370 nM) (Figure 9A) . These only differed in their lysine acylation, which
was either a thio-glutaryl (compound 10) or a thio(urea)-glutaryl (compound 29). As expected,
the most potent compound 29 was highly specific for Sirt5, as it did not affect any other tested
Sirtuin at a 10 uM dose (Figure 9A) . These compounds were proposed to inhibit Sirt5 by
stalling catalysis through the slowly dissociating peptidyl-thioimidate or bicyclic intermediate,

thereby permanently blocking the active-site 178:17°,

We solved crystal structures of Sirt5 in complex with compounds 10 and 29 to test this hypoth-
esis and to investigate the molecular details of the improved lysine-scaffold. Incubating Sirt5
with compound and NAD* prior to setting up crystallization trials yielded well diffracting crystals
with around 2 A resolution or better in combinations of hSirt5/compound29, zSirt5/com-
pound10 and zSirt5/compound29. These indeed comprised the reaction intermediates stalled

either in the peptidyl-thioimidate or bicyclic state (Figure 9B,C and Figure 1 in publication 3)
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Figure 9 : Characterization of Sirt5 inhibitory compound 10, 29 and 49 selectivity, binding and m echanism.

(A) Chemical structures of compounds 10 and 29 and selectivity testing of compound 29 on Sirt1/2/3 deacetylation,
Sirt5 desuccinylation/deglutarylation and Sirt6 de-decanoylation at a 10 uM dose. (B) Zoom view of the hSirt5 ac-
tive-site with bound peptidyl-thioimidate intermediate of compound 29. Interactions between protein and com-
pound 29 are indicated by dashed lines. (C) Sirt5 bound compound 29 Cbz- and indole-moieties adopt multiple
conformations. hSirt5 protein is shown as grey cartoon with amino acids of interest as cpk color-coded sticks in (B)
or as surface colored by electrostatic potential (-10 (red) to +10 KyxT/ec (blue)) in (C). The compound 29 peptidyl-
thioimidate intermediate is shown in orange cpk color-coded stick representation. (D) Chemical structure and se-
lectivity profile (tested against activities as in (A)) of the most potent compound 49 at a 10 uM dose.

The improved lysine scaffold bound similarly in all of our above mentioned crystal structures
and thus the 1.32 A high resolution hSirt5/compound29 complex was used for structural anal-
ysis (Figure 9B,C). As predicted, the thio(urea)glutaryl-lysine interacted with
Tyr1l02/Arg105/Val221 in a substrate-like manner (residue numbering refers to hSirt5). Fur-
thermore, hydrogen bonding interactions between hSirt5 backbone of Gly224, Glu225 and
Tyr255 with N- and C-terminal extensions of the compound 1 lsine could be identified, leading
to arigid conformation of this part, whereas the Cbz and indole groups showed higher flexibility
(Figure 9B,C) . However, introduction of the bulky indole led to 4-fold increased potency com-
pared to unsubstituted derivatives (see compounds 10 and 13, scheme 2 in publication 3)
although its flipping conformation indicates weak binding and further potential for improvement.
Substitution of the N-terminal Cbz with a sulfone-linked fluoro-benzene or naphthalene re-
sulted in only a maximum of 2-fold improved potency (see com pounds 29 and 42/43,
scheme 2 in publication 3) and the flexibility of the Cbz group in the crystal structure indicates

difficulties to improve potency in this compound part. However, it was interesting to see that
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the peptide bond can be replaced by a sulfone linker, which decreases susceptibility to prote-
olysis. In contrast, the C-terminal isopropyl-moiety is bound in a stable conformation and ex-
ploits a binding site on the Sirt5 surface. This is consistent with increasing potency from a free
C-terminal amine over substitution with an isopropyl to a bulkier cyclobutyl moiety by more
than an order of magnitude (see compounds 7, 10, 48, 49, scheme 2 in publication 3)
Finally, the study yielded compound 49, which comprised the highest potency (ICso 110 nM)
and Sirt5 selectivity (Figure 9D) .

Still, the inhibitors proposed by the afore-mentioned study comprise several weak properties
like their size (compound 10/29/49: 637/638/674 Da) or the amounts of H-bond donors (6/7/6)
disobeying /LSLQVNLYV BUandtHusRsuggesting low bioavailability. Additionally, they
contain two to three peptide bonds, which are targets for proteolytic cleavage that by rationale
would significantly decrease inhibitor potency. Our collaborators thus tested a series of lysine
substitutions carrying the strongly inhibiting 3-(2-naphthylmethyl-thio)-succinyl acyl derived
from the peptide inhibitor study (publication 2) . A tripeptide still comprised a K; of 180 nM
(compound 40, Figure 10), while further truncation to an acetyl-/amine-protected lysine de-
creased potency to 7 uM (compound 41, Figure 10), i.e. a decrease of three orders of magni-
tude compared to the parent inhibitory CPS1-peptide (Ki 7 nM, Figure 8A ). Removing the re-
sidual lysine-backbone decreased potency by another order of magnitude (compound 42,
Ki77 uM, Figure 10), but could partially be recovered by testing a few substitutions of the
lysine side chains (compounds 43-46, K; 36-79 uM, Figure 10).

42 H O
40 Ssgraas

Y0 1sonm 77uM © \. @
NH o

H (S)

i} T iy S

4; o, 7o M “ Q\N el
STNH 7 M - k@ \. o

Figure 10: Small molecule inhibitors derived from the 3-  (2-naphthylmethyl-thio)-succinyl inhibitory acyl
Chemical structures of the inhibitors and their potency (in bold) are shown. Truncation of the highly potent inhibitory
peptide 3ANMTS-CPS1-K527 (Figure 8A) resulted in an order of magnitude less potent tripeptide (compound 40,
Ki 180 nM) and another order of magnitude less potent acetyl-/amine-protected 3ANMTS-lysine (compound 41,
Ki 7uM). Further trimming and substitutions of the lysine-scaffold yielded several small molecule inhibitors carrying
the 3BNMTS acyl with Kis in the two-digit micromolar range (compounds 42-46).

Future studies can build on the highly potent and selective acyls identified in publication 1
and 2, but need to improve the lysine scaffold to recover the loss of potency arising from
peptide truncation. High-resolution structural data obtained within publication 3 can be used

to grow and develop such small molecule scaffolds to recover potency by targeting affinity hot
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spots around the Sirt5 lysine binding-site. Furthermore, prospective studies need to address
the cellular resorption and in vivo half-life of such compounds, which are important features to
enable their use not only for in vitro investigations, but also for in vivo studies or pharmacologic

treatments of Sirt5-related pathologies like metabolic dysfunctions or neurodegeneration 8817°,

3.4. SirReal2 is a potent and selective Sirt2 inhibitor

Our efforts to optimize the recombinant production of human Sirt4 (hSirt4) resulted in low yields
of about 30 ug per liter of E. Coli culture, but the purification process could be optimized to
obtain > 95% pure and active hSirt4 protein. The ability to produce hSirt4 protein enabled the
participation in a collaborative drug development project, which aimed to establish a selective
and drug-like Sirt2 inhibitor. Therefore, our collaborators screened an in-house compound li-
brary and identified molecules of the aminothiazole-family as in vitro Sirt2 inhibitors with sub-
micromolar potency. Of those, SirReal2 (Sirtuin-rearranging ligand 2) was the most potent
compound (ICso 140 nM) and did not significantly affect other Sirtuin activities (Sirt1/3 deacety-
lation, Sirt5 desuccinylation, Sirt6 demyristoylation) in vitro (Figure 11A,B) , while NAM inhib-
ited all Sirtuins as a positive control. We contributed to this project by testing SirReal2 and
NAM against Sirt4 deacetylation of acetyl-NNT397 peptide (sequence given in publica-

tion 4) , which was found to yield interpretable signals in our lab.

[ Y

N>

CH,

B . DMSO control
SirReal2
150 - I Sirt1-3: 100 uM
= Sirt4-6: 200 uM
< 1004 mm Nicotinamide
£ Sirt1-3,5-6: 200 uM
g Sirt4: 1 mM
©
o 50 4
o
0-
Figure 11: Characterization of the Sirt2 specific inhibitor SirReal?2. (A) Chemical structure of SirReal2. (B) Se-

lectivity study of SirReal2 against Sirt1-6, revealing its isoform specificity for Sirt2. SirReal2 was tested at 0, 100 or
200 uM dose, while NAM was tested at a 200 pM dose on Sirt1-6 except Sirt4, where it was tested at a 1 mM dose.
Compounds were tested on Sirtl-4 deacetylation, Sirt5 desuccinylation and Sirt6 demyristoylation. (C) SirReal2
binds in vicinity to co-substrate NAD+ and protrudes into the acetyl-lysine channel, thereby repulsing the substrate
lysine.

Our collaborators solved complex crystal structures of Sirt2 with SirReal2 in presence or ab-
sence of substrate and NAD*. These led to the conclusions that SirReal2 introduces major
rearrangements in the Sirt2 structure, occupies part of the acetyl-lysine binding site and forces
the acetyl-lysine 5 A out of its physiological position (Figure 11C) . Kinetic analysis confirmed
that SirReal2 hampers acetyl-lysine binding, which, together with the structural Sirt2 rearrange-

ments, appears to be responsible for efficient Sirt2 inhibition. Interestingly, in vivo experiments
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identified two inhibite G 6LUW IXQFWLRQV XSRQ 6LUS5H DBuabulinvddde&@W PHQW ¥
lation, proving the compound § cellular availability. Therefore, SirReal2 is suitable as a modu-
lator of Sirt2 activity in in vitro and in vivo studies and could serve as a lead for prospective
therapeutic treatments of Sirt2 related pathologies like neurodegenerative diseases (Alz-

heimer) or glioma and brain cancer 2.

3.5. Biochemical and structural characterization of Sirt4

In contrast to most other isoforms, the mitochondrial Sirtuin 4 is poorly understood. Its structure
was not resolved so far and its primary activity is unknown. Deacetylase '!!, ADP-ribosyltrans-
ferase 1°° and delipoylase 12 activities were reported, but the in vitro kinetics of these activities
are weak compared to robust primary functions of other Sirtuins. A sequence dependent ac-
tivity is conceivable and thus a microarray study testing 6800 different acetylated peptides as
Sirt4 substrates was conducted 8. However, it showed a significant impact of peptide se-
guence on Sirt4 activity, but did not enhance it by the orders of magnitude, which would be
necessary to draw level with other robust Sirtuin activities. These results and other reported
features of Sirt4 indicating a functional deacylase activity, e.g., the conserved catalytic core 182
or its low deacetylase 18 and delipoylase activity '3, suggested an unidentified, robust ac-
tivity or the necessity of a stimulating ligand, as in the case of Sirt6 14,

Thus, hSirt4 acyl-specificity was screened using the CPS1-K527 acyl-library described in
chapter 3.1. Initial screening at high peptide concentration in a coupled Sirtuin assay showed
weak deacetylase activity and confirmed the slightly increased delipoylation and debiotinyla-
tion activity '** (Figure 12A ,B). Strikingly, Sirt4 showed an 8-fold increased activity towards
the non-physiologic 3,3-dimethyl-succinyl (DMS) modification. Testing chemically similar ly-
sine acylations, which might be physiologic PTMs due to an existing reactive metabolite, iden-
tified 3-hydroxy-3-methyl-glutaryl (HMG) as a Sirt4 substrate-acyl with 3-fold improved activity
compared to deacetylation (Figure 12A ,B) (activity will be abbreviated as de-HMG-ylation in
the following). We collaboratively demonstrated that the metabolite HMG-CoA modifies the
model protein Cyclophilin-A (CypA) and that Sirt4 de-HMG-ylates CypA in vitro, indicating a
physiological significance (see Figure 1e,fand Sl figure 1d,e in publication 5) . Confirmingly,
an independent study proved the existence of HMG as a physiologic lysine-PTM and demon-

strated Sirt4 de-HMG-ylase activity in vivo by using HMG-lysine specific antibodies 183,

Determining Michaelis-Menten kinetics for the above mentioned CPS1-K527 peptide sub-
strates confirmed weak deacetylation efficiency (3.7 + 0.7 M s) due to a very high Ky,
whereas the lipoylated peptide showed an improved Ky but lower kca: with a huge error due to
poor peptide solubility (170 + 230 M* s?) (Figure 12C) . Remarkably, DMS- and HMG- modified
CPS1-K527 peptides showed both, enhanced Ky and Kkca;, leading to two orders of magnitude
increased catalytic efficiencies (HMG: 546 + 67 Ms™; DMS: 412 + 41 M's?) compared to
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deacetylation (Figure 12C) . These are close to the range of primary functions of other Sirtuins,
such as Sirt2 deacetylation (1400 M!s! for acetyl-H3K27 peptide) *° or Sirt5 desuccinylation
(2000 Ms? for succinyl-GDH-K503 peptide) °’.

Figure 12: Sirt4 selectivity profiling and testing mitochondrial Sirtuin activity on improved Sirt4 sub strate-
acyls. (A) Chemical structure of the CPS1-K527 peptide and Sirt4 substrate acyls. (B) Screening hSirt4 activity
towards a variety of acylated CPS1-K527 peptides. (C) Michaelis-Menten kinetics of hSirt4 for acetyl-, DL-lipoyl-,
DMS- and HMG-CPS1-K527 peptides and (D) comparison of mitochondrial hSirt3,4 and 5 activities towards acetyl,
DMS-, succinyl-, HMG-CPS1 and two other HMG-modified substrate peptides (HMG-MCD, HMG-NNT; peptide
sequences are given in publication 5)

However, testing Sirt4 activity on HMG-CPS1 peptide in an MS-based assay revealed a similar
Kw, but significantly lower vimax (See Figure 12C and Sl Figure 1cin publication 5) . Over time
course assays, a significantly increasing amount of a 560 Da UV2go absorbing molecule, likely
to be ADP-ribose, was detected in assays with HMG-, but not with acetyl-CPS1-K527 peptide.
The discrepancy between the coupled and MS-based assay systems might thus rely on their
different readouts. The MS-based assay detects substrate and product peptides directly, which
contrasts the indirect detection of substrate turnover via the by-product NAM in the coupled
assay 84, Generation of ADP-ribose as revealed by MS-based assays implies a Sirt4 glycohy-
drolase activity stimulated by HMG-CPS1-K527 peptide, and both glycohydrolase and de-
HMG-ylase activity would contribute to the strong signal in the coupled continuous assay. In
contrast, only the acyl-hydrolysis is taken into account in the MS-based assay for quantification

of the Sirt4 deacylation reaction. A similar effect has been reported for Hst2 assays with an
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artificial homocitrulline-lysine peptide substrate, which yielded NAM, ADP-ribose and the re-
covered homocitrulline-lysine as products *°. However, further work is clearly necessary to

elucidate this issue.

Testing the specificity of mitochondrial Sirtuins towards the improved Sirt4 substrates showed
no significant overlap of Sirt3 and 4, since the robust deacetylase Sirt3 showed negligible ac-
tivity on DMS- and HMG-CPS1 peptide. However, Sirt5 showed lower activity on DMS-CPS1
peptide than Sirt4, but de-HMG-ylated peptides with comparable or better efficiency as Sirt4,
depending on substrate sequence (Figure 12 D). It is tempting to speculate that Sirt4 exhibits
a not yet identified deacylase activity due to the similar Sirt4/5 de-HMGylase efficiencies, which
contrast the clearly discriminated primary activities of the other mitochondrial Sirtuins 3
(deacetylation) and 5 (acting on acyls with distal carboxylic groups) 8192,

Clearly, the crystal structure of Sirt4 would provide valuable information to unveil its activity
and other specific features. Since crystallization trials using hSirt4 were unsuccessful due to
low yield and solubility, the highly similar orthologues from D. rerio (zebrafish; zSirt4) and
X. tropicalis (western clawed frog; xSirt4) were recombinantly expressed in E. Coli and purified
for crystallization experiments. Aligning hSirt4, xSirt4 and zSirt4 catalytic core sequences
showed roughly 80% similarity and the orthologues shared comparable activity profiles (see
Figure 1g in publication 5) . Strikingly, xSirt4 constructs yielded crystals with high resolution
below 2 A in presence of ADP-ribose, which enabled the determination of the first Sirt4 struc-
ture (Figure 13A,B) .
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Figure 13: Analysis of the Sirt4 crystal structure. (A) Overall xSirt4/ADP-ribose complex structure with universal
Sirtuin secondary structure labeling. (B) Sirt4 active-site with electron-density for the ligand ADP-ribose shown
2)R)F 1 . XSirt4 is shown in green (Rossmann-fold), light-blue (zinc-binding domain) or dark blue
S6LWRRS” FDUWRRQ UHSUHVHQWDW LR QareZKowD bk lesp8divelWdoam dpkPdolgrR DFLGV
coded sticks and ligands as grey cpk color-coded sticks. (C) Overlay of Sirt3 (light grey, red), 4 (grey, blue) and
5 (dark grey, orange) structures in cartoon representation, demonstrating the different length of their zinc-binding
domain loop. (D) Overlay of xSirt4/ADP-ribose (grey) and zSirt5/HMG-CPS1-K527 (light blue) complexes with pro-
teins and peptide shown in cartoon style and amino acids of interest, ADP-ribose and acyl-lysine shown as respec-
tively color-coded cpk sticks. The bound zinc ion is shown as a yellow sphere in (A), (B) and (D).

The xSirt4/ADP-ribose complex resembled the typical Sirtuin overall structure with a
Rossmann-fold and a zinc-binding domain connected by several loops and the active-site lo-

cated in between the two domains (Figure 13A) . Interestingly, Sirt4 comprises an elongated
Zinc-binding domain loop, which is highly conserved among chordate Sirt4 orthologues, but

unique in the Sirtuin family (see alignments in Figure 2c,d or Sl Figures 2c,d in publica-

tion 5) and extensive enough to contribute to the active-site lining (Figure 13A,B). 7KH ORRS{V
core can be deleted and is thus dispensable for WK H S U RitgHty, @t Vhutants showed
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slightly higher Ky and increased ke for acetyl- and HMG-CPS1-K527 peptide, suggesting a
role in active-site dynamics (see Table 3 in publication 5) . This hypothesis is supported by
another crystal structure of an xSirt4/thioacetyl-ADP-ribose product complex, in which the
Sirt4-loop is flexible and detached from the active-site, suggesting changing conformations
during catalysis (see Sl Figure 2e in publication 5) . However, it is also flexible in another
solved xSirt4/ADP-ribose complex, thus, determining its role in active-site dynamics clearly

needs further investigation.

Another Sirt4 feature is an additional entry channel on top of the acyl-lysine binding site, which
is constituted by amino acids mostly conserved in Sirt4, while other isoforms comprise variable
residues in this area. This structural feature is reminiscent of the hydrophobic pocket of Sirt6,
which either enables its demyristoylation activity or probably binds free fatty acids and thereby
enhances deacetylation 4°. Although the Sirt4 and 6 channels are of different shape and size,
a similar effect of additional ligands is conceivable. Therefore, several fatty and (di)carboxylic
acids were tested as effectors on Sirt4 deacetylation and de-HMG-ylation and showed that
DL-lipoic acid acts as an inhibitor at high concentrations (see Sl Figure 3b in publication 5)

Consistently, a lipoyl-lysine docked in the active-site partially occupied the acyl-lysine binding-
site and the additional channel (see Figure 3a in publication 5) , which rationalizes both inhi-
bition by DL-lipoic acid and delipoylation of a substrate lysine by Sirt4. It is also conceivable
that the channel serves as a binding site for a substrate anchor to enhance the deacylation of
a nearby lysine residue similar to the recently reported SirTM, which ADP-ribosylates peptides

and proteins after recognition of an adjacent biotinylation site 186,

Since a Sirt4/peptide complex could not be crystallized, a zSirt5/HMG-CPS1-K527 complex
was solved and overlaid with the xSirt4/ADP-ribose structure to investigate Sirt4 acyl recogni-
tion (Figure 13D) . Like glutaryl-lysine, HMG-lysine is recognized by the Sirt5 Tyr-X-X-Arg-motif
at the back of the acyl-lysine binding site. Sirt4 comprises the same motif in this region, but it
is shifted by one helix winding, with Tyr104 pointing back to the active-site, but Arg107 away
from it. Mutating both residues lead to a 2- to 4-fold increased Ku for HMG-CPS1-K527 peptide,
suggesting a role in acyl-recognition and a reorientation of Arg107 upon substrate-binding.
Interestingly, Asp201 of the Sirt4-loop overlays with Arg101 of the Sirt5 Tyr-X-X-Arg motif and
is thus in an ideal position for acyl-recognition. Therefore, acyls of varying length with terminal
amines to complement the negative charge of Asp201 were tested, but did not show significant
Sirt4 activity. Additionally, an Asp201Ala mutant only showed minor differences in kinetic pa-
rameters for deacetylation and de-HMG-ylation. Thus, both experimental setups indicated that
this residue is not directly involved in acyl-recognition. It is tempting to speculate, that the Sirt4
active-site and the zinc-binding domain loop rearrange upon substrate binding and possibly

throughout the catalytic cycle. This would explain the influence of the offside Argl07 on
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de-HMG-ylation activity, the lacking acyl-recognition of the well-positioned Asp201, and the
detached loop in the xSirt4/thioacetyl-ADP-ribose product structure.

A third structural feature of Sirt4 is a more pronounced positive charge in its nucleotide-binding
site compared to other Sirtuins. We hypothesized, that this could influence binding of co-sub-
strate NAD* and inhibition by NAM or NADH. The Ky of 62 uM for NAD* was within the lower
range of 10 to 600 uM reported for Sirtuins 2%141, NAM potently inhibited Sirt4 (ICso 31 + 2 uM),
which strongly indicates an influence at physiologic concentrations of 10-400 uM #°, but the
effect is comparable to other Sirtuins (e.g. ICso Sirtl: 62 uM, Sirt3: 43 uM and Sirt5 desuccinyl-
ation: 21 uM) 48, Interestingly, in comparison to the weak effects of NADH on other Sirtuins in
the millimolar range *°, Sirt4 is much more sensitive (ICso 126 + 12 uM (at 500 uM NAD™)) and
probably affected at the physiologic 30 uM free NADH in mitochondria *¥”. The more positively
charged nucleotide-binding site could be the key-driver for this effect. It might facilitate NADH
binding in an inhibiting, so called unproductive, conformation with the reduced NAM residing
RXWVLGH WKH VWRLWBOOHAG FK IDYRUV R[LGL]JHG QXFOHRWLGHYV
binding *°. Our data implies a unique regulation mechanism by NADH and a distinct metabolic

sensory function of Sirt4 demanding further investigation in a cellular context.

The last classification of Sirtuins was performed using sequence alignments by Frye in 2000 182
(Figure 14 A), but several structures of bacterial and eucaryotic Sirtuins have been determined
since then, which could be used to structurally investigate Sirtuin phylogeny. Therefore, we
conducted a new structure-based alignment with all known bacterial, yeast and Sirt1-6 struc-
tures. Additionally, the 195 verified UniProt chordate sequences of Sirt1-7 were aligned to this
structure-based alignment to generate a more redundant phylogenetic tree of the Sirtuin family
(Figure 14 B).

Figure 14: Phylogenetic trees of bacterial and eukaryotic Sirtuins. (A) Phylogenetic tree from Frye, 2000 &
based on sequence alignments (used with permission of Elsevier). (B) New phylogenetic tree derived from a struc-
ture-based alignment supplemented with 195 sequences of chordate Sirt1-7.
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Overall, the new tree mostly confirms the phylogenetic analysis of Frye, but displays a few
differences (Figure 14 A,B). The ancient T. maritima Sir2Tm (Frye nomenclature: T.mar) is
now closer to the Sirt6/7 branch and Sirt5 is more separated from the bacterial Sirs like E. Coli
CobB (E.col) and A. fulgidus Sir2Afl (A.full). The latter are now grouped together with the
other bacterial A. fulgidus Sir2Af2 (A.ful2) and P. falciparum Sir2Apf (P.fall) in the new classi-
fication. Remarkably, both trees discriminate Sirtuins with different deacylase activity. While
the robust deacetylases Sirtl, 2 and 3 are grouped together, the weak deacetylases Sirt4-7
are clearly separated. Interestingly, both trees place Sirt6 and 7 on neighboring branches,
which is reminiscent to the Sirtl-3 deacetylase branch and implies a similar structure and/or
deacylase activity. Including more sequences and structures of ancestral Sirtuins could recon-
struct the evolution from bacterial Sirtuins to the seven mammalian isoforms and might be of

avail to understand their function and regulatory role.
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Chemical Probing of the Human Sirtuin 5 Active Site Reveals Its
Substrate Acyl Specificity and Peptide-Based Inhibitors**

Claudia Roessler, Theresa Nowak, Martin Pannek, Melanie Gertz, Giang T. T. Nguyen,
Michael Scharfe, llona Born, Wolfgang Sippl, Clemens Steegborn, and Mike Schutkowski*

DOI: 10.1002/ange.201402679

Abstract: Sirtuins are NAD "-dependent deacetylases acting as processes, and modulators of human isoforms are interesting
sensors in metabolic pathways and stress response. In mam-drug candidates for aging-related diseases including diabetes,
mals there are seven isoforms. The mitochondrial sirtuin 5 is cancer, and neurodegeneratior{?] Some sirtuin isoforms were
a weak deacetylase but a very efficient demalonylase and found to be specific for other acyl modifications on the lysine
desuccinylase; however, its substrate acyl specificity has notside chain. Besides acetylation, modifications like propiony-
been systematically analyzed. Herein, we investigated a carba- lation, butyrylation, “¥ crotonylation, ™ malonylation,® suc-

moyl phosphate synthetase 1 derived peptide substrate andcinylation,!”? myristoylation,®® and 3-phosphoglycerylatior”

modified the lysine side chain systematically to determine the
acyl specificity of Sirt5. From that point we designed six potent
peptide-based inhibitors that interact with the NAD binding
pocket. To characterize the interaction details causing the
different substrate and inhibition properties we report several
X-ray crystal structures of Sirt5 complexed with these peptides.
Our results reveal the Sirt5 acyl selectivity and its molecular
basis and enable the design of inhibitors for Sirt5.

The reversible acetylation of lysine side chains represents
one of the most frequent posttranslational modifications in
proteins conserved from bacteria to eukaryotes’! Acetylation
states are regulated by the action of lysine acetyltransferases

were detected in vivo. The mitochondrial isoform sirtuin 5
(Sirt5) and the nuclear isoform sirtuin 6 (Sirt6) have a much
lower deacetylation activity than several other isoformsH%
For Sirt6 it could be demonstrated that long acyl chains, such
as myristoyl residues, represent much better substrates as
a result of improved K, valuesi® similar to findings for the
Plasmodium falciparum sirtuin 2A. 4

Sirt5 was also found to remove octanoyl and decanoyl
residues from model peptides? In particular, this isoform
was recently shown to be an effective demalonylase/desucci-
nylase in vitro™ and in vivo.®* Du etal. were able to
demonstrate that the change from acetyl to succinyl residues
in three different model peptide sequences increased catalytic

and lysine deacetylases. One class of lysine deacetylases, the efficiencies (k../K,,) between 75- and 1000-fold but individual

sirtuins, require NAD * as a cosubstrate, linking their activity
to energy levels of the cell. They transfer the acetyl group
from the lysine side chain to the 2-hydroxyl group of the
ADP ribose moiety of NAD * under nicotinamide release
Sirtuins are involved in many metabolic and stress response
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E-mail: mike.schutkowski@biochemtech.uni-halle.de
T. Nowak!"! M. Scharfe, Prof. Dr. W. Sippl
Department of Medical Chemistry, Institute of Pharmacy
Martin-Luther-University Halle-Wittenberg
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support, Zeljko Simicfor synthesis of HMG-maodified CPS1 peptide
derivative, and Dr. Angelika Schierhorn for MALDI mass spec-
trometry. The C.S. research group thanks Oberfrankenstiftung.
Atomic coordinates and structure factors of the Sirt5...peptide

Kw and k., values could not be determined for acetylated
substrates™® Crystal structure analysis identified an inter-
action between the carboxyl function of the succinylated
peptide lysine and the Sirt5 side chains of Argl05 and
Tyr102,2%* indicating a mechanism for substrate acyl discrim-
ination. Interestingly, these residues also cause isoforms and
substrate acyl specific inhibitor effects!* Here we investi-
gated the effects of substrate lysine modifications in a more
systematic way and developed novel peptide-based Sirt5
inhibitors through acyl group modifications. As the peptide
we used a carbamoyl phosphate synthetase | (CPS1)-derived
sequence () identified through high-density peptide micro-

complexes were deposited in the Protein Data Bank under the PDB
codes 4UTN, 4UTR, 4UTV, 4UTX, 4UTZ, 4UU7, 4UU8, 4UUA, and

4UUB.

(@) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201402679.
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Scheme 1Homologous row of dicarbonic acyl3. 9) and acetyl @)
residues attached to the lysine side chain of CPS1 peptide
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array experiments™) and shown to serve as a Sirt5 substrate in
its acetylated form (Scheme 1)1

In Sirt5 crystal structures Arg105 adopts different con-
formations suggesting that larger acyl residues might be able
to interact with Tyrl02 and Argl05, too. Therefore, we
synthesized CPS1 substrate analogues acylated at the lysine
side chain with oxalyl (3), malonyl (4), succinyl (5a), glutaryl
(6a), adipoyl (7), pimeloyl (8), and suberoyl (9) residues
(Scheme 1). Moreover, we introduced double bonds 6e.5g),
heteroatoms (6 e. 6 g), and additional substituents to succinyl
and/or glutaryl moieties like methyl groups (5b, 5¢, 6b, 6¢,
69, and 6d), methylidene groups (5€), hydroxyl groups (6d),
and amino groups (d). Additionally, we replaced the
carboxyl group of the succinyl residue with a nitro function
(51) as well as a methyl group 6n) (Scheme 2 and Scheme 3).
Finally, we introduced larger substituents to the 3-position of
succinyl (5h.k and 5m) (Scheme 2) and the 4-position of
glutaryl residues (6 h) (Scheme 3).

Kinetic constants for the substrates (Table 1) were
determined using an HPLC-based assay. Controls without
NAD * under identical conditions yielded no conversion of
the substrates. Inspection of the kinetic constants uncovers
the surprising fact that the introduction of an additional
carboxyl group to the acyl chain did not significantly influence

Scheme 2 Derivatization of5a: A) dehydrogenation; B) replacement
of carboxyl group by methyl or nitro function; C) substitution on C3j
represents a mixture of 2- and 3-butylsuccinyl CPS1.

Angew. Chen2014 126 10904 ...10908
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Scheme 3Derivatization of6a: A) substitutions on C3; B) substitu-
tions on C4; C) replacement of the C3-carbon by oxygen, sulfur, or
methylated nitrogen.

Table 1:Kinetic constants for differently acylated CPS1-derived peptides.

Compound K [mm] Keat[s ] Kead K [M *s 1]
2 243 9.1 3910* 610° 16

3 4158 24.3 16 10° 8105 4

4 51 1.1 19102 110 °® 3758
5a 3.8 0.6 53102 210 % 13995
5b 3.1 03 24 10°% 410° 774
5¢ 53 1.0 22104 810 % 42
5d 130.3 57.2 8.4 102 210 % 644
5e 8.2 0.7 2510°% 510 ° 307
5f 46.7 8.0 1.7 10° 110 * 37
5g 191.8 99.0 1510% 510 * 8

51 448 17.1 52 10°% 810 4 116
6a 41 1.0 77 10% 210 ° 18699
6b 57 0.6 3310°% 5105 579
6¢ 16.3 3.5 11104 810°% 7

6d 7.6 0.92 3.810% 110 * 500
6e 10.1 2.0 1.0 10 710 % 9906
6f 27 05 23102 710 % 8613
69 12.1 2.7 16102 110 % 1325
7 6.5 1.6 1.0102 6 10 * 1538
8 80.5 229 2810* 410°% 4

9 409.1 2830 5310* 210°5 1

the apparent affinity to the active site of Sirt5, as reflected by
the almost comparable K,, values for 2 and 4. Instead, the
respectivek ., value is increased about 50-fold demonstrating
that this modification either influences the velocity or changes
the nature of the rate-limiting step of the Sirt5-catalyzed
reaction. Insertion of one (58 and two (6&) additional
methylene groups did not improve the K,, value but increased
the k., value 140-fold and 200-fold, respectively, as compared
to 2. Insertion of an additional methylene group (7) yields
a substrate with a similar apparent affinity to the active site
but 7-fold reduced k., value compared to 6a. Insertion of
more methylene groups @ and 9) resulted in substrates with
Keat Values similar to that of 2 and increased K,, values.
Replacement of the methyl group of the acetyl residue in 2 by
a carboxyl function (3) increased theK,, value by more than
15-fold. Molecular docking of 3 shows that the distance
between the carboxyl group of 3 and Tyr102 as well as Arg105
is too large for interaction with these residues. Additionally,
one oxygen of the carboxyl group of 3 clashes with the
backbone carbonyl of Val221 which might explain why the K,
value of 3 is lower than that of 5a (Figure S9).
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Obviously, 4, 5a, and 6a represent most likely physio-
logical substrates for Sirt5; this is reflected by the superior
specificity constants k/K,. The very similar apparent
affinities, indicated by K,, values, of Sirt5 for 5a and 6a
could be confirmed by the determination of dissociation
constants Kp) using isothermal titration calorimetry (Fig-
ure S8). We found K, values of 700 50 nmand 710 110 nm
for 5a and 64, respectively. The improved turnover of 5a
relative to that of 2 is not simply caused by the increased
length of the acyl chain because5n showed kinetic constants
comparable to those of 2 (data not shown). Introduction of
a double bond into the succinyl residue resulted in5fand 5g,
which showed an about 30-fold decrease in the turnover. The
Ky value is increased about 12-fold for5 f but by more than
50-fold for 5g with a cis-configured double bond. We
compared the structure of the zebrafish Sirt5 (zSirt5)6a
complex with docking poses of5 f and 5g. Due to the double
bond, the acylated lysine residues are forced into a planar
orientation, which is not suited to form an optimal hydrogen
bond to Tyr102 and a salt bridge to Arg105 (Figure S17).

We solved crystal structures of zSirt5, which is highly
homologous to the less reproducibly crystallizing human
enzyme (Figure S11), in complex with5a, 6 a, and 7 to analyze
the binding details of the modifications on the lysine side
chain. The final models are composed of two zSirt5 molecules,
each complexing one zinc cation. The active site of one
molecule is occupied by the respective substrate peptide, with
a consistent salt bridge between the carboxyl group of the acyl
moiety and Argl01 as well as a hydrogen bond to Tyr98
(Figure 2a), whereas a buffer ion interacts with Arg101 in the
active site of the second zSirt5 molecule. In comparison to the
succinyl moiety of 5a, the glutaryl and adipoyl modifications
show an increasingly twisted conformation, allowing very
similar positions for the distal carboxyl group despite differ-
ent chain lengths (Figure 1 a). The adipoyl modification shows
a slight movement toward the catalytic His154 to accommo-
date the broader, helically arranged carbon chain, resulting in
a strained conformation and an elongation of the conserved

Figure 1.a) Crystal structures of zSirt5 with superposésh (gray),6a
(light gray), and7 (dark gray). The protein is shown only once for
clarity (zSirt55a complex; gray), since all protein residues superpose
well. b) Docking of8 (dark gray) and9 (light gray) is only possible if
Arg105 adopts another conformation that is also observed in the X-ray
structure of PDB entry 3RIG. Polar interactions between ligand and
protein are indicated as dashed lines.

2014 Wiley-VCH Verlag GmbH &

Figure 2. Crystal structures of zSirt5 active-site with superposga
(gray),5b (dark gray), ands ¢ (light gray). The protein is shown only
once for clarity (zSirt56a complex; gray), since all protein residues
superpose well. Polar interactions between active-site residues and
substrate peptidese acylated lysine are indicated by dotted lines.

hydrogen bond between the lysine eamino group and the
Val217 main-chain carboxyl oxygen. Additional extension of
the substrate acyl chain @ and 9) could not be bound in the
same mode as for5 a, 6 g, and 7 by twisting the chain, resulting
in the loss of the conserved hydrogen bond to oxygen of
Val217 but a similar carboxyl interaction with Arg101/Tyr98.

Flexible docking of 8 and 9 indicates that Arg105 changes
its conformation to enable similar interactions. This Arg105
conformation is also observed in the Sirt5/thioacetyl-H3K9/
CHES complex structure (3RIG), showing that this confor-
mation is possible for the protein. The substrate hydrogen
bond to Tyrl02 is completely lost, however. This lost
interaction and possibly a nonoptimal Arg105 conformation
thus appear to be the reasons for the weaker apparent binding
and lowered catalytic efficiencies for these substrates. Further
extending the acyl chain would lead to a complete loss of the
Arg105 interaction and to energetically unfavorable acyl
conformations due to limited space within the substrate-
binding pocket of Sirt5 (Figure 1b).

Crystal structures of 5a and 6a bound to zSirt5 revealed
that there is some space around position 3 of the acyl residue
and docking studies with5b, 5¢, and 6b, 6 ¢ suggested that
they could bind to Sirt5 similar to 5aand 6 & respectively. The
substituents do not disturb the NAD * productive conforma-
tion, as suggested by docking studies (Figure S10) and
indicated by crystal structure analysis of zSirt5 in complex
with 5b or 5c (Figure 2). We thus tested single &b, 5e, 5d,
and 6 b) and double substitutions on this position (5¢, 6 ¢, and
6d) and replacement of the methylene moiety at position 3 by
oxygen (6€) and sulfur (6f), and by methyl-substituted
nitrogen (6g). Introduction of heteroatoms into the acyl
chain seems to be tolerated by Sirt5 at least in position 3 of
glutaryl derivatives. Kinetic constants for 6e and 6f are
similar to that of 64, and for 6g similar to that for 6b.

