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1 Einleitung

1.1 Epigenetische Regulation

Echte vielzellige Organismen bestehen aus verschiedenen spezialisierten Gewebetypen,
welche eine Vielzahl verschiedener Aufgaben im Organismus erfiillen. All diese Zellen besitzen
nahezu die gleiche in der DNA kodierte Information. Um ihre spezifischen Funktionen zu erfiillen,
differenzieren sich diese Zellen in verschiedene Zelltypen. Dies geschieht durch Zelltyp-
spezifische Genexpression und wird durch epigenetische Modifikationen gesteuert. Dabei erfolgt
eine Verdnderung der Zelllinienbildung (Differenzierung), die nicht durch Anderung der DNA
(Mutagenese) entsteht (1). Es gibt verschiedene Mechanismen, welche die Genaktivitat erh6hen
oder unterdriicken. Die wichtigsten epigenetischen Mechanismen sind DNA-Methylierung, nicht-
codierende RNAs (nc-RNA), die Konformation des Chromatins und die Modifikation von
Histonproteinen (2).

Die DNA eukaryotischer Zellen ist in deren Zellkern in Chromatin verpackt. Das Chromatin
besteht aus Nukleosomen, welche sich aus 145-147 DNA-Basenpaaren zusammensetzen, die
wiederum um ein Heterooktamer gewickelt sind. Dieses Oktamer setzt sich aus je zwei Kopien
der globuldren Histonproteine H2A, H2B, H3 und H4 zusammen. Dieser hoch konservierte
Proteinkomplex tritt ungefdhr alle 200 Basenpaare auf (3, 4). Der N-terminale Teil der
Histonproteine liegt ungeordnet vor und ragt aus der Nukleosom- bzw. Chromatinstruktur heraus
und ist damit fiir die Interaktion mit anderen Proteinen zugdnglich. Diese Interaktionen und die
Chromatinstruktur kénnen durch verschiedene Modifikationen des N-terminalen Histonteils
gesteuert werden. Diese Modifikationen entstehen nach der Proteinbiosynthese (Translation),
weshalb sie posttranslationale Modifikationen (PTMs) genannt werden. Typische PTMs sind
Phosphorylierungen, Methylierungen, SUMOylierung, Ubiquitinylierung, ADP-ribosylierung und
Ac(et)ylierung (5, 6). Die Gesamtheit der PTMs bildet zusammen den sogenannten Histon-Code.
Der Histon-Code wirkt auf verschiedene zellulidre Prozesse, die durch das Chromatin gesteuert
werden (4).

1.2 Posttranslationale Modifikationen - Ac(et)ylierung an Histonen

Der ungeordnete N-terminale Teil der Histone ist reich an den basischen Aminosauren (AS)
Arginin und Lysin und somit unter physiologischen Bedingungen positiv geladen. Daher kommt
es mit der negativ geladenen DNA zur Ausbildung ionischer Wechselwirkungen, was zu einer
festen Chromatinstruktur fiihrt. Die darunterliegenden Gene weisen dann eine geringe
Genaktivitat auf (7, 8). Werden die positiv geladenen Teile des Histons durch Modifikationen
,maskiert”, verringern sich die Wechselwirkungen und die Chromatinstruktur ist gelockert.
Dadurch haben z.B. Transkriptionsfaktoren oder die RNA-Polymerase einen besseren Zugang zu
den darunter liegenden Genen und die Genaktivitat ist erhoht (8). Die PTM, die diese Maskierung
steuert, ist die Ac(et)ylierung der e-Aminogruppe von Lysinen im Histon. Die Gesamtheit aller
Ac(et)ylierungen am Chromosom wird als Acetylierungsstatus bezeichnet. Dieser ist
hochdynamisch und wird vornehmlich durch zwei Enzymklassen reguliert (9).

Zum einen gibt es die als writer bezeichneten Histonacetyltransferasen (HAT, EC: 2.3.1.48).
HATs katalysieren die Ac(et)ylierung der e-Aminogruppe von Lysinen, indem sie den Ac(et)ylrest
von Ac(et)yl-Coenzym A (Ac-CoA) auf den Lysinrest iibertragen (10). Durch die lockere
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Chromatinstruktur erhoht sich die Genaktivitdt. Zum anderen gibt es die eraser, die sogenannten
Histondeacetylasen (HDAC). HDACs katalysieren die Riickreaktion und entfernen den Ac(et)ylrest
von der Lysinseitenkette. Die Chromatinstruktur kondensiert und die Genaktivitat sinkt wieder
(11). Neben dem Einfluss auf die Chromatinstruktur kénnen Lysinac(et)ylierungen auch durch die
sogenannten reader ,erkannt“ werden, indem diese die entsprechende Modifikation binden (10,
12). Die Bromodomadnen sind vermutlich am wichtigsten fiir die Lysinacetylierung und daher auch
die am besten untersuchten Vertreter dieser Gruppe. Oft sind sie entweder Bestandteil grofierer
Proteinkomplexe oder Domianen von Proteinen, wie z.B. Helicasen, HATs, ATP depenendent
chromatin remodelling proteins, Helicasen, Methyltransferasen und Transkriptionskoaktivatoren
(8). Weitere reader von PTMs sind plant homeodomain (PHD)-Doméanen und YEATS-Domanen.

1.3 Klassifizierung und zellulare Lokalisation der Histondeacetylasen

Die Familie der Histondeacetylasen besteht im Homo sapiens aus 18 Enzymen, welche sich
aufgrund der Phylogenetik in vier Klassen aufteilen lassen (Abbildung 1) (13). Die Mitglieder der
Klasse 1 (HDAC1, HDAC2, HDAC3 und HDACS), der Klasse 1la (HDAC4, HDAC5, HDAC7 und
HDAC9), der Klasse IIb (HDAC6 und HDAC10) und der Klasse IV (HDAC11) sind die elf
Znz+-abhangigen HDACs (EC: 3.5.1.98, (13)). Die Klasse IIl besteht aus den sieben NAD+*-
abhangigen HDACs (EC: 2.3.1.286), den sogenannten Sirtuinen (SIRT). Der Name entstammt dem
zuerst in Saccharomyces cerevisiae nachgewiesenen silent information regulator 2 (Sir2) Protein.
Sirtuine sind Homologe von Sir2 und unterscheiden sich sowohl strukturell als auch im
Reaktionsmechanismus von den Zn2+-abhangigen HDACs. Sie nutzen NAD+ als Cosubstrat. Die
Sirtuine lassen sich aufgrund von phylogenetischen Untersuchungen in vier Unterklassen
aufteilen. Die Unterklasse I besteht aus SIRT1, SIRT2 und SIRT3, die Unterklasse II aus SIRT4, die
Unterklasse III besteht aus SIRT5. Die Unterklasse IV wird aus SIRT6 und SIRT7 gebildet (14).
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Abbildung 1. A. Subzellulare Lokalisation und Klassifizierung der Zn2+-abhingigen HDACs. Das
eingekreiste P zeigt eine Phosphorylierung. B. Subzellulare Lokalisation und Klassifizierung der Sirtuine
(Klasse III der HDACs).

Neben den Histonen gehort eine Vielzahl an verschiedenen Proteinen zu den Substraten der
HDACs. Deswegen werden HDACs in der Literatur richtigerweise oftmals auch als
Lysindeacetylasen bezeichnet (KDAC). Da HDAC aber der historisch gewachsene und
gebrauchlichere Begriff ist, werden sie in dieser Arbeit weiterhin so bezeichnet. Die Substrate der
HDACs befinden sich in verschiedenen Kompartimenten der Zelle. Somit lassen sich die HDACs



neben der phylogenetischen Klassifizierung auch nach ihrer =zelluldiren Lokalisation
unterscheiden.

Wie in Abbildung 1A dargestellt, sind die HDACs der Klasse [ und IV vornehmlich im Nukleus
und die HDACs der Klasse IIb im Cytoplasma lokalisiert (15). Die HDACs der Klasse Ila treten
sowohl im Nukleus als auch im Cytoplasma auf (16). Die Lokalisation ist dynamisch und wird tiber
Nukleus-Lokalisations- bzw. Nukleus-Exportsequenzen (NES), den Phosphorylierungsstatus und
der daraus folgenden Bindung an das 14-3-3 Protein gesteuert (17, 18). Auch fiir HDAC8 (Klasse I)
sind cytosolische Substrate bekannt (19, 20), was den Schluss nahe legt, dass HDAC8 auch im
Cytoplasma vorkommt. Ebenso kénnen die HDACs der Klasse IIb neben ihrer cytoplasmatischen
Lokalisation auch im Nukleus vorkommen. Zum Beispiel wurde murine HDAC6 nach
Unterbrechung der Zellproliferation im Nukleus nachgewiesen (21). Nichtsdestotrotz weist
HDACG6 drei NES-Sequenzen auf und ist fast ausschlieflich im Cytoplasma zu finden (21).

Die Sirtuine verteilen sich auf verschiedene Kompartimente (Abbildung 1B). SIRT1 und SIRT6
sind im Nukleus lokalisiert, SIRT7 im Nucleolus (22) und SIRT2 im Cytoplasma. Wurde SIRT2 in
HeLa-Zellen iiberexprimiert, konnte es teilweise auch im Nukleus nachgewiesen werden (23).
Aufderdem scheint SIRT2 wahrend der Mitose am Chromatin assoziiert zu sein (23, 24). Ebenso
kann SIRT1 im Cytoplasma lokalisiert sein. Dies ist scheinbar vom Differenzierungsgrad der Zelle
abhangig (25). Die letzten drei Sirtuine, SIRT3, SIRT4 und SIRT5, sind im Mitochondrium
lokalisiert und weisen jeweils eine Importsequenz fiir das Mitochondrium auf (26-28). Einzelne
HDACs wurden neben den oben genannten Lokalisationen auch in anderen Zellkompartimenten
nachgewiesen. Die hier genannten Lokalisationen spiegeln die typische Verteilung der HDACs
wider.

1.4 Substrate und Substratspezifitit der HDACs

Neben den bis jetzt erwdhnten Acetylresten gibt es eine Vielzahl an Acylmodifikationen fiir
Lysinreste, die in vivo auftreten (Abbildung 2A). Dazu gehoren kleinere Modifikationen wie
Formyl- (29), Glyoxalyl- (30), Propionyl- (31), Butyryl- (32), Crotonyl- (33), Lactoyl- (34),
Pyruvoyl- (30), Malonyl- (35), Succinyl- (35), Glutaryl- (36), B-Hydroxybutyryl- (bhb) (37),
Hydroxyisobutyryl- (38), 3-Hydroxy-3-Methylglutaryl- (HMG) (39), Benzoylreste (40) oder auch
langere Fettsdurereste wie Myristoyl- (41) oder Lipoylreste (42). Die Isoformen der HDACs
weisen fiir die entsprechenden Reste verschiedene Spezifititen auf.

Die Acylreste konnen als Lysinmodifikationen an den Histonen, aber auch an vielen anderen
Proteinen gefunden werden. Diese Proteine konnen auch an verschiedenen Stellen mit Acylresten
modifiziert werden. Weiterhin kann eine Acylierungsstelle auch verschiedene
Acylmodifikationen (bzw. auch verschiedene PTMs) tragen.

Beispielsweise scheint die kompetitive Acetylierung und Buturylierung am Lysin5 des
Histons 4 (H4K5) und H4K8 in aktiven Promotorregionen eine wichtige regulatorische Rolle
wahrend der Spermatogenese einzunehmen (43).

Dadurch ergibt sich eine Vielzahl an Kombinationen fiir mégliche HDAC-Substrate. Uber einige
typische Substrate bzw. die Substratspezifitit der einzelnen HDACs fiir die verschiedenen
Acylreste wird im nichsten Abschnitt ein Uberblick gegeben. Nicht fiir alle bekannten Spezifititen
fiir Acylmodifikationen gibt es eine nachgewiesene biologische Relevanz, da diese oft aus in vitro-
Messungen an Peptidsubstraten stammen. Andersherum gibt es auch in vivo-Studien, welche
durch  knock-down-Experimente, Uberexpressions- und Inhibitor-Studien  Substrate



nachgewiesen haben, ohne dass die Aktivitat in vitro fiir die entsprechenden Enzyme beobachtet
wurde.

Zusatzlich zur Spezifitit fiir die Acylreste besitzen HDACs eine Spezifitat fiir den Trager der
Acylmodifikation, also das Peptid, das Protein oder das Polyamin. Insbesondere hat sich erwiesen,
dass in Peptid- und Proteinsubstraten die Peptidsequenz in direkter Nachbarschaft zum
modifizierten Lysin fiir die Substrateigenschaften gegeniiber HDACs relevant ist. So wurden fiir
die HDACs der Klasse I Peptidmikroarray-Untersuchungen der Substratsequenz auf der
Grundlage von 206 Histonpeptiden durchgefiihrt. Dabei zeigten HDAC1, HDAC2 und HDACS eine
hohe Sequenzspezifitit. HDAC3 hingegen wies eine geringere Sensitivitat fiir die Peptidsequenz
auf (44). Auch HDAC6 weist eine hohe Sequenzspezifitiat in Peptidmikroarray-Analysen auf (45).
Die HDACs der Klasse Ila bevorzugen vor allem aromatische AS in allen untersuchten Positionen
(46).

Sirtuine sind eher unspezifisch, was die Peptidsequenz angeht. Die Bindung des Peptids im
aktiven Zentrum erfolgt hauptsichlich iber Wasserstoffbriickenbindungen zum Peptidriickgrat
(47). In einer Untersuchung der Sequenzspezifitit mittels Peptidmikroarray wurde gezeigt, dass
Sirtuine grundsatzlich Isoform-spezifische Sequenzpraferenzen aufweisen (48). Diese in vitro
Daten lassen sich nicht immer direkt in den in vivo-Kontext tibertragen. So befindet sich in einem
guten in vivo SIRT6 Substrat ein Arginin N-terminal zum modifizierten Lysin (47). Dahingegen
erwies sich Arginin an dieser Stelle als nicht bevorzugt in den Mikroarraystudien (48). Bei HDAC1
haben die Interaktionspartner ebenso einen grofden Einfluss auf die Sequenzspezifitit wie im
ndchsten Abschnitt beschrieben. Klare Sequenzmotive wie bei manchen Proteasen weisen HDACs
nicht auf.

1.4.1 Acylspezifitit der HDACs

Die HDACs der Klasse I weisen eine robuste Deacetylaseaktivitat auf, wobei HDACS fiir Peptide
mit diesem Rest sehr hohe Ku-Werte aufweist (49-51). HDAC1-3 zeigen ebenso auch
Deformylaseaktivitit, mit deutlich hoheren Ku-Werten als fiir acetylierte Substrate (49).
Zusatzlich kénnen sie auch Propionylreste und kiirzere Acylreste, die sterisch anspruchsvoller
sind, deacylieren, wie z.B. Crotonylreste (52, 53) oder bhb-Reste (54). HDAC3 weist dabei die
breiteste Aktivitit fiir diese Acylreste auf (49, 50). HDAC8 ist in der Lage, auch lange
Fettsdurereste von Lysinen zu entfernen (51). HDAC1-3 treten in vivo vor allem in grofden
Proteinkomplexen auf, welche ihre Aktivitat und ihre Spezifitit beeinflussen. Beispielsweise weist
die HDAC3 nur Deacylaseaktivitit auf, wenn sie mit dem Nuclear receptor co-repressor (NCOR)
oder dem SMRT Komplex eingesetzt wird (55). Auch HDAC1 besitzt verschiedene Acylspezifititen
in Abhangigkeit von den entsprechenden Bindungspartnern. Im MiDAC-Komplex ist die HDAC1-
Deacetylaseaktivitat fiir das acetylierte H2K11 (H2K11-Ac) im assemblierten Nukleosom iiber
2 000-fach grofder als HDAC1 gebunden im Sin3A-Komplex. Ohne Bindung an einen
Proteinkomplex konnte gar keine Deacetylaseaktivitit gegeniiber H2K11-Ac im Nukleosom
gemessen werden (56).

Eine Sonderrolle nehmen die HDACs der Klasse Ila ein. Sie zeigen in vitro keine oder nur sehr
schwache Deacetylaseaktivitat. Das ist darauf zuriickzufiihren, dass sich im aktiven Zentrum ein
Histidin befindet. Im Gegensatz dazu befindet sich im aktiven Zentrum der anderen
ZnZ+-abhdngigen HDACs an dieser Stelle ein konserviertes Tyrosin. (siehe 1.5.2, HDAC-
Mechanismus, (57)). Gegeniiber trifluoracetylierten (TFA)-Substraten mit deutlich reaktiveren
Amidbindungen weisen sie dagegen eine hohe Deacylaseaktivitit auf (57). Uber die in vivo
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Substrate der HDACs der Klasse I1a ist wenig bekannt. Es konnte jedoch fiir HDAC4 nachgewiesen
werden, dass die Deacetylierung eines potentiellen in vivo HDAC4-Substrats von der katalytischen
Aktivitat der HDAC4 abhangt (58). Es konnte sein, dass die HDACs der Klasse Ila vornehmlich
nicht als Deacetylasen wirken und stattdessen in der biologischen Funktion als Acetyllysin reader
auftreten. Wie die HDACs der Klasse I sind sie oft Bestandteil von grofen Multiproteinkomplexen
(59). Oft kommen in den Komplexen auch HDACs der Klasse I vor, welche dann die
Deacetylaseaktivitdt beisteuern kénnten. Erst kiirzlich konnte gezeigt werden, dass HDAC7 ein
Acetyllysin bindet und dadurch die Dissoziation vom HDAC3/NCOR-Komplex initiiert, was eine
Aktivierung von Androgenrezeptor-regulierenden Genen zur Folge hat (60).
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Abbildung 2. A. Struktur der in vivo nachgewiesenen Ne-Lysinmodifikationen. B. Struktur der acetylierten
Polyamine als Substrate fiir HDAC10.

Die zur Klasse IIb gehérende HDAC6 besteht aus zwei Untereinheiten, CD1 und CD2, welche
unterschiedliche Substratspezifititen aufweisen. HDAC6 ist eine starke Deacetylase mit
katalytischer Effizienz bis zu 185 000 M-1s1 und einer guten Deformylaseaktivitit mit einem
Keat/Ku-Wert von 97 000 M-1s-1 mit der gleichen Peptidsequenz. Wird der Rest um eine
Methylgruppe langer, also zu einem Propionylrest, verringert sich die Deacylaseaktivitat
dramatisch auf einen ke(/Ku-Wert 1 700 M-1s-1 (45). Langere Reste scheint die HDAC6 nicht zu
entfernen (49). Diese Aktivitdaten sind auf die CD2 zuriickzufiihren. CD1 ist sehr spezifisch fiir



N-terminale Acetyllysine mit Praferenzen fiir Glycin oder positiv geladenen AS in der -1 Position
(45).

HDAC10, die zweite Deacetylase der Klasse IIb, ist dahingehend besonders, dass sie keine
Proteine bzw. Peptide, sondern acetylierte Polyamine als Substrate bevorzugt. Damit ist HDAC10
eine Acetyl-Polyamindeacetylase (Abbildung 2B). Die hochste katalytische Effizienz weist
HDAC10 fir N8-Acetyl-Spermidin auf (Abbildung 2B).

HDAC11, die einzige HDAC der Klasse [V, zeigt keine messbare Deacetylaseaktivitat. Dafiir ist
HDAC11 in der Lage, ldngere Fettsdurereste (ab Hexanoylrest) von Lysinresten zu entfernen. Ihre
katalytische Effizienz steigt zundchst, mit zunehmender Linge des Acylrests und erreicht ihr
Maximum fiir Dodecanoyl- bzw. fiir Myristoylreste. Bei weiterer Zunahme der Kettenldnge zu
Palmitoyl- und Stearylresten, sinkt die katalytische Effizienz aufgrund der starken Erh6hung des
Ku-Werts wieder deutlich (61-63).

Die Sirtuine der Klasse I (SIRT1, SIRT2 und SIRT3) weisen eine sehr robuste Deacetylase- und
eine etwas schwichere Depropionylaseaktivitat auf (50, 64). Weiterhin zeigen sie eine relativ
breite Deacylaseaktivitit gegen Fettsdurereste wie Myristoylreste (64). SIRT2 akzeptiert dabei ein
relativ grofdes Spektrum an Acylresten als Substrate wie z.B. Lactoyl- (65), Benzoyl- (40) und
4-0Oxononanylreste (66).

Fir SIRT4 wurde in vivo eine Deacetylaseaktivitidt nachgewiesen. Diese ist in vitro mit einer
katalytischen Effizienz von 3,7 M-1s-1 allerdings relativ schwach ausgepragt (67, 68). Dahingegen
erkennt SIRT4 Peptide mit HMG-, Methylglutaryl- (39, 68) und Lipoylresten als Substrate mit
deutlich besseren kinetischen Konstanten (42). Auch Succinyl- und Glutarylreste werden von
SIRT4 als Substrate akzeptiert.

SIRT5 hat eine hohe Substratspezifitit fiir die Dicarbonsdurereste Malonyl-, Succinyl-,
Glutarylreste (36, 69, 70). SIRT6 hingegen zeigt in vitro eine starke Spezifitdt fiir langere
Fettsdurereste und weist eine auflerordentlich geringe Deacetylaseaktivitat auf (41, 71). In vivo
hingegen konnte fiir SIRT6 fiir spezifische Reste (H3K9-Ac und H3K54-Ac) auch eine
Deacetylaseaktivitat gezeigt werden (72, 73). Wurden vollstandige acetylierte Nukleosomen als
Substrate genutzt, konnte diese Aktivitat auch in vitro reproduziert werden. Wurde hingegen nur
das acetylierte Histon-Oktamer ohne DNA als Substrat dargeboten, konnte keine Deacetylierung
durch SIRT6 beobachtet werden (74). Ahnliche Beobachtungen wurden fiir SIRT7 gemacht. Zuerst
wurden bei SIRT7 nahezu keine Deacylaseaktivitiat an Peptidsubstraten in vitro gemessen, obwohl
einige acetylierte in vivo-Substrate, wie z.B. H3K18-Ac (75) und GA binding protein 1 (76),
nachgewiesen wurden. Es konnte dann aber gezeigt werden, dass die SIRT7-Aktivitat fiir
acetylierte, buturylierte und myristoylierte H3K18-Peptide durch DNA bzw. tRNA-Zugabe
deutlich gesteigert werden konnte (77, 78). Im Gegensatz dazu konnten andere Arbeiten die
Deacylaseaktivitit von SIRT7 nur an vollstandigen Nukleosomen nachweisen (79, 80). SIRT7
scheint hierbei sehr ortsspezifisch nur die Reste H3K18-Ac und H3K36-Ac zu deacetylieren (79,
81).

1.4.2 Bedeutung der PTMs am Beispiel der Lysinlactoylierung

Die Lysinlactoylierung ist eine der zuletzt entdeckten PTMs. 2015 wurde die
Lysinlactoylierung bei der Untersuchungen der Proteinglykolierung in der Linse des humanen
Auges in vivo als Proteinmodifikation entdeckt (82). Hierbei wurde vermutet, dass es als advanced
glycolated endproduct (AGE) aus Methylglyoxal (MGO) entsteht. MGO wiederum ist ein
Nebenprodukt der Glykolyse und entsteht aus Glycerinaldehyd-3-phosphat und
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Dihydroxyacetonphosphat. Da die Lysinlactoylierung aus der in vivo Maillardreaktion stammt,
wurde angenommen, dass die Lactoylierung altersbedingt oder krankheitsbedingt (Katarakt)
erhoht ist. So konnte eine lineare Korrelation der Gesamtmenge der Lysinlactoylierung mit dem
Alter (r2=0,729, n = 25) nachgewiesen werden (82). In einer dhnlichen Untersuchung konnte
zusatzlich demonstriert werden, dass sich die Gesamtmenge der Lysinlactoylierung der 16slichen
Proteinfraktion aus der Leber von drei Monate alten Ratten zu 22 Monate alten Ratten
verdoppelte (30).

Zhang et al. wiesen 2019 nach, dass die Lysinlactoylierung auch am Histon auftritt. Die Menge
der Histonlactoylierung ist dabei vor allem von der Lactatkonzentration in der Zelle abhdngig. Die
Lysinlactoylierung wird dhnlich wie die Lysinacetylierung an aktiven Genen gefunden. Das deutet
auf einen dhnlichen Wirkmechanismus wie bei Lysinacetylierung (Chromatinlockerung und
Aktivierung der darunter liegenden Gene) hin. Die Lysinlactoylierungen aktivierten dabei eine
Reihe von spezifischen Genen, welche nicht durch die Lysinacetylierungen aktiviert werden (34).
Die Verkniipfung der Histonlactoylierung mit der Abundanz freien Lactats in der Zelle ist
interessant, weil Krebszellen ihren Stoffwechselweg oft von der oxidativen Phosphorylierung auf
Glykolyse als Hauptenergielieferanten umstellen und dadurch grofie Mengen freies Lactat
produzieren. Dieser Vorgang ist als Warburg-Effekt bekannt. Lactat wiederum erzeugt viele
Stoffwechselsignale, = welche verschiedene Stoffwechselwege aktivieren, die die
Tumormetastasierung, die Tumorinvasion und die Immunevasion von Tumorzellen begiinstigen
(83). Zhang et al. haben 28 Lysinlactoylierungen an den Kernhistonen in humanen Zellen und
Mauszellen gefunden. Darauf basierend, erstellten sie ein Modell, bei dem sie die M1-
Makrophagenpolarisation nach einer Infektion mit gram-negativen Bakterien nachstellten.
Proinflammatorische M1-Makrophagen wechseln nach Beginn einer Infektion zur aeroben
Glykolyse (siehe Warburg Effekt), was eine Erhohung der Lactatkonzentration zur Folge hat. Aus
diesem Grund konnte eine Erhéhung der Lysinlactoylierung nach 16-24h beobachtet werden. Im
Gegensatz dazu sank die Lysinacetylierung. Die Lactoylierung erzeugte eine Genexpression,
welche typisch fiir die M2 Homodostase ist. Diese verzogerte Genexpression durch
Lysinlactoylierung bezeichnen die Autoren als Lactat-Timer, der das Expressionsmuster nach
dem Bakterienbefall dndert (34).

Aufserdem konnte gezeigt werden, dass p300 eine potenzielle HAT fiir die Lactoylierung ist,
wobei Lactoyl-CoA als Substrat genutzt wird. Eine weitere Studie konnte die These fiir p300 als
Histon-Lactoyltransferase bestatigen (84). Weitere Proteine wurden neben den Histonen als Ziele
fir die Lysinlactoylierung gefunden. Zum Beispiel tritt SNAIL1 bei Hypoxie nach einem
Herzinfarkt lactoyliert auf. Auch die Pyruvatkinase M2 (PKM2) wird am Lys62 lactoyliert (84, 85).
Diese Lactoylierung am Lys62 wird durch exogene Lactatgabe erhoht und hat einen Einfluss auf
die Wundheilung. Da diese Lactoylierung aus dem Metabolismus entstammt, wird angenommen,
dass es sich um L-Lactoylierung handelt.

Bei einem alternativen Reaktionsweg ist das Ausgangsprodukt ebenso das reaktive MGO,
welches durch die Glyoxalasel auf Glutathion (GSH) iibertragen wird. Dadurch entsteht
Lactoglutathion (LGSH). Dieses wird durch die Glyoxalase Il unter Bildung von D-Lactate und GSH
hydrolysiert. LGSH kann auch nicht-enzymatisch den D-Lactoylrest auf Lysinreste iibertragen
(86). Vor allem Proteine der Glykolyse waren von der D-Lactoylierung betroffen. Da das durch die
Glykolyse entstandene MGO nicht mehr durch die Glyoxalasen abgebaut werden kann, lasst sich
auf einen moglichen Feedback Mechanismus schliefen (86). Versuche an humanen Gehirnzellen
deuteten neuronale Erregung und sozialen Stress als weitere Quellen fiir erhdhte
Lysinlactoylierungen an (87).
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SIRT2 war das erste Enzym, fiir welches eine Delactoylaseaktivitat in vitro und in vivo gezeigt
werden konnte. Fiir ein PKM2-basiertes lactoyliertes Peptidsubstrat betrug die katalytische
Effizienz 1 M-1s'! (65) und fiir Histon-basierte Peptide (H4K91-Lac) 66 M-1s-1 (88). In der zweiten
Studie zeigten auch SIRT1, SIRT3 und SIRT5 eine schwache Delactoylaseaktivitat (88).

Im Gegensatz zu GLOZ2-/-Zellen, in denen nur die Glyoxalasell fehlt, zeigten
SIRT2-/-/GLO2-/--Zellen bei in vivo SIRT2 knock-down Experimenten erhohte Lysinlactoylierung
(65). Des Weiteren konnte nachgewiesen werden, dass der SIRT2 knock-down in Neuroblastom
(NB)-Zellen signifikant die Histonlactoylierung erhoht, was wiederum die Zellproliferation und
Migration ansteigen ldsst. Diese Effekte konnten durch SIRT2-Supplementierung aufgehoben
werden, was auf eine wichtige Regulation von SIRT2 als Tumorsupressor iiber die
Histonlactoylierung und die damit verbundene Tumorgenese von NB hindeutet (88). Eine
dhnliche Tumorpromotion durch Histonlactoylierung konnte auch fiir Augenmelanomzellen und
im Mausmodell festgestellt werden (89).

In einer weiteren Arbeit wurde gezeigt, dass HDAC1-3 deutlich effizientere Delactoylasen als
die Sirtuine sind. Die hochste katalytische Effizienz besitzt dabei HDAC3 mit 2 600 M-1s-! fiir ein
L-lactoyliertes Peptid und 6 000 M-1s-1 fiir ein D-lactoyliertes Peptid. Insgesamt scheinen die
HDACs der Klasse I L-Lactoyllysin etwas schlechter zu erkennen als D-Lactyollysin. Das gleiche
Ergebnis wurde fiir HDAC3 mit D- und L-bhb-Peptiden erzielt. Auch in vivo knock-down- und
Inhibierungsexperimente zeigten eine in vivo Delactoylaseaktivitat fiir HDAC1 und HDAC3, mit
starker Praferenz fiir H4K5-Lac (50).

Seit der Entdeckung der Lysinlactoylierung als PTM wurden durch massenspektrometrische
Untersuchungen tausende potenzielle Lactoylierungenstellen in Magenkrebszellen (90) oder
auch in E. coli gefunden (91). Weitere biologische Bedeutungen dieser PTM sind daher
wahrscheinlich.

1.4.3 Proteinsubstrate und biologische Bedeutung der HDACs

Ihre biologische Bedeutung erlangen HDACs als ,Gegenspieler” der HATs und damit zur
Aufrechterhaltung des dynamischen Gleichgewichts der Proteinac(et)ylierung. Durch den
Einfluss auf Chromatinstruktur und damit auf die Regulierung der Genaktivitit sind HDACs in
viele (patho)physiologische Prozesse involviert. Typische Beispiele sind die Kontrolle des
Zellzyklus, Fettsdureoxidation, Tumorsuppression, Tumorpromotion, Glukosehomoostase,
Insulinsekretion, $-Oxidation, Harnstoffzyklus und DNA-Reparatur (16, 92). In den Fokus der
Forschung gelangten Sirtuine durch die Steigerung der Lebensspanne von Saccharomyces
cerevisiae durch Sir2-Uberexpression (93, 94). Die Gesamtheit der bereits beschriebenen
Substrate der HDACs und deren Regulation zu beschreiben, wiirde das Ausmaf? dieser Einleitung
libersteigen.

Vielfdltige Beispiele biologischer Substrate fiir Sirtuine kénnen in dem Review aus dem Jahr
2022 (22) und fiir Zn2?*-abhdngige HDACs in dem Review aus dem Jahr 2023 (95) gefunden
werden. Als Beispiel flir ein Enzym, dessen enzymatische in vitro Aktivitat erst vor sechs Jahren
entdeckt wurde, soll die biologischen Funktionen der HDAC11 nédher betrachtet werden.

HDAC11 wird im Vergleich zu den anderen HDACs gewebespezifisch im Gehirn, Niere,
Skelettmuskel, Herz und Immunzellen, wie Antigen-prasentierenden Zellen (APCs), exprimiert
(96). Aufierdem ist in verschiedenen Tumorzelllinien und in mit Interleukin-13 behandelten
B-Zellen die Expression von HDAC11 erhoht (97-99). HDAC11 beeinflusst auch die
Immunantwort, indem es den Promotor von Interleukin-10 bindet und die damit verbundene
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Genaktivitat inhibiert (100). Auflerdem hat HDAC11 einen Einfluss auf die Genomstabilitdt und
den Zellzyklus und auf diverse neuronale und metabolische Funktionen (99, 101).

Flir verschiedene Krebsarten wurden unterschiedliche Expressionsmuster fiir HDAC11
festgestellt. Beispielweise wird HDAC11 im hepatozelluldren Karzinom (HCC), Ovarialkarzinom,
multiplem Myelom, in akuter lymphatischer Leukdmie und bei Lungenkrebs liberexprimiert. Dies
steht im Zusammenhang mit einer schlechten Patientenprognose. Im Gegensatz dazu fiihrt eine
verminderte Expression oder Inhibition von HDAC11 beim Aderhautmelanom, Brustkrebs, basal-
like Mammakarzinom und Gliomen zur Metastasierung und damit oft ebenso zum kiirzeren
Uberleben (99). Diese Zusammenhinge machen HDAC11 zu einem interessanten Target fiir die
Tumorbehandlung.

Die Fettsdure-Deacylierung der Serinhydroxymethyltransferase 2 (SHMT2) durch HDAC11 ist
eines der wenigen Beispiele, bei dem die biologische Bedeutung von HDAC11 als
Fettsduredeacylase nachgewiesen werden konnte. Durch diese Modifikation wird die
enzymatische Aktivitit von SHMT2 nicht messbar beeinflusst. Dafiir scheint die
Fettsduremodifikation die Interaktion des Proteins mit BRISC zu beeinflussen, welcher den
Interferonrezeptor-1 deubiquitinyliert. Dadurch kann HDAC11 die Interferon-a Signalkaskade
herunterregulieren (63) und konnte so als Target fiir die Inhibierung bei Virusinfektionen dienen,
wo eine erhohte Interferon-a Antwort erwiinscht ist.

Des Weiteren wurde HDAC11 im Mausmodell als Repressor des thermogenen Genprogramms
im braunen Fettgewebe nachgewiesen. HDAC11-knock-down-Miause setzen weniger weifdes
Fettgewebe an, =zeigen eine ausgepragtere Kkalteinduzierte Thermogenese, weniger
Lipidanreicherung und geringere Gewichtszunahme nach fettreicher Fiitterung (102). Ebenso
konnte der HDAC11 knock-down neben der Verringerung der Fettleibigkeit auch deren negativen
Folgen, wie Insulinresistenz, erhohte Glukosetoleranz, Leberschiaden und zu hohe
Cholesterinwerte, reduzieren (103). Dies zeigt, dass HDAC11 ein interessantes Target fiir die
Behandlung von metabolischen Krankheiten und Ubergewicht sein kénnte (102). Die
enzymatische Aktivitat der HDAC11 ist fiir diese Funktion notwendig und H3K27-Ac wurde als in
vivo Substrat identifiziert (102). Dabei weist HDAC11 in vitro nahezu keine Deacetylaseaktivitat
auf.

1.5 Struktur und Katalysemechanismus der Histondeacetylasen

Die HDAC-vermittelte Deacylierung funktioniert nach zwei grundsatzlich verschiedenen
Mechanismen. Die drei Klassen der Zn?+-abhdngigen HDACs (Klasse I, II, IV) sind bei der
Deacylierungsreaktion auf ein katalytisches Zn2*-lon angewiesen. Die Reaktionsprodukte sind ein
freier Lysin- und Acylrest (Abbildung 3A, Beispiel fiir Acetylrest). Die Sirtuine (HDACs der Klasse
[II) wiederum nutzen NAD+ als Cosubstrat. Hier entsteht wahrend der Reaktion Nicotinamid
(NAM), ein deacylierter Lysinrest und durch die Ubertragung des Acylrests auf ADP-Ribose
(ADPr) entsteht O-Acyl-ADP-Ribose (0O-AADPr, Abbildung 3B) (104, 105). Sirtuine besitzen
zusatzlich eine mono-ADP-ribosyltransferase-Aktivitat, welche zuerst fiir Sir2 nachgewiesen
werden konnte. Diese alternative enzymatische Aktivitit wurde vor allem fiir SIRT4 und SIRT6
nachgewiesen (106-108, 27). Sie ist flr diese Arbeit jedoch unwichtig, weswegen im Folgenden
nur die beiden Deacylasereaktionsmechanismen betrachtet werden.



HDAC
H,O
A. Protein-Lys(Acety) ——» Protein-Lys + Acetat

Sirtuin
Protein-Lys(Acetyl) H,0 Protein-Lys + Nicotinamid
B. i otein-Lys icotinami
+ NAD* + O-Acetyl-ADP-Ribose

Abbildung 3. Allgemeines Reaktionsschema der Deacetylierung eines acetylierten Lysins fiir A.
Zn2+-abhangige HDACs und B. NAD*-abhangige Sirtuine.

1.5.1 Struktur der Zn2+-abhidngigen Histondeacetylasen

Die humanen Zn2*-abhiangigen HDACs unterscheiden sich entsprechend ihrer Klassen in der
Grofde. Die HDACs der Klasse I und IV sind ca. 350 bis 400 AS grof und die HDACs der Klasse II
sind ca. 1000 AS grof3. Die humanen Zn2+-abhingigen HDACs weisen alle eine gemeinsame
Deacetylase-Domaéane auf. Diese Doménen sind zwischen 320 AS (Klasse I und IV) und 420 AS
(Klasse I1a) grof3. Bei den HDACs der Klasse Ila ist die Deacetylase-Doméne C-terminal zu finden
und bei den HDACs der Klasse I N-terminal (109). Die beiden HDACs der Klasse IIb weisen zwei
Deacetylase-Doméanen auf, wobei bei der HDAC10 die zweite Deacetylase-Doméne eine
Pseudodeacetylase-Domane ist, die keine enzymatische Aktivitat aufweist (110). HDAC6 besitzt
zwei verschiedene Kkatalytische Domdanen, CD1 und CD2 (111), mit unterschiedlichen
katalytischen Aktivitdten (siehe Abschnitt 1.4.1)

Zn?*-bindende Domane

acetyliertes

thiosuccinyliertes
Peptid =

RoRmann fold Domane

Abbildung 4. Strukturbeispiele der humanen HDAC8 und SIRT5 als Strukturbeispiele. A.Cartoon-
Darstellung einer inaktiven H143A Variante der humanen HDAC8 (grau, PDB-Code: 3EWF) im Komplex mit
einem modifizierten p53-Peptid (violett, Ac-RHK(Ac)K(Ac)-7-Amino-4-methylcumarin (AMC)). Das
katalytische ZnZ2*-Ion ist in orange und die beiden K*-lonen in tiirkis als Spharen dargestellt. B. Cartoon-
Darstellung von SIRT5 (grau, PDB-Code: 3RIY) im Komplex mit thiosuccinyliertem H3K9-Peptid (gelbe
Stickdarstellung, TARK(thiosuccinyl)STGG) und NAD+ (tiirkise Stickdarstellung). Das Zn2+-Ion ist als orange
Sphare dargestellt.
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Die Deacetylase-Domédne der Zn2+-abhdngigen HDACs weist eine o/B-Faltung auf. Diese
Faltung konnte zuerst bei der Arginase aus der Leber von Ratten nachgewiesen werden (112-114)
und wird daher als Arginase-Deacetylase fold bezeichnet (Abbildung 4B). Dieser besteht aus
einem zentralen achtstrangigen parallelen (3-Faltblatt, das von mehreren a-Helices umgeben ist.
Die loops L4 und L7 tragen die Reste, die das katalytische Zn2*-Ion koordinieren (115). Die zwei
zusatzlichen Bindestellen fiir monovalente Kationen, werden im Fall von HDAC8 bevorzugt von
K+-lonen besetzt (116). Das acetylierte Lysinsubstrat wird in einem hydrophoben Tunnel
gebunden, auf dessen Boden das katalytische Zn2*-Ion zu finden ist.

1.5.2 Reaktionsmechanismus Zn2+-abhidngiger HDACs

Der Reaktionsmechanismus der Zn2+*-abhangigen HDACs ist am Beispiel von HDCAS8 in
Abbildung 5 dargestellt. Das aktive Zentrum dieser HDACs enthélt das katalytischen Zn2?+-lon.
Dieses ist zwischen einem Histidinrest und zwei Asparaginsdureresten koordiniert. Zusatzlich
sind ein (z.B. bei HDAC6 (111)) oder zwei Wassermolekiille am Zn?*-lon gebunden. Wie in
Abbildung 5A zu sehen, sind im Fall von HDAC8 zwei Wassermolekiile am Zn2*-Ion gebunden. Im
aktiven Zentrum befinden sich weiterhin zwei His-Asp-Dyaden (hier His142 und His143), welche
als generelle Base bzw. Sdure wahrend der Katalyse agieren. Des Weiteren ist ein Tyrosinrest im
aktiven Zentrum, der das tetrahedrale Intermediat stabilisiert und den Carbonylkohlenstoff
aktiviert (Abbildung 5A). Eines der Zn?*-koordinierten Wassermolekiile wird zunachst durch das
acetylierte Lysinsubstrat verdrangt (117-120).

Flir die Interaktion des Carbonylrests mit dem katalytischen Zn2*-lIon spricht die deutliche
Anderung des Ku-Werts bei Anderung des katalytischen Metallions zu Fe?*, Co?* und Ni2+ im Fall
von HDACS (121).

Wie in Abbildung 5B gezeigt, bindet im ersten Schritt der Reaktion das acetylierte
Lysinsubstrat an das aktive Zentrum. Der Carbonylsauerstoff koordiniert an das Zn2+*-Ion und
wird zusatzlich tiber eine Wasserstoffbriicke mit dem Tyrosinrest stabilisiert (Tyr306). Beide
Interaktionen sind essenziell, damit der nukleophile Angriff des Zn2+-gebundenen
Wassermolekiils stattfinden kann (122, 123). Einer der Histidinreste agiert als Base um ein Proton
des Wassermolekiils zu binden, welches dann den Carbonylkohlenstoff des Acetylrests nukleophil
angreift. Es bildet sich das tetrahedrale Intermediat (Abbildung 5C). Dieses wird durch den
Tyrosinrest (Tyr306) und das Znz*-lon stabilisiert. Im Fall von HDAC8 wirkt His143 nun als
katalytische Sdure und greift den Carbonylkohlenstoff an. Das tetrahedrale Intermediat kollabiert
und es entsteht freies Acetat und der deacetylierte Lysinrest (Abbildung 5D).

Fiir HDAC8 konnte durch enzymatische und durch QM/MM-Studien gezeigt werden, dass
His143 sowohl als Base als auch als Sidure wirkt. Der zweite Histidinrest (His142) dient der
elektrostatischen Stabilisierung des tetrahedralen Intermediats und der Ubergangzustinde (124,
125). Diese funktionale Aufteilung der Histidinreste stellt sich bei anderen Isoformen anders da.
Bei HDAC6 wirkt His573 als generelle Base und His574 als generelle Sdure wahrend der Katalyse
(111). Eine ahnliche Aufteilung der Histidinreste des aktiven Zentrums wie bei HDAC6 wurde
auch fir HDAC10 gefunden (126).

Eine Ausnahme von diesem Mechanismus bilden die HDACs der Klasse Ila. Der konservierte
Tyrosinrest im aktiven Zentrum ist hier durch ein Histidin ersetzt. Dieser ist zu kurz, um im
aktiven Zentrum mit der Amidbindung zu interagieren und ist nicht in der Lage, den
Ubergangzustand zu stabilisieren. Dies fiihrt zu einer sehr schwachen bis keiner
Deacetylaseaktivitdt der HDACs der Klasse 1la (57, 127). Dafiir konnen sie effizienter TFA-Reste
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entfernen, welche einen reaktiveren Carbonylkohlenstoff aufweisen. Wurden die Histidinreste im
aktiven Zentrum von HDAC4 und HDAC7 durch Tyrosin ersetzt, konnte eine robuste
Deacetylaseaktivtat hergestellt werden (57, 127). Analog dazu kann man fiir HDACs der anderen
Klassen eine Verringerung der Deacetylaseaktivat beobachten, wenn der Tyrosinrest durch einen
Phenylalaninrest ersetzt wird (110, 111, 118, 128, 129).

A N B ¥
Tyr OH wHis Iy < > oF E/%His
306 < > N—r/ 143 NH 306 ©\H JN 143
A O:<§ =N
H—0 O\ Ac-Lys k . ,/O\ NH
2+ H NH ~ zn2* H 5
Asp /Z‘n F Asp/‘ N HN/T)\
Asp HN . 267 .. AsP i
267 His His
H His 178
s 178 180 142
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D NHz N c r“
Tyr—@—o}-{ D—His Tyr OH \\)—His
306 /k H/N+ Ve 306  NH N 7 1
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‘.‘ /l ‘74‘ - ',’
70t =NH A NH
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Abbildung 5. Reaktionsmechanismus der HDACs am Beispiel von HDAC8. Die Nummerierung der AS
orientiert sich an der Sequenz von HDACS8. Die gezeigten Reste sind fiir alle humanen Zn?*-abhangigen
HDACs konserviert. Die einzige Ausnahme bilden die HDACs der Klasse I1a, welche anstelle des Tyrosinrests
einen Histidinrest aufweisen.

1.5.3 Struktur der Sirtuine und die Bindung an die Substrate

Die verschiedenen Vertreter der Sirtuine teilen sich eine konservierte Kkatalytische
Kernregion, die aus ca. 250 AS besteht und sich in zwei verschiedene Domanen unterteilen lasst.
Die grofiere der beiden Domédnen nimmt eine Rofmann fold-artige Faltung ein, welche ein
typisches Nukleotid-Bindungsmotiv ist und in vielen NAD+/NADH-bindenden Proteinen auftritt
(130). Die Kkleinere der beiden Domadnen ist eine Zn2*-bindende Domdine und besitzt vier
konservierte Cysteinreste, welche fiir die Bindung eines Zn2*-lons verantwortlich sind. Diese
Domadane und das Zn2+-lon besitzen vor allem eine strukturelle Bedeutung (131). Diverse loops
verbinden die beiden Domanen und bilden so eine ausgedehnte Spalte. Hier befindet sich das
aktive Zentrum. Die beiden Substrate, das acetylierte Lysinsubstrat und NAD+ binden auf den
entgegengesetzten Seiten des aktiven Zentrums (131).
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Der Reaktionsmechanismus der Sirtuine ist ein sequenzieller Mechanismus (132). Zuerst
bindet das acetylierte Lysinsubstrat und anschliefdend das Cosubstrat NAD+ an das Sirtuin (132,
133, 92). Das flankierende Peptidriickgrat (relativ zum modifizierten Lysin) geht 3-Faltblatt
Interaktionen mit dem FGE loop (benannt nach dem konservierten FGEXL Motiv) und einem loop
aus der Rofdmann fold Domine ein. Dadurch bildet sich ein dreistrangiges antiparalleles
f3-Faltblatt aus, der sogenannte f3-stapel (134, 135). Diese Interaktionen positionieren den
acetylierten Lysinrest in einem hydrophoben Tunnel, wo er diverse Van-der-Waals-Kontakte mit
hydrophoben Resten eingeht. Interessanterweise scheint sich die Struktur des hydrophoben
Tunnels abhidngig von der Natur des Acylrests zu dndern (136). Der e-Stickstoff der
Lysinseitenkette geht eine Wasserstoffbriicke mit einem konservierten Valin ein. Die Bindung
vom acetylierten Lysinsubstrat forciert eine Konformationsanderung, wodurch die Zn2+-bindende
Domane raumlich ndher an die grofRere Rofdmann fold Domédne kommt und somit die korrekte
Bindung von NAD+unterstiitzt (134, 137, 138).

NAD+* kann in manchen Fallen auch unabhéngig vom acetylierten Lysinsubstrat an das Enzym
binden, was aber zu einem nicht produktiven NAD*-Enzymkomplex fiihrt (133, 139, 140). Ursache
hierfiir ist die Bindung von NAD+ an das Enzym in einer anderen Konformation, die eine Bindung
des acetylierten Lysinsubstrats verhindert (133, 139). SIRT6 bindet NAD* mit vergleichsweise
hoher Affinitdt (Kp = 27 uM), ohne vorher das acylierte Substrat gebunden zu haben (141). Im
Vergleich dazu zeigt sich bei 10 mM NAD+ keine Bindung an SIRT3 bei entsprechenden
Kristallstrukturen (138).

Haben beide Substrate in der richtigen Konformation an das Sirtuin gebunden, gibt es eine
Konformationsdanderung des grofdten loops im aktiven Zentrum, des sogenannte cofaktor binding
loop, wodurch beide Substrate im aktiven Zentrum orientiert und fixiert werden (133, 138). Teile
des loops bilden Teile der C-Tasche, wo der NAM-Teil des NAD+ bindet.

1.5.4 Reaktionsmechanismus der Sirtuine

Abbildung 6 =zeigt den Reaktionsmechanismus der Sirtuine. Im ersten Schritt der
Deacetylierungsreaktion greift der Carbonylsauerstoff der Acetylgruppe auf der a-Seite das C1°-
Atom des NAD+ an. Es wird NAM von der ADP-Ribose abgespalten und es bildet sich das
sogenannte 1‘-0-Alkylimidat-Intermediat. Wie in Schritt 1 zu sehen (Abbildung 6), ist NAM das
erste Reaktionsprodukt, welches dissoziiert (132, 142-144). Fiir den Mechanismus dieses Schritts
werden in der Literatur drei Moglichkeiten diskutiert, um das Imidat auszubilden. Fiir jede
Méglichkeit ergibt sich eine andere Struktur des Ubergangzustands (145).

Die erste Moglichkeit ist der Reaktionsverlauf nach einem assoziativen SN2 Mechanismus,
welcher iiber ein pentakoordiniertes Intermediat im Ubergangszustand ablduft. Vor allem
kinetische Studien mit Substitutionen am Ca-Atom der Acetylgruppe, die die Elektrophilie des
Carbonylsauerstoff senken und die Reaktionsgeschwindigkeit deutlich verringern, unterstiitzen
diese Theorie (146).

Die zweite Moglichkeit ist ein dissoziativer SN1-Mechanismus, wobei vor dem Angriff auf das
CTl’-Atom das NAM vollstindig dissoziiert und ein stabiles Oxocarbeniumion im
Ubergangszustand entsteht, welches durch das Enzym stabilisiert wird. Anschlieflend geschieht
der Angriff durch den Acetylrest (147).