All compounds with methyl/hydroxyl substitutions are
substrates for Sirt5 with Ky, values in the low micromolar
range but with dramatically reduced k., values. Determina-
tion of kinetic constants for the cosubstrate under saturating
conditions for peptides 5aand 5b yielded very similar results
(Figure S5) with NAD * K,, values of 29.6 15.2nm and
35.5 11.7mm, respectively, confirming that the additional

Co. KGaA, Weinheim Angew. Chem2014 126 10904 ...10908



methyl group in the acyl chain of the peptide substrate does
not interfer with NAD * binding. Solving zSirt5 structures in
complex with 5b and 5c reveals molecular reasons for this
effect on k... Compared to the structure with 54a, the acyl side
chain in 5b and 5c is twisted to position the hydrophobic
methyl groups in appropriate active site cavities (Figure 2).
This reorientation requires a rotation of the amide bond of
the acylated lysine side chain, resulting in a carbonyl ori-
entation that is probably not optimal for the nucleophilic

attack at C1 of the ribose ring in the cosubstrate.

Determination of the respective K, values using ITC
yielded 830 170 fmmand 290 40 nmfor 5b and 5c¢, which is
very similar to the K value for nonsubstituted parent peptide
5a, indeed confirming that the unchanged K,, correctly
indicates similar affinities to the active site. In contrast,
substrate5d showed a 30-fold increaseK,, value, likely due
to the positive charge of the introduced primary amino
function, since assuming that the binding is similar to that of
5b would place this function in a hydrophobic environment.
These results suggest the assumption that the chain length of
the dicarbonic acyl residue as well as the orientation of the
carboxyl group has a high impact on thek, value but less on
the apparent affinity of the peptidic substrate.

Small acyl modifications can show significant effects on
the substrate properties, suggesting the development of
inhibitory binding groups: Exploiting the Sirt5 specific
active site cavities should make it possible to further increase
the binding affinity, in a nonproductive, inhibitory conforma-
tion, and it should enable isoform selective binding and
inhibition.

We tested the idea of introducing bulkier acyl substituents
to generate steric hindrance for NAD * binding by analyzing
succinyl CPS1 derivatives with larger substitutions on C3 like
5j and 5h. These compounds could not be deacylated by the
enzyme even when prolonged reaction times (up to 24 h) and
higher Sirt5 concentrations (up to 2mm) were used. Consis-
tent with our hypothesis that they still bind to the active site of
Sirt5 and block the NAD * site, these compounds are
inhibitors for Sirt5 with K; values of 100 45 and 17.2
1.3mmfor 5h and 5j, respectively (Table S2, Figures S6 and
S7). Solving their complex structures with zSirt5 revealed that
both modifications allow binding of the succinyl moiety like in
substrate 5a, and that these substitutions point toward the
NAD * binding pocket (Figure S14a,b). Modeling NAD * from
PDB ID 3RIY (Sirt5/succinyl-H3K9-peptide/NAD *1%3) into
our zSirt5 structures shows that the modifications would clash
with ribose atoms of the NAD * cosubstrate (Figure S18). For
5hamixture of Sand R enantiomers appear to be bound, with
slightly differing succinyl conformations but distal carboxyl
groups and the phenyl moieties still in the same position. Our
CPS1 derivatives thus reveal a novel principle for sirtuin
inhibition based on peptides, which can also reveal valuable
information for the development of small-molecule inhibitors.

Several sirtuin inhibitors, such as Ex52%#° and 4-bromo-
resveratrol,*® were recently shown to bind to the nicotina-
mide-accommodating C-site, indicating it as an attractive
pocket for obtaining binding affinity. We therefore attempted
to move the phenyl residue of 5h deeper into the NAD * site,
toward the C-site, by introducing a methylcarbamate linker

Angew. Chen2014 126 10904 ...10908
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between the succinyl and the phenyl group 6i). During the
synthesis of this compound we were able to control the
stereochemistry by using Z-protected aspartic acid deriva-
tives in S and R configuration for the acylation reaction,
yielding 5i and 50, respectively. Testing benzyloxycarbonyl-
protected aminosuccinyl derivatives showed that5i is an
inhibitor for Sirt5 with about 3-fold improved K; value (38.1
0.6mm) as compared to 5h (Table S2). Peptide 50 is an
inhibitor with considerably reduced affinity to the active site
of Sirt5 underlining the binding specificity for the S config-
uration. A crystal structure of the complex between 5i and
zSirt5 confirms that extending the linker in the S configu-
ration moved the phenyl ring deeper into the C-site (Fig-
ure S14c). Only the methylcarbamate linker is well defined by
electron density, while less pronounced spherical density is
observed for the phenyl moiety in the C-site. The phenyl ring
is in fact well positioned to mimic nicotinamide binding
(Figure 3) but appears to be rotationally flexible, and adding
a more nicotinamide-like carboxamide moiety to the phenyl
ring is an obvious next step to improve binding of this acyl
modification. Other large moieties can also be employed for
binding to this active site region.

Figure 3.Crystal structure of zSirt5 active site with inhibitdi (light
gray). NAD molecule was modeled in by an overlay with PDB

entry 3RIG (dark gray). The protein is shown only once for clarity
(zSirt5/5i complex; gray). Polar interactions between active-site resi-
dues and substrate peptidess acylated lysine are indicated by dotted
lines.

Thus, introduction of a fluorenyl ring ( 5p) yielded an
inhibitor with similar preference for the S configuration (K;=
46.0 0.23mm). Also, targeting additional active site areas
could increase inhibitor affinity. Disubstitution at position 3
with a phenyl and a methyl moiety led to an about 20-fold
increase in binding affinity of 5k (K;= 4.3 0.32nm) com-
pared to 5h. Supposing that the observed orientation of5 h for
the phenyl group is similar, the methyl substituent at C3 can
be assumed to occupy a position similar to the second methyl
group in 5c (Figure S10), indicating it as an interesting
extension site for inhibitor development. Testing inhibition of
human sirtuin isoforms by 5k confirms that this approach
achieved selectivity for Sirt5 versus Sirtl, 2, and 3 (Table S3).
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Zuschriften

Next steps in converting our peptide derivatives into small-
molecule Sirt5 inhibitors comprise removal of the peptide
part without losing sufficient affinity and replacement of the
carboxyl moiety to enable membrane passage.

Substitution of the carboxyl group by a nitro function ( 51)
resulted in about 10-fold decrease of bothK,, and k., values,
that is, it is a well binding substrate. Crystal structure analysis
of its zSirt5 complex shows that the nitropropionylated lysine
indeed binds very similar to 5a (Figure S13c).

Combining this nitro substitution with our novel acyl-
based inhibition principle should now enable the systematic
development of small-molecule inhibitors for Sirt5. This
approach would lead to the first potent and selective Sirt5
inhibitors, which are anxiously awaited as research tools and
as lead compounds for drug development.
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Chemicals and general methods
All chemicals were purchased from Sigma (Saint LoUiSA) if not stated otherwise. Rink amide MBHA resin

was obtained from Iris Biotech (Marktredwitz, Germanymocprotected amino acid derivatives and
Benzotriazolel-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) were purchased from
Merck (Darmstadt, Germany). Trifluoroacetic acid wésained from Roth (Karlsruhe, Germany).

For HPLC separations solvents consisting of watdvésd A) and ACN (solvent B),dth containingd.1% TFA

were usedEluting compounds were detected at 260 nm. Analytical rume performed on an Agilent 1100
HPLC (Boeblingen, Germany) with a quaternary pump, d-plate autosampler and a variable wavelength
detector. 40 to 80l of compounds or reaction solutions were injected and separatedauléiregr gradient from

30 % to 60 % solvent B within 5min on a 3.0 x 7.5 mm reversed phase colgil@ntAPoroshell 120 EC18,

2.7! m) with a flowrate of 0.8 mL/min. A Mercititachi HighSpeed LC system (Darmstadt, Germany) with a
Merck HibarLiChrosorb RP8 column (25625 mm, 7! m) was used for preparative separations. For separation
a linear gradient from 20 % to 50 % solvent B in 60 maswsed (flowrate: 8mL/min). Eluted compounds
were analyzed by LC/ESMS (HPLC: Agilent 1100, ESion trapmass spectrometer: BrukerDaltonics Esquire
LC (Bremen, Germany))Xhe runs were performed with a linear gradient féofb to 100 % solvent B in 20 min

on a Machery Nagel (Dueren, Germany)}8P3 cdumn (ET 125/2 Nukleosil 506 C18 PPN).

Synthesis of CPS1 derivative 1
1 was synthesized by standard sqiithsepeptide synthesis protocols usingfl@renylmethoxycarbonyl

(Fmog protected amino aciderivatives. Rink amide MBHA resin was treated wWitjN-dimethylformamide
(DMF) at RT for 10 min. The Fmoc protecting group wasaeed with 20 % piperidine in DMF for 15 min.
After washing with DMF (5 min, 5 times) the resin wasubated with 4 eq of amino acid derivative, 4 eq
PyBOP and 8 eq o,N-diisopropylethylamine (DIPEA) in DMF at RT for 45 mifthe N-terminus of the
glycine residue was modified usingeq benzoic anhydride and 8 eq DIPEA in DMF at RT for 45 i@ resin
was washed with dichloromethane (DCM, 3 min, 5 timesgthanol (5 min, 3 mes) and again with
dichloromethane (DCM, 3 min, 5 times). The peptide was cleavedtfiemesin and sidehain deprotected by
treatment with 97 % trifluoroacetic acid (TFA) at RT for 2.5 hude peptide was precipitated with cold
diethylether, filtratedand dried. The peptide was purified by preparative HPLCdiyigb 97 % of purel.
Identity was confirmed by ESMS (calculated mass: 967.5 Da, found: 967.5 Da).



Figure S1.Fragment MSspectra of compount

Synthesis of acylated CPS1 peptide derivatives
Method 1 - anhydrides Treatment ofl with 1.5 eq of different anhydrides (Table S1) in dry DMF im th

presence of 3 eq DIPEA at RT yielded the corresponding hedified CPSipeptide derivateThe mixture
was stirred at RT for 4 to 16h. Ester bonds formetyr@sine residue of werecleaved by alkaline hydrolysis
using sodium hydroxide. The reaction was monitored using analytical HPh&€ adylated CPS1 derivatives
were purified by preparativelPLC and produetontaining fractions were lyophilized. The identity of pufi
peptide derivatives was confirmed by HRESFMS (Table S1 and Figure S16)
Method 2 - carboxylic acids Treatment ofl. with 1.5 eq of different carboxylic acids (Table S1) in dry BM
the presence of 1.5 eq PyBOP and 3 eq DIPEA yieldeddhesponding lysinenodified peptide derivative.
The mixture was stirred at RT for 4 to 16h. The aegidues at the tyrosine side chainlaind resulting mono
methyl/ethylester (compond 3, 5f, 7, 8, 9; Table S1) were removed by alkaline hydrolysis using sodium
hydroxide. The moneert-butyl-ester and the Beprotecting groups were removed by treated with 50 % TFA in
DCM to vyield deprotected compoundsand 5d. The reaction was monited using analytical HPLC. The
modified CPSipeptides were purified by preparative HPLC and prodoataining fractions were lyophilized.
The identity of purified peptide derivatives was fioned by HPLGESI-MS (Table S1 and Figure S16)
Method 3 B 3-hydroxy-3-methylglutaryl -CoA Reaction mixture containing 8.6 mg of compoundnd 1.5 eq
of DL-3-hydroxy-3-methylglutaryl coenzyme A sodium salt hydrate was liated in buffer (100 mM TrisHCI,
pH 9.5) at RT for 96 h.-Dimethylaminopyridine (DMAP) was used aatalyst. Compounéd was isolated

3



using reverse phase HPLC. Molecular weight was confirmed by MAILdM and purity checked by HPLESH-
MS (Table S1 and Figure S16).

Table S1.Lysine modifications in CPS1 substrate peptide

1 BenzoylGly-Val-Leu-Lys-Glu-Tyr-Gly-Val-amide
o mass calculatedor mass found[M+H]"

no. modification reagent method .
[M+H] " [g/mol] [g/mol]
2 Acetic anhydride 1 1008.0 1031.4%
3 Ethyl-Chlorooxoacetat 2 1039.0 1022.4"
4 Mono-tert-butyl malonate 2 1053.1 1036.4"
5a Succinic anhydride 1 1067.1 1050.4"
5b Methylsuccinic anhydride 1 1081.1 1081.3
5c 2,2-Dimethyl succinic anhydride 1 1095.1 1095.3
5d Boc-Asp-OtBu 2 1082.1 1082.5
5e Itaconic anhydride 1 1079.1 1079.3
5f monoEthyl fumarate 2 1065.1 1048.4"
59 Maleic anhydride 1 1065.1 1048 4"
5h Phenylsuccinic anhydride 1 1143.2 1126.3
5i N-Z-L-aspartic anhydride 1 1216.2 1199.%

. Butylsuccinic anhydride
5] 1 1123.2 1123.3
3-Methyl-3-phenyldihydrofuran
5k yrephenyidihy 1 1157.2 1157.3
2,5dione
5l 3-Nitropropionic acid 2 1068.1 1091.8"
S-Acetylmercaptosuccinic
5m Y P 1 1141.2 1163.%
anhydride

50 N-Z-D-aspartic anhydride 1 1216.2 1216.3
5p FmocL-Asp-OtBu 2 1304.0 1304.3




no. modification reagent method mass calculatedor mass found{M-+H]"
[M+H] " [g/mol] [g/mol]
6a Glutaric anhydride 1 1081.5 1064.4
6b 3-Methy! glutaricanhydride 1 1095.1 1078.3"
6c 3,3Dimethyl glutaric anhydride 1 1109.1 1109.3
6d HMG-CoA 3 1111.0 1111.3
6e Diglycolic anhydride 1 1083.1 1106%
6f Thiodiglycolic anhydride 1 1099.1 1082.%"
69 4-Methylmorpholine2,6-dione 1 1096.1 1096.5
6h N-Phthaloy}D,L-glutamic . 1296.2 12484
anhydride
7 Adipic acid monoethyl ester 2 1096.1 1078.%"
8 Pimelic acid monoethyl ester 2 1109.2 1131.%
9 Suberic acid monomethy! ester 2 1123.2 1106.%"

@l M+Na]" T [M-NH_] *

Expression and purification of human Sirt5
Theexpression and purification of hSirt5 was done as describ&ehty et al*”.

Expression and purification of zebrafish Sirt5
Expression of the zebrafish Sirt5 isofo(e8irt5) used for crystallization was done as describetldoran Sirt5,

exceptthat E. coli BL21-CodonPlus® (DE3) cells (Stratagene, La Jolla, CA, USA) were usecekqression.
Purification of Hig-zSirt5(36298) was done via cetlisruption of harvested cells in lysis buffer (50 mM
Tris/HCI pH 8.5, 200 mM NaCl) followed by affinitghromatography using GoTalonbeads (Clontech,
Mountain View, CA, USA). Resin was washed with 2Quoan volumes hig¥salt (50 mM Tris/HCI pH 8.5, 500
mM NacCl) and low imidaole buffer (50 mM Tris/HCI pH 8.5, 200 mM NacCl, 5 mktidazole), respectively,
and target protein was subsequently eluted using high imel@owicentration (50 mM Tris/HCI pH 8.5, 200
mM NaCl, 250 mM imidazole). Pooled eluate fractiongevedialyzed agaist 30 mM HEPES pH 6.5, 50 mM
NaCl and treated with TErotease at 4 jC in a 1:20 ration in an overnight step, followed by ecaffinity-
chromatography on G&Talon to remove the hestdistidine tag. Flowthrough was collected, subjected to
gelfiltration on a Sephacryl-300 HR 50/100 column in 20 mM Tris/HCI pH 8.5, 150 mM NacCl and zSirt5

fractions were pooled, concentrated and store8(tC.



HPLC based activity assay
For determination of kinetic constants for the SirtBdiated reactions solutionsrgaining 20 mM TRIS/HCI

pH 7.8, 150 mM NaCl, 5 mM Mggl 0.5 mM NAD" and varying substrate concentrations2(® M) were
used. Deacylation was started by adding human Sirt5 to reach a dinedraration of 0.9 M. Enzyme
catalyzed reaction was stoppedngsTFA (1% final concentration) after 1 to 180 min of inciidra at 37{C
depending on substrate reactivity. Reaction mixtures containing compeubél and5g were stopped by pH
shift through adding of 19 sodium citrate buffer (100 mM, pH 4.0) causeddensibility acidic hydrolysis. A
control reaction (100 M compound4a, 0.5! M NAD*, 0.5! M Sirt5 in reaction buffer and!% sodium citrate
buffer pH 4.0, 37 {C, overnight) verified that the reaction was corlyletopped. The cleavage rate of the
different CPS1 peptide derivatives was analyzed using analyticatsegvgphase HPLC. The product and
substrate peaks were quantified using absorbance ah@6@bsorption oN-terminal benzoyl moiety). The
peak areas were integrated and converted to initial velocitycatasdated from the ratio of product area to total
peak area. Linear regression of conversions plotted against tinted/iedaction rates ihM/min (relative
conversion below 20 % of substrate). Norear regression according to Michaelenten of the reaction rates
at different substrate concentrations yieldag lénd k,rvalues using the program SigmaPlot (Systat Software,
San Jose, USA). All measurements were done in dietica

The analysis of kinetic constants for NAvas performed equally. The reaction mixtures contained MOf

5a or 5b, 0.5! M human Sirt5 and varying concentrations of NAQO - 2000! M). The resulting velocity

substrateplots were fitted with Michaelidenterrequation.

Figure S2.HPLC traceq260 nm)of 5a after different incubation times with Sirt5. Reaction déods: 100! M
compoundsa, 500! M NAD™ and 0.5! M Sirt5. Detection wavelength: 260 nm. Incubattone 20 min (blue),
30 min (red), 40 min (green), 50 min (pink) and 60 min (olikeeg).
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Figure S4.Kinetic characteristics for Sirt5 substrates. Thectiens were performed with Ol Sirt5, 500! M
NAD" and varying concentrations of substrates1%® ! M). All reactions were done in duplicates. Lines

represent the Michaeliglentenplot.
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Figure S5.Kinetic characteristics for NADwith 5a (a) andsb (b). The reactions were performed with 0.5
Sirt5, 100! M compound5a or 5b and varying concentrations of NAM10-2000! M). All reactions were done
in duplicates and monitored by HPLChe curvesrepresent Michaelienten plos resulting in kinetic

constants given in (c)

Determination of the inhibitor constants K;
K; values of the inhibitors were determined recordigg &d K, values for5a in the presence of varying

inhibitor concentrations (5@50! M). The program SigmaPlatas used for generation of the respective plots
The linear regression of the apparenj-¥alues against the corresponding inhibitor concentration yieted

inhibitor constant K

10



2.0 1

2,0
sy — 15
T - R ’
Wi, | o7 == o
VRN 0.+ - v IuM min™' 10
0.5 1
0,5
0.0 4 T T T v v 3
ooomowo o mom Yo w @ 0 0 1w w
c/yM > cluM -
5h 5i
2,0 1,8
1,6
1,4
1,5
1,2
T ! 1,0
1 -1
v/uM min™ 1,0 v [uM min
0,6
o8 0.4
0,2
0,0 00
0 50 100 150 200
c/uM -
5 5k
18 2.5 4
1,6
1.4 2.0 1
1 1,2 \ T
in 1.0 1.5 { =7
v /uM min™ % v IuM min-1 Z
8{f /-~  _--—" | U e
0,6 1.0 1 e
0,4 0sl /7
0,2 1/,
0.0 ¥ ' y ' ' ' 0.0 . . . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
c/yMm - cluM -
5m 5p
1,8
1,6
1,4
1,2
! 1,0
v /pM min™ "
0,8
0,6
04
0,2
0,0
c/pyM -
6h

11




Figure S6.Kinetic characteristics for Sirt5 inhibitors. Theaotions were performed with Ol3 Sirt5, 500! M

NAD" and varying concentrations of substrates/inhibitord5@ ! M). For determination of the Kvalues

different concentrations of inhibitor (1M B hexagon, 26M - triangle down, 50 M - triangle up, 100 M -

diamond, 2500 M- square) were used. All reactions were done in duplicategsliepresent the Michaelis

Mentenplots.
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Figure S7.Secondary plots for Sirt5 inhibitors. The appareptaad V. values from v/S characteristics were
plotted against the corresponding inhibitor concentration. The negativealde can be determined as

intersection with the axis from the k™71 plot respectively from the,2*"%/I plot.

Table S2.Inhibition corstants for different Sirt5 inhibitors.

compound Ki[' M]

5h 100.0 + 0.45
5i 38.1+0.63
5j 17.2+1.31
5k 4.3+0.32

5m 10.6 + 0.66
5p 46.0 £ 0.22
6h 249+ 0.54

Determination of specificity of sirtuin inhibition by 5k
Theinhibitor specifcity was tested against Sir8Lby determination of cleavage rates in the preseng&.ofhe

reaction mixture contained 20 mM TRIS/HCI pH 7.8, 180 NaCl, 5 mM MgC}, 0.5 mM NAD', 10! M of
substrate and %0 of inhibitor 5k. Compound2 was used as substrdte Sirtl and 3, compounBa for Sirt5,
the peptide derivative #SDK(Ac)TIGGWWNH, derived from"-tubulin for Sirt2 Deacylation was started by
adding enzymeo reach a final concentration of 0!9V. The reaction was stoppagsing TFA (1% final
concentration) after 2 to 10 min of incubation at 37;{C depenadin substrate reactivityrthe inhibition was

analyzed by analytical HPLC as described above.

Table S3:Inhibition of different Sirtuins by compourk.

sirtuin inhibition at50! M [%]
Sirtl <1
Sirt2 4.23+2.16
Sirt3 <1
Sirt5 70.43 £ 11.75

Isothermal Titration Calorimetry (ITC)
To minimize unspecific heat effects, human Sirt5 tmthe dialyzed again against buffer Phe CPS1 peptide

derivatives were then dilutedith this buffer. All ITC measurements were performed at 10ghg a
MicroCalVP-ITC isothermal titration calorimeter (MicroCal Inc., Northagton, USA). The sample cell (1.4 ml)
was filled with a 5uM solution of human Sirt5 and a 2800 ! M solution of peptide was loaded into the
injection syringe (280 I). Each titration experiment was started with a 300 s delay feliolwy 28 or 56
injections of 10 or 5 pl of the peptide solution, respectivielyintervals of 250 seconds. The sample cell was
stirred at300 rpm. Control experiments where peptide was injected in the abeérnmetein allowed the

subtraction of heats of dilution. The data was analymsing the Origin 5.0 software (Microcal Inc.,

14



Northampton, USA). The corrected data were analyzeabbyinear regression with a singsite binding model.

The area under each peak of the resulting heatipnwéis integrated and plotted against the moldo GftSirt5

to titrant.
5a 5b
5c 5h
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5i 6a

Figure S8. Isothermal titration calorimetrpf different Sirt5 substrates and inhibitors. The compsufaf

100 M end concentration) were titrated intd ™ Sirt5 diluted in dialysis buffer containing 20 mM TRIS/HCI
pH 7.8, 150 mM NaCl, 5 mM Mgl Titration was carried out in 56 steps 1 bat 16C with in an incubation
time of 250 s (upper graphs). The area under each qfetdle resulting heat profile was integrated and plotted
against the molar ratio of Sirt5 to titrant (lower grapf$)e data were analyzed by nonlinear regression with a

single-site binding model.

Table S4.Kp-values.

compound Kp[! M]
5a 0.71 £ 0.05
5b 0.83+0.17
5¢c 0.29 + 0.04
5h 8.20+ 0.55
5i 5.78+ 2.36
6a 0.70 £ 0.11

Fluorescence titration
Tryptophanfluorescence titration experiments were carried out on &iifa4500 spectrometer (Tokyo, Japan)

using an excitation wavelength of 280 nm. Emission was measured at 3302%Ca Peptide solution was
added successively{0! M end concentration) to 5M human Sirt5 in buffer containing 20 mM TRIS/HCI pH
7.8, 150 mM NaCl. Fluorescence intensities were recorded subsegueathingequilibrium for each titration

step. Dissociation constants were determined using aesiitglbinding model.
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Modeling
The molecular structures of all peptides described in the presektweoe generated using the MOE 2012.10

program (Chemical Computing Group, Montreal, CandaYhe initial conformations resulted from energy
minimization using the Amber99SB force field as impletednin MOE!"? Two crystal structures of human
Sirt5, one in complex with a succinylated peptidd &AD", and another one with a thioacetylated peptide and
CHES were retrieved from the Protein Databank (PDBecBRIY and 3RIG). For the subsequent docking
studies, all water and ligand molecules were remowedbath structures were protonated and minimizeéagus
the Amber99SB force field.

All dockings studies were carried out using the GOLDdotking program (Cambridge Crystallographic Data
Centre, Cambridge, UKih exhaustive sampling mo#@ The binding cavity was defined by the-caystallized
succinylated peptide. To guide the search procespasition of the cerystallized lysine of 3RIY was used as
a substructure constraint. Using Goldscore as fitness fundkie cecrystallized peptides were correctly docked
into the Sirt5 catalytic site.

All tested peptidesvere docked in both crystal structures and 20 dackivses were stored. The resultinge®
were manually analyzed and docking solutions withhtiglest overlap to the crystal structure positibthe co
crystallized peptide were selected for subsequent refinement ransa€h binding hypothesis, an energy
minimizationof the peptide angdroximal pocket residues was carried out using the Amber99SB foldeThes

procedure resulted in a final docking model for each of the synthesizedgsept

Figure S9 Model of hSirt5 in complex witl3 (orange). The distances (given in ¢) between the carboxyligr
of 3 and proximal protein atoms are drawn as black arrows anadmrbonds are indicated as dashed lines.

The carboxyl moiety is too far away to form hydrodeemds to Tyr102 and Arg105.
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Figure S1Q Model of hSirt5 in complex wittsc (cyan) superimposed with the NARonformation observed in
the X-ray structures of hSirt5 (NADfrom 3RIY). The distances (given in ) between the methylugrof 5¢
and NAD' in the productive conformation are drawas black arrows and hydrogen bonds are indicated as

dashed lines. The methyl group5af might hinder the nucleophilic attack on & atom of NAD.

Figure S11 Sequence alignment of zSirt5 and hSirt5. Both proteins ahdyhsgmilar (blue) with a seqnce
identity of 75%. Most of the substitutions are located in Nerminal region (redwhich comprises a ~35

residue mitochondrial localization sequence removethduransport into the organelle.

Crystallization and structure solution
The zSirt5 prtein (10 mg/mL; 20 mM TRIS/HCI pH 8.5, 150 mM NaCl) wasarpstallized with1 mM CPSt

peptides at 20G. Protein and peptideoé€ptide 50 mM stocks in DMSQ,0% final DMSO concentration for
crystallizatior) were mixed and pracubated for 30 min on ice fuge setting up hangindrop vapordiffusion
crystallization experiments. 2L crystallization drops were constituted of a 2:1, 1:1 o2 tatio of
protein:reservoir solutions (reservoir:-28% PEG3350, 0.1 M HEPES pH 7.2 to 7.8; depending ondhiated
peptide) and equilibrated against 250reservoir. Crystals grew up to 300 x 300 x 300 in size in about two
weeks (again depending on acylated peptide). The Wwansfered to a cryesolution drop composed of the
respective reservoir and peptidepplemented with 25% glycerol, prior to sheitkezing using liquid nitrogen.
Diffraction data collection was performed at BESSYbBamline MX14.%¥ (operated by the Helmhoitz
Zentrum Berlin, @rmany) with an MX225 CCD (Rayonix, Evanston, IL, USA) or a Pilatus 6M detector
(Dectris, Baden, Switzerland). Indexing, scaling and imergf diffraction data were done using X33
Structures were solved by molecular replacementgubinlRepg*? using human Sirt5 (PDB entry NYRIs a
search model for the first zSirt5 structure, which waen used as search model for subsequent complex
structured®® Refinement was performed with Refmath For refinement of struares with resolution around

3 « or less (all complexes except for those with 8teor 5, respectivelyas a ligand), local NCS restraints and
the Prosmart function using protein chain A from RMB3RIY as a model was used during refinent&ht
Furthermore, TLSefinementwas used during the last refinement stépsManual modeling and structure
validation were done with Coff! Geometry parameter files for the peptidesO acylated -yesiithies were

generated using the PRODRG selReand structure figures created with PyMalww.pymol.org.
18



Table S5.Data collection and refinement statistics.

zSirt5 + 5h

zSirt5 + 5a

zSirt5 + 6a

zSirt5 + 7

zSirt5 + 5i

Data processing

Space group

P622

P622

P622

P622

P622

Unitcell (a/b/c)
[

88.9/88.9/305.3

87.4/87.4/314.9

87.2/87./314.0

87.3/87.3/314.6

87.2/87.2/313.9

Resolution
(outermostshell)

100.00- 2.40
(2.45- 2.40)

100.00- 3.00
(3.10- 3.00)

100.00- 2.90
(3.00- 2.90)

50.00- 3.30
(3.40- 3.30)

20.00- 2.80
(2.90- 2.80)

Unique reflections
(0.s)

29005 (1681)

15155 (1362)

16586 (1549)

11477 (948)

18292 (1784)

Observations (0. s.)

207062 (12353)

123469 (11516)

1164771 (11295)

114909 (9814)

191409 (19772)

Completeness (0. s,

100.0% (100.0%)

99.9% (99.9%)

99.8% (100.0%)

99.9% (100.0%)

99.6% (100.0%)

Mutliplicity (o. s.) 7.1(7.3) 8.1 (8.5) 7.0 (7.3) 10.0 (10.4) 10.5 (11.1)
R-meas (0. s}’ 13.4% (130.5%) | 19.9% (155.9%) | 17.5% (133.6%) | 34.7% (132.1%) | 26.1% (218.0%)
l/sigma (0. s.) 14.4 (1.9) 10.6 (1.5) 11.3 (1.7) 9.1 (2.4) 10.6 (1.3)
Refinement
amino acids (aa 33- 298 33- 298 35- 298 33- 298 33- 298
range)
protein atoms 4026 4094 4054 4057 4103
peptide atoms 1624 75 76 77 86
zincs 2 2 2 2 2
waters 134 17 57 30 52
solvent atoms 20 23 17 24 32
Resolution 47.852.40 75.733.00 75.532.90 48.413.30 19.872.80
(outermostshell) (2.46:2.40) (3.083.00) (2.982.90) (3.393.30) (2.87:2.80)
Reyst™ Ried? 19.7/22.7 21.5/26.7 21.8/26.1 20.9/25.4 20.8/26.1
B factor protein [+] 44.271 71.169 61.104 68.418 70.707
B factor peptide [4] 42.196 65.457 55.932 64.548 72.053
B factor Zn [+?] 38.195 74.475 63.590 67.170 79.355
B factor water[+?] 37.113 39.804 57.029 23.935 43.432
B zgtrzrss[ol}’em 59.381 69.627 37.739 63.260 68.051
RMS/?a'fse”td[_'fngths 0.016/0.019 0.011/0.019 0.012/0.019 0.011/0.019 0.012/0.019
RMSD a’ﬂ‘]i"es ltargq 1922/ 1.068 1.673/1.965 1.794 / 1.960 1.687 /1.963 1.690 / 1.968
RMSD p['f’}”es /targ8 5010/ 0.021 0.008 / 0.021 0.009 / 0.021 0.009 / 0.021 0.008 / 0.021
zSirt5 + 5l zSirt5 + 5j! zZSirt5 + 5b zSirt5 + 5¢c
Data processing
Spacegroup P6&22 P6&22 P6&22 P6&22
unit Ce['l](a/ IC) | g75/875/313.8 | 87.4/87.4/315.1 | 87.5/87.5/314.4 | 87.5/87.5/314.8
Resolution 50.00- 3.10 50.00- 2.90 50.00- 3.00 50.00- 2.90
(outermost shell) (3.20- 3.10) (3.00- 2.90) (3.10- 3.00) (3.00- 2.90)

Unique reflections
(0.s)

13762 (1203)

16737 (1569)

15155 (1378)

16749 (1569)

Observations (0. s.)

158350 (12752)

135088 (9991)

78545 (7388)

211283 (20615)

Completeness (0. s,

99.9% (100.0%)

99.9% (99.9%)

99.8% (99.9%)

99.9%(100.0%)

Mutliplicity (0. s.) 11.5 (10.6) 8.1 (6.4) 5.2 (5.4) 12.6 (13.1)
R-meas (0. sy’ 22.3% (137.2%) 17.9% (110.2%) 14.9% (98.8%) 17.0% (161.6%)
I/sigma (0. s.) 14.3 (2.1) 13.3 (1.9) 12.5 (2.1) 15.8 (2.0)
Refinement
amino acids (aa 33- 298 33- 298 33- 298 33- 298
range)
protein atoms 4050 4083 4111 4111
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peptide atoms 75 79 1524 77

zincs 2 2 2 2
waters 34 58 41 54
solvent atoms 32 28 36 24
Resolution 48.38D3.10 48.442.90 48.3993.00 48.42D2.90
(outermost shell) (3.1893.10) (2.982.90) (3.0893.00) (2.98D2.90)
Reryst™ / Rired® 19.4/26.2 20.3/25.4 19.9/27.0 19.2/25.2
B factor protein [+2] 68.693 53.300 65.068 73.805
B fa"t[‘.’;]pept'de 66.963 47.064 57.426 67.833
B factor Zn [+2] 72.240 57.420 71.470 85.195
B factor water [+2] 33.970 26.874 33.835 46.885
B factor solvent 62.783 49.472 62.289 73.300
atoms [+2]
RMSD bondlengths 4 333/ 9 919 0.011/0.019 0.014/0.019 0.013/0.019
/ target [*]
RMSD a’ﬂ‘]i"es ltarge 4 704/1.963 1.558/1.962 1.730/1.967 1.709 / 1.965
RMSD p['f’}”es ltarge 4 008/0.021 0.007 /0.021 0.008 /0.021 0.008 /0.021
(e with [e], |Fond is the

observed and [k{ the calculated structure factor amplitué‘é Rqee Was calculated from 5% of measured
reflections omitted from refinemelit. Peptide was modeled in two possible conformatiéh©nly the C2

substituted derivativef 5] was observed in the crystals.

Figure S12 a) Crystal structure of z&5 in complex with5a. 2FaFc electron density for the acylated lysine of
the peptide ligand (blue) is contoured &t Polar interactions to the backbone of Val217 and thedidas of
Tyr98 and Argl01 are indicated by dotted ling¥;Crystal structure of zSirts in complex wifla 2FcoFc
electron density for the acylated lysine of the peptide ligaaliofy) is contoured at!1 Polar interactions to the
backbone of Val217 and the sidbhains of Tyr98 and Arg101 are indicated bytedtlines; c) Crystal structure
of zSirt5 in complex with7. 2FaFc electron density for the acylated lysine of tleptile ligand (magenta) is
contoured at 1. Polar interactions to the backbone of Val217 and thedidas of Tyr98 and Argl01 are
indicated by dotted lines.
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Figure S13 a) Crystal structure of zSirt5 in complex wilih. 2FoFc electron density for the acylated lysine of
the peptide ligand (brown) is contoured &t Polar interactions to the backbone of Val217 and thedides

of Tyr98 and Arg101 are indicated by dotted lines; b) Crystal structur&idab in complex with5c. 2FoFc
electron density for the acylated lysine of the peptide ligarek(g is contoured at 1 Polar interactions to the
backbone of Val217 andehsidechains of Tyr98 and Arg101 are indicated by dotted lines;rg3t@l structure
of zSirt5 in complex witlbl. 2FoFc electron density for the acylated lysine of the peptidsmtgdark brown) is
contoured at 1. Polar interactions to the backbone\dl217 and the sidehains of Tyr98 and Argl01 are
indicated by dotted lines.

a) b) c)

Figure S14 a) Crystal structure of zSirt5 in complex wih. 2FoFc electron density for the acylated lysine of
the peptide ligand (green) is contoured latRolar interactions to the backbone of Val217 andsttlechains of
Tyr98 and Argl01 are indicated by dotted lines; Ibystl structure of zSirt5 in complex wisjO 2FoFc
electron density for the acylated lysine of the peptide ligakih-(oloured) iscontoured at 1. Polar
interactions to the backbone of Val217 and the-sitiins of Tyr98 and Argl01 are indicated by dotted lines; c)
Crystal structure of zSirt5 in complex wiBii. 2FoFc electron density for the acylated lysine of tlepte
ligand @ark brown) is contoured at 1Polar interactions to the backbone of Val217 and thedide of Tyr98

are indicated by dotted lines.
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Figure S17 Docking of 5f (light green) andg (dark green) into hSirt54 complex. Only in case dif hydrogen
bonds with Tyr102 and Arg105 are observed. Hydrogen bonds between ligand and prataiicared as dashed

lines.

Figure S18 Active-site supperposition of crystal structures of zSirt5 cexgs with inhibitory5j (skin coloured)
ard 5h (green). The protein is shown only once for clarity (zSBt5¢omplex; grey), since all protein residues

superpose well.
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ABSTRACT:Sirtuins are protein deacylases that regulate metabolism
and stress responses and are implicated in aging-related diseases.
Modulators of the human sirtuins Sirtare sought as chemical tools

and potential therapeutics, e.g., for cancer. Selective and potent
inhibitors are available for Sirt2, but selective inhibitors for Sirt5 with
K; values in the low nanomolar range are lacking. We synthesized and
screened 3-arylthiosuccinylated and 3-benzylthiosuccinylated peptide
derivatives yielding Sirt5 inhibitors with low-nanoKolatues. A
biotinylated derivative with this sté represents an ity probe

for human Sirt5 that is able to selectively extract this enzyme out of
complex biological samples like cell lysates. Crystal structures of Sirt5/
inhibitor complexes reveal that the compounds bind in an unexpected
manner to the active site of Sirt5.

INTRODUCTION Recently, it was shown that Sirt5-mediated desuccinylase

Sirtuins (Sirt) represent an evolutionarily conserved family %?t'v'ty is involved in pro-ammatory response of macro-

NAD*-dependent lysine deacylases. Seven sirtuin isoforms
been identied in mammals, Sirtl to Sirt7, whickrdn their
biochemical activities and subcellular localization. Sirtl
Sirt2 are localized in the nucleus and cytoplasi85 Sire3
mitochondrial enzymes, and Sirt6 and Sirt7 are IocaIiz%
exclusively in the nucleus. Sirtuins catalyzeerdi lysine o
deacylation reactions, including removal of fatty acHiJl
modi cations (Sirtd6)," decrotonylation (SiSB)°> and
removal of 3-hydroxy-3-methylglutaryl and lipoyl residues
(Sirt4)? but only Sirt5 possesses a strong desuccinylase, RESULTS AND DISCUSSION

demalonylase, and deglutarylase ativitiyoandin vivd. The 3-phenylsuccinyl moiety on a lysine side chain represents a
The removal of negatively charged acyl moieties by Sirt5 ressfitgcic Sirt5 inhibitor which acts by blocking the NAD

in up to 1000-fold higher catalytic activities compared to thnding pockéf: Compound (Figure ) is one of the most
respective deacetylation reatfion. e ective and selective Sirt5 inhibitors viiivalue of 4.3M.

The role of Sirt5 in metabolic pathways like glycolysi§ther reported Sirt5 inhibitors are showirigure 1 but
tricarboxylic acid cycle, fatty acid oxidation, ammongglectivity has not been determined for all of them. Inspection
detoxication, reactive oxygen defense, or apoptosis makéghe crystal structure of zebhaSirt5 (zSirt5) in complex
this enzyme an interesting target for drug develdfiment. with the structurally similar 3-phenylsuccinyl-carbamoyl
Deregulation or noncontrolled activation of Sirt5 is involved phosphate synthetase (CPS1)-derived pepid®B ID
several human diseases, inc|uding cancer, Aklthsmase, 4UTV) revealed that the phenyl ring on the Succinyl residue
and Parkinsém disease.Inhibition of Sirt5 resulted in
suppressed tumor cell deottion caused by increased November 22, 2017
succinylation of lysine residue 498 in pyruvate kind8e M2Published: March 1, 2018

es by changing pyruvate kinase M2 enzymatic’ activity.

oreover, Sirt5 is overexpressed in human non-small-cell lung
Lancer, and this overexpression is correlated with poor
6} gnosiS.E ectors of Sirt5 activity are therefore needed as
tential therapeutics and as chemical probes to investigate
t5 function in more detail. Here we present the development
selective and potent Sirt5 inhibitors Kyitialues in the low
nomolar range.

ACS Publications  © 2018 American Chemical Society 2460 DOI:10.1021/acs jmedchem.7b01648
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Figure 1.Reported Sirt5 inhibitods® 11 ° 111 12 v} v,2viB v 4

points to the nicotinamide binding pocket (C-pocket) but igqual mixtures of diastereomers as a niinbad fast- and

not able to reach the C-pockeTherefore, we started to slow-eluting diastereomerdldsandN.2, respectively.

analyze a 3-benzylsuccinyl derivative of CPS1 peptide, resultib{ping this reaction, we systematically optimized the acyl
in 1 (Table ) with aK; value of 263 48 nM (Table S\ residue of the CPSl1-derived peptide inhibitabl€ J,
Reaction of substituted succinic anhydrides with the lysine giggulting in & value of 7 nM fa85.2(Table S). Compound

chain represents a convenient route to 3-alkyl(aryl)succi/ghowed &; value similar to that bf Nevertheless, we were
peptide derivativésHowever, because of limited access tdible to demonstrate that the slower-migrating diastereomer,
such reagents and unsatisfactory regioselectivity of the reai¢h to the substitution at position 3 of the succinyl réstdue
(often 2-substituted regioisomers are formed by aIternatiK?eaerr?igrr’]agffn”et 'T\Z‘g'tg: f(ﬁ: es(a'rtri”e‘t"é';ﬁ‘éa;ﬁf; sl?)it?N,\gén he
opening of the anhydride), we investigated another way ' ' : :

substitute succinyl peptides. Maleamic acid derivatives réitfr and the phenyl ring, resultingl% 27, and 32,

with thiols, aording 2-(alkylthio)succinamic acid as the sol _espe”ctivelyl, did not in]:np;]ove r;[he ilnhibitign r?onstantsl. A(zdi'
5 : ionally, replacement of the phenyl ring by heterocycles (see
product. Because a large number of thiols are availah 31) yielded inhibitors witK; values between 3.5 and 11

commermally and respective Michael aqidmon can b1 To analyze Sirt5/inhibitor interaction details, we solved
performed directly on the solid support, this method wag.

chosen for the preparation of a library of 3-substituted succi YJYStaI structures 5, respectively, in complex with zSirtS

. . igure 2and Table Sp and compared them with the
CPS1 peptidesStheme )1 Treatment of resin-bound —,eyiqusly solved structure of zSifS/(PDB 1D 4UTV).

maleylated peptides with a thiol in the presence of tertiagy, risingly, the substituents at position 3 of the succinyl group
base aorded expected diastereomeric mixtures of 3-subst|tutggcupy dierent binding pocketSigure 2. The benzyl group
target peptides along with minor amounts of 2-substituteg} 15is oriented similar to the pheny! ring, eéward the C-
regioisomers. Treatment with Uoroacetic acid at room pocket, and reaches deeper into this pocket yet still idhnot
temperature yielded four diastereomers/regioisomers. Surpgsmpletely. In contrast, the phenyl group iefpositioned

ingly, reaction products were easily separated with HPLfgward a hydrophobic patch formed by Ala78 and Phe219 and
enabling convenient and simultaneous route to@thand  opened through rearrangements of the cofactor binding loop.
(R-3-(alkyl(arylthio)succinyl-CPS1 peptide derivatives (2Apparently, both sites can provide interactions for tight binding
substituted derivatives were formed in minor amounts aadld potent inhibition. To explore the binding pocket of the
were not isolated). For convenience, we denote insepargbihenyl ring of compourtlin more detail, we generated all

2461 DOI:10.1021/acs.jmedchem.7b01648
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Table 1. Chemical Structures of Succinyl-CPS1-Derived Peptide Inhibitors (Bz-GVLK(X)E¥:GV-NH

*Hereinafter an equal mixture of diastereomers is dembtedthbl.1 the fast- anil.2 the slow-eluting diastereonfe€annot be determined
more precisely because of solubility problems.

possible monochloro- and dichloro-substituted compoundeith 2 showed that the dichloropheny! ritggperfectly into
resulting ir8BS5 and6S11, respectively. Substitution inghe  the hydrophobic pocket formed between Arg67 and Phe219
position seems not to be bemial (Table ) because it could (Figure S25 Combinedm andp-substitution using methyl
lead to steric clash with the protéigiire ?, but replacement (12) and methoxy 13) moieties resulted in similar Sirt5

of hydrogen by chlorine in thme or p-position yielded a nities. Inspired by this substitution pattern, we created 3-(2-
inhibitors withK; values between 50 and 60 nM for the bettemaphthylthio)succinyl derivati88.2 which represents the
binding diastereomer. This improvement in binding is mayloeost e cient Sirt5 inhibitor with the 3-(arylthio)succinyl
caused by bermal interactions with Sirt5 residues Phe66 andcaold (ICsy value = 40 nM). Moreové&3.2is selective for
Arg67 Figure 2. Chloro substitution in both tipe andm- Sirt5, evidenced by the fact that rewieon catalysis mediated
positions led t8, with aK; value of 23 nM fo8.2 Flexible by Sirtl, Sirt2, Sirt3, or Sirt6 could be detected with
docking oB.2into the crystal structure of zSirt5 cocrystallizeadoncentration a33.2up to 50 M (Figure S22 When the

2462 DOI:10.1021/acs.jmedchem.7b01648
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Scheme 1. Chemical Reaction Used for the Preparation of the case &f1, 23, and25. On the other hand, there is a >8-fold
Peptidyl Derivatives Carrying 3-(Aryl- or Alkylthio)succinyl di erence in the kg values for 2,4,6-trimethyl-substituted
Residues at the Lysine Side Chain derivatives25.1 and 25.2 Generation of the naphthyl-
methylthio derivativ85.2 homologous to the naphthyl
derivative34.2 resulted in an improvement of inhibition,
with an 1Gyvalue of 15.4 9.5 nM, resulting in a calculdfed
value of 7 nM. Double substitution at position 3 of the succinyl
residue can increase Sridhibitory potency. The value of
compound (Figure )is about 20-fold better than jeralue

of the respective 3-phenylsuccinyl-CPS1 peptide défivative.
Therefore, we decided to analyze a similar double substitution
and generate86 by acylation of resin-bound CPS1 peptide
with 2-methyl-2-(2-naphthylthio)succinic anhydride according
to methods described in #f As mentioned above, that
method vyielded four dirent regio-/diastereomers (two
diastereomers with substitution at C2 of succinyl residue and
two diastereomers with substitution at C3 of succinyl residue).
We could not separate all four isomers by RP-HPLC but were
able to isolate two isomeB6.(l and 36.2 together with a
mixture of the other two isomeB6.3. We determined the

ICs, values for the three HPLC fraction36aind determined

ICsp values between 60 and 90 nM. Obviougtytyeof 3-(2-
naphthylthio)succinyl derivatives could not be improved by
additional methyl substitutions at the same carbon atom. To

Figure 2.Comparison of the binding mode2afnd 15 to a 3- .explore. the. Importan.ce of the Su.ccmyl .Carbo.xyl group
phenylsuccinyl-Lys inhibita7 in the Sirt5 active site. The zSirts intéracting with the arginine and tyrosine residues in the active
complex with2 (ligand shown in green) was overlaid with the Site of SirtSKigure 2for e cient inhibition, we replaced this
complexes with5 (cyan) and with7 (PDB ID 4UTV; yellow).  carboxyl function by either a methyl group or a hydrogen,
NAD* (light blue) was modeled from a Sirt5/peptide/Néd@nplex resulting in 3-(2-naphthylthio)butyryl deriv@itand 3-(2-

(PDB ID 4G1C) to indicate the C-pocket. The protein part is onlynaphthylthio)propionyl derivati88 (Table . Surprisingly,
shown for zSirt8 in brackets (gray cartoon); dotted lines indicatepoth compounds are not inhibitors but rather substrates for
polar interactions with the acyl group, art] 5pand47 respectively, human Sirt5, as demonstrated by an HPLC-based activity

one enantiomer was omitted for clarity. assa§/°

In order to dene the absolute cauration of the best
ary| ring in2 was replaced by a Cyclohexy| rm' (the inhibitor, we decided to Synthe§36n a stereocontrolled
resulting diastereomers showed about 500-fold redyced Iganner. The key intermediate in this synthesis was optically
values. pure 4-methoxybenzyl-protectedi-2A-(2-naphthylthio)-

The IG, value of the more potent diastereomer of 3-succinatee], which was prepared from commercially available
(benzylthio)succinyl derivatih®2is comparable to thegC  (S-malic acidd) (Scheme)2First,O-tri uoroacetyl§-malic
value of 3-(phenylthio)succinyl derivafive This fact acid anhydrideb] was reacted with 4-methoxybenzyl alcohol,
prompted us to analyze substituted benzyl derit8628s a ording the respective monoestey.'{ Intramolecular
With the exception ofchloro-substituted benzylthio derivativecyclization of the-hydroxyl ester using Mitsunobu conditions
16.1, all of the modcations resulted in highegd@alues. In  a orded R)- -lactone @), which was not isolated but treated
contrast to the phenylthio series (compo@&is), the in situwith 2-naphthalenethiol, yieldiBgZ-(2-naphthylthio)-
diastereomer (regarding position 3 of the succinyl residue) withccinic acid 1-(4-methoxybenzyl) esjeiCoupling of the
the longer retention time is not in every case the more poteatid to the resin-bound CPS1-peptide using standard DIC/
compound. The Kgvalues are very similar for both isomers irHOSu activation and cleavage of the peptide from the resin

Table 2. Chemical Structures of CPS1-Derived Peptide Inhibitors and Substrates (Bz-GVLK(X)EYGV-NH

** Cannot be determined more precisely because of solubility problems.

2463 DOI:10.1021/acs.jmedchem.7b01648
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Scheme 2. Synthesis &-3-(Alkylthio/arylthio)succinyl Derivatives frong¢Malic Acid

Figure 3HPLC proles 0f33: (a) derived by Michael addition of 2-naphthalenethiol to maleyl-CB32 glgpared by coupling &-(2-
naphthylthio)succinic acid-1-(4-methoxybenzyl) ester to the CPS1$peptice 2 and (c) mixed sample containing (a) and (b).

Table 3. Chemical Structures of Biotinylated Peptides 39 and 39.2

with TFA led to a single diastereomer according to HPL@3by a spacer molecule and a biotinyl residue (cong8und
Figure 3shows the HPLC chromatogram of crude reactioenabling immobilization on ggit)avidin-coated surfaces
product33 using the Michael addition reaction. The two minor(Table 3. Mixture of 3-substituted diastereomers (compound
peaks are the two 2-substituted succinyl derivatives, and the3@agenerated by Michael addition reaction yielded an inhibitor
major peaks are the 3-substituted arylthiosuccinyl derivativeth aK; value of 83.2 15.4 nM, but stereocison29.2
33.1and 33.2 The migration time of the reaction product synthesized according to the method sho#chieme ,ds a
derived frone shown inScheme ¥ comparable to that of more eective Sirt5 inhibitor, wittKavalue of 13.6 3.8 nM.

33.2 enabling assignment 88.2 to the (§-3-(2- The inhibition is in both cases competitive regarding the
naphthylthio)succinyl derivative. Additionally, spiking thpeptide substratBigure ). To analyze our Sirt5 nity probe
reaction mixture of the Michael reaction with the product ah more detail, we used real-time, label-free surface plasmon
the stereocontrolled synthesis resulted in an increase of the aesanance (SPR) measurements to investigate the interaction
of the signal caused38/2(seeFigure 8). Encouraged by the of surface-bound inhibitor and human SiRiGufe .

unique selectivity of the potent inhibition of Sirt83k we Biotinylated peptide derivati$®.2 was immobilized on a
decided to develop anrdty probe for human Sirt5. Analysis streptavidin-coated SPR sensorchip. Sirt5 binds to immobilized
of crystal structuresIfand2 in complex with zSirt&igure 39.2in a dose-dependent manrigg(ire &). Rate constants

2) uncovered no interaction of the¢erminal benzoyl residue k., = (1.3+ 1.0)x 10°° M5! $°* andk,; = (1.5+ 0.6)x 10°*

with the enzyme. Therefore, we replaced the benzoyl moietyMA* s°! result in &y value of about 0.12 nM. Binding was

2464 DOI:10.1021/acs.jmedchem.7b01648
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Figure 4.M[S] plots and tting curves for compoun@®and39.2generated using human Sirt5 in the presence d1398D" cosubstrate.

linear up to 100 nM, representing the evaluation range for teemobilization of biotinylated Sirt5 to a streptavidin-coated
rate constantsRf = 0.9971;Figure S22 This interaction  sensorchip. Sirt5 was biotinylated at the N-terminus by the
seems to be very specfor Sirt5 because all other human trypsiligase methd@For that purpose, we elongated Sirt5
sirtuin isoforms showed negligipJevalues Kigure 6). The with Strefl-tagged Tyr-Arg-His tripeptide at the N-terminus.
higher anity of 39.2for the active site of Sirt5 in the SPR This introduces a recognition sequence for trypsiligase which
experiment as compared to the kinetic measurements coulccleaves the Tyr-Arg bond and transfers a biotinyl-Gly to the Arg
explained by the immobilization of the inhibitor leading to aresidue, resulting in a Sirt5 variant with biotinyl-Gly-Arg-His at
avidity eect. However, in the presence of non-biotinylatethe N-terminus Kigure S19d Biotinylated Sirt5 showed
inhibitor33.2 Sirt5 was unable to bind to surface-bd8rl similar enzymatic activity compared to the enzyme without
(Figure B), indicating the expected pe@@ilébstrate  modi cation Figure S2Qb Treatment of the immobilized
competitive binding mode. Consistently, reduced but dete@it5 with33.2 showed a very fast association and hardly
able binding was observed in the presef®e2adn inhibitor  detectable dissociatidrigure 8), resulting in an estimated
with aK; value of 714 nM, or in the presence of succinylateld, value of about 10 pM. We were not able to remove bound
CPS1-derived substrate peptide, demonstrating that surfaehibitor by extensive washing of the sensorchip (several days).
bound 39.2 competes with the substrate peptide. Analyzing To test the suitability 9.2 for pull-down experiments
interaction details 88.2with Sirt5 by solving a zSi3/2 using more complex biological samples, we immd$lized
crystal structure=jgure 6 Figure S24, Table)S2vealed a  on streptavidin-coated agarose beads and loaded the beads with
surprising binding mode. Although it was based amdp- E. colBL21 (DE3) lysate expressing Sirt5. There was no Sirt5
modi ed 2, the substituent &3.20occupies the C-pocket. Its detected in the ow-through using SDS-PAGE analysis.
bulky aromatic systeris much of the pocket yet remains Extensive washings removed a lot efedit proteins but
exible, as indicated by fragmented electron density and highetr Sirt5 Figure @). Virtually pure Sirt5 could be eluted using
B factors. Further modations that exploit polar groups, such200 mM sodium hydroxide. ESI-MS analysis of the elution
as an addition at position 8 of the naphthyl moiety fofraction yielded a protein with a molecular mass of 30.798 Da
benecial interaction with Asp139dure », might be a route  (Figure B), which matches the calculated mass of 30.796 Da.
for even further increased potency. Nevertheless, our daysates dE. colexpressing either Sirt2 or Sirt3 were used for
demonstrate that the combination of a succingidsdar similar pull-down experiments. There was no capture of these
Sirt5 selectivity and a 3-(2-naphthyl)succinyl catidn for two sirtuins by9.2detectable, as demonstrated by the empty
potency yields compounds that bind Sirt5 tightly aneélution fraction lanesFiQure S183a,b Additionally, an
specically. We reversed the assembly by regioselecteguimolar mixture of Sirt2, Sirt3, and Sirt5 was applied to

2465 DOI:10.1021/acs.jmedchem.7b01648
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Figure 5Biophysical characterization of comp@s#and39.2by surface plasmon resonance spectroscopy. (a) SPR sensorgrams demonstrating
binding of Sirt5 to immobiliz86.2 (b) Association phase of sensorgrams representing bindergrmtfsirtuin isoforms (M) to immobilized

39.2 (c) Association phase of SPR sensorgrams representing binding of Sirt5 to the immobilized inhibitor in the presence of CPS1-derived pep
substrate with succinyl residue on the lysine side chisipdRinhibitors33.2(2 M) and6.2(2 M); vehicle is PBS ber. (d) Binding of
compound3.2to immobilized, biotinylated Sirt5. Regioselective biotinylation of the N-terminus of Sirt5 was performed via trypsiligase reaction

(Figure S20

and the wash fractions. Protein-containing elution fractions
were analyzed using ESI-MS, and eluted protein was clearly
identi ed as Sirt5Hjgure S18d

CONCLUSIONS

For development of more drug-like Sirt5 inhibitors, we started
to analyze the contribution of the peptide backbone to the
a nity of (9-3-(2-naphthylthio)seginyl derivatives. We
shortened the peptide sequence to a tripeptide and generated
40.2 (seeTable 4 using enantiomerically pure precuesor
This tripeptide binds 6-fold less strongly to Sirt5 as compared
to 39.2 but still with sub-micromolar inhibitory activity.
Figure 6.Comparison of the binding mode82and15 (in the Generation of an-acetylated lysine amide, acylated with the
Sirt5 active site). The zSirt5 complex3@t(PDB ID 6FLG, cyan)  (9-3-(2-naphthylthio)succinyl moiety at theemino group,
was overlaid with tHé& complex (PDB ID 6FKY, ligand shown in resulted i1, showing & value of 7 M, which is about 40-
green; one enantiomer omitted for clarity) and a SirtS/Biplex  fold higher than th value fo#0.2 yet close to those of the
(PDB ID 4G1C) that indicates the C-pocket. N@Dht blue) was  most potent Sirt5 selective inhibitors known so far. The peptide
modeled from a Sirt5/peptide/NABomplex. The protein is only  nart of the peptidic inhibitors thus contributes tatg and
tskl]wown 1;or zSirt83.2 and dotted lines indicate polar interactions topotency, but omitting these contributions from our inhibitors
€ acyl group. with optimized acyl moieties still allows for tight binding.
Further shortening by formal removal of the acetylated glycine
the inhibitor matrix and analyzed via SDS-PAQEd S13c amide part ol yielded42, which binds about 20-fold less
Sirt2 and Sirt3 were exclusively detected irotir¢hrough e ectively to Sirt5 as compareddio Replacement of the

2466 DOI:10.1021/acs.jmedchem.7b01648
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Figure 7.Immobilized9.2captures Sirt5 out Bf collysate. (a) SDS-PAGE analysis (Coomassie staiBia@boiund to streptavidin-coated

agarose interacting wiEhcolBL21 (DE3) lysate expressing Sirt5. Exclusively Sirt5 was eluted from the matrix by addition of 200 mM NaOH.
Abbreviations: S, supernatant after cell rupturevi~through; W, wash fractions; E, elution fractions. (b) ESI-MS analysis of the elution fraction
E2; Mcac= 30.796 Daioung= 30.798 Da.

Table 4. Chemical Structures of Tripeptide and Small Molecules

butylamide part b2 by anilides43 and44) and benzylamide structural data provide a basis for further optimizing this
(45) is well tolerated, resulting in similagl@lues, indicating compound part to obtain potencies comparable to #airof
potential for further improvement of this compound moietgven better without having the peptide backbone, which is
through focused library screens or structure-based designfavorable for drug applications. For comparison, we analyzed
Replacement of the methyl grougZy a phenyl ring4€) known small-molecule inhibitt¢sand VIl (Table 4 using

already improves thesjGralue more than 2-fold, and our similar assay conditions. In our hands these compounds
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showed much weaker ity to SIRT5 in comparison to (S)-2-Hydroxysuccinic Acid 1-(4-Methoxybenzyl) Ejtéirst,
published valués:* Collectively, these results show that the3-2 g (15 mmol, 1 equiv) d{2-tri uoroacetoxysuccinic anhydride
(9-3-(2-naphthylthio)succinylamide elh represents a (b), prepared fron§-malic acid using a known mettodas mixed

useful starting point for systematic development of smfh 9-3 mL (75 mmol, 56‘3“’) Of.4hmeTt2°Xyberl‘?y' a'ﬁOho" g‘.”d tlhe g
. ; reaction mixture was stirred overnight. The resulting oil was dissolve
molecules that potently and selectively target Sirt5. in, 50 mL of ethyl acetate (EtOAc) and extracted several times with

ln. this study we d.ev.e!OPed a peptldejbas.ed selective Sg& rated NaHCQOsolution. The combined aqueous phases were
a nity probe by optimizing the acyl moiety in a systematigashed with EtOAc and adidi with diluted HCI solution. The
manner. Probe design was guided by analysis of a known crygiaire was extracted with DCM, and the organic phase was washed
structure of Sirts in complex wih and crystal structures with water, dried over )0, and evaporated,oading 3.16 g of
solved in this study. The developeuity probe39.2is able crude ester. Recrystallization from 14 mL of Ef@#&oleum ether
to bind to Sirt5 in derent matrixes and environments, mixture (1:1) yielded 2.2 g of pure compound.
accompanied by excellent selectivity and inhibitory activity. ThéH NMR (300 MHz, DMS@):  7.29 (dJ= 8.7 Hz, 2H), 6.91
high potency is caused by slow dissociation rate and fest)=38.7 Hz, 2H), 5.03 (s, 2H), 4.34 (d¢,7.5, 5.1 Hz, 1H), 3.73
association of the inhibenzyme complex, making this (S: 3H). 2.61 (ddJ= 15.8, 5.1 Hz, 1H), 252.40 (m, 1H).

probe to a multifunctional tool for investigation of Sirt5 bioIogéé)('slg{rzs}(zé%g%htggﬂz'zo);ﬁg'&'gf ??Eg_éé&ﬁb“ﬂ%l%’%ﬁf%zggﬂﬁa

at a new level. 525 mg (2 mmol) of RR were dissolved in 9 mL of dry
tetrahydrofuran (THF), and thask was cooled with anSeater
EXPERIMENTAL SECTION bath. To this mixture was added 3R3(404 mg, 2 mmol) of
Chemicals and General MethodsSolutions of 0.1% trioro- diisopropyl azodicarboxylate in 2 mL of THF dropwise over 5 min.

acetic acid (TFA) in 4@ (solvent A) and 0.1% TFA in acetonitrile The reaction mixture was stirred overnight at room temperature. The
(solvent B) were used as mobile phase for HPLC measurements. @t day the yellow solution was coolesil&°C with an icSsalt
sample analysis, an Agilent 1100 HPLC with a quaternary pumphiture, and 320 mg of crystalline 2-naphthalenethiol (2 mmol) was
well-plate autosampler, and a variable-wavelength detector was @tgd, followed by 276 mg (2 mmol) of sl After 20 min the
Separations were performed on a Phenomenex Kinetex XB ccmgling bath was removed, and the mixture was stirred at room
column (2.6 m, 3.0x 50 mm) with a linear gradient from 25 to 55% temperature for 1 h. The product was isolated witSbasel
solvent B in 4 min at aw rate of 0.6 mL miih The compounds  extraction as described in the previous procedure, to yield 0.53 g of
were detected at 260 nm. A Shimadzu LC system with a Phenomegigide product, which contains around 25% of starting material.
Kinetex 5 m XB-C18 column (25021.1 mm, 100 A) was used for Recrystallization from methanol can be used for furtheatpmi
puri cation of peptides. The preparative separations were performedH NMR (300 MHz, DMSQ@k):  7.987.78 (m, 4H), 7.897.43
with a linear gradient from 25 to 90% solvent B in 80 miovarate (m, 3H), 7.06 (dJ=8.7 Hz, 2H), 6.75 (d= 8.7 Hz, 2H), 4.96 (dd,
of 15 mL mir'. The eluting compounds were detected at 220 and 266 28.2, 12.1 Hz, 2H), 4.15 (d4,8.6, 6.6 Hz, 1H), 3.70 (s, 3H), 2.77
nm. UPLC-MS analysis was performed using a Waters Acquity UPKdH, J= 7.6, 2.0 Hz, 2H).
MS system (Milford, USA) with a Waters Acquity UPLC-MS-BEH General Procedure for the Synthesis of Maleamic Acid
C18 column (1.7 M, 2.1x 50 mm; 30 A). Data analysis was Derivatives 41546. To the solution containing 20 mg (0.05 mmol)
performed using Waters MassLynx software. NMR spectroscopy @fa&)-2-(2-naphthylthio)succinic acid 1-(4-methoxybenzyl) ester and
carried out using a Varian Gemini 2000 spectrometer and deuterafefid (0.06 mmol) df-hydroxysuccinimide (HOSu) in 5Q0of dry
chloroform or deuterated dimethyl sulfoxide (DMSO). All chemicalEBHF was added 9 (0.06 mmol) ofN,N -diisopropylcarbodiimide.
were purchased from Sigma-Aldrich if not stated otherwise. After 30 min, 2 equiv (0.1 mmol) of the appropriate amino derivative
Solid-Phase Peptide SynthesisThe peptide derivatives Bz- was added. The progress of the reaction was monitored by TLC or
GVLK(NS)EYGV-NKand Ac-LK(Ns)A-Nkwere synthesized onan HPLC. In the case of aromatic amines, longer reaction times and
MBHA Rink amide resin with a loading density of 0.59 mmol/g (IRI8ddition of 2 equiv of triethylamine were necessary to achieve
Biotech), using standard Fmoc-based solid-phase peptide synthesgatigfactory yields. After completion of the reaction, THF was
rst the resin was treated with DMF for 20 min. Next, 4 equiv gfvaporated, and the residue was redissolved it BBOTFAS
Fmoc-protected amino acid derivatives (Anaspec) was activated witrater (95:5 v/v) solution and left for 30 min. The reaction solution
equiv of HBTU and 8 equiv of DIPEA in DMF and was coupled for avas then concentratédvacuoand the residue was ped by RP-
least 1 h. Afterward the Fmoc deprotection was performed two timtdBLC. The fractions containing target product were lyophilized,
for 10 min with 20% piperidine in DMF followed by washing witra ording pure compound.
DMF for 5 min, ve times. Finally, the amino group of glycine was Synthesis of 2-Methyl-2-(2-naphthylthio)succinic Anhy-
modi ed with 4 equiv of benzoic acid and 8 equiv of DIPEA in DMRride. This compound was prepared according to the method
or 4 equiv of acetic anhydride and 8 equiv of DIPEA in DMF for 3described for preparation of 2-methyl-2-(4-chlorophenylthio)succinic
min. The lysine to be modd was used as thaosyl (Ns, 2- anhydridé? Brie y, 1.12 g (10 mmol) of citraconic anhydride and 1.6
nitrobenzenesulfonyl)-protected derivative, allowing a selective @r{10 mmol) of 2-naphthalenethiol were mixed with 1 mL of toluene,
resin modication of the lysine side chain. This derivative, Fmodnd 4 L of triethylamine was added. The mixture was stirred and
Lys(Ns)-OH, was prepared as described elséWhér. nosyl heated at B0 °C for 1 h. Volatiles were remoiredacucand the
protecting group was removed by using 5 equiv of thiophenol andesidue was pued by ash chromatography. Additional recrystalliza-
equiv of DBU in DMF for 90 min, two times. The free lysine sidéion from petroleum eti&EtOAc (3:1 v/v) solution gave pure
chain was modid with 4 equiv of maleic anhydride and 8 equiv ofmaterial. .
DIPEA in DMF for 4 h, followed by washing with DMF. Afterward a H NMR (700 MHz, CDG). 8.08 (d,J= 1.9 Hz, 1H), 7.887.82
Michael addition reaction was performed with 4 equiv of mercapfm, 3H), 7.587.51 (m, 3H), 3.14 (d,= 18.8 Hz, 1H), 3.07 (d~
derivative 2513, 15535, 39, 40) and 8 equiv DIPEA in DMF  18.8 Hz, 1H), 1.70 (s, 3H).
overnight. After sequential washing with DMF, DCM, methanol, andFluorescence Inhibition Assay.The inhibitory activity of all
again with DCM for 4 minye times, each peptide was cleaved fromcompounds was measured in black low-binding 96-well microtiter
the resin using TRAvater solution (95:5 v/v) for 1 h, two times. The plates, and each well contained 8825V substrate Abz-
TFA was evaporated, and the peptide was dissolved in acetic @MLK(glutarylAY(NQGV-NH,, 500 M NAD*, 500 nM trypsin,
After purication by reversed-phase HPLC, collected fractions wet® nM SIRT5, 5% DMSO, and &2@ M inhibitor (compoundkS
analyzed with HPLC-MS and checked for purity. The purity was abai@ in assay ber. The assay ker contained 20 mM Tris, 150 mM
95% for all peptidesigure S28S10%. The fractions containing NaCl, and 5 mM Mgght pH 7.8. The reaction mixture without
target peptide were lyophilized. enzymes was incubated for 5 min atC37ollowed by pipetting
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trypsin and further incubation for 5 min at@7After addition of resuspended in 100 mM Tris, 250 mM NaCl, 1 mM EDTA, 10
SIRTS5, the measurements started, andithescence was measured mM DTT, pH 8.0, and lyzed by samition. After removal of cell

at an excitation wavelength of 320 nm and emission wavelength of d@Bris, supernatant was applied to the inhibitor matrix. Conjugated
nm. The measurements were carried out in a plate reader (TECABYarose beads were washed three times with 3 CV PBST. Bound
and in a double determinatfBitCs, values were obtained with 0.03 protein was eluted by the addition of 200 mM NaOH. Elution

M substrate, and the resulting data wire by log(inhibitor) vs fractions were analyzed by SDS-PAGE and LC-MS.

normalized response equation: Crystal Structure AnalyseszSirt5 protein was pwt by Co-
Talon a nity chromatography, TEV proteolysis, reversdya
Y= 100 chromatography, and gltation as reported, with the madtion
(1 + 10¢*S1091Gs0)y (1) that 0.5 mM TCEP was added to the dteation buer. For
crystallization, zSirt5 (10 mg/mL) was mixed with 1 mM inhibitory
HPLC Assay.Reaction mixtures contained M@ or 50 M peptide (20 mM stock in DMSO) and incubated on ice for 30 min.

inhibitor, 500 M NAD*, 5% DMSO, 0.IM SIRT1, 2, 3,5, 0r 6, and Complexes were crystallized inL2sitting-drop vapor dision

50 M Bz-GVLK(acetyl)EYGV-NHfor SIRTE3, Bz-GVLK- experiments at 2€ using 0.1 M HEPES, pH 7.5, 20% PEG3350 as
(succiny)EYGV-NHfor SIRT5, and Ac-EALPKK(myristoyl)TGG- reservoir solution. Aftes£2 days, crystals were transferred to a cryo-
NH, for SIRT6 in assay lar. The reactions were performed 837  protection solution composed of reservoir and ligand supplemented
for 6 min (SIRT6), 8 min (SIREB), or 10 min (SIRTS). After these  With 25% glycerol. Crystals were shock-frozen aactioin data

time points, reaction was stopped withSTFer solution (1:9 v/v),  collected at 100 K at BESSY Il beamline MX14.1 (operated by the
and samples were analyzed by HPLC. The stability of comifounds Helmholtz-Zentrum, Berlin, Germany) with a Pilatus 6 M detector

46 was determined by incubating BQnhibitor in assay ber at 37 (Dectris, Baden, Switzerland). Indexing, scaling, and merging were
°C for 24 h and measuring by HPLC. All measurements were carrigghe in XD$! and structures were solved by molecular replacement
out in duplicate. with search model PDB 4UTV (zS#®/ Re nement was done with

Cloning, Expression, and Purication of Recombinant Refmac5? and manual modeling as well as structure validation were
Proteins. Human Sirt5 was cloned wikterminalStrefi-tag into done with Coot® Geometry parameters for the mediiysines were
pPET-21a(+) vector. Siftasss and Sirtd 350 were cloned withl- generated using PRODKG.

terminal Strefi-tag into pET-28a(+)-vector. All proteins were Computational Methods. The molecular structures of all
expressed usiig colBL21 (DE3) in LB media supplemented with peptides described in the present work were generated using the
ampicillin or kanamycin, respectively. Overexpression was induceME 2014.09 program.The initial conformations resulted from

the addition of IPTG (1 mMnal concentration) at an @pof 0.6.  energy minimization uginthe Amber12:EHT forceeld as

Cells were harvested, resuspended in lysis(b@0 mM Tris-HCI,  implemented in MOE. The crystal structure of zSirt5 in complex
250 mM NaCl, 10 mM DTT, 1 mM EDTA, pH 8.0), and lysed by with peptide®.2 and15.2were considered for thexible docking

soni cation. Supernatant after centrifugation was loaded ontosgydy. For the subsequent docking studies, all water and ligand
StrepTrap column (GE Healthcare, Uppsala, Sweden). The loadfiglecules were removed, and the structure was protonated and
column was intensively wakheefore elution with 5 mM  minimized using the Amber12:EHT ford.

desthiobiotin in 100 mM Tris, 250 mM NaCl, pH 8.0. Sirt5- Al docking studies were carried out using the GOLD5.2 docking
containing fractions were concentrated and furthezdpusing a  program (Cambridge Crystallographic Data Centre, Cambridge, UK)
Superdex 75 5/150 gédtration column (GE Healthcare). Expression i exhaustive sampling mdtiEhe binding cavity was ded by the

of Sirt4 was performed using the IMPACT system (NEB, Frankfugbcrystallized peptide. To guide the search process, the position of the
am Main, Germany). The corresponding gene was cloned ing@crystallized succinyl-lysine of the peptides was used alsl a sca
PTWINZ viaSap Pst and transformed i&. colER2566 (NEB).  constraint. Using Goldscore #&isess function, the cocrystallized

Overexpression was induced by the addition of IPTG (0.5ahM peptide was correctly docked into the zSirt5 catalytic site, with RMSD
concentration) at an Qg of 0.6 at 16C for 12 h. Chitin binding-  \,31ues of 1.25 RO and 1.41 A15.2.

domain-mediated aity chromatography was performed as described a|| tested peptides were docked in both crystal structures, and 100
in the suppli&s manual. Enzymatic activity of the expressed Sirtujlcking poses were stored. The resulting poses were rescored using
isoforms was determined as described preVidgistjnylation of e Amber12:EHT forceld and the MM-GB/SA approach. Partial

SirtS was conducted viaér[}lgsiligase using biotinyl-4-guanidino-phepy-ges wereed using the MOE Protonate3D tool according to the

ester ZTS Qescri_bed f)revli y- . vsi ¢ | used forceeld, followed by a short minimization. An in-house script
Real-Time Biomolecular Interaction AnalysisSurface plasmon n{%gescoring the zSiigand complexes and calculating the binding
. . : . energies was applied for the docking poses of ligands. During
I(:)Bé,gcore, Uppsalg_,l_vaéeden). BlgtlAnggt(;%énﬁgm(loo r':/' 'nx complex minimization, heavy atoms of protein were tethered with a
) was immobilized on an sensorchip ( am(;fﬁﬁiation of 0.5 A (force constant (BM2§0.5)?). Complexes that

Dusseldorf, Germany). Sirt5 was injected in a dilution series using wed the most favorable MM-GB/SA energy were selected and
(4 mM KHPO, 16 mM NgHPO, 115 mM NaCl, pH 7.4) as visually analyzed using the MOE program. ¥

running buer. Vice versa\-terminal biotinylated Sirt5 was

immobilized on a second strepatvidin-coated sensorchip, resulting in

a surface density of approximately 1800 response units (RU), and 50 ASSOCIATED CONTENT

nM 39.2in PBS was injected. Each complex formation was observed at . .

a continuous ow rate of 30 L/min. Kinetic parameters were Supportlng Informatlor? ] )

determined bytting the data to the 1:1 Langmuir binding model with The Supporting Information is available free of charge on the

the BlAevaluation software (BlAcore). After each measurement th&€S Publications websigd DOI: 10.1021/acs.jmed-

inhibitor matrix was regenerated by injection oL18(NaOH (200 chem.7b01648

mM). . . . . .
A) nity Pull-Down Experiments. A 0.5 mL bed-volume of Detailed description qf pgptlde synthesis including LC-

streptavidin-conjugated agarose (Sigma-Aldrich, Munich, Germany) MS runs for each derivative and NMR data for selected

was applied to a gravity column and equilibrated with 5 CV PBS.  compounds, results of kinetic measurements, experimen-

A&QVOEEB g;aa'gf? were loaded l‘;"itth the biotinylated irBﬁEQt(:Och ooy @ details of crystallization, and SPR experiments,

in . After 30 min incubation, agarose was washed wi : : P

PBST (4 mM KHPO, 16 mM NaHPO, 115 mM NaCl, 0.05% including Tables S1 and S2 and Figur&S198

Tween, pH 7.4). As protein samples, pellets of 20 mL iidwodid (PDH

BL21 (DE3) cells expressing the respective Sirt isoform were  Molecular formula stringS\)
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Table S1.K; values of compounil-44, N.1 are fast- and.2 are slow-eluting diastereomers

Nr. Ki[nM] Nr.  Ki[nM] Nr. Ki[nM] Nr. Ki[nM]

1 236 + 48.1* 11.2 290 21.2 525 33.1 382.8z%75.1*
21 900 12.1 630 22.1 1100 33.2 30.1+6.1*
2.2 135 122 23 22.2 400 34.1 1100 + 150*
3.1 1550 13.1 4540 23.1 1075 342 85+18*

3.2 430 13.2 165 23.2 1060 35.1 155.2 + 28.4*
4.1 690 14.1 > 7000 241 215 352 7

4.2 60 14.2 > 2000 242 270 36.1 45

5.1 805 15.1 320 251 390 36.2 30

5.2 50 15.2 170 25.2 370 37 > 40000

6.1 1695 16.1 175 26.1 315 38 > 40000

6.2 355 16.2 265 26.2 2600 39 83.2 +15.4*
7.1 990 17.1 1335 27.1 295 39.2 13.6+3.8*
7.2 150 17.2 1355 27.2 1370 40 664.8 + 78.0*
8.1 800 18.1 510 28 11400 40.2 179.8+41.1*
8.2 23 18.2 445 29 6620 41 7012 + 124*
9.1 1005 19.1 620 30 3485 42 77000

9.2 90 19.2 395 31.1 9245 43 78600

10.1 325 20.1 2015 31.2 4375 44 45000

102 43 20.2 1870 32.1 1030 45 62000

11.1 6250 21.1 550 32.2 565 46 36280

* K values were determined using the coupled fluorescence assay

all other Ki values were calculated with Cheng-Prusoff equation
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Table S2 Data collection and refinement statistics

zSirt5/compound 2

zSirt5/ compound 15

zSirts/compound 33.2

Space group P622

Unit cell constants 87.2,87.2, 318.9
A

Resolution® (A) 50.00 +3.30
(3.39 £3.30)
Unique reflections 10989 (1671)
Multiplicity 4.1 (4.3)
Completeness 99.5% (99.3%)
Rmeas 39.3% (121.8%)
CC1/2 93.8 (49.6)
TAY{ 5.0 (1.4)
Protein atoms 4135
Ligand atoms 164
Solvent atoms 59
Resolution (A) 48.73 £3.30
(3.39 £3.30)
RerysfRiree ®)©) 22.2/28.4
Average B- factors
protein
62.3
ligands 73.8
solvent 35.3
RMSD bond- 0.012
lengths
RMSD angles 1.7

P622
87.1,87.1, 316.7

50.00 +2.98
(3.16 +2.98)
15459 (2399)
15.5 (16.0)
99.89% (99.1%)
35.8% (210.0%)
99.4 (51.3)

9.8 (1.3)

4103

166

75

48.51 +2.98
(3.06 +2.98)
19.8/27.5

69.0
72.4
47.8
0.014

1.9

P622
87.2,87.2,317.6

20.00 #2.50
(2.56 +2.50)
25573 (1857)
10.6 (11.1)
99.6% (99.9%)
35.1% (822.4%)
99.5 (12.8)

7.2 (0.3)

4128

86

90

19.85 +2.50
(2.56 +2.50)
24.9/317

74.3
97.6
75.7
0.012

1.963

@ Values in parentheses refer to outermost shell.