Die dritte Méglichkeit ist ein gemischter SN1-SN2-Mechanismus, wobei im Ubergangszustand
ebenso ein Oxocarbeniumion entsteht. Es bildet sich kein diskretes Zwischenprodukt im
Ubergangszustand. Die Bindung zur Abgangsgruppe ist groftenteils gespalten (aber noch
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vorhanden) und die Bindungsbildung mit dem Nukleophil hat schon begonnen (148, 149). Wie der
tatsichliche Ubergangszustand aussieht, ist noch nicht geklart und muss durch zukiinftige Studien
gezeigt werden.

Ausgehend von diesem Intermediat gibt es zwei mdgliche Reaktionswege. Der Erste ist die
offensichtliche Deacetylierungsreaktion, rot dargestellt in Abbildung 6. Die zweite Moglichkeit ist
die Riickreaktion durch einen Angriff von NAM auf das Imidat-Intermediat, auch als base exchange
Reaktion bezeichnet (blau dargestellt in Abbildung 6). Auch diese Riickreaktion benotigt die
Anwesenheit des acetylierten Substrats und findet bevorzugt unter hohen NAM Konzentrationen
statt (143, 150, 151). Dies wurde durch die Zugabe von 14C-NAM zum Reaktionsansatz gezeigt.
Diese radioaktiven 14C-Isotope wurden auf NAD+ iibertragen (143, 152). Ein konservierter
Phenylalaninrest schiitzt das Imidat durch eine Konformationsianderung im Vergleich zum
Michaeliskomplex vor dem Angriff von NAM, wie sich bei der Analyse von Kristallstrukturen des
Sir2Tm mit gebundenen Thioalkylimidat-Intermediat zeigte. Bei der Verwendung einer
katalytisch deutlich gehemmten F33A-Variante des Sir2Tm verbesserte sich der ICso gegeniiber
NAM im Vergleich zum Wildtyp um das 4 800 fache (153).
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ADP N ADP N ADP 7~
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—_—
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Abbildung 6. Reaktionsmechanismus fiir Sirtuine. Schritt 1: Zeigt die Bildung des 1‘-O-Alkylimidat
Intermediats und eine mogliche Struktur des Ubergangszustands. Von dem 1‘-0-Alkylimidat findet die
Deacetylierungsreaktion statt (rot) oder es kann die Riickreaktion stattfinden, die sogenannte base
exchange Reaktion (blau). Es bildet sich in Schritt 2 und Schritt 3 das bizyklische Intermediat unter
Abspaltung und Freisetzung des deacetylierten Lysinprodukts. Die Schritte 4-6 zeigen die Hydrolyse zu
dem finalen Endprodukt 2-0-Acetyl-ADPribose.
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Im nichsten Schritt der Deacylierungsreaktion aktiviert ein katalytischer Histidinrest die
2‘-Hydroxylgruppe der Ribose. Der Histidinrest deprotoniert vermutlich iiber die
3‘-Hydroxylgruppe die 2‘-Hydroxylgruppe (Abbildung 6, Schritt 2). Diese greift den
Carbonylkohlenstoff des Imidats an, woraufhin sich das tetrahedrale 1°,2‘-bizyklische Intermediat
bildet (154, 155). Anschliefdend erfolgt die Freisetzung des deacetylierten Lysinproduktes und es
bildet sich ein Dioxoniumion (Abbildung 6, Schritt 3). Dieses wird durch Wasser angegriffen und
es bildet sich das finale Reaktionsprodukt 2‘-0-AADPr (Abbildung 3, Schritt 4-6) (156). Das
Wasser greift das Carbonylohlenstoff des Acetylrests an, was durch Benutzung von H»180 gezeigt
werden konnte (142). Durch Strukturanalysen konnte gezeigt werden, dass 2‘-0-AADPr das
eigentliche Reaktionsprodukt ist und, dass sich in Losung ein enzymunabhangiges Gleichgewicht
zwischen 2‘-0-AADPr-Ribose und 3‘-0-AADPr einstellt (157).

1.6 Messung der enzymatischen Aktivitat von HDACs

HDACs sind bekannt als epigenetische Regulatoren der Lysinacylierung an Histonen und
Nicht-Histon-Proteinen, wo sie an einer Vielzahl physiologischer Prozesse beteiligt sind, wie in
Kapitel 1.4.3 bereits beschrieben. Sie sind deshalb ein vielversprechendes Ziel fiir die Entwicklung
von potentiellen Wirkstoffen fiir verschiedene pathologische Zustinde wie Krebs, Herz-Kreislauf-
Erkrankungen, neurodegenerative Krankheiten, Immun- oder Metabolismus Stérungen und
Infektionen durch Parasiten (158). Fiir die Zn2+-abhingigen HDACs sind zum jetzigen Zeitpunkt
vier verschiedene HDAC-Inhibitoren (HDACi) als Medikamente bei der U.S. amerikanischen Food
and Drug Administration (FDA) zugelassen: Vorinostat (SAHA) und Romidepsin fiir die
Behandlung von kutanen T-Zell-Lymphomen, Belinostat fiir die Behandlung von peripheren T-
Zell-Lymphomen und Panobinostat fiir die Behandlung des multiplen Myeloms. Zusatzlich wurde
von der chinesischen National Medical Products Administration Tucidinostat fiir die Behandlung
von peripheren T-Zell-Lymphomen zugelassen (159, 160). Ein Sirtuininhibitor ist nach bisherigem
Kenntnisstand noch nicht zugelassen. Fiir die weitere Entwicklung von Effektoren der HDAC-
Aktivitat ist es notwendig, stabile und zuverldssige Messverfahren mit hohem Probendurchsatz
zu entwickeln.

Grundsatzliches Problem der Zn?+-abhangigen HDAC- und Sirtuinreaktion ist, dass keines der
Reaktionsprodukte oder der Substrate spektrophotometrisch direkt messbar ist. Ein messbares
Signal wire fiir die kontinuierliche Aktivititsmessung notig. Daher ist die Reaktion nicht ohne
weitere Modifikation kontinuierlich verfolgbar. Es wurden verschiedene Methoden entwickelt,
um die HDAC-Reaktion verfolgen zu konnen. Die Ansatze lassen sich in zwei Kategorien
unterteilen. Die erste Kategorie beruht auf der Trennung von Substrat und Produkt. Anschliefend
werden die getrennten Stoffe quantifiziert. Typische Beispiele sind hier Kapillarelektrophorese,
Hochleistungsfliissigkeitschromatographie (HPLC) oder Massenspektrometrie (MS). In der
zweiten Kategorie wird die Reaktion so modifiziert, dass ein messbares Signal entsteht. Dafiir
konnen entweder chemische oder enzymatische Reaktionen an die eigentliche Reaktion
gekoppelt werden oder die Substrate der Reaktion so modifiziert werden, dass ein messbares
Signal entsteht. In diesem Kapitel werden verschiedene Anséatze, die fiir die Messung der HDAC-
Aktivitat entwickelt wurden, beschrieben.
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1.6.1 Quantifizierung durch Trennung von Substrat und Produkt

Fiir die klassische Aktivititsmessung der Znz+-abhangigen HDACs wurden 3H-acetylierte
Histone bzw. Histonpeptide verwendet. Nach der HDAC-Reaktion erfolgt die Trennung durch
organische Extraktion des Acetats und die Detektion durch Szintillationszahlung (161, 162). Fiir
Sirtuine wurde die Methode angepasst. Vor der Extraktion erfolgte die Bindung der
Reaktionsprodukte an Aktivkohle mit anschliefdender Abspaltung des Acetats von O-AADPr unter
basischen Bedingungen und Hitze (163). Die Verwendung von 32P-NAD+ oder 4C-NAD+ in
Kombination mit Diinnschicht-Chromatographie nutzte ebenfalls radioisotope Markierungen fiir
die Sirtuinmessungen (132, 164, 165). Andere Optionen sind die Polyacrylamid-
Gelelektrophorese mit 14C-markierten Acetylpeptiden (166), die Kapillarelektrophorese (167-
169), die Mikrochip-Elektrophorese (170), mikrofluide Mobilitatsassays (171, 172), HPLC (61, 78,
132, 173, 174), und Bindung an Boronsdure-Harz (175). Alternativ bietet MS die Moglichkeit,
Peptidsubstrate nach der Trennung in der Gasphase zu quantifizieren (176-178). MALDI-MS-
Messungen wurden in Kombination mit auf Glas immobilisierten Peptidderivaten genutzt, um
Substratprofile fiir verschiedene HDACs zu erstellen (179, 180).

All diese Methoden haben gemeinsam, dass die Reaktion nach einer gewissen Zeit abgestoppt
und das Reaktionsgemisch zu diesem Zeitpunkt analysiert wird. Der Nachteil ist, dass die Reaktion
dabei nur diskontinuierlich verfolgt werden kann. Der Vorteil dieser Messsysteme ist, dass z.B.
Peptidsubstrate ohne zusatzliche Markierung (wie z.B. Fluoreszenzfarbstoffe) messbar sind und
diese Verfahren zuverldssig sind. Weitere Nachteile ergeben sich aus der oft aufwendigen
Probenvorbereitung und dem damit verbundenen grofien Zeitaufwand fiir die Analysen. Um
dieses Problem zu umgehen, wurden unter anderem fiir MS und auch fiir Kapillarelektrophorese
high throughput screening (HTS)-Systeme entwickelt (181, 182). Aber auch hier ergeben sich
Nachteile, die vor allem durch komplexe und kostenintensive analytische Messsysteme bedingt
sind. In den nachsten Abschnitten werden alternative Messsystem vorgestellt, die entwickelt
wurden, um diese Limitierungen zu umgehen.
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1.6.2 Enzym-gekoppelte Messsysteme
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Abbildung 7. Zwei Beispiele fliir Enzym-gekoppelte HDAC-Assays. A. Ein Sirtuin-Aktivititsassay, der das
Produkt NAM nutzt, um iiber die Reaktion mit der Nicotinamidase (2) und der Glutamatdehydrogenase (3)
den NAD(P)H-Verbrauch zu verfolgen. B. Acetat-Assay fiir Zn?*-abhangige Enzyme. Das Acetat wird mittels
Acetyl-CoA-Synthetase (2) und Citratsynthase (3) zu Citrat umgesetzt. Das dafiir benotigte Oxalacetat wird
aus L-Malat durch die L-Malatdehydrogenase (4) synthetisiert und es entsteht NADH.

Durch Enzym-gekoppelte Assays kann die HDAC-Aktivitit gemessen werden, indem an deren
Reaktion eine oder mehrere Enzymreaktionen gekoppelt werden, die wiederum ein messbares
Signal erzeugen. Die Reaktion kann in Abhangigkeit der gekoppelten Reaktion kontinuierlich oder
diskontinuierlich verfolgt werden. Bei dieser Art der Assays unterscheiden sich Sirtuine und
Zn2+-abhangige HDACs teilweise aufgrund der Reaktionsprodukte. Theoretisch kann jedes
Substrat (nur diskontinuierlich) und jedes Reaktionsprodukt enzymatisch so modifiziert werden,
dass es ein Messsignal erzeugt.

In Abbildung 7 sind beispielhaft zwei Assays dargestellt. Bei dem Sirtuin-spezifischen Assay
werden zwei Enzymreaktionen an die Sirtuinreaktion gekoppelt (Abbildung 7A). Dabei wird das
Reaktionsprodukt NAM genutzt. Nach der Sirtuinreaktion wird NAM durch die Nicotinamidase in
Nicotinsdure und Ammoniak gespalten. Anschlieffend wird dieser Ammoniak durch die
Glutamatdehydrogenase (GDH) auf a-Ketoglutarsaure libertragen und es entsteht Glutaminsaure.
NAD(P)H wird dabei zu NAD(P)* umgesetzt. Die Detektion erfolgt entweder iiber die Abnahme
der NAD(P)H-Absorption bei 340 nm oder iiber die Abnahme der NAD(P)H-Fluoreszenz bei
460 nm (183). In einer Abwandlung dieses Assays ist die Nicotinamidase-Reaktion chemisch
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gekoppelt an die Reaktion mit Orthophtalaldehyd, Dithiothreitol und Ammoniak. Hier entsteht ein
fluoreszierendes 1-Akylthio-Isoindol (184, 185).

In Abbildung 7B ist der Acetat-Assay dargestellt. Dieser Assay ist spezifisch fiir die Detektion
der Aktivitit der Zn2+-abhangigen HDACs. Hier erfolgt nach der HDAC-Reaktion die Umwandlung
des freigesetzten Acetats zu Acetyl-CoA durch die Acetyl-CoA-Synthase. Anschliefdend tibertragt
die Citratsynthase den Acetylrest auf Oxalacetat und es entsteht Citrat. Vermittelt durch die
L-Malatdehydrogenase steht das Oxalacetat im Gleichgewicht mit L-Malat. Wird dem
Gleichgewicht Oxalacetat entzogen, stellt sich dieses wieder unter NADH-Bildung ein. Damit lasst
sich diese Reaktion durch die Zunahme der NADH-Konzentration verfolgen (186). Dieser Assay
ist durch die Messung des freigesetzten Acetats flir alle Acetat-produzierenden Enzyme
anwendbar, z.B. auch fiir die Acetylpolyamin-Amidohydroylase aus Pseudomonas aeruginosa
(187). Es existieren weitere Enzym-gekoppelte Assays, welche iiber die Reaktion mit der
Lactatdehydrogenase, der NAD(P)H/FMN-Oxidoreduktase und anschliefsender
Luciferasereaktion ein messbares Lumineszenz-Signal erzeugen, um das nicht reagierte NAD* zu
quantifizieren (172).

Ein vor kurzem publizierter Assay nutzt den Effekt, dass die Endonuklease Cas12a durch eine
Acetylierung an Lys595 inaktiviert wird. SIRT1 ist in der Lage, diesen Acetylrest zu entfernen und
Cas12a zu reaktivieren. Cas12a ist nun in der Lage, zugesetzte Reporter DNA umzusetzen und so
ein starkes Fluoreszenzsignal zu erzeugen (188). Ein dhnlicher Ansatz wurde fiir die Firefly
Luciferase verwendet, bei der die Acetylierung von Lys529 die Aktivitat der Luciferase inaktiviert.
Die Deacetylierung dieses Rests durch verschiedene Sirtuine oder HDAC8 stellt die Aktivitat
wieder her (189, 190).

In Abbildung 8 ist ein weiterer grofder Bereich der Enzym-gekoppelten Assays dargestellt: die
Trypsin-gekoppelten Assays. Trypsin ist eine Protease und spaltet Peptidbindungen nach AS mit
positiv geladenen Resten, also vor allem Lysin und Arginin. Ist der Lysinrest mit einer Acylgruppe
modifiziert, spaltet Trypsin das Peptid an dieser Stelle nicht und es entsteht kein messbares
Signal. Nach der Reaktion mit einer HDAC ist der Acylrest entfernt und durch die Spaltung hinter
dem Lysin wird ein messbares Signal erzeugt. Diese Assays konnen in zwei Unterbereiche geteilt
werden. Die erste Variante umfasst jegliche Abwandlungen des kommerziell erhéltlichen Fluor-
de-Lys-Assays, wie in Abbildung 8A zu sehen. C-terminal zum modifizierten Lysin ist ein
7-Amino-4-methylcoumarin (AMC)-Rest iiber eine Amidbindung angebracht. Nach der HDAC-
Reaktion wird das AMC vom C-Terminus durch Trypsin gespalten. Die Freisetzung des AMC
resultiert in einer Rotverschiebung der Fluoreszenz mit einem Emissionsmaximum von 390 nm
zu 440 nm. Entsprechend kann die Zunahme der Fluoreszenzintensitit in diesem
Wellenldangenbereich gemessen werden. Dieses Assaydesign ist aufgrund der hohen
Fluoreszenzdnderung durch die Spaltung durch Trypsin die gebrauchlichste Messmethode fiir die
HDAC-Aktivitat. Normalerweise wird der Assay diskontinuierlich genutzt (191), kann aber mit
optimierter Trypsinkonzentration auch kontinuierlich eingesetzt werden (192). Fiir SIRT5 konnte
dieser Assayansatz auch genutzt werden, um die Enzymaktivitat in Zelllysat zu messen (193).
Dieser Ansatz wurde in vielen Variationen mit einer grofien Anzahl von Peptidsequenzen und
verschiedenen Acylmodifikationen zum Inhibitorscreening oder zur Substratanalyse eingesetzt
(191-199). Alternativ zum Fluoreszenzassay wurde ein kolometrischer Assay entwickelt, bei
welchem 5-Amino-2-Nitrobenzoesdure in das Peptidriickgrat eingebaut wurde. Durch die
Spaltung des deacetylierten Peptids durch Trypsin gibt es eine deutliche Farbentwicklung, die bei

405 nm verfolgt werden kann (200).
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Wie in Abbildung 8B zu sehen, ist bei der zweiten Variante des Trypsin-gekoppelten Assays
jeweils C-terminal und N-terminal vom modifizierten Lysin ein Fluorophor bzw. Quencher
angebracht. Es findet im intakten Peptid eine Energielibertragung vom Fluorophor zum Quencher
statt, wodurch dessen Fluoreszenzintensitat geloscht wird. Dieser Energietransfer folgt zumeist
dem Mechanismus des Forster-Resonanzenergietransfers (FRET). Nach der HDAC-Reaktion und
der Trypsinreaktion werden Quencher und Fluorophor raumlich getrennt. Das hat zur Folge, dass
die Fluoreszenzintensitat steigt. Fiir die HDAC-Reaktionen genutzte Fluorophor/Quencherpaare

sind Aminobenzoesaure (Abz)/3-Nitrotyrosin (3-NY) (201), EDANS/DABCYL und weitere (201-
205).
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Abbildung 8. Trypsin-gekoppelte Assays zur Messung der HDAC-Aktivitdt. A. Kommerziell erhéltliches
Fluor-de-Lys-Assay. C-terminal zum modifizierten Lysin befindet sich der 7-Amino-4-methylcoumarinoyl-
Rest (AMC), durch Trypsinspaltung wird der Fluorophor freigesetzt und die Fluoreszenzintensitat nimmt
zu. B. Fluorophor und Quencher sind im Peptidriickgrat lokalisiert und iiber FRET wird die Fluoreszenz
gequencht. Durch die Trypsin-vermittelte Spaltung werden Fluorophor und Quencher raumlich getrennt
und die Fluoreszenzintensitat steigt. DNP-Dap bedeutet 3-(2,4-dinitrophenyl)-1-2,3-diaminopropionsaure.
X steht fiir eine beliebige AS. C. Trypsin spaltet ein Luciferasesubstrat vom Peptid ab. Luciferase setzt das
Luciferinderivat unter ATP-Verbrauch um und die Intensitit der Lumineszenz nimmt zu.
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Es existieren noch weitere HDAC-Assays, bei denen die Kopplung von Enzymen genutzt wird.
So kann durch die Trypsinreaktion statt des AMCs ein Luciferinderivat freigesetzt werden. Wie in
Abbildung 8C dargestellt, wird dieses in einem weiteren enzymatischen Schritt durch die
Luciferase umgesetzt, so dass ein messbares Signal entsteht (206, 207). Auch dieser Assay ist
kommerziell erhaltlich und wird von Promega unter dem Namen HDAC-Glo- bzw. SIRT-Glo-Assay
vertrieben. Eine weitere Variation des Trypsin-gekoppelten Assays wurde unter Verwendung
eines zweidimensionalen Nanomaterials und einer alternativen Protease entwickelt. Dabei wird
ein acetyliertes Peptid, das mit Fluoresceinisothiocyanat (FITC) markiert ist, auf einer
Titaniumcarbid (TizCz)-Schicht immobilisiert. Die TizC,-Schicht ist der Quencher fiir FITC. Wird
der Acetylrest durch die HDAC hydrolysiert, kann die zugegebene Carboxypeptidase Y das Peptid
abbauen und FITC wird freigesetzt. Es folgt eine raumliche Trennung von der Ti3Cz-Schicht und
FITC, wodurch die Fluoreszenzintensitat steigt (208).

1.6.3 Chemisch gekoppelte Messsysteme

Die chemische Modifikation von Substraten oder Reaktionsprodukten nach der HDAC-
Reaktion ist ein weiterer Ansatz, um den Reaktionsfortschritt zu messen. Die Reaktion wird nach
einer gewissen Zeit gestoppt und dem Ansatz werden die entsprechenden Chemikalien
zugegeben. Aufgrund dessen sind diese Assayansidtze normalerweise diskontinuierlich. Eine
Ubersicht solcher Assays ist in Abbildung 9 dargestellt. Fatkins et al. nutzten zum Beispiel aus,
dass HDAC8 neben Acetylresten auch artifizielle Thioamidreste hydrolysieren kann (209). Nach
der HDAC-Reaktion wird Ellman’s Reagenz (DTNB) zugesetzt. Durch die Reaktion mit dem
entstandenen Thioacetat bildet sich das Chromophor 2-Nitro-5-thiobenzoat (TNB), was bei einer
Wellenlange von 488 nm verfolgt werden kann (Abbildung 9A).

Eine weitere Moglichkeit ist die Modifikation der entstehenden Aminogruppe. Wichtig ist
dabei, dass keine anderen Amine in der Peptidsequenz des Substrates auftreten bzw. mit in die
Betrachtung fiir die Auswertung einbezogen werden. Eine geeignete Substanz ist Fluorescamin.
Es reagiert spezifisch mit primaren Aminen, d.h. nur mit dem Reaktionsprodukt und nicht mit dem
Substrat (Abbildung 9B). Nur das Reaktionsprodukt zeigt hier eine starke Fluoreszenz bei 485 nm
(210, 211). Ein weiterer Stoff der zur Modifikation der freigewordenen primdren Amine genutzt
wurde, ist Dansyl-Chlorid (110).
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Abbildung 9. Aktivitiatsassays, bei denen an die HDAC-Reaktion eine chemische Reaktion gekoppelt ist. A.
HDAC8-Assay bei dem der Thioacetylrest hydrolysiert wird und das Thioacetat anschliefdend zugegebenes
DTNB spaltet. B. Chemische Modifikation der deacylierten e-Aminogruppe des Lysins durch Fluorescamin.
C. HDAC10-Assay, um Acetylpolyamindeacetylase-Aktivitit zu messen. NDA steht fiir Naphtalen-2,3-
dialdehyd und Mesna fiir 2-Mercaptoethansulfonat-Natrium.

Ein weiterer chemisch gekoppelter Assay dient der Detektion der HDAC10-Enzymaktivitat.
Diese Reaktion ist besonders interessant, da HDAC10 vor allem gegen N8-Acetylspermidin hohe
Deacetylaseaktivitiat aufweist (110). N8-Acetylspermidin und das Produkt Spermidin zeigen bei
gangigen Wellenldngen fiir die HPLC-Detektion (200-220 nm) keine Absorption. Es handelt sich
zusatzlich um sehr hydrophile Verbindungen, die bei normaler reversed phase- (rp) HPLC im
Injektionspeak eluiert werden. Substrat und Produkt konnen also nicht getrennt werden,
weswegen klassische Messsysteme, wie in Abschnitt 1.6.1 beschrieben, schlecht bzw. nicht
funktionieren. Ein alternativer Assay ist in Abbildung 9C gezeigt. Das Substrat ist ein AMC-
modifiziertes N8-Acetylspermidinderivat, welches durch die Anregung bei 330 nm bei 390 nm
fluoresziert. Nach der Deacetylierung durch HDAC10 reagiert das primdre Amin mit
2-Mercaptoethansulfonat-Natrium (Mesna) und Naphtalen-2,3-dialdehyd (NDA) und bildet einen
Quencher fiir AMC. Die Fluoreszenzintensitiat sinkt mit entsprechendem Reaktionsfortschritt.
Auch dieser Assay wird diskontinuierlich angewendet (212) und wurde in dhnlicher Form bereits
fiir Peptide verwendet (213).

Bei einem anderen chemisch gekoppelten Assay zur Messung der SIRT1-Aktivitit wurde das
nicht reagierte NAD+ chemisch so modifiziert, dass ein starker Fluorophor entstand (214). Fiir
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eine andere Methode wurden Quantenpunkte (quantum dots, QD) mit Streptavidin beschichtet.
Das acetylierte Peptid wurde mit Cy5 markiert. Nach der SIRT1 Reaktion werden die
deacetylierten Lysinreste biotinyliert und kénnen an den mit Streptavidin beschichteten QDs
binden. Die nicht deacetylierten Peptide binden entsprechend nicht an die QDs. Werden die QDs
zur Fluoreszenz angeregt, findet via FRET eine Energielibertragung der QDs auf Cy5 statt. Der
Anstieg der Cy5-Fluoreszenz kann dann gemessen werden (215). Streptavidin beschichtete QDs
wurden auch schon deutlich eher als Fluoreszenz-tag genutzt, um SIRT1 Substratspezifitit gegen
eine Peptidbibliothek zu untersuchen (216).

Im Weiteren werden Assays aufgefiihrt, bei denen ebenfalls die Fahigkeit von Substraten zur
Assoziation mit anderen Biomolekiilen in Abhidngigkeit von ihrem Acylierungsstatus genutzt
wurde. Es handelt sich jedoch nicht um klassische chemische Modifikationen nach der
Enzymreaktion. Zum einen sind das die Assays, welche sich die dndernde Affinitdt zwischen
Peptid und DNA abhingig vom Acetylierungsstatus des Peptids zu nutzen machen. Entweder
steigt die Fluoreszenz bei DNA-Bindung des deacetylierten Peptids (217) oder sie sinkt bei DNA-
Bindung des deacetylierten Peptids, da in die DNA interkaliertes Tb3+ durch das Peptid verdrangt
wird (218). Zum anderen gibt es Assays, bei denen durch die Deacetylierungsreaktion eine
Aggregation der Lysinderivate oder Peptide ausgelost wird. Die Fluoreszenz steigt durch
Aggregations-induzierte Emission. Die Aggregation der Peptide wird durch die Wechselwirkung
von einem Sulfonsadure-tag und der positiven Ladung der Aminogruppe des Lysins induziert. Die
Fluoreszenzemission wird durch einen Tetraphenylethylen-tag erzeugt (219, 220).

Abschliefend wird in diesem Abschnitt ein Assay vorgestellt, der ebenfalls nicht direkt als
chemisch gekoppelter Assay gelten kann. Das Besondere ist, dass es sich um eine
elektrochemische Detektion handelt, d.h. gemessen wird die Stromstirke. Hierbei wird eine
Indiumzinnoxid-Elektrode dreilagig mit Zinn(IV)sulfid, dann mit mit Gold-Nanopartikeln
behandeltem Bismutvanadiumoxid und anschlieféend mit acetyliertem Peptid beschichtet. Nach
der SIRT1-Reaktion wird Ascorbinsédure als Elektronendonor und Polyasparaginsdure zugegeben.
Polyasparaginsiaure geht nur mit dem deacetylierten Peptid ionische Wechselwirkungen ein.
Dadurch entsteht eine geordnete Elektrodenoberflache, welche beim acetylierten Peptid nicht
entsteht. An die geordnete Elektrodenoberfliche kann Ascorbinsdure Elektronen abgeben und
Strom ist messbar, welcher durch die speziellen Materialeigenschaften und deren Kombination
verstarkt wird (221).
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1.6.4 Intramolekulare Umlagerung
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Abbildung 10. Messmethoden, die eine intramolekulare Umlagerung anschlieflend an die eigentlich
Enzymreaktion nutzen.

Eine vielversprechende Methode fiir die Aktivititsmessung ist die Kopplung einer
intramolekularen Umlagerung an die HDAC-Reaktion, um ein Signal zu erzeugen. Drei Methoden
wurden in mehreren Ausfiihrungen publiziert und sind in Abbildung 10 dargestellt. Im ersten Fall
wird ein acetyliertes Peptid N-terminal mit einem Cumarinderivat markiert. Dieses Derivat ist
zunachst mit einem Kohlensdureester modifiziert und somit nicht zur Fluoreszenzemission fahig.
Nach der HDAC-Reaktion findet eine Aminolyse des Esters durch die freie e-Aminogruppe des
Lysins statt. Der Kohlensadurerest wird auf die e-Aminogruppe des Lysins libertragen und es
entsteht ein Carbamat (Abbildung 10A). Dadurch wird das Cumarinderivat demaskiert und ein
starker Fluoreszenzanstieg ist messbar (222). In weiteren Arbeiten wurde der Abstand zwischen
Fluorophor und dem acylierten Lysin untersucht. Diese intramolekulare Reaktion funktionierte
auch mit gréfieren Abstianden zwischen Fluorophor und modifiziertem Lysin. Ebenso wurden
verschiedene Acylreste mit dieser Methode untersucht (223-225).

Bei der zweiten Methode wird das acetylierte Peptid mit O-Nitrobenzoxadiazole (NBD)
fluoreszenzmarkiert (Abbildung 10B). O-NBD (NBD als Ether gebunden) kann durch eine
Aminogruppe angegriffen werden und es entsteht N-NBD (NBD als Amin gebunden) mit anderen
Fluoreszenzeigenschaften. Diese Reaktion findet im Anschluss an die HDAC-Reaktion statt. Der
Fluorophor wird auf das deacetylierte Lysin libertragen (226). Auch in diesem Fall wurden
verschiedene Acylreste in weiteren Arbeiten getestet. Ebenso konnte der Abstand fiir die
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intramolekulare Reaktion mittels der Peptidlange variiert werden (227, 228). Aufserdem konnte
gezeigt werden, das N-NBD auch als FRET-Donor nutzbar ist und damit das N-terminale Cy5 zur
Fluoreszenzemission bringen kann (229).

Bei der dritten Variante handelt es sich um eine niedermolekulare Substanz (small molecule),
welche einen acetylierten Lysinrest imitiert (Abbildung 10C). Nach der HDAC-Reaktion bildet sich
ein Imin mit der e-Aminogruppe des Lysins durch intramolekulare Cyclisierungsreaktion. Dies
erzeugt einen Fluorophor und die steigende Fluoreszenzintensitit ist messbar (230). Dieses
Assayprinzip konnte erfolgreich auf ein Peptid iibertragen werden (231). Eine &hnliche
Cyclisierungsreaktion wurde in einem weiteren Assay genutzt. Auch hier wird ein Fluorophor mit
einem Acetyllysin-Imitat konjugiert. Nach der HDAC6-Reaktion spaltet sich durch einen
nukleophilen Angriff der deacetylierten Aminogruppe in einer intramolekularen
Cyclisierungsreaktion ein Caprolactam ab und es entsteht ein Cyanhydrin-Intermediat, welches
spontan zum Fluorophor zerféllt (232). Das gleiche Assayprinzip konnte auf einen Nah-Infrarot-
Farbstoff iibertragen werden (233, 234) und als Prodrugsystem angewendet werden (234).

Xuan et al. verfolgen einen anderen Ansatz fiir die Messung der HDAC-Aktivitat. Statt eines
Lysinrests im enhanced green fluorescent protein (EGFP) wurde ein acetylierter Lysinrest
eingebaut. Der Lysinrest ist essenziell fiir die Ausbildung des Fluorophors. Ist dieser Lysinrest
acetyliert, kann sich der Fluorophor nicht ausbilden. Erst durch die HDAC-vermittelte
Deacetylierung kann sich der Fluorophor ausbilden und die Zunahme der Fluoreszenz ist messbar
(235). Durch das Exprimieren des acetylierten EGFPs in E. coli, konnte Aktivitit von
liberexprimierten CobB, SIRT1-3 und SIRT5 gemessen werden. Ebenso konnte die Sirtuin
Aktivitat unter Nutzung des acetylierten EGFPs in HEK293T-Zellen gemessen werden (235).

1.6.5 Direkte und kontinuierliche Messsysteme

Zur Entwicklung von direkten und kontinuierlichen Messsystemen der enzymatischen
Aktivitat von HDACs bietet sich die Nutzung der Fluoreszenzléschung von Fluorophoren durch
Quencher an. Infolge der Deacylierungsreaktion werden Fluorophor und Quencher raumlich
getrennt und es ergibt sich eine Fluoreszenzinderung. Der Quencher kann im Acylrest integriert
werden und der Fluorophor im Peptidriickgrat (Abbildung 11A). Alternativ wird der Fluorophor
im Acylrest integriert und der Quencher im Peptidriickgrat (Abbildung 11B). Allerdings bietet der
Acetylrest wenig Platz und nur geringe Moglichkeiten zur chemischen Modifikation. Zusatzlich
werden die Substrateigenschaften des Peptids durch eine solche Modifikation sowohl sterisch als
auch chemisch stark verdndert.

Eine Moglichkeit ergibt sich daraus, dass Sirtuine (41, 64) und HDAC11 (61-63) auch langere
Fettsdurereste hydrolysieren kénnen. In diesen lingeren Fettsdureketten ist es moglich, einen
Quencher oder einen Fluorophor einzubringen. Der erste direkte und kontinuierliche Assay
wurde von Schuster et al. flr Sirtuine vorgestellt (236). Dabei wurde als Fettsdureimitat Abz als
Fluorophor an 11-Aminoundecansdure gekoppelt. Damit ist der Fluorophor weit von der zu
spaltenden Amidbindung entfernt und sollte einen geringen Einfluss auf die Sirtuinreaktion haben
(Abbildung 11C, R1). In das Peptidriickgrat wurde 3-NY als Quencher eingebaut. Durch die
Sirtuinreaktion steigt die Fluoreszenzintensitit von Abz an. Das auf die oben beschriebene Weise
modifizierte Peptid ist ein sehr gutes SIRT2-Substrat mit einer katalytischen Effizienz von
176 000 M-1s-1. Fiir dieses Assay wurde ein Peptid genutzt, das vom Tumornekrosefaktor-a
(TNF-a) abstammt, welcher ein natiirliches SIRT6 Substrat ist (41). Darauf aufbauend nutzte eine
andere Arbeitsgruppe den gleichen Acylrest mit dem gleichen Quencher. Durch die Optimierung

24



der Peptidsequenz fiir den Assay konnte ein leicht verbessertes SIRT2-Substrat erhalten werden
(237).

Der zweite direkte und kontinuierliche Assay wurde von Kawaguchi et al. entwickelt. Dabei ist
der gesamte an das Lysin eines H3K9-Nonapeptids gebundene Acylrest ein DABCYL-Derivat
(Abbildung 11C, R3) und wirkt als Quencher fiir ein C-terminal gekoppeltes FITC. Dieses Peptid
ist mit einer katalytischen Effizienz von 230 000 M-1s-1 vor allem fiir SIRT1 als Substrat geeignet.
Durch eine Verkiirzung der Peptidkette auf drei AS konnte mit diesem Peptid die Sirtuinaktivitat
in Zellen gemessen werden (238). In dieser Arbeitsgruppe wurden, ausgehend von diesem
Substrat, Substrate fiir andere Sirtuinisoformen entwickelt. Dazu wurde ein Disperse Red-Derivat
als Quencher verwendet (Abbildung 11C, R2). Aufierdem wurden alternative Peptidsequenzen
genutzt und die FITC-Markierung wurde auf den N-Terminus verschoben. Damit konnte die
katalytische Effizienz fiir SIRT2 um das 24-fache und fiir SIRT3 um das 154-fache gesteigert
werden (239). Fiir die Zn2+*-abhangigen HDACs gab es bis zum Anfertigen dieser Arbeit keine
bekannten direkten und kontinuierlichen Aktivititsassays.
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Abbildung 11. Schematische Darstellung fiir das Prinzip eines kontinuierlichen und direkten Assays
fiir Histondeacetylasen. A. Im Lysinacylrest eingebauter Quencher und am Peptidriickgrat gekoppelter
Fluorophor. B. Im Lysinacylrest eingebauter Fluorophor und im Peptidriickgrat integrierter Quencher. Bei
A und B wird durch die HDAC vermittelte Deacylierung der Fluorophor vom Quencher getrennt und die
Fluoreszenz steigt. C. Beispiele fiir Acylmodifikationen fiir direkte Messmethoden der HDAC-Aktivitit.

1.6.6 Fluoreszenzsonden

Neben den genannten Aktivititsmessungen existiert die Moglichkeit, Molekiile anhand ihrer
Bindungsaffinitiat an das entsprechende Zielmolekiil zu selektieren. Die enzymatische Aktivitat
spielt hierbei keine Rolle. Diese Messmethoden beruhen darauf, dass sich bei der Bindung einer
Sonde an das Zielprotein die Eigenschaften der Sonde messbar dndern. Ein typisches Beispiel
dafiir sind sogenannte fluorescence indicator displacement assays (FID). Die Funktionsweise ist
links in Abbildung 12 skizziert. Sie beruht darauf, dass sich die Fluoreszenzintensitit oder die
Fluoreszenzpolarisation der Sonde im ungebundenen und gebundenen Zustand unterscheidet. Im
Ausgangszustand bindet der Fluoreszenzindikator an das Zielmolekiil. Nach Zugabe der
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Testverbindung konkurriert diese mit der Sonde um die Bindungsstelle am Zielprotein. Die
entsprechenden Fluoreszenzeigenschaften dndern sich und erzeugen so ein gedndertes Signal.
Fluoreszenzsonden sind oft Derivate von bekannten HDACI, wie das SAHA-Derivat, welches an
Fluorescein gekoppelt und fiir die Zn2+*-abhangigen HDACs genutzt wurde oder das SirReal2-
Derivat, welches an TMARA gekoppelt und fiir SIRT2 genutzt wurde (211, 240-242). Weitere
solcher Sonden wurden in Kombination mit verschiedenen Farbstoffen und Panobinostat (243),
Scriptaid (244), SAHA (245) und einem neu entwickelten cyclischen Depsipeptidinhibitor
entwickelt  (246). Bei solchen  Fluoreszenzsonden wird normalerweise  die
Fluoreszenzpolarisation gemessen. Es besteht auch die Moglichkeit die Eigenschaften von
2-Furylacryloylhydroxamat (FAHA) zu nutzen. FAHA bindet im aktiven Zentrum der
Znz+-abhangigen HDACs und 16scht die intrinsische Proteinfluoreszenz aus. Wird FAHA verdrangt,
kann die Zunahme der intrinsischen Proteinfluoreszenz gemessen werden (247).
1 Aminoanthracen (AMA) wurde als Sonde mit mafdiger Affinitat fiir SIRT2 (Kp= 37 uM)
vorgestellt, zeigt jedoch bei Bindung an das aktive Zentrum von SIRT2 einen enormen Anstieg der
Fluoreszenzintensitdt. Durch die Co-Bindung eines decanoylierten Peptids konnte die Bindung
verbessert werden (248, 249). Eine komplexere Variante dieses Assayprinzips, der unter anderem
fiir SIRT2 und HDAC10 angewendet wurde, ist der Nano-BRET Assay. Hierbei wird an die HDAC
ein Luciferase-tag fusioniert. Ist die Fluoreszenzsonde gebunden, wird die durch die
Luciferasereaktion erzeugte Energie nicht als Licht emittiert, sondern strahlungslos auf die
Fluoreszenzsonde {iibertragen, die dann Photonen emittiert. Wird die Fluoreszenzsonde
verdrangt, kann keine Energieiibertragung stattfinden. Der Vorteil dieser Methode ist, dass keine
externe Lichtquelle fiir in vivo Messungen benétigt wird (212, 250).
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Abbildung 12. Prinzip eines FID-Assays und einige Beispiele fiir verwendete Sonden fiir HDAC-Assays.
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2 Zielstellung

Das erste Ziel dieser Arbeit ist die Entwicklung neuer Messmethoden fiir die in vitro Aktivitat
verschiedener Histondeacetylasen. Dafiir werden verschiedene Strategien genutzt. Da bekannt ist,
dass neben den Sirtuinen auch HDAC11 eine sehr effiziente Deacylase fiir lingere Fettsdurereste
wie Myristoyl- und Palmitoylreste ist (61, 62), soll basierend auf einem Sirtuinassay ein direkter
und kontinuierlicher Assay entwickelt werden (236).

Weiterhin sollen die speziellen optischen Eigenschaften von Thioamiden genutzt, um die
HDAC-AKktivitat direkt und kontinuierlich zu messen. Dabei soll die Méglichkeit genutzt werden,
dass HDACS in der Lage ist, Thioacetylreste mit dhnlicher Effizienz wie Acetylreste zu entfernen
(209). In einem fiir HDAC8 entwickelten Assay wurde eine chemisch gekoppelte Reaktion genutzt
(209). Thioamide zeichnen sich dadurch aus, dass sie eine starke Absorption bei 260 nm
aufweisen (251). Diese Eigenschaft soll beim zweiten Ziel dieser Arbeit genutzt werden, der
Entwicklung eines HDAC-Aktivititsassays zur direkten und kontinuierlichen Messung. Dafiir
werden verschiedene Peptide mit der gleichen Aminosduresequenz synthetisiert. Die Peptide
unterscheiden sich jedoch anhand unterschiedlicher Acylreste und der entsprechenden
Thioacylreste. Uber den Mechanismus des Photoinduzierten Elektronentransfers (PET) kénnen
Thioamide als Quencher fiir Fluorophore wirken (252, 253). Deswegen soll untersucht werden,
ob die Thioamidbindung auch als Quencher fiir Fluorophore dienen kann, um einen
fluoreszenzbasierten Assay zu entwickeln.

Das dritte Ziel dieser Arbeit ist die Entwicklung eines Aktivititsassay fiir HDACs, die
Fettsdurereste hydrolysieren. Daflir werden Thioamide als Quencher fiir verschiedene
Fluorophore eingesetzt. Thioamidbindungen als zu hydrolysierende Bindung lassen sich fiir die
Aktivitaitsmessung der Sirtuine nicht verwenden, da sie als Inhibitoren fiir Sirtuine wirken (254).
Um trotzdem das PET-Quenching fiir einen fluoreszenzbasierten Assay nutzen zu kénnen, soll die
Thioamidbindung in einem Myristoylrest ,maskiert werden. Es soll dafiir eine Reihe
verschiedener Peptide, die den Thioamidacylrest tragen, synthetisiert werden. Zuerst sollte die
Position des Fluorophors im Peptidriickgrat untersucht werden. AnschliefSend sollten
verschiedene Fluorophore an der optimalen Position getestet werden.

Das vierte Ziel dieser Arbeit ist die Untersuchung, ob die Fluoreszenzintensitit von

umgebungssensitiven Fluorophoren in Peptiden direkt durch Fettsdaurereste moduliert werden
kann. Alle Peptide sollen auf ihre Substrateigenschaften fiir die verschiedenen HDACs untersucht
werden und spektroskopisch charakterisiert werden. Anschliefdend sollten sie kinetisch
charakterisiert werden. Fiir die verschiedenen Ansétze sollen Assays fiir die Messung der
Aktivitat entwickelt und durch Messungen mit verschiedenen bekannten Inhibitoren validiert
werden.
Das fiinfte Ziel dieser Arbeit ist, verschiedene kurze Acylreste, welche in vivo nachgewiesen
wurden, als Substrate fiir die verschiedenen HDACs zu untersuchen. Dafiir sollen Modellpeptide,
die diese Acylreste tragen, kinetisch fiir die verschiedenen HDAC Isoformen charakterisiert und
mit dem entsprechenden acetylierten Peptid verglichen werden.
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3 Ergebnisse

3.1 Continuous Activity Assay for HDAC11 Enabling Reevaluation of
HDAC Inhibitors

Zso6fia Kutil, Jana Mikesova, Matthes Zessin, Marat Meleshin, Zora Novakova, Glenda Alquicer,
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Abstract:

Histone deacetylase 11 (HDAC11) preferentially removes fatty acid residues from lysine side
chains in a peptide or protein environment. Here, we report the development and validation of a
continuous fluorescence-based activity assay using an internally quenched TNFa-derived peptide
derivative as a substrate. The threonine residue in the +1 position was replaced by the quencher
amino acid 3'-nitro-l-tyrosine and the fatty acyl moiety substituted by 2-aminobenzoylated 11-
aminoundecanoic acid. The resulting peptide substrate enables fluorescence-based direct and
continuous readout of HDAC11-mediated amide bond cleavage fully compatible with high-
throughput screening formats. The Z'-factor is higher than 0.85 for the 15 uM substrate
concentration, and the signal-to-noise ratio exceeds 150 for 384-well plates. In the absence of
NAD*+, this substrate is specific for HDAC11. Reevaluation of inhibitory data using our novel assay
revealed limited potency and selectivity of known HDAC inhibitors, including Elevenostat, a
putative HDAC11-specific inhibitor.
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ABSTRACT: Histone deacetylase 11 (HDAC11) preferentially removes fatty acid residues from lysine side chains in a peptide
or protein environment. Here, we report the development and validation of a continuous fluorescence-based activity assay using
an internally quenched TNFa-derived peptide derivative as a substrate. The threonine residue in the +1 position was replaced
by the quencher amino acid 3'-nitro-L-tyrosine and the fatty acyl moiety substituted by 2-aminobenzoylated 11-
aminoundecanoic acid. The resulting peptide substrate enables fluorescence-based direct and continuous readout of
HDAC11-mediated amide bond cleavage fully compatible with high-throughput screening formats. The Z'-factor is higher than
0.85 for the 15 M substrate concentration, and the signal-to-noise ratio exceeds 150 for 384-well plates. In the absence of
NADY, this substrate is specific for HDAC11. Reevaluation of inhibitory data using our novel assay revealed limited potency and

selectivity of known HDAC inhibitors, including Elevenostat, a putative HDAC11-specific inhibitor.

B INTRODUCTION

Reversible ac(et)ylation of lysine side chains has emerged as
one of the major regulatory mechanisms in living organisms. It
is involved in the modulation of protein—protein interactions,
protein localization and degradation, and moreover in
chromatin assembly, DNA repair, and metabolic stress
response. Acyl residues are introduced either by the action
of acetyltransferases using acyl-CoAs as cosubstrates or by
spontaneous reactions of acyl-CoA thioesters with the lysine
side chains. In the past 10 years, other types of acyl
modifications, propionylation,’ butyrylation," malonylation,”*
succinylation,” glutarylation,® crotonylation,” 3-hydroxybutyr-
ylation,” 4-oxo-nonaoylation,”” hydroxyisobutyrylation,"® 3-
hydroxy-3-methyl-glutarylation,'""'* * 3-methyl-glutaryla-
tion,'""?  3-methyl-glutaconylation,""'* 3-phosphoglyceryla-
tion,"> benzoylation,'* myristoylation,"> and stearoylation'
have been identified, thereby dramatically expanding the
portfolio of post-translation modifications controlling a
number of cellular processes.'””"®

-4 ACS Publications  © 2019 American Chemical Society

Removal of acyl residues from lysines is catalyzed by histone
deacetylases (HDACs). This reaction is more tightly regulated
by the substrate and acyl specificities of individual HDACs and
their spatiotemporal distribution within the cell. HDACs are
evolutionarily conserved among organisms. Based on sequence
homology and enzymatic mechanism, HDACs can be divided
into 4 classes. Members of classes I (HDAC 1, 2, 3, and 8), II
(HDAC4—7, 9 and 10), and IV (HDACI1) are Zn**-
dependent hydrolases, while class III proteins (called sirtuins;
SIRT 1-7) use NAD" as the cosubstrate for the transfer of the
acyl moiety from the lysine side chain to the ADP-ribosyl
fragment of NAD" generating nicotinamide as the third
product of the reaction.'” Recently, our group and others
identified a robust defatty acylase activity for HDAC11,”°~**
which may represent the major enzymatic activity of HDAC11
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in vivo. HDACI1 is involved in the regulation of the immune
system and the modulation of cancer growth,'””** and very
recently, it has been demonstrated that HDAC11 knock-out
protects mice from high-fat diet-induced obesity and metabolic
syndrome,”* making HDAC11 an interesting target for the
treatment of cancer and obesity-related diseases.

There is only limited information on the development and
use of HDAC11-specific inhibitors. In 2017, Huang et al
reported Elevenostat (compound JB3-22), the putative
HDAC11-specific inhibitor, to be effective in pharmacologic
modulation of functions of T-regulatory cells.”® Very recently,
the development of FT89S5, a hydroxamate-based small-
molecule compound, has been described by Martin et al,*
and 2-carboxamidothiophene-based zinc ion chelating carbo-
hydrazides were shown to be selective HDACI11 inhibitors
active in vivo.”’ Additionally, several pan-HDAC inhibitors
used in clinical trials, including romidepsin and trichostatin A
(TSA), are reported to have nanomolar potency for HDAC11.
At the same time, however, inhibitory constants of these and
other small molecules toward HDACI1 listed in the ChemBL
database are somewhat inconsistent, and these inconsistencies
may stem from different assay conditions (pH values, the
presence of additives like bovine serum albumin (BSA) or
detergents, and substrate concentrations) as well as the use of
suboptimal substrates like acetylated peptides, which are very
poorly accepted by HDAC11. Consequently, we believe that
reevaluation of some of these findings would be valuable for
the scientific community focused on biological experiments in
the future.

The detection of HDAC activity is often coupled to a
separation of a substrate and its reaction product. Different
methods are used for such separation steps, including capillary
electrophoresis,”® microchip electrophoresis,”” microfluidic
mobility assay,’”*" polyacrylamide gel electroghoresis,32
high-performance liquid chromatography (HPLC),**™° thin-
layer chromatograghy,}7 charcoal-binding,*® binding to bor-
onic acid resins,>” and extraction with organic solvents.*’
Owing to this additional separation step, the resulting assay
format is discontinuous and not suited for high-throughput
applications. Alternatively, mass spectrometry could be used
for the separation of the substrate and the reaction
product.*"** Matrix assisted laser desorption ionization-time
of flight mass spectrometry readout, in combination with
peptide derivatives immobilized on glass surfaces, was used for
the systematic profiling of substrate specificity of HDAC?2,
HDAC3, and HDACS.**** Additionally, HDAC activity
patterns could be determined in cell lysates using this
technique.”> Moreover, the same technology uncovered the
dependence of the HDACS substrate specificity on the nature
of the metal ion within the active site.*® Alternative approaches
make use of reagents sensing either the acetylated substrates,
like acetyllysine recognizing antibodies,’~>* or the reaction
products. The release of radioisotopically labeled acetate was
used to analyze HDAC activity.”> >° More recently, acetate
could be captured by coupling to an enzymatic reaction,”” and
a chemical reaction was used to trap the HDAC8-mediated
release of thioacetate yielding a chromophore.”® Reagents for
the detection of the generated primary amine in the peptide
product could either be chemicals, like biotin-containing active
esters or activated fluorescent dyes, reacting with the lysine
side chain®”® or intramolecular reactions, like transesterifica-
tion with a coumarin dye,®" which is only possible if the lysine
side chain is released by HDAC activity.”> " Additionally,

aggregation-induced emission®®®” and modulation of binding

to DNA®*®’ were used to probe HDAC activity.