A+(K>CFG(-?=H?

®4,\ude & (oo

© Riree Was calculated from 5% of reflections omitted from refinement.
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Figure S1.Dose-response analysis of compodr8for SIRT5
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Figure S2.Dose-response analysis of compodr@lfor SIRT5
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Figure S3 Dose-response analysis of compour@for SIRT5
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Figure S4.Dose-response analysis of compod@el2 for SIRT5
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Figure S5.Dose-response analysis of compodBdl5,16for SIRT5
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Figure S6.Dose-response analysis of compodel9 for SIRT5
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Figure S7.Dose-response analysis of compo@0e22 for SIRT5
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Figure S8 Dose-response analysis of compo@Bel5 for SIRT5S
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Figure S9.Dose-response analysis of compo@ee?9 for SIRTS
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Figure S10.Dose-response analysis of compo@0e32for SIRT5
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Figure S11.Dose-response analysis of compo@8e35for SIRTS
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Figure S12.Dose-response analysis of compo336,39,40or SIRT5
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Figure S13.Dose-response analysis of compodied6for SIRTS
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Figure S14.Dose-response analysis of compoividandVIl for SIRT5

Figure S15.v/[S]-plots and fitting curves of inhibition of compouhdmixture of33 for SIRT5
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Figure S16.v/[S]-plots and fitting curves of inhibition of compouBd.1and33.2for SIRT5
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Figure S17 v/[S]-plots and fitting curves of inhibition of compouid.1, 34.2 and 35.1 for

SIRTS
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Figure S18. v/[S]-plots and fitting curves of inhibition for mixture of compoudd and

stereoselective synthesized compodfand41for SIRT5
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Figure S19: Immobilized 39.2 selectively captures Sirt5 out of E. coli lysate. a) SDS-Page
analysis (coomassie staining) of biotinylat&®.2 bound to Streptavidin-coated agarose
interacting with E.coli BL21 (DE3) lysate expressing Sirt2 in a column chromatographic manner.
In contrast to Sirt5-expressing E.coli cells (figure x) no protein was eluted from the matrix
indicating that Sirt2 did not bind to the inhibitor. b) Capture-studies with Sirt3-expressing E. coli
cells show similar results as Sirt2: Sirt3 was not eluted from the inhibitor-matrix although Sirt3
seems to interact slightly more with the inhibitor than Sirt2 resulting in a weaker Sirt2-band in
the flow through in comparison to the supernatant. c¢) Finally, an equimolar mixture of Sirt2,
Sirt3 and Sirt5 was applied to the inhibitor-matrix in a column chromatographic manner and
analyzed via SDS-Page. Sirt2 and Sirt3 were exclusively detected in the flow throutyie and

wash fractions. Protein-containing elution fractions were analyzed via mass spectrometry (d).
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The eluted protein was clearly identified as SirtSc{d 30.796 Da, Mun= 30.798 Da).

6«VXSHUQDWDQW DIWHU FHOO UXSWXUH )7«IO0RZ WKURXJK

Figure S20.Trypsiligase-catalyzed biotinylation of Sirt5.
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Figure S21. Biotinylated Sirt5 shows similar activity compared to the unmodified Sirt5. A)
Product formation in a deacetylation assay for Bio-Sirt5 (black) and Sirt5 (red) at [substrate]
10 uM (circle) and 50 pM (triangle), respectively. B) Specific activity of Bio-Sirt5 (0-)3asd

Sirt5 (0.1 8. Conditions: 100 nM Sirt5, [CPS1] = 10 pM, 50 uM, 20 mM Tris, 150 mM NacCl,

5 mM MgCk pH 7.8, T=37°C, each point represent the average of two independent

measurements (deviation <1%).

Figure S22.Maximum RU shift detected at the end of the association phase plotted against Sirt5
concentration (n = 3). A) RU vs Sirt5-concentration up to 10 uM. B) Linear range (0-100 nM

Sirt5).
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Figure S23: Specificity test of compound3.1, 33.2, 34.1 34.2nd40 for SIRT1-3 andb-6. For
SIRT 1-3 substrate Bz-GVLK(Acety)lEYGWH: for SIRT Bz-GVLK(Succinyl)EYGVNH:

and for SIRT6 Ac-EALPKK(Myristoyl) TCGNH were used.
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Figure S24.Left: Crystal structure of a zSirstomplex. The acyl-Lys and interacting residues
are shown as sticks, and 2Fo-Fc electron density for the inhibitor is contour&tNiddle:

Crystal structure of a zSirtBh complex. The acyl-Lys and interacting residues are shown as
sticks, and 2Fo-Fc electron density for the inhibitor is contouredvaRight: Crystal structure

of a zSirt583.2complex. The acyl-Lys and interacting residues are shown as sticks, and 2Fo-Fc

electron density for the inhibitor is contoured at\0.9
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Figure S25 Comparison of the top-ranked docking pos8.8f(colored magenta) and the crystal
structure of zSirt®.2 (colored orange). The molecular surface of the zSirt5 binding pocket is
displayed and colored according to the hydrophobicity (polar areas are colored magenta,

hydrophobic areas are colored green).
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Figure S106 NMR-spectrum of (S)-2-hydroxysuccinic acid4tmethoxybenzyl) ester
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Figure S107 NMR-spectrum of (S)-22-naphthylthio)succinic acid (4-methoxybenzyl) ester
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Figure S108.NMR-spectrum of 2-methyl-P2-naphthylthio)succinic anhydride
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Abstract: The sirtuin enzymes are important regulatory
deacylases in a variety of biochemical contexts and may
therefore be potential therapeutic targets through either
activation or inhibition by small molecules. Here, we describe
the discovery of the most potent inhibitor of sirtuin 5 (SIRT5)
reported to date. We provide rationalization of the mode of
binding by solving co-crystal structures of selected inhibitors in
complex with both human and zebrafish SIRTS5, which provide
insight for future optimization of inhibitors with more «drug-
likeZ properties. Importantly, enzyme kinetic evaluation
revealed a slow, tight-binding mechanism of inhibition, which
is unprecedented for SIRT5. This is important information
when applying inhibitors to probe mechanisms in biology.

Srtuins are a family of NAD *-dependent silent information
regulator 2 (Sir2) enzymes that catalyze the removal of acyl
groups from e-N-amino groups of lysine residues in the
proteome.! The human genome codes for seven different
sirtuin isoforms (SIRT1-7), which are classified according to
sequence similarity and localize to different cellular compart-
ments? Recently, it has become evident that different
enzyme isoforms exhibit preference for different e-N-acyl-
lysine posttranslational modifications (PTMs).k%3 Thus, e-
N-acetyllysine (Kac) functionalities are targeted primarily by
SIRT1 and 6 in the nucleus, SIRT2 in the cytoplasm, and
SIRT3 in the mitochondria.® In addition, long chain acyl
groups, such ase-N-myristoyllysine (Kmyr), are also cleaved
by SIRT1-3 and 6/ SIRT5 has been shown to selectively
cleave e-N-carboxyacyllysine derivatives based on malonate
(Kmal),® succinate (Ksuc)®™ and glutarate (Kglu).®
Recently, the ability of SIRT4 to cleave the negatively
charged e-N-(3-methylglutaryl)lysine (Kmg) and eN-(3-
methylglutaconyl)lysine (Kmgc) has also been demon-
strated "]

Although the role of SIRTS5 is not fully understood, it has
been shown to regulate several metabolic enzymes, e.g.,
carbamoyl phosphate synthetase 1 (CPS1), succinate dehy-
drogenase (SDH), and 3-hydroxy-3-methylglutaryl-CoA syn-
thase 2 (HMGCS2).®! Additionally, SIRT5 is involved in

[*] N. Rajabi, M. Auth, K. R. Troelsen, M. Fontenas,
Prof. Dr. A. S. Madsen, Prof. Dr. C. A. Olsen
Center for Biopharmaceutical& Department of Drug Design and
Pharmacology, University of Copenhagen
Universitetsparken 2, 2100 Copenhagen (Denmark)
E-mail: cao@sund.ku.dk
M. Pannek, Prof. Dr. C. Steegborn
Universit t Bayreuth, Lehrstuhl Biochemie und Forschungszentrum
f r Biomakromolek le
Universit tsstrasse 30, 95447 Bayreuth (Germany)
D. P. Bhatt, Prof. Dr. M. D. Hirschey
Duke University Medical Center, Sarah W. Stedman Nutrition and
Metabolism Center
4321 Medical Park Drive, Durham, NC 27704 (USA)
Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201709050.
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detoxification of reactive oxygen species, by deacylating
proteins such as SOD1¥ IDH2, and G6PD. X% Furthermore,

SIRT5 has been implicated in tumor growth in non-small cell

lung cancef*® and has an anti-apoptotic effect in neuro-
blastoma cells!'? highlighting the potential of SIRT5 as

a therapeutic target.

Insight into the NAD *-dependent hydrolytic mechanism
of the sirtuins has been exploited for design of highly potent
substrate-mimicking inhibitors that contain thioamide or
thiourea functionalities, forming stalled intermediates with
ADP-ribose in the sirtuin active sites (Scheme 1A).!

Taking advantage of the acyl-substrate specificity of
SIRT5, this strategy has been successfully adapted to selec-
tively inhibit this isozyme (Scheme 1B).*** Here, we
performed an extensive iterative structure...activity relation-
ship (SAR) study, evaluating more than 70 compounds, which
furnished SIRT5-selective inhibitors exhibiting nanomolar
potency via a slow, tight-binding mechanism. These are the
most potent SIRTS5 inhibitors reported to date; however, our

Scheme 1A) Sirtuin hydrolytic mechanism. B) Previous mechanism-

X-ray diffraction data and coordinates have been deposited with thebased SIRTS5 inhibitors. C) Inhibitor optimization in this study.=XO
wwPDB (www.wwpdb.org) under accession numbers 6ENX (zSIRT5br S, NAD = reduced nicotinamide adenine dinucleotide, ABPade-

10), 6EOO (zSIRT5/29), 6EQS (hSIRT5/29).

Angew. Chem. Int. EQ017 56, 14836 ...14841

2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nosine diphosphate, Cbz carboxybenzyl.
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study also highlights the necessity for thorough assessment of a series of amines (.6, Scheme2 and Supporting
inhibitor mechanism and calls into question the application of ~ Scheme S1). Inspired by examination of co-crystal structures
IC 5, values as the sole measure of potency for these chemo- of SIRT5 with a peptide substrate (PDB 3RIY and 4GIC), we
types. then extended the series to di- and tripeptides (.17),
As starting point, we chose e-N-thioglutaryllysine over  addressing the importance of side chain bulkiness, stereo-
e-N-thiosuccinyllysine due to the lower K,, value of glutary-  chemistry, and presence of backbone secondary amide
lated substrates® The a-amino group was kept Cbz pro- (Scheme 2, gray area). The two latter proved important with
tected to address the C-terminal, first by introduction of  a preference for | -configuration at position i+ 1 (10vs. 11),

Scheme 2.Subset of the structure...activity relationship study, measuring compound potency against recombinant SIRT5 as previously
described®® I Potencies are given as Igvalues or %-inhibition at the highest tested concentration (see Figure S1 for dose-response curves).
Please consult the Supporting Information for a list of additional compounds and their potencies (Scheme S1) as well as synthetic Schemes S2...
S25.
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while the steric bulk of the side chain had
minor effect (12 vs. 14).

Furthermore, alkylation of the C-
terminal amide was beneficial for potency
and extending the structure with ani+ 2
amino acid resulted in a slight increase in
potency for compound 15. However, to
limit the peptidic nature of the ligand, we
chose 10 for further SAR. Next, we
explored modifications of the PTM and
the e-amide bond (18.29, Scheme 2,
yellow area). Inspired by work on Kac
surrogates by Cole and Denu, introducing
hydrazide™® and ured'” functionalities,
respectively, we designed compounds20
and 21, as well as extended the series with
semicarbazide 22 and carbamate 23.
Compound 24 was inspired by work on
fluorinated acetamides!*"*® and inverted
amide (25) as well as Glu(Cbz) 26 have
been introduced as side chains previous-
ly.[>2%¢ Finally, 3-methylglutaryl-mimick-
ing™ analogues @7 and 28) were pre-
pared along with compound 29, the
thiourea analogue of 10. Collectively,
this exercise showed that thioamide- and
thiourea-based compounds were the most
potent and thus, compound29was chosen
for individual optimization of the N-
terminal (30.44, Scheme 2, green area)
and modifications to the C-terminal N-
alkyl group (45.47, Scheme 2, cyan area).

Co-crystal structures of NAD -
derived intermediates of both lead com-
pounds 10 and 29 in complex with SIRT5
from either zebrafish (zSIRT5) or man
(hSIRT5) were solved (Supporting
Table S1). These structures revealed
detailed insight into the binding modes
of the two compounds (Figure 1A...D).
Both structures of zSIRT5 contained the
compound (10 or 29) bound as bicyclic
intermediate with ADP-ribose, similar to
structure Il in Scheme 1A (mixed with a fraction bound as
intermediate 1l in Scheme 1A for compound 29), and with
expected interactions of the carboxylate with Y98 and R101
(Figure 1A,B and Supporting Figure S2). Slight structural
deviations between the complexes were observed in a Zn-
domain loop, the co-factor binding loop, and helix a3,
presumably due to the subtle differences in the ligand acyl
groups. Interestingly, the structure of 29 in complex with
hSIRT5 revealed only the ADP-ribose-1'-thioimidate inter-
mediate Il of Scheme 1 and no bicyclic intermediate (Fig-
ure 1C). However, the protein chains of the hSIRT5 and
zSIRT5 complexes with29were almost identical (rmsd 0.31
for 225 Ca atoms), and the reason for partially stalling at
different intermediate states remains to be elucidated.
Whereas thioamides have been co-crystallized with sirtuins
previously,*® these are the first structures with thiourea-based

is tightly bound.

Angew. Chem. Int. EQ017 56, 14836 ...14841
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Figure 1.Co-crystal structures resulting from incubation of zSIRT5 with NABNd inhibitors
100r 29 as well as hSIRT5 with NADand inhibitor 29. A) Superposition of co-crystal
structures of zSIRT5 with either bicyclic intermedialié (compound 10 shown in pale blue) or
an indistinguishable mixture of bicyclic intermediatél and ADP-ribose-1thioimidate inter-
mediatell (compound 29 shown in pale green). B) Active site zoom of the zSirts5 complexes in
panel A with interactions between protein and ligand represented as dashed lines. C) Active
site of the co-crystal structure of hSIRT5 and ADP-ribose¢hloimidate intermediatell with
compound 29. Hydrogen bonding interactions between protein and ligand are shown as
dashed lines. D) Surface view of the hSIRT5 complex containing the ADP-rit#&mtermedi-
ate, showing the different positions of the Cbz and indole moieties, while the rest of the ligand

inhibitors. It is reassuring to observe examples for both
intermediates 1l and IIl , confirming that this functionality
behaves similarly to thioamides. Important interactions of the
compound with hSIRT5 were again the glutaryl carboxylate
with Y102 and R105 as well as thee-NH to the backbone
carbonyl of V221 and additional backbone...backbone amide
interactions (Figure 1C). Four SIRT5 chains with variations
in the rotation of the Cbz and indole moieties of the ligand
were resolved (Figure 1D). The varying end group confor-
mations are influenced by crystal packing, and the indole
positions indicate a flexibility in the SIRT5 complex that is in
agreement with the minor effect of this group observed in the
SAR.

Furthermore, the observed flexibility of the Cbz group as
well as its lack of specific interactions with the protein surface
(Figure 1 D) indicated that a variety of functionalities could
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be tested in the continued SAR.
Thus, for the ease of synthesis, we
decided to investigate the N-termi-
nal relative to compound 30, which
is devoid of the C-terminal i-propyl
group, allowing for ready prepara-
tion of the series 30.44 by solid-
phase synthesis. We included
amide, urea, and sulfonamide ana-
logues of the Cbz group, including
various lengths (30..37). Due to the
potency of 37 and the high abun-
dance of sulfonamides in approved
drugs, we prepared analogues38...
44 as well.

In parallel, we briefly re-inves-
tigated the importance of steric
bulk at the C-terminus, now in the
context of compound 29 (45.47,
Scheme 2, cyan area). Combining
the results of these two series, we
prepared compounds 48.50 in
a final iteration, providing com-
pound 49 as the most potent inhib-
itor with an improvement in IC 5,
value of > 100-fold from com-
pound 1. Not surprisingly based
on the well-documented substrate
specificity of SIRT5, selected com-
pounds (29 and 48.50) exhibited
excellent selectivity for SIRTS5 over
SIRT1...3 and 6 (Figure 2A). We
were then interested in gaining
insight into the kinetic behavior of
our most potent compound (49)
along with intermediate lead com-
pounds 10 and 29 as well as com-
pound 1 and patented compoundV
(Scheme 1) as a control. To achieve
this, we first performed a continu-
ous assai}’ to establish whether
the inhibition occurred at steady-
state kinetics. Not surprisingly, since this has been reported
previously for mechanism-based inhibitors of SIRT1” com-
pounds 10, 29 and 49 exhibited slow, tight-binding kinetics
(Figure 2B and Supporting Figure S3). Interestingly, the less
potent compounds 1 and V behaved like standard fast-on...
fast-off inhibitors (Figure 2B and Supporting Figure S3),
indicating that the change in mechanism is not solely
associated with the thioamide or thiourea amide bond
surrogate, but rather developing as the backbone-interacting
part of the molecule gains affinity.

Nevertheless, slow binding could be associated with
interaction with NAD * and enzyme or enzyme alone, so we
performed pre-incubation experiments of selected inhibitors
and SIRT5 with or without NAD * to address these scenarios
and to evaluate whether compounds19.25 exhibited slow-
binding as well (Figure 2C). Not surprisingly, the slow-
binding behavior of compounds 10, 19, 29 and 49 was

2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Biochemical evaluation in vitro. A) Selectivity of compoun@® and 48.50, measured at an
inhibitor concentration of 10mm. Acyllysines of substrates used are indicated for individual sirtuins.
B) Progression curves and data fitting for inhibition of recombinant SIRT5 by compoudd®9, and
49. C) Preincubation experiments of compoundk), 19.25, 29, and 49.

depending on the presence of NAD®, indicating that it
involves formation of the stalled intermediate. However, it is
intriguing that optimization of the scaffold s contribution to
affinity imposes a change in mechanism of inhibition.
Interestingly, the urea-containing compound 21 also exhibited
NAD *-dependent slow-binding, which may revive the use of
this functionality for future inhibitor design. The remaining
compounds did not exhibit slow-binding within the time-
frame of the pre-incubation experiments (Figure 2C).

Finally, we tested an ethylester prodrug version of
compound 29 (Et-29) for its ability to affect the degree of
lysine glutarylation in cells. However, it is unfortunately not
trivial to detect changes in either lysine malonylation,
succinylation, or glutarylation even when comparing wildtype
to a control CRISPR-Cas9 SIRT5 knockout cell line (Sup-
porting Figures S4 and S5). Further optimization of the
experimental design and subsequent evaluation of these

Angew. Chem. Int. EQ017 56, 14836 ...14841
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compounds in a cellular context will thus be of immediate
future interest.

In summary, we describe mechanism-based inhibitors of
sirtuin 5 that exhibit up to a 100-fold improvement in IC 5,
values compared to a patented reference compound included
in our assays. Importantly, we show that kinetic analyses of
inhibitors of these enzymes is important for appropriate

comparison of potencies as we disclose the first examples of

slow, tight-binding behavior for SIRT5 inhibitors. This calls
for more thorough investigations of mechanism-based inhib-
itors for all sirtuins. We also describe structural information
for the binding mode of thiourea-based sirtuin inhibitors for
the first time, which provides important insight for future
inhibitor design.
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> TFA ~ CbzHN 'R
o}

CH,Cl,, RT

o o) o) o
‘R= 29; R= J\ S12; R= J\
V:R MN N i~ o
L I H H H
~ NH ~ NH
N
CbzHN
0 S
S13; R= /\©/NH2 S14; R= /\©/OH S15; R= &Ph S16
Ph
#
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o] o) o

HN)j\OtBu AOtBU
S33, iPr,NEt, HOBt, EDC H
CbzHN oH > cb HN/E(N\)]\ Cb HN/E( \)k J\
z CH,Cl,, 0iC to RT z CHZCIZ RT z
S :
NH
S51 S52 #

(56%7%'( ,, )#19/-%8&4,4# . 54$." [#,/-8&3'&+,0-8# ()+ #

ethyl dithioacetate, iProNEt H o
sz — 2 S P SN
2Ll o H H
" NH
18 #
(56%7%'( ,+ )#19/-%&4,4#.5#-%,.0$&-0',+&##
S (o}

S49, iProNEt H ©
S52 ————————— N\)J\ J\
DMF, RT CszN/E( z H
O : =
NH

Et-29 #
(56%7%'( ,1)#!9/-%8&4,4#.5#%.":.6/+# .$/+0'
S OH
MR 19;R= Y
1. HCl!glycine t-butyl ester H o
or H,oNR t-butyl ester : 0
iPr,NEt, CH,Cl,, 0 {C to RT _ M
2. S52, iPr,NEt, DMF, RT o 27;R= OH
s47 > N J\
3. TFA, TIPS CbzHN N o]
CH,Cl,, RT g
NH 28; R= OH

(56%7%'( ,2 )#19/-%&4,4# B%,.63&0#,/%,2,-. 34 @#:G8-#AA
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o 1. HCI! / -alanine t-butyl ester or
3-hydroxy-t-butyl propanoate,

o« iProNEt, CH,Cly, 0 iC to RT
2. S52, iPr,NEt, DMF, RT N Hjj\ J\
3. TFA, CH,Cly, RT CbzHN N
IO
NO2 ~NH
21: X= NH
23, X=0 #

(56%7%'( ,) )#19/-%&4,4#.5#,1%,2, - 34H0I+#+1#
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o g NHNHaHZO, )OL
4 + molecular sieves TMS
HN™ 07
THF, RT NH,
NO,
0._OH 0._OBn OH 1. DMSO,
oxalyl chloride,
K,COg, NaOH, NEts, CH,Cl,,
Nal, BnBr DIBALH P78 iCto0iC
OH —  » OBn OBn -
HoN H,0, reflux BnzN THF, P10 {Cto0jCc  BN2N 5
o o THF, RT
o o) o)
™
J\ A~_-TMS HNJ\O/\/TMS HNJJ\O/\/ S
HN™ O ! ! OCbz
N BocN BocN 0
h 1. NaCNBHj, AcOH o N0
CH,Cl,, RT Pd/C, H, \V\_f , NaHCO4
OBn ™ Bn,N OBn HoN OH =
Bn,N 2. Boc,0, DMAP n2 CH3OH, RT 2 1,4-dioxane, H,0, RT
CH,Cl,, RT o o
o
o) o)
™
HNJLO/\/ S NH, la. O (o] HN)J\R
1 I
BocN w
1. 533, iPr,NEL, BocN HO OtBu | HN
HOBt, EDC iPr,NEt, HATU, CH,Cl,, RT
CH,Cly, 0iC to RT H © or H ©
CbzHN OH > N A J\ - N J\
2. TBAF CbzHN : H 1b. HCl!/-alanine t-butyl ester, ~ CPZHN : H
o THF, 50 iC 0 p-nitrophenyl chloroformate, 0 -
NH iPr,NEt, DMF, 50 iC NH
2. TFA
CH,Cl,, RT
o)
i R= WOH
o)
R AH«AOH

(56%7%'( ,8 )#19/-%8&44+#.5#%9+30E,+&#0/+#4&' $0320E,+&#,/%2,-.34
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(e}

\)’ko/\/TMS

o] Cu, TMEDA, AcOH o o] aq. LiOH 0 0
Br - w TS ———— w ~_TMS
E‘O)S( THF, 55 °C EtO o THF,RT  HO o
FF FF FF
s61 $62
o o o o
™S
HNWO/\/ HNWOH
FF FF
$62, iPr,NEt, HOBt, EDC H © TBAF-3H,0 H ©
s52 > N J\ — N J\
CH,Cl,, 0 °C to RT CbzHN : N THF, RT CbzHN : N
© S = o S =
NH NH
63 24
o) o)
o Koo
FF
1. TBAF-3H,0, THF, RT
2. §52, iPr,NEt, HOBt, EDC
st CH,Cl,, 0 °C to RT H\j.k J\
3. TFA, CH,Cly, RT CbzHN TN
5
“NH
§17 #

(56%7%'( ,3 )#19/-%8&4,4#.5#516.3,/0-&+#,/%,2,+3MH+#(,3 #
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1. Nal, acetone, reflux

2. o o OtBu
EtO OFEt
NHAC
0 tBUOH, DMAP, DCC o NaH, DMF, 0iCtoRT  AcHN oe
Br\/\/\)']\ Br\/\/\)']\ EtO t
OH " cH,Cl,, 0iCto RT OtBu
o O
S64 S65
o] o)
OtBu OtBu
1. LiCl, H,0, DMSO, 150 {C
2. LiOH, H,0, EtOH, RT S33, iPr,NEt, HOBt, EDC H\)OL J\
> N
3. Acylase-l, CoClg!6H,0 CbzHN CH,Cl,, 0 {C to RT CbzHN EN
0.1M phosphate buffer pH 7.2, 37 iC O o N
4. OCbz NH
o ﬁﬁo S66 S67
,NaHCO3
1,4-dioxane, H,0, RT
o) o)
OH N/\)J\OH
H
1. HCI!/-alanine t-butyl ester,
iPr,NEt, HOBt, EDC
TFA H\)?\ J\ CH,Cl,, 0 {C to RT H\)OL J\
N > N
CH,Cl, RT ~ CbzHN I N 2. TFA, CH,Cly, RT CbzHN IO N
" NH " NH
S68 25
(56%7%'( - )#19/-%&4,44.5#,/18&3-8+H#0', +&H,1%, 2 + )3t
X i
HN” R 2:R= oH
NHCbz
1. Cbz-L-Glu-OMe or Cbz-L-Asp-OMe,
iPr,NEt, HOBt, EDC o NHCbz
CH,Cl,, 0 {C to RT H _
S52 N J\ sigiR= A\ _oH
) CbzHN < N
2. aqg. LiOH H H (@]
THF, RT o =
NH
0 Ph
OH
o) HNM(
o o]
Ph
O iPr,NEt
Ho @ J\
S52 ] CbzHN N\:)]\N
CH,Cl,, 0iCto RT g i H
~NH
S19 #

(56%7%'( ,0 )#19/-%8&4,4#.5#0' +&#,/%,2,-. 84
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OtBu OtBu

H,NR, iProNEt,
o TFA, TIPS H
N

HOBt, EDC
OH ChzHN \)J\ R ChzHN
z N™" CH,Cl, RT z

)
CbzHN CH,Cly, 0 iC to RT = N
o) : o .t
B ENH

S72; R= cyclopropyl
S73; R= adamant-1-yl

S69; R= cyclopropyl
S70; R= adamant-1-yl

S71; R—m S74; R—m

>=m

1. S48, iPr,NEt
DMF, RT
—_—
2. TFA, TIPS

CH,Cl,, RT

Py

CbzHN

@/g:}o

45; R= cyclopropy!
47; R= adamant-1-yl

46; R= /j/\©

(56%7%'( +*)#19/-%&4,4# 8%,.63&0#,/%,2,-. 34 @#:08-#AAA
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Q 1. piperidine, DMF, RT Q

HN)J\O/\/TMS 2a. carboxylic acid, HATU, iPr,NEt, DMF, RT HN)I\O/\/TMS

or (l)Cbz

SPPS o-N_o
O 2b. v . iPr,NEt, DMF, RT
HZN' — Fmoc—Lys—Trp‘ > R—Lys—Trp'
or

2c. p-nitrophenyl chloroformate, H,NR, 0 jC to RT
3c. iProNEt, DMF, RT

Chem matrix resin
rink amide linker

2d. sulfonyl chloride, iProNEt, DMF, RT

2. HCI!/ -alanine t-butyl ester, s 0 s o
iPr,NEt, CH,Cl,, 0 {C to RT
s47 HN)]\N/\)I\OIBU HN)LN/\)kOH
H H
1. TBAF 3. iPr,NEt
DMF, RT | DMF, 45C TFA, TIPS H\)OL
» R—Lys—Trp —> R. N
CH,Cl,, RT N Y NH;
O k =
NH
(6] (o] 00
\\S//
30; R= @/\O& 35: R= H)Sf 40; R= O
(@] (@] o)
\\S//
31 R= 36; R= Hjﬁf 41;R=
o
“1 9 op _ op
32: R= = 37:R= N 42: R= Y
N
o] 0. 0 0 0
NG N

33; R= 38; R= @/S 43; R= S
FoC” N
) 0 0 SN o o
\\S// | \\S//
34; R= 39; R= /Ej 44; R=
O N7

(56%7%'( +, )#!.1,+H%04&#49/-%8&4,4#15+&3",/01#' . +,5,&+#-%,.63&0#,/%,2,-.84
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i i A
)J\OtBu )J\OtBu OtBu
TFAIH,NR, iPrNEt,
HOB, EDC y © PdIC, H, y O
N\)]\ R — > N\)J\N,R
CbzHN CHyClp, 0iCtoRT ~ CbzHN CH3OH, RT E
0o S NF
= NH
S69; R= cyclopropyl S77; R= cyclopropyl
S75; R= cyclobutyl
S76; R= cyclopentyl S78; R= cyclopentyl
I 2 NS Ol 0 1C 1o AT i i
1Pr s 2Cl, 0jCto
OtBu S47 ——— HN N/\)kOH
H
F
F
1.TFA, TIPS, | 3.iPr,NEt o
|Pr2NEt CH,Clp, RT DMF, 45 {C 0 H
S77 ———— » N\)J\ /A > /,S\N N\)J\N/A
CH,Cl,, RT H 4. TFA, TIPS, O H i H
— CH,Cl,, RT % A\H
S79 48
o 2. HCI!/-alanine t-butyl ester, s o
J\ iProNEt, CH,Cl,, 0 {C to RT /\)J\
OtBu S47 — HN™ N OH
H
F
1. Pd/C, Hy, o 1.TFA, TIPS, | 3.iPr,NEt
CH30H, RT D CH,Cl,, RT DMF, 55 iC o] 0 E
] 3 H
2. T N 4. TFA, TIPS, o N T N
3 CH,Cl,, RT o =
. QS/,O ~NH 2 ~NH
g o
iProNEt
CH,Cl,, RT
80 49

(56%7%'( ++)#19/-%8&4,4#.5#-%, 638&0H,/%, 2, 2 3t#+#20#
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o o
HNJ\OtBu J\CFS
/y F
F S
¢l o
iPr,NEt 0 H D TFA, TIPS,
s78 —— > S AN N
CH,Cl,, RT O H o : H CH,Cl,, RT 5
“NH ~NH
s81 s82
s o

J\ /\)J\OtBu

1. HCI!/-alanine t-butyl ester,

iPrNEL, CH,Cly, 0C o RT - TFA, TIPS @\
¢L Biialhiit Wk

2. S82, iPr,NEt, DMF, RT CH,Clp, RT

/NH /NH

s83 50 #
(56%7%'( +1)#!9/-%8&4,4#.5#-%,.63&0#,/%,2)*.B3#

1. TFA, CH,Cly, RT
OtBu OtBu 2 o

i A
N//\NJ\N/\\N
tryptamine, iPr,NEt, =l </ , iPr,NEt
HOBt, EDC CH,Cl,, 0 iCto RT
CbzHN > ChzHN : >
CH,Cl,, 0 iCto RT 3. HCI'H,NR, iProNEt
CH,Cl,, reflux

g

(o]
(o]
S86; R= Y\)J\O'[BU S21: R= MOH 4

(56%7%'( +2)#19/-%&4,4#.5#63&0#,/%,2,-.34@#:03-#A

.R

e .
/E( TFA /E{
CbzHN CHZCIz, rr  CbzHN

ses;R= ¢ O™ S20; R=

o

| (B#



i 1 i
.R
NH3* 'OJ\CF3 1 o HN H
NTTNTTINTYY
iPr,NEt, CH,Cly, 0 iC to RT TFA
O = O~ — > \/\
FmocHN A 2. HC“HzNR, IPerEt FmocHN X CH2C|2, RT FmocHN
o) DMF, 60 jC or 80 jC o
B
S87: R= WOI u S22; R=

o)
S88; R= MOIBU S$23;R= \/\)J\
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rearrangement of the active site
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Sirtuins are a highly conserved class of NADdependent lysine deacylases. The human
isotype Sirt2 has been implicated in the pathogenesis of cancer, in"ammation and neuro-
degeneration, which makes the modulation of Sirt2 activity a promising strategy for
pharmaceutical intervention. A rational basis for the development of optimized Sirt2
inhibitors is lacking so far. Here we present high-resolution structures of human Sirt2 in
complex with highly selective drug-like inhibitors that show a unique inhibitory mechanism.
Potency and the unprecedented Sirt2 selectivity are based on a ligand-induced structural
rearrangement of the active site unveiling a yet-unexploited binding pocket. Application of the
most potent Sirtuin-rearranging ligand, termed SirReal2, leads to tubulin hyperacetylation in
HeLa cells and induces destabilization of the checkpoint protein BubR1, consistent with Sirt2
inhibition in vivo Our structural insights into this uniqgue mechanism of selective sirtuin
inhibition provide the basis for further inhibitor development and selective tools for sirtuin
biology.
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AD P -dependent protein deacylases (sirtuins) constituteMost recently, the “rst X-ray structure of Sirt2 in complex with a

unique class of enzymes that are conserved from bactertdent macrocyclic peptidic inhibitor was reported, but this

to humans. Initially recognized as protein deacetylas@shibitor lacked the desired isotype selectRAtand, due to its
they were recently shown to catalyse further post-translationddysicochemical properties, might be of limited use for drug
modi“cations such as demyristoylatibf desuccinylatioh or  discovery. In this work, we present the “rst crystal structures of
ADP-ribosylatiof. Through a multitude of protein substratesSirt2 in complex with a potent and Sirt2-selective small-molecule
they are involved in key cellular processes, including metabafibibitor with drug-like properties. The basis for the high
sensing, regulation of mitosis and aging. The human isotypetency and unprecedented isotype selectivity is a ligand-
Sirtuin 2 (Sirt2) deacetylates both nuclear and cytoplasmaitiduced structural rearrangement of the active site, exploiting
proteins and thereby functions as a major cell cycle reggl§toran adjacent binding pocket. Along with kinetic studies, the
a determinant of myelinatidh a regulator of autophayand a structures give insight into a unique and isotype-selective
suppressor of brain in"ammatidh Generally deemed as anhibiton mechanism. The relevance of the observed
tumour suppressdP1lin some types of cancer, Sirt2 was alsoiochemical activity is further supported by cellular studies.
shown to adopt a contrary role by promoting tumorige
In addition, recent reports link Sirt2 to bacteria-induced
reprogramming of host cell gene expres&fon Results

Owing to its multiple regulatory roles, Sirt2 has beenlenti“cation and crystallization of SirReal inhibitors. In
implicated as a potential drug target to combat calfek? search for new sirtuin inhibitors, we screened an internal com-
neurodegeneratidi1® and in"ammatiorl but other reports pound library using arin vitro assa$® based on a "uorophore-
question the suitability of Sirt2 as a drug tafdetThe labelled acetyl-lysine derivative for human Sirtl...3. In this
physiological studies of Sirt2 have so far been hampered by $beeening campaign, a family of aminothiazoles that we have
lack of potent and isotype-speci‘c modulators of sirtuin activityermed Sirtuin-rearranging ligands (SirReals) was discovered as
The biochemistry of sirtuins has been studied extensivelygotent, Sirt2-selective inhibitors. Of these, SirReBiXliowed

recent years and three-dimensional structures of the catalgtie most promising inhibitory properties (Fig. 1a,b). AGK2 was
domain of several human isotyges provided insight into differensed as a reference inhibitor. Under the same assay conditions it
stages of the catalytic cytde-23 Despite a highly conservedis 38-fold less potent with an kgof 15.4 0.7nM. The activity of
amino-acid sequence and a high structural similarity of tt®irtl or Sirt3 was not affected atf@d. Additional con“rmation
catalytic core between the members of the sirtuin family, receyitSirt2-selectivin vitro inhibition and binding by SirReal2 was
screening campaigns have identi“ed several isotype-seleativined by using non-labelled peptidic substrates in a high-
inhibitors™>24--27 But for only a few of them structural performance liquid chromatography (HPLC)-based conversion
information is available (Supplementary Fig. 1a) and a strategysay (Fig. 1c, Supplementary Fig. 1b) and from thermal stability
for structure-based optimization of isotype-selective inhibitoessays, where the presence of SirReal2 led to increased melting
remains mostly elusive. In particular, a structure-derivedmperatures due to ligand-induced stabilization of the protein
rationale for Sirt2-selective inhibition is also lacking so fafFig. 1d). SirReal2 only inhibits Sirt2 potently with ard@alue

a b 100 4:4= 4
o N E:j bd ha L
N >&\/Sh</ _\ 80
[ D—NH N 60 -0 Sirtl
s 1 - Sirt2

-&-Sirt3
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99 o]
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. _— contro
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Figure 1 | SirReal2 selectively inhibits Sirt2 in a dose-dependent mannefa) Chemical structure of SirReal2l). (b) Representative dose...response curve

for Sirtl...3 and SirReal2 using the substrates ZMAL (Z-Lys(Acetyl)-AMC, Sirt1-2) resp. Fluor-de-Lys (Sirt3). Compared with the peptide-HPLC assay,
SirReal2 was slightly less potent using ZMAL with anslGralue of 0.4nmM. Data are presented as means.d. (1%43). (c) In vitroinhibition data for SirReal2
(Sirtl...3: 10@v; Sirt4...6: 200iM) in an assay using non-labelled acyl-lysine oligopeptide as a substrate (Sirtl...4, acetyl-lysine substrate; Sirt5, succinyl-
lysine substrate; Sirt6, myristoyl-lysine substrate). A solution containing DMSO was used as a negative control, a solution with nicotinamide (NCA,

200 nM or 1 mM) was used as a positive control. Only the activity of Sirt2 is substantially reduced in the presence of SirReal2. Data are presented as
meart s.d. (¥42) (d) Representative thermal stability plots for Sirt2 in the presence of SirReal2r® and either the cofactor NADP (5mM) or an
acetyl-lysine H3 peptide (5mM). The presence of NAD or of an acetyl-lysine peptide substrate enhances the stability of the Sirt2...SirReal2 complex
(n¥3). Representative thermal stability plots of Sirt2 in the absence of SirReal2 and in the presence oPNgm@n acetyl-lysine oligopeptide are shown in
Supplementary Fig. 1d. Rel., relative.
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Figure 2 | SirReal2 functions as a molecular wedge locking Sirt2 in an open conformatio(ge) Overlay of Sirt2...SirReaIZ..NA[IsIate blue) and
Sirt2...SirReal2...H3 (light grey). Both structures are very similar (r.m.g.dtq@s)%20.8 A) and feature an open conformation. The active site is indicated

by small grey dots. ) Superposition of Sirt2...SirReaI2...RIA(§|ate blue) with Sirt2...apo (PDB-ID 3ZGO, salmon, residues 34...45 are omitted for better
clarity). Both structures feature an open state despite major structural differences in the zinc-binding domgiisuperposition of Sirt2...SirReal2...RAD
(slate blue) with the Sirt2-ADPR complex (PDB-ID 3ZGV, yellow, residues Tyr139-Gly141 of one hinge loop were not de“ned in the electron density map).
The structures display major conformational differences in the orientation of the zinc-binding domain. While the ADPR complex is in a closed state,
Sirt2...SirReal2...NARdopts an open state.d) Superposition of Sirt2...SirReal2...RAMth Sirt2 in complex with a macrocyclic peptide inhibitor S2iL5
(PDB-ID 4L30, green). Similar to the Sirt2...ADPR complex, the Sirt2...S2iL5 complex assumes a closed conformation. While the Rossmann fold domain is
very similar in both structures, major structural differences can be seen at the zinc-binding domain and at the Sirt2-speci“c insedjdloge-up view on

the active site using the superposition shown m SirReal2 (Sirt2...SirReaI2...RIAﬁght pink sticks; Sirt2...SirReal...H3, light cyan sticks) occupies the
extended C-site of Sirt2. Binding of SirReal2 neither prevents binding of the acetyl-lysine substrate (light blue sticks) nor the cosubstrafe NAD

(light orange sticks). The cofactor-binding loop of both structures is omitted for clarity.

of 140nM and has very little effect on the activities of Sirt3-the key to a successful crystallization of Sirt2 in complex with
Only the activity of Sirtl (22% inhibition at 186®) and Sirt6 SirReal2 that was only achieved in the presence of either substrate
(19% inhibition at 20@M) are slightly affected at higher SirReal®r cosubstrate.
concentrations, making SirReal2 one of the most selective sirtuin
inhibitors up to date. However, any attempts to identify a
putative-binding site and to rationalize initial structure...activiQverall structure of Sirt2...SirReal2 complex&¥e solved the
relationships by docking to available X-ray structures efructure of Sirt2 in complex with SirReal2 and the cosubstrate
Sirt2 were not successful. We, therefore, proceeded to deterni® P (structure termed Sirt2...SirReal2...NpBs well as in
the structures of Sirt2-inhibitor complexes by protein X-ragomplex with SirReal2 and an acetyl-lysine peptide derived from
crystallography. histone H3 (residues 11...17, structure termed Sirt2...SirReal2-H3).
For that, we used a truncated form of Sig23sdacking the Both Sirt2...SirReal2 crystals belonged to different monoclinic
"exible N- and C termini. To validate the suitability of ourspace groups and contained one monomer per asymmetric unit.
expression construct, we also crystallized this truncated formTafey had the two-domain structure typical for sirtuins-a larger
Sirt2 in the presence of ADP ribose (ADPR) and the physiologickimain with a Rossmann fold and a smaller zinc-binding domain
inhibitor nicotinamide (NCA, Supplementary Fig. 2, structuréhat are separated through a large groove that constitutes the
termed Sirt2...ADPR...NCA). As the binding mode of these ligaudive site (Fig. 2a). The structures are highly similar (root mean
corresponded to other published sirtuin structures in complexjuared deviation, r.m.s.d. {Gtoms)/20.8 A) with the main
with NCA30 we concluded that our expression construct wasfferences in the cofactor-binding loop and its adjacent residues
suitable for the investigation of Sirt2...ligand interactions. Furtilem.s.d. (G residues 92...135)1.3 A). In addition, we observed
thermal stability experiments indicated an additional stabilizatiaghe Sirt2-speci“c insertion (residues 289...304) that mediates
of the Sirt2...SirReal2 complex in the presence of eithePN&xD crystal contacts as was reported for the Sirt2...ADPR complex
a peptidic acetyl-lysine substrate (Fig. 1d). These “ndings WéADPR, PDB-ID 3ZGW) and apo-Sirt2 (PDB-ID 1J8F, re“ned
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Figure 3 | SirReal2 occupies the extended C-site and induces a major rearrangement of Sirt2es active s{ta). Surface representation of the active site of
apo-Sirt2, designating the individual subsites referred to in the texf) Qrientation of SirReal2 in the active site of the Sirt2...SirReal2 complexes. The binding
of SirReal2 induces the formation of the yet-unexploited selectivity pocke}.lfteractions of SirReal2 (light pink) with Sirt2 in complex with the cosubstrate
NADP (light orange). Interacting residues are represented as sticks (slate blue). Hydrogen bonds are showrsasdaellow lines. d) SirReal2 (light pink
sticks, overalB-factor of 32.2 2) occupies the very hydrophobic extended C-site adjacent to the cosubstrate NAQight orange sticks, overaB-factor of

41.8 8). The surface of Sirt2...SirReal2...RiA®coloured according to its hydrophobicity (red colour indicating increasing hydrophobicity). $heeighted

2F, R electron density map is contoured at 18. A stereo image ofd is shown in Supplementary Fig. 48.-weightedF, R electron density OMIT

maps for both ligands are shown in Supplementary Fig. 4g). Comparison of the positions of the interacting residues of Sirt2...apo (PDB-ID 3ZGO, salmon),
Sirt2...ADPR (PDB-ID 3ZGV, yellow) and Sirt2...SirReal2®. (S8 blue). Residues are shown as sticks. The binding of SirReal2 results in a reorganization
of the side chains of several residues. The most drastic side chain movement was observed for the resididerth the acetyl-lysine substrate channel and

the selectivity pocket. The side chain of Tyr139 of Sirt2...ADPR complex was not de“ned in the electron deapityrhe position of the interacting resiies

of Sirt2 in complex with the macrocyclic peptide inhibitor S2iL5 are very similar to the ones of Sirt2...Ab@PRre therefore not shown.

3ZGO'819. The cofactor-binding loop in both Sirt2...SirReal2 Despite the sopens conformation of the Sirt2...SirReal2
complexes adopts a conformation similar to the one observedsinuctures, SirReal2-inhibited Sirt2 adopts a substantially different
Sirt2 in complex with the product analogue ADPR (PDB-IBtructure from the one observed in Sirt2...apo (r.m.s.d.
3ZGV). (C, atoms)/s1.4A, Fig. 2b), the complex of Sirt2 and ADPR
When compared with the available Sirt2 structures (apo-Sir{2z:m.s.d. (G atoms)/1.6 A, Fig. 2¢) and the complex of Sirt2 and
PDB-ID 1J8F, 3ZGO; Sirt2-ADPR: PDB-ID 3ZGV; Sirt2...S2th& S2iL5 peptide (r.m.s.d. {Gitoms)41.7 A, Fig. 2d). Our
peptide: PDB-ID 4L3&) the zinc-binding domains in the structures feature a completely new and unexpected Sirt2
Sirt2...SirReal2 structures adopt a conformation similar to the enaformation, where SirReal2 functions as a emolecular wedges
in apo-Sirt2 (Fig. 2b...d, Supplementary Fig. 3a...c). On bindinbatftraps Sirt2 in the open conformation even in the presence
the acetyl-lysine peptide substrate, the zinc-binding domadfi an acetyl-lysine peptide substrate. We call this a elocked
rotates towards the Rossmann fold domain. This has been ternopéne state.
as the eclosuree of the two domains and can be observed in several
other human and bacterial sirtuin structures in complex with agirReal2 occupies a yet-unexploited binding pockedirReal2
acetyl-lysine peptide substr#ié31 This domain closure binds to the active site of Sirt2 (Figs 2e and 3) at the interface of
induces the formation of the acetyl-lysine-binding tunnel anthe Rossmann fold domain and the zinc-binding domain, the site
the b-staple motif that mediates the acetyl-lysine peptidef the deacylation of-amino groups of lysines. The active site of
substrate-sirtuin interactioR Despite the absence of arSirt2 has previously been divided into different sites (Fig. 3a). The
acetyl-lysine peptide substrate, the Sirt2...ADPR complexes Alsand B-pocket, respectively, bind the ADPR moiety, whereas
adopt the closed conformation. This is due to the Sirt2-specitise C-pocket binds the NCA of NAD. NADP is able to adopt
insertion that acts as a pseudo-substrate in the crystal adifferent conformations. However, only a kinked conformation
binds to the acetyl-lysine-binding site of a neighbouring Sirtghere the NCA moiety of NAB occupies the C-pocket is
molecule. considered productive for catalytic deacylation. The hydrophobic
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Figure 4 | SirReall selectively inhibits Sirt2 and functions as a molecular wedge to lock Sirt2 in an open conformatiofa) Chemical structure of
SirReal13). (b) Representative thermal stability plots for Sirt2 in the presence of SirRealln@) and either the cofactor NADP (5 mM) or an acetyl-

lysine H3 peptide (5 mM). The presence of the cosubstrates enhances the stabilization of the Sirt2...SirReall corhpB)x Representative thermal

stability plots of Sirt2 in the absence of SirReal2 and the presence of NABr an acetyl-lysine oligopeptide are shown in Supplementary Fig. 1d.

(c) Overlay of Sirt2...SirReall...OTC (brown) with Sirt2 structures in complex with SirReal2 (Sirt2...SirReal2...H3, light grey; Sirt2...9irl§m&bIMD

All Sirt2...SirReal complexes share a high similarity (r.m.s.gaf@ms)v40.44 A to Sirt2...SirReal2...H3, 0.59 A to Sirt2...SirReaI2’..)NMDrepresent the

locked open conformation. The active site is represented as grey dodse)(SirReall (light yellow sticks) occupies the extended C-site in a very similar
fashion as observed for SirReal2 (light blue in Sirt2...SirReal2...H3, light pink in SirtZ...SirR@e)lZJiMces can be observed for the position of the

side chains of Phel19, Phe235 and the acetyl-lysine peptides. The acetyl-lysine-binding site as well as the selectivity pocket are also the sites of major
conformational changes compared with Sirt2...apo (PBD-ID 3ZGO) and Sirt2-ADPR (PDB-ID 3ZGV, see Fig. 3e). Hydrogen bonds are shown in dashed
yellow lines. The cofactor-binding loop @f is omitted for clarity. A stereo image of the -weighted 25, F; electron density maps for SirReall and the
Ac-Lys-OTC oligopeptide as well as-weightedF, F; electron density OMIT maps of both ligands are shown in Supplementary Fig. 5b,d.

acetyl-lysine-binding tunnel is formed by several phenylalanin@sReal2-inhibited form of the enzyme. Structural comparison

and connects the NAP -binding site to the acetyl-lysine-bindingof the available Sirt2 structures with the Sirt2...SirReal2...H3

site. The pocket adjacent to the C-pocket has been ternmmmplex can be found in Supplementary Fig. 3.

extended C-site (EC-sif&) Binding of SirReal2 to the EC-site is mainly driven by
The aminothiazole SirReal2 occupies this EC-site adjacenhyarophobic interactions (Fig. 3c,d). The naphthyl moiety of

the C-pocket, which is the physiological site for produ@irReal2 that protrudes into the acetyl-lysine-binding site is in

inhibition by the feedback inhibitor NCR (Supplementary van-der-Waals contacts with the NCA moiety of NADPhe131,

Fig. 2). It binds at this highly hydrophobic site in vicinity to thd.eu134, 1le169, lle232, Val233 and Phe234. In the selectivity

zinc-binding domain, where it does not interfere with the bindingocket, the DMP moiety formg. p-stacking interactions with

of NCA or the NCA moiety of NADP (Fig. 3b...d). The naphthylTyr139 and Phel190 in the selectivity pocket that is shaped by

moiety of SirReal2 protrudes into the substrate channel and @93, Alal35, Leul38, Prol140, Phel43, Leu206 and lle213. In

dimethylmercaptopyrimidine substituent (DMP) induces thaddition, Pro94 hydrogen bonds via a structural water molecule

formation of a binding pocket beyond the EC-site. This regigiw40) to the carbonyl-O of SirReal2. Besides its interactions with

is formed by two loops (residues 136...144, residues 188...1819 &irt2 protein, the SirReal2 inhibitor also forms an internal

the hinge region that connect the Rossmann fold domain with thgdrogen bond between the amide N...H and one of the

zinc-binding domain. We refer to this binding pocket in thgyrimidine nitrogens. This results in a rigid conformation with

following as the eselectivity pockete. The position of SirReal2ideal complementarity to the active site of Sirt2.

the EC-site of Sirt2 is very similar in both structures with either

NADP or the acetyl-lysine peptide substrate (r.m.s.d. of 0.47 A),

and we will primarily describe the binding of SirReal2 in thBinding of SirReal2 to Sirt2 rearranges the active sitdhe

presence of NAB, as this structure likely represents th@resence of SirReal2 results in a rearrangement of Sirt2es active
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Figure 5 | SirReal inhibitors suppress Sirt2 activity via a unique mechanisn{a) Superposition of Sirt2...SirReal2...RAHth ternary sirtuin complexes
(Sir2Tm: PDB-ID 2H4F, aguamarine; Sirt3: PDB-ID 4FVT, raspberry) shows thatNAtSirtZ...SirRealz...I\BAdopts a very similar kinked conformation

to the one observed in ternary sirtuin complexes. The NCA ribose moiety of NAIh Sirt2...SirReal2...NABhares more resemblance to the position

of NCA ribose of NADP in 2H4F than to the one in 4FVT.K) Overlay of Sirt2...SirReal2...H3, Sirt2...SirReall...OTC with 2H4F of Fig. 4a. The bulky naphthy!
moiety of SirReal2 forces the acetyl-lysine out of its physiological position, which can be seen in the ternary sirtuin complex of Sir28rs,Ayin this new
position, the N-group of the acetyl-lysine of Sirt2...SirReal2...H3 cannot hydrogen bond to the backbone carbonyl-O of the conserved Val232. The less
bulky benzyl moiety of SirReall allows a similar acetyl-lysine binding to Sirt2 as observed in the ternary complex of Sir2Tm. However, the presence of
SirReall slightly enlarges the distance between the backbone carbonyl-O of Val233 to flo¢ tNe acetyl-lysine, thus disabling hydrogen bond formation.
(cd,f,g) Competition analyses of SirReall/2-mediated inhibition. SirReal2 is a partial non-competitive inhibitor towardS’NAbile SirReall functions as

a NADP -competitive inhibitor. SirReall and SirReal2 are both competitive to the acetyl-lysine peptide. Data are presented as mdafm¥42).

(e) Structure...activity relationships (SAR) for SirReal inhibitors. Only the combination of the bulky naphthyl moiety with the DMP and the non-methylated
amide results in submicromolar Sirt2 inhibition. Inhibition data were determined using the substrate ZM#AL J).

site. It is more pronounced in comparison with the Sirt2 structutginding its acetyl-lysine peptide substrate, but deacetylation and
in complex with ADPR (PDB-ID 3ZGV, Fig. 3e) than with thehe domain closure is blocked effectively.
structure of Sirt2...apo (PDB-ID 3ZGO, Fig. 3e).
A site of major rearrangement is the selectivity pocket of the
hinge region, where the DMP ring of SirReal2 is bound (Fig. 3&)netic analyses of SirReal-mediated inhibitian In the
Here the loop region from Lys136...Phe143 is substantially shifi@arse of the investigation SirReal-mediated inhibition, we also
upwards with respect to the Sirt2...apo structure and forms adétermined the crystal structure of another aminothiazole,
above the DMP moiety. These residues seem to be more "exitdemed SirReal12( Fig. 4a), in complex with Sirt2 and a different
indicated by high B-factors, in structures of the closedacetyl-lysine peptide substrate. The latter is derived from
conformation such as the Sirt2...ADPR or Sirt2...ADPR...Nf®khine transcarbamoylase (OTC, structure termed Sirt2...
complexes (Supplementary Fig. 2) than in structures of the oginReall...OTC). SirReall has a benzyl instead of a naphthyl-
conformation. methyl substituent on the aminothiazole and is 26-fold less potent
Another site of SirReal2-induced rearrangement is observedtian SirReal2 in the sanie vitro assay, but it retains high Sirt2
the acetyl-lysine-binding site. Here the side chains of the residgekectivity and shows similar behaviour in thermal stability assays
forming the highly hydrophobic acetyl-lysine tunnel, Tyrl04Supplementary Fig. 1b,c, Fig. 4b). Despite the presence of a
Phel19, Phel3l, Phe234 and Phe235 are shifted (Fig. 3elliffarent acetyl-lysine peptide, the structure of Sirt2...SirReall...
particular, the side chains of Phe235 and Tyr104 that usually @PpC bears a high resemblance to the Sirt2...SirReal2 complexes
the acetyl-lysine are rotated towards the surface of Sirfm.s.d. (G atoms)y%0.44A to Sirt2...SirReal2...H3, 0.59A to
Surprisingly, this rearrangement does not prevent Sirt2 frog8irt2...SirReal2...NADFig. 4c). SirReall also locks Sirt2 in the
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Figure 6 | SirReal2 selectively inhibits Sirt2 via a Sirt2-speci“c amino acid network(a) Structural sequence alignment of the Sirt1...6 deacylase domain.

The residues that presumably interact with SirReal2 are highlighted in yellow if they are equivalent to the residues of Sirt2. If they differ from the residues of
Sirt2, they are highlighted in red. The structural sequence alignment was generated using T-Cofied slightly modi“ed. b.d) Surface representation of

the binding pockets of SirReal2 in Sirt2...SirReal2. PNaxil in the homology models of Sirtl (Sirtl-HM) and Sirt3 (Sirt3-HM). The residues that differ in

the three isotypes are represented as sticks (Sirt2, slate blue; Sirt1, brown; Sirt3, turquoise). SirReal2 is shown as light pink sticks (Sirt2...Sirfegl2...NAD
lime sticks (Sirt1-HM) and olive sticks (Sirt3-HM). Despite the highly conserved active site, the binding pockets appear in very different shapés du
differences in the amino acid sequence. In case of Sirtl the amino acids that contribute to an unfavourable binding of SirReal2 are 1le279, Met296, Phe312,
lle316 and Cys380. In the case of Sirt3, the amino acids are Tyr204, Gly232, Gly265 and Val272.

open conformation and shows an almost identical interactiatifferences (Fig. 5b). In uninhibited sirtuin-acetyl-lysine-peptide
pattern as observed for SirReal2 (Fig. 4d,e). structures, the acetyl-lysine-containing peptide binds in the cleft
To get insights into the inhibition mechanism, we “rstetween the zinc-binding and NAD-binding domain, respec-
compared the structures of Sirt2...SirReal complexes with tibely, inserting its acetyl-lysine into a hydrophobic tunnel that is
available sirtuin structures lacking inhibitors. For the cosubstrdtgmed by several highly conserved phenylalanines. The binding
NADP , the binding mode does not differ substantially. NAD of the acetyl-lysine is further stabilized by a hydrogen bond
of Sirt2...SirReal2...NADalso adopts a kinked conformationbetween the N..H of the acetyl-lysine and the backbone
with a similar network of hydrophilic and hydrophobic interaccarbonyl-O of a conserved valine. The hydrophobic acetyl-
tions as observed for NAD or Carba-NADP 'in ternary sirtuin  lysine...binding tunnel is not formed in all Sirt2...SirReal
complexes (PDB-ID 2H4®  Sir2Tm-Ac-Lys-p53-peptide- structures, since Phe235, which usually caps the acetyl-lysine, is
NADP, PDB-ID 4FVE3 Sirt3-Carba-NAD -Ac-Lys-ACS- rotatedB 90 towards the surface. Moreover, the bulky naphthyl
peptide, Fig. 5a). As the main difference, the NCA riboseoiety of SirReal2 forces the acetyl-lysBes A out of its
moiety of Carba-NAD is rotatedB 30 around its glycosidic physiological position, which can be seen in ternary complexes of
bond compared with NAD in Sirt2...SirReal2...NADor sirtuins (Sir2Tm-Ac-Lys-p53-peptide-NAD, PDB-ID 2H4F,
Sir2Tm-Ac-Lys-p53-peptide-NAD. The binding mode of Sirt3-Ac-Lys-ACS-peptide-Carba-NADQ PDB-ID 4FVT, Fig. 5b).
NADP in Sirt2...SirReal2...NADtherefore shares a higher In the Sirt2 complex with SirReall, the acetyl-lysine-binding
resemblance to the conformation of NADin the ternary mode is different. The acetyl-lysine adopts an almost physiolo-
complex with Sir2Tm. gical position, as it is observed in the above-mentioned ternary
The acetyl-lysine-binding modes in ternary sirtuin complexertuin complexes. However, even in case of SirReall, the benzyl
and Sirt2...SirReal2 structures on the other hand show substamt@aéty of SirReall shifts the acetyl-lysine of the OTC peptide
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Figure 7 | SirReal2 inhibits Sirt2in vivo. (a) Acetylation level of the microtubule network (red) in the presence or absence of SirReal2 at a concentration of
20 nM. Treatment with SirReal2 leads to hyperacetylation of the microtubule network in a similar manner as observed for the Sirt2 inhibitor AGK2.
Treatment with SirReal6 on the other hand results in no substantial change of acetylation level. The scale bar represantén344). (b) Abundance of
BubR1 after incubation with SirReal2%:3). (c) SirReal2 does not alter p53-Lys382-acetylation after ultraviolet damag#43). Raw immuno”uorescent
images and uncropped blots are shown in the Supplementary Figs 8...10.

towards His187, weakening the formation of the hydrogen bomdid compared the crystal structure of the Sirt2...SirReal2 complex
between the N..H of the acetyl-lysine and the backboneith available crystal structures of sirtuins in their open
carbonyl-O of the conserved valine (distance between carbomgnformation (Fig. 6a, Supplementary Fig. 7% bAssuming
O of valine and N-KAc: 3.2 A in Sirt2...SirReall...0OTC, 2.5...2tfdk SirReal2 binds to the other sirtuin isotypes in a similar
in ternary complexes). fashion as observed for Sirt2, Sirt4...6 exhibit major differences in
To investigate the SirReal-mediated inhibition kinetics, vileir amino acid sequence. The structural differences are also very
performed competition analyses for SirReall and SirRepl®nounced (Supplementary Fig. 7a) rationalizing the observed
(Fig. 5c,d,f and g). SirReal2 is partially non-competitive atatkingin vitro inhibition of Sirt4...6 by SirReal2. Sirtl and Sirt3,
SirReall is competitive towards NAD(Fig. 5c,f). Both SirReal on the other hand, are phylogenetically more closely related to
inhibitors also exhibit acetyl-lysine competition with inhibitionSirt2 and show only minor sequence variatfhsTheir
constants of 0.28M for SirReal2 and 3.38M for SirReall conformation is more similar to the Sirt2...SirReal2..NAD
(Fig. 5d,g). This is in line with the protrusion into thecomplex than to the conformation of the isotypes Sirt5/6
acetyl-lysine-binding site that was seen in the crystal structur€dupplementary Fig. 7b). But they still show major structural
However, despite competition towards acetyl-lysine substrateslifferences (r.m.s.d. (Gtoms)/1.6 A). As it was not possible to
the cosubstrate NAP, the presence of SirReal1/2 inhibitors doegock SirReal2 in any of the available Sirtl and Sirt3 X-ray crystal
not disable Sirt2 to bind its substrates. structures (Supplementary Methods), we wanted to probe
For further exploration of the SirReal-mediated Sirt2 inhibiwhether Sirtl and Sirt3 were able to adopt a similar
tion, we synthesized several SirReal derivatives (SirReal8onfgprmation as observed in the Sirt2...SirReal2 structures that
Supplementary Fig. 5, Supplementary Notes) and determingduld allow binding of SirReal2. This would enable us to see
their inhibitory potencies (Fig. 5e). Only the combined presenediether the minor sequence variations within the deacylase
of the naphthyl substituent with the DMP moiety and the nondomain of Sirtl...3 would have an in"uence on SirReal2 binding.
methylated amide leads to a submicromolar Sirt2 inhibition. ThHeherefore, we generated homology models of Sirtl (Sirt1-HM)
substitution of the DMP moiety with a dimethylmercaptophenydnd Sirt3 (Sirt3-HM) based on our Sirt2...SirReal2 structures
substituent or the methylation of the amide-nitrogen results in(&upplementary Methods). Stereochemical analyses as well as
signi“cant loss of inhibition 4 100-fold). This suggests that themolecular dynamics simulations indicated high-quality model
formation of the intramolecular hydrogen bond and the resultingtructures, and it was indeed possible to dock SirReal2 into these
structural rigidity of Sirt2-bound SirReal2 are indispensable fbomology models (Supplementary Fig. 7c...h). However, the
potent Sirt2 inhibition. docking poses of SirReal2 in Sirtl-HM and Sirt3-HM gave less
favourable docking scores compared with the requisite scores for
Structural aspects of isotype-selective inhibitiorOne striking the docking poses of SirReal2 in Sirt2...SirReal2 structures. Here
feature of the SirReal2-mediated inhibition is its isotypghe position and the conformation of SirReal2 were correctly
selectivity. SirReal2 inhibits Si#21,000-fold more potently than predicted (Fig. 6b). In case of Sirtl, residues Leul0O3, 1le118,
Sirtl, Sirt3, Sirt4, Sirt5 and Sirté and it is therefore one of theul34, Leul38 and Leu206 of Sirt2 are substituted with 11€279,
most selective sirtuin inhibitors known to date. Met296, Phe312, lle316 and Cys380 (Fig. 6¢). Cys380 gives the
To analyse the basis of this high isotype selectivity, we creatéypothetical selectivity pocket of SirReal2 in Sirtl-HM a very
structural sequence alignment of the deacylase domain of Sirt@liff&ent shape and changes its surface characteristics. The bulky
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Sirt2...SirReall...0TC Sirt2...SirReal2...H3 Sirt2...SirReal2...NAD
Data collection
Space group P2; P2, 12
Cell dimensions (A)
a b, c(A) 36.21, 73.75, 55.86 35.99, 73.30, 55.29 83.7, 54.51, 96.69
abg() 90, 94.71, 90 90, 95.23, 90 90, 114.8, 90
Resolution (A)Y 44.43...1.45 (1.48...1.45) 44.02...1.42 (1.44...1.42) 48.28...1.88 (1.92...1..88)
Rmerge 0.126 (1.009) 0.060 (0.922) 0.068 (1.351)
Roim 0.054 (0.471) 0.035 (0.546) 0.029 (0.583)
I/ sl 9.2 (1.7) 11.9 (1.5) 19.3 (1.5)
Completeness (%) 99.9 (99.9) 99.6 (99.6) 100 (100)
CC1/2 0.995 (0.549) 0.999 (0.534) 0.999 (0.585)
Redundancy 6.5 (6.2) 3.7 (3.8) 6.6 (6.4)
Re“nement
Resolution (A) 44.43...1.45 44.02...1.42 48.28...1.88
No. of re”ections 334,389 (16,809) 199,366 (10,043) 213,173 (12,962)
Ryord Riee (%) 26.0/28.2 18.1/18.8 20.2/24.7
No. of atoms
Protein 2,251 2,406 2,350
SirReal inhibitor 25 29 29
Ac-Lys peptide/NADP 32 12 44
Zn?b 1 1 1
Water 156 242 99
B-factors (A?)
Protein 17.3 21.1 38.4
SirReal inhibitor 27.0 25.1 32.2
Ac-Lys peptide/NADb 29.8 48.3 41.8
zn?b 11.7 14.8 30.7
Water 20.5 27.0 36.0
r.m.s. deviations
Bond lengths (A) 0.012 0.008 0.014
Bond angles () 1.58 1.33 1.65
Ac-Lys, acetyl-lysine; r.m.s., root mean squared.
*Each data set was obtained from one single crystal. Sirt2...SirReall...OTC and Sirt2...SirReal2...H3 were collected at 1.0A at the Swiss Light Source (Villigen, Switzerland), Sift2w&irReg|2...NAD
collected with an in-house X-ray source at 1.5418 A.
wWalues in parentheses are for highest-resolution shell.

Phe312 and lle316 as well as Met296 and 1le279 also tightenRlge 8c). To verify the observations from the western blot data,
EC-site, resulting in an unfavourable orientation of theve also visualized the acetylation level by means of
aminothiazole and naphthyl moieties in possible docking posgamuno”uorescence microscopy. Again, the incubation with
In the case of Sirt3, the differences are mainly located at eReal2 resulted in a partial increase of the acetylation of
selectivity pocket. Here Phel43, Thr171, Leu206 and lle213hef microtubule network similar to the effects observed after
Sirt2 are substituted by Tyr204, Gly232, Gly265 and Val2ff@gatment with the Sirt2-inhibitor AGK2 (Fig. 7a, Supplementary
(Fig. 6d). The less bulky Gly232, Gly265, Val272 of Sirt3 fornFa. 97240 SirReal6, on the other hand, does not alter
much wider and also more solvent-accessible selectivity pockenasotubule acetylation. In addition, we analysed another Sirt2
compared with the Sirt2...SirReal2 structures. In contrast to tdmget. Recently, we reported that the stability of spindle assembly
SirReal2-binding pockets of the homology models of Sirtl aodeckpoint protein BubR1 is under control of Sirt2 (ref. 41).
Sirt3, SirReal2 bound to Sirt2 can adopt a conformation that isAndecline in BubR1 over time has been linked to mammalian
almost perfect complementarity with the protein, which iaging? Deacetylation of Lys668 of BubR1 by Sirt2 inhibits the
stabilized by the intramolecular hydrogen bond between thiquitination of BubR1 and its designation to the proteasome.
DMP substituent and the amide. This is not possible in Sirt1 afitherefore, the abundance of BubR1 can be used as a functional
Sirt3 and also rationalizes the observed isotype selectivity. measure forin vivo Sirt2 inhibition. Incubation with SirReal2
indeed signi“cantly resulted in a dose-dependent depletion
of BubR1, whereas SirReal5/6 did not in"uence BubR1
In vivo inhibition of Sirt2 . To validate that SirReal2 could beconcentrations (Fig. 7b, Supplementary Fig. 8d,e). We also
used as a tool to investigate the effects of Sirt2 inhibition infeund that SirReal2 treatment did not alter cell cycle
cellular setting, we incubated HelLa cells with SirReal2 at varidigtribution, ruling out that the effect on BubR1 was indirect
concentrations and determined the levebefubulin acetylation through induction of cell cycle changes (Supplementary Fig. 8f).
(Supplementary Fig. 8a,b). Incubation with SirReal2, but not witlo determine if SirReal2 selectively inhibits Sir2vivo, we
SirReal6, resulted in a signi“cant increasa-tiibulin acetylation assessed p53 acetylation following genotoxic stress (Fig. 7c,
consistent with anin vivo inhibition of Sirt2 as shown pre- Supplementary Fig. 10a). Acetylation of p53 occurs in response to
viously?”. These changes are not as pronounced when compaudttiaviolet exposure to cefband this acetylation is regulated, in
with the changes induced by the inhibition of the other maipart, by the isotype Sirtl (refs 44,45). On exposure to ultraviolet
tubulin deacetylase KDAC6 (refs 38,39). KDAC6 activity is nlight, we detected an increase in acetylation of p53, which was
affectedin vitro in the presence of SirReal2 (Supplementafyrther increased on treatment with the pan-sirtuin inhibitor
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NCA. However, we did not observe an increase in acetylationaofd physicochemical properties in comparison with previously
p53 following treatment with SirReal2/5/6. Similarly, we algblished Sirt2 inhibitors (Supplementary Table 1). We estab-
tested if SirReal2 could inhibit Sirt3 in cells by assessiighed valuable structural insights into selective Sirt2 inhibition
mitochondrial protein acetylation. Sirt3 has previously beemd show that SirReal2 inhibits SiitRvivo without affecting the
demonstrated to regulate global mitochondrial proteiactivity of the other Class-I sirtuins Sirtl and Sirt3. The observed
acetylatiofi® Following treatment with SirReal2 or NCA as aelectivity towards Sirt3 may, in part, stem from a lack of
positive control, we puri“ed mitochondria and assessed protgdenetration into the mitochondria but the cellular net result is as
acetylation by western blotting. We found that treatment wittlesired. SirReal2 may therefore be used for further cellular studies
NCA leads to an increase in the acetylation of mitochondritd probe Sirt2 biology. Our “ndings may constitute the basis for
proteins, whereas treatment with SirReal2 did not, suggesting thather selective sirtuin inhibitor development and provide a new
SirReal2 is wunable to regulate Sirt3 activity in celisol for sirtuin biology.

(Supplementary Fig. 10b). These results con“rm ithevitro

observations and indicate that SirReal2 has a strong speci“git¥thods

towards Sirtdn vivowhen compared with the other members o€loning. The gene sequences coding for human jrtas¢Uniprot: Q81XJ6) or
Class-I sirtuins Sirtl and Sirt3. human Sirt3,g.396Uniprot: QINTG) were cloned in a modi“ed pET15b vector

that contained HigyTag instead of a HisTag and a cleavage site for TEV protease
instead of one for thrombin.