An interesting alternative is the coupling of the HDAC-
mediated reaction to a proteolytic reaction using proteases,
specific for the free lysine side chain in the reaction
product.***®7®”" The fluorescence-based readout for the
proteolytic reaction is common to increase the sensitivity of
the assay. Commercially available HDAC substrates are fused
to 7-amino-4-methylcoumarin, resulting in bright fluorescence
subsequent to cleavage of the lysinyl-coumaryl amide
bond.”*~”® However, as the proteolytic stability of different
HDACs against the developer proteases is limited, most
protease-coupled HDAC assays have to be performed in a
discontinuous manner. The additional disadvantage stems
from the fact that the substituted coumaryl moiety represents
an artificial residue within the HDAC substrate preventing the
investigation of substrate specificities in +1, +2, etc. positions.
Moreover, it was demonstrated that profiling of HDAC activity
with substrates containing coumaryl fluorophores yielded
results different from screening results with more natural
substrates, including artificially enhanced affinity to the active
site. (HDAC6) or loss of sequence specificity (HDAC4).”
Additionally, substrates of this type are characterized by
suboptimal Ky;-values in the high micromolar range.

Continuous assays without coupling to enzymatic or
chemical reactions are described for sirtuins."”*" In these
cases, a fluorophore or a quencher is an integral part of the acyl
moiety linked to the lysine side chain. Such an approach is not
feasible for HDACs of classes I and II because their narrow
acyl binding pockets cannot accommodate acyl groups
decorated with bulky fluorophore moieties. In contrast,
HDACI1 is able to remove hydrophobic, long-chain acyl
residues from lysine side chains,” ** and therefore, we
wondered if continuous substrates described for sirtuins are
suitable for the determination of HDACI11 activity. Here, we
report the development of a continuous and direct activity
assay for HDACI11 based on internal fluorescence quenching.
Using this novel HDAC11 activity assay in comparison to the
data generated using a commercially available trifluoroacety-
lated lysine derivative, we were able to reevaluate the potency
of known HDAC inhibitors including Elevenostat, Pracinostat,
Quisinostat, Dacinostat, Trapoxin A, and Romidepsin. Addi-
tionally, we were able to demonstrate that this HDACI1
activity assay is fully compatible with high-throughput
screening formats.

B RESULTS

Continuous and Direct Activity Assay for HDAC11.
HDACI11 is able to remove decanoyl, dodecanoyl, and
myristoyl residues from lysine side chains in the sequence
context of a substrate sequence derived from peptide
microarray experiments.”” We wondered if the active site of
HDACI11 could adopt an aminoundecanoic acid residue,
which is acylated by anthranilic acid. In the past, we were able
to demonstrate that such modification of the acyl moiety is
well tolerated by most of the class IIIl HDACs (sirtuins).”’
Fluorescence of the anthraniloylamide is efficiently quenched
by a 3-nitrotyrosine residue in the +1 position of a TNFa-
derived peptide substrate 1, resulting in an increase of
fluorescence subsequent to HDACI11 treatment (Figure S2).
We used substrate 1 (see Figure 1) because it is derived from a
known in vivo myristoylation site.*” First, we analyzed the
substrate properties using human HDACI11 in combination
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Figure 1. General structure of the substrates. Peptide substrates 1 and
2 were derived from the known myristoylation site TNFa-Lys20."
The naturally occurring threonine residue in +1 position is replaced
by the quencher L-3-nitrotyrosine. The lysine side chain correspond-
ing to Lys20 of TNFa is acylated with fluorescent N-anthraniloylated
(peptide 1) or N-(4-N,N-dimethylamino-1,8-naphthalimido)acetyl
(peptide 2) 11-aminoundecanoic acid. Lysine derivative 3 represents
the commercially available trifluoroacetylated HDAC substrate.

with an HPLC-based assay as described.”® Substrate 1 is well
accepted by HDACI11 with a specificity constant very similar
to the values for trifluoroacetylated substrates used in protease-
coupled assay formats. To increase the wavelength used for the
excitation of fluorescence, we generated peptidic substrate 2
(Figure 1) equipped with a sterically more demanding
fluorophore. Using an HPLC-based activity assay, we were
able to demonstrate the cleavage of the amide bond at the side
chain of the lysine residue but with very poor kinetics (Figure
S3). After treatment with 500 nM HDACI1 for 1 h, around
6% substrate conversion could be detected. Obviously, the
hydrophobic pocket of HDAC11 accepting the acyl lysine is
sensitive to sterically more demanding moieties, at least at the
distal positions.

When fluorescence change was monitored over time, the
resulting progress curves at different concentrations of
HDACI11 were linear up to 25% conversion of the substrate.
In the absence of HDACI11, a slight fluorescence decrease of
7% of the total fluorescence intensity is detectable after 30 min
(Figure 1a). The slope of the fluorescence increases of reaction
solutions containing 1 and HDACI11 is dependent on the
enzyme concentration, resulting in a linear correlation between
the HDAC11 amount and the reaction rate (Figure 1b). This
dependence on enzyme concentration demonstrates that the
measured signal increase is caused by the enzyme-mediated
cleavage of the amide bond and not by fluorescence artifacts.
Therefore, peptide derivative 1 could be used for the recording
of HDAC11 activity in a continuous format. For the generation
of appropriate calibration curves, N-(2-aminobenzoyl)-11-
aminoundecanoic acid, the reaction product, was used. We
found a pronounced dependence of HDACI1 activity on the

concentration of bovine serum albumin (BSA) in the assay
buffer (Figure 2c). Therefore, all measurements were
performed in the presence of 2 mg/mL of BSA. To ensure
that this concentration of BSA does not affect the inhibitor’s
potency, we have tested the quisinostat as a representative of
moderately active inhibitors in different concentrations of BSA
in the buffer. No decisive effect of BSA on the activity of the
inhibitor was observed at concentrations tested (Supporting
Information Figure S5). To demonstrate that the activity assay
is useful for high-throughput screenings, we performed
measurements in 96-, 384-, and 1536-well microtiter plates
(Figure 2d) yielding excellent Z'-factors of 0.8S for 1 at 15 uM
concentration. The Ky values determined using the different
microtiter plate formats are very similar, and the resulting
specificity constants are in the range of 11 000 to 13 000 M~
s (Figure 2).

Because HDACS is the only other Zn**-dependent HDAC,
which is able to accept longer acyl moieties, we tested peptides
1 and 2 as HDACS substrates using an HPLC-based activity
assay. We found less than 1% cleavage using 500 nM HDACS
for 4 h, with a 20 uM peptide substrate. Thus, in the absence
of NAD*, which prevents any action of sirtuins against 1,
peptidic substrate 1 could be considered as an HDACI11-
specific substrate.

Reevaluation of known HDAC Inhibitors Using
Peptidic Substrate 1 and Trifluoroacetyllysine Deriva-
tive 3. Most of the typical HDAC inhibitors are not active
against HDAC11. Nevertheless, several inhibitors were
described for HDAC11 with ICy, values in the low nanomolar
range. Trapoxin A is an inhibitor of HDACI1 activity with an
ICy, value of 170 nM and a K; value of 24 nM if a
myristoylated peptidic substrate was used for activity measure-
ments. We determined the IC;-value for Trapoxin A-mediated
HDACI1 inhibition using 1 to validate the continuous and
fluorescence-based activity assay. We found an ICg, value of 10
nM (Table 1), which is in good agreement with the data from
the literature. TSA is an inhibitor for HDAC11 with described
affinities between 14 nM** and 32 yM.>" If measured with an
acetylated fluorogenic pentapeptlde derived from p53, an IC,
value of 17 nM was reported.** In contrast, no efficient
inhibition by TSA could be detected using a myristoylated
peptidic derivative with an estimated ICj, value of 32 uM.”'
We used 1 to reanalyze the effect of TSA on HDACI1 activity
and obtained less than 50% inhibition at 20 yM inhibitor
resulting in an ICg, of 22 uM (Table 1). This demonstrates
that substrate 1 yielded results closer to results found using
myristoylated substrates. For comparison, we profiled TSA-
mediated inhibition of HDAC11 with the trifluoroacetylated
lysine derivative 3 and again found no effective inhibition (an
ICq, value of 10 uM). Similarly, we analyzed romidepsin, a
cyclic peptidic inhibitor used in the clinic. An ICg, value of 0.3
nM** could not be confirmed using either substrate 1 or 3
(Table 1). In our hands, romidepsin is active against HDAC11
with the IC;, value in the low uM range. This finding is
supported by the reported IC;, value of higher than 10 yM if a
trifluoroacetylated substrate peptide was used.* To our
surprise, several inhibitors that are described to be highly
efficient against HDACI11, like Dacinostat, Elevenostat,
Pracinostat, Mocetinostat, and Quisinostat, are not so effective
if analyzed using substrates 1 and 3 (Table 1). In all cases, the
reported values were generated using acetylated substrates. On
the other hand, we were able to confirm the efficient inhibition
of HDAC11 by fimepinostat using substrate 1, demonstrating
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Figure 2. Fluorescence measurements using substrate 1. (A) Fluorescence change as a function of time. The excitation/emission wavelengths were
set at 330 + 75/430 = 8 nm, respectively. The reaction was performed with the 15 4M substrate and 30 nM HDAC11 (blue dots) as well without
enzyme (gray dots). (B) Fluorescence change as a function of the HDAC11 concentration. The reactions were performed with 100, 67, 44, 30, 20,
13, 9, and 6 nM HDACI11 and S0 M substrate. (C) Velocity of the product formation as a function of BSA concentration in the buffer. The
substrate concentration (peptide 1) was 20 uM and HDAC11 concentration was 30 nM. The experiment was performed once with n = 6, and the
error bars show the standard deviation (SD). (D) Steady-state kinetics of HDACI11 with compound 1. Reactions were performed using 30 nM
HDACI11 and varying concentrations of 1 (0.1—70 yM). The results are from two independent experiments, and each experiment was done with n
=3 (96 well), n = 4 (384 well), and n = 6 (1536 well) replicates, and the error bars show the standard deviation. The velocity v means product

formation per time unit and per active site. The resulting kinetic constants of the fit are summarized in the table below.

that 1 is suitable for inhibitor screenings resulting in less false
positives compared to screenings with acetylated substrates.

B DISCUSSION

HDACI1 is one of the least studied HDAC isoforms. To
evaluate its biological function, highly efficient tools are
needed, like compound selectively inhibiting HDAC11 with
high affinity. Screening of large compound libraries is limited
by the complex assays known for HDAC activity measure-
ments. Most of the fluorogenic assays are discontinuous
because of the limited stability of the HDACs against the
developer protease used. Alternative assays, like HPLC-based
or MS-based formats, are very time consuming, and therefore
not suited for HTS applications. Moreover, HDAC11 is unique
in the sense of substrate specificity. It has very poor activity
against acetylated substrates but robust activity on trifluor-
oacetylated substrates and substrates with decanoylated or
myristoylated lysine side chains. Based on this knowledge, we
developed peptidic substrate 1, which is from the structural
point of view closer to the myristoylated in vivo substrates. We
then used this substrate to reevaluate some of the HDAC
inhibitors, especially compounds described to be efficient
against HDAC11 (Table 1, Figure 3). There are two major
findings. First, effective inhibitors identified using either

19898

trifluoroacetylated substrates (].:’imepinostat)87 or myristoy-
lated substrates (Trapoxin A*') could be confirmed using
substrate 1. Second, effective compounds identified using
acetylated substrates are not so effective if analyzed using
either 1 or 3 (Table 1). The very poor activity of HDAC11
against acetylated substrates generates a problem if the enzyme
preparation is contaminated with traces of HDACs that are
highly active against acetylated substrates. Such contamina-
tions are probably because most of the commercially available
HDACI1 preparations have suboptimal purity. Depending on
the respective kinetic constants, contaminating HDAC
amounts less than 0.1 percent (which is hardly visible in
PAGE gels) could generate a robust signal leading to false-
positive screening hits. This situation is better if trifluoroacety-
lated substrates are used because HDACI11 is more active in
such cases. Nevertheless, other HDACs like HDAC4, S, 7, 8,
and 9 are known to recognize trifluoroacetyllysine substrates
with substantially higher efficacy. Substrate 1 is optimal for
HDACI11 measurements because this is the only isoform that
is able to handle this acyl moiety. In principle, sirtuins 1—6 can
deacylate substrate 1, but for that reaction, the presence of the
NAD" cosubstrate is necessary.g1

Careful inspection of the presented ICg, values in Table 1
uncovers higher ICs, values for measurements performed with

substrate 1 compared to lysine derivative 3 resulting in up to S-
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Table 1. ICy, Values for Listed Inhibitors were Determined
Using the Peptidic Substrate 1 (15 M of 1 and 20 nM
HDACI11) and Lysine Derivative 3 (10 uM 3 and 60 nM
HDACI11) and Compared to IC,, Values found in the
Literature

ICs, (nM)  ICg, (nM)
compound peptide lysine ICyy (nM)
compound class derivative 1 derivative 3 reported
dacinostat hydroxamic 9400 + 3930 + 80 5.6
(NVP- acids 1200
LAQS824)
elevenostat hydroxamic 17700 + 5810 + 235%°
(JB3-22) acids 2700 470
fimepinostat hydroxamic 23+3 16 +7 5.4%
(CUDC-907) acids
mocetinostat benzamides >40 000 >40 000 590;°* 1957
(MGCDO0103)
nexturastat A hydroxamic >40 000 8330 +
acids 1780
pracinostat hydroxamic 34800 + 28 000 + 93%¢
(SB939) acids 10 800 360
quisinostat hydroxamic 3270 + 280 1770 + 0377
(NJ- acids 270
26481585)
ricolinostat hydroxamic 12300 + 5380 + >1000077%®
(ACYI1215) acids 1700 360
romidepsin cyclic 2700 + 60 4810 + 40  0.3;* >10000%
(FK228) peptides
trapoxin A cyclic 10 + 1.4 78 +2 170*'
peptides
trichostatin hydroxamic 22000 + 10 300 + 14;* 17;** 25,”°
acids 6800 1900 31;'%0 15;"
32000”
valproate aliphatic acids ~ >40 000 >40 000

fold differences. These differences are smaller if the respective
Ki-values are calculated because of the much better Ky, value of
substrate 1 (Figure 4, Table S3). Additionally, differences in
inhibition constants depending on the chemical nature of the
used substrate are known in the field of sirtuin research®® and
for HDACS. Sippl et al. were able to demonstrate that ICq,
values can differ up to 10-fold, depending on the used
substrate.”

In summary, we developed an efficient and HDACI11-
selective substrate enabling high-throughput screening of
inhibitor libraries yielding reduced false-positive hits.

B MATERIALS AND METHODS

Chemicals. All chemicals were purchased from Sigma
(Saint Louis) if not denoted otherwise. Trifluoroacetic acid
(TFA) was obtained from Roth (Karlsruhe, Germany).
Peptidic substrate 1 is commercially available from JPT
Peptide Technologies (Berlin, Germany) and lysine derivative
3 was purchased from Bachem (Bubendorf, Switzerland;
#4060676).

The synthesis of all peptidic substrates is described.””®’
HDAC inhibitors were purchased from Selleckchem and
Cayman Chemical.

HDAC11 Expression and Purification. Full-length
human HDACI11 was expressed and purified as described
previously.”" Briefly, HDAC11 was expressed using HEK-293/
T17 cells following transient transfection mediated by linear
polyethylene imine (PEI; Polysciences Inc., Warrington, PA).
Three days after transfection, cells were harvested by
centrifugation at 500g for 10 min and suspended in a lysis
buffer (50 mM Tris, 150 mM NaCl, 10 mM KCl, 2 mM
MgCl,, 10% glycerol, pH 8) supplemented with benzonase (2

U/mL; Merck, Darmstadt, Germany) and a cocktail of
protease inhibitors (Roche, Basel, Switzerland). Cell lysis was
enhanced by the addition of Igepal-630 (final concentration
0.2%), followed by incubation for 30 min at 4 °C. The cell
lysate was cleared by centrifugation at 40 000g for 30 min at 4
°C, and the supernatant was loaded on a Strep-Tactin column
(IBA, Gottingen, Germany) previously equilibrated in the lysis
buffer. The column was first washed with the lysis buffer
supplemented with 2 mM ATP and 10 mM MgSO,, followed
by the second wash with the elution buffer (50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100
mM NaCl, S0 mM KCl, 10% glycerol, pH 7.5). Fusion
proteins were eluted with the elution buffer supplemented with
3 mM desthiobiotin. Eluted proteins were concentrated to 2
mg/mL and flash-frozen in liquid nitrogen.

Continuous Fluorescence Assay. The assay was carried
out as described previously with a slight modification.”’ The
fluorescence measurements were performed using a fluores-
cence spectrophotometer CLARIOstar (BMG Labtech GmbH,
Ortenberg, Germany) at 4., = 310 nm and A, = 405 nm. The
reaction mixture consisted of HDAC11, and the substrate in a
reaction buffer comprising 50 mM HEPES, 140 mM NacCl, 10
mM KCl, 2 mg/mL BSA, and 1 mM TCEP, at pH 7.4 was
adjusted with NaOH (total volume 50 pL). The reactions were
incubated in black 384-well plates for 60 min at 37 °C, and the
increase of relative fluorescence reflecting the product
formation was monitored. This signal was converted into
product concentration via calibration curves of free N-(2-
aminobenzoyl)-11-aminoundecanoic acid, the product of the
reaction. For the determination of kinetic constants, 20 nM
HDACI11 and the substrate in the concentration range of
0.04—200 uM were used. The slope of the linear regression of
product formation against time yielded the reaction velocity
rates in uM/s. Kinetic constants (Ky; and k_,,) were obtained
by nonlinear regression analysis according to Michaelis—
Menten.

HPLC-Based Assay. The determination of kinetic con-
stants and ICy, values of inhibitors was carried out in parallel
to the continuous fluorescence assay by discontinuous assays
analyzed by means of reversed-phase high-performance liquid
chromatography (RP-HPLC). The reaction buffer, concen-
tration of enzyme, substrates, and inhibitors were carried out as
described above. The reaction was quenched by the addition of
0.5% acetic acid after 30 min of incubation and centrifuged at
2000g at 37 °C for 15 min to remove precipitated BSA and
HDACI11. The reactions were analyzed by RP-HPLC
(Shimadzu, HPLC Prominence system) with a Kinetex 2.6
um XB-C18 100 A column (100 X 3 mm; Phenomenex,
Torrance, CA). The mobile phase A was $% acetonitrile with
0.1% (v/v) TFA and the mobile phase B was 95% acetonitrile
with 0.1% (v/v) TFA. The separation of the reaction product
from the acylated substrate was performed in a 12-min linear
gradient from 10 to 60% of eluent B at a flow rate of 0.6 mL/
min. The product and substrate peaks were quantified using
the absorbance at 365 nm (absorption of the 3-nitrotyrosyl
moiety) to verify the results of the fluorescence assay.

Discontinuous Fluorescence-Based Assay using Boc-
Lys(TFA)-7-amino-methylcoumarylamide Derivative.
The assay was carried out using the commercially available
substrate 3 as described previously with a slight modification.”
Briefly, 60 nM HDAC11 was incubated with an inhibitor in the
concentration range of 0.006—100 000 nM. The reaction was

started with the 10 uM substrate and quenched after 30 min at
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Figure 4. Determination of IC;, values for CUDC-907 using
substrates 1 and 3. Ki-values were calculated with the Cheng—Prusoff
relationship.'®> The Ky-value used for the calculation for compound
1 was 12 uM and for compound 3 200 M.

37 °C by the addition of 20 uL of trypsin solution (2 mg/mL
trypsin, 20 mM Tris—HCI, 150 mM NaCl, 1 mM EDTA; pH
7.4). Following the 60 min incubation at 37 °C, a fluorescence
signal of released aminomethylcoumarin was quantified using a
CLARIOstar fluorimeter (BMG Labtech GmbH, Ortenberg,
Germany) with excitation/emission wavelengths set at 365/
440 nm, respectively.

Determination of Inhibition Constants. For the
determination of ICy, values, 20 nM HDACI1 was

preincubated 10 min with an inhibitor in the concentration
range of 0.006—100 000 nM, and the reaction was started by
the addition of 15 uM of substrate 1. The data were fitted
using GraphPad Prism software, and ICy, values were
calculated by nonlinear regression analysis. The inhibitor-free
and enzyme-free controls were defined as 100 and 0%
HDACI11 activity, respectively. All measurements were
performed in duplicates.

Determination of Kinetic Constants. The assay was
carried out as described previously with a slight modification.”"
The fluorescence measurements were performed with an
EnVision 2104 Multilabel reader (Perkin Elmer, Waltham). An
excitation filter with 4 = 330 + 75 nm and an emission filter
with 1 = 430 + 8 nm (percent of excitation light = 2%,
detector gain = 50, flashes per A/D conversion = 1, and
number of flashes = 30). The reaction mixture containing
peptide 1 in various concentrations and assay buffer (20 mM
phosphoric acid pH 7.4 adjusted with NaOH and 2 mg/mL
BSA) was incubated at 25 °C in a 96-well plate for at least S
min. The reaction was started with the addition of HDAC11 to
a final concentration of 30 nM and a total volume of 100 uL
per well. For the measurements in the 384-well plate and the
1536-well plate, the reaction mixture (composition like above)
was incubated for at least 5 min in a clear 96-well plate. The
reaction was started with the addition of HDACI11, and the

reaction mixture with the enzyme was transferred to the
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-appropriate well plate (384-well plate with 20 uL per well and
1536-well plate with 9 uL per well). The increase of relative
fluorescence intensity reflecting product formation was
monitored and the signal was converted via calibration lines
of free N-(2-aminobenzoyl)-11-aminoundecanoic acid, the
fluorescent product of the reaction. For the determination of
kinetic constants, 30 nM HDACI11 and the substrate in the
concentration range of 0.04—70 uM were used. The initial
slope of the linear regression of product formation against time
yielded the reaction velocity rates in yM/s. Kinetic constants
(Ky and k,,,) were obtained by nonlinear regression according
to Michaelis—Menten.

Z' Factor Determination. The Z'-factor is a dimension-
less statistical parameter for high-throughput screening
assays.”” The Z'-factor was calculated from the mean of the
initial slope from the change of the fluorescence intensity over
time with 15 yM peptide 1 and 30 nM HDACI1I (mean
(100%)). The negative control was determined in the same
way without enzyme (mean (0%)). The standard deviation
(SD) was calculated from 3 technical replicates (96-well plate),
6 technical replicates (384-well plate), and 8 replicates (1536-
well plate). The fluorescence intensity was measured with an
EnVision Multilabel reader as described above. The Z’-factor
was determined with the following equation.

3SD(100%) + 3SD(0%)

Z=1-
Imean(100%) — mean(0%)I
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Abstract:

We developed a one-step direct assay for the determination of histone deacylase (HDAC)
activity by substituting the carbonyl oxygen of the acyl moiety with sulfur, resulting in
thioacylated lysine side chains. This modification is recognized by class | HDACs with different
efficiencies ranging from not accepted for HDAC1 to kinetic constants similar to that of the parent
oxo substrate for HDACS8. Class II HDACs can hydrolyze thioacylated substrates with
approximately 5-10-fold reduced kcat values, which resembles the effect of thioamide
substitution in metallo-protease substrates. Class IV HDAC11 accepts thiomyristoyl modification
less efficiently with an ~5-fold reduced specificity constant. On the basis of the unique
spectroscopic properties of thioamide bonds (strong absorption in spectral range of 260-280 nm
and efficient fluorescence quenching), HDAC-mediated cleavage of thioamides could be followed
by ultraviolet-visible and fluorescence spectroscopy in a continuous manner. The HDAC activity
assay is compatible with microtiter plate-based screening formats up to 1536-well plates with Z'
factors of >0.75 and signal-to-noise ratios of >50. Using thioacylated lysine residues in p53-
derived peptides, we optimized substrates for HDAC8 with a catalytic efficiency of >250000 M-1
s-1, which are more than 100-fold more effective than most of the known substrates. We
determined inhibition constants of several inhibitors for human HDACs using thioacylated
peptidic substrates and found good correlation with the values from the literature. On the other
hand, we could introduce N-methylated, N-acylated lysine residues as inhibitors for HDACs with
an ICso value of 1 pM for an N-methylated, N-myristoylated peptide derivative and human
HDAC11.

Reprinted (adapted) with permission from One-Atom Substitution Enables Direct and
Continuous Monitoring of Histone Deacylase Activity, Matthes Zessin, Zséfia Kutil, Marat
Meleshin, Zora Novakova, Ehab Ghazy, Diana Kalbas, Martin Marek, Christophe Romier, Wolfgang
Sippl, Cyril Barinka, and Mike Schutkowski, Biochemistry 2019, 58 (48), 4777-4789, DOI:
10.1021/acs.biochem.9b00786 . Copyright 2019 American Chemical Society.
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ABSTRACT: We developed a one-step direct assay for the

determination of histone deacylase (HDAC) activity by

substituting the carbonyl oxygen of the acyl moiety with sulfur, Fluo SYCFs
resulting in thioacylated lysine side chains. This modification is NH
recognized by class I HDACs with different efficiencies ranging
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hydrolyze thioacylated substrates with approximately S—10-fold

reduced k., values, which resembles the effect of thioamide IUV signal at 275 nm

substitution in metallo-protease substrates. Class IV HDACI11
accepts thiomyristoyl modification less efficiently with an ~5-fold
reduced specificity constant. On the basis of the unique
spectroscopic properties of thioamide bonds (strong absorption in spectral range of 260—280 nm and efficient fluorescence
quenching), HDAC-mediated cleavage of thioamides could be followed by ultraviolet—visible and fluorescence spectroscopy in
a continuous manner. The HDAC activity assay is compatible with microtiter plate-based screening formats up to 1536-well
plates with Z’ factors of >0.75 and signal-to-noise ratios of >50. Using thioacylated lysine residues in pS3-derived peptides, we
optimized substrates for HDACS with a catalytic efficiency of >250000 M™" s™!, which are more than 100-fold more effective
than most of the known substrates. We determined inhibition constants of several inhibitors for human HDACs using
thioacylated peptidic substrates and found good correlation with the values from the literature. On the other hand, we could
introduce N-methylated, N-acylated lysine residues as inhibitors for HDACs with an ICs, value of 1 4M for an N-methylated,
N-myristoylated peptide derivative and human HDACI1.

fluorescence at 420 nm ||

Reversible ac(et)ylation of lysine side chains has emerged lation.”® Several of these modifications could be removed by
as a ubiquitous posttranslational modification regulating evolutionarily conserved enzymes introduced as histone
cellular metabolism as well as many other cellular processes deacetylases (HDACs).
such as protein localization and degradation, chromatin On the basis of sequence homology, HDACs can be divided
assembly, DNA repair, and metabolic stress response. Either into four classes. Members of class I (HDAC1—3 and -8), class
enzymes named acetyltransferases or spontaneous reactions of IIa (HDAC4, -S, -7, and -9), class IIb (HDACS6 and -10), and
acyl-CoA derivatives decorate lysine side chains with acyl class IV (HDACI11) are Zn>*-dependent hydrolases, while
moieties.”” Caused by improvements in mass spectrometry, a class IIT proteins (called sirtuins; SIRT 1—7) use NAD" as a
number of new lysine acylations have been identified in vivo, cosubstrate for the transfer of the acyl moiety from the lysine
including lysine formylation,™* propionylation,” butyrylation,’ side chain to the ADP-ribosyl fragment of the cosubstrate,
malonylation,ﬁ’7 succinylation,” glutarylation,9 crotonylation,lo thereby generating nicotinamide as the third reaction
3-hydroxybutyrylation,'' 4-oxo-nonaoylation,'>'* hydroxyiso-
butyrylation,"* 3-hydroxy-3-methyl-glutarylation,">'® 3-meth- Received: September 10, 2019
yl-glutarylation," > 3—methyl—glutaconylation,15’16 3-phospho- Revised:  November 4, 2019
glycerylation,'” benzoylation,"® myristoylation," and stearoy- Published: November 4, 2019
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product.”’ HDAC1-3, -6, and -8 show robust deacetylase
activity. Class IIa HDACs are nearly inactive on acetylated
substrates, but they are highly effective in hydrolyzing
trifluoroacetylated peptide derivatives.”> Recently, it was
demonstrated that HDACI11 is specific for fatty acyl residues,
including octanoyl, decanoyl, dodecanoyl, and myristoyl
residues.””~>° Demyristoylase activity was demonstrated for
HDACS, too,”® while deformylase activity was detected for
HDAC6>*® and HDAC3.”® Additionally, HDAC3 exhibits
decrotonylase activity.29 HDACI0 can remove acetyl groups
from model peptides, but it has been shown that HDACI10 is
much more active if acetylated polyamines like N8-acetyl-
spermidin are used as substrates.”

Enzymatic activity of HDAC:s is involved in a number of
processes like cancer progression, regulation of obesity, and
immune function. Therefore, several HDAC inhibitors
(HDACi) have been approved by the Food and Drug
Administration for the treatment of cancer (vorinostat,
romidepsin, belinostat, and panobinostat), and a number of
clinical trials with HDAC:i (either natural products or synthetic
small molecules) have been started to evaluate their
efficacy.”*” Robust and continuous HDAC activity assays
compatible with high-throughput screening (HTS) are
required for further drug development.

Several assays have been developed and/or optimized for the
monitoring of HDAC activity as reviewed in refs 33 and 34.
Most of these activity assays are discontinuous [high-
performance liquid chromatography (HPLC)-based or mass
spectrometry-based assays] or suffering from complex reaction
mixtures caused by the coupled enzyme(s) or coupled
chemical reaction(s) requiring additional control measure-
ments. Determination of ICy, values or K; values for potential
HDAC:I is therefore time-consuming and cumbersome. In
theory, monitoring of the amide bond cleavage followed by
ultraviolet (UV) spectroscopy (190—200 nm) can be used for
direct measurement of HDAC activity.”> However, in practice,
the presence of UV-absorbing buffer ions and proteins makes
this setup unfeasible.

To design spectroscopic probes for direct and continuous
HDAC assays that can be used for the high-throughput
screening platforms in real life, we replaced the oxygen of the
amide bond with sulfur. The resulting thioamide bond shows a
characteristic red-shifted absorption band at 260 nm for the
m—nr* transition with minimal structural perturbations to a
substrate.”® Such thioamide bonds could not be efficiently
cleaved by sirtuins due to the formation of a so-called stalled
intermediate.””*® Nevertheless, using a discontinuous assay
format based on quantification of the released thioacetate by a
coupled chemical reaction, Fatkins et al. showed that HDACS8
but not other class I HDACs can hydrolyze thioamide bonds.*”

Here, we report that the cleavage of thioacyl groups from
lysine side chains by HDACs in model substrates could be
followed directly by ultraviolet—visible (UV—vis) spectrosco-
py- More importantly, modifications of such substrates can
yield fluorescence substrates with greatly enhanced sensitivity
that can be used in direct and continuous activity assays in the
HTS format. Finally, we showed that besides HDACS, other
members of classes Ila, IIb, and IV can hydrolyze thioamide
bonds, expanding thus the utility of our findings to the whole
family of zinc-dependent HDACs.

4778

B EXPERIMENTAL PROCEDURES

Chemicals and General Methods. All chemicals were
purchased from Sigma (St. Louis, MO) if not denoted
otherwise. N,N-Dimethylformamide (DMF), piperidine, ethyl
(hydroxyimino)cyanoacetate (OxymaPure), pentafluorophe-
nol, and Rink amide MBHA resin were obtained from Iris
Biotech (Marktredwitz, Germany). 9-Fluorenylmethoxy-car-
bonyl (Fmoc)-protected amino acid derivatives and O-
(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluoro-
phosphate (HBTU) were purchased from Merck (Darmstadt,
Germany). Trifluoroacetic acid (TFA) was obtained from
Roth (Karlsruhe, Germany). Fmoc-protected f-(7-methoxy-
coumarin-4-yl)-alanine (Mcm) was purchased from Bachem
(Bubendorf, Switzerland). Fmoc-Lys(Ns)-OH was prepared as
described elsewhere.” Vorinostat, Trichostatin A, TMP195,
TMP269, and KDS170 were purchased from Biomol
(Hamburg, Germany).

For HPLC separations, solvents consisting of water (solvent
A) and ACN (solvent B), both containing 0.1% trifluoroacetic
acid (TFA), were used. Analytical runs were performed on an
Agilent 1100 HPLC instrument (Boeblingen, Germany) with a
quaternary pump, a well-plate autosampler, and a variable-
wavelength detector. Separations were performed on a 3.0 mm
X 50 mm reversed phase column (Phenomenex Kinetex XB C-
18, 2.6 um) with a flow rate of 0.6 mL/min. 2—5 and 11—13
were separated using a linear gradient from 10% to 60%
solvent B within 6 min. 6, 9, and 10 were separated using a
linear gradient from 5% to 95% solvent B within 6 min. The
absorbance of 2-aminobenzoyl residue was used to quantify
product and substrate peak areas.

UPLC-MS analysis was performed using either a Waters
Acquity UPLC-MS system or a Waters XEVOTQD UPLC-MS
system (Milford, MA) with a Waters Acquity-UPLC-MS-BEH
C18, 1.7 ym (2.1 mm X 50 mm, 30 A) column. As a mobile
phase, 0.1% formic acid in H,O (solvent A) and 0.1% formic
acid in acetonitrile (ACN) (solvent B) solutions were used. A
typical gradient from 95:5 to 5:95 (v/v) H,O:ACN in 6 min
was used for the most of the runs. Data analysis was performed
using Waters MassLynx software.

Peptides were purified on a Shimadzu LC System with a
Phenomenex Kinetex S ym XB-C18 (250 mm X 21.1 mm, 100
A) column using different gradients of 0.1% TFA in H,O
(solvent A) and 0.1% TFA in ACN (solvent B) solutions.

Expression Plasmids. Genes encoding individual human
HDAC:s used in this study were obtained from several sources
(Table S1). HDAC coding sequences were amplified via
polymerase chain reaction using a set of primers listed in Table
S1. A Gateway cloning system (Invitrogen, Carlsbad, CA) was
used to construct individual HDAC expression plasmids as
described previously.”' Briefly, coding sequences were inserted
into the pDONR221 donor plasmid by BP recombination.
Expression plasmids were then prepared by LR recombination
between the donor plasmid and the destination plasmid
bearing the N-terminal TwinStrep-Flag-HALO purification tag
(Figure S2).

Expression and Purification of Recombinant HDAC
Variants. Large scale expression of human HDACs was
carried out essentially as described previously.""** Briefly,
HEK-293/T17 cells were transiently transfected by a given
HDAC expression plasmid using linear polyethylene imine
(PEJ, Polysciences Inc., Warrington, PA). Cells were harvested

3 days post-transfection by centrifugation, and the cell pellet

DOI: 10.1021/acs.biochem.9b00786
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was resuspended in a lysis buffer [SO mM Tris, 150 mM NaCl,
10 mM KCI, 2 mM MgCl,, 10% glycerol, and 0.2% Igepal-630
(pH 8)] supplemented with benzonase (2 units/mL; Merck,
Darmstadt, Germany) and a cocktail of protease inhibitors
(Roche, Basel, Switzerland). The cell suspension was sonicated
(30 W, 3 X 20 s) on ice and then incubated on ice for an
additional 30 min. The cell lysate was cleared by centrifugation
at 40000g for 30 min at 4 °C, and the supernatant was loaded
on a Strep-Tactin column (IBA, Gottingen, Germany)
previously equilibrated in the lysis buffer. Following the
washing step (10 column volumes; the lysis buffer
supplemented with 2 mM ATP and 10 mM MgSO,), fusion
proteins were eluted with the elution buffer [SO mM HEPES,
100 mM NaCl, 50 mM KCl, 10% glycerol, and 3 mM
desthiobiotin (pH 7.5)]. Eluted proteins were either further
purified using the Superdex 16/600 HR200 size exclusion
chromatography column (GE Healthcare Bio-Sciences, Little
Chalfont, U.K.) with 30 mM HEPES, 140 mM NaCl, 10 mM
KCl, 3% glycerol, and 0.25 mM TCEP as the mobile phase or
used directly following affinity purification (HDACI and -11).
The purity of the final HDAC preparations was evaluated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and is shown in Figure S1. Purified proteins were concentrated
to the desired concentration, aliquoted, flash-frozen in liquid
nitrogen, and stored at —80 °C until further use.

smHDACS8 was expressed and purified as described
previously.”

Solid Phase Peptide Synthesis. The peptides were
synthesized using Fmoc-based solid phase peptide synthesis
(SPPS) with automated microwave peptide synthesizer Liberty
Blue (CEM Corp., Matthews, NC). The coupling of amino
acids was performed with DIC/OxymaPure at 90 °C for 2 min.
All coupling steps were performed twice. Fmoc deprotection
was accomplished with a 20% piperidine solution in DMF at
90 °C for 1 min.

N-Terminal modification was performed with 2-amino-
benzoic acid (Abz-OH) (4 equiv), HBTU (4 equiv), and
DIPEA (8 equiv) at room temperature in DMF for 1 h.
Alternatively, acetylation was performed using an acetic
anhydride/DIPEA/DMF [1:2:7 (v/v)] mixture.

Modification of the e-Amino Group of Lysine. Lysine
side chain acylations were performed on the resin after removal
of the nosyl protecting group; 100 mg portions of the resin-
bound peptide were used for each preparation.

The nosyl group was cleaved using a 1,8-diazabicyclo[5.4.0]-
undec-7-ene/thiophenol/DMF solution [1.5:1:7.5 (v/v)] (2 X
90 min). After washing with DMF, the free lysine side chain
was modified as described below. (1) The resin was treated
with an ethyl dithioacetate (4 equiv) and DIPEA (8 equiv)
solution in DMF for 1 h (peptides 2 and 11). (2) The resin
was reacted with a solution of trifluorothioacetamide (S5 equiv)
in DCM overnight (peptides 4, 12, and 13). (3) The resin was
treated with a solution of 1-thiodecanoyl-6-nitrobenzotria-
zole*’ in DCM for 1 h (peptide 6). (4) The resin was allowed
to react with a solution of myristic acid (4 equiv), HBTU (4
equiv), and DIPEA (8 equiv) in a DMF/DCM [1:1 (v/v)]
mixture (peptide 10). (S) The resin was incubated with a
solution of carboxymethyl dithiomyristoate** (3 equiv) and
DIPEA (6 equiv) in DMF for 2 h (peptide 9).

Global Deprotection. Once the reaction proceeded, the
resin was washed several times with DCM, MeOH, and DCM
before TFA treatment. The resin was further incubated with a
TFA/H,0 [90:10 (v/v)] solution for 3—4 h and filtered, and
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the volatiles were removed in vacuo. The residue was dissolved
in an ACN/H,O solution and purified via HPLC. Fractions
containing the pure peptide (as judged by UPLC-MS) were
frozen and lyophilized affording pure material.

HPLC-Based Deacylation Assay. Reactions were per-
formed in a total volume of 100 L in assay buffer, containing
50 mM HEPES, 140 mM NaCl, 10 mM KCl, and 1 mM TCEP
(pH 7.4, adjusted with NaOH). To avoid unspecific binding to
the reaction vessels, 0.2 mg/mL bovine serum albumin (BSA)
was added to the buffer. The peptide (100 M) was incubated
for 7 min at 25 °C. The reaction was started by the addition of
0.1 or 0.01 M enzyme. After different incubation times (1 and
3 h), the sample was quenched by adding TFA (0.5% final
concentration). The cleavage rate was determined by using
analytical RP-HPLC. The reaction solution in a volume of
<100 pL was injected into the HPLC system, and compounds
were separated using linear gradients as described above. The
absorbance of the 2-aminobenzoyl residue at 320 nm was used
to quantify the substrate and the product peak area of 1 to 7,
11, and 12. The consumption of 8 to give 10 and 13 was
detected at a wavelength of 220 nm. Product formation was
calculated from the product peak area divided by the total peak
area (sum of product and substrate peak areas).

UV-—vis Spectroscopy. All UV—vis spectra were recorded
at 25 °C in assay buffer (composition as described above).
Samples were measured in a 150 uL UV cuvette with an optical
path length of 1 cm using a model Specord MS500
spectrophotometer (Carl Zeiss, Jena, Germany). The peptide
concentration was 50 M. The background of the buffer or the
buffer with the corresponding enzyme was subtracted from all
spectra. All spectra were measured with a resolution of one
data point per nanometer.

Determination of the Molar Extinction Coefficient.
The Lambert—Beer law was used to calculate the molar
extinction coefficient of the difference spectra for the thioacetyl
amide residue (Figure S3) and the thiotrifluoroacetyl amide
residue (Figure 2A). A spectrum of free thioacetic acid as the
reaction product (corrected against buffer background) and of
compound 2 as the substrate (corrected against the absorbance
of compound 1, which represents the peptide without lysine
modification) was recorded. The absorbance of free thioacetic
acid was subtracted from the absorbance of compound 2,
resulting in the difference spectra (Figure S3). The difference
spectra of free thiotrifluoroacetate (STFAc) and compound 4
were calculated equally. This results in a molar extinction
coefficient &,4, of 6008 L mol™! cm™ for thioacetyl amide and
an &,,5 of 5556 L mol™ em™ for thiotrifluoroacetyl amide.
STFAc was produced by an enzymatic reaction of 4 with 100
nM HDAC?7. The full cleavage of peptide 4 was proven by RP-
HPLC analysis.

Fluorescence Spectroscopy. All fluorescence spectra
were recorded using a compound concentration of 5 yM at
25 °C in a 500 uL cuvette in assay buffer (composition
described above). The measurements were performed with a
Fluoromax 4 instrument (Horiba, Kyoto, Japan).

Steady-State Measurements. UV Measurements. The
kinetic measurements for HDAC4—9 were carried out at 25 °C
in assay buffer (composition described above) with varying
peptide concentrations (10—1000 uM). The kinetic measure-
ments for HDAC11 were performed at 37 °C in sodium
phosphate buffer [20 mM phosphoric acid (pH 7.4, adjusted
with NaOH) and 0.2 mg/mL BSA]. Peptide substrates,

dissolved in the corresponding buffer, were incubated at
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25 °C (or 37 °C for HDACI11) for at least 5 min, and the
reaction was started by addition of the enzyme (10—200 nM).
The UV measurements were performed in a 150 yL UV
cuvette with an optical path length of 1 cm and in a 150 uL
cuvette with an optical path length of 0.1 cm at the
spectrophotometer (Specord MS00). For peptides 2 and 9,
the measurement wavelength was 262 nm, and for peptides 4,
12, and 13, the measurement wavelength was 275 nm. The
change in absorbance was measured continuously for at least 3
min with one data point per second. At least all measurements
were taken in duplicate. The absorbance was plotted against
the time, and the initial slope of these curves represents the
reaction rate. The Lambert—Beer law and the calculated molar
extinction coefficient (see above) were used to calculate the
reaction rate in micromolar per second. This reaction rate was
plotted as a function of substrate concentration. A nonlinear
regression according to the Michaelis—Menten equation was
applied for calculation of Ky and k., values using GraphPad
Prism (GraphPad Software, San Diego, CA).

RP-HPLC. The buffer usage and composition for different
HDAC isoforms are like those described above. All reactions
take place in a 1.5 mL reaction vessel made of polypropylene.
The compound was incubated with the appropriate buffer for 7
min. The reaction was started with the addition of an enzyme
(1-20 nM). At different time points (1.5—60 min), the
reaction was quenched by adding trifluoroacetic acid (0.5%
final concentration). The cleavage rate was determined by
using analytical RP-HPLC. The reaction solution with a
volume of <100 pL was injected into the HPLC system. The
separation, detection, and quantification of the product were
performed as described above. Product formation was plotted
as a function of time. The initial slope of this plot represents
the reaction rate in micromolar per second. Further analysis
(v/[S] plot) was performed as described above.

Fluorescence Measurements. The fluorescence measure-
ments take place in a black 96-microtiter well plate (100 uL)
with a flat bottom from GreinerBioOne (Frickenhausen,
Germany, catalog no. 655076). The measurements were
performed on an EnVision 2104 Multilabel reader (Perki-
nElmer, Waltham, MA) with a 330 + 75 nm excitation filter
and a 430 + 8 nm emission filter (1% percent of emission light,
15 flashes, three flashes per AD conversion, and detector gain
of 10). The fluorescence signal was converted to a product
concentration using calibration curves. The calibration curves
were measured using chemically synthesized deacetylated
product (10—100 uM) with the same setting as described
above.

Determination of Inhibition Constants. The ICs, values
are determined in a black 96-microtiter well plate (100 uL)
with a flat bottom from GreinerBioOne (catalog no. 655076).
The measurements were performed on an EnVision 2104
Multilabel reader (PerkinElmer) with a 330 + 75 nm
excitation filter and a 430 + 8 nm emission filter (1% percent
of emission light, 15 flashes, three flashes per AD conversion,
and detector gain of 10). Peptide 4 was incubated with varying
inhibitor concentrations (0—2 mM) and 3% DMSO for 7 min,
and the deacetylation reaction was started by adding enzyme
(10—40 nM). The measurements were taken in triplicate. The
fluorescence intensity was plotted as a function of time. The
initial slope of these plots was set as activity. The activity in the
non-inhibited reaction was assigned to 100%, and the activity
in a reaction without enzyme was defined as 0%. The
normalized activity was plotted as a function of the logarithm
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inhibitor concentration, and the ICy, values were calculated
using nonlinear regression for normalized dose—response
curves with GraphPad Prism and the following equation.

100

Y= X—log ICy

1+ 10
The measurements for the 384-well plate (GreinerBioOne,
catalog no. 784900) run with n = 4 and the 1536-well plate
(ThermoFisher Scientific, catalog no. 264711) with n = 8.

The dose—response curves of HDACG6 were determined
with 1. Product formation was monitored via analytical HPLC
as described above. The activity was the initial slope of product
formation. All measurements were taken in triplicate.

Z' Factor and Signal/Noise Ratio Analysis. The Z' factor is
a dimensionless statistical parameter for HTS assays.** For the
analysis, a concentration of 200 yM peptide 4 as a negative
control (meanyy) and a concentration of 200 yM deacylated
peptide 4 as a positive control (meanoy,) were chosen. The
fluorescence was detected with the EnVision Multilabel reader
as described above. The mean and the standard deviation (SD)
were calculated from 40 data points per replicate with three
replicates running in 96-well plate, six replicates running in a
384-well plate, and eight replicates running in a 1536-well
plate. The Z’' factor was determined with the following
equation:

3SD100% + 3SD0%

Imean, ;,, — mean,yyl

Z'=1

The signal/noise ratio (S/N) was also calculated with the
values described above and with the following equation:45

mean, yyq, — Meane
SD0%

S/N ratio =

B RESULTS

Thioamide Bond Cleavage Can Be Continuously
Monitored by UV Absorption. Recently, we identified an
efficient substrate sequence for HDAC6 using a peptide
microarray-based approach (1).”” We synthesized derivatives
of this sequence carrying different acyl groups, including
thioacetyl (2) and thiotrifluoroacetyl (4), together with their
respective oxo counterparts 3 and § (Figure 1). All compounds
are >95% pure as determined by HPLC at 220 nm and showed
the expected molecular mass (Figures $24—S32).

Thioamide and thiotrifluoroamide bonds exhibit an intense
m—nm* transition at 260 and 275 nm, respectively. Extinction
coefficients are 10000 and 9000 M™" cm™" for thioacetylated
and thiotrifluoroacetylated lysine side chains, respectively,

Abz-SRGGK(X)FFRR-NH; Ac-EALPKK(X)TGG-NH,
H i H
1 il{ 5 -ej\ 8 \f
S S
2 S 9
X = \)LCHS 6 W X= Wm
0 8 0
3 \el\ o 10
CHs 7 W 12
4 i ¢
oo,

Figure 1. General structure of peptide derivatives used in this study
(Abz = 2-aminobenzoyl; Ac = acetyl).
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while the thioacetate and thiotrifluoroacetate reaction products
show strong absorption in the range of 240—250 nm (Figure
2A and Figure S3). Large absorbance differences at 250 and

signal decrease

at 275 nm
Ao 50 — peptide 4 Bous
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Figure 2. (A) UV—vis spectra of 4 and trifluorothioacetate (STFAc)
at a concentration of 50 yM and the calculated difference spectrum.
(B) UV—vis spectra of 4 treated with SO nM HDAC?7 at 25 °C. The
green line shows the spectrum immediately after the addition of
HDACYT (t = 0). Black lines show the first 30 cycles. UV—vis spectra
were recorded every 40 s. The red line shows the UV—vis spectrum of
the reaction solution after 66 min (full conversion of 4 verified via
HPLC). (C) Progress curves of the conversion of 50 uM 4 by
HDAC?7. The enzyme concentration varies between 10 and 90 nM,
and substrate conversion was monitored at 275 nm and 25 °C. (D)
Rate of reaction of the conversion of 4 by HDAC?7 that is linearly
dependent on the enzyme concentration at a substrate concentration
of 50 uM. Measurements were taken in duplicate, and error bars show
the standard deviation.

275 nm thus allowed us to monitor the HDAC-mediated
cleavage of the thiotrifluoroacetylated lysine either by
measuring the increase in the intensity of the signal at 250
nm or the decrease in the intensity of the signal at 275 nm.
Figure 2B shows recorded UV—vis spectra of a reaction
solution containing 4 together with HDAC?7. It is obvious that
4 represents a substrate for HDAC?7 and that the differences in
the UV spectra enable monitoring of the enzymatic reaction as
demonstrated in Figure 2C for various concentrations of
HDAC?7. The slope of the decrease in the intensity of the

signal at 275 nm is dependent on the enzyme concentration,
resulting in a linear correlation between the amount of
HDAC?7 and the reaction rate (Figure 2D). This dependence
on enzyme concentration demonstrates that the measured
decrease in the intensity of the signal is caused by direct
cleavage of the thioamide bond and not cleavage of the normal
amide bond subsequent to spontaneous non-enzymatic
dethiolation.

Trifluorothioamides Are Superior to Thioamides as
HDAC Substrates. Using the set of substrates 2—S, we
evaluated the kinetic parameters of the deacetylase activity of
other members of the HDAC family (Table 1 and Table S2)
except for HDACI10, as this isoform specifically recognizes
acetylated polyamines rather than peptides.’’ In agreement
with known substrate preferences of HDACs, acetylated
peptide 3 was efficiently hydrolyzed only by class I enzymes
(HDACL1 and -8) and HDAC6 (Figure S9). Its thioamide
analogue, 2, was efficiently processed by only HDAC8 and
HDACS6 (Table S2). HDACI was not able to hydrolyze 2.