Discussion
L . N . -Protein expression and puri“cation. Human Sirtl 33 74¢Uniprot: Q96EB6),
There are many indications that sirtuins play an important role ify - sirta. ™ -human Sirtde, sediuman Sirt5,  sofUniprot: QONXAS

neurodegeneratioq, cancer, bactt_er_ial infections and in"ammatigl human Sirtg, _sefUniprot: Q8NBT7) were puri‘ed as described befdre?-53
and that a modulation of Sirt2 activity could be a new strategy fauman Sirt4s _s14Uniprot: Q9Y6E7) was expressed and puri‘ed as described
pharmaceutical intervention. However, the physiological funleefor&*with the exception that autoinduction with 0.2% (w/v) lactose in TB media
tions of Sirt2 are far from being completely understood arffs iLr‘ISQEd forél%pgrséon' were expressed B, colistrain
ConC|U$ive eVidenlce for the SUitabi”Fy of Sirt2 as a pharmaceUtEi_ 1(D£é)3éodonplusllglgﬁ cells overnight at @8Overexpression was induced
target is, at least in some cases, missing. To further explore Sirt2isopropylb-o-thiogalactoside (0.1 mM) at an QR of 0.6. Cells were
function in a cellular environment, there is a de“nite need fdslgfv(eit')edylfesuslp%ndfvg in lysis buffer:]r (&{tasfg gMST;i;/HCSE 650?\/I mmEl;fégl.
. . 6 (v/v) glycerol, 5 mMb-mercaptoethanol, pH 8.0; Sifid . 33550 m )

SelseCt;Ve and po_tenf[ SIrtZdn’;Odula'iorSk. ith lecti 00 mM NaCl, 5% (v/v) glycerol, 5mktmercaptoethanol, pH 7.5) and lysed

0 far, most sirtuin modulators lack either potency, selectivifyng a microuidizer (Micro'uidics). After the removal of cell debris, the
or drug-like physicochemical properties. Recent screenifiggeratant was applied to a HisTrapFF 5ml column (GE Healthcare), washed
campaigns have identied several potent and/or selectiv@nsively before TEV protease (excess) was applied directly on the column. After
nhiDIorSIS24 5 however, wih ihe  exceplion of _thedh sl dosier € e eyt v st i s e,
macrocy(_:llc peptide S2iL5, it is not clear how these |_nh|_b|to [2as 225 mM Tris/HCl, 150 mM NaCl, pH 8.0; Sit 36225 mM
bind to Sll’t_2. And "fllthOUgh several X-ray StrUCture%OfSSWtUlns MEPES, 200 mM NacCl, 5% (v/v) glycerol, 5 nbMnercaptoethanol, pH 7.5).
complex with inhibitors have been reported la#8{5347--5these Sirtuin-containing fractions were collected and concentrated to 20 md.n#ll .
stuctures do litle 10 reveal a falonale for a Sirz:-selecifcaln sepe ere nonkordueng S0 sohacylamie g sectopruess
inhibition. ) :

With the identi“cation of the SirReal inhibitors, we establish

i it iva inhihiti vitro sirtuin assay. Initial screens were conducted with a high-throughput
the structural basis for Sirt2-selective inhibition and report a nég\érescence-based assay using the substrate ZMAL (Z-Lys(Acetyl)-AMC) that was

_potent Sirt2-selective inhibitor scaffold. As noted_above, t%thesized according to published procecfteRor this human Sirtds, 747
intramolecular hydrogen bond between the amide of thfaman Sirt2s aghuman Sirt3o1. 09T Sirt3is. sowere mixed with assay buffer
aminothiazole and a nitrogen atom of the DMP moiety give§0mM Tris/HCI, 137 mM NaCl, 2.7 mM KCl, 1mM Mg&IpH 8.0),b-NAD P
the inhibitor a rigid form that can act as a molecular wed “O%'Wi‘/'f‘?‘ay Confgrgra“MO” 5“":")' lthe. supsgﬁesé;"“-d(“ﬂa' assay ?On?er?g.aﬁo’.‘

: . - . .10, rom a 12.6 mM stock solution in and the respective inhibitor in
IQCkmg the enzyme _Conformatlon with SUbs,equem Sirt2 inhib SO at various concentrations or DMSO as a control (“nal DMSO
tion. Not only essential for the potency, the intramolecular bon@ncentration 5...20% (v/v)). The mixture was incubated 4 &t 4h, with
also seems to play an important role for the compoundss Siktation at 150 r.p.m. Deacetylation was then stopped by the addition of a solution
selectivity, as it can only be formed when bound in perfegntaining NCA and trypsin (50 mM Tris/HCI, 100 mM NaCl, 6.7% (v/v) DMSO,

. . . . . sin 5.5 Ui 1, 8mM NCA, pH 8.0, 6@1) and the mixture was then incubated
complementarlty to the active site of Sirt2. This seems not to @?gtryptic digestion of the deacetylated product to release the "uorophor (20 min,

possible if bound to Sirtl or Sirt3. ) ) 37 C, 150r.p.m.). Then the "uorescence intensity was measured in a microplate
Another important aspect alongside the internal hydrogesader (BMG Polarstat ., 390 nm,| o, 460 nm). The amount of inhibition was
bond of SirReal-mediated Sirt2 inhibition is the exploitation ¢fetermined with respect to the mixture with only DMSOsd@alues were

P ; il termined with Graphpad Prism software using a non-linear regression to “t the
t[he SeleCtIVIty pOCI.(et . by . SI.rR.eaI Inh!bltors' The only oth gse...response curve. SirReall and SirReal2 were also tested for Sirtl...3 inhibition
|sotype—selecpve sirtuin inhibitors W”h known. StrUCtUreSyith a non-labelled acetyl-lysine peptide substrate (basettabulin with two
CHIC-35 (Sirtl-selectiv8), EX-527 (Sirtl-selecti®) and additional tryptophans (residues 36...44, H-PSDK(Acety) TIGGWW-NHIM,
SRT1720 (Sirt3-selecti6%)either bind to the EC-site and/or to Supplementary Methods). SirReal2 was also tested for Sirt5...6 inhibition with non-

_Iveina_-hindi i i i inhihi belled acyl-lysine peptide substrates (Sirt5: Benzoyl-GVLK(Succinyl)EYGV-NH
?S?f?;g lysine b:cr,l[gm.g EI.Le.tht n?:thertt)hedl.ndme Ighlb;]tors rk;dfOnM; Sirt6: Ac-EALPKK(Myristoyl) TGG-NK 10mM) The substrate was
or any orthe InnIbItors Wnose DINAING MOdes have D&tdlpaied (10 minB 0.5mM Sirt1/2/3/5/6, 500M b-NAD P | 5...20% (v/v) DMSO,

elucidated by means of X-ray crystallography occupy tB@mm Tris/HCI, 137 mM NaCl, 2.7mM KCI, 1 mM Mg&IpH 8.0), stopped by
selectivity pocket (Fig. 6). This pocket is formed by two loop® addition of tri"uoroacetic acid (TFA, 10% (v/v), “nal concentration 1% (v/v)).
that connect the Rossmann fold domain with the smaller zin&he components of the stopped reaction mixture were separated by HPLC (Agilent

.. . . . L ey 00, Phenomenex reversed phase column Kinetex RP#®,250 3 mm) using
b'ndmg domain. The residues that form this pocket signi cantl linear gradient of acetonitrile (20...60% (v/v) acetonitrile, 0.1% (v/v) TFA,

differ within the sirtuin family a'_']d tf_irg?tir‘g _th_iS pOCk_et mayh.e mimin 1). Peaks of acetylated and deacetylated substrate were quanti‘ed by
present a new strategy for selective sirtuin inhibitor design. Thegsorption at 280 nm. Sirt4-dependent deacetylation reactions were performed
particular “ndings would not have been discovered with the u%{?_hB?” ﬁceW'?‘tegONnﬁfﬁfﬁéﬁié‘é-'\‘gmLLg(AC:tgl)s'ySSPDK-IEJ%Wv ’

: : ; iochem., in 50 mM Tris/HCI, 150 mM NaCl, pH 7.5). Samples were taken
of computatu_)nal m.ethOdS. and .Ehe .avallabk.a Sirt2 Strucmres.‘ between 0 and 45min and reactions were stopped by mixing 1:1 with 0.5% (v/v)
In conclusion, with the identi“cation of SirReal2, we providgra. The samples were then diluted to a peptide concentratiomigf ith 0.1%

an isotype-selective drug-like inhibitor with optimized potency/v) formic acid and analysed on an EASY-nLCll connected to a LTQ mass
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spectrometer (Thermo Fisher Scienti‘c). Peptides were separated by a linear NADP complex structures originate from tiNdlelrestriction site of the modi“ed
gradient of acetonitrile (0...100% (v/v), 0.1% (v/v) TFA, 300 nl Aian a reprosil PET15b vectors -weightedR, F. electron density OMIT maps were generated
C18 reversed phase column. Peak areas of acetylated and deacetylated peptiféd the Phenix suite”. Images were prepared with Pymol (The Pymol Molecular
were extracted using SkylfifeA solution with DMSO was used as a negative Graphics System, Version 1.6, Sciimger, LLC), r.m.s.d. values were calculated
control while a solution with the physiological inhibitor NCA served as a positivéth SUPE§PO§E and the surface of the binding pockets was generated using
control (Fig. 1c). Owing to the lack of a suitable screening assay for human SIH@LLOWEE. The two-dimensional representation of the interactions of NCA with
we focused our studies on isotypes Sirtl...6. Fluor-de-Lys assays (Enzo Life Sirt2 were generated with LigPhof”.

Sciences) were conducted according to the manual using the HDACS8 Fluor-de-Lys

deacetylase substrate (BML-KI178-0005). Determination of kinetic parameters for SirReall/2 For SirReal-inhibition
kinetics, a mixture oé-tubulin peptide substrate (residues 36...44, H-PSDK

Protein crystallization. All crystallization trials were performed in 96-well plates(AC?;yl)TIGGWSW'N:_iZ 2.5t.”7m|\\/|/|’ tfr?rudetailljsbabgut;héad&bulisn Eeptlif;;
(Intelli-Plate 96-3 Low Pro‘le, Art Robbins Instruments) using an Oryx nano SYNthesis see Supplementary MethotAD® (5...1,50tM), SirReal

. : : : (various concentrations in 50 mM Tris/HCI, 137 mM NacCl, 2.7 mM KCI, 1mM
zlr?j t;?r?aéz23::«2?;3%?18;)';?{;?2?3)6 Reservoir solutions were precooled:to 4MgCI2, 5% (v/v) DMSO, pH 8.0) was incubated (€}. The reaction was started

- - . ! - the addition of human Sirt2  3s£2nmM), stopped after 1...50 min with TFA
For co-crystallization experiments with SirReall and SirReal2, a solution of%{ " 275685 )
truncated Sirtgs__3s5¢20mgml 1 “nal concentration) was preincubated with a 8% (vAv), “nal concentration 1% (v/v)) and analysed by_HELC as Qe_scrlbed
/L%bove. The peak areas were integrated and converted to initial velocities calculated
t

saturated aminothiazole solution (100 mM stock solution in DMSO, 1...2% (v . : .
DMSO “nal concentration) in the presence of H3 peptide (100 mM stock soluti om the peak areas as the fraction of deacetylated peptide from total peptide. From

in 25 mM HEPES, 200 mM NacCl, 5% (v/v) glycerol, pH 7.5, 2mM “nal
concentration, derived from acetylated Histone H3 (residues 11...17), Peptide o HESUP
Specialty Laboratories), acetylated OTC oligopeptide (100 mM stock solution iﬁoﬁwareb-NADp (SOOrTM) was used for the detgrmlnatlon of the kinetic
DMSO, 2mM “nal concentration, derived from ornithine transcarbamoylase parameters for the PeF_’“d? substrate, diof peptb|de substrate was used for the
(residues 83...92), Peptide Specialty LaboratoriesNab P (Sigma-Aldrich, determination of the kinetic parameters fBNAD P .
100 mM stock solution in 25 mM Tris/HCI, 150 mM NacCl, pH 8.0, 10mM “nal
concentration) for 60 min at 4C, centrifuged (4C, 10 min, 16,109 and Thermal shift assays Human Sirt2s.350.2mgml 1 “nal concentration) was
crystallized. Sirt2...SirReall...OTC...peptide complex crystallized in 25% (wW/Vinixed with or without ligand containing buffer (25 mM Tris/HCI, 150 mM NaCl,
polyethylene glycol (PEG) 3,350 and 0.1 M Bis...Tris buffer at pH of 6.5 @nd 459, (v/v) DMSO, 1:4,000 Sypro Orange, pH 8.0) in absence or presence of
Sirt2...SirReal2...H3...peptide complex crystallized in 2.8)y5Mjtdnd 0.1M  b-NADP (100 mM stock solution in 25 mM Tris/HCI, 150 mM NaCl, pH 8.0, “nal
Tris/HCI buffer at pH 9.0 and 4C. For both conditions, a protein solution to  assay concentration 5mM) or acetylated H3-peptide (100 mM stock solution in
reservoir solution ratio of 1:3 was used. The Sirt2...SirReal2. donidlex 25mM HEPES, 200 mM NacCl, 5% (v/v) glycerol, pH 7.5, “nal assay concentration
crystallized in 0.1 M KSCN, 30% (w/v) PEG MME 2,000 & #vith a protein  5mM). Fluorescence was monitored during a temperature ramp from 28...95
solution to reservoir solution ratio of 3:1. The crystals were mounted in nylon loogs C min 1) using a Bio-Rad iCycler iQ5 (4titude, FrameStar 96-well plates,
and if required, cryoprotected by the addition of 20% (v/v) of glycerol before "agii-0771, 4titude qPCR Seal, 4ti-0560). Melting temperatures were determined
cooling in liquid nitrogen. according to published procedufésising Graphpad Prism software.

Crystals of Sirt2 in complex with ADPR (13 mg il “nal concentration,
20mM ADPR, 1 M stock solution in 1 M Tris/HCI buffer at pH 9.0) were obtained o .
using 18% (w/v) PEG 10,000 and 0.1 M Bis...Tris buffer at pH 5.75 a@d Tite Cell cu!tlvatlon. Hela cells (DSMZ accession no. 057)_ and U20S cells '(ATCC
crystals formed after 1 day and were then soaked in a buffer containing 18% (v@&§ession no. HTB-96) were grown in Dulbeccoss modi‘ed Eagless medium (PAA)
PEG 10,000, 0.1 M Bis...Tris buffer at pH 5.75, 200 mM NCA for 30 min. They wetBtaining 10% (v/v) fetal calf serum (FCS, PAA), 1% (v/v) penicillin (PAA), 1%
then mounted in nylon loops after addition of glycerol to a “nal concentration d//V) streptomycin (PAA), 1% (v/v)-glutamine (PAA) at 37C in a 5% (v/v) CQ
20% (v/v) before "ash cooling in liquid nitrogen. atmosphere.

is, reaction rates infM min 1 were obtained by linear regression, whilgand
k.at Were obtained directly from Michaelis...Menten plots using Graphpad Prism

ulin acetylation. HeLa cells were plated in petri dishes (5cm, PAA), incubated
rnight to a con”uency of 30...40% and then treated with SirReal2 dissolved in
VI[1640 medium supplemented with fresh 20% (v/v) FCS (PAA), 1% (v/v)
icillin (PAA), 1% (v/v) streptomycin (PAA), 1% (v/v}glutamine (PAA),

Data collection and processing Data were collected at beamline X06SA (SirtZ.Tyb
SirReal2...H3 complex) or X06DA (Sirt2...SirReall...OTC complex, Sirt2...A
NCA complex) with Pilatus detectors (Dectris) at the Swiss Light Source (Villigeh,

Switzerland). All experiments were carried out at 100 K with oscillations of 0.25’)(51'n } / .
0.5 at an X-ray wavelength of 1.0 A. The Sirt2...SirReal2P.aBplex was 1% (v/v) DMSO for 5h at various concentrations. Cells were then washed with

: : : d PBS (2ml), lysed in SDS...PAGE sample bufiiér§@onM Tris/HCI,
determined from data collected on a MicroMax 007HF rotating anode X-ray prewarme - . "
generator (Rigaku) at an X-ray wavelength of 1.5418 A, equipped with a mang mM EDTA, 1 Complete Protease Inhibitors (Sigma-Aldrich), 2% (v/v)

; ; AGEPAL (Sigma-Aldrich), 2% (w/v) SDS, 10% (v/v) glycerol, 50 mM NCA
gl:?(gg ;a;ﬁddgie;:g:jr S\élsaerng:tiﬁrecfgz)b*Alclzr(iit(aatﬁa%zitirs]gv’iir;Irérsogg‘essed with Bhos igma-Aldrich), 3.8M trichostatin A (Sigma-Aldrich), 50 mM DTT, 0.01% (w/v)

bromophenol blue, pH 6.8) and sonicated (5 min). Cell samples were then
separated using SDS...PAGE (12.5% (w/v) polyacrylamide), transferred to an
Structure solution and re“nement. All structures were solved by molecular ~ activated nitrocellulose membrane (Bio-Rad), blocked with non-fat dry milk
replacement using either MOLRERor PHASERC with a monomer of (Roth, 5% (w/v), TBS, 0.1% (v/v) Tween 20) and probed with an anti-aeetyl-
Sirt2...ADPR (PDB-ID 3ZGY¥or the initial Sirt2-aminothiazole-structure tubulin antibody (1:1,000, Sigma-Aldrich, T6793) and an anti-GAPDH antibody
(Sirt2...SirReal2...H3) as a search model. Model building was carried out usirfd:2,000...1:5,000, Sigma-Aldrich, G9545) as a loading control (Fusion SL, peqlab).
Coofl and the structure was re“ned with REFMACS (ref. 62). Ligands were An uncropped blot is shown in Supplementary Fig. 8.

generated using the Grade Web Server (Global Phasing Ltd., Cambridge). All

structures were validated using the Molprobity sé%er Abundance of BubR1HelLa cells e "

. ) w plated in six-well plates were treated with

. Slrt2...S|rReaI1_...OT_C was re n%d to aRpa. of 26'.0% antRye. Of 28.2% ._SirReal2 dissolved in FCS (1% (v/v) DMSO, 16 h) at various concentrations. Cells

with 98% of all amino acids of the re“ned model found in the most favored regiolre washed with PBS lysed in IPLS (50 mM Tris/HCI, 1560 mM NaCl, 0.5 mM
of the Ramachandre_m plot. S|rt2...S|rReaI2...|_-|3 was re ned tRyqnalf 18'1% EDTA, 0.5% (v/v) NP-40, pH 7.5, supplemented with Complete protease inhibitors
and Ryee Of 18.8% with 98% of gll resm!ues falllgg into the most-favoured region oche)). Samples were pelleted and resuspended i80S...PAGE sample buffer
the Ramachandran plot. The SIrtZ....SII’ReaIZ...N)@B}pr was re nedtoa®nal ;.4 heated (95C, 5min). Cell samples were separated using SDS...PAGE (10%
Ruork Of 20.2% antRyree Of 24.7% with 97% of all residues in the most-favoured\ ) nolyacrylamide), transferred to a nitrocellulose membrane (Bio-Rad),
Ramachandran plot regions. Finally, the SytZ...ADPR...N(?A complex was re“ngq) ed with non-fat dry milk (Roth, 5% (wiv), TBS, 0.1% (v/v) Tween 20) and
a “nal Ryor. 0f 21.1% andRyree Of 23.9% with 98% of all residues in the most robed with the anti-BubR1 (1:5,000, BD Biosciences, 612502) and anti-tubulin

favt<|)_red I'?:ar:twr?chgn?ran Iﬁ)loi‘regior:js. A“” structturfstld;)_ not hafve Rdama_lgh;nd;-a :5,000, Sigma-Aldrich, T5168) as a loading control. Uncropped blots are shown
outliers. Further data collection and re‘nement statistics are found in Table 1 ;"0 g\nnlementary Fig. 8.

(Sirt2...SirReall...0TC, Sirt2...SirReal2...H3, Sirt2...SirRealEndNAD
Supplementary Table 2 (Sirt2...ADPR...NCA).

Most of the residues of all new structures are well de“ned in the electron denditymunocytochemistry. HeLa cells that were incubated with SirReal2 (20 and
maps except for some parts of the "exible cofactor-binding loop (residues 96...3@0M), SirReal6 (56M), AGK2 (Sigma-Aldrich, 26M) or DMSO as a control in
Sirt2...SirReal2...NADSIrt2...SirReal2...H3, Sirt2...SirReall...0TC) and parts Blilbeccoss modi“ed Eagless medium supplemented with 10% FCS, antibiotics and
the Sirt2-speci“c insertion loop (residues 295...305, Sirt2...SirReal2...NAD  DMSO (1% (v/v)) for 4 h, were “xed with ice-cold methanol (10 min), washed with
Sirt2...SirReal2...H3, Sirt2...SirReall...OTC). The weak density fam NaD PBS and blocked with PBS supplemented with 0.1% (v/v) Triton-X-100 and 5%
Sirt2...SirReal2...NARomplex may also be due to partial hydrolysis of NAD  (v/v) FCS (30 min). Cells were then stained with an anti-agetybulin antibody
and the formation of different conformers. The visible amino-terminal histidine(Sigma-Aldrich, T6793) and then probed with a secondary Alexa 546
and methionine visible in the Sirt2...ADPR...NCA complex and Sirt2...SirReal@onjugated anti-mouse-antibody (Invitrogen). Nuclei were counterstained with
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DAPI (4°6-diamidino-2-phenylindole). Coverslips were mounted with Fluor- 23, Szczepankiewicz, B..al. Synthesis of carba-NAD and the structures of its
oMount (Sigma-Aldrich) and sealed with DPX Mountant (Sigma-Aldrich). Images ternary complexes with SIRT3 and SIRT50rg. Chenv7,7319...7329 (2012).

of the mounted samples were acquired on a Leica DM500 microscope equippgsl suzuki, Tet al. Design, synthesis, and biological activity of a novel series of
with a Leica DFC 395 FX camera and HBO 100 W téfinphe microscope was run — “h;man sirtuin-2-selective inhibitord. Med. Chen®5, 5760...5773 (2012).

with the Leica Application Suite 4.4.0 software. Chroma UV “lter set (No. C40888) ‘Napper, A. Det al. Discovery of indoles as potent and selective inhibitors of
and Leica N2.1 “Iter set (No. 513832) were used for DAPI and Alexa 546 signal o deacetylase SIRTL.Med. Cher8, 8045...8054 (2005).

acqu_isition, respectivgly, with a HCX FL ‘Fluotar 40x/0.75 (dry) objec_tive. FW‘%‘. Hoffmann, G., Breitenbticher, F., Schuler, M. & Ehrenhofer-Murray, A. E. A

details abqut the equipment and the settings _that were used to acquire the IMagER el sirtuin 2 (SIRT2) Inhibitor with p53-dependent pro-apoptotic activity in

are found in the S_upplementary Methods section. Unprocessed images are found i on-small cell lung canced. Biol. Chem289, 5208...5216 (2014).

Supplementary Fig. 9. 27. Cui, H.et al. Discovery of potent and selective sirtuin 2 (SIRT2) inhibitors
using a fragment-based approadhMed. Chenb7, 8340...8357 (2014).

p53 Acetylation. U20S cells (ATCC accession no. HTB-96) were seeded and28. Yamagata, ket al. Structural basis for potent inhibition of SIRT2 deacetylase

cultured until they reached 90% con”uency. Cells were then pretreated for 1 h with by a macrocyclic peptide inducing dynamic structural chaSgeicture22,

NCA (Sigma-Aldrich), SirReal2, SirReal5 or SirReal6 at the indicated concentra- 345...352 (2014).

tions, and then subsequently exposed to 20 J2mitraviolet light. Cells were 29. Heltweg, B., Trapp, J. & Jung, INlvitro assays for the determination of

incubated for an additional 6 h in the presence of the inhibitor and then lysed in histone deacetylase activittethods36, 332...337 (2005).

IPLS (50 mM Tris/HCI, 150 mM NaCl; 0.5 mM EDTA; 0.5% (v/v) NP-40; 1 30. Avalos, J. L., Bever, K. M. & Wolberger, C. Mechanism of sirtuin inhibition by

Complete Protease Inhibitors (Roche), pH 8.0) and resuspended ihdemmli nicotinamide: altering the NAP cosubstrate speci“city of a Sir2 enzyiiel.

Buffer. Samples were then separated on SDS...PAGE, transferred to a nitrocellulasel| 17, 855...868 (2005).

membrane (Bio-Rad), blocked with non-fat dry milk (Roth, 5% (w/v), TBS, 0.1%4. Avalos, J. let al. Structure of a Sir2 enzyme bound to an acetylated p53

(viv) Tween 20) and probed with anti-acetyl-p53 K382 (Cell Signaling, #2522),  peptide.Mol. Cell10, 523...535 (2002).

anti-p53 DO.1 (Santa Cruz Biotechnology, sc-126) and anti-vinculin (Cell Sig-32 Cosgrove, M. 8t al. The structural basis of sirtuin substrate afnity.

naling, #4650) as a loading control. Uncropped blots are shown in the Biochemistry5, 7511...7521 (2006).

Supplementary Fig. 10. 33. Gertz, Met al. Ex-527 inhibits Sirtuins by exploiting their unique

NAD P -dependent deacetylation mechanigPnoc. Natl Acad. Sci. USAO,
E2772...E2781 (2013).

Hoff, K. G., Avalos, J. L., Sens, K. & Wolberger, C. Insights into the sirtuin
mechanism from ternary complexes containing NARNd acetylated peptide.

References

1. Feldman, J. L., Baeza, J. & Denu, J. M. Activation of the protein deacetylé’é%
SIRT6 by long-chain fatty acids and widespread deacylation by mammalian
sirtuins.J. Biol. Chem288, 31350...31356 (2013). o SDt_r“TCt“re“' 1231"'|1$4g (500_6)' . o the mutio

2. Jiang, Het al. SIRT6 regulates TN&-secretion through hydrolysis of - DI Tommaso, R-:tg. -Cotiee: a we server_ort e mu t'p.e sequence
long-chain fatty acyl lysinéature 496, 110...113 (2013). alignment of protein and RNA sequences using structural information and

3. Du, Jet al.Sirt5 Is a NAD-dependent protein lysine demalonylase and homology extensiorNucleic Acids Re89, W13...W17 (2011). o
desuccinylas&cienc@34, 806...809 (2011). 36. Frye,_ R. A Phyloge_netlc classi“cation of prokaryotic and eukaryotic Sir2-like
4. Du, J., Jiang, H. & Lin, H. Investigating the ADP-ribosyltransferase activity of Proteins.Biochem. Biophys. Res. ComniZi8, 793...798 (2000). )
sirtuins with NAD analogues and 32P-NABiochemistry8, 2878...2890 37. Trapp, Jet al. Adenosine mimetics as inhibitors of NADdependent histone

(2009). deacetylases, from kinase to sirtuin inhibitidnMed. Chen%9, 7307...7316
5. Vagquero, A., Sternglanz, R. & Reinberg, D. NABependent deacetylation of (2006). . . .
H4 lysine 16 by class Il HDAC©®ncogen&6, 5505...5520 (2007). 38. Hubbert, Cet al. HDACS is a microtubule-associated deacetyldature417,

6. North, B. J., Marshall, B. L., Borra, M. T., Denu, J. M. & Verdin, E. The human 455...458 (20_02)' . X X
Sir2 ortholog, SIRT2, is an NAD-dependent tubulin deacetylagéol. Celll1, 39- Mangas-Sanjuan, ¥t al. Tubulin acetylation promoting potency and
437...444 (2003). absorption ef‘cacy of deacetylase inhibitds. J. Pharmacol72,829...840

7. Beirowski, Bet al.Sir-two-homolog 2 (Sirt2) modulates peripheral myelination (20%4_)- . . o .
through polarity protein Par-3/atypical protein kinase C (aPKC) signaling. 40. Toksi, N.et al. TPPP/p25 promotes tubulin acetylation by inhibiting histone

Proc. Natl Acad. Sci. US®8, E952...E961 (2011). deacetylase 6. Biol. Chen285,17896...17906 (2010).
8. de Oliveira, R. M., Sarkander, J., Kazantsev, A. G. & Outeiro, T. F. SIRT24% Alorth, B. Jet al. SIRT2 induces the checkpoint kinase BubR1 to increase
therapeutic target for age-related disord&mnt. PharmacoB, 82 (2012). lifespan.EMBO J33, 1438...1453 (2014).

9. Pais, T. Fet al. The NAD-dependent deacetylase sirtuin 2 is a suppressor §R- Baker, D. &t al.Increased expression of BubR1 protects against aneuploidy
microglial activation and brain in"ammatioEMBO J32, 2603...2616 (2013). _ and cancer and extends healthy lifesgdat. Cell Biol15, 96...102 (2013).

10. Kim, H.-Set al. SIRT2 maintains genome integrity and suppresses 43. Sakaguchi, ket al. DNA damage activates p53 through a phosphorylation-
tumorigenesis through regulating APC/C activiBancer CelP0, 487...499 acetylation cascadéenes Dew.2, 2831...2841 (1998).
(2011). 44. Vaziri, Het al.hnSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase.
11. Serrano, Let al. The tumor suppressor SirT2 regulates cell cycle progression Cell107,149...159 (2001).
and genome stability by modulating the mitotic deposition of H4K20 45. Luo, Jet al. Negative control of p53 by Sazromotes cell survival under
methylation.Genes De7, 639...653 (2013). stressCell107,137...148 (2001).

12. Yang, M. Het al. HDAC6 and SIRT2 regulate the acetylation state and 46 Lombard, D. Bet al. Mammalian Sir2 homolog SIRT3 regulates global
oncogenic activity of mutant K-RA®lol. Cancer Red.1, 1072...1077 (2013). mitochondrial lysine acetylatiodol. Cell. Biol27,8807...8814 (2007).
13. Liu, P. Yet al. The histone deacetylase SIRT2 stabilizes Myc oncopraBaitis. 47- Schuetz, /et al.Structural basis of inhibition of the human NADdependent

Death Differ.20, 503...514 (2013). deacetylase SIRTS by suranftructurel5, 377...389 (2007).

14. Eskandarian, H. Zet al.A role for SIRT2-dependent histone H3K18 48. Zhao, Xet al. The 2.5A crystal structure of the SIRT1 catalytic domain bound
deacetylation in bacterial infectioBcienc&41,1238858...1238858 (2013). to nicotinamide adenine dinucleotide (NAD) and an indole (EX527

15. Outeiro, T. Fet al.Sirtuin 2 inhibitors rescue-synuclein-mediated toxicity in ~ analogue) reveals a novel mechanism of histone deacetylase inhibifibed.
models of Parkinsones diseaSeienc&17,516...519 (2007). Chem 56, 963...969 (2013).

16. Chopra, Vet al. The sirtuin 2 inhibitor AK-7 is neuroprotective in 49. Nguyen, G. T. T., Schaefer, S., Gertz, M., Weyand, M. & Steegborn, C.
Huntingtones disease mouse modélell Rep2, 1492...1497 (2012). Structures of human sirtuin 3 complexes with ADP-ribose and with

17. Bobrowska, A., Donmez, G., Weiss, A., Guarente, L. & Bates, G. SIRT2 ablatiosarba-NAD® and SRT1720: binding details and inhibition mechaniéota
has no effect on tubulin acetylation in brain, cholesterol biosynthesis or the Crystallogr. D Biol. Crystallo9, 1423...1432 (2013).
progression of Huntingtones disease phenotypasvo. PLoS ONE, 34805 50. Nguyen, G. T. T., Gertz, M. & Steegborn, C. Crystal structures of Sirt3

(2012). complexes with 4s-bromo-resveratrol reveal binding sites and inhibition
18. Finnin, M. S., Donigian, J. R. & Pavletich, N. P. Structure of the histone mechanismChem. Biol20, 1375...1385 (2013).
deacetylase SIRTRat. Struct. Biol8, 621...625 (2001). 51. Disch, J. &t al.Discovery of thieno[3,2-d]pyrimidine-6-carboxamides as

19. Moniot, S., Schutkowski, M. & Steegborn, C. Crystal structure analysis of potent inhibitors of SIRT1, SIRT2, and SIRT3Med. Chenb6, 3666...3679
human Sirt2 and its ADP-ribose complek.Struct. Bioll82,136...143 (2013).  (2013).
20. Jin, Let al.Crystal structures of human SIRT3 displaying substrate-induce®2. Maurer, B., Rumpf, T., Scharfe, M. & Stolfa, D. A. Inhibitors of the NAD

conformational changes. Biol. Chen284,24394...24405 (2009). dependent protein desuccinylase and demalonylase Sg&Med. Chem. Lett.
21. Davenport, A. M., Huber, F. M. & Hoelz, A. Structural and Functional Analysis 12, 1050...1053 (2012).
of Human SIRT1J. Mol. Biol426,526...541 (2014). 53. Schlicker, C., Boanca, G., Lakshminarasimhan, M. & Steegborn, C.
22. Pan, P. Wet al. Structure and biochemical functions of SIRT6Biol. Chem. Structure-based development of novel sirtuin inhibitéging3, 852...872
286,14575...14587 (2011). (2011).
12 NATURE COMMUNICATIONf6:6263 | DOI: 10.1038/ncomms7263 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7263 ARTICLE

54. Laurent, Get al. SIRT4 coordinates the balance between lipid synthesis anR01 AG019719), the Glenn Foundation for Medical Research, the United Mitochondrial

catabolism by repressing malonyl CoA decarboxyMsé. Cell50, 686...698 Disgase Foundation, The Juvenile Diabetes foundation ar_1d a gift from thg Schulak
(2013). family. B.J.N. was supported by BIDMC/Harvard Translational Research in Aging

55. MacLean, Bet al. Skyline: an open source document editor for creating and' raining Program (T32 AG023480). C.S. and M.P. thank Oberfrankenstiftung for sup-
analyzing targeted proteomics experimeBisinformatic26, 966...968 (2010). port. J. Ovdi was SUqurted by the Hungarian National Scn,anp“c Research Fund Grants

56. Winn, M. D.et al.Overview of the CCP4 suite and current developmets OTKA T-101039 and Richter Gedeon Nyrt (4700147899). JdiOwAS. and M.J. thank
Crystallogr. D Biol. Crystallog7, 235...242 (2011). the COST Action TD0905 *Epigenetics,from bench to bedsides for support.

57. Kabsch, W. XD®\cta Crystallogr. D Biol. Crystallog6, 125...132 (2010).

58. Karplus, P. A. & Diederichs, K. Linking crystallographic model and data Author contributions

quality. Scienc&36,1030...1033 (2012). T.R., W.S., O.E. and M.J. designed the study and wrote the paper. T.R. performed the
59. Vagin, A. & Teplyakov, A. Molecular replacement with MOLRitfea crystallization experiments, collected the data and analysed all the data. S.G. analysed the
Crystallogr. D Biol. Crystallogi, 22...25 (2010). structural data. M.Schiedel synthesized SirReal inhibitors. C.R. performed the kinetic
60. McCoy, A. Jet al. Phaser crystallographic softwade Appl. Crystallogd0, analysis. T.R., C.R., M.P., M.Schiedel and M.G. performed the inhibition tests. T.R., C.R.,
658...674 (2007). M. Schiedel and M. Schutkowski analyseditro data. B.J.N., T.R., K.S,, K.l.L., A.L., J.
61. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and develop@ht J. Ovai and K.I.L. performed the cellular biology, T.R., B.J.N., A.L., 3l @ud
of Coot.Acta Crystallogr. D Biol. Crystallog6, 486...501 (2010). D.A.S. analysed the cellular data. B.K. and W.S. performed computational analysis. All

62. Murshudov, G. Net al. REFMACS for the re“nement of macromolecular  aythors discussed and commented on the manuscript.
crystal structuresActa Crystallogr. D Biol. Crystallogf, 355...367 (2011).
63. Chen, V. Bet al.MolProbity: all-atom structure validation for macromolecular

crystallographyActa Crystallogr. D Biol. Crystallog6, 12...21 (2010). Additional information

64. Adams, P. Det al. PHENIX: a comprehensive Python-based system for Accession codeCoordinates and structure factors of the Sirt2-SirReal2-RAD
macromolecular structure solutioActa Crystallogr. D Biol. Crystallogs, complex (4RMG), Sirt2-SirReal2-H3 complex (4RMH), Sirt2-SirReal1-OTC complex
213...221 (2010). (4RMI) and the Sirt2-ADPR-NCA (4RMJ) complex have been deposited in the

65. Krissinel, E. Enhanced fold recognition using ef‘cient short fragment Protein Data Bank under the above-mentioned accession codes.

clustering.J. Mol. Biochent, 76...85 (2012). . . ) .
66. Ho, B. K. & Gruswitz, F. HOLLOW: generating accurate representations 0?upp|amentary-Infprmatlonaccompames this paper at http://www.nature.com/
naturecommunications

channel and interior surfaces in molecular structuB¥dC Struct. Biol8, 49

(2008). ) ) o ) Competing “nancial interests:D.A.S. is a consultant to and inventor on patents licensed
67. Laskowski, R. A. & Swindells, M. B. LigBlotmultiple ligand-protein to GlaxoSmithKline, OvaScience, MetroBiotech, companies working onPNeia|
interaction diagrams for drug discovedy.Chem. Inf. Modehb1, 2778...2786  sjrtuin modulation.
(2011).
68. Niesen, F. H., Berglund, H. & Vedadi, M. The use of differential scanning Reprints and permissioninformation is available online at http://npg.nature.com/
"uorimetry to detect ligand interactions that promote protein stabilitat. reprintsandpermissions/

Protoc.2, 2212...2221 (2007). How to cite this article: Rumpf, T.et al. Selective Sirt2 inhibition by ligand-induced

rearrangement of the active sitéat. Commun6:6263 doi: 10.1038/ncomms7263 (2015).
Acknowledgements
We thank C. Kambach (University of Bayreuth, Department of Biochemistry, Uni- This work is licensed under a Creative Commons Attribution 4.0
versitasstra e 30, 95445 Bayreuth, Germany) for providing Sirt6. The studies have b = International License. The images or other third party material in this
supported by the Deutsche Forschungsgemeinschaft (Inhibitors: Ju295/8-1, Sig68/aatticle are included in the articless Creative Commons license, unless indicated otherwise
structural work: SFB992 Medical Epigenetics, Project Z02) and the EU (cellular studieghe credit line; if the material is not included under the Creative Commons license,
SEtTReND, Nr. 241865, FP7 Health). M. Schutkowski was supported by grants fromusers will need to obtain permission from the license holder to reproduce the material.
BMBF (ProNet T3). D.A.S. was supported by grants from NIH/NIA (R01 AG028730 afi@ view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

NATURE COMMUNICATION$5:6263 | DOI: 10.1038/ncomms7263 | www.nature.com/naturecommunications 13
& 2015 Macmillan Publishers Limited. All rights reserved.



‘ X NH,

P

N
Nicotinamide
I1Cs(Sirt1): 50-100 uM
1C5y(Sirt2): 1.2-100 uM

ICs(Sirt3): 30 uM
[e]
o)
HN \ S
/J NH
N
|
LN/ 7w,

ELT inhibitor 11¢

ICso(Sirt1): 0.004 uM
ICso(Sirt2): 0.003 uM
ICso(Sirt3): 0.004 M

&

N

N N
o
SRT1720
IC5(Sirt1):  activation

1C5,(Sirt2): no inhibition
1C5o(Sirt3): 0.56 uM

o
o N\—NH,
N

,

cl

EX-527 (racemic)
IC5(Sirt1): 0.098 uM
IC5(Sirt2): 20 upM
ICs5o(Sirt3): 49 uM

o

e

N
NS 0
I
LN/ Y, N,
ELT inhibitor 28
ICso(Sirt1): 0.015 uM
IC5(Sirt2): 0.010 uM
ICso(Sirt3): 0.033 uM

Br

CHIC-35

ICso(Sirt1): 0.124 uM
ICeo(Sirt2): 2.8 uM
ICyo(Sirt3): > 100 pM

N,
HN *b
N
NTX S o)
! Y,
kN/ NH,

ELT inhibitor 31
IC5(Sirt1): 0.004 uM
ICs(Sirt2): 0.001 uM
1C50(Sirt3): 0.007 pM

O L _

S

HO I OH

4‘-bromoresveratrol
ICs(Sirt1):
1C5(Sirt2): not determined
1C50(Sirt3):

> 50 uM

143 uM

YHTYHV-Lys(Tfac)-RRTNYY

S2iL5 peptide
ky(Sirt1): not determined
kq(Sirt2): 0.001 uM
kq(Sirt3): 0.002 uM

o

Rel. activity [uM/mim]

Fluorescence

-a2- SirReal1
ICsy0f3.7£1.8 UM

SirReal2
IC5,0f0.14 £ 0.04 uM

102 107 10° 10° 102
c(SirReal1/2) [uM]

Hl DMSO control

<100 SirReal1 100 upM
IS
£ -
= b
2 50
5 -
14
0
N
o
— DMSO Control
— Ac-Lys-H35mM
8000+ (AT=~1°C)
NAD*5 mM
eooofs.’// (AT=~1°C)

4000+

2000+

40 60
Temperature [°C]

80












LOCKED OPEN # N\ LOCKED OPEN CLOSED A N\LOCKED OPEN

.

e

Sirt2-S2iL5 peptide: CLOSED
Sirt2-SirReal2-H3: LOCKED OPEN Sirt2-SirRcal2-H3: LOCKED OPEN Sirt2-SirReal2-H3: LOCKED OPEN












R
O g
e ! N/>\NH2

NH, R

N.
R
© S
-
N

NH,

N
s\</\

I:\>~,}\/ N=
CO
. OMS‘(N}
. cl [ =4 N
— et e 4
g 3
OC
/:\>~N}JSQ
‘

N
cl ! s—7 \
R | N\>‘N>‘/ \<N‘
\



















DMSO control

SirReal2, 20 -M

SirReal2, 50 -M

SirReal6, 50 -M

AGK2, 20 M






















































List of publicationd Publication 5

5.5. Publication 5

Crystal structures of the mitochondrial deacylase Sirtuin 4 reveal isoform-specific acy I
recognition and regulation features

Pannek, M., Simic, Z., Fuszard, M., Meleshin, M., Rotili, D., Mai, A., Schutkowski, M.,
Steegborn, C. (2017). Crystal structure of the mitochondrial deacylase Sirtuin 4 *unique struc-
tural features, acyl selectivity and regulation. Nat. Commun. 8:1513.

This publication resulted from a collaboration of the labs of Clemens Steegborn, Mike
Schutkowski and Antonello Mai. Martin Pannek and Clemens Steegborn designed the project,
analyzed data and drafted the manuscript. | did the activity studies, crystallization experiments,
solved, refined and deposited the crystal structures. Mike Schutkowski, Zeljko Simic and Marat
Meleshin synthesized acylated peptides and Cyclophilin A. Matthew Fuszard and me did the
MS-experiments. Dante Rotili and Antonello Mai created the fluorogenic Z-Lys (HMG)-AMC
substrate. All authors commented on the manuscript.

This work is publicly available and licensed under a Creative Commons Attribution 4.0 Inter-

national License. This license can be found at the following adress:

https://creativecommons.org/licenses/by/4.0/legalcode

The whole publication including all supplementary information is shown on the following pages.

- 203 -



/,,
='\

nature
COMMUNICATIONS

ARTICLE

DOI: 10.1038/s41467-017-01701-2

Crystal structures of the mitochondrial deacylase
Sirtuin 4 reveal isoform-specic acyl recognition
and regulation features

Martin Pannek Zeliko Simié, Matthew Fuszard Marat Meleshirf, Dante Rotiff, Antonello Ma?,
Mike Schutkowsl& & Clemens Steegborh

Sirtuins are evolutionary conserved NABdependent protein lysine deacylases. The seven
human isoforms, Sirtl-7, regulate metabolism and stress responses and are considered
therapeutic targets for aging-related diseases. Sirt4 locates to mitochondria and regulates
fatty acid metabolism and apoptosis. In contrast to the mitochondrial deacetylase Sirt3 and
desuccinylase Sirt5, no prominent deacylase activity and structural information are available
for Sirt4. Here we describe acyl substrates and crystal structures for Sirt4. The enzyme
shows isoform-specic acyl selectivity, with signicant activity against hydro-
xymethylglutarylation. Crystal structures of Sirt4 frorXenopus tropicaligveal a particular
acyl binding site with an additional access channel, rationalizing its activities. The structures
further identify a conserved, isoform-spea Sirt4 loop that folds into the active site to
potentially regulate catalysis. Using these results, we further establishcefnt Sirt4 activity
assays, an unusual Sirt4 regulation by NADH, and Sirt4 effects of pharmacological
modulators.
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eversible acetylation of protein Lys side-chains is a poptocesses from metabolism to stress respéfis&rtuins have
translational modication in all domains of life. More than further been implicated in aging-related diseases, such as meta-
7000 mammalian acetylation sites are known, and manylwdlic disorders and neurodegeneration, and are considered
them regulate various target functié8sAmong the protein Lys potential therapeutic target&
deacetylases, sirtuins form the evolutionaryngel class Ill. They  Sirt4 acts as a metabolic regulator. It inhibits malonyl-CoA-
catalyze an unusual, NABdependent deacetylation reactiongdecarboxylase (MCD), which represses fatty acid oxidation and
coupling their activity to the metabolic stdt&'he seven mam- promotes lipid anabolisff, and it inhibits pancreatic glutamate
malian sirtuin isoforms are primarily located in nucleus (Sirt1, Behydrogenase (GDH) to regulate insulin secréfosirt4 fur-
7), cytosol (Sirt2), or mitochondria (Sirt3, 4, 5), and they regulateer inhibits pyruvate dehydrogenase (PBHpnd stimulates
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Fig. 1Sirt4 deacylation activitiesa Chemical structures of CPS1 peptide and Lys acylations; from top: acetylation, butyrylation, DMS-ylation, HMG-
ylation. For the complete set of acyl modiations see Supplementary Figpa. b Sirt4-dependent deacylation of differently acylated CPS1 peptides: 2;
error bars: s.d.)c Sirt4 titrations with CPS1 substrate peptide carrying an acetyl, lipoyl, HMG, or DMS naadion, respectively.rf= 2; error bars: s.d.)d
Comparison of Sirt3, 4, and 5 deacylation activities against substrate peptide with acetyl, succinyl, DMS, or HMG @atidn, respectively.rf= 2; error
bars: s.d.).e Intact protein mass spectrometry of HMG-ylated CypA (unmodid molecular weight 18,012 Daj.Sirt4-dependent deacylation reactions
with increasing amounts of untreated and HMG-ylated CypA protein, respectively, as a substrate.2; error bars: s.d.)g Comparison of the acyl
selectivities of Sirt4 from human (hSirt4), clawed frog (xSirt4), and zebsh (zSirt4) using CPS1 peptide substrates featuring an acetyl, succinyl, DMS,
itaconyl, HMG, or lipoyl modication, respectively. = 2; error bars: s.d.)
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mitochondrial ATP productiofhl. Due to these effects on energ
metabolism, Sirt4 is considered a therapeutic target for metab

dysfunction&’. Furthermore, Sirt4 displays tumor suppressor 3.1 1o 4

activity through downregulation of glutamine metabolism and Kear (10 75 ) Ku ( M) Kealu (M 75 )

has been implicated in several cancer tybes ACEty"CPSTla 8.20.7 2341£270 - 3.7£0.7 .
Sirtuins are increasingly recognized as deacylases with isofd @%tﬁ'_'g'lggl N?ﬂo 3 'I'(')D ]f;lz??%o) Ol?é g'go(esnmamd)

specic acyl selectivities, catalyzing removal of acylations em<a|_r|~|['20§;l_DLA161 18+ 0.7 239+ 5P 77+ 1%

ging as posttranslational £rotein modations, such as succiny{ pys.ces1 = 7.80.1 172 15 412 41

lation or crotonylatiod®>1® While Sirtk3 are strong | HMG-CPS? 5.3+ 0.1 9.7+ 1.0 546+ 67

deacetylases, Sirt5 shows low-deacetylation activity and acts|p#

marily as a desuccinylase and deglutaryf¥$dS and Sirt6 |jvauestoris —

deacetylates histones but displays more prominent demiu-

istoylation activity’. Similarly, Sirt4 features weak deacetylation
activity, which appears to regulate M&Dbut for most of its
functional effects the catalyzed target madtion appears to particular specicity pro le (Fig.1la, b, Supplementary Fida).
differ or is unknowS. It can inhibit PDH through delipoyla- Consistent with previous repott8!® Sirt4 showed low-
tion19 but the catalytic etiency for this reaction appears muchdeacetylation activity but higher activity against lipoylated and
lower than for other primary sirtuin activitiéd ADP- biotinylated substrate (Figlb). Further increased activity was
ribosyltransferase activity was also described for Sirt4 and Siolftained with butyryl and octanoyl substrate, but the highest
but it is also inefcient and appears to constitute a sideactivity—eightfold stronger than deacetylatiewvas observed
activity’18, so that a prominent Sirt4 enzyme activity remains twith a 3,3-dimethylsuccinyl (DMS) substrate.
be identi ed. Comparing DMS to acyl moieties physiologically occurring as
Sirtuins share a conserved catalytic core of ~275 amino'cidactivated CoA-thioesters, and thus potentially modifying protein
Isoform-specic N-terminal and C-terminal domains contributeLys side chairf§2°, revealed the 3-hydroxy-3-methylglutaryl
to regulation and cellular localizati®#f. In Sirt4, the core has no (HMG) group as most closely related. Testing HMG-medi
C-terminal appendage and only a short, ~28 residue N-termif@aPS1-Lys527 peptide indeed yielded Sirt4 activity similarly to
extension that serves as mitochondrial localization seqfiéncédMS-CPS1 substrate (Figb), approximately threefold higher
The sirtuin core comprises a Rossmann-fold subdomain andhan for acetyl peptide and with the expected NA@Rpendency
smaller Z*-binding modulé®22 NAD* and the acylated sub- (Supplementary Figlb). To analyze the mechanistic basis of
strate polypeptide are bound, with moderate sequence selectititgse differences, we compared through Michaelis-Menten
to a cleft between the subdomains, accompanied by closkirgetics the improved substrates, HMG- and DMS-CPS1, with
movements of the subdomains and exible “cofactor-binding lipoyl- and acetyl-CPS1 (Figlc, Table 1). Consistent with
loop'121-24 The ribose then releases nicotinamide (NAM), anprevious dat®16, catalytic efciencyk.a{Kw for acetyl-CPS1 was
via an 1-O-alkylimidate and a bicyclic intermediate the productdow (3.7+ 0.7M 1s 1; Table 1). Sirt4 activity was strongly
deacetylated polypeptide and -Q-acyl-ADP-ribose, are increased for DMS-CPS1 (4421 M 1s 1) and HMG-CPS1
formed®1®. This mechanism was deduced from biochemic&46+ 67 M 1s 1). Strikingly, the preferred acyls showed com-
studies and crystal structures including human Sirtl, 2, 3, 5, gratable turnover rates to acetyl substrate but increased apparent
631921222526 3nd it applies to all sirtuin-dependent deacylaaf nities (two orders of magnitude lowé&,; Fig.1c, Tablel).
tions. The isoform differences in preferred substrate acyls ameerestingly, lipoyl-CPS1 yielded an only slightly lokgg/ Ky
caused by binding of the acyl moiety to an active site channel wifivy0+ 230 M 1s 1), two orders of magnitude higher than a
isoform-specic features. For Sirt4, however, a lack of structurpteviously published vall2 due to a betteKy, in our study,
and enzymatic data hampers insights in Sirt4 acyl spitgiand comparable to those for the DMS/HMG modations (Tablel).
regulation. These results indicate that lipoylated substrates bind much better
Here we report crystal structure and enzymatic characteriza-Sirt4 than so far known, but DMS/HMG still yield-2-fold
tion of Sirt4. We identify an evolutionary conserved, Sirt4-specihigher efciencies due to faster turnover. Importantly, the
acyl selectivity and dehydroxymethylglutarylation (de-HMGeatalytic efciencies with the DMS/HMG substrates are close to
ylation) as a potential physiological activity. A structure of Sirthose of robust sirtuin activities, such as Sirt2-dependent
from X. tropicaligeveals an unusual acyl binding site and a Sirtéleacetylation (e.g., 1400 # 1 for histone H3-K2?9). Sirt4
specic, potentially regulatory loop. Using these insights, wikus features signcant deacylation activity and appears to
analyze and rationalize Sirt4 modulator effects and identify a Sidiécriminate acyl substrates mainly via their apparent binding
regulation by NADH. af nity.
Sirtuin-dependent NAM release from NADis normally
coupled to deacylation. However, when we analyzed Sirt4-
Results dependent turnover of HMG-CPS1 through MS detection of
Sirt4 shows an isoform-spect acyl preference The seven substrate and product peptide parallel to monitoring NAD
mammalian sirtuins vary in their sequence and acyl préydrolysis, HMG-CPS1 deacylation corresponded only to ~40 %
ference®®1® The Sirt4 deacylation activities reported so faof the NAD' turnover (Supplementary Figlc). For Sirt4-
deacetylation and delipoylation, were weak, with orders of matgpendent conversion of acetyl-CPS1, in contrast, no discrepancy
nitude lowerk.,/Kyv values as for other sirtuin/substrate acyio NAD* hydrolysis was observed (Supplementary Hjy. Sirt4
pairs1915 Testing ~6800 mammalian acetylation site sequendkas shows signcant NAD'-dependent de-HMG-ylation activ-
yielded no dramatic activity improvemehtsVe therefore asked ity, but it catalyzed even slightly better HMG-stimulated NAD
whether other acyl modcations would yield deacylation ef glycohydrolysis as an unusual, deacylation independent sirtuin
ciencies expected for a physiologically dominant Sirt4 activiagctivity.
Testing Sirt4 against an acyl library of CPS1 (carbamoyl phosWe next compared the selectivities of the mitochondrial
phate synthetase 1)-Lys527 peptides in a coupled enzymatic asstyns Sirt3, 4, and 5 against CPS1 peptides carrying HMG-
monitoring NAM release from NAD 27 indeed revealed a modi cations and DMS-modktations or the generic Sirt3 and
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xSirt4/ADPr xSirt4/thioacetyl-ADPr zSirt5/HMG-CPS1
Space group C222 C222; P6;22
Unit cell constants a=69.4A,b=747A, ¢c=109.7A a=69.0A, b=749A,¢c=109.6 A a=b=875A,c=316.9A
Resolutio® 20.00-1.58A (1.621.58A) 20.00-1.80 A (1.851.80A) 50.00-3.10A (3.203.10A)
Unique re ections 39,280 (2868) 26,585 (1932) 13,919 (1214)
Multiplicity 5.1(5.2) 6.8 (7.1) 10.3 (10.8)
Completeness 99.8% (99.9%) 99.7% (99.9%) 99.9% (99.9%)
Rneas 3.6% (85.3%) 5.5% (104.4%) 24.8% (151.2%)
CC1/2(%) 100.0 (70.4) 99.9 (70.4) 99.4 (59.8)
I/ 1 23.7 (2.1) 18.3 (2.1) 10.2 (1.6)
Protein atoms 2285 2177 4138
Ligand atoms 37 40 173
Solvent atoms 285 179 68
Resolution 19.731.58 A (1.62A-1.58A) 19.741.80A (1.851.80A) 48.67-3.10A (3.183.10A)
Reryst! Rireel® 15.2%/18.6% 15.5%/20.8% 19.6%/26.6%
Average B-factors
Protein 30.9 39.4 73.4
Ligands 21.8 30.4 74.3
Solvent 41.6 46.3 48.5
RMSD bond-lengths 0.03 0.03 0.01
RMSD bond-angles 2.6 2.4 15
avalues iB parentheses refer to outermost shell
b Reryst Vs —”% |[Fobd is the observed andr.ad the calculated structure factor amplitude
°Rree Was calculated from 5% of reections omitted from re nement

5 substrate modications acetylation (Sirt3) and succinylatiomnalysis of tryptic peptides, consistent with the proseseven
(Sirts). Sirt4 showed the previous preference for DMS and HM@own Lys acetylation sites (Uniprot entry P62937).
modi cations, and very low-activity against acetylated or To analyze whether Sirt4 is able to remove HMG modiions
succinylated peptide (Figld). Sirt3, in contrast, featurednot only from peptides but also from HMG-ylated protein, we
pronounced selectivity for the acetyl mocktion, minor activity tried to de-HMG-ylate CypA. Modied and unmodied CypA
against DMS substrate, and no turnover with HMG and succimgias incubated with Sirt4, in the presence and absence off NAD
substrate (Figld). The other way round, Sirt5 showed no activitand the deacylation was monitored in the coupled enzymatic
against acetyl substrate but high activity against succinyl peptigesag’. Unmodi ed CypA as substrate did not yield a sigmint
and lower but still signicant activity against DMS- and HMG- deacylation signal, whereas HMG-CypA substrate resulted in a
CPS1 consistent with reported parameters for HMG substratitong, substrate concentration dependent signal (jgthat
(Km=8 M, keafKn=500M1s H15 sirt5 activity against showed the expected dependency on the co-substrate*NAD
HMG-CPS1 thus exceeds that of Sirt4 mainly due to fast@upplementary Figld). To conrm that NAD'-dependent
turnover, and this Sirt5 activity appears even higher with oth@ypA de-HMG-ylation causes or sigeantly contributes to the
peptide sequences, but it is stilFH80% lower than the enzyrise NAM release monitored in this assay, we also analyzed the
desuccinylase activity (Fidd). In summary, Sirt4 shows areaction by intact protein mass spectrometry. Incubation with
particular acyl preference prie: it shares de-HMG-ylation but Sirt4 indeed caused a shift toward CypA species carrying fewer
no desuccinylation activity with Sirt5 and shows no activithMG-ylations (Supplementary Fide), conrming the deacyla-
overlap with Sirt3, and it features unusual activity against DMi®&n. We thus conclude that HMG-CoA is reactive toward
substrate and for HMG-stimulated NAD hydrolysis. This proteins and that Sirt4 can de-HMG-ylate the maeti proteins,
distinct pro le suggests that there might be additional proteiconsistent with recently published work that furthermore
Lys acylations that are specally removed by Sirt4. con rmed the physiological occurrence of protein HMG-ylation
and Sirt4-dependent de-HMG-ylatié#2

HMG-CoA acylates and Sirt4 de-HMG-ylates proteingcetyl

transferases employ acetyl-CoA for modifying proteins. Howeverystal structure of Sirt4 For insights in the molecular basis of
acetyl-CoA can also non-enzymatically modify proteins, ar®irt4s substrate preference and other isoform-speééatures,
some other acyl-CoA, such as succinyl-CoA, do so even mae solved a Sirt4 crystal structure. Trials to crystallize our human
ef cientlgl, likely causing the emerging variety of protein acyl&irt4 protein construct (residues-284), which comprises the
tions!#282931 We thus analyzed whether HMG-CoA efently  catalytic core with native C-terminus but lacks 24 residues of the
acylates peptides and proteins. HMG-CoA titrations revealddterminal mitochondrial localization sequence (MLS; residues
CPS1 pegtide acylation with a bimolecular rate constant of:(4.01-28%, were not successful. Therefore, we used the Sirt4 ortho-
0.8)x101° M 1s'1 more than twice as fast as with acetyl-Codogues fromXenopus tropicaligclawed frog; xSirt4) an®anio

(k= (1.5+ 0.4)x101° M 1s 29 in agreement with a recentrerio (zebrash; zSirt4) as model systems. They show signit
study reporting more etient protein aécglation by glutaryl- and sequence deviations only in the ~30 N-terminal residues (Sup-
HMG-CoA as compared to acetyl-CoA Incubating recombi- plementary Fig2a), consistent with their function as MLS, which
nant Cyclophilin A (CypA) as a model protein with HMG-CoAtend to show low-sequence conservatiowithin the catalytic
resulted in £7 HMG-modi cations as detected by intact proteircore (hSirt4: 32312; xSirt4: 34314, zSirt4: 2810), however, the
mass spectrometry (MS; Fige) and conrmed by MS/MS sequence identity with hSirt4 is 67% (xSirt4; similarity 81%) and
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Fig. 2 Crystal structure of xSirt4a Overall structure of the xSirt4/ADPr complex, with Rossmann-fold domain (green)2Zbinding domain (cyan), and a
Sirt4-speci c loop (blue) indicated. ADPr is shown as sticks, colored according to atom type. Secondary structure elements are numbered equivalent to
other sirtuins, elements missing in xSirt4 are indicated by brackdiSirt4 active site, with conserved sirtuin catalytic residues and key residues of the
Sirt4-loop shown as sticks. ADPr sticks are colored according to atom type and overlaid withR2Felectron density (1). ¢ Alignment of the Sirt4-loop

region in Sirt4 sequences from various chordates (Full alignment: Supplementan2€)gd Section of a structure-based alignment of Si6l extended by
chordate Sirt37 sequences, showing the isoform differences in the Sirt4-loop region (Full alignment: Supplementar2djige Overlay of xSirt4 (gray,

blue) with Sirt3 (light gray, red; PDB ID 4BVH) and 5 (dark gray, orange; 4G1C) showing the extended Sirt4-loop, the shorter Sirt5 surface loop, and the
short turn in Sirt33 (represented by Sirt3)

S|
T|
H
S|
T
T
T
G|
G|
T
H
S|
T
T|
T
G|
T
T
T
T
T|
T
T|
D}
T
T
T
T
T
T
T
T
T
T
T
S|
T
T|
Al
G|
G|
T
T
S|
S|

T D

65% (zSirt4; similarity 78%), respectively (Supplementargdlig.  xSirt4 yielded well diffracting crystals in presence of ADP-
Consistent with the high sequence conservation, xSirt4 aridose (ADPr). The xSirt4/ADPr structure was solved through
zSirt4 showed the same acyl preferences as hSirt4 1)ig. Patterson searches with Sir2Afl (PDB entry 4TWI) andheel at
con rming that this acyl selectivity is an evolutionary conserved58 A resolution tdRerys{ Riree Values of 15.2%/18.6% (Tale
Sirt4 feature and that xSirt4 and zSirt4 are suitable models for ffige xSirt4 overall structure shows the typical sirtuin architecture
mammalian enzyme. with Rossmann-fold domain and smaller Zrbinding module,
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xSirt4 variant Acetyl-CPS1Ky, ( M) Acetyl-CPS1Vmax (10 3s Y HMG-CPS1Ky, ( M) HMG-CPS1Vpax (10 35 9
Wild-type 663+ 69 12.9+ 0.6 6.8+ 0.9 15.9+ 0.4
Delta 196205 + GSS 54% 51 10.% 0.4 9.7+0.7 18.4+ 0.3
Delta 196205 1599+ 563 15.7+ 3.4 8.5+ 0.6 17.2¢ 0.2
Delta 198203 1104+ 110 1740.9 10.1+ 0.7 19.9+ 0.3
D201A 707+ 127 9.+ 0.8 11.3 14 13.2 0.3
D203A 925+ 136 10.5: 0.8 9.0+1.1 1440.3
Y73F 640+ 71 8.8+ 0.4 9.0+ 1.0 24105
R101A ND ND 23213 13.3 0.2
Y104F 643+ 40 13.3+ 0.4 15.3+ 1.3 15.2 0.3
R107A 1097 159 11.2 0.9 17.2+ 1.8 14.2 0.3
Y104F R107A 918 72 18.5+ 0.8 22.6+2.6 15. 7% 0.4
N108A 1104+ 254 14.8+ 1.9 19.3 28 12.2+ 0.4
aNot corrected for HMG-stimulated NAD hydrolysis

with the active-site located in between them and harboring tleeystal form, with residues 19207 not participating in crystal
nucleotide that is well deed by electron density (Figa, b). The contacts, excluding that crystal packing causes the loop differ-
six-stranded -sheet of the Rossmann-fold domain provides ences. The Sirt4/2hioacetyl-ADPr structure might thus suggest
docking patch for the nucleotide, orienting the reacting riboskat the loop is released from the active site during product
close to the conserved catalytic sirtuin residue His160 2Big. formation, but functions and triggers of Sirt4-loop conformations
numbering refers to xSirt4 if not stated otherwise). Due to thhemain to be studied in more detail.
occupied nucleotide binding site, the cofactor-binding loop Another unusual feature of the Sirt4 catalytic core is a channel
between 2 and 3 is in the“closed conformatiorf3, positioning that branches off from the acyl-Lys binding tunnel and leads to
the conserved Phe/Tyr (Tyr73) on top of the ADPr ribosehe protein surface (Fi@a, b). It is lined by residues fron# and
Thermal denaturation shift experiments showed sigaint the preceding loop (86-ArgArgProlle, Glu93h (Alal100, 103-
Sirt4 stabilization by NAD or ADPr, while substrate peptide ArgTyr, Argl07), and Alal99/Asp203 from the Sirt4-loop
and NAM had no pronounced effects (Supplementary By, (Fig.3a). They are mostly conserved in Sirt4, but differ in other
indicating that the nucleotide-induced closed conformatioisoforms (Fig3b). In Sirt6, the Sirt4 channel area is blocked by its
stabilizes the protein and facilitates crystallization. isoform-specic N-terminus, but lack of 4, part of 5, and both
loops results in a differently oriented, wide cleft that accom-
modates myristoyl substrates and activatbrSirt:-3 and Sirt5
A Sirt4-speci ¢ loop and additional active site entryCom- contain structure elements sized comparable to Sirt4, except for
paring the Sirt4 structure to other sirtuin isoforms reveals as mdke missing Sirt4-loop, with sequences similar to each other but
striking difference an extended, ~12 residues Sirt4 loop in ttifering from Sirt4 (Fig.3b, Supplementary Fig2d). The
Zn?*-binding module, between8 and 9 (residues 19%06; resulting fold in Sirt3 and Sirt5 comprises a more wiggled
Fig. 2a). The loop is oriented deep into the catalytic core and/ 4 loop folded against5 and blocking the Sirt4 channel area
contributes to the active site lining (Figh). A sequence com- (Supplementary Figa). The Sirt4 channel has a small positively
parison of all higher eukaryotic Sirt4 orthologs in the UNIPROTharged patch at the outer entrance but is generally rather
database shows a high overall sequence homology (89%), arfiyéfrophobic, and we speculate that it contributes to accommo-
particular a strict conservation of the presence and even sequedatéon of longer substrate acyls. Modeling a Sirt4/lipoyl-Lys
of this loop (G(L/V)APDGDVFL(T/S)(D/E)EQ motif; Figzc, complex indeed places the distal lipoyl end into the bottom of the
Supplementary FigRc). Structure-based comparison of humahannel (Fig.3a), supporting an acyl binding function and
Sirt1-6, with human Sirt7 and Sit¥ sequences from otherrationalizing Sirt4s delipoylation activity. Interestingly, the
chordates added based on homology, shows that the loopchsinnel could also accommodate a lipoyl group entering from
absent in all other sirtuin isoforms (Fi@d, Supplementary outside as a substrate anchor, in a scenario related to SirTM,
Fig. 2d), and we therefore refer to it atSirt4-loog. The which catalyzes ADP-ribosylation of targets only after their
structure-based comparison shows that the Sirt4-loop is extendipdylatior®®. Furthermore, the channel might serve as a binding
compared to a much smaller Sirt5 surface loop, and to a sheite for re%ulatory metabolites, similar to Sirt6 activation by free
turn in other isoforms, and only the Sirt4-loop is thus able téatty acid$®. Testing the effects of fatty acids, lipoic acid, and the
reach the active site (Figh, €). Removing the loop (83-214 ketone bodies beta-hydroxybutyrate and acetoacetate indeed
and 192-212) yielded insoluble protein, but deleting the Isoprevealed that free lipoic acid inhibits Sist4leacetylation and
core ( 196-205, 198-203) or replacing it with a GSS linkerde-HMG-ylation activity (Supplementary Figp). However, the
( 196-205 + GSS) resulted in soluble and active protein, whioble of the Sirt4 channel in this and/or other regulation
shows that the extended loop is not essential for 'Sistuctural mechanisms remains to be studied in detail.
integrity. The variants tended to show highgy; values for the  Using our structure-based alignment of Sirt4 and other
peptide substrate and at the same time slightly increased turnosteucturally characterized sirtuins, extended by chordate
(Table 3), which indicates that the loop contributes to substrat8irtl-7 sequences (Figd, Supplementary Fi@d), we analyzed
binding and restricts catalytically relevant active site dynamiglylogenetic relationships. The phylogenetic tree (based on
(see also below). In a second xSirt4 structure, solved in com@#68 sequences; F8) con rms some classtations based purely
with the product analog Zhioacetyl-ADPr, the Sirt4-loop wason sequence informatidfi but also reveals modiations. Sirt4
not de ned by electron density (Tak#e Supplementary Fige), forms a separate class (class Il in Fé).that is almost equally
indicating that it is either exible or can assume several cordistant to classes | (Si#3), Ill (Sirt5), and IV (Sirt6/7), despite
formations. Both xSirt4 complexes were solved from the saitge partial deacylation activity overlap with Sirt5. Prokaryotic
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Fig. 3 Sirt4 structural features and phylogeng xSirt4 active site with the additional Sirt4 channel to the acyl pocket shown as transparent surface. ADPr and
residues forming the channel are shown as sticks colored acaggdd atom type. Glutaryl-Lys (beige) from an overlaid Sirt5 complex @ID 4UTR) inicates

the conventional acyl pocket, and the modeled lipoyl-Lys (cyan) the bottom of the Sirt4 charimgBirt4 surface colored according to sequence conservation
within Sirt4 isoforms (left; from higher eukaryotic Sirt4 in UniProt) and within the complete Sirtuin family Sir(tight; from chordate Sirtd7 in UniProt). Purple
indicates high conservation, cyan high variabilityPhylogenetic tree generated from a structure-based sirtuin alignment, extended by aligning 195 chordate
sirtuin sequences (see Supplementary Fig. for a core alignment)d Active site inner surface of Sirt4 and Sirt2 (PDB ID 5D70; see Supplementary3difor

all isoforms) colored according to electrostatic potential (red15 to blue:+1%gT/e). The succinyl- and acetyl-peptide are from overlays (PDB IDs 3RIY and
3GLR, respectivelyp Crystal structure of zSirt5 in complex with HMG-CPS1 substrate peptide. Ligand and interacting residues are shown as sticks,-&nd 2F
electron density for the peptide is contoured at 1.0Dotted lines indicate hydrogen bond§ Active site overlay of xSirt4/ADPr (gray) and zSirt5/HMG-CPS1
(blue). Catalytic His and residues analyzed for acyl recognition contributions are shown as sticks and labeled (it&lids) z

sirtuins form a cluster in the Sirt5 branch, separate from chordateat a deacetylase developed still early during evolution and
Sirt5 and almost equidistant to Sirt4. The Sirt6/7 branch alsiversi ed further, possibly reecting the prominent role of
comprises a prokaryotic member, Sir2Tm. The three subclustacgtylation among the protein acylations. All other branches
for the strong deacetylases Sirtl, 2, and 3 are clearly separapgztar to constitute subfamilies with mostly weak deacetylases,
from the other branches but contain yeast enzymes, indicatiwhich developed different acyl preference pee for each cluster
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Fig. 4 Sirt4 modulation by physiological metabolites and pharmacological compourdBffects of known sirtuin modulators on Sirt4 de-HMG-ylation
activity. SRT1720 caused effects in controls, indicating incompatibility with the coupled enzymatic agsay2;(error bars: s.d.)b C-site regions of xSirt4
(gray) and Sirt3/Ex527 (gold; PDB ID 4BVB), showing that Ex-527 would clash with the Sirt4-loop residue Pro200. Dotted lines: conserved hydrogen
bonds for carbamide recognitiore Effects of SRT1720 and suramin on Sirt4 activity in a HMG-FdL assay.Z; error bars: s.d.)d NAM titration of Sirt4
activity in a HMG-FdL assayn(= 2; error bars: s.d.)e NADH titration of Sirt4 activity in a HMG-FdL assay (see Supplementary Bigfor a titration in a

MS assay). 0= 2; error bars: s.d.)