On the other hand, trifluoroacetylated peptide S and more
importantly its trifluorothio analogue, 4, were more widely
accepted making thus trifluorinated (thio)acetyl peptides
superior and more versatile substrates for HDAC isoforms.
While class IITa HDACs were virtually inactive against
thioacetylated derivative 2, they efficiently removed the
trifluorothioacetyl moiety from 4 with high catalytic efficacies
ranging from 21000 to 81000 M™' s™' from HDACY to
HDACT7, respectively. The Ky values for 4 and $ are virtually
identical for all class Ila isoforms, suggesting that both
trifluoroacetyl and trifluorothioacetyl moieties can be well
accommodated in the active site. Contrary to the nearly equal
Ky values, the catalytic constants are <10-fold lower for
trifluorothio analogues.

HDACS removes the trifluorothioacetyl moiety efliciently,
while HDAC1 is inactive against 4 (Table 1). Obviously, the
active site of HDAC1 cannot accommodate thioacetyl and
thiotrifluoroacetyl residues in a productive conformation.
Surprisingly, K,; values for both trifluorothioacetyl and
thioacetyl peptides are lower than those of oxo analogues for
HDACS.

HDAC6 accepted the trifluorothioacetyl moiety but with
reduced kinetic constants. This effect on HDAC6 is more
pronounced for the thioacetyl/acetyl pair of substrates 3 and 2,
where the specificity constant for the thioacetyl substrate is
approximately 40-fold lower than that of the oxo analogue 2,

Table 1. Kinetic Parameters of Trifluoroamide (5) and Trifluorothioamide (4) Hydrolysis by Different HDAC Isoforms”

peptide § peptide 4
HDAC Ky (uM) ke (s7) kea/ Ky (M7!s71) Ky (uM) ke (57 kea/ Ky (M7's71)
1 no deacetylation” no deacetylation”
4 >400 >40 not determined 290 + 40 83+ 04 29000
N 230 + 40 80 £ 8 350000 240 = 70 101 31000
6 >400 >1.5 not determined 170 + 40 0.8 + 03 4800
7 220 + 40 97 + 8 450000 240 + 20 20+ S 81000
8 1400 + 200 440 + 40 320000 550 = SO 260 + 20 470000
9 190 + S0 11+1 58000 90 + 30 19 £ 04 21000
peptide 10 peptide 9
HDAC Ky (uM) ke (s7) ke/ Ky (M7 s71) Ky (uM) ke (571 ke/ Ko (M7 s71)
11 7.5 + 02 0.45 + 0.01 36000 44 + 13 0.30 + 0.01 5800

“Data are presented as means + standard deviation with n = 3. ®No deacetylation means <0.5% product formation after 3 h with 0.1 uM HDAC

and 100 #M compound.
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Figure 3. (A) Fluorescence spectra of peptide 4 (red) and 1 (blue). The excitation wavelength was 320 nm, and the compound concentration S
UM. (B) Progress curves of HDAC7-mediated deacetylation of 4 at different enzyme concentrations at 25 °C. The fluorescence intensity was
monitored at 430 + 8 nm with an excitation wavelength of 330 + 75 nm. The peptide concentration was 20 uM. (C) Reaction rate of the
consumption of 4 as a function of HDAC?7 concentration. The peptide concentration was 20 uM, and the error bars show the standard deviation

with n = 3.

mainly caused by a decrease in catalytic constant k. Findings
that HDACG6 can accept thioamides, yet prefers their oxo
counterparts, were further corroborated by comparing its
deformylase and depropionylase activities.”” Here, thioformy-
lated or thiopropionylated substrates were processed with a 30-
or 10-fold lower catalytic efficacy, respectively, compared to
the formylated or propionylated peptide (Figure S12).

HDACI1 can hydrolyze amide bonds formed by decanoy-
lation or myristoylation of lysine side chains.”® Therefore, we
tested thiodecanoylated peptide 6 and the respective
thiomyristoylated derivative as substrates for HDAC11. We
detected cleavage of the thioacylated amide bonds but were
unable to determine catalytic constants Ky; and k., because of
solubility problems and/or micelle formation (data not
shown). Nevertheless, we were able to show that HDACI11
generates thiomyristic acid, yielding a chromophore subse-
quent to reaction with Ellman’s reagent (Figure S8). This
result points to direct cleavage of the thiomyristoylamide bond
mediated by HDACI11. To circumvent the solubility issues and
to be closer to myristoylated sites found in vivo, we tested
peptides derived from naturally occurring TNFa in myristoy-
lated (10) and thiomyristoylated (9) forms. We were able to
detect efficient cleavage of 10 and ~10-fold less efficient
cleavage of the thioamide bond in 9. Surprisingly, in the case of
HDACI11, less efficient cleavage of the thioamide bond results
from less efficient binding to the active site as mirrored in the
Ky values (Table 1).

Fluorescence Quenching by Thioamides Enables the
Development of Continuous and Fluorescence-Based
HDAC Activity Assays That Are Suitable for High-
Throughput Applications. Thioamides represent eflicient
quenchers for fluorophores excited in the range of 260—330
nm via a FRET-based mechanism.**™** We therefore
wondered whether the N-terminal 2-aminobenzoyl fluoro-
phore of 2 and 4 enables the continuous fluorescence-based
readout of HDAC-mediated cleavage of thioamide and
trifluorothioamide bonds.

Figure 3A shows the fluorescence spectra of 4 and 1 upon
excitation of the Abz fluorophore at 320 nm, and the detected
large difference in fluorescence intensity verifies an efficient
FRET-based quenching of Abz by the trifluorothioamide
moiety. Determination of the initial slopes of progress curves
(Figure 3B) yielded a linear relationship between the HDAC
concentration and the reaction rate as exemplified for HDAC?7
in Figure 3C, confirming the utility of this approach for the
development of a continuous and fluorescence-based activity
assay. On the other hand, 2 shows a much smaller difference in
the fluorescence intensity compared to 1, indicating that
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thioamides cannot quench the fluorescence of Abz efficiently
in this case (Figure S4).

To demonstrate the applicability of our newly developed
assays to evaluate inhibitor efficacy in high-throughput
screening campaigns, we tested inhibition of HDACS by p-
Thujaplicin in 96-, 384-, and 1536-well formats (Figure 4A).

A 1204 B 50
i‘i 804 2 90
_,E Z 60
- 4 -e 5
g 96 well £ 40l HDACS
L] -o- 384 well © -e- HDAC5
-~ HDACS6
o - 15:?6 well . : 01 HDACGs
10+ 102 10° 102 104 102 10° 102 104

[B-Thujaplicin] / pM [LMK-235] / pM
Figure 4. (A) Dose—response curves of HDACS8 with f-Thujaplicin
as an inhibitor and 4 as a substrate. The measurements were carried
out in 96-well (ICs, = 0.74 + 0.06 uM, n = 3, Z' = 0.94, S/N = 113),
384-well (ICs, = 0.49 + 0.03 uM, n = 4, Z' = 0.94, S/N = 116), and
1536-well (ICy, = 0.78 & 0.08 uM, n = 8, Z' = 0.87, S/N = 50) plates.
(B) Dose—response curves of HDAC inhibitor LMK-235 with
different HDAC isoforms determined with 4. The error bars show the
standard deviation with n = 3.

Dose—response curves using the different assay formats
provided nearly identical ICy, values of 0.74, 0.49, and 0.78
UM for 96-, 384-, and 1536-well plates, respectively, which are
in good agreement with the published value of 0.36 uM
(calculated from K;*’). Furthermore, the excellent statistical
parameters of the assays (Z’ score between 0.94 and 0.87 and
S/N ratio between S0 and 113) confirmed the scalability and
the high-throughput potential of the HDAC activity assay.
Next, we profiled the inhibitory potencies of several known
HDAC;, including standard HDACS inhibitor PCI-34051 and
Trichostatin A (TSA), suberoylanilide hydroxamic acid
(SAHA), TH42, TH153, KD5170, TMP195, TMP269, and
LMK-23S, and compared resulting inhibition constants with
values reported in the literature (Table 2 and Figure 4B).
Overall, there is a very good correlation between the reported
inhibition constants and inhibition constants determined in
our assay, with the sole exception of LMK23S5. Here, our ICy,
values are 5700- and 2800-fold higher for HDAC4 and
HDACS, respectively, as compared to the low nanomolar
inhibition constants reported originally.S(_) At the same time,
however, a recent report by Choi et al’! yielded inhibition
constants of LMK-235 against HDAC4 and -5 with high
micromolar values that are more consistent with our findings.
The HDACS Trifluorothioacetyl “Supersubstrate” Can
Be Developed on the Basis of the Modified p53
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Table 2. Inhibition Results [ICs, values + standard deviation (SD) with n = 3] for Several HDACi Using Peptide 4 Together

with the Respective ICy, Values from the Literature

ICyy + SD (nM) of different HDAC isoforms

HDAC4 HDACS HDACS
inhibitor published measured published measured published measured ref
SAHA 48300 140000 + 20000 20000 37000 + 4000 960 420 + 80 50
TSA 6590 11000 + 2000 2170 3900 + 700 180 120 + 10 53
B-Thujaplicin - - - - 356 740 £ 110 49
TH42 - - - - 69.2 60 + 10 54
TH153 - - - - 72 86 + 11 5SS
KDs5170 26 - 950 1000 + 100 2500 1000 + 100 56
PCI-34051 - - - - 10 17 + 4 57
TMP195 111 460 + 60 106 350 + 60 - - 53
TMP269 126 640 + 150 80 570 + 100 - - 53
282 101 58
LMK-235 11.9 680000 + 80000 4.22 120000 + 20000 1278 880 + 150 S0
>20000 >20000 1119 S1

“Calculated from the K; value; SD means standard deviation with n = 3. bIC50 values for HDACG are 55.7 nM*° and 21 + 2 nM (determined in this

report). “Not measured.

Sequence. The catalytic efficacy (k.,./Ky) of 470000 M~ s7!
for HDACS and the substrate 4 represents to the best of our
knowledge the highest values described so far. To transfer this
“supersubstrate” properties into a more native peptide
sequence, we introduced thioacetyl (11) and trifluorothioace-
tyl (12 and 13) moieties in peptides derived from p53, one of
the known in vivo HDACS substrates (Figure 5). Introduction

X4-RHK(AC)K(X2)X3-NH,
S

Xq4=Ac
1 X, = %CH;, X3= Mcm
72 o i X1= Abz
2 %C& X3=Leu
S
_ X4=Ac
13 %= \)kcf:3 X3=Trp

Figure S. Structure of the pS3-derived fluorescent HDACS substrates
equipped with thioacyl residues at the lysine side chain. Abbrevia-
tions: Mcm, 7-methoxy-coumaryl-L-alanine; Abz, 2-aminobenzoyl; Ac,

acetyl.

of the fluorescent amino acid derivative 7-methoxy-coumaryl-L-
alanine (Mcm) in the +1 position (11), in place of a
hydrophobic leucine residue in the wild type sequence,
abolished HDAC8-mediated cleavage of the thioamide bond,
revealing that this substitution is not tolerated at the +1
position. We thus adjusted our strategy by attaching a
fluorophore (Abz) at the N-terminus of the pS3-derived
sequence in combination with the better accepted trifluor-
othioacetylated lysine residue leading to 12. This substrate was
hydrolyzed by HDACS, although with suboptimal kinetic
parameters manifested by an ~2-fold increase in the Ky, value
and a S-fold decreased k., value (Figure 6) maybe caused by
the artificial Abz residue at the —4 position. Realizing the
preference of HDACS for bulky residues at the +1 position,*>
we next substituted the +1 leucine in 12 with tryptophan and
generated substrate 13 with a k., /Ky value of >250000 M~
s™! that is more than 100-fold more effective than most of the
known substrates reported to date (Figure 6).

It is also interesting to note that, although derivatives 12 and
13 contain a normal acetylated lysine residue at the —1
position close to the trifluorothioacetylated lysine, there is
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Figure 6. Michaelis—Menten plots of dethioacylation of 4 and of p53-
derived substrates 12 and 13 by HDACS. The error bars shows the
standard deviation with n = 3. The enzyme concentration was 10 nM.
Substrate 12 showed suboptimal kinetic constants. Substrate 13
represents one of the best substrates for HDACS8 with k,,/Ky values
of 260000 and 300000 M~* s™! as determined with HPLC-based and
UV-based readouts, respectively.

nearly no cleavage of this “normal” acetylated lysine detectable
using HPLC-MS even after prolonged reaction times. These
findings confirm the critical importance of the +1 position for
substrate recognition by HDACS8 (Figure S22).
Monomethylation of the Scissile Amide Bond
Converts HDAC Substrates to Inhibitors. The spectral
overlap between the thioacetyl amide quencher and the Abz or
Mcm fluorophore is not optimal. Therefore, we attempted to
improve the spectral overlap by changing the secondary
thioamide bond to a tertiary amide bond via introduction of an
additional methyl group at the lysine side chain nitrogen of 2,
resulting in a thioacetylated N-monomethyl-lysine residue. It is
known that the 7—z™* transition of tertiary thioamides is ~10
nm red-shifted as compared to the respective secondary
amides.>**® To our surprise, this peptide derivative was not
accepted as a substrate by HDACS, which was most effective
for 2. Similarly, a peptide containing an N-methylated
acetyllysine residue was not hydrolyzed by HDACS and all
four class Ila HDACs. HPLC analysis of peptides containing

DOI: 10.1021/acs.biochem.9b00786
Biochemistry 2019, 58, 4777—4789

46



Biochemistry

From the Bench

acetylated N-monomethyl-lysines revealed that these peptides
inhibit enzymatic activity of HDACs with affinities in the range
of the Ky values of the respective acetylated substrates (Figure
S18). Docking studies with HDAC6 indicated a disturbed
binding mode caused by the additional methyl group at the
lysine nitrogen (Figure 7). Interestingly, HDAC11 is efficiently
inhibited by an N-methylated derivative of a myristoylated
substrate with an ICy, value of 1.2 + 0.24 uM (Figure S19).
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Figure 7. Crystal structure of HDAC6 (Danio rerio, Protein Data
Bank entry 6EFK) with an acetylated substrate (left, peptide colored
green) and the HDAC6 docking pose of a peptide containing an N-
methylated, N-acetylated lysine residue (right, peptide colored
orange). Cocrystallized water molecules are shown as red spheres,
and hydrogen bonds and Zn** coordinations are shown as red dashed
lines.

B DISCUSSION

Detection of HDAC activity is often coupled to a separation of
a substrate and its reaction product. Different methods are
used for such separation steps, including capillary electro-
phoresis,” microchip electrophoresis,®’ a microfluidic mobility
62,63 : L 641
assay, polyacrylamide gel electrophoresis,” high-perform-
ance liquid chromatography (HPLC),**~%® thin layer chroma-
69 LT 70 1l . .
tography,”” charcoal binding,”” binding to boronic acid
271 . . . 72
resins,”” and extraction with organic solvents.”” As a result of
this additional separation step, the resulting assay format is
discontinuous and not suited for high-throughput applications.
Alternatively, mass spectrometry could be used for the
separation of the substrate and the reaction product.”>”*
MALDI-MS readout in combination with peptide derivatives
immobilized on glass surfaces was used for the systematic
profiling of the substrate specificity of HDAC2, HDAC3, and
HDACS8.°>”> Additionally, HDAC activity patterns could be
determined in cell lysates using that technique.”’ Moreover,
the same technology uncovered the dependency of HDACS8
substrate sgeciﬁcity on the nature of the metal ion within the
active site.”” Alternative approaches make use of reagents
sensing either the acetylated substrates, like acetyllysine-
recognizing antibodies,”””*™** or the reaction products. The
release of radioisotopically labeled acetate was used to analyze
. . 783-85
enzymatic reactions. More recently, acetate could be
captured by coupling to an enzymatic reaction’’ and a
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chemical reaction was used to trap the HDAC8-mediated
release of thioacetate yielding a chromophore.”® Reagents for
the detection of the generated primary amine in the peptide
product could either be added chemicals, like biotin-containing
compounds or fluorescent dyes, reacting with the lysine side
chain®*®° or intramolecular reactions, like transesterification
with a coumarine dye,”® which is possible only if the lysine side
chain is released by HDAC activity.”' ~°* Additionally,
aggregation-induced emission’>”® and modulation of binding
to DNA”"”® were used to probe HDAC activity.

An interesting alternative is the coupling of the HDAC
reaction to a proteolytic reaction using proteases, specific for
the free lysine side chain in the reaction product.’®*%%1%
Fluorescence-based readout for the proteolytic reaction is
common for increasing the sensitivity of the assay.
Commercially available HDAC substrates are fused to 7-
amino-4-methylcoumarin, resulting in bright fluorescence
subsequent to cleavage of the lysinyl-coumaryl amide
bond.”>'*' 7% 1t was demonstrated that for some sirtuins
this assay could be performed in a continuous format'*”'*® but
the proteolytic stability of different HDACs against the used
proteases is limited. Therefore, most protease-coupled HDAC
assays have to be performed in a discontinuous manner.
Nevertheless, this assay format has some disadvantages. The
substituted coumaryl moiety represents an artificial residue
within the HDAC substrate preventing the investigation of
substrate specificities in positions +1, +2, etc. Moreover, it was
demonstrated that profiling of HDAC activity with substrates
containing coumaryl fluorophores yielded results different from
screening results with more natural substrates, including an
artificially enhanced affinity for the active site (HDAC6) or a
loss of sequence specificity (HDAC4).'"”

Continuous activity assays are known for sirtuins.
fluorophore (or quencher) is fused to the acyl moiety linked to
the lysine side chain. Because of the narrow binding pockets
for the acylated lysine side chain of class I and II HDACs, such
derivatized acyl residues cannot be accommodated. Never-
theless, thioamides represent a very small quencher enabling
either FRET (if the fluorophore absorbs in the range of the
thioamide 7—7* transition at 260 nm)*”**'"'~'!'5 or PET (if
the thioamide bond can make a van der Waals contact with the
fluorophore).*™''® Therefore, thioacylated substrates in
combination with fluorophores like anthranilic amides or
tryptophan should yield substrates accepted well by HDACs.
Surprisingly, there are differences between the HDAC isoforms
ranging from not being accepted as a substrate (HDAC1) to
removing thioacyl residues with kinetic constants like the
respective acyl residue (class I HDACS and class Ila HDAC9).

It is known that metalloproteases and HDACs could be
inhibited by thiols caused by coordination to the active site
zinc ion. Therefore, we analyzed the effects of sodium
thioacetate on the catalysis of different HDACs (Figure
S18). We found very minor inhibitory effects (<10%
inhibition) on HDAC4 and HDAC?7 at 200 M and between
10% and 20% inhibition of HDAC4 and HDAC?7 activity at 2
mM. HDAC8 was inhibited ~20% at 20 uM sodium
thioacetate and >80% at 2 mM sodium thioacetate. Never-
theless, in our enzymatic assays, the released thioacetate will
not influence the HDACS8 activity because of the short
measurements preventing release of more than 20 uM
thioacetate.

Analysis of the available crystal structures revealed that the
carbonyl oxygen of the acetyl residue is hydrogen bonded to a
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conserved tyrosine residue (Tyr306 in HDACS8) and
coordinates with the metal ion in the active site. Sulfur is a
much weaker hydrogen bond acceptor, and this reduced
hydrogen bonding capability could in principle be used to
explain the less efficient hydrolysis of thioamide bonds by
HDAC1-3, -6, and -11. Class Ila isoforms do not have this
tyrosine residue in their active sites and accept thiotrifluor-
oacetyl residues with similar kinetic constants as compared to
trifluoroacetyl residues. Nevertheless, HDAC8 cleaves thio-
amide bonds very efficiently despite the fact that such
hydrogen bonding is important for the reaction mechanism.
Tyr306F variants of HDACS are “trapping mutants” that bind
the acetyllysine—containin% peptides but cannot perform the
hydrolysis step efficiently.’'” There have to be alternatives to
explain the reactivity differences against thioamide bonds
between the HDAC isoforms.

In general, the ability of some HDAC isoforms to accept
thioamides as substrates is interesting because it is known from
studies with other enzymes acting on amide bonds that most of
these enzymes could not handle thioamides at the scissile
bond. Peptides with thioxylated prolyl bonds represent
competitive inhibitors for peptidyl-prolyl cis/trans isomerases
like cyclophilin''® or Pinl.''” Additionally, sirtuins are
potently inhibited by thioacylated lysine residues®®*”'>*'*!
because of the formation of an intermediate that is extremely
slowly decomposed to the reaction products.'”

Metalloprotease carboxypeptidase A can hydrolyze thioxy-
lated peptide bonds in di(?eptide derivatives with slightly
reduced k., values.'”>”"*° Interestingly, activity against
thioamide-containing substrates increased remarkably if the
active site metal ion was substituted with more thiophilic
cadmium or cobalt ions."*”'** In contrast, aminopeptidase P
can hydrolyze thioxzrlated peptide bonds with >1000-fold
reduced k., values."”” Additionally, leucine aminopeptidase
cannot hydrolyze thioxylated amide bonds, but such peptide
derivatives represent good competitive inhibitors,'** showing
that these compounds bind in a similar manner to the active
site like the respective substrates. Aminopeptidase from
Aeromonas proteolytica with zinc ions in the active site accepts
thioamides with similar kinetics like the (oxo)amides. The
respective enzyme equipped with a cadmium ion cleaves the
thioamide at the scissile bond exclusively.'”” Maybe the nature
of the metal ion in the active site of HDACS is the key for the
high efficiency of thioamide bond cleavage. There are
discussions that HDACS in vivo is loaded with divalent metal
ions different from Zn>" like Fe** or Co*".””"**"*! Addition-
ally, crystal structures of metallo-substituted HDACS8 com-
plexed to Co**, Mn?*, or Fe*" were reported.'*” If HDACS
preparations are loaded with a more thiophilic ion, the
extraordinary cleavage rates of thioamides by HDACS8 could be
explained.

In general, substrates reported so far for HDACS8 are
relatively poor with respect to k,/Ky values ranging from 10
to 200 M™' s7' for acetyllysine-containing N-a-acetylated
pentapeptide amides.*” Schultz et al. reported for HDACS k,,/
Ky values of 60 and 50 M~ s™' for Ac-Gly-Ala-Lys(Ac)-
fluorophore and Abz-Gly-Ala-Lys(Ac)-Ala-Ala-Dpr(Dnp)-
amide, respectively.133 Trifluoroacetylated substrates derived
from the histone H4 Lysl2 acetylation site [Ac-Leu-Gly-
Lys(Tfa)-fluorophore] were published with specificity con-
stants for HDACS of 3800 M~ s™". For short peptides derived
from the acetylated (or doubly acetylated) pS3 sequence,
including the respective Fluor de Lys substrate, the specificity
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constants 75197 or slightly

higher.zg’1 Fatkins et al. determined for an 18meric,
thioacetylated pS3-derived peptidic substrate a k,/Ky value
of 7715 M™' s71°7 Interestingly, k./Ky values for our
trifluorothioacetylated substrates 4 are in the range of 450000
M 57!, and these “supersubstrate” properties could be
transferred to pS53-derived peptide substrate 13. Substrates 4
and 13 are to the best of our knowledge the most efficient
HDACS substrates described so far enabling highly effective
microtiter plate-based inhibitor screening projects because of
the direct and continuous nature of the assay format.

})ublished are in a similar range
0
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Abstract:

Histone deacylase 11 and human sirtuins are able to remove fatty acid-derived acyl moieties
from the e-amino group of lysine residues. Specific substrates are needed for investigating the
biological functions of these enzymes. Additionally, appropriate screening systems are required
for identification of modulators of enzymatic activities of HDAC11 and sirtuins. We designed and
synthesized a set of activity probes by incorporation of a thioamide quencher unit into the fatty
acid-derived acyl chain and a fluorophore in the peptide sequence. Systematic variation of both
fluorophore and quencher position resulted “super-substrates” with catalytic constants of up to
15,000,000 M-ts-1 for human sirtuin 2 (Sirt2) enabling measurements using enzyme
concentrations down to 100 pM in microtiter plate-based screening formats. It could be
demonstrated that the stalled intermediate formed by the reaction of Sirt2-bound
thiomyristoylated peptide and NAD+ has ICso values below 200 pM.
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ARTICLE INFO ABSTRACT

Keywords:

Sirtuin assay

HDAC11 assay

Thioamide

Photoinduced electron transfer quenching
Microtiter plate-based screening

Histone deacetylase (HDAC) inhibitor

Histone deacylase 11 and human sirtuins are able to remove fatty acid-derived acyl moieties from the e-amino
group of lysine residues. Specific substrates are needed for investigating the biological functions of these en-
zymes. Additionally, appropriate screening systems are required for identification of modulators of enzymatic
activities of HDAC11 and sirtuins. We designed and synthesized a set of activity probes by incorporation of a
thioamide quencher unit into the fatty acid-derived acyl chain and a fluorophore in the peptide sequence.
Systematic variation of both fluorophore and quencher position resulted “super-substrates” with catalytic con-
stants of up to 15,000,000 M~ 's7! for human sirtuin 2 (Sirt2) enabling measurements using enzyme concen-

trations down to 100 pM in microtiter plate-based screening formats. It could be demonstrated that the stalled
intermediate formed by the reaction of Sirt2-bound thiomyristoylated peptide and NAD" has ICs values below

200 pM.

1. Introduction

Acylation of lysine side chains in proteins is a widespread post-
translational modification regulated by the action of acyltransferases or
by the existing metabolic situation. Reversal of such lysine acylations is
mediated by evolutionary conserved enzymes known as histone deace-
tylases (HDACs). Based on sequence homology, HDACs can be divided
into 4 classes. Members of class I (HDAC 1, 2, 3, and 8), class Ila
(HDAC4, 5, 7 and 9), class IIb (HDAC6 and 10), and class IV (HDAC11)
are Zn?' dependent hydrolases, while class III proteins (called sirtuins;
Sirtl — 7) use NAD™ as a co-substrate. They transfer the acyl moiety to
the ADP-ribosyl fragment of the co-substrate thereby generating 2-O-
acetyl-ADP-ribose and nicotinamide as the third reaction product [1].

Enzymatic activity of HDACs is involved in various (patho)physio-
logical processes including cancer progression, regulation of obesity and
immune function. Therefore, several HDAC inhibitors have been
approved by the Food and Drug Administration for the treatment of
cancer (vorinostat, romidepsin, belinostat, and panobinostat) and a
number of clinical trials with sirtuin inhibitors (either natural products
or synthetic small molecules) have been started to evaluate their effi-
cacy. Robust and continuous sirtuin/HDAC activity assays compatible
with high-throughput screening (HTS) are still required for further drug
development.

Several assays have been developed for the monitoring of sirtuin and
HDAC activity as reviewed in references [2-3]. Most of these activity
assays are discontinuous (HPLC-based or mass spectrometry-based

Abbreviations: TFA, trifluoroacetic acid; Mcm, 7-methoxy-coumaryl-L-alanine; Abz, 2-aminobenzoyl; Ac, acetyl; HTS, high-throughput screening. HDAC, histone

deacetylase; Sirt, sirtuin; PET, photoinduced electron transfer.
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assays) or suffering from complex reaction mixtures caused by coupled
enzymatic or chemical reactions requiring additional control measure-
ments. Determination of ICsq or K;j-values for inhibitors is therefore time-
consuming and cumbersome. Nearly all sirtuins have demyristoylation
activity [4] and recently it was shown that HDAC11 is a robust
demyristoylase as well [5-7]. We were able to demonstrate that the
replacement of a myristoylated lysine residue (Fig. 1B) in TNFa-derived
substrate peptides by an N-(2-aminobenzoyl)-11-aminoundecanoylated
lysine residue (Fig. 1C) generates a quasi-universal sirtuin substrate
enabling continuous activity measurements by fluorescence [8].
Recently, we demonstrated that the same peptide derivative is suitable
for recording of enzymatic activity of HDAC11, enabling re-evaluation
of HDACI11 inhibitors [9]. Nevertheless, attempts to increase the size
of the fluorophore in the acyl moiety of the acylated lysine residue of
such substrates, in order to allow fluorescence measurements at longer
wavelengths, lead to dramatically decreased catalytic efficiency for
sirtuins [8] and HDAC11 [9]. Additionally, Kawaguchi et al. were able to
show that Sirt1-3 and Sirt6 are able to recognize a DABCYL moiety in the
acyl chain (Fig. 1D) enabling monitoring of sirtuin activity in living cells
[10]. Recently, the DABCYL quencher was replaced by Disperse Red
derivative (Fig. 1E) yielding fluorescence probes with improved sub-
strate properties for sirtuin activity measurements [11]. In our search for
small quenchers of fluorescence we found thioamides to be ideal can-
didates. Caused by the soft sulfur atom in the thioamide moiety fluo-
rescence quenching is possible via a mechanism called photoinduced
electron transfer (PET) [12]. The Petersson group used this quenching
principle for monitoring of protein folding [12-15], recording of pro-
teolytic activities [15-17], investigation of binding events [18] and
recently for the analysis of mobility of polyproline ruler peptides [19].
Additionally, we demonstrated that replacement of the scissile bond in
fluorescently labeled HDAC substrates by a thioamide bond enabled
continuous activity determination of HDAC8 and HDAC11 (Fig. 1F) via

A
NAD*
SIRT Nicotinamide
H,0 SIRT .

Fluoro- Lys Fluoro-  Lys ADJ’—@/
phore hore
(quenched) puer
NH;
B C D E F
o NO,
HN NN
I\ >
N
N
\ ™
o o n (no= 1o0r2) o s

Fig. 1. Scheme of the sirtuin-mediated deacylation reaction. A shows a
quencher (Qu)-containing acyl residue being transferred from the lysine side
chain to ADP-ribose (ADP-rib) resulting in an increasing fluorescence intensity
of the fluorophore incorporated in the peptide backbone. B. shows the naturally
occurring myristoyl residue. C-G shows different acyl residues derived of the
myristoyl residue used for HDAC/sirtuin activity assays.
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PET fluorescence quenching [3]. Unfortunately, amide to thioamide
replacement to the scissile bond leads to very poor substrates for sirtuins
because of the generation of a so-called stalled intermediate, slowing
down the reaction rate dramatically [20], and thiomyristoyl residue
(Fig. 1F) represents a key structural element of efficient inhibitors for
Sirt1-3 and Sirt6 [21-23]. To circumvent this problem, we introduced a
thioamide bond into the myristoylated lysine residue (Fig. 2, R4) and
were able to show that such substrates are well recognized by sirtuins
and HDACI11 following the assay principle shown in Fig. 1A. Moreover,
incorporation of different fluorophores (Fig. 2) into the peptide chain in
combination with thioacetylated 11-aminoundecanoyl lysine residues
(Fig. 2, R4) yielded sirtuin and HDAC11 substrates with superior cata-
lytic constants in a continuous and direct activity assay. Such "super-
substrates" with catalytic constants of up to 15,000,000 M~ 's7! for Sirt2
are useful for microtiter plate-based screening in 1,536-well format with
Z‘-factors higher than 0.88.

2. Results

All the compounds were synthesized based on a short TNFa-derived
peptides because this sequence was used as a model substrate
[21,24-25] for different sirtuin isoforms (Fig. 2, 1a). Fmoc-based solid
phase peptide chemistry was used in combination with the nosyl-
protecting group enabling selective on-resin modification of the
respective lysine side chain. All compounds have purity greater than
95% as determined by HPLC at 220 nm and showed the expected mo-
lecular mass (Figures S1-S26 and Table S1). Peptide 1a (Fig. 2) was
reported to be a substrate for Sirt2 and Sirt3 with specificity constants of
53,000 M !s ! and 29,500 M 's7! [8], respectively, and represents the
best Sirt6 substrate described so far [24]. The peptide derivatives were
synthesized with selectively modified myristoyl residues. In a systematic
work, we replaced two adjacent methylene groups by a thioamide group
ranging from methylenes 3/4 to 13/14 (a thioamide scan) resulting in
11 peptides with the thioamide moiety in different positions (Table S2).
Analyzing substrate properties of these derivatives with Sirt2, Sirt3,
Sirt5 and Sirt6 we found that thioamide substitutions in the distal end of
the acyl chain are well tolerated (Fig. S27) with an optimum spanning
methylenes 11/12, 12/13 and 13/14. Because it was known that acyl-
ated 11-aminoundecanoylated lysine residues are well accepted by sir-
tuins [8] we focused on thioacetylated 11-aminoundecanoyl moieties in
this work (R4, Fig. 2). To assess whether a bulky fluorescein residue
attached to a cysteine side chain is accepted by sirtuins we generated a
control peptide 4b (Fig. 2, R2). To our surprise the modified cysteine at
the —2 position was well tolerated by both sirtuins and HDAC11
(Table 2). Additionally, we generated a control peptide 1b with a non-
modified amino acid sequence but replacement of the myristoyl res-
idue by the thioacetylated 11-aminoundecanoyl moiety (R4, Fig. 2) to
analyze the effect of substitution of two adjacent methylene moieties by
a thioamide group on HDAC activity. Again, we found no negative effect
on substrate properties for sirtuins and HDAC11 (Table 2). Next, we
systematically analyzed efficacy of fluorescein quenching by the thio-
amide moiety (Table 1) by moving the fluorescein-modified cysteine
residue from —5 to +2 position (relative to the acylated lysine) of the
substrate resulting in peptide derivatives 1-7 (Fig. 2). The quenching
efficacy of these derivatives ranged from 35% for 2 to 48% for 6
(Table 1). As a control, we replaced the thioamide in the peptide 4 by an
amide bond yielding 4c, thus abolishing fluorescence quenching as ex-
pected (Table 1). Moreover, we also investigated the quenching efficacy
for different fluorophores in the 42 position because a bulky residue like
fluorescein was well accepted. Therefore, we synthesized derivatives
8-11 and determined the differences in fluorescence as compared to the
fully converted assay solution. We found weak quenching for the 7-
nitrobenzoxadiazole fluorophore (11) and for the BODIPY 507/545
dye (8). Surprisingly, fluorescence of structurally related BODIPY FL dye
in 9 was quenched by more than 50% by the thioamide moiety.

To improve the quenching, we simultaneously substituted two
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“Fluorescein scan”

Ac-C{FI)ALPKK(R4)TGG-NH,
Ac-E C(FI)LPKK(R4)TGG-NH,
Ac-EAC(FI)PKK(R4)TGG-NH,
Ac-EALC(FI)KK(R4)TGG-NH, )
Ac-EALPC(FI)K(R8)TGG-NH,
Ac-EALPKK(R4)C(FI)GG-NH,

Ac-EALPKK{R4)TC{FI)G-NH, \

Altering acyl residue

NoOo s WNR

13 Ac-EALMcmKK(RS)TGG-NH,
14  Ac-EALMcmKK(R6)TGG-NH,
15  Ac-EALMcmKK(R7)TGG-NH,
16  Ac-EALMcmKK(R8)TGG-NH,
17  Ac-EALMcmKK(R9)TGG-NH,

Inhibitor

21  Ac-EALPKK(R11)TGG-NH,

Control peptides

la Ac-EALPKK(R2)TGG-NH,
1b  Ac-EALPKK(R4)TGG-NH,

4a  Ac-EALC(FI)KK(R1)TGG-NH,

4b  Ac-EALC(FI)KK(R2)TGG-NH,
4c  Ac-EALC(FI)KK(R3)TGG-NH,
4d  Ac-EALC(FI)KK(R8)TGG-NH,

7a  Ac-EALPKK(R1)TC(FI)G-NH,

Altering fluorophore

8  Ac-EALPKK(R4)TC(Bp)G-NH,

9  Ac-EALPKK(R4)TC(Bf)G-NH,

10  Ac-EALPKK(R4)TC(Og)G-NH,
11  Ac-EALPKK(R4)TC(Nbd)G-NH,
12 Ac-EALMcmKK(R4)TGG-NH,

“Sirtuin 5 residue”

18  Ac-EALC(FI)KK(R10)TGG-NH,
19  Ac-EALPKK(R10)TC(FI)G-NH,
20  Ac-EALMcmKK(R10)TGG-NH,
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Fig. 2. Overview of the peptide derivatives used in this work. The peptide sequence is derived from TNFa (amino acids 15-22). The fluorophore was incor-
porated into the peptide backbone either via the cysteine side chain or as amino acid derivative Mcm. The acyl modification of the N®-amino group of the lysine

residue is marked as R (right).

methylene units (7/8 and 12/13) by thioamide moieties in one acyl
chain (Fig. 2, peptide 17). We selected the 7/8 position for the second
thioamide in order to create a selective substrate because we had evi-
dence that only Sirt2, but no other sirtuins can accommodate this
modification (Fig. S27). As shown in Table 1 the additional second
thioamide PET quencher increases the quenching efficacy to 71%.
Efficiency of fluorescence quenching by a PET mechanism, is
dependent on the redox potential of both fluorophore and quencher.
Additionally, fluorophore and quencher have to be in van der Waals
contact to allow dynamic quenching by molecular collisions. In the case
of thioamides as PET quencher the fluorophore will be reduced and the
thioamide oxidized [26]. Quenching takes place if the free energy of
electron transfer is negative [26]. Small structural changes can influence
the reduction potential of the fluorophore or the oxidation potential of
the thioamide quencher. In a systematic investigation Bordwell et al.

could show that the oxidation potential of thioamides could be fine-
tuned by modification of both the residues at the nitrogen and the res-
idues at the thiocarbonyl carbon [27]. Substitution at the nitrogen and
replacement of a methyl residue by a phenyl residue at the thiocarbonyl
carbon increased the oxidation potential [27]. Inspired by this work we
analyzed similar substitutions at the PET quencher thioamide moiety in
peptide 12 (Fig. 2) which has a quenching efficiency of 55%. Incorpo-
ration of a tertiary thioamide bond by methylation of the thioamide
nitrogen (Fig. 2 peptide 13) and replacement of the methyl residue at the
thiocarbonyl carbon by a trifluoromethyl moiety (Fig. 2, peptide 16) did
not improve the quenching efficiency significantly. In contrast,
quenching efficiency is much better (Table 1) if a thiobenzoyl residue is
attached to the 11-aminoundecanoyl residue (Fig. 2 peptide 14) or N-
methylated 11-aminoundecanoyl residue at the lysine side chain (Fig. 2
peptide 15).
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Table 1
Quenching efficiency. Qg is represented as mean of Qg at 0.5 pM, 1 pM, 1.5 pM,
2.5 pM using a microtiter plate reader to have assay conditions.

compound Fluorophore Qg (%)
1 Fl 46.9
2 Fl 35.7
3 Fl 47.6
4 F1 43.5
4c F1 -2.2
4d F1 50.3
5 F1 46.8
6 Fl 48.3
7 F1 48.1
8 Bp 6.7"

9 Bf 24.1; 52.5"
10 Og 45.0
11 Nbd 12.2°
12 Mcm 55.1
13 Mcm 58.2
14 Mcm 75.6
15 Mcm 77.2
16 Mcm 57

17 Mcm 71°
18 F1 7.1°
19 Fl 10.3°
20 Mcm 60.7 *

# Qg was determined as difference of fluorescence intensity of the peptide with
and without lysine modification at emission maximum of the peptide without
lysine modification.

Sirt5 is known to specifically hydrolyze malonylated, succinylated
and glutarylated lysine residues [28-29]. Therefore, we incorporated a
thioamide bond into the glutaryl residue resulting in peptides acylated
with thiooxalylglycine (Fig. 2, peptides 18-20). This modification is
accepted by human Sirt5 resulting in substrates with ke,t/Ky-values in
the range of 1000 M 1s7! (data not shown). Unfortunately, the
quenching efficacy of fluorescein fluorescence in either —2 (18) or +2
position (19) is suboptimal, which is presumably caused by the rela-
tively rigid structure of the thioamide-containing acyl moiety prevent-
ing efficient van der Waals contact with the fluorophore. Switching to
the coumarin fluorophore in the —2 position (20), we observed 60%
quenching of the fluorescence.

Table 2 summarizes the results of our substrates 1-17 treated with
HDAC11 or sirtuins 2,3,5, and 6. HDAC11 accepted all substrates with
similar turnover (60-90% within one hour). Sirt6 also recognizes all
compounds as substrates regardless of the fluorophore position but with
significantly lower turnover compared to Sirt2 and Sirt3. No compound
was found to be cleaved more effective through Sirt6 than the fluo-
rescently labeled peptide with natural occurring myristoyl residue (4b).
The highest conversion of the other compounds was seen of 4d and 11.
Unfortunately, 11 is unusable for a fluorescence approach due to low
quenching efficiency. Sirt2 and Sirt3 accept more or less all substrates
with some preference for the fluorophore in the +2 position (7) and the
—5 position (1), respectively. Also, the changes in the acyl residue
(12-16) did not have a clear effect on the substrate preferences. Only
compound 17 with two thioamide bonds in the acyl residue seems to be
poorly recognized by Sirt3 and still accepted well by Sirt2. In contrast
Sirt2 cleaves compound 7 very efficient with full substrate conversion
after 1 h. To our surprise, Sirt5 was able to accept thioamide containing
derivatives 1-7 with clear preferences for fluorescein in +2 positions
(7). Changing the fluorophore at this position (8-11) has nearly no in-
fluence on the cleavage rate of Sirt5. Changing the fluorophore at
another position (12) and the acyl residue (13-17) the substrate con-
version remains low.

To analyze the substrate properties in more details, we determined
the kinetic constants for HDAC11 and Sirt2, 3 and 5 using a microtiter
plate fluorescence reader (Table 3). HDAC11 accepts the substrates of
the “fluorescein scan” (1-7) with K.u/Km-values between 13,400
M~ !s7! and 51,000 M~!s™1. The specificity constants for 4 is about 4-5-
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Table 2

Substrate properties of peptide derivatives 1-20 for HDAC11 and different
sirtuin isoforms. Data are represented in % of product formation (n = 3) sub-
sequent to treatment with 50 nM HDAC11, 0.1 pM Sirt2, 0.1 pM Sirt3, 0.5 M
Sirt5, and 0.5 uM Sirt6, for 1 h at 37 °C. 0 means product formation < 0.2%.
Graphical representation and additional 3 h timepoint are available in sup-
porting information (Fig. S29-S30, Table S3).

compound HDAC11 Sirt2 Sirt3 Sirt5 Sirt6

1 86+ 4 60 + 10 42+ 4 1.7 £ 0.4 15+1
1b 78 + 4 16 +1 39+1 29+ 2 10+1
2 84 +8 46 + 3 28 + 4 1.4 +£0.5 17 +£1
3 86+ 3 43 +1 14+1 1+0.1 7.9 + 0.4
4 89+1 51+7 10+2 3.4+06 9.3+ 0.6
4b 67 + 6 47 £5 46 + 10 18+3 31+2
4c 69 +3 92+5 6+1 1.5+0.1 9.8 +£1.0
4d 80+5 69+1 29+6 7.4+1.3 22+3
5 64 +5 53+ 4 13+2 1.1 £0.2 4.0+ 0.1
6 81+ 4 43 +6 12+2 3.7 +£0.6 11+1
7 81 +11 100 +£1 35+5 26 + 2 11+2
8 83+6 16+1 41 +£3 27 £ 2 11+2
9 76 +7 29+ 2 21 +2 24 +2 8.6 + 2.0
10 84 +3 61 + 4 36 +4 19+2 7.7 £ 0.9
11 55+ 2 16 +1 32+1 40 +£3 25+ 2
12 89+3 55+ 5 17 +£3 3+1 7.6 +0.8
13 92+1 69 + 10 17 +2 1.2+0.1 9.4+ 0.9
14 79+ 19 60 + 7 14+3 23+05 6.7 £ 2.4
15 84 +1 50 + 4 16 +3 1.7 £0.1 8.8+0.5
16 56 + 3 52+ 3 19+3 4.7 £ 0.1 12.6 +1.3
17 - 68 +5 4+0.4 0.4 +0.03 2.4+0.2
18 - 0 0 6.9 +0.1 0

19 - 10+1 9.1+0.2 7.3+ 0.5 0

20 - 1.1 £0.2 0.20 + 0.02 4+0.2 0

fold higher compared to the continuous activity assay based on the same
peptide sequence with the 2-aminobenzoylated 11-aminoundecanoyl
residue (Fig. 1C) [9] and more than 8-fold higher as compared to a
continuous substrate with the thiomyristoyl residue (Fig. 1F) [3].
Changing the fluorophore in +2 from fluorescein to BODIPY FL (9)
furtherly improves the specificity constant, yielding the most efficient
substrate for continuous HDAC11 activity measurements to date.
Additionally, this specificity constant is 2.3-fold higher as compared to
the myristoylated TNFa-substrate without any fluorophore [3]. As ex-
pected from the turnover measurements (Table 2), Sirt3 showed high
specificity constants for substrates 1 and 7 with kca/Ky-values of
79,000 M~Is7! and 36,000 M~'s!, respectively. The value for 1 is
about 28-fold higher as compared to the continuous activity assay based
on a very similar peptide sequence with the 2-aminobenzoylated 11-
aminoundecanoyl residue (Fig. 1C) [8]. The substrate properties of 7
and 9 for Sirt5 are remarkable. Fluorophores in the + 2 position are
accepted, resulting in specificity constants between 280 M~ 's™! and
420 M~ 1s71, respectively. These values are much higher than values
reported for non-negatively charged, acetylated substrates like acety-
lated CPS-1 derived substrate with kc.¢/Ky-value 16 M~ 1571 [30].
Inspection of the data presented in Table 3 revealed that thioacylated
11-aminoundecanoyl residues in combination with fluorophores in the
peptide sequence yielded “super-substrates™ for Sirt2 mainly based on
extremely low Ky-values. To our knowledge, resulting specificity con-
stants between 6,800,000 M~'s™! for 7 and 15,000,000 M~'s~! for 14
represent values never reported so far for any sirtuin. Inspection of ki-
netic constants for 12 and 13 shows that N-methylation of the thioamide
moiety has nearly no influence on recognition by HDAC11 or Sirt2.
Additionally, substitution of the thioacetyl moiety in 12 and 13 by the
more bulky and more hydrophobic thiobenzoyl residues (14 and 15,
respectively) results in nearly five-fold better substrates for Sirt2 but not
for HDAC11 (Table 3) pointing to differences in the recognition of the
hydrophobic acyl chain by the enzymes. This can be explained by the
high complementarity of obtained substrates with the Sirt2 substrate
binding pocket. Molecular modeling showed that the amino acid resi-
dues of the substrates are making multiple hydrogen bonds at the
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Table 3

Kinetic parameters for HDAC11 and different sirtuin isoforms measured with
Platereader with fluorescence readout, HPLC or fluorescence spectrometer.
Concentrations of enzyme used in the assay are shown in parentheses below the
enzyme name. Data are represented as mean of 3 independent replicates +
standard deviation. v/[S] plots could be observed in the supporting information
(Fig. S31 - Fig. S37).

Enzyme Cmpd Ky (uM) Keat (51 Keat /Km
s 'Mh
HDAC11 1 8.2+ 0.5 0.22 + 0.01 2.7 x 10*
(10-20 1% 9.2+26 0.34 + 0.01 3.6 x 10*
nM) 2 13+2 0.25 + 0.03 1.9 x 10*
3 24 +3 0.59 + 0.04 2.5 x 10*
4 5.7 + 1.5 0.29 + 0.02 5.1 x 10*
4+ 5.8 + 2.6 0.37 + 0.01 6.7 x 10*
5 16 +2 0.22 + 0.02 1.3 x 10*
5 1341 0.15 + 0.01 1.1 x 10*
6 22+2 0.4 + 0.05 1.8 x 10*
7 14+3 0.25 + 0.04 2.7 x 10*
9 5.8+ 0.1 0.47 + 0.03 8.1 x 10*
10 13+2 0.23 + 0.03 1.8 x 10*
12 9.5+ 0.8 0.26 + 0.04 2.7 x 10*
13 34402 0.089 + 0.017 2.6 x 10*
14 3.9+ 0.9 0.10 + 0.02 2.6 x 10*
15 2.6 +0.3 0.049 + 0.003 1.9 x 10*
Sirt2 1 0.010 +0.001  0.011 + 0.002 1.1 x 10°
0.5-2 2 0.014 +0.001  0.0099 + 0.0004 7.1 x 10°
nM) 3 0.010 +0.002  0.013 + 0.001 1.3 x 10°
4 0.015+0.002  0.014 + 0.003 9.4 x 10°
4d 0.0058 + 0.0063 + 0.001 1.1 x 10°
0.0003
5 0.054 + 0.006  0.013 + 0.002 2.4 x 10°
6 0.035+0.004  0.011 + 0.001 2.9 x 10°
7 0.0053 + 0.036 + 0.007 6.8 x 10°
0.001
10 0.010 +0.001  0.016 + 0.003 1.6 x 10°
12° 0.0061 + 0.019 + 0.001 3.0 x 10°
0.0003
13" 0.0044 + 0.012 + 0.002 2.7 x 10°
0.0004
14° 0.0011 + 0.017 + 0.002 15 x 10°
0.0001
15° 0.0012 + 0.016 + 0.003 13 x 10°
0.0002
16" 0.0015 + 0.010 + 0.001 6.4 x 10°
0.0003
Sirt3 1 0.28 + 0.01 0.022 + 0.003 7.9 x 10*
(10-20 7 0.56 + 0.01 0.020 + 0.003 3.6 x 10*
nM) 10 1.4+0.3 0.027 + 0.001 2.0 x 10*
Sirt5 7 2402 71x10*+0.6 x  3.5x10%
(0.5 uM) 1074
9 19+3 79x103+1.4x  42x10%
1072
10 12+1 33x10%+02x  28x10%
1073

* were measured using HPLG;
# measured using fluorescence spectrometer.

entrance to the substrate binding pocket similar to the co-crystallized
peptide. Meanwhile, the long thioacylated 11-aminoundecanoyl lysine
residue is placed comfortably in the hydrophobic Sirt2 substrate binding
pocket (Fig. 3A). Its scissile amide bond interacts with valine 233 and in
the absence of the co-substrate is stabilized by a water molecule. The
benzoyl substituent of 14 is embedded into the aromatic cage at the end
of the pocket formed by amino acid residues Y139, F143 and F190.
Interestingly, this aromatic cage is not observed in the substrate-bound
conformation of Sirt3 (Fig. 3B) despite presence of the aromatic amino
acid residues at the corresponding positions of the amino acid sequence
(Y200, Y204 and F251). The hydrophobic acyl-lysine residues of the
substrates point to the allosteric pocket and the benzoyl group of 14 is
located near the solvent exposed exit of the tunnel surrounded by non-
aromatic residues T150, P155 and D156.

As expected from the results of the “thioamide scan” 17 represents a
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Table 4

ICs values. ICsq values determined with 10 nM 7 and 500 pM Sirt2, 0.27 uM 1
and 10 nM Sirt3, 2 uM 7 and 0.5 uM Sirt5 and 2 uM 4 and 5 nM HDAC11. Data
are represented as mean of 3 independent replicated + standard deviation. Dose
response curves of ICsy determination could be observed in the supporting in-
formation (Fig. S54 - Fig. S57).