that remained conserved in later stages of evolution as indicagd4 substrate sequence preference for polar residues around the
by our Sirt4 ortholog comparison. These major branchegetyl-Lys, in particular with negative charges in positions +1/2
apparently separated early during evolution, consistent withaad 3/4%
variety of acylations occurring non-enzymaticZii?3! and thus In the active site, Sirt4 comprises the conserved sirtuin catalytic
likely being evolutionary early posttranslational maditions residues His160 and the Leu/Thr/Val (Thr231) whose backbone
that existed before the protein modifying enzymes emerged. oxygen orients the substrate through a hydrogen bond to the acyl-
Lys -amide (Fig.2b)!®. The cofactor-binding loop irficlosed
conformatiorf? positions the conserved Phe/Tyr (Tyr73) on top
Sirt4 nucleotide and acyl binding sitesAll sirtuins share NAD  of the ribose, shielding this reacting group. Mutating Tyr73 to the
as an essential cosubstrate, but the Sirt4 nucleotide binding Bibe found in most sirtuins increaskgl; (Table3), con rming its
differs from those of other isoforms. The Sirt4-loop tightens theatalytic relevance and indicating that its hydroxyl group might
entry of the C-site, where the conserved Aspl145 recognizesdbastribute to an auto-inhibitory mechanism. In the region
NAM moiety of NAD*2% and its tip around Pro200 will have toaccommodating a distal carboxyl group in short and medium
rearrange slightly to allow productive NALbinding (Supple- long dicarboxylates, such as HMG, mildly positive electrostatic
mentary Fig.3c), consistent with a switch function. Howeverpotential rationalizes the afity of such substrates (Figd).
NAD™" titrations revealed similar apparent NADaf nities for Attempts to solve a Sirt4 structure in complex with substrate
wild-type Sirt4 Ky =70+ 14 M for xSirt4; 62t 14 M for peptide to study acyl recognition details failed, possibly due to the
hSirt4) and a Sirt4 loop deletion variar€( = 66+ 9 M; Sup- lacking stabilization by this ligand (Supplementary Biy, but
plementary Fig3d), suggesting that a regulatory factor stabilizingge were able to solve a complex of zebnaSirt5 (zSirt5) with
the inactive conformation might be missing, consistent with tHéMG-CPS1 peptide. The structure, reed at 3.1 A resolution to
loop variability observed in our structures (see above). PositiRgs{Ree Values of 19.5%/26.6% (Talfle Fig. 3e), reveals a
electrostatic potential in the nucleotide site supports binding similar substrate conformation as in zSirt5/glutaryl-CPS1. The
the negatively charged ligand in all isoforms, but in Sirt4 tHéMG length is reduced through a helical conformation, albeit
positive potential is more pronounced than in most isoformaith opposite handedness compared to glutaryl-CPS1, to position
(Fig.3d, Supplementary Fige), rationalizing its IovKMéNAD") the 3-hydroxy and 3-methyl moieties toward lle138/His154 and
within the 14600 M range reported for sirtuin$3"°%. Sirt4ds Tyr98/Val216, respectively (Fige, Supplementary Figg). The
cosubstrate site might also facilitate binding of NADH, comparefistal carboxylate interacts with Tyr98 and Arg101, which also
to NAD*, due to its lacking positive charge at the nicotinamidescognize the carboxylates of succinyl and glutaryl subsftates
and we indeed nd a distinctive sensitivity of this sirtuin isoformInterestingly, Sirt4 also features such a Tyr-X-X-Arg motif%n
to NADH (see below). In the peptide binding cleft, Sirt4 alsbhe Sirt4 motif is shifted one helix turn, however, with Sirt4-
features positive potential in regions accommodating the subyrl04 oriented back to the region occupied by Sirt5-Tyr98, but
strate sequence immediately N-terminal and C-terminal from ti&irt4-Arg107 pointing away from the acyl channel (Bfjy. Sirt4
substrate acyl-Lys (Supplementary Bijy. Consistently, peptide residues in the positions of Sirt5-Tyr98/Arg101 would be Asn108
array studies with its weaker deacetylase activity had showanal Gly111. Due to a slightly different conformation, however,
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Gly111 is shifted and the area of Sirt5-Arg101 is occupied by #realog to the Sirtd3 acetyl substrate Z-MAP, yielded an HMG-
Sirt4-loop residue Asp201 (Figf), which would result in close FdL substrate readily accepted by Sirt4 and sensitively monitored
contacts between the carboxylates of Asp201 and an HM{a uorescence using the FdL proceddr&esting suramin with
substrate. To test the roles of these residues, we analyhedHMG-FdL substrate commed the potent Sirt4 inhibition
deacetylation and de-HMG-ylation kinetics of xSirt4 Ala variantsbserved in the coupled enzymatic assay @iy.and a dose-
(Table3). Exchanging Asp201 or Asp203 caused only a moderatsponse experiment yielded #0so of 1.8+ 0.2 M (Supple-
decrease in apparent HMG-peptide rity, consistent with Sirt4- mentary Fig.4a). Assays with SRT1720 showed no incompat-
loop deletion effects. They thus appear not directly involved itmlities in control reactions and revealed that the compound has
substrate binding but to rearrange dynamically, as expected fromeffect on Sirt4 activity (Figc). We then employed the FdL-
the repellent effect Asp201 would have on substrate carboxyldites Sirt4 assay for studying the effects of NAM and NADH,
and in line with our crystallographic results. Consistently, testimghich are not compatible with the coupled assay. NAM appears
-Ala-, -aminobutyryl-, and 6-aminocaproyl-CPS1 substratde act as a physiological regulator for most sirtuin isofcrrend
(Supplementary Figla), which have positively charged ené&d NAM dose-response experiment with Sirt4 revealed potent
groups that could favorably interact with Asp201 in this positiomhibition with ICs5o= 13+ 2 M (Fig. 4d). The effect on Sirt4 is
yielded no Sirt4-dependent deacylation (Supplementangk)g. even more potent than on other isoforité® and possibly
Replacing Tyr104 (to Phe) or Argl07 of the Sirt4 Tyr-X-X-Argupported by the Sirt4-loop at the NAM accommodating C-site
motif had a stronger, approximately twofold effect on HMGentrance. An NADH dose-response experiment (B&), cor-
peptideKy, values, and a Tyrl04Phe/Arg107Ala double mutanécted through NADH spiking controls for itsuorescence
even showed an additive effect (TaB)e They thus seem to overlap with AMC, also indicated pronounced Sirt4 inhibition
contribute—directly or indirectly—o substrate binding despite (ICso= 126+ 12 M at 500 M NADY). Analyzing the NADH
Arg107s orientation away from the active site. In fact, replacirtgration with the robust MS assay camed this Sirt4 inhibition
the neighboring Asn108, which points toward the acyl channghtency (Cso= 142+ 54 M; Supplementary Fig.4b) that
caused a signcant, approximately threefold decrease in appareexceeds NADH effects on other sirtuinkC4y 1.3-27.9 mM)
HMG-substrate afnity, suggesting a contribution to acyl binding*”48, consistent with Sirt4 nucleotide site features (see above and
and possibly an indirect role for Arg107, via its salt bridge to tltiscussion). The response of Sirt4 activity to NADH levels around
Sirt4-loop residue Asp203 (Figf). Interestingly, mutating ~30 M, which is estimated to be the mitochondrial concentra-
Arg101 from a 101-ArgArgArg-103 motif on the opposite sidéon of free NADH', suggests NADH or the NADNADH ratio
of Tyrl04 caused a strong, approximately fourfold decreasetanact as a physiological Sirt4 regulator.
apparent HMG-peptide ahity (Table 3), indicating an impor-
tant role in substrate recognition despite its distance to the acyl
site. These results indicate that as in Sirbplays a key role in Discussion
Sirt4 acyl recognition. Residue differences seem to contribBsttranslational modtcations are a ubiquitous mechanism of
directly to their different acyl selectivity pres, but also to a protein regulation and rely on activated metabolites, which are
more dynamic Sirt4 acyl site, which we speculate to adapt to awyW realized also to cause non-enzymatic mealiions 4282949,
substrates (6 N-terminus) and to contribute to a regulatoryFor emerging acyl modtcations, such as succinylation and cro-
Sirt4-loop function (5 center). tonylation, acyl-CoAs act as major activated metabéfiteaose
concentrations thus iruence modication levels, together with
deacylating enzymes. Elevated HMG-CoA levels in a HMG-CoA-
Sirt4 substrates and structure enable modulator studie®ur Lyase deciency model indeed increased protein HMG-ylatfon
insights in Sirt4 catalytic activity and structure now enabbnd similar changes are expected under fasting conditions and
activity studies for Sirt4 modulator development and a structurduring ketogenic protein catabolism, suggesting that de-HMG-
based analysis of compound effects. Using the HMG-CPS1 p@pting enzymes will regulate target functions during starvation.
tide, we analyzed the effects of the Sirtl activators resveratrol &irtliins convert several acyl substrates but with isoform-gpeci
SRT172840 the moderately Sirtl selective inhibitors Ex527 arslectivity proles>38, and we nd that Sirt4 also has a particular
sirtinol?>41, and the pan sirtuin inhibitor suramfi#43 At 10 and acyl preference prde. It shares de-HMG-ylation activity with
100 M compound concentration, respectively, there was ®irt5 but they differ, e.g., in their desuccinylase activity, and
signi cant effect for resveratrol, Ex527, and sirtinol (Hig). Sirt3-5 might have developed complementary selectivities to
Suramin caused potent Sirt4 inhibition, similar to its effects arover a range of acyls recting the variety of activated metabo-
other sirtuin isoform&243 and 100 M SRT1720 led to a weaklites in mitochondria. Sirts higher de-HMG-ylation activity
signal decrease but with a high error and sigant effect already might suggest that other, even better Sirt4 substrate acyls might
in a control reaction, indicating a compound incompatibility withexist, but also shared deacylation activities can be complementary
the coupled enzymatic assay used here. Suramin is a huge piiy- to sirtuin differences in substrate sequence preference and
anionic compound occupying the complete active site of sirtuitissue distributioh®®. The substrate acylations might be acci-
and other targef. Ex-527, in contrast, is accommodated by dental “damag®, which would render sirtuins repair enzymes,
small region around the C-sft¢ and an overlay of Sirt3/Ex-527but many of them regulate dedicated target functions, consistent
with our Sirt4 structure rationalizes Sig4nsensitivity (Figdb): with specic regulatory effects of sirtuih® The additional
The compound would clash with its A ring with Pro200 from thédiMG-dependent NAD hydrolase activity of Sirt4 could serve a
Sirt4-loop, and omitting the A ring and instead attaching thsignaling function, similar to NAD depletion caused by poly-
carbamide via a methylene group to ring B might yield a SirtdADP-ribose) polymerases, but a functional role of this unusual
specic compound. sirtuin activity remains to be studied further.

As a convenient and complementaryuorescence-based Sirtuin isoforms differ in acyl channel architecture and
alternative to the coupled enzymatic assay with HMG-peptidelynamics. Sirt5 provides a rather rigid binding site for succiny-
we established substrate and assay corresponding to the pogatéons, but related dicarboxylate modations can adapt to this
“Fluor-de-Ly% (FdL) deacylation assdys Attaching the HMG site, rationalizing Sirts activity against glutarylatiol®! and
group to a Lys with Z-protected amino group and 7HMG-ylations (present study). Sirt6, in contrast, has a long,
aminomethylcoumarin (AMC) coupled to the carboxyl grouphydrophobic channel to accommodate myristoyl substrates, and
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also the smaller channels in Sirt2 and, in particular, Sirt3 cékely inhibits through nucleotide site binding in an extended,
rearrange to eftiently accommodate and hydrolyze longer acyion-productive conformation also observed for NADnder
lations such as myristoylatioh$8°253, Sirt4 seems even morecertain condition$® (Supplementary Figc). It places the NAM
adaptable. Sirt4 structure and mutagenesis data suggest thaiety outside the C-pocketwhich prefers oxidized nucleotide
similar to Sirt83 the 5 center contributes to acyl recognitiondue to its conserved negative chargigto regions that show
but in Sirt4 even the remote5 N-terminus in uences acyl positive electrostatic potential, in particular in Sirt4, which favors
binding. Furthermore, the5 center is connected via an Arg107NADH over NAD'. Assays and structural insights also provide a
Asp203 salt bridge to the Sirt4-loop, an isoform-speelement basis for Sirt4 modulator development. The idesdi nucleotide

of the Sirt4 acyl site, and the Sirt4-loop further to the nucleotidending site differences should enable Sirt4-speahibition, for
binding loop through the packing of Pro200 on the autoexample through Ex-527 derivatives that can enter 'Sitigh-
inhibitory Tyr73. The Sirt4-loop assumes at least two states in daned C-site. The particular Sirt4 acyl site could be exploited with
structures and for productive NADDbinding it indeed has to thio-DMS-Lys, analog to the alkylimidate forming thio-acetyl
rearrange (Supplementary Fige, 3c)—possibly triggered by a peptides for deacetylad&sand the additional Sirt4 channel
yet to be identied activator in a physiological settirgvhich will  provides another docking site for specsmall molecule inhibi-
induce conformational changes in the acyl site. Shifting Asp2@ts and possibly also activators. Such Sirt4 modulators would be
away from the conventional acyl binding pocket should suppakcellent tools for physiological studies and lead compounds for
binding of dicarboxyl substrates such as HMG-ylations. A cordrug development, for example for diabetes treatfhent

plete loop release, possibly, would open an area accommodating

longer acyls in other isoform$and could extend the observedy athods

Sirt4 deoctanoylation activity to longer modations. Interest- chemicals If not stated otherwise, chemicals were from Sigma (St. Louis, MO,
ingly, Sirt4 accommodates extended lipoyl modtions as sub- usa).

strates despite its length restriction for fatty acids, likely by

eXp|9|t'ng a Sirt4-spect Channel b.ranChmg off f_rom the C.on'_Expression and puri cation of Sirt4 and Sirt5 proteins. hSirt4(25314) in
ventional acyl pocket. The bulkier lipoyl group might exploit thisQE30 coding for an N-terminal Higag, and xSirt4(32315) and zSirt4(2810)
channel better than slim alkyl chains, and the two acyl sites might modi ed pET-19b coding for an N-terminal HISUMO-tag (see Supple-
serve, alternatively or even in combination, to expand the ?%ntary Tablel for primer sequences), were expresseBsoherichia coli

. - . . donPlus(DE3) (Agilent, Santa Clara, CA, USA) in LB medium supplemented
substrate spectrum of Sirt4. IntereStlngly’ a I|poyI moiety wo h 100uM zinc acetate. Cells were resuspended in 50 mM Tris/HCI pH 7.5, 200

also tinto t.he Sirt4-specic Channe! cor_ning erm OUtSiqey as amm NaCl (and 20% glycerol for xSirt4) and lysed by adding lysozyme and sodium
target label in analogy to the bacterial sirtuin SirTM, which ADRiesoxycholate and subsequent pressure homogenization in an Ex@s
ribosylates targets only after their Iipoylaﬁanor as a potential (Avestin, Ottawa, Canada). After centrifugation (75,@0@<C, 1 h), supernatants

: . . : : incubated for 1 h with NiNTA beads in presence of 10 mM imidazole. After
regulatory metabolite (this study). Sirt4 substrate selection ind T #Zfer in a column, the resin was washed with 20 column volumes (CV) 50 mM

appears dominated ¢y, and its de-HMG-ylation activity is still Tris/Hci pH 7.5, 500 mM NaCl and 20 CV 50 mM Tris/HCI pH 7.5, 200 mM
slightly lower than major activities of other sirtuin isoforms. OuKacl, 10 mM imidazole, and the protein eluted with 50 mM Tris/HCI pH 7.5, 200
comparison of HMG-peptides indicates a relevance for the sui NaCl, 250 mM imidazole.

; ; ; ; : ~o FoOr hSirt4(25314), the buffer of the eluted protein was changed to 50 mM Tris/
strate sequence, consistent with Sirt4 deacetylation Shjd'ﬁ%l pH 7.5, 30 mM NacCl in a HiPrep Desalting Column (GE Healthcare, Chicago,

indicating that better de_‘HMG'ylation substrates mi.ght XIS Usa) and the sample applied to a SOURCE15S cation exchange column (GE
Sequence differences might in fact account for our higher Sirtkalthcare). The proteins were eluted in a linear gradieat@0 mM NaCl and
dependent delipoylation and Sirt5-dependent de-HMG-ylatic¥irt4 fractions were pooled and dilutedefold with 50 mM Tris/HCI pH 7.5. Sirt4

i 1032 i i i was then loaded on a HiTrap Heparin column (GE Healthcare) and eluted with a
activity compared to other Studi€s?. it will be interesting to see lingar gradient 361000 mM NaCl. The protein was concentrated to ~1 mgrinl

Whether better Sirt4 substrate.sgquencgs or acylanons cary rosep concentrator (Pall Corporation, Port Washington, NY, US&gh-
identi ed, and further mechanistic studies, supported by OWézen in liquid nitrogen, and stored a80 °C.
structural data, should enable a full understanding of Sirt4-loopFor xSirt4(32315) and zSirt4(2810) eluted from the NiNTA material, the

and acyl channel, their substrate adaptations, and poss?EHIéer was changed to 50 mM Tris/HCI pH 7.5, 200 mM NacCl, (supplemented with
external triggers that would regulate Sirt4 20% glycerol for xSirt4) in a HiPrep Desalting column and subjected to Senp2-

. (groteolysis for 30 min on ice. The protein was loaded on a HisTrap HP 1 mL
Our Sirt4 SubStrat_es ar_]d assays enabled an_alyzes 0N @BUBhn (GE Healthcare) and eluted with 50 mM Tris/HCI pH 7.5, 200 mM NaCl,
effects and physiological Sirt4 regulators. The continuous coupteeo mM imidazole. It was subsequently subjected to ltyaltion on a Superdex
assay allows excellent quan’a’_tiorlz?’ and the FdL assay pro- 75 10/300 GL (xSirt4) or Superdex 200 10/300 GL (zSirt4) column (both GE

. " _ . . . thcare) in 25 mM Tris/HCI pH 7.5, 150 mM NacCl (+20 % glycerol for xSirt4),
vides a sensitive set up that is eaS|Iy paral|6|lzed for Screerﬂ entrated in a Microsep concentratoash-frozen in liquid nitrogen, and

_campgign%g. Using these assays, wed a very potent NAM siored at 80 °C. xSirt4 single-site variants were generated using the QuickChange
inhibition for Sirt4, which renders it the isoform most sensitive tprotocol (see Supplementary Tahléor primer sequences) and veed by DNA
NAM regulation so f&t%>4 Physiological NAM concentrations sequencing, and the proteins were produced as described for wild-type xSirt4.
are assumed to reach up to 10@54’ which would inhibit Sirt4 zSirt5(36298) was expressec_i Ehcoliand puri ed through Talon afnity

X . . - . chromatography, TEV-proteolysis, reversenij chromatography, and gel
almost completely, and in vivo Sirt4 activity will thus stronglyiyation on a Sephacryl S-200 colun

depend on NAM levels. It will be interesting to see how Sirt4

contributes to the physiological effects of NAM. We furthad Sgnthesis of Lys- and peptide-based substratesHMG-ylated peptides CPS1
(

that Sirt4+activity seems sensitive to physiological NADH levels @l ¢y (acyl-k)EYGV-NH2), MCD (Ac-TSYLGS(HMG-K)IIKASE-NH2), and
the NAD"/NADH ratio. Sirtuin regulation by NADH or NAD NNT (Ac-NITKLL(HMG-K)AISPDK-NH2) were synthesized using Fmoc-based

*INADH had been suggested based on inhibitory NADH effecsslid-phase peptide synthesis protocols. Fmoc-Lys(Nosyl)-OH was used as building
on other isoforms but was discarded due to its weak pOteI‘R%%fk enabling selective on resin deprotections and acylations using HMG-
a

e X [ P ydride. As acyl peptide library, the panel of acyl CPS1-Lys527 peptides
(lCSO 1.3mM;K; 0.7 mM)' which rules out signcant in vivo described in refl® was used and extended through analog synthesisAdd-

eﬁeCtS_at assumed NADH C_Oncentrations ("‘M) in mito-  cps1, -aminobutyryl-CPS1, 6-aminocaproyl-CPS1, butyryl-CPS1, octanoyl-CPS1,
chondria) and NAD/NADH ratios (10:1 and highe?)*8. We  lipoyl-CPS1, and biotinyl-CPSL.
now nd an at least one order of magnitude higher NADH The Sirt4 substrate Z-Lys(HMG)-AMC (MC3659; 5-(((5X((benzyloxy)

e . : P carbonyl)amino)-6-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-6-oxohexyl)
sensitivity for Sirt4, which causes sigrant effects under Such amino)-3-hydroxy-3-methyl-5-oxopentanoic acid) was synthesized by reaction

conditiqns, and .it will be ?XCiting to see how t.hiS. Sirt4-SpECi petween the9-benzyl (6-amino-1-((4-methyl-2-oxorchromen-7-yl)amino)-1-
regulation contributes to its function. Mechanistically, NADHxohexan-2-yl)carbamate (Z-Lys-AMC), prepared as reported in liteP&funed
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the commercially available 3-hydroxy-3-methylglutaric (HMG) anhydride in dry For MS and UV analyzes of deacylation reactions, samples were prepared as
THF in the presence of DIPEA at room temperature (Supplementanbyrigll described for the coupled continuous assay, stopped by mixing 1:1 with 0.5% TFA
chemicals were purchased from Aldrich Chimica, Milan (ltaly), and were of thafter 0 and 60 min, diluted to 2 peptide using 0.1% FA, and analyzed by
highest purity. Z-Lys-AMC (170 mg, 0.388 mmol) was dissolved at 0 °C in 4 mHPLC-separation using a Shimadzu Prominence UFLC (Shimadzu, Duisburg,

dry THF together with diisopropylethylamine (DIPEA) (140 0.777 mmol) Germany) coupled to ESI-MS and UV detection. Samples were washed on a
under nitrogen atmosphere. A solution of 3-hydroxy-3-methylglutaric anhydrid®iccolo Proto 200 C4 5m 2.5 x 0.5 mm trap column (Higgins Analytical,

(67 mg, 0.777 mmol) in dry THF (4 mL) was added dropwise at 0 °C, and the Mountain View, California) and subsequently subjected to a Jupiter G300 A
resulting mixture was left under stirring at room temperature overnight. At the ericb0 x 1 mm analytical column (Phenomenex, Torrance, California) for reversed

of the reaction, water (10 mL) was added, the resulting mixture was made acigitase separation, with 99.9%® 0.1% TFA as buffer A and 99.9% ACN, 0.1%
(pH 2) with potassium bisulphate 1 M and then extracted with ethyl acetate (6™-A as buffer B. Peptides were eluted over a 20 min gradient from 1 to 55% buffer
10 mL). The collected organic phases were washed with brine (2 mL), dried, aBdfollowed by 1 min from 55 to 90% buffer B with il0Omin 1 ow-rate. UV-
concentrated under reduced pressure to provide a crude residue that wasdpurdetection was done using a Shimadzu SPD-20A detector at 280 nm. MS analysis
by a silica gelash chromatography (SNAP 25, Biotage Isolera One) using a lineeais performed by ESI-TOF-MS on an AB Sciex TripleTOF 5600+ mass

gradient of methanol (25%) in chloroform, giving the expected compountlyd  spectrometer (Sciex, Darmstadt, Germany) with a DuoSpray lon Source using the
(HMG)-AMC as a white solid, with a yield of 72%. Melting point was determinefibllowing settings: oating voltage of 5500 V and declustering potential of 100 with
on a Buchi 530 melting point apparatus and is uncorrectidd.and 13C-NMR one TOF experiment summing over four time bins. We detected in a mass range
spectra were recorded at 400 MHEi) respective 100 MHZ'8C) on a Bruker AC  from 300 to 2500 m/z. XIC of substrate and product peptides were extracted using
400 spectrometer; reporting chemical shifts i(p.p.m.) units relative to the their respective mass in singly, doubly, or triply charged state within a window of
internal reference tetramethylsilane (8. All compounds were routinely 0.2m/z in PeakView version 1.2.0.3.

checked by TLC antH-NMR. TLC was performed on aluminum-backed silica gel

plates (Merck DC, Alufolien Kieselgel 60 F254) with spots visualized by UV light. . . . ;
Yield of reaction refers to the pued product. Mass spectrum was recorded on aEhermaI denaturation shift assays Thermal shift assays were performed in 96-

; ; ; Il PCR plates usingpB/1 xSirt4 (32-315) or 3uM zSirt4 (29-310) and SYPRO
API-TOF Mariner by Perspective Biosystem (Stratford, TX, USA), and sample@’e > ‘ / :
were injected by a Harvard pump, using @w rate of 510 Lmin %, in the orange (Thermo Fisher, Waltham, MA, USA) covered wamllﬁwmergl oil. ]
Electrospray system. Elemental analysis was performed by a PE 2400 (Perkiﬁ’—'em'nfg and uoresceonce me_asgrernents were pgrfprnfned ina FIuoEladT70 with 1K
Elmer) analyzer and has been used to determine purity of the described compo&ﬁ?f?s rom 2010 _73 C (excitation: 465 nm, emission: 580 nm). .T e data were
which is>95%. Analytical result is within0.40% of the theoretical value. analyzed in GraFit (Erithacus Software Ltd, Horley, UK) by nonlin&iarg using

mp 128129 °C; yield 72%H-NMR (DMSO)  1.18 (s, 3H, C(OH)CH), a two state model.

1.32-1.41 (m, 4H, CHCHCH,CH,CH,NH), 1.6}+1.67 (m, 2H,
CHCH;CHCH,CHoNH), 2.33 (s, 2H, C(OH)(CHCH,CONHCH,), 2.382.41  gtatistical information. Data points for activity assays were determined in
(m, 5H, GH,COOH and coumarin-Ch), 3.04 (m, 2H, CHCONHCH,), 4.15 (m,  qyplicates, and all experiments were done in at least two repetitions.
1H, -CH), 5.04 (s, 2H, OCkPh), 6.28 (s, 1H, €1 coumarin), 7.187.37 (m, 5H,
C-H phenyl ring), 7.5%7.54 (m, 1H, €H coumarin), 7.67 (m, 1H, €
coumarin), 7.73 (d, 1H,-2NHCHCO), 7.80 (bs, 1H,-@H coumarin), 8.01 (t, 1H, Sirt4 crystallization and structure determination. xSirt4(32315) protein (5mg
CH,CONHCHy), 10.61 (bs, 1H, CONH—coumarinﬁ?C—NMR (DMSOQ) :174.2, ml 1in 25 mM Tris/HCI 7.5, 150 mM NaCl, 20% glycerol) was incubated with 10
172.6, 170.9, 161.4, 156.5, 154.2, 153.5, 142.5, 136.8, 128.6 (2C), 128.2 (2C)MMABPr (xSirt4/ADPr complex) or 1 mM thioacetyl H3K9 peptide and 5mM
1245, 116.7, 112.5, 110.7, 105.2, 71.5, 66.8, 54.1, 47.6, 46.9, 39.1, 30.5, 29,NA@zMxSirM/thioacetyl—ADPr complex) on ice for 30 min. The xSirt4 complexes
22.5,18.9. Anal. H3sN30g) Calcd. (%): C, 61.95; H, 6.07; N, 7.22. Found (%): crystallized at 4 °C in sitting drops (1:1 ratio protein to reservoir solution) with 100
62.03; H, 6.05; N, 7.19. MS (ESI), m/z: 580 iyl . mM BICINE pH 8.5, 20% PEG6000 (xSirt4/ADPr) or 500 mM Na/K-tartrate, 0.5%
PEG5000MME, 100 mM TRIS/HCI pH 8.5 (xSirt4/thioacetyl-ADPr) as reservoir.
zSirt5 (10 mg mt! in 20 mM TRIS/HCI pH 8.5, 150 mM NaCl) was incubated with
1 mM HMG-CPS1-peptide (10% v/v DMSQal concentration) on ice for 30 min
nant CypA was prepared through expression of a full-length CypA construct ir?lnd crystal_llzed In sitting drops at 20°C using 20% PEG3.35O’ 100 mMm HEPE.S pH7.6
pQE7Oy?Qiagen)pi|EF.) coliM15 ans ar?d purication by ion gxchaﬁrg)]e chromato- &S reservoir solution. Crystals appeared within 3 days (xSirt4) or 2 weeks (zSirt5), were
graphy on Fractogel EMD DEAE-650(M), Fractogel TSK AF-Blue, and Fractoé@nSfe"ed to a drop of reservoir solution supplemented with the co-crystallization
S03-650(M) (Merck Millipore$2. CypA protein (0.4 mg mi) was modi ed using gand and 25% glycerol for 1 min, andsh-frozen in liquid nitrogen.
8 mM HMG-COA in 100 mM Tris-HCI buffer pH 8.3 at 37 °C for 4 h. Formation of | Data collection was done at BESSY Il beamline MX14.1 (operated by the
HMG-ylated protein was commed by peptide-MS analyzes after tryptic digést Helmholtz Zentrum Berlin, Germany) using a wavelength of 0.912 A and a Pilatus

and by intact HMG-CypA mass analyzes through HPLC-coupled ESP-wsr gf'\fll det_tectgr t(Dectris, Bfaden,dva‘ittﬁe;lggds)i In?exing, scalinglg agdbmergling ?f
intact mass determination, 281 HMG-CypA in 10 mM Tris/HCI pH 7.5, 50 mM Ifiraction data was periormed wi ructures were solved by molecular

NaCl was HPLC-separated with the setting described below for peptide MS, usi acement with PHASERusing as a search model a Sir2Afl/peptide complex

: : -Code 4TWAY for xSirt4/ADPr, this initial xSirt4 structure for xSirt4/
30 min gradient from 1 to 55% buffer B (90% ACN, 9.9%H0.1% FA,; buffer A: . ; o :
5% ACN, 94.9% D, 0.1% FA) followed by 1 min of 580% buffer B with 70L thioacetyl-ADPr, and a zSirt5/peptide complex (PDB ID 4d3Vor zSirt5/HMG-

min 1 ow-rate. MS-analyzes were done with the settings described for peptic%PSl' Rerement was performed with Refmag&using partially anisotropic B-

CypA modi cation and de-HMG-ylation and intact protein MS The recombi-

bel t that the IntactProtei int tivated. which redud@ctors and TLS‘for the prptein chai_n and the Zn ion for the xSirt4/ADPr complex.
assays (below), except that the IntactProtein script was activated, which redu odels were built and validated using C8atnd structure gures were generated

CEM to 100. Acquired data were extracted with PeakView and deconvoluted in. L 4 : - - :
MassLynx in theqrange of 950500 m/z using the MaxEnt | algorithm to a reso_WIIh PyMol (Schrédinger, LLC). Docking of Lipoyl-Lys in the xSirt4/ADPr active-

lution of 1 Da. Peak intensity values were recorded and overlaid using MassL)ﬁHtﬁ was done with LeadIT (BiosolvelT GmbH, Sankt Augustin, Germany).
For MS-based CypA deacylation analyzesiHMG-modi ed CypA was

incubated for 2h at 37 °C with 204 hSirt4 and 2mM NAD, as well as 0.5mg  Sequence alignments and phylogenetic treesStructure-based sequence align-

mL~1 nicotinamidase to prevent Sirt4-inhibition by released nicotinamide. Contrgents were created using STRAP with the integrated Aligner3D alg&fitiamd

reactions without Sirt4 were incubated for 22 h. All reactions were stopped througlnual editing and phylogenetic tree generation were done with B?g_nn_

mixing 1:1 with 0.5% TFA and analyzed by ESI-MS as describec’t0ypA de-  servation levels were mapped on the xSirt4 structure surface using GénSurf
HMG-ylations in the coupled continuous assay were performed as described for

peptide-based assays. o )
Data availability. Structure factors and reed structures have been deposited

with the Protein Data Bankh(tp://www.rcsb.org/pdpbunder accession codes 50J7
(xSirt4/ADPr), 50JN (xSirt4/thioacetyl-ADPr), and 50JO (zSirt5/HMG-CPS1).

Peptide- and FdL-based activity assaysThe coupled continuous assay was cher data are available from the corresponding author upon reasonable request.

performed as reportéd Brie y, assays in 20 mM sodium phosphate buffer pH 7
contained iM hSirt4 or 35pM xSirt4, 0.05 mg mi nicotinamidase, 2 U mf
GDH, 3.3 mM a-ketoglutarate, 0.2 mM NADPH, 10% DMSO, and NAD2 MM  Received: 27 March 2017 Accepted: 7 October 2017
or as indicated, and substrate peptide at|#@0or as indicated. Reactions were
monitored in microplates at room temperature for 1 h through absorption mea-
surements at 340 nm in a LAMBDAScan plate reader (MWG Biotech, Ebersberg,
Germany).

The Fluor-de-Lys (FdL) assay was performed at 37 °C in 25 mM Tris/HCI, 150
mM NaCl with 1uM hSirt4, 50QuM HMG-FdL substrate and 5 NAD*. After
20 min, developer solution (2mM NAM and 10 mg nlirypsin) in assay buffer References
was added 1:1 and samples were incubated for 45 min at room temperature. 1. Rauh, D. et al. An acetylome peptide microarray reveals sjiiesi and
Fluorescence was measures using a FluoDia T70 with excitation wavelength 365deacetylation substrates for all human sirtuin isoforlNet. Commun4, 2327
nm and emission wavelength 465 nm. (2013).
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Supplementary Figure 1. Enzymatic activity of Sirtda, Peptide acyl library for Sirt4

activity screening. A peptide derived from human CPS1 (residues 524-531) was modified
with the given acyls (R) oits lysine @amino group (covalent linkage indicated by dotted
lines).b, hSirt4-dependent deacylation reactions with acetyl-, DMS- and HMG-CPS1 peptide
substrate performed in presence and absence of 2 mM kA@nfirm theilNAD”

dependency. (n=2; error bars: sd.Analysis of Sirt4-dependent de-HMG-ylation and
deacetylation by MS detection of substrate and product peptide (left). The identical de-HMG-
ylation analyzed in the coupled enzymatic assay is shown on the right. (n=2; error bars: s.d.)
d, NAD™ titration of the hSirt4-dependent de-HMG-ylation of HMG-CypA as a substrate
protein. Error bars indicate the correlation coefficient of the linear fit of assay progression.
(n=2; error bars: s.de, Intact protein MS analysis of Sirt4-dependent de-HMG-ylation of
HMG-CypA. The ratios (left) of lower to higher HMG-modification levels (numbered in
spectra on the righthcreased in presence of Sirt4 but not in control reactions without

enzyme.












Supplementary Figure 2. Sirt4 conservation and structuee.Sequence alignment of

hSirt4, xSirt4 and zSirt4 showing high conservation except for the N-terminal MIeS.
coloringencodes conservation (BLOSUM62 scofe)Melting temperatures of xSirt4 with

various ligands in thermal denaturation shift assays. HMG-FdL, CPS1 peptide, and DMSO
control contained 10% DMSO. (n=2; error bars: dMultiple sequence alignment of a
chordate Sirt4 sequences available from UniProt. The coloring encodes conservation
(BLOSUMG62 score). Numbering and secondary structure elements are from xSirt4.

d, Structure-based sequence alignment of the catalytic cores of Sirt1-7 and bacterial sirtuins.
Our xSirt4/ADPr complex, the most similar structures of human Sirt1,2,3,5,6 and of the
bacterial sirtuins (determined using PDBeFOLD) were aligned, the alignment refined
manually according to conserved secondary structure elements, and subsequently all chordate
sequences of Sirtl-7 available from UniProt were added. Sequences of the structurally
characterized sirtuins (highlighted by underlining and *) and four representative sequences of
Sirt1-7 are shown. Coloring indicates conservation (BLOSUMG62 score). Numbering and
secondary structure elements are from xSat€rystal structure of an xSirt4/thioacetyl-
ADP-ribose complex (green). The Sirt4-loop features a different conformation than in the
Sirt4/ADPr complex (grey) and is largely undefined as indicated by the 2Fo-Fc electron

density contoured at\I(gray mesh).









Supplementary Figure 3. Active site featuresa, Overlay of xSirt4 (grey surface) and as a
representative of other isoforms Sirt3 (PDB ID 3GLR; yellow sticks), showing that the Sirt4
channel is blocked in other isofornfis.Effect of metabolites on xSirt4-dependent
deacetylation (top) ande-HMGylation activity (bottom). Metabolites were tested in the
coupled enzymatic assay, except for lipoic at)d \Which was incompatible and therefore
examined in MS-based assays. (n=2; error bars:cs @yerlay of xSirt4 (grey cartoon and
sticks) with NAD' in productive conformation (cyan sticks) from an overlaid Sir2Tm

complex (PDB ID 4BUZ) and non-productive NAgreen) from an overlaid Sirt3 complex
(PDB ID 4BV3).d, NAD" titrations for xSirt4 wildtype (wt) and Sirt4-loop deletion mutant
('198-203) with HMG-CPS1 peptide substrate. (n=2; error barsesldner surfaces of the
nucleotide binding sites of Sirt1-6, coloregelectrostatic potential calculated with APBS2.1

in PyMOL using PDB IDs 4KXQ (Sirtl), 5D70 (Sirt2), 4BN4 (Sirt3), our xSirt4 structure,
PDB IDs 3RIY (Sirt5) and 3K35 (Sirt6). ADPr compbéswere used for comparability,

except for Sirt5 (Sirt5/ADPr complex in open conformation) where we used a Sirt5/succinyl-
H3K9/NAD" complex. ADPr/NAD are shown as sticks. The surfacesel@ ORUHG DFFRUGL
WR HOHFWURVWDWWR &ERWH @ \WkBI4surfdde Golored by electrostatic
potential calculated using APBS2.1 in PyMOU HG WR E O X/ HADR-ribose is
shownaswhite sticks, and a glutaryl-CPS1 peptide from an overlaid zSirt5 complex (PDB ID
4UTR) is shown in pale greeg, Overlay of the active sites of the zSirt5/HMG-CPS1

complex (white, light-blue ligand) with zSirt5/glutaryl-CPS1 (orange; PDB ID 4UPBar
contacts are indicated by dashed lirexSirt4-dependent deacylation of CPS1-K527
peptides carrying modifications with a positive charge at the distal end (acyl stssttonan

in Supplementary Fig.1a). Activities are normalized to acetyl-CPS1 substrate. (n=2; error

bars: s.d.)



Supplementary Figure 4. Sirt4 inhibition.a, Suramin titration to determine th@s, for
hSirt4 in the FdL-likedle HMG-ylation assay. (n=2; error bars: s, NADH-dependent
Sirt4 inhibition analyzed with HMG-CPS1 substrate inM&-based assay. (n=2; error bars:

s.d.)
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Supplementary Figure 5. Reaction scheme for synthesis of the fluorogenic Sirt4 substrate

Z-Lys(HMG)-AMC (HMG-FdL).
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Supplementary Table 1 £Primer sequences

Primer

Sequence

hSirt4 25 BamHI forward

TATAGGATCCTCGAAAGCCTCCATTGGGTTATT

hSirt4 314 Hindlll_reverse

TATAAAGCTTTCAGCATGGGTCTATCAAAG

xSirt4_21_Ndel_forward

ATACATATGAGCCACAAATCCCACCTTGCATTGTC
AG

xSirt4 32 Ndel forward

ATACATATGGTCCCTGCATGTCCCCCACCAAATC

xSirt4_315_Xhol_reverse

TATACTCGAGCTATTGGTCCTGTAGCAATATGTGT
GGCAATAC

xSirt4 _D201A forward

GTTGGCTCCCGCGGGTGATGTCTTTCTGAC

xSirt4 _D201A reverse

TGTACCCAACCGAGGGCGCCCACTACAGAA

xSirt4_D203A_forward

AGGGCTACCACGCCAGAAAGACTGTCTAC

xSirt4_D203A_reverse

AGGGCTACCACGCCAGAAAGACTGTCTAC

xSirt4_Y73F_forward

GGAATCCCAGACTTTCGCTCAGAAGGG

xSirt4_Y73F_reverse

CCCTTCTGAGCGAAAGTCTGGGATTCC

xSirt4 R101A forward

GAGTCAGGCTGCAGCACGGAGATATTGGG

xSirt4_R101A reverse

CCCAATATCTCCGTGCTGCAGCCTGACTC

xSirt4_Y104F_forward

GCTGCAAGACGGAGATTTTGGGCTCGTAACTTTG

xSirt4_Y104F reverse

CAAAGTTACGAGCCCAAAATCTCCGTCTTGCAGC

xSirt4 R107A forward

CGGAGATATTGGGCTGCGAACTTTGTAGGATG

xSirt4 R107A reverse

CATCCTACAAAGTTCGCAGCCCAATATCTCCG

xSirt4_Y104F-R107A_forward

CAGGCTGCAAGACGGAGATTTTGGGCGGCGAAC
TTTGTAGGATGGCCTAG

xSirt4_Y104F-R107A reverse

CTAGGCCATCCTACAAAGTTCGCCGCCCAAAATC
TCCGTCTTGCAGCCTG

xSirt4_N108A_forward

GAGATATTGGGCTCGTGCGTTTGTAGGATGGCCT
AG

xSirt4_N108A reverse

CTAGGCCATCCTACAAACGCACGAGCCCAATATC
TC

[6LUW BZ14_ forward

GGTTTCTGAATCTCAATGGATCTAGTCAGGTCCCA
GCCTGTACCAAGTG

[6LUW BZ14 reverse

GGCTGGGACCTGACTAGATCCATTGAGATTCAGA
AACCTTTCCTGCAGC

[6LUW BZ12_forward

CTCAATCCATCCTGGGGTAGTTCTGACTTTCAGGT
CCCAGCCTGTACC

[6LUW BZ12 reverse

GGGACCTGAAAGTCAGAACTACCCCAGGATGGAT
TGAGATTCAGAAAC

[6LUW BZ05 forward

CCTGGAATGAGCAGGCACTGACAGATGAGCAGG

[6LUW BZ0D5 reverse

CCTGCTCATCTGTCAGTGCCTGCTCATTCCAGG

[6LUW BZD5+GSS_forward

CAATCCATCCTGGAATGAGCAGGCAGGCTCTTCT
CTGACAGATGAGC

[6LUW BZD5+GSS_reverse

GTCTGACACCTGCTCATCTGTCAGAGAAGAGCCT
GCCTGCTCATTCC

[6LUW BZ03 forward

GAGCAGGCACATGGGGTCTTTCTGACAGATG

[6LUW BZ03 reverse

CATCTGTCAGAAAGACCCCATGTGCCTGCTC

zSirt4_29_Ndel_forward

ATACATATGGTTCCTGCAAGTGGCTCCTTTGACTC
CAG

zSirtd_310_Xhol_reverse

TATACTCGAGTCAGGACAGTTTAATGGCTGGCAG
CACTTCTCC
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