Enzyme Compound 1Cso (UM) 1Cs (uM) reported
+SD (n=
3)
Sirt2 S2i5L 0.048 + 0.013 [32], 1.2° [8]
0.007
SirReal2 1.3+0.1 0.4 [31]
SirReal2 (K;) 0.68 0.22 [31]
Sirt3 NAM 198 + 31 377 [33], 186" [8]
3-Typ 168 + 4 38 [33]
Sirt5 DK5.1 3.5+0.8 1.6 [34]
NAM 210 + 30 700 [35]
HDAC11  Trichostatin A 2.6 +0.3 0.014 [36], 0.017 [371, 0.025
(TSA) [38], 0.031 [39], 0.015 [40], 32
[6],10 [9], 22 [9]
Panobinostat 0.37 £ 0.03 4.4 [27186676]
(LBH-589)
Quisinostat (JNJ- 0.53+0.23 0.37 [41], 3.3 [9],1.8 [9]
26481585)
CUDC-907 0.040 + 0.023 [9], 0.016 [9], 0.0054 [42]
(Fimepinostat) 0.014

2 calculated from K; value.

good substrate for Sirt2 but is not accepted by Sirt3, Sirt5 and Sirt6
(Fig. S27).

We recorded the absorbance spectra for 4a, 4, and 4d and found
remarkable differences in the range of 490-502 nm (Fig. S38). In prin-
ciple these differences are sufficient to monitor sirtuin and HDAC11
activity following absorption at 490 nm (Fig. S38-S41). Fig. 4A shows
the fluorescence spectra of 4, 4a and 4c. Fluorescence intensity is much
lower for 4 as compared to 4a and the quenching is dependent on the
presence of the thioamide moiety. If the thioamide is replaced by an
amide bond (4c) resulting fluorescence is similar to 4a. The observed
difference in fluorescence for the substrate and the peptidic cleavage
product of the sirtuin reaction enabled recording of progress curves as
demonstrated in Fig. 4B for substrate 7 in the presence of different
concentrations of Sirt2. In control experiments no significant change in
the fluorescence signal over time could be observed either without
NAD™ in the presence of sirtuin or without sirtuin in the presence of
NAD™ (Fig. S42). This indicated that the observed fluorescence change
results directly from sirtuin-mediated deacylation and not from unspe-
cific interactions between NAD" and/or Sirt2 and 7. The slope of the
fluorescence increase at 535 nm is dependent on the enzyme concen-
tration resulting in a linear correlation between Sirt2 amount and the
reaction rate (Fig. 4C). We used a completely converted assay solution
(controlled by LC-MS) for the generation of appropriate calibration
curves (Fig. S43-S47). Based on the superior properties of substrate 7 we
were able to monitor Sirt2 activity down to 0.1 nM concentration
(Fig. 4C). Nevertheless, at such low concentrations of enzyme we had to
include blocking reagents like bovine serum albumin (BSA) to the re-
action solution in order to avoid unspecific binding and inactivation of
enzyme and the peptides to the surface of the microtiter plate wells.
Fig. 4D summarizes deacylation of substrate 7 by SIRT2 in in buffers
with increasing BSA concentrations. There, we found no sirtuin activity
in the absence of BSA for Sirt2 (Fig. 4D) or Sirt3 (Fig. S48). Overall
enzymatic activity is increased stepwise until BSA concentration of 1.3
mg/ml and reached a plateau at 2-3 mg/ml. Similar effects were
observed for HDAC11 in previous work, where HDAC11 showed little or
no enzyme activity without BSA in the buffer [9].

We measured Sirt2 activity at different concentrations of 7 in 96-,
384-, and 1536-well formats (Fig. 5A) in order to demonstrate the
applicability of our newly developed assay to evaluate inhibitor efficacy
in high-throughput screening campaigns. The resulting kinetic constants
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Fig. 3. Binding modes of peptide substrates 7 and 14 in Sirt2 PDB ID 4Y60
(A) and Sirt3 PDB ID 5BWN (B) derived from the docking study. The surface of
the substrate binding pocket is colored green for hydrophobic areas and gray for
neutral and hydrophilic zones. Relevant amino acid residues of the proteins are
shown in stick representation and colored white for Sirt2 and pale pink for
Sirt3. Peptide substrates are shown in stick representation with carbon atoms
colored as followed: 7 — magenta, 14 — cyan, substrate co-crystallized with Sirt2
— mustard, peptide substrate co-crystallized with Sirt3 — orange. Heteroatoms
are colored in a standard way: oxygen — red, nitrogen — blue, sulfur — yellow.
Water molecule interacting with the scissile amide bond of the substrate is
shown as a red ball. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

are comparable and the excellent statistical parameters of the assay Z’
factor between 0.90 and 0.88 (and S/N ratio between 75 and 177)
confirmed the high-throughput potential of the HDAC11/Sirt2 activity
measurements (Fig. 5, Fig. S49-52, Table S4). Next, we profiled the
inhibitory potencies of several known Sirt2 inhibitors, including Sir-
Real2 [31] and the cyclic peptide derivative S2i5L [32], using 7 as the
substrate. SirReal2 is competitive against the peptide substrate (Fig. 5B)
with a Kj-value of 0.68 pM (Fig. 5C) which is in good agreement with the
reported value of 0.22 uM [31]. Moreover, we examined inhibitory ac-
tivity of compounds Trichostatin A (TSA), CUDC-907, Quisinostat, and
Panobinostat against HDAC11 using substrate 4 in a 96-well format
(Fig. 5D). Again, the determined ICsg values correlate well with values
determined using a different fluorescence-based and continuous
HDACI11 activity assay [9].

Thiomyristoylated peptide derivatives represent effective Sirt2
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inhibitors caused by the formation of a stalled intermediate reminiscent
of a bisubstrate-analog inhibitor. The K; value of thiomyristoylated
TNFa derived peptide 21 (Fig. 2) is 80 nM if the enzymatic reaction is
started with Sirt2 [8]. Using the substrate 7 we obtained biphasic
progress curves resembling slow-binding inhibition yielding ICsq values
of 4.3 + 0.6 and 0.9 + 0.1 nM using either the first phase or the slower
phase for calculation, respectively (Fig. S53). In order to determine the
ICso value starting off the preformed stalled intermediate we pre-
incubated 250 pM Sirt2 with 21 and NAD" for 15 min. Starting the
enzymatic reaction by adding 7 yielded linear progress curves and
enabled us to determine an ICsg value of 180 + 20 pM for the stalled
intermediate (Fig. S53B). This value is very close to half-concentration
of Sirt2 allowing the speculation, that the assay conditions are still
limiting and that the “real” ICso value for the stalled intermediate
formed by 21 and ADP-ribose is lower than 180 pM.

If the quenching of the fluorescence is caused by a PET mechanism,
the substrates have to be conformationally flexible to allow for the
necessary van der Waals contact between the thioamide moiety and the
excited fluorophore. On the other hand, quenching via PET should not
be possible if the substrate is bound to the active site of Sirt2 due to the
spatial separation of the thioamide group and the fluorophore (Fig. 3A).
Therefore, we monitored fluorescence intensity of 10 nM 7 in the
presence of increasing amounts of Sirt2 (up to 2 uM resulting in 200-fold
excess of the enzyme over the substrate). Fig. 6A shows a clear increase
in fluorescence depending on the enzyme concentration resembling a
titration curve with an inflection point at about 12 nM which is very
close to the Ky value of 7. This observation encouraged us to develop a
fluorescent indicator displacement assay for Sirt2. Using a preformed
complex of 250 nM Sirt2 and 10 nM of 7 (25-fold excess of Sirt2) we
were able to determine a competitive displacement value of 6.8 uM for
SirReal2 (Fig. 6B). Using an alternative readout, we were able to show
that the change in fluorescence polarization could be used too for
determination of binding of 7 to Sirt2 (Fig. 6C) resulting in a similar
inflection point like in the fluorescence intensity readout.

3. Discussion

Detection of sirtuin and HDAC activity is often coupled to a sepa-
ration step enabling independent quantification of a peptidic substrate
and a product. Separation methods are different, including capillary
electrophoresis [43], microchip electrophoresis [44], microfluidic
mobility [45-46], polyacrylamide gel electrophoresis [47], high-
performance liquid chromatography [28,48-50], thin layer chroma-
tography [51], charcoal binding [52], binding to boronic acid resins
[53] and extraction with organic solvents [54]. Nevertheless, the
resulting assay format is discontinuous and therefore not suited for high-
throughput applications. Alternatively, mass spectrometry allows
quantification of peptidic substrates and products subsequent to sepa-
ration in the gas phase [35,55-57]. MALDI-MS readout in combination
with peptide derivatives immobilized on glass surfaces was used for the
systematic profiling of the substrate specificity of Sirtl, Sirt3, HDAC2,
HDAC3, and HDAC8 [58-59]. Additionally, sirtuin/HDAC activity pat-
terns could be determined in cell lysates using that technique [60].
Alternative approaches make use of reagents and chemical reactions for
sensing either the acetylated substrates, like acetyllysine-recognizing
antibodies, [61-66] or the reaction products, like chemical reactions
modifying the released primary amino function of the lysine side chain.
Such reactions could be acylations with biotin-containing compounds or
fluorescent dyes [67], alkylations with fluorescamine [68] or intra-
molecular reactions, like transesterification with a coumarin dye
[69-71], or release of bioluminescent luciferin subsequent to an intra-
molecular cleavage of an ester bond [72] or intramolecular aldimine
formation [73-74]. Additionally, spontaneous chromophore maturation
after deacetylation of lysine 85 in enhanced green fluorescent protein
enables monitoring of sirtuin activities in living cells via increase in
fluorescence [75]. Using a similar approach, active site lysine 529 was
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Fig. 4. A. Fluorescence spectra of 4a, 4, 4c, 4d at concentration of 1 uM. Excitation and emission wavelengths were set to 493 nm and 518 nm, respectively. B.
Progress curves of Sirt2 mediated cleavage of 7 at 25 °C with 40 nM peptide, 500 uM NAD™, and different SIRT2 concentrations ranging from 0.1 to 2 nM. Fluo-
rescence readout was corrected by a negative control without enyzme. Product concentration was calculated using a calibration line (Fig S44). The excitation
wavelength was set to 485 + 14 nm and the emission wavelength to 35 + 25 nm. C. Reaction rate of 7 from panel B is linearly dependent on the Sirt2-concentration at
40 nM substrate concentration. Error bars shows the standard deviation from triplicates of one experiment. D. Reaction rate of Sirt2 mediated cleavage of 7 as a
function of BSA-concentration in the reaction mixture at 10 nM of 7 and a Sirt2 concentration of 250 pM.

replaced by acetylated lysine in firefly luciferase yielding an enzymati-
cally inactive enzyme variant. Subsequent to treatment with different
sirtuins deacetylation could be monitored in a continuous assay format
by restored luciferase activity [76].

Alternatively, physical interactions of positively charged primary
amino functions of lysine side chains with negatively charged molecules
like DNA were used for monitoring of sirtuin/HDAC activity by
aggregation-induced emission [77-78] and modulation of fluorescence
properties [79-80].

It was demonstrated that substrates and products of sirtuin/HDAC
reaction could be sensed by the coupling to enzymatic reactions either
by using proteases, specific for the free lysine side chain of the peptidic
product [48,81-83], by using combination of nicotinamidase/glutamate
dehydrogenase for indirect spectrophotometric measurements of
released nicotinamide [76] and by a cascade of enzymatic reactions to
quantify the NAD™ cosubstrate [46]. One advantage of monitoring the
general product nicotinamide or the general cosubstrate NAD™ is that it
allows activity measurements independent of the nature of the peptide
substrate. On the other hand, coupling the deacylase reaction to several
enzymes makes the assay setup more complex, limits the linear range of
the assay and makes the results more prone to artifacts caused by
additional interaction of potential sirtuin/HDAC modulators with the
coupling enzymes as demonstrated for the Sirt5 inhibitor GW5074
which affects enzymatic activity of the glutamate dehydrogenase [84].

Substrates used for protease coupled sirtuin/HDAC assays are often

fused to substituted coumarins, generating bright fluorescence subse-
quent to cleavage of the lysyl-coumaryl amide bond [85-90]. Subopti-
mal proteolytic stability of different HDACs against the used proteases
prohibited a continuous assay format, but there are reports for some
sirtuins that this assay could be performed in a continuous manner
[91-92].

Most of the published sirtuin assays have the limitation, that the
substrate properties for the different sirtuin isoforms are suboptimal
with regard to both, Ky and kc,¢ values, resulting in ke,¢/Ky values in the
range of 10-10,000 M~'s™!. This demands relatively high substrate
concentrations and the low k., values lead to assay protocols with sir-
tuin concentrations in the range of 500 nM (Sirt2) up to 2 uM for Sirt6
measurements. Such settings limit the validity of the Michaelis-Menten
equation and exacerbate correct determination of ICsy values for in-
hibitors binding with high affinity.

In contrast to most HDAGs, sirtuins are able to accept longer acyl
chains at the lysine side chain [4]. Based on this observation, three
fluorescence based and continuous activity assays without any coupling
to enzymatic or chemical reaction have been developed for sirtuins
[8,10-11]. Subsequently, a similar assay was adapted to monitor
HDAC11 activity [9]. In all cases, a fluorophore (or a quencher) is fused
to the acyl moiety linked to the lysine side chain. Resulting substrates
have good properties for Sirt2 and HDAC11 with ke,t/Ky values up to
175,000 M~ 's™! and 11,000 M~ 's71, respectively [8]. Recently, we
were able to show that replacing the scissile bond by a thioamide bond is
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Fig. 5. A. v/[S] plots of 500 pM Sirt2 with different concentrations of 7 and 500 uM NAD™ in three different well plate types. The resulting kinetic constants, the Z’-
factor and the S/N ratio are summarized in the table under the figure. B. v/[S] plots of Sirt2 and 7 with different concentrations of the Sirt2 inhibitor SirReal2 with
500 pM Sirt2, 500 uM NAD™ and altering concentrations of 7. C. Lineweaver-Burk plot of the steady-state kinetics of B, showing a competitive binding mode of the
inhibitor SirReal2, resulting in a K; value of 0.68 uM. Hanes-Woolf plot and Dixon plot of the inhibitor measurement are shown in the supporting information
(Fig. S52). D. Dose-response curves of four known HDAC11 inhibitors using 5 nM HDAC11 and 2 uM of 4. The ICs, values are summarized in Table 4.
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Fig. 6. A. Fluorescence change of 10 nM 7 or 7a subsequent to treatment with increasing amount of Sirt2 (0.05 nM to 2048 nM) but without NAD™. B. Binding curve
of SirReal2 to Sirt2 generated by displacing 7 from Sirt2 which results in PET-based quenching of fluorescence intensity. The concentration of 7 was 10 nM and Sirt2
excess 25-fold (250 nM). C. Fluorescence polarization change of 10 nM 7 or 7a subsequent to treatment with increasing amount of Sirt2 (0.05 nM to 2048 nM) but

without NAD™.
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accepted by some HDAC isoforms yielding internally fluorescence-
quenched HDACS super-substrates with kq,/Ky values up to 450,000
M~ 1s71. A similar replacement in sirtuin substrates is not productive
because of the dramatically reduced substrate properties [20]. There-
fore, we wondered if we could artificially introduce a thioamide bond
into the fatty acid chain of myristoylated peptides (Fig. 2).

In combination with a respective fluorophore in the peptide chain
the thioacylated 11-aminoundecanoylated lysine derivatives SIRT2
shows extremely low Ky values down to 5.3 nM for 7 and with further
minor modifications at the acyl residue down to 1.1 nM (14). Known Ky
values for continuous assay substrates for SIRT2 are 120 nM [8], 520 nM
[10] and 41 nM recently shown by Nakajima et al. [11]. Compared with
those substrates the Ky values for SIRT2 for substrates published in this
study are more than 8 to 40 times lower. In contrast, the k¢, value with
0.36 s ! (for SIRT2 and 7) do not decrease significantly despite the low
Ky values and is comparable to the published k., value (0.24 s~1) for the
aminobenzoylated 11-aminoundecanoyl substrate [8] yielded in a 85
fold increased k¢ot/Ky value compared to this substrate.

Additionally, Sirt3, Sirt5 and Sirt6 are also able to recognize sub-
strate 7. Based on the low Ky value the "super-substrate" 7 allows
measurements of the Sirt2 activity in a microtiter plate format with
enzyme concentrations as low as 100 pM and substrate concentration of
10 nM. To the best of our knowledge this represents the most specific
Sirt2 substrates described so far enabling highly effective microtiter
plate-based inhibitor screening projects because of the reagent-saving
and continuous nature of the assay format. Additionally, this substrate
7 represents a potential candidate for monitoring sirtuin 2 and HDAC11
activity in more complex biological fluids like cell lysates or within cells.
Therefore, metabolic stability have to be increased because cleavages of
peptide bonds between the fluorophore and the modified lysine residue
by proteases will yield a fluorescence signal, too. One possibility is the
replacement of single amino acid residues by either p-amino acids or N-
methyl amino acids which are known to prevent proteolytic action. In a
systematic study we were able to show that sirtuins can tolerate such
modifications very well with the exception of the +1 position (data not
shown). For cell-based experiments the metabolically stabilized sub-
strate could be fused to oligo-arginines for better cell-penetration. We
know that sirtuins recognize peptide substrate fused via the N-terminus
to oligo(deca)-p-arginine (data not shown) opening the way of such
substrates to be applied in living cells.

We could demonstrate that the underlying mechanism for substrate 7
is quenching by PET. Titrating 7 with Sirt2 in order to force 7 in an
enzyme bound state increases the fluorescence up to a value of 70%
fluorescence intensity of the corresponding peptide without PET
Quencher (7a) or peptides derivatives having no PET quencher in their
structure (4c¢). If the substrate 7 is bound to Sirt2 van der Waals contact
between the thioamide bond and the fluorescein is not possible (Fig. 3A)
preventing fluorescence quenching. Interestingly, this fluorescent sub-
strate/enzyme complex could be used in a fluorescent indicator
displacement assay format for fluorescence-based screening of inhibitors
as demonstrated for the selective Sirt2 inhibitor SirReal2 (Fig. 6B).

In summary, we were able to demonstrate that fluorescence
quenching by thioamides via a PET mechanism could be used for the
development of highly efficient sirtuin and HDAC11 substrates which
can be used for highly effective activity measurements using microtiter
plate-based equipment. Moreover, PET mechanism allowed the devel-
opment of an inhibitor screening based on either fluorescence polari-
zation or fluorescent indicator displacement. Moreover, the developed
substrates represent a starting point for the generation of probes
enabling monitoring of sirtuin or HDAC11 activity in vivo.

4. Experimental section
4.1. Chemicals and general methods

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
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USA) if not described otherwise. N,N-dimethylformamide (DMF),
piperidine, ethyl(hydroxyamino)cyanoacetate (OxymaPure), penta-
fluorophenol, and Rink amide MBHA were purchased from Iris Biotech
(Marktredwitz, Germany). 9-fluorenylmethoxy-carbonyl- (Fmoc) pro-
tected amino acid derivatives and O-(Benzotriazol-1-yl)-N,N,N’,N’-tet-
ramethyluronium hexafluorophosphate (HBTU) were purchased from
Merck (Darmstadt, Germany). Trifluoroacetic acid (TFA) was obtained
from Roth (Karlsruhe, Germany). Fmoc-protected f-(7-methoxy-
coumarin-4-yl)-alanine (Mcm) was purchased from Bachem (Bubendorf,
Switzerland). Fmoc-Lys(Ns)-OH, S2iL5 and DK5.1 were prepared as
described before [8,34]. CUDC-907, JNJ-26481585 (Quisinostat), Pan-
obinostat, 3-Typ, Trichostatin A and SirReal2 were purchased from
Biomol (Hamburg, Germany). Fluorophores IANBD, 5-Iodoacetamido-
fluorescein, BODIPY 507/545-iodoacetamide, BODIPY-FL iodoaceta-
mide, OregonGreen488 iodoacetamide (mixed isomers) were obtained
from Thermo Fisher Scientific (Waltham, Massachusetts, USA).

For all HPLC analysis and purifications a system of water supple-
mented with 0.1% TFA (solvent A) and acetonitrile (ACN) supplemented
with 0.1% TFA (solvent B) was used. Analytical runs were performed on
an Agilent 1100 system (Boeblingen, Germany) with a quaternary
pump, a well-plate autosampler and a diode array detector. Separation
was done with a linear gradient from 5% to 95% solvent B within 6 min
and a flowrate of 0.6 ml/min on a 3.0 x 50 mm reversed phase column
(Phenomenex Kinetex XB C-18, 2.6 pm). Purification of peptides was
done on Shimadzu LC System with a Phenomenex Kinetex™ 5 pm XB-
C18 (250 x 21.1 mm, 100 A) column using gradients ranging from
10% to 50% solvent B within 45 min to 25-80% solvent B.

UPLC-MS analysis was performed using either Waters Acquity UPLC-
MS system or Waters XEVOTQD UPLC-MS system (Milford, USA) with a
Waters Acquity-UPLC-MS-BEH C18; 1.7 pM (2.1 x 50 mm; 30 A) col-
umn. As a mobile phase 0.1% formic acid in HyO (solvent A) and 0.1%
formic acid in ACN (solvent B) solutions were used. Typical gradient
from 95:5 (v/v) of HoO:ACN to 5:95 (v/v) of HoO:ACN in 6 min was used
for the most of the runs. Data analysis was performed using Waters
MassLynx software.

4.2. Peptide synthesis

All Peptides were synthesized using an automated microwave pep-
tide synthesizer Liberty Blue™ (CEM Corporation, Matthews, NC, USA)
and Fmoc-based solid phase peptide synthesis (SPPS). The amino acid
coupling was performed twice and with DIC/OxymaPure for 2 min at
90 °C. Fmoc deprotection was done with 20% piperidine solution in
DMF for 1 min at 90 °C. N-terminal acetylation was performed with an
acetic anhydride/DIPEA/DMF (1:2:7) mixture for 1 h at room
temperature.

4.2.1. Modification of e-amino group of lysine

Myristoyl modification was introduced via SPPS as Fmoc-Lys(Myr)—
OH building block. Other modification of the e-amino group of lysine
were done on the resin after removal of 2-nitrobenzenesylfonyl (nosyl)
group. Nosyl protecting group cleavage was done with a mixture of 1,8-
diazabicyclo[5.4.0]undec-7-en (DBU)/thiophenol/DMF (1,5:1:7,5 v/v)
(2 x 90 min). After washing with DMF, free lysine side chain was
modified as described below. 1-12: Resin was treated with Fmoc-11-
aminoundecanoic acid (Fmoc-Aun-OH, 3 eq), HBTU (3 eq) and DIPEA
(6 eq) in DMF for 1 h. After Fmoc deprotection (20% piperidine in DMF
for 2 x 10 min) and washing (5 x 5 min with DMF), peptides were
incubated with 4 eq of ethyl dithioacetate and 4 eq DIPEA in DMF for 1
h. 4a and 7a: nosyl protecting group was cleaved like described above.
4c: After coupling of Fmoc-11-aminoundecanoic acid and Fmoc cleav-
age, peptide was incubated with an acetic anhydride/DIPEA/DMF
(1:2:7) mixture for 1 h at room temperature. 4d and 16: After coupling
of Fmoc-Aun-OH and Fmoc cleavage, resin was incubated with tri-
fluorothioacetamide (5 eq) in DCM overnight. Then resin was incubated
with a saturated solution of HS in tetrahydrofuran (THF) for 1 h. These
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two steps were repeated once. 13: After coupling of Fmoc-Aun-OH and
Fmoc cleavage resin was incubated with 5 eq 2-nitrobenzenesylfonyl
chloride and 10 eq 2,4,6-trimethylpyridine dissolved in N-methyl-2-
pyrrolidone (NMP) for 15 min. After that, the resulted 2-nitrobenzene-
sulfonamide of Aun was methylated with triphenylphosphine (5 eq),
methanol (MeOH, 10 eq) and diisopropyl azodicarboxylate (DIAD, 5 eq)
in DMF for 2 x 30min. The resin was incubated with
2-mercaptoethanol (10 eq) and DBU (5 eq) in DMF for 2 x 5 min. After
washing with DMF resin was allowed to react with a solution of ethyl-
dithioacetate (4 eq) and DIPEA (4 eq) overnight. 14: After Fmoc-Aun-
OH coupling and Fmoc-cleavage resin was incubated with S-(thio-
benzoyl)thioglycolic acid (5 eq) and DIPEA (10 eq) overnight. 15: After
Fmoc-Aun-OH coupling and Fmoc-cleavage resin was incubated with 5
eq 2-nitrobenzenesylfonyl chloride and 10 eq 2,4,6-trimethylpyridine in
NMP for 15 min. After that, the resulted nosylamide was methylated
with triphenylphosphine (5 eq), MeOH (10 eq) and DIAD (5 eq) in DMF
for 2 x 30 min. The resin was incubated with 2-mercaptoethanol (10 eq)
and DBU (5 eq) in DMF for 2 x 5 min. After washing with DMF resin was
incubated with S-(thiobenzoyl)thioglycolic acid (5 eq) and DIPEA (10
eq) overnight. 17: After nosyl-group cleavage resin was treated with a
solution of Fmoc-7-aminoheptanoic acid (4 eq), HBTU (4 eq) and DIPEA
(8 eq) in DMF for 1 h, followed by Fmoc deprotection (20% piperidine in
DMF, 2 x 10 min incubation) and washing 5 x 5 min with DCM. Then
the resin was incubated with Fmoc-thio-p-alanyl-nitrobenztriazole (3
eq) and DIPEA (1 eq) in DCM for 1 h at room temperature followed by an
Fmoc cleavage (20% piperidine in DMF, 2 x 10 min incubation) and
washing 5 x 5 min with DCM. Afterwards the resin was incubated with
4 eq ethyl dithioacetate and 4 eq DIPEA for 1 h. 18-20: After nosyl-
group cleavage resin was incubated with Fmoc-glycine (4 eq), HBTU
(4 eq) and DIPEA (8 eq) in DMF for 1 h followed by Fmoc cleavage (20%
piperidine in DMF, 2 x 10 min incubation) and washing (5 x 5 min)
with DCM. Then the resin was treated with O-tert-butyl-S-methyl-1,1-
dithiooxalate (2 eq) dissolved in DCM for 1 h.

4.2.2. Global deprotection

After finishing synthesis on the resin, the resin was washed several
times with DCM, then several times with MeOH and again with DCM.
The resin was further incubated 2 times for 90 min in a HyO/TFA/trii-
sopropylsilane (TIPS) [95:2.5:2.5 (v/v/v)] and the volatiles were
removed in vacuo. The residue was dissolved in a solution of ACN/H,0
[50:50 (v/v)], filtrated and purified with HPLC. Fractions containing the
pure peptide (analyzed by UPLC-MS) were united, frozen, and lyophi-
lized. The purity of the lyophilized material was determined with UPLC-
MS.

4.2.3. Fluorophore coupling

12-17, 20: The Fmoc-B-(7-Methoxy-coumarin-4-yl)-Ala-OH was
introduced in the peptide backbone while standard SPPS and were ready
for further usage after the first purification with HPLC. 1-11, 18, 19:
The lyophilized peptide was dissolved DMF and incubated with a solu-
tion of the appropriate fluorophore (0.67 eq) and DIPEA (6 eq) for 1 h at
room temperature. After complete reaction (verified via UPLC-MS) so-
lution was directly injected in the HPLC system and fraction with pure
peptide were combined (judged by UPLC-MS), frozen and, lyophilized.
Purity and identity was determined with UPLC-MS.

4.3. Cloning, expression and purification of recombinant enzymes

HDAC11 was cloned, expressed and purified as described [9]. All
sirtuin genes were synthesized by Biocat GmbH. Human Sirt5 (34-302)
was cloned with protease-cleavable N-terminal Strepll-tag [93] into
pET-21a(+) vector. Sirt2 (43-356), Sirt3 (114-380) and Sirt6 (1-355
homolog 1) were cloned with protease-cleavable N-terminal Strepll-tag
into pET-28a(+)-vector. All sirtuins were expressed in E. coli BL21 (DE3)
in LB media supplemented with ampicillin or kanamycin, respectively.
Overexpression was induced by the addition of IPTG in a final
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concentration of 0.5 mM at an OD600 of 0.6. Cells were harvested by
centrifugation, resuspended in lysis buffer (100 mM Tris-HCl, 250 mM
NaCl, 10 mM DTT, 1 mM EDTA, pH 8.0), and lysed by sonification. Cell
debris was pelleted by ultracentrifugation and resulting supernatant was
loaded onto a StrepTrap column (GE Healthcare, Uppsala, Sweden). The
loaded column was intensively washed before elution with 5 mM des-
thiobiotin in 100 mM Tris, 250 mM NaCl, pH 8.0. Sirtuin-containing
fractions were concentrated and finally separated using a Superdex 75
5/150 gel filtration column (GE Healthcare) equilibrated with 100 mM
HEPES, 150 mM NaCl, 10 mM CaCl,, 1 mM TCEP pH 7.8. All buffers for
chromatographic steps were filtrated (0.22 uM) and degassed. Identity
and homogeneity were finally confirmed via SDS-Page and LC-MS
analysis as depicted in supplementary figures S58 and S59.

4.4. Fluorescence and UV-measurements

The UV measurements were done in a cuvette with an optical path
length of 10 mm and a compound concentration 10 uM for peptides 1 to
11, 18, 19 and 30 uM for 12 to 17 and 20 at 25 °C in a M500 spectro-
photometer (Carl Zeiss, Jena, Germany). The background absorbance of
the appropriate buffer was subtracted from all spectra measured. The
fluorescence spectra were recorded at a Fluoromax4 (Horiba, Kyoto,
Japan) with a compound concentration of 1 uM at 25 °C. The excitation
wavelength, excitation slits and emission slits are summarized in
Table 5.

4.5. Determination of quenching efficiency

For determination of the quenching efficiency (Qg) the peptides and
the corresponding products were used. The product peptides were pro-
duces enzymatically with 50 uM peptide, 500 uM NAD" and 0.5 uM Sirt2
at 37 °C for 5 h. Full cleavage of peptides was confirmed with HPLC. The
acylated peptides were treated in the same way but without enzyme. Qg
was determined in a black 96 well plate at 25 °C in a total volume of 100
ul at 0.5 uM, 1 pM, 1.5 uM and 2.5 pM final peptide concentration. Qg
was calculated with the following equation:

product fluorescence — substrate fluorescence

Qr(%) = 100 product fluorescence — backgroundfluorescence

Background fluorescence is solution of Sirt2 and NAD™ in buffer
without peptide. The Qg presented in Table 1 is the mean of Qg at these 4
concentrations. Qg for peptide 8, 9, 11, 17, 18, 19, 20 was determined
using the fluorescence spectra (Fig. S60-S65) where the product fluo-
rescence is the fluorescence intensity at Ayax of the peptide without acyl
residue and the substrate fluorescence represents the fluorescence in-
tensity of the peptide (with acyl residue) at the same wavelength.

4.6. HPLC-based deacylation assay

Reactions were performed in a total volume of 70 pl in Sirt-assay
buffer containing 20 mM Tris-HCl (pH 7.8), 140 mM NacCl, 10 mM KCl
and 2 mg/ml BSA for Sirt2, Sirt3, Sirt5 and Sirt6 or in HDAC11-assay
buffer containing 20 mM of phosphoric acid (pH 7.4, adjusted with
NaOH) and 2 mg/ml BSA for HDAC11. The peptides with a final con-
centration of 50 uM and 500 uM NAD™ (only for sirtuins) were incubated
for 5 min at 37 °C and the reaction was started with the addition of

Table 5
Settings for fluorescence measurements with Fluoromax 4.

Compound Agx (nm) Exc slit (nm) Em slit (nm)
1-7, 10, 18, 19 492 0.5 2.5

12-17, 20 334 1 5

8 507 0.5 5

9 502 0.5 3.5

11 502 1 10
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enzyme ([HDAC11] = 50 nM, [Sirt2] = 100 nM, [Sirt3] = 100 nM,
[Sirt5] = 500 nM and [Sirt6] = 500 nM final concentrations). After 1 h
and after 3 h the reaction was quenched by addition of 1% TFA solution
(final concentration at least 0.2%). Analysis of product formation was
done with analytical HPLC. The quenched reaction solution was injected
in the HPLC system (injection volume 40 pl) and compounds were
separated with a linear gradient 5-95% solvent B in 6 min. Analysis of
product peak area and substrate peak area were done with Agilent
software Chemstation at 220 nm for 1b, at 320 nm for 12-17 and 20, at
450 nm for 1-7, 9, 10, 18 and 19 and at 505 nm for 8 and 11. Product
formation was calculated as the ratio of product peak area to total peak
area.

4.7. Steady state measurements

4.7.1. Plate reader

The kinetic measurements were carried out in black 96-well plate
with flat bottom. The reaction take place in a total volume of 100 pl at
25 °C in HDAC11 assay buffer for HDAC11 and in Sirt-assay buffer for
sirtuins (buffer composition as described above). For 384-well plate
measurements a total volume of 20 pl and for 1536-well plates a total
volume of 10 pl was used. Peptide substrates were dissolved in DMSO
and the DMSO concentration was constant at 2% during the measure-
ments. The peptide was incubated with 500 uM NAD™ (only for sirtuins)
in assay buffer for 5 min at 25 °C. The reaction was started with addition
of enzyme. HDAC11 concentration was 10 nM for compounds 1 to 10
and 20 nM for 12-16 and peptide concentration varies between 0.25 uM
and 20 pM. Sirt3 concentration was 20 nM and the peptide concentra-
tion varies between 0.05 and 3 pM. The Sirt5 concentration was 0.5 pM
and the peptide concentration varies between 0.4 and 20 uM. The Sirt2
concentration was set to 0.25-2 nM depending on the peptide substrate
and the peptide concentrations varies between 0.5 nM and 400 nM. The
product formation was monitored via the fluorescence intensity, recor-
ded by an Envision 2104 Multilabel Plate Reader (PerkinElmer, Wal-
tham, MA). The filter settings for 1 to 10 was Agx = 485 + 14 nm and Agpy
=535 4 25 nm and for 12 to 16 Agx = 330 &= 75 nm and Ag,, = 405 £ 8
nm. The fluorescence intensity was plotted vs. the time and the initial
slope of these curves represents the reaction rate. The fluorescence in-
tensity was transformed to product concentration using calibration lines
as difference between substrate and product fluorescence (Fig. S43-S47).
The reaction rate was plotted against the substrate concentration and a
nonlinear regression according to the Michaelis-Menten equation was
used to determine Ky and k¢, values using GraphPad Prism 8 software
(San Diego, CA). For determination of kinetic constants Ky and kc,¢ of
the HDAC11 reaction with 1-8 and 10 Hanes-Woolf plot was used.

4.7.2. HPLC

The peptide (and 500 uM NAD™ for Sirt2) was preincubated in the
appropriate assay buffer (see above) at different concentrations (0.5-40
uM HDAC11 and 0.25-4 uM Sirt2) for 5 min at 25 °C in 1.5 ml reaction
vessel. The reaction was started with the addition of enzyme (3 nM final
concentration). After different time points (5-40 min) the reactions was
quenched with 1% TFA (final concentration at least 0.2%). The HPLC-
method (injection, separation gradient, detection, and quantification)
was like described above. Product concentration was plotted as a func-
tion of time and the initial slope of these curves represent the reaction
rate. Determination of Ky and k¢, values was done like described above
with the nonlinear regression according to the Michaelis-Menten
equation.

4.7.3. Fluorescence spectrometer

The sensitivity of the Envision Multilabel Plate Reader in this setting
was not high enough to determine the Ky and k4 for Sirt2 and 12-16.
The fluorescence spectrometer was the alternative. All measurements
were done in a fluorescence cuvette with 10 mm x 10 mm side length, at
25 °C in modified Sirt-assay buffer (20 mM Tris-HCl (pH 7.8), 140 mM
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NaCl, 10 mM KCl and 0.2 mg/ml BSA) at the Fluoromax4 (Horiba,
Kyoto, Japan). The reaction solution with peptide (0.25-40 nM) and
500 uM NAD™ was incubated at 25 °C in the cuvette for 5 min. The re-
action started with the addition of Sirt2 (2 nM for 12, 13, 16 and 1 nM
for 14 and 15 final concentration). The product formation was moni-
tored with increase of fluorescence intensity at Agx = 334 nm and Agy =
397 nm with an excitation/emission slit at 2/10 nm for 12, 13 and 16
and with an excitation/emission slit at 2.5/20 nm for 14 and 15. The
fluorescence intensity was plotted against the time and the further
determination of Ky and k.,; values were done as described in the “Plate
Reader” section.

4.8. Determination of inhibition constants (ICs¢ values)

The ICs5¢ values were determined in a black 96-well plate (Grainer
Bio-One) in a total assay volume of 100 ul. For sirtuins the substrate was
preincubated with altering concentrations of inhibitor and 0.5 mM
NAD™ in Sirt-assay buffer (as described above) at 25 °C for 5 min. The
reaction was started with the addition of enzyme (10% of the total
volume). Sirt2 was used with 10 nM of 7 and 500 pM of Sirt2 for Sir-
Real2 and S2iL5 and 250 pM for compound 21. Sirt3 was used with 0.27
uM 1 and 10 nM of Sirt3. Sirt5 was used with 0.5 pM Sirt5 and 2 uM of 7.
For HDACL11 the enzyme (5 nM final concentration) was incubated with
different concentrations of inhibitor in HDACll-assay buffer (as
described above) and the reaction was started with the addition of
compound 4 as substrate (final concentration 2 uM). The product for-
mation was monitored with the increase of the fluorescence intensity at
Agx = 485 £ 14 nm and Agy = 535 £ 25 nm in a Perkin Elmer Envision
plate reader. The initial rates of product formation were obtained from a
linear regression of the plot fluorescence intensity as a function of time.
The initial rates were normalized with the uninhibited reaction as 100%
and the reaction without enzyme as 0%. The ICs values were calculated
with the following nonlinear equation for normalized reaction rates of a
dose response curve in GraphPad Prism 8 software from a plot
normalized activity as a function of logarithm of inhibitor
concentration.

100

Y= 1 + 10X—TosiCsy

4.9. Determination of Z’ factor and S/N ratio

The Z’ factor is a dimensionless statistical parameter to describe the
quality of an HTS assay [94]. The Z’ factor was calculated using the
reaction rates of the Sirt2 deacylation reaction of 7 in different well plate
types. The peptide concentration was chosen to be 10 nM like in the ICgq
determination and 0.5 nM was the Sirt2 concentration. The fluorescence
readout was done like described above (steady state measurements). The
7’ factor was calculated with the following equation.

35D100% + 3SD0%

Z =1--—— "
|meanioos, — meanyy|

Mean g9, Was set as linear slope (reaction rate) of the reaction with
500 pM Sirt2, 500 yM NAD" and 10 nM 7 from a fluorescence intensity
vs. time plot. Meangy, is the negative control of this reaction without
enzyme. The standard deviation of the reaction with enzyme (SD100%)
and for the negative control (SD0%) was calculated with n = 3 (samples
in one plate) for 96-well plate and with n = 4 (samples in one plate) for
384- and 1536-well plate. The Z’ factor presented in this work is the
mean of 3 independent assay repeats (Fig. S63).

The signal/noise ratio (S/N) was calculated with the values
described above and the following equation [94]:

meaniooy — medangyy,

S/N =
/ SDog
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4.10. Binding studies, fluorescence polarization and fluorescence
indicator displacement assay

A serial dilution of Sirt2 in Sirt-assay buffer was done with final
concentrations from 0.25 nM to 2000 nm Sirt2. 7 was added with a final
concentration of 10 nM and then transferred to a black 384-well plate
(small volume) with a total volume of 20 pl. The mixture was incubated
for 10 min at 25 °C. The fluorescence readout was done with Envision
2104 Multilabel plate reader (PerkinElmer) with Agy = 485 + 14 nm and
Agm = 535 + 25 nm. The fluorescence intensity was normalized with 7
without Sirt2 as 0% and 2 puM Sirt2 with 7 was set to 100%. The fluo-
rescence polarization readout was done with Agx = 485 + 14 nm, Agy =
535 + 40 nm (S-pol) and Agy, = 535 + 40 nm (P-pol) with the Perki-
nElmer 2104 Envision Multilabel plate reader and calculation for po-
larization was done with the device software WallacEnvision Manager.
Fluorescence indicator displacement assay was started with a serial
dilution of the Sirt2 inhibitor SirReal2 in 5% DMSO in Sirt-assay-buffer
from 200 pM to 6 nM (final concentration). A mixture of 10 nM 7 and
250 nM Sirt2 (final concentration) was added to the inhibitor solution
and transferred in a black 384-well plate and incubated for 10 min at
25 °C. Fluorescence readout was done like described above. The fluo-
rescence was normalized with 7 without enzyme as 0% and 7 with Sirt2
but without inhibitor as 100%. Relative fluorescence was plotted as
function of lg [inhibitor] and the CDsyp was determined with the
following nonlinear equation.

_ Bottom + Top — Bottom
- 1 4+ 10X—logCDso

4.11. Computational studies

Sirt2 (PDB ID 4Y60, [95] and Sirt3 (PDB ID 5BWN, [96] protein
structures in complex with myristoylated peptides were downloaded
from the Protein Data Bank rcsb.org [97]. The protein structures were
prepared by using the Structure Preparation module in MOE2012.01
[98]. Hydrogen atoms were added, for titratable amino acids the pro-
tonation state was calculated using the Protonate 3D module in MOE.
Protein structures were energy minimized using the AMBER99 force
field [99] using a tethering force constant of (3/2) kT /2 (c = 0.5 A) for
all atoms during the minimization. AM1-BCC charges were used for the
studied ligands. All molecules except the zinc ion were removed from
the structures. Protein-ligand docking was performed using program
GOLDS5.8.1 [100]. His187 (Sirt2) and His248 (Sirt3) were used to define
the size of the grid box (20 A radius). 100 docking poses were calculated
for the docked peptide substrates. To reduce the conformational sam-
pling for the flexible peptide’s hydrogen bonds observed between the co-
crystallized peptides and Sirt2/3 in the X-ray structures were considered
as protein H-bond constraints in GOLD. All other options were left at
their default values. One conserved water molecule interacting with the
scissile amide bond was considered as part of the protein for the docking.
This protocol was correctly reproducing the binding mode of the refer-
ence peptides (taken from the Sirt2-peptide complex PDB ID 4Y60 and
Sirt3-peptide complex PDB ID 5BWN) with heavy atom RMSD values
below 2.5 A.
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Abstract:

Protein lysine acylation represents one of the most common post-translational modifications.
Obviously, highly reactive metabolic intermediates, like thioesters and mixed anhydrides between
phosphoric acid and organic acids, modify lysine residues spontaneously. Additionally, enzymes
using acyl-CoAs as co-substrates transfer the acyl residue specifically to defined sequences within
proteins. The counteracting enzymes are called histone deacetylases (HDACs), releasing the free
lysine side chain. Such enzymatic activities are involved in different cellular processes like tumor
progression, immune response, regulation of metabolism, and aging. Modulators of such
enzymatic activities represent valuable tools in drug discovery. Therefore, direct and continuous
assays to monitor enzymatic activity of HDACs are needed. Here we describe different assay
formats allowing both monitoring of Znz*-dependent HDACs via UV-Vis-spectroscopy and NAD+-
dependent HDACs (sirtuins) by fluorescence-based assay formats. Additionally, we describe
methods enabling efficient screening of HDAC-inhibitors via fluorescence displacement assays.

This article is Reproduced with permission of Springer Nature.
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Abstract

Protein lysine acylation represents one of the most common post-translational modifications. Obviously,
highly reactive metabolic intermediates, like thioesters and mixed anhydrides between phosphoric acid and
organic acids, modify lysine residues spontaneously. Additionally, enzymes using acyl-CoAs as co-substrates
transfer the acyl residue specifically to defined sequences within proteins. The counteracting enzymes are
called histone deacetylases (HDAC:), releasing the free lysine side chain. Such enzymatic activities are
involved in different cellular processes like tumor progression, immune response, regulation of metabolism,
and aging. Modulators of such enzymatic activities represent valuable tools in drug discovery. Therefore,
direct and continuous assays to monitor enzymatic activity of HDACs are needed. Here we describe
different assay formats allowing both monitoring of Zn**-dependent HDACs via UV-Vis-spectroscopy
and NAD"-dependent HDACs (sirtuins) by fluorescence-based assay formats. Additionally, we describe
methods enabling efficient screening of HDAC-inhibitors via fluorescence displacement assays.

Key words Histone deacetylase, Sirtuin, Activity assay, Inhibitor measurement

1 Introduction

Acylation oflysine side chains in proteins represents one of the most
abundant post-translational modifications in all kingdoms of life.
Acyl residues can be introduced either enzymatically by the action
of acyltransferases or by the spontaneous reaction with acyl-CoA
thioesters [1] or acylphosphates. Acylations of lysine residues can
be reversed by the action of two different, evolutionary conserved
enzymes both named histone deacetylases or more precisely protein
lysine deacylases. On the one hand, there are the Zn**-dependent
histone deacetylases (HDAC:s) (11 isoforms in the human prote-
ome) and on the other hand the sirtuins (SIRTs) (7 isoforms in the
human proteome). Sirtuins are dependent on NAD™ availability
because they act as acyltransferases moving the acyl residue from
the lysine side chain to the ADP-ribose part of NAD" [2]. Robust
deacetylase activity is reported for SIRTs 1-3 and for HDACs 1-3,

Oliver H. Krédmer (ed.), HDAC/HAT Function Assessment and Inhibitor Development: Methods and Protocols,
Methods in Molecular Biology, vol. 2589, https://doi.org/10.1007/978-1-0716-2788-4_27,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023
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6, and 8. Additionally, nearly all SIRTs are able to remove fatty acid
residues [3], and recently it was shown that HDACI11 is a defatty
acylase as well [4-6].

Several methods to monitor sirtuin and HDACI11 activity in a
continuous and direct format based on Forster resonance fluores-
cence transfer (FRET) were reported [7-10] and reviewed recently
[11]. Nevertheless, relatively large and artificial residues must be
incorporated into the long-chain acyl residue for the generation of
effective FRET. We wondered if we could use much smaller devia-
tion from the naturally occurring acyl residues by replacing the
amide bond by a thioamide bond. Thioamides have unique
UV-Vis [12] and CD-spectral properties [13], could be used to
switch conformations by UV-light [8, 13], and represent efficient
quenchers for different fluorophores mediated by a mechanism
called photoinduced electron transfer (PET) [ 14-18]. Additionally,
Fatkins et al. reported efficient cleavage of thioamide bonds by
HDACS in thioacetylated p53-derived substrate peptides [19],
which can be monitored by formation of a colored reaction product
formed by the released thioacetic acid and Ellmans reagent
[20]. Recently, we demonstrated that replacement of the scissile
bond in HDAC substrates (Fig. 2, R1) by a thioacetyl amide bond
(Fig. 1, R2) enabled continuous activity determination of HDACS8
and HDACG6 via UV-Vis spectroscopy (Fig. 2a) [15]. In a similar
manner, activity of class IITa HDACs 4, 5, 7, and 9 or HDACI11
could be monitored continuously using thiotrifluoroacetylated
(Fig. 1, R3) or thiomyristoylated (Fig. 1, R4) substrates, respec-
tively [15]. Moreover, we were able to extend this assay principle to

A. B S
HN™ NH
A
H
o
B. cH, CH, CF;
o:g/ s:-g( s:g( s o}
R1 R2 R3 R4 R5

Fig. 1 Different acyl residues that can be used to measure HDAC and sirtuin
activity
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Fig. 2 Assay principle for the UV assay (a) and the fluorescence assay (b). (a) The HDAC enzyme cleaves the
thioamide bond, and the product formation is detectable via the decreasing UV-signal at 280 nm. (b) Sirtuin
(or HDAC11) cleaves the quencher containing acyl residue of the lysine side chain and the fluorescence
intensity of fluorescein (in the peptide) increase

the measurement of HDACS activity via a PET-based fluorescence-
quenching mechanism yielding some of the most efficient HDACS
substrates with respect to ke/Ky values [15]. Unfortunately,
thioamide bonds represent very poor substrates for sirtuins because
of the generation of a so-called stalled intermediate slowing down
the reaction rate dramatically [21], and thiomyristoyl residues
(Fig. 1, R4) represent components of efficient inhibitors for
SIRT1-3 and SIRT6 [22-24]. To circumvent this problem, we
artificially introduced a thioamide bond into the myristoylated
lysine residue at different positions and identified (subsequent to
a systematical optimization) thioacetylated 11-amino-undecanoyl
residues (Fig. 1, R5) as well-recognized substrates by SIRTs and
HDACI1 (Fig. 2b) [11].
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Here, we describe two different continuous HDAC/SIRT
activity assay formats. First, use of thioamide bonds (Fig. 1, R2—
R4) as scissile bonds is presented as a unique and continuous assay
for monitoring of HDAC activity via UV-Vis spectroscopy. Second,
we introduce thioacetylated 11-amino-undecanoylated lysine resi-
dues (Fig. 1, R5) in peptide substrates as efficient probes to moni-
tor both sirtuin and HDACI11 enzymatic activity.

2 Materials

2.1 Enzymes 1. Recombinant HDACs (HDAC4, 5, 7, 8,9, and 11) and sir-
tuins are commercially available. It might be an alternative to
express and purify the recombinant enzymes yourself (proto-
cols could be found for sirtuins in [11], HDAC4, HDACS5,
HDAC7, HDACS8, HDAC9Y [15], and HDACI11 [4]), (see

Note 1).
2.2 Peptide 1. Peptides can be synthesized via solid-phase peptide synthesis
Substrates in-house or could be purchased commercially from a supplier.

A detailed synthesis description could be found in reference
[15] for peptides A-C and in reference [11] for peptides D-E.
Based on the substrate properties, different peptides should be
used for different HDAC isoforms. Peptide A could be used for
HDACS. For HDACGs 4, 5, 7, 8, and 9, peptide B should be
used. For HDACI1 peptide C (UV assay) or peptide D (fluo-
rescence assay) should be used. Peptide E is recommended to
use for SIRT2, SIRT3, and SIRT5. The peptide structure is
shown in Table 1. The sequence of substrate peptides A to C is
variable. The signal for product formation is generated from
the acylated lysine residue.

Table 1
Peptides recommended to be used as substrates for the described activity assays (see Note 3)

Acyl group R [enzyme]

Peptide  Sequence (Fig. 1) Enzyme Ky (kM)  (nM)

A (Xaa),-K(R)-(Xaa)y, 2 HDACS - 20

B (Xaa),-K(R)-(Xaa), 3 HDACIla - 50
HDACS 10

C (Xaa),-K(R)-(Xaa), 4 HDACI1 = 100

Ac-EALC(FD)KK(R)TGG-NH, 5 HDACI11 5.7 5

E Ac-EALPKK(R)TC(FI)G-NH, 5 SIRT2 0.0053 0.5
SIRT3 0.56 10
SIRT5 2.0 500

C(Fl) means cysteine alkylated with 5-iodoacetamidofluorescein, Xaa means any amino acid
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2.3 Compounds
Modulating the
Deacylase Activities

2.4 Buffers and
Solutions

2.5 Other Equipment

Continuous Histone Deacylase Activity Assays 415

. Dissolve the peptides in dimethyl sulfoxide (DMSO) with a

concentration of 10 mM (or 50 mM for HDAC activity mea-
surements if necessary) (se¢ Note 2).

. Such compounds could be small molecules, natural products,

or peptide derivatives either commercially available or synthe-
sized in-house. Control inhibitors which are commercially
available are as follows: for HDACs class IIa, TMP-195; for
HDAC8 DPCI-34051; for HDACI1 SIS17; and as a
pan-HDAC inhibitor, Panobinostat. For sirtuins nicotinamide
(NAM) could be used and SirReal2 as SIRT2-specific inhibitor.

. Prepare a 10-mM stock solution of the compounds in DMSO.

. HDAC assay buffer for HDAC4, 5, 7, 8, and 9: 50 mM of

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic  acid
(HEPES), 140 mM of NaCl, and 10 mM of KCI, pH 7.4
adjusted with NaOH, supplemented with 1 mM of Tris(2-car-
boxyethyl)phosphine (TCEP) and 0.2 mg/mL of bovine
serum albumin (BSA). It is recommended to add TCEP and
BSA fresh from a frozen stock to the buffer for each day.

. HDACI11-assay buffer: 20 mM of HEPES, pH 7.4 adjusted

with NaOH, supplemented with 70 pM of TCEP and 2 mg/
mL of BSA. It is reccommended to add TCEP and BSA fresh
from a frozen stock to the buffer for each day (sec Note 4).

. SIRT assay buffer: 150 mM NaCl, 5 mM MgCl,, and 20 mM

Tris base adjusted with HCl to pH 7.8, supplemented with
2 mg/mL of BSA. It is reccommended to add BSA fresh from a
frozen stock to the buffer for each day.

. Only for sirtuin measurements: 20 mM of NAD™ dissolved in

SIRT assay buffer aliquoted and store at —20 °C for
further use.

. Vortex mixer.
. 37 °C incubator.

. Orbital-well plate shaker (maybe combined with the plate

reader).

. Black 96-well fluorescence plate with flat bottom (384-well

plate).

. 384-well plate, black fluorescence plate with flat bottom (with

reduced volume).

. 96-well plate, transparent with V-bottom.
. Multichannel pipette with 8 or 12 channels.

. Plate reader with monochromator or filter settings for 480-nm

exaction and 520-nm emission.
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9. UV-photo spectrometer or a plate reader with the possibility to
measure absorbance in the range of 280 nm.

10. UV cuvette with 1-mm or 10-mm pathway (100-pL volume).
11. Analysis software like GraphPad Prism 8.

3 Methods

3.1 Assaying HDAC
Activity

3.1.1 HDAC Activity
Measurement for HDAC4
and Peptide B as Substrate

Here we describe a method to measure HDAC activity, determin-
ing av/[S] plot and creating a calibration line to calculate product
concentration using HDAC4 as an example. The same activity assay
could be done with HDACs 5,7, 8,9, and 11 using the appropriate
substrates (Table 1). The enzyme concentration given in Table 1
are suggestions to start with the measurements. Depending on
enzyme concentration and specific activity of the preparation, it is
likely that it have to be adjusted. Furthermore, an inhibition mea-
surement with a fluorescence assay (Subheading 3.2) is described
for HDACI 1. The same assay can be used for sirtuins. The UV-Vis
spectroscopic assay could be used for inhibitor measurements, too.

1. The activity measurement should be done in a 100-pL cuvette
with a pathlength of 1 cm (se¢e Notes 4 and 5) at room
temperature.

[\

. Label 1.5-mL tubes according to the number of activity mea-
surements you plan to do. Measurements should be done at
least in duplicates. Additionally, make one negative control
without enzyme to be sure that the slope of the reaction
mixture without enzyme is near to zero or to correct the
activity with the slope of the negative control. There are three
samples per peptide to be tested. Repeat the complete experi-
ment at least once to get two independent experiments.

3. The reaction volume is 120 pL, and the reaction mixture con-
sists of the appropriate peptide (50 pM) and HDAC4 (50nM)
in HDAC assay buffer. The reaction started with the addition
of enzyme.

4. Add 0.6 pL of appropriate peptide (peptide B) to 113.4 pL of
HDAC assay buffer, and incubate this mixture for 5 min at
room temperature (25°C).

5. Prepare 1 pM of HDAC4 dissolved in HDAC-assay buffer
(20x HDAC4). The total volume depends on the number of
samples to be measured. Store the enzyme solution always on
ice (sec Note 6).

6. Start the enzymatic reaction by adding 6 pL. of 20x HDAC4 to

the peptide B, mix it by pipetting up and down, and transfer the
mixture to the cuvette.
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Fig. 3 (a) Example of progression curves of HDAC4-mediated deacylation reaction of peptide B at three
different concentrations recorded at an absorbance of 275 nm in UV cuvette with 10-mm pathway at 25 °C. (b)
Example for a calibration line of peptide B (the peptide sequence was Abz-SRGGK(R3)FFRR-NH,) subsequent
to treatment with (blue) and without (black) HDAC4

3.1.2 Determining a v/
[S]-Plot for HDAC4 and
Peptide B as Substrate

7. Perform the absorbance readout at 280 nm for 3 min. In this

time, you can prepare the next substrate solutions. You will
measure a decreasing UV signal. Plot the absorbance against
the time, and create a linear fit for the linear part of the plot.
The absolute value of the slope is proportional to the activity of
the enzyme. An example of a progression curve with a linear fit
could be found in Fig. 3.

. Repeat the measurement with the second replicate.

. The third measurement is the negative control. Add 6 pL of

buffer to the mixture, mix it, and transfer it to the cuvette.
Measure the absorbance at the same wavelength and for the
same time as your measurement with enzyme. Plot the absor-
bance against the time, and create a linear fit in the same range
as done with the enzyme-containing sample. If the slope is not
zero, subtract the slope of the negative control from the slope
of your sample.

To determine a v/[S]-plot of HDAC4 and a peptide substrate, the
activity (velocity) of the reaction must be determined at different
substrate concentrations. The Ky; value of class IIa HDACs to
thiotrifluoroacetylated peptides is in the higher micromolar range
[15]. To stay in a measurable absorbance range (absorbance <2),
the v/[S]-plot determination should be done in cuvette with a
pathlength of 1 mm. To save time, the whole experiment could
be performed in a well plate with UV-transparent bottom.

1. Prepare a substrate dilution series of 1.053x peptide B in

HDAC assay butffer for six to eight different concentrations in
triplicates in a volume of 114 pL. Substrate concentration
could be ranged between 25 pM and 1000 pM. Be sure that
the DMSO concentration is constant in all samples and is not
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higher than 5%. Mix the samples and incubate them at room
temperature (25 °C).

. Prepare 1 pM of HDAC4 in HDAC assay buffer (20x, see

Note 7).

. Add 6 pL of 20x HDACH4 to the first substrate concentration,

and mix it by pipetting up and down. Transfer the reaction
mixture to the cuvette, and start the continuous UV readout at
275 nm for 3 min (se¢ Note 8). An example progression curve
is given in Fig. 3a.

4. Repeat step 3 for all substrate concentrations in duplicates.

3.1.3 Peptide Calibration 1.

Line (Example: HDAC4 and
Peptide B) 2

. The third sample is for measuring the negative control. Add

6 pL of HDAC assay buffer to the substrate mixture, mix it,
and start the UV measurement as in step 3. Do this for all
substrate concentrations.

. Plot the absorbance against the time and perform a linear fit.

Subtract the slope of the negative control from the slope of the
reaction. The corrected slope is your velocity in delta absor-
bance unit per time unit. To calculate the velocity in pM /s, see
Subheading 3.1.3.

. Plot the velocity against the substrate concentration and per-

form a nonlinear fit according to the Michaelis-Menten
equation.

Thaw the substrate solution (peptide B) at room temperature
(see Note 9).

. In order to convert the absorbance signal to the product con-

centration two calibration lines are necessary, one calibration
line for the substrate (acylated peptide) and one calibration line
for the product (deacylated peptide + thiotrifluoro acetic acid).
Both will be prepared out of the same master mix, and one
sample is treated with enzyme (deacylated sample) and one
without enzyme (acylated sample).

. Prepare 495 pL of a master mix with 444.4 pM (1.11x)

peptide B in HDAC assay buffer.

. Split your master mix into two new tubes by adding 225 pL in

every tube. Mark one with acetylated sample and one with
deacetylated sample.

. Prepare 30 pL of 2 pM of HDAC4 in HDAC assay buffer.

6. Add 25 pL of the 2 pM of HDACH4 to the deacetylated sample.

The final HDAC4 concentration should be 0.2 pM. Add 25 pL.
of HDAC assay buffer to the acylated peptide sample. Final
concentration of peptide should be 400 pM in both samples.

. Incubate these samples (acylated and deacylated peptide sam-

ple) for at least 3 h at 37 °C with gentle shaking (600 rpm) to
reach complete product formation. Full substrate conversion
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should be confirmed by HPLC (see Note 10). If there is no
thermostat shaker available, incubation at room temperature
overnight could be an alternative. Vortex the solution for
several seconds.

8. Prepare several dilutions of your acylated peptide sample and
your deacylated peptide sample in 1.5-mL tubes that covers the
absorbance range up to 1 in a total volume of 120 pL in
duplicates. Possible peptide concentrations for the serial dilu-
tion are 0 pM, 25 pM, 50 pM, 75 pM, and 100 pM in a cuvette
with a pathlength of 1 cm.

9. Transfer the mixtures to the cuvette, and measure the absor-
bance at 275 nm (see Note 11) for all concentrations.

10. A standard curve could be created by plotting the absorbance
readout of both acylated sample and deacylated sample, against
the peptide concentration. Perform a linear fit, and subtract the
slope of the acylated sample from the slope of the deacylated
sample. This is your factor to calculate the product concentra-
tion from the measured absorbance values. An example calibra-
tion curve is given in Fig. 3b. The linear calibration line can be
also used for measurements in a cuvette with a different path-
length if the factor of the pathlength is considered.

1Cs5q value is determined for two compounds against HDACI1.
The samples should be assayed in triplicate on the plate. In total you
need half of the wells of a 96-well plate. Reaction mixture of each
well consists of 20 pL of inhibitor solution (with 5% DMSO final
concentration), 70 pL. of enzyme solution (5 nM of final concen-
tration), and 10 pL of substrate solution (final concentration
2 pM). A control inhibitor for HDACI1 could be SIS17 or
HDAC pan inhibitor Panobinostat.

1. Thaw the appropriate peptide substrate solution (peptide D)
and the two compounds of interest at room temperature, and
store the HDACI11 enzyme on ice.

2. Prepare 200 pL of a 25% DMSO solution in HDACI1 assay
buffer by adding 40 pL of DMSO to 160 pL of HDACI 1 assay
buffer.

3. Perform a serial dilution of two compounds of interest in 0.5-
or 1.5-mL tubes to obtain 5x compound of interest solution
for seven different concentrations in a HDACI1 assay bufter/
DMSO solution. For example, the final concentrations of your
compound are 0.02, 0.06,. .., and 20 pM the concentration of
your compound should be now 0.1, 0.3,...; and 100 pM.
Make sure that your DMSO concentration in this dilution
series is constant for every concentration. For example, if the
final DMSO concentration of the assay assigned to be 5%, the
DMSO concentration in the 5 x compound of interest dilution
should be 25%.
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Fig. 4 Schematic pipetting order (left) and pipetting scheme for a 96-well plate for determining a IC5,-value for
two compounds of interest

. Add 20 pL of the 25% DMSO solution to the black 96-well

fluorescence plate to row A from position 1 to 6 (see Fig. 4).
Wells Al to A3 are the 100% sample (positive control) and wells
A4 to A6 represent the 0% sample (negative control, see Note
12). Add than 20 pL of your compound of interest solution in
triplicates to the same plate. Columns 1 to 3 are for compound
of interest 1 and columns 4 to 6 are for compound of interest
2 (see Note 13). For example, add 20 pL of compound 1 and
the lowest compound concentration (0.02 pM final concentra-
tion) to wells Bl, B2, and B3. An example of a pipetting
scheme is shown in Fig. 4.

. Prepare 3500 pL of 7.14-nM HDACI11 in HDACI1 assay

buffer (1.43x)in 5-mL or 15-mL tube, and mix it by pipetting
up and down. If you are determining an ICsq value for sirtuins,
this is the point where you add 500 pM NAD™ to the enzyme
solution (see Note 14).

. Add 70 pL of HDACI1 assay buffer to wells A4 to A6 (nega-

tive control without enzyme), and add 70 pL of 1.43x
HDACI1 to each other well (Al to A3 and Bl to H6).

. Incubate the microtiter plate for 5 min at room temperature

while shaking the plate. In parallel, prepare 620 pL of 20-uM
peptide D in HDACI11 assay buffer (10x) by adding 1.24 pL
of peptide D stock to 618.8 pL. of HDACI11 assay buffer. Add
100 pL to 6 wells of a transparent 96-well plate with V-bottom.

. Start the reaction by adding 10 pL of 10x peptide D with a

multichannel pipette from the transparent 96-well plate to the
black fluorescence well plate. Start with addition to positive and
negative control and then from the lowest to highest inhibitor
concentrations.
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. Shake the plate for 1 min, and perform the fluorescence read-

out at the plate reader with filter settings according to fluor-
esceine fluorescence, for example, with Agciration = 480 nm and
AEmission = 520 nm. Perform a readout every 30 s for 20 min
(see Notes 15 and 16).

Plot the fluorescence signal against the time and create a linear
fit in for the initial (linear) slope of the plot. This is the activity
which you can use to calculate the 1C5 value. For normaliza-
tion the sample without inhibitor and with enzyme is set to
100% activity, and the sample without enzyme is set to 0%
activity.

. Thaw the stock solution of your compound of interest at room

tempcerature.

. Prepare a series of 12 different 0.5-mL tubes (or 1.5 mL) in a

rack, and give them a logical labeling for a dilution series. Ten
tubes belong to the dilution series, one tube is the 0% bound
control and one tube the 100% bound control. Zero percent
bound means that no binding of the compound of interest
occurs (the fluorescence probe binds 100%). In contrast,
100% bound means that the compound of interest binds
completely to SIRT2 (the fluorescence probe is completely
displaced and do not bind). The assay principle is shown in
Fig. 5.

. Prepare 800 pL of a 10% DMSO solution in SIRT assay buffer

by adding 80 pL of DMSO to 720 pL of SIRT assay buffer. Add
50 pL of this solution to each of the 12 tubes.

Probe bound Probe displaced
Detection:

1. Increasing fluorescence polarization signal
2. Decreasing fluorescence intensity

vvu

Fluorescence Test SIRT2
probe compound

Fig. 5 Principle of the fluorescence indicator displacement assay. The
fluorescence probe binds to SIRT2. When adding the compound of interest, the
fluorescence probe is displaced by the compound of interest and the signal of
the fluorescence polarization increase and the fluorescence intensity decrease
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11.

Prepare 60 pL of a fourfold compound of interest solution for
the highest concentration. For example, the highest compound
concentration should be 200 pM, the fourfold solution should
be 800 uM with a DMSO concentration of 10%.

. Add 50 pL of the fourfold inhibitor solution to the tube

destinated for the highest inhibitor concentration, and mix it
by pipetting up and down. Take again 50 pL from this tube,
add it to the tube destinated for second highest concentration,
and mix it by pipetting up and down. Repeat this until you
reach the tube designated for the lowest concentration. Take
50 pL from this tube and discard it. There are now ten tubes
with twofold inhibitor concentration with a volume of 50 pL.
and two tubes with 50 pL. of a 10% DMSO concentration (see
Note 17).

. While preparing the dilution series, thaw the SIRT2 solution

on ice and peptide E at room temperature. Peptide E is the
fluorescence probe.

. Prepare 700-pL, master mix containing 200 nM of SIRT2 and

20 nM of peptide E (se¢ Note 18) in SIRT assay buffer. Add
50 pL of the master mix to each tube except the 100% sample.
Prepare 20 nM of peptide E in SIRT assay buffer, and add
50 pL of the 20 nM of peptide E to the 100% bound control
(without SIRT2, binding of the fluorescence probe cannot
occur, mimics the full displacement of the fluorescence
probe). Mix all solutions by pipetting up and down.

. Incubate the tubes for 10 min at room temperature to allow the

reaction mixture to reach equilibrium.

. Transfer 20 pL to 4 wells (internal replicates) of a 384-well

plate with reduced volume. Ensure that you have no bubbles in
your wells. Mix the plate for 1 min at high speed (2000 rpm,
orbit 2 mm) to ensure that the solution is distributed uniformly
to the wells.

Read the fluorescence polarization with the plate reader of each
well by using settings for fluorescein fluorescence polarization
(see Note 19).

Data could be normalized using the 0% bound control as 0%
(with SIRT2, with fluorescence probe, without compound of
interest) and the 100% bound control as 100% (with fluores-
cence probe, without compound of interest, without SIRT?2).
CDs could be determined by plotting the (normalized) fluo-
rescence polarization against the logarithm of concentration
and using a nonlinear fit according to a sigmoidal curve.

80



Continuous Histone Deacylase Activity Assays 423

4 Notes

1. Purified enzymes should be aliquoted and stored at —80 °C.

Repeated thaw /freeze cycles decreases the enzyme activity and
should be avoided. Enzymes stocks from the —80 °C freezer
should be aliquoted again after first thawing and could be
stored at —20 °C for further usage.

. Thioamide-containing compounds are prone to oxidize. Make

sure that the substrate solution is thawed directly before use. If
you see a higher fluorescence intensity than expected or a lower
enzyme activity even if you use a freshly thawed enzyme ali-
quot, then it is likely that the thioamide quencher is degraded
by oxidation or transformation into a normal amide bond. For
peptides without a fluorophore, the degradation process is
slower. Freeze and thaw cycles also support degradation of
the substrates as well as irradiation with UV light. It could be
also prevented by using freshly thawed substrate aliquots. It is
easy to check the degradation process of the substrate peptides
using HPLC and UV-Vis detection or HPLC-MS. The degra-
dation product is more hydrophilic, shows a mass difference of
16 g/mol (sulfur-oxygen exchange), and has no longer the
indicative absorbance of the thioamide bond at 260 nm.

. The enzyme concentrations given in Table 1 are only sugges-

tions to start an assay. Enzyme concentrations to measure pep-
tides A to C are recommended for measurements in a UV
cuvette. If it is planned to perform the assay in a 96-well
plate, the final enzyme concentration in the assay should be
decreased (e.g., by a factor of 5) to have a prolonged
readout time.

. HDAG s, especially HDACI11, are strongly dependent on the

buffer components. If there are appearing enzyme activity
problems, it may help to screen different buffer components
like buffer salt and concentration (Tris, phosphate, HEPES),
salt additives, and concentration (NaCl, KCl, MgCl,,...),
reducing additives in different concentrations (TCEP, DTT)
and blocking reagents (BSA, PVP, PEG). It’s also useful to
check the influence of BSA from different suppliers (Fig. 6).
Toro et al. showed that different chelators like EDTA, citrate,
and BSA can bind free Zn>* ions in the assay buffer, resulting in
increased enzyme activity of HDACS8 [25].

. It is possible to use 96-well or 384-well plates with a UV

transparent bottom to analyze many samples in parallel. In
such cases, a plate reader with the possibility to measure UV
absorbance in a range of 280 nm (peptide B) or 265 nm
(peptide A and C) is necessary. Also, determination of the
v/[S] plot could be done using a well plate.
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Fig. 6 Testing different buffer components for HDAC11. (a—f) Substrate was peptide D with a concentration of
2 puM, and HDAC11 concentration was 5 nM. The reaction progress was monitored via fluorescence intensity
readout at Ag = 480 nm and A, = 520 nm. (g) Reaction was done with 50 nM of HDAC11 and 50 pM of
trifluoro acetylated peptide as substrate. Enzyme and substrate were incubated for 30 min, and sample was

analyzed using analytical HPLC with, and product formation was analyzed using absorbance wavelength at
320 nm

6. Enzymes do not always have the same activity even if they come
from the same preparation. Starting an activity measurement,
you should test the activity of an enzyme with a standard
substrate using a known concentration. Define one of the
peptides as a standard substrate. Before each measurement
series and after finishing your measurements, determine the
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enzymatic activity using the standard substrate. If you have
significantly changed enzymatic activities, the enzymatic activ-
ity has to be corrected.

If the enzymatic activity was very high or low, then adjust the
enzyme concentration accordingly for the determination of the

v/[S]-plot.

. Sometimes it is necessary to modify the reaction time. If the

reaction time should be increased, the enzyme concentration
have to be decreased. Please note that the enzyme concentra-
tion have to be constant for the complete experiment series.

To prepare a completely converted reaction solution for the
fluorescence assay for peptides D and E, you could start with a
50-pM peptide solution, 500-nM NAD", and with 500-nM
SIRT2, and incubate for 3 h at 37 °C. HDACI11 is not able to
form a fully converted product solution because it is inhibited
by the product if it is an analogue of a long-chain fatty acid like
myristic acid. For peptide A HDACS should be used to create a
calibration line.

To check, if the product formation of the HDAC4-mediated
peptide cleavage for the standard curve was complete, an ana-
lytical HPLC analysis or HPLC-MS analysis is necessary. If the
product formation was not complete, you can extend the reac-
tion time, increase the enzyme concentration, decrease the
peptide concentration, or check the overall enzyme activity
on a standard substrate and use a new enzyme aliquot. If
there is no access to an HPLC system, you can check full
substrate conversion with the UV-signal. If you start the
enzyme reaction and you do not see any further decrease in
the UV signal, the reaction should be done completely.

Taking the whole spectrum from 220 to 320 nm for each
concentration allows you to determine calibration lines for
each single wavelength in this range.

Depending on the used microtiter plate type, plate reader,
distance between lamp and well plate, and filter settings, your
fluorescence signal can raise or decrease without enzyme. To
get the best results, it is recommended to always use a negative
control. There is sometimes some lamp, detector, or mixing
artifacts which could be eliminated by subtraction of the signal
of the negative control from your sample measurement.

Avoid formation of air bubbles in the black fluorescence plates.
Reverse pipetting is highly recommended. If there are bubbles,

it is possible to pierce them with a small pipette tip (e.g.,
0.5-10-pL tip).
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14.

15.

16.

17.

18.

19.

If necessary, it’s possible to change the pipetting pattern for
HDAC:s starting, e.g., with addition of enzyme. Prepare a 10x
HDACI1 solution, and start the reaction by adding the
enzyme. This could be helpful if you want to check slow
binding kinetics or if you have activity problems. For sirtuins
you can start the reaction by adding NAD™, peptide substrate
or enzyme.

The fluorescence intensity of the substrate is quenched by
~45%, and the measurement will start at a relative high-
background fluorescence. Be sure that the settings of your
plate reader are optimal for the given concentration range.
You can use peptide D or E at different concentrations to
optimize the plate reader settings, e.g., detector gain, measure-
ment mode, distance between lamp and well plate, power of
excitation light, etc. If you plot the fluorescence intensity
against the peptide concentration and you receive a linear
relationship, then you are in a good range. Otherwise, the
plate reader settings should be optimized.

The readout time is dependent on the activity of your enzyme
preparation. If you do not have an increase of the fluorescence
intensity over the detection period of 20 min and the plate
reader settings are already optimized, the enzyme concentra-
tion should be increased, or the readout time can be prolonged
(e.g., to readout every 60 s or 120 s for 1 h). If the reaction is
too fast and already done after a few minutes, the enzyme
concentration could be decreased.

If there is more than one compound to be tested, it is maybe
easier to perform the dilution series in a 96-well plate. One row
of the plate (Al to Al2) is for the dilution series of one
compound of interest (with 100% and 0% control). To do so
add 50 pL of the 10% DMSO solution to all wells of the plate
you will need. Fifty pL of the fourfold compound of interest
concentration will be added to the first column of the plate for
all compounds of interest. The dilutions series is done in paral-
lel with a multichannel pipette.

To prepare this master mix, it is better to make one or two
intermediate dilution steps. If you plan to test one or more
compounds, you can prepare 10 pM of stock in DMSO from
the 10-mM stock solution and store it at —20 °C.

If you do not have the possibility to do the readout with
fluorescence polarization, you could also use the fluorescence
intensity readout. If you use fluorescence intensity readout, it is
necessary to check if the compound of interest itself influences
the fluorescence intensity of the peptide substrate.
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Abstract:

Lysine deacetylases, like histone deacetylases (HDACs) and sirtuins (SIRTSs), are involved in
many regulatory processes like control of metabolic pathways, DNA repair and stress response.
Besides robust deacetylase activity sirtuin isoforms SIRT2 and SIRT3 show demyristoylase
activity as well. Interestingly, most of the inhibitors described so far for SIRT2 are not active if
myristoylated substrates are used. Activity assays with myristoylated substrates are either
complex because of coupling to enzymatic reactions or time-consuming because of discontinuous
formats. Here we describe sirtuin substrates enabling direct recording of fluorescence changes in
a continuous format. Fluorescence of the fatty acylated substrate is different as compared to the
deacylated peptide product. Additionally, dynamic range of the assay could be improved by the
addition of bovine serum albumin which binds the fatty acylated substrate and quenches its
fluorescence. Caused by the extraordinary kinetic constants of the new substrates (Ku values in
the low nM range, specificity constants between 175000 and 697 000 M-1s-1) reliable
determination of ICso and Kj values for different inhibitors in the presence of only 500 pM SIRT2
in different microtiter plate formats was possible.
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Abstract: Lysine deacetylases, like histone deacetylases (HDACs) and sirtuins (SIRTs), are involved in
many regulatory processes such as control of metabolic pathways, DNA repair, and stress responses.
Besides robust deacetylase activity, sirtuin isoforms SIRT2 and SIRT3 also show demyristoylase
activity. Interestingly, most of the inhibitors described so far for SIRT2 are not active if myristoylated
substrates are used. Activity assays with myristoylated substrates are either complex because of
coupling to enzymatic reactions or time-consuming because of discontinuous assay formats. Here
we describe sirtuin substrates enabling direct recording of fluorescence changes in a continuous
format. Fluorescence of the fatty acylated substrate is different when compared to the deacylated
peptide product. Additionally, the dynamic range of the assay could be improved by the addition
of bovine serum albumin, which binds the fatty acylated substrate and quenches its fluorescence.
The main advantage of the developed activity assay is the native myristoyl residue at the lysine
side chain avoiding artifacts resulting from the modified fatty acyl residues used so far for direct
fluorescence-based assays. Due to the extraordinary kinetic constants of the new substrates (Kyy
values in the low nM range, specificity constants between 175,000 and 697,000 M~!s~1) it was possible
to reliably determine the IC5) and K values for different inhibitors in the presence of only 50 pM of
SIRT2 using different microtiter plate formats.

Keywords: histone deacetylases; sirtuins; fluorescence quenching; sirtuin inhibitors; myristoylated
substrates; continuous activity assay; bovine serum albumin effect

1. Introduction

Acylation of lysine side chains in proteins is a widespread posttranslational modi-
fication that is modulated by the enzymatic activity of acetyltransferases and enzymes
known as histone deac(et)ylases (HDACs). HDACs are divided into 4 classes based on
their sequence homology. Class I (HDACI, 2, 3, and 8), class Ila (HDAC4, 5, 7 and 9),
class IIb (HDACS6 and 10), and class IV (HDAC11) are grouped within the Zn?* dependent
hydrolases. Class III enzymes (called sirtuins; human SIRT1-SIRT?7) require NAD" as
a co-substrate to transfer an acyl moiety from the lysine side chain to the ADP-ribosyl
fragment of the co-substrate generating 2-O-acetyl-ADP-ribose and nicotinamide as the
second and third reaction product, respectively [1].

HDAC s are involved in a number of patho(physiological) processes including can-
cer progression, obesity, and immune function. Consequently, several HDAC inhibitors
(HDAC]) have already been approved by the Food and Drug Administration for the
treatment of cancer (including vorinostat, romidepsin, belinostat, and panobinostat) and
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a number of clinical trials with sirtuin inhibitors (either natural products or synthetic
small molecules) are ongoing. Robust and continuous sirtuin/HDAC activity assays
compatible with high-throughput screening (HTS) are, however, required for further
drug development.

Several enzymatic assays have been developed to monitor the lysine deacylase activity
of HDACs/SIRTs as reviewed in [2,3]. Most of these activity assays are discontinuous
(HPLC-based or mass spectrometry-based assays), or suffer from complexity due to coupled
enzymatic [4-11] or chemical reactions [12] (reviewed in [13,14]).

Activity assays for lysine deacylase are often linked to a separation step enabling
quantification of the peptide substrate and a reaction product. The following separation
methods were used: capillary electrophoresis [15], microchip electrophoresis [16], microflu-
idic mobility [17,18], polyacrylamide gel electrophoresis [19], high- performance liquid
chromatography [20-23], thin layer chromatography [24], charcoal binding [25], binding to
boronic acid resins [26], and extraction with organic solvents [27]. However, these activ-
ity assays are discontinuous and time consuming. Mass spectrometry could be used for
quantification of substrates and products subsequent to separation in the gas phase [28-31].
Alternatively, biological reagents and chemical reactions could be used for detection of
acetylated substrates, such as acetyllysine-recognizing antibodies [32-37], or reaction prod-
ucts, such as the released primary amino function of the lysine side chain. Described are
acylations with biotin-containing compounds or fluorescent dyes [38], alkylations with
fluorescamine [39], or intra-molecular reactions, such as transesterification with a coumarin
dye [40—42] or release of bioluminescent luciferin subsequent to an intra-molecular cleavage
of an ester bond [43] or intramolecular aldimine formation [44,45].

To develop a more robust activity assay that is suitable for the different lysine deacylase
isoforms, it is important to consider the influence of the acyl residue on substrate specificity.
For example, nearly all sirtuins have demyristoylation activity [46], and it has been shown
that HDAC11 also has a high demyristoylase activity [47-49]. We recently demonstrated
that the myristoylated lysine residue (Figure 1, R1) in TNFa-derived substrate peptides can
be replaced by a 2-aminobenzoylated-11-amino-undecanoylated lysine residue (Figure 1,
R4), generating a substrate derivative that enables continuous activity measurement of
both sirtuins and HDAC11 [50,51].

(0]
R1= \)W/VV\
S
R2 = \)J\/\/\/\/\/\/\
F{‘NH (0] S

Iz

‘*W*@
\*4@@
\)L“F@

n=0,10r2

Figure 1. Structure of acyl residues used for different deacylase activity assays.

It has also been shown that an increase in the size of the fluorophore, which allows
fluorescence measurements at longer wavelengths, leads to decreased substrate specificity
and decreased kinetic properties for sirtuins [50] and HDAC11 [51]. Because sirtuins can
accept relatively large fluorophores within the peptide sequence, we addressed this issue
by designing substrates where the fluorophore and quencher positions are switched [3].
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Replacing the 2-aminobenzoyl residue by a 2-amino-5-nitro-benzoyl quencher resulted
in SIRT2 substrates with very similar specificity constants [50]. In the search for smaller
quenchers, we exploited the ability thioamides to quench fluorescence by photoinduced
electron transfer (PET) [52]. We showed that replacement of the amide scissile bond in
fluorescently labeled HDAC substrates by a thioamide bond enabled continuous activity
determination of HDAC8 and HDAC11 [53]. Unfortunately, thioamide bonds were poor
targets for sirtuins because of the generation of a so-called stalled intermediate [54], and
thiomyristoyl residues (Figure 1, R2) are components of efficient inhibitors of SIRT1-3
and SIRT6 [55-57]. To overcome this problem, we introduced a thioamide bond into the
myristoylated lysine residue (Figure 1, R3) and were able to generate substrates for sirtuins
and HDACI11 that showed superior catalytic constants in a continuous and direct activity
assay [3].

Additionally, Kawaguchi et al. showed that SIRT1-3 and SIRT6 are able to recognize
the sterically more demanding DABCYL moiety in the acyl chain (Figure 1, R5), enabling
monitoring of sirtuin activity in living cells [58]. New fluorescence probes for sirtuin activ-
ity measurements were generated by replacing the DABCYL quencher with disperse red
dye (Figure 1, R6) [59]. Unfortunately, all of the continuous activity assays described suffer
from the need for modified acyl moieties on the lysine side chain which can cause assay
artifacts [60]. Therefore, to overcome this limitation, we searched for alternative methods to
change the fluorescence intensity of a peptide substrate when compared to the correspond-
ing deacylated product. Here, we describe the use of myristoylated peptides, representing
the naturally occurring acyl modification, in combination with environmentally sensitive
fluorophores for continuous and sensitive detection of sirtuin activity. Furthermore, we
show that the use of bovine serum albumin (BSA) as a fluorescence quencher for the
substrate dramatically enhances the dynamic range of the defatty acylase activity assay.

2. Results

To test whether the sirtuin/HDAC-mediated release of the hydrophobic myristoyl
residue from a peptide substrate could be sensed by fluorophores, we synthesized a TNFx-
derived peptide [3,50] that comprised a myristoylated lysine residue in combination with
a coumaryl based amino acid at the position —2 (Figure 2, Mcm1) or +2 (Figure 2, Mcm2,
Table S1). In a systematic fluorophore scan, these two positions were found to be less sen-
sitive to substitution with sterically demanding moieties [3]. Additionally, we synthesized
the corresponding fluorescently labeled peptide product of the SIRT/HDAC11-mediated
deacylation of Mcm2 (Mcm3, Figure 2 and Figure S1-S3). First, using an HPLC-based
activity assay, we analyzed how efficiently Mcm1 and Mcm2 were deacylated by different
SIRTs and HDACI11 (Figure 2B). Both compounds showed good substrate properties for all
the tested sirtuins (including SIRT5) and for HDAC11. Second, we recorded absorbance
and fluorescence spectra for Mcm1-3 (Figure 2C,D), and differences in the latter enabled us
to monitor the time-dependent demyristoylation of Mcm1 by SIRT2 (Figure 2E), which was
proportional to the enzyme concentration (Figure 2F). Non-linear analysis of the depen-
dence of the demyristoylation rate on the substrate concentration allowed us to calculate
Kwm and keat values (Figure 2G). The Ky value of 17 nM was relatively low, but was in
accordance with the low Ky value determined for the structurally related, TNFx-based
substrate with the thioacetylated 11-amino undecanoic acyl residue (Figure 1, R3) [3].

The suboptimal spectral properties of Mcm1 and Mcm2 prompted us to evaluate
substrates where Mcm residues are replaced with fluorescein covalently bound to the side
chain of cysteine (Figure 3B). A similar structural element has already been described in
combination with acetylated peptides derived from histone H4 to generate fluorescent
reporters for monitoring histone acetyltransferase activities [61]. Additionally, we have
recently shown that SIRT2 accepts fluorescein-labeled cysteine residue substrates [3]. We
synthesized substrates F1, F2, F4, and F5 that differed in the position of the fluorophore
(—2 or +2 position) and the nature of the fatty-acyl residue (either myristoyl (F1 and F4)
or palmitoyl (F2 and F5)) (Figure 3B and Figure S4-510). Additionally, we synthesized the

90



Int. . Mol. Sci. 2023, 24, 7416

40f19

expected fluorescently labeled peptide reaction products F3 (fluorophore in —2 position)
and F6 (fluorophore in +2 position) (Figure 3B).

A Mcm1  Ac-EAL-Mcm-KK(Myr)TGG-NH,

Mcm2 Ac-EALPKK(Myr)T-Mcm-G-NH,
Mcm3  Ac-EALPKKT-Mcm-G-NH,

[product]
(M)

c1 Ac-RHKK(Ac)-AMC (0] Mcm o 2
15
c2 Ac-RHKK(Myr)-AMC H - Yo
awe X £ 0
€3 Ac-EALPKK(Myn)Y(NO,)GG-NH, P N
o HDAC11 5
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T T
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-3 E 5 e
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Figure 2. Direct and continuous activity assay for demyristoylation using the environmentally
sensitive fluorophore Mcm (7-Methoxycoumarin-4-yl-alanyl). (A) Structures of compounds Mcm1
to Mcm3 and control peptides C1 to C3. Y(NO,) corresponded to meta-nitrotyrosine. (B) Peptide
substrates at an initial concentration of 50 uM were treated with either 50 nM HDAC11, or with
SIRT2 (0.1 uM), SIRT3 (0.1 uM), SIRT5 (0.5 uM), or SIRT6 (0.5 uM) in the presence of 500 pM NAD*
at 37 °C for 60 min. Product formation was monitored via HPLC at 320 nm or 360 nm for C3. Values
were obtained from three independent replicates. (C) Absorbance spectra for Mcm1 to Mcm3 at
30 uM concentration. (D) Normalized fluorescence spectra of Mcm1 to Mem3 at 3 M concentration.
(E) Progress curves of Mcm1 deacylation (1 pM) by SIRT2 (1InM-30nM) at 25 °C (Agy = 330 = 75 nm
and Agy, =405 £+ 8 nm) monitored in a 96-well plate format. (F) The reaction rate shows a linear
correlation with the SIRT2 concentration. (G) Michaelis-Menten kinetic analysis of Mcm1 deacylation
by SIRT2 obtained from three independent replicates.

As a control substrate, we synthesized a myristoylated, TNFa-derived peptide without
a fluorophore but with a meta-nitrotyrosine residue in the +1 position, allowing more
convenient detection in HPLC-based activity assays (C3 in Figure 3B) [50]. All peptides
were then evaluated as putative substrates for sirtuins 2, 3, 5, and 6, and HDAC11 and the
results are shown in Figure 3C. Peptides F4 and F5, both containing the fluorophore in the
+2 position, turned out to be very good SIRT2 substrates. Additionally, F4 proved to be a
surprisingly good substrate for SIRT5, which is known to be specific for negatively charged
acyl residues such as malonyl [62], succinyl [23], and glutaryl [63] residues. Nevertheless,
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the enzyme concentration for SIRT5 used was five-fold higher when compared to SIRT2
or SIRT3.

NAD*
/ﬁ)'\)ﬁrf:*rr E SIRT2 or SIRT3
L» L» + O-Myristoyl-ADPr
fluorescence fluorescence NAM
decrease increase %ﬁﬁ:ﬁg‘*
fluorescentlabeled, 1
myristoylated peptide demyristoylated peptide
[product]
B F1 AcEALFLKKMynTGG-NH, F4 AcEALPKK(Myn)T-FIL.GNH, HO O 0 ‘ 0 C )
F2 Ac-EAL-FI.KK(Pal)TGG-NH, F5 Ac-EALPKK(Pal)T-FI-G-NH, Z SIRT2 o5
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Figure 3. BSA-based activity assay. (A) The principle of the BSA-based assay. A fluorescently
labeled and myristoylated peptide binds to BSA and the fluorescence is quenched. SIRT2 separates
the myristoyl residue from the fluorescently labeled peptide product, which is not able to bind to
BSA so tightly. (B) The structures of the peptides used for these experiments. Fl, or fluorescein
corresponds to 5-acetamidofluorescein coupled to a cysteine residue. (C) Product formation of
different peptide substrates at a concentration of 50 uM with subsequent treatment for 1h at 37 °C
with 50 nM HDAC11, or with SIRT2 (0.1 uM), SIRT3 (0.1 uM), SIRT5 (0.5 uM) or SIRT6 (0.5 uM) in
the presence of 500 ptM NAD™. Product formation was monitored via HPLC at 320 nm (or 360 nm for
C3). Values were obtained from three independent replicates. (D) Fluorescence spectra of F4 with
increasing concentrations of BSA resulting in a decrease in the fluorescence intensity of the substrate.
The excitation wavelength was 490 nm. (E) Similar experiment to that in D, with the product Fé6
showing only a slight decrease in fluorescence. The excitation wavelength was 490 nm. (F) Plotting
the relative fluorescence intensities from F4 and F6 directly from (D,E) at Ag,, = 517 nm against the
concentration of BSA yielded a Kp value of 1.2 uM for the F4/BSA complex. The Kp value was
obtained from one experiment (n = 1). (G) Determination of the dissociation constants of F4 and F6
complexes with BSA measured via fluorescence polarization. The Kp value was obtained from three
independent replicates.

In order to develop a continuous fluorescence-based activity assay for SIRTs/HDAC11
using substrates F1, F2, F4, and F5, we compared their fluorescence spectra with the spec-
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tra of their respective deacylation products F3 and F6 in a protein-free assay buffer, and
surprisingly we did not observe any significant differences. However, marked differences
in the fluorescence spectra of substrate/product pairs in a buffer containing bovine-serum
albumin (BSA), a typical component of our HDAC assay buffers, were noted. This observa-
tion suggested interactions between the substrates and BSA that were likely mediated by
binding sites for fatty acids on the BSA surface [64].

Figure 3A shows the reaction principle behind the idea to use BSA as a discriminator
between the fluorescently labeled substrate and the peptide product of the deacylase-
mediated reaction. Here, a fluorescently labeled and myristoylated peptide binds tightly to
BSA [64], and its fluorescence is quenched. Following deacylation by SIRTSs, the reaction
product is “released” from BSA, leading to a marked increase in fluorescence. Therefore, we
first determined the dissociation constant of the F4/BSA complex using either fluorescence
spectroscopy (Figure 3F) or fluorescence polarization measurements (Figure 3G). The Kp
values were 1.2 uM and 1.6 uM, respectively. At the same time, the calculated dissociation
constant for the peptide reaction product F6 was more than 100-fold higher in both cases.

This remarkable discrimination could be visualized by recording fluorescence spectra
of F4 and F6 in the presence of different BSA concentrations (Figures 3D and 3E, respec-
tively) and demonstrates a strong fluorescence quenching for F4 bound to BSA. Because of
its high Kp value, fluorescence quenching of F6 caused by binding to BSA was negligible
within the concentration range used. Thus, deacylase-mediated removal of the fatty-acyl
residue from the lysine side chain resulted in a fluorophore-labeled peptide product that
no longer bound to BSA, yielding a robust increase in fluorescence over time (Figure 4A).

Deacylation of the substrate F4 could also be monitored by measuring differences in
the absorbance spectra (Figure 4B) either at 510 nm (signal decrease) or at 489 nm (signal
increase) (Figure 4C). Figure 4D shows the progress curves for F4 deacylation by SIRT2
in the assay buffer in the absence or presence of 30 uM of BSA using a 96-well microtiter
plate (MTP) format, which was corrected using a control assay using the same buffer but
without SIRT2. Almost no change in fluorescence intensity was observed without BSA in
the reaction solution. In contrast, a strong increase in fluorescence over time in the presence
of BSA could be detected. We analyzed samples of the reaction solutions with HPLC
using both UV-Vis and fluorescence readouts and compared them with the results from the
MTP-based format. Our data show that the fluorescence intensity in the presence of BSA in
the MTP-based experiment correlated well with the product formation calculated from the
HPLC-based experiments (Figure 4E). In contrast, there was no correlation between the
MTP-fluorescence and HPLC readouts in the absence of BSA. This discrepancy could be
explained by the effect of BSA shown in Figure 3A. SIRT2 was able to cleave the substrate
in the absence of BSA, as shown by HPLC measurements, but despite the virtually identical
fluorescence intensities of the substrate/product pair, no increase in fluorescence signal
could be detected over time in the MTP format.

These positive results prompted us to follow the SIRT2-mediated cleavage of F4 over
a range of enzyme concentrations between 100 pM and 20 nM (Figure 4FG) using the
fluorescence readout (Figure 4F,G). The signal intensity showed a linear correlation with
the SIRT2 concentration within the range of 100 pM to 10 nM. To our knowledge, this
represents one of the most sensitive SIRT2 activity assays described so far.

In the assay solution, SIRT2 and BSA compete for binding to the fluorescently labeled
substrate. Therefore, we next analyzed the binding of the substrate F4 to SIRT2 in the
absence of NAD* but in the presence of different BSA concentrations using fluorescence
polarization measurements (Figure 4H-K). The aim of this experiment was to elucidate any
impact of BSA concentration on the Kp value of the SIRT2/F4 interaction. The calculated
Kp value for binding of F4 to the active site of SIRT2 was between 7 nM and 18 nM for
BSA concentrations varying from zero to 300 pM. Thus, binding to BSA did not influence
the formation of the Michaelis complex between SIRT2 and F4. Encouraged by these
results, we determined the kinetic constants of the novel substrates for SIRT2 and SIRT3
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(Table 1). SIRT5, SIRT6, and HDAC11 were not functional in this assay format because of
the suboptimal affinities to the substrates F1, F2, F4, and F5.
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Figure 4. Continuous activity assay for SIRT2 using F4 as a substrate. (A) Fluorescence spectra of
1uM F4 subsequent to treatment with 30 nM SIRT2 in the presence of 500 pM NAD* and 30 uM
BSA. The green line shows the first, and the red line the last, spectrum recorded (total recording time
30 min). (B) Absorbance spectra of 10 uM of F4 after the addition of 100 nM of SIRT2 in the presence
of 500 M of NAD™. The green line shows the first, and the red line the last, spectrum recorded
(total recording time 30 min). (C) Progress curves at two different wavelengths extracted from (B).
(D) Progress curves of SIRT2-mediated cleavage of F4 measured in a 96-well plate format as changes
in fluorescence intensities. After 1800 s, the measurement was interrupted, and the reaction mixture
from individual wells was analyzed by HPLC. The fluorescence detection was continued afterwards.
(E) Determination of the product formation of the reaction solution of (D) using HPLC with an
absorbance detection at 450 nm and the fluorescence intensity readout of a 96-well MTP reader.
Product formation in the MTP experiment was calculated using the total change in the fluorescence
intensity as 100%. (F) Cleavage of 0.25 uM of F4 mediated by different concentrations of SIRT2 in
the presence of 500 uM of NAD™ at room temperature. Detection was performed via changes in
fluorescence intensity with Agyx = 485 £ 14 nm and Agy, = 535 £ 25 nm. All fluorescence values
were corrected with a negative control without enzymes. The rate of this reaction was plotted
as a function of the SIRT2 concentration in (G), and shows a linear relationship up to a SIRT2
concentration of 10 nM. (H-K) Binding curves of F4 (10 nM) to SIRT2 in the absence of NAD* at
different concentrations of BSA, monitored via fluorescence polarization and with three independent
replicates. FB signifies the fraction bound to SIRT2.
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Table 1. Kinetic constants for SIRT2, SIRT3, and SIRT5 for selected substrates (Figures 2 and 3). SD
denotes the standard deviation of three independent replicates, and n.d. denotes not determined.

Enzyme Substrate Ky + SD (nM) Keat £ SD x 10% (s—1) Keat/Kyg (M—1s—1)
F1 16 £3 84+19 536,000
F2 39+5 6.7 £1.0 175,000
SIRT2 F4 33+5 23+3 697,000
F5 43 +£5 15+£2 335,400
Mcm1 17 £2 6.8+£15 400,000
F1 >20 uM >17 n.d.
F2 >20 uM >6 n.d.
SIRT3 F4 530 + 70 2346 44,000
F5 990 £70 27 £6 27,000
Two major conclusions can be drawn from these data. First, palmitoyl residues at the
lysine side chain were accepted by SIRT2 and SIRT3, but with slightly increased Ky values,
resulting in an approximately 2-3-fold decreased in specificity constants. Acceptance
of a palmitoylated lysine residue by SIRT2 has been reported, but was not compared
to myristoylated lysines [65]. Second, SIRT3 seemed to be sensitive to the position of
the fluorophore in the substrate sequence. While SIRT2 did not distinguish between
the —2 and +2 positions, SIRT3 accepted the bulky fluorophore in the +2 position only
(Table 1). Determination of the kinetic constants for F4 and SIRT2 using different MTP
formats (Figure 5A) revealed a good correlation with excellent Z'-factors and signal to
noise (S/N) ratios between 25 (1536-well MTPs) and higher than 90 (96-well and 384-well
MTPs) (Figure 5).
A 0025+ C 0075
0.020 — & — 0.060
’Z 0.015 S o045
o 5
& 0.010- -+~ 96 well - 0nM F 0030
z o 384 well - 5 > 23 M
0.0057 - 1536 well o 10nm > 40"M 005 Ki=13.2nM
0.000 T T T T 1 T T T T T T 1
000 005 010 015 020 025 010 015 020 025 -20 0 20 40
[F4] (uM) [F4] (uM) [cmp 12] (nM)
plate type Kwm (UM) kcat (s™) keat/Km (M1s™) Z' factor | S/N ratio
96 well 0.033 £ 0.005 0.023 £ 0.003 697000 0.893 93.1
384 well 0.027 £+ 0.002 0.022 + 0.001 785000 0.906 95.3
1536 well 0.060  0.009 0.027 £ 0.002 447000 0.798 24.3

Figure 5. v/[S] plots of SIRT2 with F4 under different conditions. (A) The kinetic parameters for
SIRT2 and F4 in a 96-well MTP format compared to 384- and 1536-well MTP formats. The resulting
kinetic parameters and the Z'-factors together with the respective S/N ratios for a 90% processed
reaction mixture with SIRT2 and F4 at a 1 uM concentration are summarized in the table under the
figure. Data points used for the Z'-factor calculation can be found in Figure S11. The values in the
table represent the mean of three independent replicates. (B) v/[S] plot of SIRT2 (1 nM) with different
concentrations of F4, 500 uM of NAD", and different concentrations of cmp12 [66]. A nonlinear
regression analysis was done according to the Michaelis-Menten equation. Lineweaver-Burk and
Hanes-Woolf plots for these data can be found in Figure S14. (C) Plot of the Ky values from panel B
as a function of the inhibitor concentration. The intercept with the abscissa represents the negative
K; value.
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Several known SIRT2 inhibitors (e.g., AGK2 and SirReal2 [67]) are very potent when
acetylated substrates are used, but are much less effective with myristoylated substrates [68].
It should therefore be feasible to use the assay developed here to identify inhibitors of
sirtuin-mediated defatty acylation in a continuous and direct format using naturally occur-
ring acyl chains in the substrates.

Recently, novel derivatives of SirReal have been described (i.e., cmp12; the structure is
shown in Figure S13) which potently inhibit SIRT2-mediated demyristoylation reactions
in vitro and in cells [66]. We determined the respective K; value for cmp12 using the
substrate F4 and SIRT2. Figure 5B shows the v/[S]-plots for different concentrations of
the inhibitor, indicating competitive inhibition of SIRT2 when the myristoylated peptide
substrate was used. This finding is in line with the proposed binding mode of the inhibitor.
Additionally, the calculated K; value of 13 nM (Figure 5C) for cmp12 was lower than any
other Kj value reported for small molecule SIRT2 inhibitors [66]. In order to validate the
substrate F4, we compared ICs values of known SIRT2 inhibitors (including AGK2 [69],
KK-22 [70], S2iL5 [71], and SMyr [55]) using different substrates described in continu-
ous and discontinuous activity assays and with both acetylated and myristoylated lysine
residues (Table 2). The substrate S1 represents a peptide derivative with an aminobenzoy-
lated 11-aminoundecanoylated lysine side chain (Figure 1, R4, and Figure S11) described
in [50]. The substrate S2 represents a fluorescently labeled peptide with a thioacetylated
11-aminoundecanoylated lysine side chain (Figure 1, R3, and Figure S11) as a PET quencher
described in [3]. In order to correct for the nanomolar Ky values of the substrates F4 and
S1 [3], we performed these measurements either at 1 M or at concentrations close to the
Kwm value of the respective substrate. Substrates C1 and C2 (Figure 2A) with acetylated
and myristoylated lysines, respectively, were included because such fluorescently labeled
derivatives are often used in a discontinuous assay format with trypsin as a developer
protease. As seen in Table 2, inhibition potency for compounds thought to bind in the vicin-
ity of the lysine channel (i.e., KK-22, SMyr, S2iL5, and cmp12) increased with decreasing
concentration of myristoylated substrates F4 or S2. In contrast, NAM inhibition showed
the opposite effect, specifically for substrates F4 and S2 (Table 2).

Table 2. IC5, values for SIRT2 using different substrates and SIRT2 inhibitors. The structures of all
substrates are shown in Figure 512, and the structures of the inhibitors used are shown in Figure
S13. Mcm1_T denotes a buffer containing 0.1% Tween20 (w/v) instead of BSA. SD values denote the
standard deviations of at least two independent replicates.

cmp ICsy Value + SD in uM or Inhibition in % at a Given Concentration
K [E] . .
[S] (uM) (M) NAM S2iL5 cmpl2 SMyr KK-22 SirReal2 AGK2
00/0 00/0
F4 (1 uM) 0.033 10 100 +£5 0.34 £ 0.02 0.32 £ 0.04 0.015 + 0.001 16+12 @20 UM @20 UM
0.00078 + 25 £ 2% 42 + 4%
F4 (40 nM) 0.033 1 211+ 7 0.034 + 0.004 0.015 + 0.002 0.00005 15+1 @20 uM @20 uM
18 + 2% 0%
S2 (1 uM) 0.0053 10 340+ 7 1.3+0.3 093 £0.2 0.028 + 0.005 302 @20 UM @20 UM
600 + 0.00058 + 32+ 2%
S2 (10 nM) 0.0053 0.5 70 0.028 £ 0.015 0.019 + 0.006 0.00013 21+0.1 1.1+01 @20 uM
7 £ 3% 0% 0%
Mcm1 (1 uM) 0.017 10 43+6 24405 1.7+£0.2 0.093 + 0.002 @20 UM @20 UM @20 uM
0% 0% 0%
Mcm1_T (1 uM) 0.017 10 45+3 19+0.1 14+3 0.058 + 0.025 @20 uM @20 uM @20 uM
120 £ 33+5%
S1 (1 uM) 0.15 10 10 0.56 + 0.02 0.41 £+ 0.04 0.0099 + 0.003 12+ 05 55+ 0.8 @20 uM
0.089 +
C1 (20 pM) - 100 1241 0.21 £ 0.01 0.048 + 0.005 0.056 + 0.011 0.41 £0.03 0.009 1241
o 22+ 3% 6+ 6%
C2 (1 uM) - 100 42+6 0.42 £+ 0.02 0.24 £+ 0.03 0.33 £ 0.01 24 + 1% @20 uM @6 uM

Interestingly, we detected some weak inhibition for SirReal2 using substrates S1 (ICs
of 5.5 uM) and S2 (ICsy = 1pM), which both contained a hydrophobic acyl residue which
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was structurally related to the myristoylated lysine (Figure S12). Clearly, substrates S1
and S2 were more sensitive to inhibition, similar to acetylated substrates. When SirReal2
was analyzed with histone H3-derived substrates bearing a myristoylated lysine side
chain at position 9 using an HPLC-based activity assay, no inhibition could be detected
(IC50 > 100 uM) [68]. We analyzed SirReal2 inhibition using a 100 nM substrate concen-
tration, which was most probably higher than the expected Ky value. Using either F4 or
Mcm1 at concentrations above their respective Ky constants failed to reveal any inhibition
of SIRT2 by SirReal2 (Table 2, data lines 1, 5, and 6). When we lowered the substrate con-
centration of F4 to close to the Ky value, the estimated ICs value for SirReal2 was close to
20 uM (Table 2, data line 2). These data demonstrate that, in contrast to the substrates S1
and S2, our novel substrates F4 and Mcm1 behaved comparably with the themyristoylated
peptides used in HPLC-based discontinuous assays, and could be used to determine the
inhibition potency of compounds for SIRT2-catalyzed demyristoylation reactions.

3. Discussion

It was demonstrated that enzymes could be used to monitor changes in the substrates
or products of sirtuin/HDAC reactions. One of the first continuous sirtuin assays was de-
veloped using a combination of nicotinamidase and glutamate dehydrogenase for indirect
spectrophotometric determination of sirtuin-mediated release of nicotinamide [11]. Ina
similar way, a cascade of enzymatic reactions was used to quantify the remaining sirtuin
cosubstrate NAD™ [17]. These two assay principles were shown to be independent of the
chemical nature of the acyl residue, thereby allowing activity measurements with the native
acyl chain, such as myristoylated substrates. Nevertheless, the combination of several
enzymatic reactions with the sirtuin/HDAC reaction resulted in a complex assay setup
with a limited linear range which made the assay more susceptible to artifacts by additional
modulation of the enzymatic activity of the helper enzymes. This effect was demonstrated
for the Sirt5 inhibitor GW5074, which affected the enzymatic activity of the helper enzyme
glutamate dehydrogenase [72]. Alternatively, the deacylated peptide product of the sir-
tuin reaction could be quantified by coupling to the action of a protease specific for free
lysine [22,73-75]. A fluorophore in the +1 position of the sirtuin substrate is necessary for
such reagents to generate bright fluorescence subsequent to protease-mediated cleavage
of the lysyl-fluorophore amide bond [5-10]. Proteolytic instability of different HDACs
and sirtuins forced a discontinuous assay format, but for some sirtuin isoforms, this assay
could be performed in a continuous manner [76,77]. Nevertheless, the protease-coupled
assay format allowed sirtuin activity measurements using native acyl residues at the ly-
sine. For most of the published sirtuin assays, the substrate properties are suboptimal
with regard to both Kyt and ke, values, resulting in specificity constants in the range of
10 M~1s71-10,000 M~ s~ 1. These constraints result in high substrate and sirtuin concen-
trations. Assay protocols using enzyme concentrations in the range of 500 nM (sirtuin 2) to
2 uM for sirtuin 6 reduce the validity of the Michaelis-Menten equation and prevent the
determination of ICs, values for inhibitors binding with affinities below 250 nM.

In contrast to most HDACs, sirtuins are able to accept longer acyl chains at the lysine side
chain [46]. Based on the observation that sirtuins are able to recognize fatty acyl chains [46],
several direct and fluorescence-based activity assays have been developed [50,58,59]. One of
these assays was adapted to monitor HDAC11 activity [51]. A small fluorophore (or a small
quencher) was fused to the acyl moiety linked to the lysine side chain (Figure 1, R3 and R4,
substrate S1). The resulting substrates had good properties for Sirt2 and HDAC11, with
Keat /Ky values up to 175,000 M 1s71and 11,000 M~ 151, respectively [50]. Additionally,
we replaced the scissile bond with a thioamide bond and were able to show that such
a modification was tolerated by HDAC isoforms such as HDAC8 and HDAC11, yield-
ing internally fluorescence-quenched HDACS substrates with specificity constants up to
450,000 M~1s~!. Because a similar thioamide substitution resulted in very slow substrates
for sirtuins [54], we wondered if a thioamide bond within the fatty acyl residue (Figure 1,
R3) would result in a small quencher. In combination with a respective fluorophore in the
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peptide chain, the thioacylated 11-aminoundecanoylated lysine derivatives (Figure 1, R3)
showed extremely low Ky values, down to 1 nM for sirtuin 2 [3]. The known Ky values
for continuous assay substrates for sirtuin 2 are 120 nM [50], 520 nM [58], and 41 nM [59].
The data presented in Table 2 show that substrates with modified fatty acyl residues such
as S1 and S2 do not match the properties of the native myristoyl residue. Determination of
the ICs( values of SirReal?2 for the sirtuin 2-catalyzed reaction showed obvious inhibition
when hydrophobic substrates S1 and S2 were used, but no inhibition when F4 or Mcm1
were utilized. Therefore, our novel substrates only reflect the influence of compounds on
the demyristoylation activity of sirtuin 2 and other isoforms.

Based on the low Ky value of F4, SIRT2 activity could be reliably detected in microtiter-
plate formats with enzyme concentrations as low as 100 pM and a substrate concentration
of 40 nM. To the best of our knowledge, this represents one of the most sensitive SIRT2
substrates described so far, enabling highly effective inhibitor screening projects because
of the reagent-saving activity assay format. Additionally, substrates F1 and F2 could be
used for selective monitoring of sirtuin 2 activity in more complex biological fluids such as
cell lysates or within cells, because in contrast to F3 and F4, they could not be cleaved by
SIRT3 (Table 1). Nevertheless, metabolic stability must be increased. Cleavages of peptide
bonds between the fluorophore and the fatty acylated lysine by proteases yielded a false
positive signal. Replacement of amino acid residues by either D-amino acids or N-methyl
amino acids are known to prevent proteolytic cleavage. In a systematic study, we were able
to demonstrate broad acceptance of such modifications in sirtuin substrates. For cell-based
experiments, the metabolically stabilized substrate could be fused to oligo-arginines for
better cell penetration. We know that sirtuins recognize peptide substrates fused via the
N-terminus to oligo(deca)-D-arginine, opening the way for such substrates to be applied in
living cells. Two different methods have been described for sirtuin activity measurements
in living cells. Sirtuin activity could either be monitored by spontaneous chromophore
maturation after deacetylation of lysine 85 in enhanced green fluorescent protein [78], or
by replacing the lysine 529 in the active site by an acetylated lysine in firefly luciferase
results in an enzymatically inactive enzyme variant. Sirtuin-mediated deacetylation could
be monitored in a continuous assay format by restored luciferase activity [79].

In summary, we were able to demonstrate that environmentally sensitive fluorophores
could be helpful for the development of efficient sirtuin substrates, which were useful for
continuous activity measurements with microtiter plate-based equipment. The superior
kinetic constants of substrate F4 enabled the determination of inhibition constants with
substrate concentrations in the low nanomolar range, and SIRT2 concentrations down to
100 pM. Moreover, the developed substrates such as F1 and F2 represent a starting point
for the generation of probes enabling monitoring of SIRT2 activity in vivo.

4. Materials and Methods
4.1. Enzymes and Chemicals

Sirtuins and HDAC11 were expressed and purified as described previously [3,47]. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
indicated. N,N-dimethylformamid (DMF), piperidine, ethyl(hydroxyamino)cyanoacetate
(OxymaPure), pentafluorophenol, and rink amide MBHA were purchased from Iris Biotech
(Markredwitz, Germany). The 9-fluorenylmethoxy-carbonyl- (Fmoc)-protected amino
acid derivatives and O-(benzotriazol-1-y1)-N,N,N’,N’-tetramethyluronium hexafluorophos-
phate (HBTU) were purchased from Merck (Darmstadt, Germany). Trifluoroacetic acid
(TFA) was obtained from Roth (Karlsruhe, Germany). Fmoc-protected (-(7-methoxy-
coumarin-4-yl)-alanine (Mcm) was purchased from Bachem (Bubendorf, Switzerland).
KK22, cmp12, S2iL5, Fmoc-Lys(Ns)-OH, and SMyr were synthesized as described previ-
ously [50,66,70]. SirReal2 was purchased from Biomol (Hamburg, Germany). AGK2 was
purchased from Selleckchem (Houston, TX, USA).

For all HPLC purifications and analyses, a system of water (solvent A) and acetoni-
trile (solvent B), both supplemented with 0.1% (v/v) trifluoroacetic acid (TFA), was used.
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Purification of compounds was done using a Shimadzu LC System (Kyoto, Japan) with
a Phenomenex (Torrance, CA, USA) Kinetex™ 5 pm XB-C18 column (250 x 21.1 mm,
100 A) at a flow rate of 15 mL/min. Different gradients were used depending on the
compound, with a runtime of 45 min. Analytical HPLC runs were performed using an
Agilent 1100 HPLC system (Santa Clara, CA, USA) with a well plate autosampler and a
diode-array detector.

UPLC-MS analysis was carried out using either a Waters Acquity UPLC-MS system
or a Waters XEVOTQD UPLC-MS system (Milford, MA, USA) with a Waters Acquity-
UPLC-MS-BEH C18 column of 1.7 uM (2.1 x 50 mm; 30 A). A system of water (solvent A)
and acetonitrile (solvent B) supplemented with 0.1% (v/v) formic acid was used for LC
analysis, with a typical gradient from 5 to 95% of solvent B within 6 min, and a flowrate of
0.6 mL/min. Data analysis was done using the Waters software MassLynx 4.1.

4.2. Synthesis

The peptides were synthesized using an automated microwave peptide synthesizer,
Liberty Blue™ from CEM Corporation (Matthews, NC, USA). A Fmoc-based solid-phase
peptide synthesis (SPPS) strategy with rink amide MBHA resin was used. The amino
acid coupling was performed twice for every amino acid at 90 °C for 2 min with Oxyma-
Pure/DIC in DMF. Fmoc-deprotection was done with 20% (v/v) piperidine for 1 min
at 90 °C, and the final N-terminal deprotection was done with a 1:2:7 mixture of acetic
anhydride/DIPEA/DMEF (v/v) for 1 h at room temperature.

4.3. Mcm1-Mcm3

The Mcm fluorophore was introduced as a Fmoc-f3-(7-methoxy-coumarin-4-yl)-Ala-
OH building block via SPPS, and the myristoyl modification of the e-amino group of the
lysine was introduced as a Fmoc-Lys(Myr)-OH building block.

4.4. F1-F6

The peptides were synthesized via SPPS, and the resin modification a 2-nitrobenz-
enesulfonyl (nosyl) protected lysine (Fmoc-Lys(Ns)-OH) was introduced during syn-
thesis. The nosyl-protecting group was cleaved using a 1,8-diazabicyclo[5.4.0Jundec-7-
en/thiophenol/DMF solution (1.5/1/7.5 v/v) for 90 min, and the procedure was repeated
a second time. F3 and F6 were cleaved after washing. After washing with DMF, coupling
of the myristoyl residue (F1 and F4) was done with 4 equivalents of Myristoyl chloride
for 1h, and coupling of the palmitoyl residue (F2 and F5) was done with 4 equivalents of
palmitoyl chloride. After washing with DCM (4 x 5 min), methanol (2 X 5 min) and DCM
(4 x 5 min) peptides were cleaved of the resin with a TFA /TIPS/H,0 (95/2.5/2.5 v/v)
solution twice for 1 h. TFA was removed in vacuo, and the residual solution was dissolved
in water/acetonitrile solution (1/1 v/v) and purified via HPLC. Pure peptide-containing
fractions were combined and lyophilized. A total of 5 mg of 5-iodoacetamido fluorescein
was coupled with 1.2 equivalents of pure peptide and 6 equivalents of DIPEA in DMF
for 1 h. The solution was injected directly into the HPLC system, and peptide-containing
fractions were collected, frozen and lyophilized.

4.5. Recording of Fluorescence and Absorbance Spectra

All spectra were recorded in a SIRT assay buffer consisting of 20 mM of Tris-HCI,
pH 7.8, 150 mM of NaCl, and 5 mg/mL of MgCl,. The absorbance spectra were recorded
at room temperature in a cuvette with a pathlength of 10 mm using an Agilent CARY
3500 UV-Vis spectrometer. A compound concentration of 30 uM for Mcm-containing
compounds or 10 uM for fluorescein-containing compounds was used. The fluorescence
spectra were recorded in a fluorescence cuvette with a pathlength of 10 mm x 5 mm with
a Horiba Fluoromax 4 (Kyoto, Japan). The compound concentration was 3 M for Mcm-
containing peptides and 1 uM for fluorescein-containing peptides. Excitation wavelengths
were chosen according to the absorbance maximum of the individual compounds.
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4.6. Quenching Efficiency Determination

Quenching efficiency was determined from the fluorescence emission spectra with the
following equation at a wavelength of 515 nm. Fi,y is the fluorescence intensity of the
fluorescence peptide with a myristoyl residue, and Fige, is the fluorescence intensity of the
deacylated counterpart.

Fi
Qg = 100 * <1 aCy])

Fifree

4.7. HPLC Based Deacylation Analysis

The HPLC analysis was done in a total volume of 70 uL of SIRT assay buffer (compo-
sition above) supplemented with 2 mg/mL BSA for sirtuins, or in HDACI11 assay buffer
(20 mM HEPES, 70 uM TCEP, and 2 mg/mL BSA, pH 7.4 adjusted with NaOH) for HDAC11.
The reaction mixture with 50 M of peptide and 500 uM of NAD™ (only for sirtuins) was
incubated for 5 min at 37 °C, and the reaction was started with the addition of an enzyme
([SIRT2] and [SIRT3] = 100 nM, [SIRT5] and [SIRT6] = 500 nM, and [HDAC11] = 50 nM final
concentration). After 0.5 h and 1 h, the reaction was quenched by adding 20 uL of a stop
solution (5% acetonitrile (v/v) and 1% TFA (v/v) in water), and the solution was injected
directly into the HPLC-system. Separation of the substrate and product was done with a
linear gradient from 5% to 95% of solvent B within 6 min and at a flow rate of 0.6 mL/min.
Detection was done at a wavelength of 320 nm for Mem1, Mcm2, and C1 and C2, at 360 nm
for C3, and at 450 nm for F1, F2, F4, and F5. Product formation was calculated as the ratio
of product peak area to total peak area.

4.8. Steady-State Kinetics

The steady-state measurements were done using the sirtuin-mediated fluorescence
change through product formation. The reaction took place in a black 96-well fluorescence
plate in a total volume of 100 pL. The peptide was incubated at different concentrations
(depending on the substrate properties) with 500 uM of NAD™ (final concentration) in
SIRT assay buffer (composition above) supplemented with 2 mg/mL of BSA (0.1 % (w/v)
Tween20 for Mcm1) for at least 5 min at 25 °C. The reaction was started by the addition of
an enzyme (1 nM SIRT2 or 10 nM SIRT3 for F4 and F5; 20 nM SIRT3 for F1; and 50 nM for
F2), and the fluorescence change was monitored continuously with a PerkinElmer Envision
2104 multilabel plate reader (Waltham, MA, USA). The excitation wavelength was set to
Apx = 485 £ 14 nm, and the emission wavelength was set to Agy, = 535 &= 25 nm for F1 to F6,
and to Agx = 320 + 14 nm and Agy, = 405 + 8 nm for Mcm1. The fluorescence intensities
were plotted as a function of time, and the slope of the linear part of this curve represented
the reaction rate (steady state velocity). The product concentration was calculated using
calibration lines, the reaction rate was plotted against the substrate concentration, and a
fit according to the Michaelis-Menten equation was done to determine the Ky and the
keat values.

4.9. Determination of IC5y Values

The inhibition experiments were done using different assays depending on the sub-
strate. For peptides F4, Mcm1, S1, and S2, the enzyme activity was determined in a
continuous manner. For C1 and C2, a trypsin-coupled discontinuous endpoint assay was
used. For all assays, a dilution series of the inhibitor was done in DMSO.

The continuous assays were performed in a black 384-well fluorescence plate in a total
volume of 40 uL of SIRT assay buffer (composition above) supplemented with 2 mg/mL of
BSA for F4, Mcm1, S2, and S1, or 0.1% Tween20 for Mcm1. A total of 2 uL of the inhibitor
dilutions were incubated with 14 uL of the peptide substrate (final concentration 1 pM
for F4, Mcm1, S1, and S2, 40 nM for F4, or 10 nM for S2) and 14 pL of SIRT2 solution
(final concentration 10 nM for F4, Mcm1, S1, and S2, 1 nM for F4, or 0.5 nM for S2) for
5 min at room temperature. In addition to the inhibitor-containing samples, a sample
without inhibitors was measured as a positive control, and a sample without enzymes was
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measured as a negative control. The DMSO concentration was set to 5 % (v/v). The reaction
was started with the addition of 10 uL of NAD* (final concentration 500 M), the product
formation was monitored by the change of the fluorescence intensity, and the reaction rate
(see above) represented the activity. Fluorescence readouts for S2 were performed at the
same wavelengths as F4, and readouts for S1 were performed at the same wavelengths as
Mcml1. The activity was normalized using the positive control as 100% and the negative
control as 0%. The normalized activity (v/v) was plotted as a function of the logarithm of
the inhibitor concentration [I], and a nonlinear fit was performed according to the following
equation to determine the ICs, value.

v o 100
vo 1 + 10[1-1ogICs;

The discontinuous fluorescence assay was performed in a black 384-well fluorescence
plate in a total volume of 21 puL (for the sirtuin reaction) with C1 (for the deacetylation
reaction) and C2 (for the demyristoylation reaction) used as peptide substrates. A total of
1.05 pL inhibitor solution was incubated with 9.95 plL SIRT?2 solution (final concentration of
100 nM) for 5 min at room temperature, and the reaction was started with the addition of
substrate solutions with final concentrations of [C1] = 20 uM or [C2] = 1 uM and 500 uM
NAD*. Additionally, a positive control without inhibitor and a negative control without
enzyme were performed in the same plate. After 2 h incubation at 37 °C for Cland 1 h
for C2, the reaction was stopped, and the fluorescence signal was developed upon the
addition of 21 uL of developer solution containing trypsin (0.5 mg/mL final concentration)
and nicotinamide (1 mM final concentration) and additional incubation for 1 h. The
fluorescence readout was performed with the 2104 Envision Multilabel plate reader with
Apx =380 & 10 nm and Agy, = 475 + 8 nm. The fluorescence signal of the positive control
was set to 100%, the fluorescence signal of the negative control was set to 0%, and the other
values were normalized using these two values. The normalized fluorescence intensities
represent the activity. The ICs( calculation was done as described above.

4.10. Determination of the K; Values

Determination of the K; values was done in the same way as the IC5) determination,
but with different substrate concentrations and in a black 96-well plate. The total volume
was 100 pL per well. The inhibitor was incubated with peptide substrate S2 or F4 and
0.5 nM or 1 nM SIRT?2 for 5 min at room temperature, and the reaction was started with
the addition of NAD*. The progress of the reaction was monitored via the fluorescence
intensity, as described above. The reciprocal reaction rate was plotted as a function of
the reciprocal substrate concentration for each inhibitor concentration to determine the
inhibition type. For the competitive inhibitor cmp12, the slope of these plots at different
inhibitor concentrations was plotted against the inhibitor concentration, and the linearity
of these plots determined the inhibition type. The intercept with the abscissa represents the
negative K; value.

4.11. Binding Experiments

All binding experiments were performed in a black 384-well plate with a reduced
volume (total volume of 20 uL). The experiment was done in SIRT assay buffer, containing
20 mM of Tris-HCl, pH 7.8, 150 mM of NaCl, and 5 mM of MgCl,. The unlabeled binding
partner was diluted in serial dilution, starting with 752 uM of BSA and 1.6 M of SIRT2
in a total volume of 50 pL. The fluorescently labeled peptide was added with a volume
of 50 uL to the diluted binding partner with a final concentration of 50 nM of BSA and
10 nM of SIRT2. The solution was transferred to the 384-well plate, and the fluorescence
intensity readout was performed with an Envision 2104 Multilabel plate reader with
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Apx =485 + 14 nm and Agy,, = 535 £ 40 nm (one S-polarized and one P-polarized). The
anisotropy (A) was calculated with the following equation:

A _ Fis—Fip
°bs ™ Fig + 2 - Fip

where Fig is the measured fluorescence intensity with the parallel filter and Fip is the
measured fluorescence intensity with the perpendicular filter. The bound fraction [FB] was
calculated from the resulting anisotropy (A.ps) using the following equation:

Aobs — Af

FB| =
[ ] (Ab 7A0bs) 'Q+A0bs 7Af

where A represents the anisotropy of free F4 without a binding partner, A, the anisotropy of
F4 in the complex with the binding partner at saturation, and Q is the ratio of fluorescence
intensities of bound F4 versus free F4, which means that Q is < 1 when fluorescence
is quenched upon binding. The total fluorescence intensities (Fi) were calculated with
Fi = Fi(P-channel) + 2xFi(S-channel). [FB] was plotted as a function of the binding partner
concentration, and the Kp value was determined with a nonlinear curve fit of the quadratic
binding equation:

(Kp+Lr+Ry) — \/(KD +Lt+ RT)Z —4RtLt

[FB] = -

where Ry is the total concentration of the unlabeled binding partner, Lt is the total concen-
tration of the labeled peptide F4, and Kp is the dissociation constant. For a better overview,
the binding curves are shown in a semi-logarithmic plot where the data were fitted to the
following equation. This equation was also used to determine the Kp value of the sirtuin
binding curves.

Ymax — Ymin

[FB] = Ymin + 1+ 10(ogKp—R)n

4.12. Determination of Z' Value and S/N Ratio

The Z' factor was determined using a full 96-well plate (or 96 wells in a 384-well
plate and 96 wells in a 1536-well plate), and half the plate contained a reaction mixture
with 1 uM of F4, 500 uM of NAD", and 10 nM of SIRT2 representing 100%, and the
other wells contained the same reaction mixture without SIRT2 and represented the 0%
value. Fluorescence readouts were performed with the settings described above after
approximately 90% product formation (1 h). The Z’ factor was determined with the
following equation, where SD indicates the standard deviation of the 100% values and the
0% values.

7 3SD10o% +35Doy,
|meangge, — meangs|

The signal to noise ratio (S/N) was determined using the values described above in
the following equation:
meanjggy, — meangy,

S/N =
/ SDqq,
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Abstract:

Zinc-dependent histone deacetylases (HDACs) and sirtuins (SIRT) represent two different
classes of enzymes which are responsible for deacylation of modified lysine side chains. The
repertoire of acyl residues on lysine side chains identified in vivo is rapidly growing, and very
recently lysine lactoylation was described to be involved in metabolic reprogramming.
Additionally, lysine pyruvoylation represents a marker for aging and liver cirrhosis. Here, we
report a systematic analysis of acyl-specificity of human zinc-dependent HDAC and sirtuin
isoforms. We identified HDAC3 as a robust delactoylase with several-thousand-fold higher activity
as compared to SIRT2, which was claimed to be the major in vivo delactoylase. Additionally, we
systematically searched for enzymes, capable of removing pyruvoyl residues from lysine side
chains. Using model peptides, we uncovered high depyruvoylase activity for HDAC6 and HDACS.
Interestingly, such substrates have extremely low Ky values for both HDAC isoforms, pointing to
possible in vivo functions.

Reprinted (adapted) with permission from Uncovering Robust Delactoylase and
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ABSTRACT: Zinc-dependent histone deacetylases (HDACs) and
sirtuins (SIRT) represent two different classes of enzymes which
are responsible for deacylation of modified lysine side chains. The
repertoire of acyl residues on lysine side chains identified in vivo is
rapidly growing, and very recently lysine lactoylation was described
to be involved in metabolic reprogramming. Additionally, lysine
pyruvoylation represents a marker for aging and liver cirrhosis.
Here, we report a systematic analysis of acyl-specificity of human
zinc-dependent HDAC and sirtuin isoforms. We identified
HDACS3 as a robust delactoylase with several-thousand-fold higher
activity as compared to SIRT2, which was claimed to be the major
in vivo delactoylase. Additionally, we systematically searched for
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enzymes, capable of removing pyruvoyl residues from lysine side chains. Using model peptides, we uncovered high depyruvoylase
activity for HDAC6 and HDACS. Interestingly, such substrates have extremely low Ky values for both HDAC isoforms, pointing to

possible in vivo functions.

cylation of lysine side chains in proteins is a widespread

post-translational modification regulated by the action of
histone acetyltransferases (HATs) or by the respective
metabolic situation. Figure 1 shows examples of various
acylations that are introduced by the action of HATS, such as
acetyltransferase p300, which can use a plethora of cofactors.
For p300 (besides acetylation), the transfer of propionyl,'
butyryl,' succinyl,” glutaryl,® crotonyl,* lactoyl,> 2-hydroxyiso-
butyryl,® and f-hydroxybutyryl” residues to lysine side chains
has been reported.

Figure 2 summarizes modifications of lysine side chains
resulting from spontaneous reactions of metabolites, like
chemical acylation by acyl-CoAs in mitochondria® or
ketoamidation mediated by 4-oxo-2-nonenal, a degradation
product of arachidonic acid.”

Recently, spontaneous lysine lactoylation by lactoylgluta-
thion was reported.'’ Lactoylglutathion is formed by the
reaction of glutathion with methylglyoxal via the glyoxalase
pathway. Lactoylation of lysine residues seems to be involved
in metabolic reprogramming” and could be induced by neural
excitation and social stress.'' Pyruvoylation, a modification
very similar to lactoylation, was reported as an amide advanced
glycation endproduct'” enriched in aging mice liver tissue and
liver cirrhosis."> Chemical diversity of acyl residues generated
by the reaction of lysines with a-dicarbonyls and acylphos-
phates was reviewed recently.'*

© 2022 American Chemical Society
1364
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Generally, reversal of lysine acetylations is mediated by
evolutionarily conserved enzymes introduced as histone
deacetylases (HDACs). On the basis of sequence homology,
HDAGCs can be divided into four classes. Members of class I
(HDACI, -2, -3, and -8), class ITa (HDAC4, -5, -7, and -9),
class ITb (HDAC6 and -10), and class IV (HDAC11) are Zn**-
dependent hydrolases, while class III proteins (called sirtuins;
SIRT1-7) use NAD" as a cosubstrate.”

Robust deacetylase activity is reported for sirtuins 1—3 and
for HDACs1-3, -6, and -8. Additionally, nearly all sirtuins
have demyristoylation activity,'® and recently it was shown that
HDACII is a demyristoylase as well.'”” ' SIRTS is a robust
demalonylase, desuccinylase, and degluteu‘ylase.3’20’21 SIRT4
seems to be specialized to reverse hydroxymethylglutaryla-
tions.”” SIRT?2 accepts a relatively broad panel of acyl residues
including benzoyl moieties™* and is the only enzyme removing
4-oxo-nonanoylations.”* Recently, delactoylase activity was
reported for SIRT2 but with very low catalytic efficiency (k.,,/
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Figure 1. Lysine acylations generated enzymatically.
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Figure 2. Lysine acylations and alkylations generated by chemical reaction with acyl-CoAs, acyl-phosphates, or a-carbonyls.

Ky value 1 M~! s71).%° In contrast, it is known that HDAC1—3
are able to remove acyl residues sterically more demanding
than acetyl, such as crotonyl’®”” and p-hydroxybutyryl.”®
During the preparation of this manuscript, Moreno-Yruela et
al. published robust delactoylase activity for HDAC1—3 using
peptidic substrates. Additionally, this activity was confirmed for
HDACI and HDAC3 in HeLa cells.”” Here, we tested a panel
of HDACs with peptide derivatives having the 3-carbon acyl
residues propionyl, lactoyl, and pyruvoyl at the lysine side
chain nitrogen (Table 1). We report a robust delactoylase
activity for HDAC2 and HDAC3 and were able to show that
HDAC6 and HDACS represent effective depyruvoylases with

1365

dramatically improved Ky-values as compared to propionyl
residues.

B RESULTS

We synthesized substrate peptides (Table 1) derived from a
sequence we identified in a peptide microarray-based screening
for HDAC6.” This sequence is well recognized by all HDACs
and sirtuins. Fmoc-based solid-phase peptide chemistry was
used in combination with the nosyl-protecting group enabling
selective on-resin modification of the respective lysine side
chain. All compounds have purity >95% as determined by
HPLC at 220 nm and showed the expected molecular masses

https://doi.org/10.1021/acschembio.1c00863
ACS Chem. Biol. 2022, 17, 1364—1375
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Table 1. Compounds (1—6) and Control Substrates (C1—C5) Used in This Work”

compound peptide sequence acyl residue (R)
(0]
1 Abz-SRGGK(R)FFRR-NH, \el\
CH3
(0]
1a ARTKQTARK(R)STGGWW-NH, \)LCH3
(¢]
2 Abz-SRGGK(R)FFRR-NH, \eJ\/CH3
(o]
3 Abz-SRGGK(R)FFRR-NH; \eS/CHa
OH
(o]
3a ARTKQTARK(R)STGGWW-NH, \J}/CHS
OH
(o]
4 Abz-SRGGK(R)FFRR-NH; \ej\n/CHs
[¢]
(o]
4a ARTKQTARK(R)STGGWW-NH; \ej\n/CHa
[¢]
(o]
5 Abz-SRGGK(R)FFRR-NH, m
(0]
(0]
6 Abz-SRGGK(R)FFRR-NH; \eJ\IrH
(6]
(0]
c1 Ac-RHKK(R)-AMC
\eLCH;,
(0]
c2 Abz-SRGGK(R)FFRR-NH, \el\ o,
O
c3 Bz-GVLK(R)EYGV-NH; MOH
(6]
[¢]
c4 Ac-EALPKK(R)Y(NO,)GG-NH;
%013"'27
c5 Abz-SRGGKFFRR-NH; -

“Abz = 2-aminobenzoyl; Ac = acetyl; AMC = 7-amino-4-methylcoumarin; Bz = benzoyl; Y(NO2) = 3-nitrotyrosyl, NH, = C-terminal amide.

(Figures S1—S8). We tested the stability by treatment with an
assay buffer for 3 h. All peptide derivatives are stable at 30 °C.

We screened the activity of HDAC2—9 and HDAC11, and
SIRT2, -3, -5, and -6 against compound 3 and compared it to
the acetylated (1) and propionylated (2) counterpart using an
HPLC-based end point assay. As apparent from Figure 3,
HDAC2 and HDAC3 accept 2 slightly better than 1. In
contrast, HDAC6 and HDACS8 showed reduced activity
against 2 as compared to 1. Class Ila HDACs and HDACI1
are not able to hydrolyze derivatives 1—3, and class IIb
HDACG6 cannot handle lactoylated peptide derivate 3, at least
in vitro. HDAC2 and HDAC3 and to some extent HDACS can
remove the lactoyl residue from 3. This HDACS activity is
somehow surprising because Moreno-Yruela et al. found no
HDACS8-mediated turnover of lactoylated peptide deriva-
tives.”” We repeated the HDACS experiments in the presence
of RGFP966 and Mocetinostat, which are known inhibitors of
HDACI1, HDAC2, and HDAC3, but not for HDACS. If
contaminating HDACs in the HDACS8 preparation would be
the source of the detected delactoylase activity, much less

1366

activity could be expected. Nevertheless, we were able to detect
delactoylase activity for HDACS8 in the presence of these
inhibitors, pointing to a direct HDACS8-mediated cleavage of
lactoyl amide bonds (Figure S27).

We used an HPLC-based assay to determine the velocity of
deacylation at different substrate concentrations.'>*"*' ™%
Therefore, we stopped the enzymatic reaction at four different
time points and separated the substrate and peptidic product
using RP-HPLC. Plotting the amount of product formed
against the reaction time yielded linear relationships (Figure
S9), and respective slopes enable calculation of reaction
velocities. Determination of kinetic constants (Table 2)
revealed that HDAC2, HDAC3, and HDACS8 have approx-
imately 10-fold reduced specificity constants for the lactoylated
substrate 3 as compared to the propionylated version. This
difference is caused by an increased Ky, value for HDAC2 and
HDACS3 but by a clearly lower k_, value for HDACS, pointing
to subtle differences in the enzymatic mechanisms of class I
HDAC:s. It seems likely that the presence of the hydroxyl

group (when compared to 2) directly influences the proposed
https://doi.org/10.1021/acschembio.1c00863
ACS Chem. Biol. 2022, 17, 1364—1375
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Figure 3. Deacylation profile of peptide derivatives 1 to 6 by HDAC1—9, HDAC11, and sirtuins 2, 3, 5, and 6. Data are presented in % of product
formation subsequent to treatment of S0 uM compound for 1 and 3 h at 37 °C (25 °C HDACS) with 0.1 M HDAC or with 0.5 uM sirtuin in the
presence of 500 uM NAD". The product formation was monitored via separation of the product and substrate using analytical HPLC. The
compound detection was done at 320 nm (360 nm for C4). Product concentration was calculated as the ratio of product peak area to total peak

area.
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Table 2. Kinetic Constants k., and Ky; and Resulting Specificity Constant for Different HDAC Isoforms and Compounds 1 to

4 Including 1a, 3a, and 4a“

enzyme compound acyl residue Ky (uM)
HDAC2 1 acetyl 1100 + 400
la acetyl 1100 + 300
2 propionyl 75 £ 12
3 lactoyl 370 + 80
3a lactoyl 610 + 80
4 pyruvoyl 960 + 210
4a pyruvoyl 1000 + 200
HDAC3 1 acetyl 58 £ 16
la acetyl 56 + 14
2 propionyl 14 +2
3 lactoyl 45 £ 18
3a lactoyl 110 + 18
4 pyruvoyl 26+ 5
4a pyruvoyl 43 +19
6 glyoxalyl 277
HDAC6 1 acetyl 122°
2 propionyl 190 + 30
4 pyruvoyl 1.7 + 1.1
HDACS 1 acetyl 440 £ 150
la acetyl 620 + 60
2 propionyl 180 + 30
3 lactoyl 46 + S
4 pyruvoyl 61+19
4 pyruvoyl 45+ 07
4a pyruvoyl 92+ 17
6 glyoxalyl 33+9
SIRT2 1 acetyl 25 £2
2 propionyl 12+1
3 lactoyl 950 + 150
SIRT3 1 acetyl 6.8 + 1.1
2 propionyl 49 £03
3 lactoyl 1580 + 370

e (s71) ke/Kyy (M7 s71) fold change in k,/Ky“
1.1 £ 03 1000 1
2.0 + 0.6 1800 1
0.51 + 0.05 6800 6.8
0.24 + 0.0 640 0.64
0.31 + 0.02 510 0.28
1.6 + 0.2 1700 1.7
1.6 + 02 1600 0.89
0.83 + 0.04 14 000 1
1.6 + 0.2 29 000 1
0.77 = 0.19 55000 39
0.35 + 0.0 7800 0.56
0.57 + 0.11 5200 0.18
1.8 + 0.2 69 000 4.9
1.3 +£ 0.5 30000 1.0
0.023 + 0.004 850 0.061
228" 187 490° 1
0.063 + 0.01 330 0.0018
0.016 + 0.006 9400 0.050
24 + 0.5 5400 1
0.86 + 0.18 1400 1
0.25 + 0.02 1400 0.26
0.005 + 0.001 110 0.020
1.0 + 0.1 164 000 30
1.1 +£ 0.1 240 000 44
47 £ 1.1 510 000 364
0.051 + 0.009 1550 0.29
0.36 + 0.06 14 000 1
0.12 + 0.02 10 000 0.71
0.035 + 0.002 38 0.0027
0.15 + 0.01 22000 1
0.028 + 0.002 5700 0.26
0.030 + 0.00S 19 0.00086

“Specificity constants relative to the respective acetylated substrate are given as ratio in the last column of the table. Kinetic constants were
determined using an alternative, fluorescence-based activity assay (Figure S). "Results taken from ref 30.

rate-limiting step of HDACS8 catalysis, which is assumed to be
the formation of the transition state.>*

SIRT?2, -3, and -5 can act as delactoylases but with reduced
kinetic constants as compared to corresponding acetylated
substrates, while SIRT6 cannot accept lactoylated peptide
derivative 3 as a substrate (Figure 3, Table 2). As expected,
sirtuins are generally poor delactoylases because the branching
in the a-position causes steric hindrance during the formation
of the bicyclic intermediate.”> Compound 3 represents a
mixture of two possible diastereomers distinguished by the L-
lactoyl and p-lactoyl moiety. The 100% cleavage of 3
(subsequent to a prolonged incubation time with higher
enzyme concentrations) demonstrates that both, HDACs and
sirtuins, accept both acyl isomers.

The other natural occurring 3-carbon acyl residue pyruvoyl
in compound 4 is well accepted by HDAC2, HDACS3,
HDAC6, and HDACS8 (Figure 3). HDAC6 and HDACS
clearly prefer 4 to its propionylated counterpart 2. Looking
more closely to the kinetic data, obviously 4 is a highly efficient
substrate for HDACS yielding a k /Ky value of 164.000 M~
s™! (Table 2). The superior specificity constant is mainly
caused by the low Ky, value, which is approximately 70-fold
lower compared to the acetylated substrate 1 and approx-
imately 30-fold lower than for the propionylated substrate 2

1368

(Table 2 and Figure 4B). The Michaelis constant of HDAC6
for 4 is 110-fold lower compared to the propionylated peptide
2 and, surprisingly, 7-fold lower than for the acetylated
compound 1. In contrast the k., value of HDACG6 for 4
decreased about 140 times compared to 1. HDAC2 and -3 are
able to accept 4 but with catalytical constants similar to the
propionylated substrate 2 (Table 2 and Figure 4A). HDACI11
is not able to depyruvoylate compound 4.

We synthesized peptides derived from the biological
substrate histone H3. We generated the N-terminal H3
sequence 1—13 with the lysine residue number 9 in the
acetylated (compound 1a), lactoylated (compound 3a), and
pyruvoylated (compound 4a) forms (Table 1). To improve the
detection in the HPLC-based activity measurements, we added
two tryptophan residues, as described Jiang et al.>’ We treated
these substrates with HDAC2, HDAC3, and HDAC8 and
determined kinetic constants k., and Ky using HPLC-based
activity assay.”’' Histone H3-derived substrates la, 3a, and
4a follow the trend we observed for the substrates 1, 3, and 4.
Lactoylated 3a is well accepted by HDAC2 and HDAC3, and
pyruvoylated 4a is a good HDACS substrate with a k./Ky
value of 510000 M~' s™' (Figure 4C and Table 2). Again,
similar to compound 4, the Ky value is very low for HDACS8
(Table 2).

https://doi.org/10.1021/acschembio.1c00863
ACS Chem. Biol. 2022, 17, 1364—1375
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Figure 4. v/[S] plots and the resulting kinetic compounds for different HDAC isoforms and substrates. (A) Steady state kinetics of HDACS (A)
and HDAC3 (B) with compounds 1—4. Reactions were performed at 37 °C for HDAC3 and at 25 °C for HDAC8. HDAC3 concentrations were
10 nM for 1, 2, and 3 and 4 nM for 4. HDACS8 concentrations of 25 nM for 1, 20 nM for 2, 100 nM for 3, and 4 nM for 4. Data were obtained from
analytical HPLC measurements. (C) Overview of the kinetic parameters of HDAC2, HDAC3, and HDACS.

Removal of the methyl group from the pyruvoyl moiety
results in naturally occurring glyoxylated lysine (compound 6),
which is recognized by HDAC2, HDAC3, HDAC6, and
HDACS but with reduced efficacy as compared to 4 and the
acetylated counterpart 1 (Figure 3 and Table 2). HDACS is
known to accept larger acyl residues, like D-phenylalanyl
residues in inhibitor structures, because of the architecture of
the foot pocket.*® Inspired by this fact, we synthesized and
analyzed phenylglyoxalyl derivative 5 to get additional
interactions with the active site. However, neither HDACS8
nor any of the other HDACs and sirtuins can accept $ as a
substrate.

As a quality control for our enzymes, we analyzed dose
dependent inhibition of deacylation reactions of compounds
1—4 for HDAC2 (Table S1 and Figure $S23), HDAC3 (Table
2 and Figure S24), HDAC6 (Table S3 and Figure S24), and
HDACS (Table S4 and Figure S25) using selective inhibitors
HI7.3 (compound 21a in ref 37), REGP966,”® Tubastatin A,*”
and PCI-34051," respectively. The determined ICs, values are
in a similar range for the different substrates excluding the
possibility that contaminating HDACs are responsible for the
newly discovered deacylation activity.

If a peptide derivative is not a substrate for an HDAC, there
are two possible reasons; either it could not enter the active
site or it acts as a competitive inhibitor. Recently, lactic amide
derivatives were described as Zn** chelators for HDAC."
Therefore, we analyzed possible inhibition of class Ila HDACs
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by 1-4 and 6 (Figures S19—S22). We performed dose—
response experiments and found no influence on the catalytic
activity up to a 1 mM concentration of compounds 2, 3, and 4.
In contrast, weak binding could be detected for the acetylated
compound 1 and the glyoxylated compound 6. Obviously, class
IIa HDACs could not accommodate acyl moieties with more
than two carbon atoms in the active site.

The superior HDAC8 substrate properties of 4 and 4a
encouraged us to determine kinetic constants with an
alternative activity assay. Careful inspection of the UV—vis
and fluorescence spectra of 4 and CS uncovered differences
(Figure 5) useful for the continuous monitoring of
depyruvoylase activity. The n—z* transition of 2-oxo-amides
is in the range of 310—350 nm,*” perfectly overlapping with
the excitation of aminobenzoic amide (Abz) fluorescence.
Therefore, we were able to monitor HDACS8-mediated
depyruvoylation via increasing fluorescence in a continuous
format with many more data points per progress curve as
compared to the HPLC-based assay. As can seen in Figure S5C
and Table 2, the resulting kinetic constants are very similar,
underlying the accuracy of the HPLC-based assay.

In order to understand the recognition of 3 and 4 by
different HDACs, we docked these derivatives into the
individual HDAC isoforms, and the top-ranked docking
poses were compared with the crystal structure of HDAC8
complexed with the acetylated tetrapeptide RHKacKac-4-

https://doi.org/10.1021/acschembio.1c00863
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Figure S. Absorbance and fluorescence measurements of compound 4 with HDACS. (A) Absorbance spectra of compound 4 and compound CS.
The spectra were recorded at 25 °C with a compound concentration of 30 #M and a UV cuvette with a path length of 10 mm. The spectra were
corrected against a buffer background. (B) Fluorescence emission spectra of 4 and CS. The fluorescence was monitored at 25 °C, with a compound
concentration of 5 M and with an excitation wavelength of 320 nm. The excitation slit was set to 1 nm and the emission slit to S nm. (C) v/[S]
plot of HDACS8 and compound 4 using the increase of fluorescence intensity caused by HDAC8-mediated depyruvoylation of compound 4. The
HDACS concentration was 5 nM with varying concentrations of 4. The fluorescence intensity was monitored using a 96-well plate reader
(Envision, PerkinElmer) with Ag, = 320 + 75 nm and Ag,, = 430 + 8 nm. Values shown are the means of three independent replicates. Product
concentration was calculated using the calibration lines of D. (D) Calibration line of 4 (substrate) and CS (product) monitored at 25 °C with a 96-
well plate reader with the same settings as above with varying peptide concentrations.

Figure 6. Docking poses of K-pyruvoyl (left site, colored green) and K-lactoyl (right site, R isomer colored magenta, S isomer colored cyan)
peptide in HDAC8 (PDB ID 3EWEF).** Only 4-methylcoumarine and acylated lysine are shown for clarity. The molecular surface of the substrate
pocket is colored according to the hydrophobicity (green) and hydrophilicity (magenta). Distances between the acyl group and HDACS are given
in Angstroms. The conserved water molecule bound to His180 and the catalytic zinc ion are shown as red and cyan spheres, respectively.

methylcoumarin (see Figures $S29—S32 for controls and the case of HDACG6/8, the foot pocket size is restricted by the
results). bulky residue Pro608 (HDAC6, Figure S30) or Trpl4l

For all docked substrates, the amide carbonyl group (HDACS, Figure 6), whereas in HDAC 2/3 the foot pocket is
coordinates with the Zn?* jon of the HDACs (distances widened due to a different course of the backbone and the

between 1.65 and 2.03 A). Binding pockets of HDAC6/8 and more flexible methionine (Met3S in HDAC2, Figure S32, and
HDAC?2/3 differ significantly in the so-called foot pocket. In Met24 in HDAC3, Figure S31) at this position. This leads to

https://doi.org/10.1021/acschembio.1c00863
ACS Chem. Biol. 2022, 17, 1364—1375
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different docking solutions for the substrates with residues that
can form hydrogen bonds, i.e., pyruvoyl and lactoyl residues. In
the case of the good HDACG6/8 substrate 4, a hydrogen bond
to a conserved cysteine in the foot pocket (Cys621 in HDACS,
Cys153 in HDACS) is observed, whereas in the case of
HDAC2/3, the pyruvoyl carbonyl group is rotated 180° and
does not show an interaction with the conserved cysteine
(Cys14S in HDAC2, CyslS6 in HDAC3). This cysteine
residue is conserved in HDACs and involved in the
stabilization of the substrate transition state.”* Due to the
spatial restriction of the foot pocket, the carbonyl group of the
pyruvoyl residue is directed into the position for an optimal
hydrogen bond to Cys153 (Figure 6). In the case of HDAC2/
3, this interaction is not evident due to the altered geometry of
the foot pocket. In the case of the lactoyl derivative 3, both
isomers show the same hydrogen bond to the conserved
cysteine in HDAC6/8 and additionally a hydrogen bond to a
neighboring glycine (Gly619 in HDAC6, Gly154 in HDACS).
In HDAC2/3, the hydroxyl function of the lactoyl residue
points in the same direction as that of the pyruvoyl residue
(Figures S31 and $32). Thus, the modified geometry of the
foot pocket (HDAC6/8 compared to HDAC2/3) and the
preferential hydrogen bonds calculated for pyruvoyl moieties
could explain the good substrate properties of compound 4 for
HDACE6/8.

B DISCUSSION

In the cytoplasm, the source of p-lactoyl lysine residues is the
nonenzymatic acyl transfer from p-lactoylglutathion which is
formed by the reaction of the glycolytic byproduct
methylglyoxal and glutathione.'’ In contrast, it was demon-
strated that acetyltransferase p300 is able to generate L-
lactoylated histone residues in the nucleus using L-lactoyl-
CoA.”> While the generation of reactive lactoyl derivatives and
lactoylated lysine residues is relatively well understood, the
enzymes responsible for the removal of these modifications
were not known. First, SIRT2 was reported to be the in vivo
delactoylase with a specificity constant for the two lactoylated
lysine isomers of approximately 1 M~ s™!,>° but this constant
seems to be too low to be relevant in vivo. The specificity
constant of HDACS3 for lactoylated substrate 3 determined in
this work is more than 7500-fold higher than the reported one
and more than 200-fold higher as compared to the specificity
constant of SIRT2 and 3 determined here. On the basis of
these findings, it could be assumed that HDAC3 is the more
relevant in vivo delactoylase. These data correspond well with
the findings of Moreno-Yruela et al, who showed that
HDAC1-3 are delactoylases with model peptides and
reinforced their results with in cellulo delactoylase activities
of HDACI1-3. They found only weak to no delactoylase
activity for SIRT1 to SIRT3.*” Additionally, HDAC?2 also has a
much higher (640-fold) catalytic efficiency for 3 as compared
to the reported values for SIRT2. Our delactoylase results were
generated with short peptide derivatives and could not easily
be transferred to similar modifications in a full-length protein
context. But model peptides have served well in the past to find
substrate peptides for HDACs/sirtuins. For instance, the
unique selectivity of Sirtuin S for negatively charged acyl
residues (like malonyl, succinyl, and §lutawl residues) was
detected using peptide substrates.””””" Later, it could be
confirmed that desuccinylase and deglutarylase activity is the
major in vivo activity of sirtuin 5. Additionally, defatty acylase
activity of sirtuin 6 again was discovered first using peptide
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substrates in combination with HPLC-based activity assays.’'
In addition, the unique defatty acylase activity of HDAC11 was
uncovered using peptide substrates,'”'® and in later studies, in
vivo defatty acylase substrates for HDACI11 could be
identified."”** This shows that novel acyl residues, which are
removed with several-hundred-fold higher efficacy in vitro as
compared to acetylated lysine substrates, represent with high
probability novel in vivo substrates. Moreover, in a recent
publication, lactoylated histone H2Bs were incorporated into
nucleosomes, and both the nucleosomes and isolated
lactoylated histone H2Bs were treated with a variety of
multiprotein complexes containing HDACI1. It was demon-
strated that protein complexes CoREST and MIER were able
to remove the lactoyl residue from H2Bs and that complexes
MiDAC and RERE have delactoylase activities in the
nucleosome context.*’

Considering the proposed enzymatic mechanism, it can be
expected that sirtuins should not be able to handle pyruvoyl
modifications efficiently and that HDAC:s, especially class Ila
HDAGCsS, should accept such a modification because of the
higher reactivity of the amide carbonyl carbon.*® Class Ila
HDACs are known to be poor deacetylases but are able to
hydrolyze very efliciently more activated trifluoromethylacety-
lated substrates.”” Common for all members of class Ila
HDAC: is the substitution of a conserved tyrosine residue in
the active site by a histidine.”” The histidine residue is not able
to stabilize the tetrahedral intermediate like the tyrosine
residue, and so class Ila HDACs need more reactive lysine
modifications like the trifluoroacetylamides to perform the
deacylation reaction. Pyruvoylated lysine residues, as in
compound 4, are activated in a similar manner because of
the electron-withdrawing effect of the a-carbonyl function.
Therefore, we expected that 4 represents the naturally
occurring equivalent to the artificial trifluoroacetylated
substrate. To our surprise, no member of the class Ila
HDACs but HDAC8 and HDACG6 are able to remove the
pyruvoyl residue from the derivatives 4 and 4a. The very low
Ky values for HDACS8 point to a probable function in vivo as
an eraser for the spontaneously occurring protein pyruvoyla-
tion.'”'* Peptide derivatives 4 and 4a represent the best
substrates described for HDACS8 so far. Such differences in
affinities to the active site of enzymes (i.e., Ky values for la
and 4a) could dramatically influence the substrate specificity in
vivo. Recently, it could be demonstrated for N-myristoyl-
transferases that these enzyme act exclusively as fatty acyl
transferases in vivo."® This is surprising because, in vitro, the
same enzymes are able to transfer acetyl residues from acetyl-
CoA to the N-terminus of a protein with very similar specificity
constants. The authors could demonstrate that the extremely
different affinities of the cosubstrates to the active site of the
enzyme are the only reason for the exclusive specificity within
cells."® We analyzed HDAC8-mediated depyruvoylation of 4 in
the presence of an acetylated HDACS substrate via HPLC at
several time points (Figure S28). As expected from the very
different Ky; values, we found at the beginning of the
enzymatic reaction exclusive depyruvoylation and no deacety-
lation. Even after more than 90% turnover of 4, there was no
product of deacetylation reaction visible.

It remains to be discovered if lactoylated and/or
pyruvoylated lysine residues could be recognized by so-called
reader domains in a specific manner. Binding of proteins to
acylated lysines (in addition to acetylated lysines) is described

. ) : )
for succinylated lysines,” propionylated lysines,”” butyrylated
https://doi.org/10.1021/acschembio.1c00863
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lysines, and crotonylated lysines. In summary, we

uncovered delactoylase and depyruvoylase activity for different
HDAC isoforms. The superior kinetic constants determined
for compounds 3, 3a, 4, and 4a point to the potential
biological significance of these lysine acylations.

B EXPERIMENTAL SECTION

Chemicals and General Methods. Most of the Fmoc-protected
amino acids and O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluro-
nium hexafluorophosphate (HBTU) were purchased from GL
Biochem Ltd. (Shanghai, China). Acetonitrile (ACN) was purchased
from VWR. N,N-Dimethylformamide (DMF), ethyl (hydroxyimino)-
cyanoacetate (OxymaPure), and Rink amide MBHA resin were
purchased from Iris Biotech (Marktredwitz, Germany). N,N-
Diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA), and
dichloromethane (DCM) were purchased from Carl Roth (Karlsruhe,
Germany).

UPLC-MS analysis was performed using the Waters ACQUITY
UPLC-MS system (Milford, MA) with a Waters ACQUITY-UPLC-
MS-BEH C18 1.7 um (2.1 X 50 mm; 30 A) column. As a mobile
phase, 0.1% formic acid in H,O (solvent A) and 0.1% formic acid in
ACN (solvent B) solutions were used. A typical gradient from 95:5
(v/v) of H,O/ACN to 5:95 (v/v) of H,O/ACN in 6 min was used
for most of the experiments. Data analysis was performed using
Waters MassLynx software. Purification of peptides was done on the
Shimadzu LC System with a Phenomenex Kinetex S yum XB-C18 (250
X 21.1 mm, 100 A) column using different gradients of 0.1% TFA in
H,O (solvent A) and 0.1% TFA in ACN (solvent B) solutions.

Solid-Phase Peptide Synthesis. The substrates 1, 1a, 2, 3a, 4a,
and C2 were synthesized from the fully protected polymer-bound
peptides (Boc)Abz-SRGGK(Ns)FFRR)-NH-(Rink amide resin) and
Boc-ARTKQTARK(Ns)STGGWW-(Rink amide resin), using the
strategy published before.'” Acetyl, glyoxalyl, lactoyl, pyruvoyl, and
phenylglyoxalyl peptides 1a, 3a, 4a, and 3—6 were prepared from the
same resin-bound peptide according to the methods below. Substrates
C1, C3, and C4 were prepared as described elsewhere.>**>?!

Acetyl Peptide 1a. For the acetylation, the resin was treated with
acetic anhydride and DIPEA in DMF (0.2:0.4:10, v/v/v) for 20 min.
After washing of the resin, global deprotection (TFA/H,0 9:1, for 2
X 1 h) was used to remove protecting groups and to cleave the crude
peptide from the solid support. TFA was removed invacuo, and the
crude peptide was dissolved in ACN/H,0 mixture and purified using
preparative HPLC.

Lactoyl Peptides 3 and 3a. A total of 45 mg of the crude
pyruvoyl-peptide 4 was dissolved in H,O, and 1 mg of NaBH, was
added. After 30 min,the solution was acidified with acetic acid and
directly used for preparative HPLC.

Pyruvoyl Peptides 4 and 4a. 2,2-Diethoxypropionic acid*® was
activated with HBTU (3 equiv) and DIPEA (6 equiv) in DMF, and
this solution was incubated with the resin-bound peptide for 1 h.
Next, the peptide was cleaved from the resin using the same protocol
described before (peptide 1a).

Phenylglyoxalyl Peptide 5. The same procedure as above was
used to couple phenylglyoxylic acid (Sigma-Aldrich) to the polymer-
bound peptide using HBTU/DIPEA followed by deprotection and
HPLC purification.

Glyoxalyl Peptide 6. Diethoxyacetic acid (prepared from ethyl
diethoxyacetate (Aldrich) and NaOH) was coupled to the resin-
bound peptide and cleaved from the resin as described above.
Volatiles were removed in vacuo, and the crude peptide was dissolved
in the minimal volume of concentrated hydrochloric acid. After 1 h,
acid was removed in the stream of N,, and the residue was purified
with preparative HPLC.

Enzymes. Recombinant HDAC4, HDACS, HDAC6, HDAC?7,
HDACS8, HDACY,”” and HDAC11'” were cloned, expressed, and
purified as described previously. Recombinant HDAC2 (BML-SES00,
activity = 2585 U/ug) and HDAC3/NCOR1 (BML-SES1S, activity =
1590 U/ ﬂg) were purchased from ENZO Life Science GmbH
(Lorrach, Germany). One unit is defined as 1 pmol/min at 37 °C
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using 100 uM of the FLOUR DE LYS-SIRT1 deacetylase substrate.
Sirtuins 2, 3, S5, and 6 were cloned, expressed, and purified as
described.”®

HPLC-Based Deacylation Assay. Reactions were performed in a
total volume of 70 uL in HDAC assay buffer containing 50 mM
HEPES (pH 7.4), 140 mM NaCl, 10 mM KCl, 1 mM TCEP, and 0.2
mg mL™" BSA for HDACI, -2, -3, 4, -5, -6, -7, -8, -9, and -11 or in
SIRT assay buffer containing 20 mM Tris-HCl (pH 7.8), 150 mM
NaCl, S mM MgCl,, and 0.2 mg mL ™! BSA for SIRT2, SIRT3, SIRTS,
and SIRT6. The peptides with a final concentration of 50 M and 500
uM NAD* (only for sirtuins) were preincubated for S min at 37 °C
(25 °C for HDACS), and the reaction was started by the addition of
enzymes ([HDAC1-9] = 0.1 M, [HDACI11] = 0.1 uM, and
[sirtuins] = 0.5 uM final concentrations for 1—6 and [HDAC1] = 0,1
4M, [HDAC2—-3, HDAC6] = 10 nM, [HDAC45,7] = S nM,
[HDACS] = 2 nM, [HDAC9] = 20 nM, [HDACI11] = S0 nM,
[SIRT2,3,5] = 0.1 uM, and [SIRT6] = 0.5 uM for controls C1—C4).
At time points 1 and 3 h, the reaction was quenched by addition of
1% TFA (final concentration at least 0.2%). The HDAC/sirtuin
mediated reaction was monitored via analytical HPLC.

All analytical HPLC analyses were performed with a system of
water supplemented with 0.1% TFA (solvent A) and acetonitrile
(ACN) supplemented with 0.1% TFA (solvent B) on an Agilent 1100
system (Boeblingen, Germany) with a quaternary pump, a well-plate
autosampler, and a diode array detector or a fluorescence detector.
The reaction solution was injected in the HPLC system (40 uL), and
separation was done with a linear gradient from 10% to 60% (for
compounds C1, C2, C3, and §), 5% to 95% (for compound C4), and
16% to 32% (for compound 1—4 and 6) solvent B within 6 min and a
flow rate of 0.6 mL/min on a 3.0 X 50 mm reversed phase column
(Phenomenex, Kinetex XB C-18, 2.6 ym). Analysis of the substrate
and product peak area was done with Chemstation software (Agilent,
Boeblingen, Germany) at 320 nm or with fluorescence detection of
amino benzoic acid with Ag, = 320 + 4 nm and Ag,, = 420 + 4 nm.
Product formation was calculated as a ratio of product peak area to
total peak area. Peptides 4 and 6 were corrected against a negative
control without enzymes.

Determination of Kinetic Constants k., and Ky,. The peptides
were preincubated in HDAC assay buffer (see above, for HDACs) or
in SIRT assay buffer (see above, for sirtuins) at eight different
concentrations (0.25 #M up to 2 mM depending on the substrate and
the enzyme) in a 1.5 or 0.5 mL reaction vessel at 37 °C (25 °C
HDACS), for S min. Depending on the substrate concentration, the
reaction volume was 30 yL up to 400 uL. For sirtuin reactions, 500
uM NAD" for 1 and 2 or 2000 uM NAD" for 3 (final concentration)
was added to the reaction mixture. The reaction was started by the
addition of a 10X enzyme solution (4 nM up to 0.5 uM final
concentration depending on the peptide and the enzyme). After four
different time points (S, 10, 15, and 20 min or 10, 20, 30, and 40
min), a sample was taken from the reaction solution and was added to
a 96-well plate, where a stop solution (5% acetonitrile, 1% TFA in
water, final TFA concentration at least 0.2%) was provided to quench
the reaction. The quenched reaction solution was injected into the
HPLC system (Agilent 1100 series, Boblingen, Germany), and
separation was done with a linear water/acetonitrile (both
supplemented with 0.1% TFA) gradient (t = 0 min, 16% acetonitrile;
t = 6 min, 32% acetonitrile) with a flow rate of 0.6 mL/min. For
samples less concentrated than S uM, the injection volume was 100
puL; for all other samples, it was 40 uL. For peptide 1a, 3a, and 4a,
separation was done with a linear water/acetonitrile (both
supplemented with 0.1% TFA) gradient (¢ = 0 min, 14% acetonitrile;
t = 6 min, 28% acetonitrile) with a flow rate of 0.8 mL/min at 40 °C.
Product and substrate detection was done with a fluorescence
detector with Ag, = 320 nm and Ag,, = 420 nm. For compounds 1a, 3a,
and 4a, chromatograms were recorded at 282 nm (tryptophane
absorbance). Product and substrate peak area were integrated using
ChemStation software (Agilent, Boblingen, Germany). Product
formation was calculated as the ratio of substrate peak area to total
peak area (substrate + product peak area). The product concentration

was plotted as a function of time. A linear regression analysis was
https://doi.org/T0.1021/acschembio.1c00863
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done following the linear trend of the plot. The slopes obtained of
these plots (reaction rate v) at the appropriate substrate concentration
were used to create a v/[S] plot. A nonlinear regression analysis,
according to the Michaelis—Menten equation, was used to determine
k., and Ky values. The substrate fluorescence intensity of compound
4 was different as compared to the fluorescence intensity of the
reaction product CS. A calibration line was recorded for compound 4,
and the appropriate product and substrate concentrations were
corrected using this calibration line.

Fluorescence and Absorbance Measurements for 4 and C5.
The absorbance spectra of compound 4 and CS were recorded in a
UV cuvette with a path length of 10 mm and a compound
concentration of 30 #uM in HDAC assay buffer (as described above).
The spectra were recorded using a CARY 3500 UV-—vis
spectrophotometer (Agilent, Boblingen, Germany). The fluorescence
spectra were recorded in a fluorescence cuvette with path lengths of §
mm X 10 mm and a compound concentration of 5 M at 25 °C. A
Fluoromax 4 fluorescence spectrometer (Horiba, Kyoto, Japan) was
used with an exaction wavelength of 320 nm.

Determination of Kinetic Constants of HDAC8 and
Compound 4 Using Fluorescence Intensity Readout. The
kinetic measurements were carried out in a black 96-well fluorescence
plate at 25 °C in HDAC assay buffer (as described above). The
reaction volume per well was 100 L. The substrate was diluted to
eight different concentrations (ranging from 0.5 to 35 M) and
incubated for § min at 25 °C. Each concentration was measured in
triplicate on the plate. The reaction was started with the addition of
10 uL of 10-fold HDACS solution (final HDACS8 concentration S
nM), and a negative control for each concentration (also in
triplicates) was started using 10 puL of HDAC assay buffer. The
product formation was monitored via fluorescence intensity readout
and was done on a Envision 2104 Multilabel plate reader
(PerkinElmer, Waltham, USA) with Az, = 320 + 75 nm and g, =
430 = 8 nm. The fluorescence intensity was recorded every 30 s for 1
h. The fluorescence intensity was corrected using the negative control,
and the corrected values were plotted as a function of time. A linear
regression analysis was done following the initial slope (reaction rate
vo) of the data points. The fluorescence intensities were transformed
to product concentration using a calibration line (as the difference of
substrate and product fluorescence). The reaction rate was plotted as
a function of substrate concentration, and a nonlinear regression
analysis according to the Michaelis—Menten equation was done to
determine k., and Ky, values using GraphPad Prism 8 software (San
Diego, CA).

Computational Methods. The available X-ray structure of
human HDACS8 complexed with a tetrapeptide (PDB ID 3EWF),
human HDAC6 (PDB ID SEDU), human HDAC3 (PDB ID 4A69),
and human HDAC2 (PDB ID 6G30) were downloaded from the
Protein Data Bank (PDB; www.rcsb.org). Protein preparation was
done using the protein preparation wizard implemented in
Schrodinger, version 2019.1, by adding hydrogen atoms, assigning
protonation states, and minimizing the protein. Substrate peptide
structures were generated in MOE.** A conserved water molecule
bound to His180 in HDACS8 (His651 in HDAC6, H172 in HDACS3,
His183 in HDAC2) was included for the docking studies. The ligands
were subsequently prepared for docking using the LigPrep tool as
implemented in Schrddinger’s software (version 2019.1) and energy
minimized using the OPLS3e force field. In total, 100 conformers of
all ligands were subsequently generated with ConfGen. Docking of
the generated conformers into the prepared protein structures was
performed using the program Glide (Schrodinger-release 2019.1) in
the Standard Precision mode. Docking was also carried out using the
program GOLD3.8.1. The Zn®* ion was used to define the size of the
grid box (20 A radius). Protein hydrogen bonds to Aspl04
(HDAC2), Asp93 (HDAC3), Aspl0l (HDACS), and the corre-
sponding Ser668 in HDAC6 were used as docking constraints. These
residues make hydrogen bonds to the backbone of the peptide
substrates in the corresponding crystal structures and are known to
stabilize the substrate binding. A total of 100 docking poses were
calculated for each molecule. All other docking options were left at
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their default values. Top-ranked docking solutions were analyzed
using the program MOE. Since both docking programs yielded highly
similar top-ranked docking poses (Figure S29) only results from
GLIDE are shown in Figures 6 and S30—S32.
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4 Diskussion und Zusammenfassung der Ergebnisse

4.1 Messung der HDAC-AKtivitit

Die Messung der Enzymaktivitit wird vor allem genutzt, um den aktivierenden bzw.
inhibierenden Einfluss verschiedener Verbindungen auf die Enzyme zu untersuchen. Die ideale
Messmethode soll reproduzierbare Ergebnisse liefern (Robustheit), eine klare Identifizierung
aktiver Verbindungen (Hits) ermoglichen, wenig storanfillig, einfach anzuwenden und
kostengiinstig sein. Die Entwicklung von Messmethoden zur Charakterisierung und Analyse der
HDAC-Aktivitat gestattet die Untersuchung der enzymatischen Eigenschaften dieser Enzyme
hinsichtlich ihrer Spezifitat fiir verschiedene Substrate. Dies betrifft sowohl die Acylmodifikation
als auch den Trager der Modifikation, also das Peptid oder das Polyamid. Wie in Kapitel 1.6
beschrieben, gibt es fiir die Messung der Enzymaktivitat der HDACs verschiedene Ansatze, welche
unterschiedliche Vor- und Nachteile aufweisen.

Die erste Moglichkeit ist die Kopplung der Aktivititsmessung an einen zusatzlichen
Separationsschritt, wobei das Substrat vom Reaktionsprodukt getrennt wird (siehe Abschnitt
1.6.1). Ubliche Methoden sind z.B. die Polyacrylamid-Elektrophorese,
Diinnschichtchromatographie, Extraktion mit organischen Losungsmitteln und Kklassische
Methoden wie Kapillarelektrophorese, HPLC und MS. Aufgrund des Designs sind diese
Messmethoden diskontinuierlich. Vorteile sind die hohe Robustheit und damit einhergehende
gute Reproduzierbarkeit. Auflerdem konnen Substrate mit natiirlichem Acylrest und
grundsatzlich ohne weitere Markierungen, wie Fluoreszenz-tags genutzt werden. Dennoch
werden bei einigen Ansdtzen zusatzliche Fluoreszenz-tags oder dhnliche Markierungen an
Substrate gekoppelt, um eine komfortablere Quantifizierbarkeit per HPLC oder
Kapillarelektrophorese zu erreichen (45, 169). Nachteile dieser Methoden sind die meist
aufwendige Probenpraparation, eine hohe Analysezeit und die Notwendigkeit von komplexen
Analysegeraten. Durch verschiedene Ansatze zur Entwicklung von HTS Systemen konnte sowohl
die Messzeit, (wenige Sekunden pro Probe bei MS (184) oder Mikrochipelektrophorese (182)) als
auch der Aufwand der Probenpréparation deutlich gesenkt werden.

Eine weitere Moglichkeit ist die Verwendung von verschiedenen optischen Assays. Dabei wird
in einer Losung durch eine Reaktion ein messbares Signal erzeugt, welches proportional zur
Produktbildung ist. Bei der den optischen Assays zugrundeliegenden HDAC-Reaktion wird kein
messbares Signal erzeugt. Deswegen miissen entweder die Substrate modifiziert oder an eine
weitere Reaktion gekoppelt werden. Diese Art der Reaktion kann eine oder mehrere
enzymatische Reaktionen (siehe 1.6.2), chemische Kopplungsschritte (siehe 1.6.3) oder eine
intramolekulare Reaktion (siehe 1.6.4) beinhalten. Es konnen auch mehrere Reaktionsschritte
hintereinander miteinander kombiniert werden.

Die Kopplung der Enzymreaktion an einen chemischen Reaktionsschritt ist normalerweise
diskontinuierlich. Sie erfordert dementsprechend zusatzliche Arbeitsschritte nach der
Enzymreaktion. Dies liegt an den zugegebenen Reagenzien, welche die Enzymreaktion stéren
konnen, Kreuzreaktionen hervorrufen koénnen oder auch dafiir sorgen koénnen, dass die
Reaktionsbedingungen, wie zum Beispiel der pH-Wert gedndert werden miissen (110, 210).

Die Nutzung von Enzym-gekoppelten Assays erlaubt zwar teilweise kontinuierliche
Messungen, aber diese Art der Assays weist einen grofien Nachteil auf. Durch die Zugabe von
weiteren Enzymen und deren Substraten wird die Reaktionslésung deutlich komplexer und die
Messmethode wird damit anfalliger fiir Storungen.
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Die einfachste Moglichkeit fiir einen Assayansatz ist die der kontinuierlichen und direkten
Assays (siehe 1.6.5). Bei diesen Assays wird das Messsignal direkt durch die enzymatische
Reaktion hervorgerufen, wodurch es keine Einfliisse auf das Messsignal durch nachgelagerte
Reaktionen gibt. Dieser Assayansatz ist wenig komplex und ist daher wenig storanfillig.
Zusatzlich besticht diese Methode durch eine sehr einfache Anwendung. Aufgrund dieser Vorteile
gegeniiber den anderer Messmethoden ist die Entwicklung direkter und kontinuierlicher
Messmethoden von besonderem Interesse. Es eignen sich hierfiir besonders
Fluorophor/Quencherpaare, die sich durch die Deacylierungsreaktion so trennen lassen, dass
eine raumliche Separierung stattfindet, welche die Fluoreszenzléschung aufhebt. Damit diese
Fluorophor/Quencherpaare die Substrateigenschaften nicht mafigeblich verdndern, muss das
entsprechende Substrat exakt fiir das untersuchte Enzym modifiziert sein oder die Modifikation
muss so unbedeutend sein, dass sie die Substrateigenschaften nicht verandern.

4.1.1 FRET-basierter HDAC11 Assay

Wie wichtig die richtige Wahl des Substrats fiir die entsprechende Isoform ist, konnte in der
hier vorliegenden Arbeit fiir HDAC11 gezeigt werden (Manuskript 3.1). HDAC11 weist nahezu
keine Deacetylaseaktivitit, aber eine hohe Aktivitit bei der Hydrolyse des artifiziellen TFA-Rests
auf (61, 62). Ebenso hydrolysiert HDAC11 lidngere Fettsdurereste an Lysinen sehr effizient (61—
63).Im Rahmen dieser Arbeit wurde ein Assay etabliert, mit dem Ziel, diese Substratspezifitat der
HDAC11 zu nutzen. Dafiir wurde ein bekanntes Sirtuinsubstrat genutzt, welches eine direkte und
kontinuierliche Messung erlaubt (Manuskript 3.1, Verbindung 1). Seine Peptidsequenz ist von
TNFa abgeleitet und enthélt einen Quencher. Der Acylrest ist dem Myristoylrest strukturell
deutlich ahnlicher als einem Acetylrest (236). Durch die Hydrolyse des den Fluorophor
enthaltenden Acylrests steigt die Fluoreszenzintensitat.

Die ermittelten kinetischen Konstanten von HDAC11 fiir dieses Peptid mit einem Ku von
12,2 pM, einem ke von 0,16 s1 und einer katalytischen Effizienz von 13 000 M-1s-1 sind
vergleichbar mit bekannten myristoylierten Peptidsubstraten von HDAC11. Fiir diese
myristoylierten Peptide besitzt HDAC11 eine katalytische Effizienz von 15 400 M-1s-1 fiir ein H3K9
abgeleitetes Peptid (63), 15 000 M-1s! fiir ein Dihydrolipoyl-Transacetylase (DLAT) abgeleitetes
Peptid (62) und 72 000 M-1s-1 fiir ein artifizielles Peptid (61). Die hohere katalytische Effizienz fiir
das artifizielle Peptid ergibt sich vor allem durch den geringen Ky-Wert von 1,4 uM.

Die in Manuskript 3.1 erfolgte Untersuchung verschiedener HDACi, welche teilweise als
niedrige nanomolare HDAC11-Inhibitoren beschrieben sind, zeigte, dass diese Ergebnisse bei der
Verwendung des in dieser Arbeit entwickelten Assays nur teilweise reproduzierbar waren. Fiir
fiinf der elf getesteten Verbindungen konnten zuvor publizierte [Cso-Werte reproduziert werden.
Dazu gehorten die niedrigen 1Cso-Werte von Trapoxin A (62) und Fimepinostat (255), sowie die
geringe Inhibition durch Ricolinostat (256), Trichostatin A (TSA), (62) und Romidepsin (257). Das
in dieser Arbeit durchgefiihrte Kontrollexperiment mit dem kommerziell erhaltlichen
fluorogenen Lysinderivat Boc-Lys(TFA)-AMC zeigte, dass alle gemessenen ICso-Werte in diesen
Fallen vergleichbar waren.

Die reproduzierten Werte fiir TSA und Trapoxin A wurden in der Originalarbeit mit einem
myristoylierten Peptid gemessen (62). Sofern beschrieben, wurden alle anderen 1Cso-Werte aus
den Vergleichsstudien mit acetylierten Peptiden gemessen. Alternativ wurden die 1Cso-Werte
durch kommerzielle Anbieter bestimmt, weshalb meist keine Beschreibung des Substrats in der
entsprechenden Publikation zu finden ist. Ein erwdhnenswertes Beispiel ist der Inhibitor
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Romidepsin. In beiden Publikationen wurden die 1Cso-Werte fiir HDAC11 von BPS Bioscience
bestimmt. Im Jahr 2014 wurde fiir HDAC11 ein ICso-Wert von 0,3 nM bestimmt (258). In 2015
wurde flir den gleichen Inhibitor durch die gleiche Firma ein ICso-Wert fiir HDAC11 von > 10 uM
bestimmt (257).

Flir die deutlichen Unterschiede zwischen den in dieser Arbeit gemessenen ICso-Werte und
den Literaturwerten gibt es zwei Mdoglichkeiten. Zum einen konnte HDAC11 abhdngig vom
verwendeten Substrat verschieden inhibiert werden, wie zum Beispiel SIRT2 (195). Zum anderen
besteht die Moglichkeit, dass bei den Messungen von HDAC11 mit dem acetylierten Substrat
verschiedene systematische Fehler aufgetreten sind, welche die hohen Abweichungen erklaren.
Die meisten der untersuchten Verbindungen sind pan-Inhibitoren, weisen also ein breites
Aktivitatsspektrum gegen alle HDAC-Isoformen auf. Durch die sehr niedrige katalytische Effizienz
von HDAC11 fiir acetylierte Substrate muss eine hohe Enzymkonzentration eingesetzt werden,
um den Substratumsatz zu detektieren. Dabei kénnten Verunreinigungen von anderen HDACs,
welche eine deutlich hohere katalytische Effizienz fiir acetylierte Substrate aufweisen, fiir die
gemessenen Umsatze verantwortlich sein. Eine Verunreinigung von 0,1 % wiirde vermutlich
ausreichen, um ein falsch positives Signal zu erzeugen und kénnte mit den gidngigen Methoden
schwer detektiert werden. Die meisten der Vergleichswerte aus der Literatur wurden mit
kommerziell erhaltlicher HDAC11 oder direkt von den entsprechenden Anbietern gemessen.
Daher ist das Auftreten einer Verunreinigung wahrscheinlicher, da diese Proteine oft nur
unzureichend gereinigt vertrieben werden.

Bei der Verwendung von Verbindung 3 (Manuskript 3.1) als Substrat fiir HDAC11, welche
einen TFA-Rest tragt, sind solche Kreuzreaktionen deutlich unwahrscheinlicher, da HDAC11
gegen diesen Acylrest eine weitaus hohere Aktivitat aufweist (61). Es ist entsprechend weniger
Enzym im Ansatz notwendig. Eine Kreuzkontamination konnte in diesem Fall mit den HDACs der
Klasse [la und der HDAC8 moglich sein, da diese deutlich hohere Aktivitaten fiir die Hydrolyse von
TFA-Resten aufweisen als HDAC11 (57). Die Verbindung 1 (Manuskript 3.1) hingegen ist optimal
als Substrat fiir die Messung der HDAC11-Aktivitat. HDACS, als einziger Vertreter der Zn2*-
abhangigen HDACs, der ebenso in der Lage ist ldngere Fettsdurereste zu hydrolysieren (51),
spaltete Verbindung 1 (Manuskript 3.1) nicht. Damit ist HDAC11 die einzige Isoform, welche
diesen Acylrest hydrolysieren kann. Sirtuine konnen diesen Acylrest hydrolysieren, brauchen
aber NAD+ als Cosubstrat fiir die Reaktion und unter Verwendung von NAM sind Sirtuine sehr
spezifisch zu inhibieren.

Zusammenfassend zeigt sich also, dass sich der hier beschriebene Assay, der hochspezifisch
die Aktivitat von HDAC11 bestimmen kann, anbietet, bekannte HDACIi zu iiberpriifen, ob sie in der
Lage sind dieses Isoenzym zu inhibieren.

Auch bei der Untersuchung anderer HDACs zeigte sich ein Einfluss des verwendeten Substrats
auf die inhibitorischen Eigenschaften verschiedener Verbindungen. Zum Beispiel inhibiert der
Inhibitor SirReal2 SIRT2 nur effektiv, wenn ein acetyliertes Peptid als Substrat genutzt wird. Wird
ein myristoyliertes Substrat genutzt, kann keine oder nur eine geringe Inhibition gemessen
werden (259). Ein weiteres Beispiel ist der Inhibitor TM, welcher ein Thiomyristoylderivat ist und
designt wurde, um die Demyristoylaseaktivitit von SIRT2 zu inhibieren (260). Wurde der ICso-
Wert von TM mit einem myristoylierten von H3K9 abgeleiteten Peptidsubstrat analysiert, ergibt
sich ein ICso-Wert von 0,05 uM (259). Wurde hingegen ein kontinuierlicher und direkter SIRT2-
Assay genutzt, welcher ein Peptid mit sehr artifiziellem Acylrest Substrat verwendete (239),
wurde ein 920-fach héherer 1Cso-Wert von 46 uM gemessen. Um diese Nachteile zu minimieren,
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wurde fiir diese Arbeit die Strategie gewahlt, Acylreste zu nutzen, welche strukturell moglichst
geringe Abweichungen zum natiirlichen Acylrest aufweisen.

4.1.2 Messung der HDAC-Aktivitat durch Hydrolyse des Thioacylrests

Eine weitere Moglichkeit einen Assay mit Spezifitat fiir eine bestimmte Isoform bzw. eine
Gruppe von HDACs zu entwickeln, ergibt sich aus der Tatsache, dass HDAC8 in der Lage ist,
Thioamidbindungen zu spalten (209). In der hier vorliegenden Arbeit wurde gezeigt, dass die
Spaltung der Thioamidbindung durch die HDACs deren spezifische Absorption bei 260 nm
eliminiert (251). Uber die daraus resultierende Intensititsabnahme kann die Enzymaktivitit der
HDACs direkt und kontinuierlich gemessen werden. Das gleiche Messprinzip wurde bereits fiir
die Messung der Enzymaktivitit der Carboxypeptidase A genutzt (261). Der Vorteil dieser
Methode ist, dass die Substitution von nur einem Atom im Acylrest die Méglichkeit bietet, die
Enzymaktivitdt direkt und kontinuierlich zu messen. Diese Messmethode eignet sich
ausschliefllich fir die Zn?+-abhingigen HDACs, da Sirtuine durch Thioamidbindungen als zu
hydrolysierende Bindung inhibiert werden.

Die verschiedenen HDAC-Isoformen unterscheiden sich hinsichtlich ihrer Aktivitdt bei der
Hydrolyse der Thioamidbindung. HDAC1 zeigte in dieser Arbeit nur eine geringe
Deacetylaseaktivitit (Manuskript 3.2). Gegen das thioacetylierte Peptid konnte kein
Substratumsatz gemessen werden, weder mittels HPLC noch im optischen Assay. HDAC2 und
HDAC3 wurden in dieser Arbeit nicht untersucht. Jedoch =zeigten Fatkins et al in
Ubereinstimmung mit den hier erhaltenen Daten, dass HDAC1 und auch HDAC2 keine
Thioacetylreste hydrolysieren kann (209). HDAC3 gehort zwar ebenso zur Klasse I der HDACs,
weist allerdings eine von der HDAC1 und HDAC2 etwas abweichende Substratspezifitat fiir
verschiedene Acylreste auf. Beispielweise war HDAC3 in der Lage Crotonyl- und TFA-Reste zu
hydrolysieren, wohingegen HDAC1 und HDAC2 diese Reste nicht bzw. schlecht als Substrate
akzeptierten (52). Deswegen besteht die Mdglichkeit, dass HDAC3 ebenso wie HDACS8 in der Lage
ist, Thioacetylreste zu hydrolysieren.

Die HDACs der Klasse Ila und HDAC6 sind ebenfalls in der Lage, Thio-TFA-Reste zu
hydrolysieren (Manuskript 3.2). Diese Enzyme weisen fiir die Hydrolyse der Thioamidbindung
einen 5 bis 8-fach niedrigeren ke.-Wert im Vergleich zur Hydrolyse der Amidbindung auf. Der
Ku-Wert hingegen bleibt fiir HDAC5 und HDAC?7 gleich und wurde bei HDAC4, HDAC6 und HDAC9
etwas niedriger. Dahingegen wies HDAC11 eine ahnliche Aktivitit gegeniiber
Thiomyristoylresten auf, jedoch mit einem 6-fach erhohten Ku-Wert. HDAC6 zeigte eine
Verschlechterung des Ku-Werts und des kca-Werts. HDAC8 ist die einzige Isoform, die eine 3-fach
hohere Dethioacetylaseaktivitat als Deacetylaseaktivitat aufweist (Manuskript 3.2 und 0). Dieser
Effekt konnte bei der Hydrolyse des den TFA-Rest enthaltenden Substrats und beim
entsprechenden Thioxo-Substrat nicht beobachtet werden, wobei die Grundaktivitat von HDAC8
fiir TFA-Reste deutlich erh6ht ist im Vergleich zum Acetylrest (52).

Die Fahigkeit einiger Zn2+-abhangiger HDAC-Isoformen, thioacetylierte Lysine als Substrate zu
erkennen, ist bemerkenswert. Andere Enzyme, welche Amidbindungen spalten bzw. an
Amidbindungen agieren, sind oft nicht in der Lage, Reaktionen an Thioamidbindungen zu
katalysieren. Zum Beispiel werden Peptidsubstrate von Cyclophilin und Pinl mit thioxylierter
Peptidyl-Prolyl-Bindung zu kompetitiven Inhibitoren (262, 263). Auch fiir die NAD+-abhdngigen
Sirtuine sind Thioxoacyllysine (wie z.B. Thiosuccinyllysine fiir SIRT5 oder Thiomyristoyllysine fiir
SIRT2 und SIRT6) effektive Inhibitoren (254, 264-266). Eigentlich handelt es sich bei Thioxoacyl-
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Lysinen um sehr langsame, kompetitive Substrate. Dies liegt an einer deutlichen Verringerung der
Reaktionsgeschwindigkeit und einer Verlagerung des geschwindigkeits-bestimmenden Schritts
von der Produktfreisetzung zu der Dekomposition des Imidats (Abbildung 6, Schritt 2). Dies fiihrt
dazu, dass die Sirtuine nach dem ersten Reaktionsschritt als 1-S-Alkylimidat ,verbleiben“ und
deswegen auch stalled intermediate genannt werden (254).

Aspartatproteasen wie z.B. die HIV-Protease waren nicht in der Lage, Peptide mit
Thioamidbindungen an verschiedenen Positionen und an der zu spaltenden Bindung, zu
hydrolysieren (267). Auch Serinproteasen, wie Chymotrypsin oder Subtilisin, konnen Kkeine
Thioamidbindungen spalten (268, 269). Die Prolin-spezifischen Serinproteasen, wie die
Dipeptidylpeptidase IV oder die Prolyl-Oligopeptidase, konnen Thioarylamidbindungen spalten.
Die Dipeptidylpeptidase IV besitzt einen 25-fach geringeren kc..-Wert fiir das thioxylierte Peptid
im Vergleich zum entsprechenden Gegenpart (270). Die Prolyl-Oligopeptidase spaltet die
Thioarylamidbindung mit einer um das 5 600-fache reduzierten Spezifititskonstante (271),
akzeptiert aber keine ,normale“ thioxylierten Peptidbindung und auch keine Thioamidbindung
zwischen der P2- und P1-Position (271, 272).

Auch Serin-B-Lactamasen konnen Thioamidbindungen nicht effektiv spalten (273).
Cysteinproteasen, wie Papain, konnten aktiviert thioxylierte Bindungen, wie bei Thioxoestern
(274) oder thioxylierten 4-Nitroaniliden (275) spalten. Sie konnen jedoch keine ,normalen”
thioxylierten Peptidbindungen, wie in Ac-Phe-Gly-Amid oder Ac-Phe-Gly-Methylamid, umsetzen
(275, 276). Insgesamt lasst sich sagen, dass Serin- und Cysteinproteasen tendenziell nicht in der
Lage sind, Thioamidbindungen zu hydrolysieren. Vor allem die richtige Positionierung des
Oxyanion-Lochs und die Stabilisierung des tetrahedralen Intermediats durch
Wasserstoffbriickenbindung zum  Peptidriickgrat des Enzyms wurde durch den
Schwefelaustausch gestort. Als mogliche Ursachen dafiir werden die langere Bindungsldange der
C-S-Bindung im Vergleich zur C-O-Bindung und der gréfiere Van-der-Waals-Radius des Schwefels
diskutiert.

Die Situation der Metallion-abhidngigen Amidohydrolasen und Proteasen gestaltet sich etwas
diverser. Peptiddeformylasen akzeptierten keine thioformylierte Derivate als Substrate (277).
Thiono-Cephalosporine sind Substrate mit um das 16,7-fach verringerter Spezifititskonstante im
Vergleich zum Oxo-Gegenpart fiir die Zn2+-abhangige 3-Lactamase aus Bacillus cereus (278). Sie
wirken als schwache kompetitive Inhibitoren (279) und binden &hnlich wie die
0xo-Verbindungen im aktiven Zentrum. Die Metalloprotease Leucin-Aminopeptidase ist ebenfalls
nicht in der Lage, Thioamidbindungen in Peptiden zu spalten. Die thioxylierten Peptide sind
schwache kompetitive Inhibitoren der Protease (280). Die Metalloprotease Angiotensin-
konvertierendes Enzym (ACE) akzeptiert Thioamide als Substrate bei einem N-Furylacroylierten
Tripeptidderivat mit vergleichbaren kinetischen Konstanten wie der Oxo-Gegenpart. Andert sich
die zu spaltende Thioamidbindung von Phe-Gly zu Phe-Ala wird das Peptid nicht mehr durch ACE
hydrolysiert (281).

Die Metalloprotease Carboxypeptidase A spaltete Thioamidbindungen in Dipeptiden mitleicht
verringerten ke-Werten (282, 261). Wird das Zn?*-lon im aktiven Zentrum durch thiophilere
Metallionen substituiert (z.B. Co?* und Cd?*), steigt die Aktivitat gegeniiber den Thioxopeptiden
an (282, 261). Im Gegensatz dazu hydrolysierte die Aminopeptidase P Thioamidbindungen mit
1 000-fach geringeren ke-Werten (270). Auch bei der Aminopeptidase aus Aeoromonas
proteolytica dnderte sich die Aktivitdt enzymatisch gegeniiber Thioamidbindungen, wenn das
ZnZ+-lon im aktiven Zentrum durch Cd2?* ersetzt wurde. Das Zn2*-Enzym spaltete die
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Thioxopeptide mit dhnlichen kinetischen Konstanten wie die entsprechenden Peptide. Das

Cd2*-Enzym spaltete ausschliefilich das thioxylierte Peptid (283).

Auch fiir HDAC8 wird diskutiert, ob sie in vivo mit einem anderen Metallion als Zn?+im aktiven

Zentrum beladen ist. Es existieren Kristallstrukturen mit Co?*, Mn2+ oder Fe?* als Metallion im
aktiven Zentrum der HDACS8 (121, 242, 284). Ware die HDAC8-Praparation mit einem anderen
Metallion als Zn?+* beladen, welches die Spaltung der Thioamidbindung begiinstigt, konnte dies die

gute Aktivitdt der HDAC8 gegeniiber der Thioamidbindung erklaren.

Tabelle 1. Verschiedene Peptidsubstrate mit den entsprechenden kinetischen Konstanten fiir HDAC8. n.B.
bedeutet, dass die entsprechenden Konstanten nicht bestimmt wurden, nicht vergleichbar sind oder nicht
angegeben wurde. *Das zweiwertige Metallion ist das katalytische lon der HDAC8. Wenn nicht anders
angegeben, wird davon ausgegangen, dass es sich um Zn?+ handelt.

Sequenz Kwm (uM) Keat (s71) Kcat/Km (M-1s1) Referenz
Ac-FRK(Ac)RW-NH2 950+110 0,162 + 0,007 171+13 (210)
Ac-FAK(Ac)WR-NH2 730+170 0,037 £ 0,004 51+8 (210)
Ac-RHKK(Ac)-AMC 1270190 0,21 +0,02 164 (210)
Ac-RHKK(Ac)-AMC 650 £ 20 0,007+ 0,001 10,8 (241)
Ac-RHK(Ac)K(Ac)-AMC (Co?) * 160 1,2 7 500 (121)
Ac-RHK(Ac)K(Ac)-AMC (Fe?*) * 210 0,48 2300 (121)
Ac-RHK(Ac)K(Ac)-AMC (Zn?*) * 1100 0,9 800 (121)
Ac-RHK(Ac)K(Ac)-AMC (Ni2*) * n.b. n.b. 110 (121)
Ac-RHK(Ac)K(Ac)-AMC (Mn?*) * n.b. n.b. 40 (121)
Ac-K(Ac) 800 + 400 0,011 +0,003 14+0.3 (285)
Ac-K(Ac)-AMC 4200+ 1700 0,07 £0,02 16.3+15 (285)
Ac-RHK(Ac)K(Ac) 3100+ 1100 0,10+0,03 3414 (285)
Ac-RHK(Ac)K(Ac)W 1200+£300  0,131+0,014 106 + 13 (285)
Ac-RHK(Ac)K(Ac)-AMC 1300 + 300 0,34 + 0,06 259 + 19 (285)
Ac-RHK(Ac)K(Ac)-AMC 90 0,017 190 (52)
Ac-TARK(Ac)STG-NH2 n.b. n.b. 56+6 (286)
Ac-ARTKQTARK(Ac)STGGKAPR-NH: n.b. n.b. 120 (286)
KKGQSTSRHKK(S-Ac)LMFKTEG 33,7 0,0043 128 (209)
Ac-KGGAK(Ac)-AMC 320+ 20 0.90 + 0.06 2 800 + 100 (124)
KQTARK(AC)STGGWW >600 uM n.b. 58 (51)
Ac-RHKK(Ac)-AMC 251 0,021 80,1 (287)
Boc-K(TFA)-AMC 247 n.b. n.b. (288)
Ac-LGK(TFA)-AMC 440 16,5 38 000 (52)
Abz-SRGGK(TFA)FFRR-NH: 1400 + 200 440 + 40 320 000 Manuskript 3.2
Abz-SRGGK(S-TFA)FFRR-NH2 550 + 50 260 * 20 470 000 Manuskript 3.2
Abz-SRGGK(Ac)FFRR-NH; 440 £ 150 2,4%0,5 5 400 Manuskript 0
Abz-SRGGK(S-Ac)FFRR-NH2 71010 13+1 18 000 Manuskript 3.2
Abz-SRGGK(Pyruvoyl)FFRR-NH; 45+0.7 1,1+0,1 240 000 Manuskript 0
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Typische HDAC8-Substrate haben geringe katalytische Effizienzen (Tabelle 1). Zum Beispiel
konnten fiir HDACS8, unter Verwendung eines chemisch gekoppelten Assays, die katalytischen
Effizienzen fiir einige acetylierte Pentapeptide bestimmt werden. Diese liegen im Bereich von
16 -171 M-1st (210). Im Vergleich dazu wies HDAC8 fiir das in dieser Arbeit verwendete
acetylierte Modellpeptid eine katalytische Effizienz von 5400 M1!s! auf (Manuskript 5.6,
Verbindung 1). Diese Unterschiede ergeben sich vor allem aus dem 13-fach héheren ke.-Wert.
HDACS weist fiir die acetylierten Peptide, bis auf wenige Ausnahmen, einen Ky-Wert im hohen
mikromolaren bzw. im niedrigen millimolaren Bereich auf. Eine Ausnahme bildet beispielsweise
der Ku-Wert von HDACS fiir das kommerziell erhaltliche HDAC8-Fluor-de-Lys (Ac-RHK(Ac)K(Ac)-
AMC) von 90 uM (52). Allerdings wurden fiir das gleiche Peptid in anderen Arbeiten auch Ku-
Wertevon 1 100 pM und 1 300 pM gemessen (121, 285). In der Arbeit von Fatkins et al. wurde ein
Ku-Wert von 33,7 uM bestimmt fiir ein von p53 abgeleitetes 18-meres Peptid. Der niedrige
Ku-Wert kénnte durch das lange Peptidriickgrat erklart werden. Fiir HDAC8 wird vermutet, dass
Wechselwirkungen mit Teilen des Substrats, welche weiter entfernt vom aktiven Zentrum liegen,
eine wichtige Rolle in der Substraterkennung spielen (286).

Die Ku-Werte von HDACS fiir trifluoracetylierte Substrate sind mit denen fiir acetylierte
Substrate vergleichbar, der kec.-Wert ist deutlich erhéht, was in einer héheren katalytischen
Effizienz resultiert (Tabelle 1). Zum Beispiel wurde fiir ein H4 abgeleitetes Substrat (Ac-
LGK(TFA)-AMC) eine katalytische Effizienz von 38 000 M-1s-1 bestimmt (52). Die Kombination des
reaktiveren TFA-Rests mit der Thioamidbindung ermdéglicht die optische Verfolgbarkeit des
Reaktionsfortschritts. Im Vergleich zum bisher effizientesten Substrat konnte ein Substrat fiir
HDACS erzeugt werden, welches sich durch eine mehr als 10-fach so hohe katalytische Effizienz
auszeichnet. Dieses weist einen Kkc./Ku-Wert von 450 000 M-1s-1 auf und bietet die Moglichkeit
der direkten und kontinuierlichen Messbarkeit. Diese ausgezeichneten katalytischen Konstanten
konnten ebenso auf ein p53 abgeleitetes Peptidsubstrat (Peptid 13, Manuskript 5.2) iibertragen
werden.

Durch die N-terminale Einfiihrung des Fluorophors Abz (Peptid 4, Manuskript 5.2) und durch
Tryptophan (Peptid 13, Manuskript 5.2) ergab sich die Moglichkeit, neben der UV-Absorption
auch die Fluoreszenzintensitat als Detektionsmethode zu verwenden. Hierbei ist die
Thioamidbindung der Quencher fiir die Fluorophore. Dies ermoglichte eine komfortable Messung
der Enzymaktivitat in Mikrotiterplatten im 96-well, 384-well und 1536-well Format.

4.1.3 Substrate mit Thioamiden als PET-basierte Fluoreszenzquencher

Die Spaltung der Thioamidbindung zu messen, kam fiir Sirtuine nicht in Betracht, weil
Thioacylreste Inhibitoren fiir Sirtuine darstellen (254, 264). Der Thiomyristoylrest stellt z.B. das
strukturelle Kernstiick des potenten SIRT2-Inhibitors TM dar (260). Nach dem ersten
Reaktionsschritt der Sirtuinreaktion, der Freisetzung von NAM, (Abbildung 6) bildet sich anstelle
des 1-0-Alkylimidat-Intermediats ein relativ stabiles 1-S-Alkylimidat-Intermediat und die
Reaktion bleibt an diesem Punkt hangen (254).

Wie in der vorherigen Studie gezeigt (Manuskript 3.2), sind Thioamidbindungen fahig, als
Quencher fiir den Fluorophor Abz und die fluorogene AS Tryptophan zu fungieren. Thioamide
konnen ebenso Quencher fiir andere Fluorophore sein, wie zum Beispiel verschiedene
Cumarinderivate oder Fluorescein (252, 253). Das Quenching dieser Fluorophore durch
Thioamide beruht auf dem PET-Mechanismus (252). Das Quenching durch PET basiert auf der
Ubertragung von Elektronen vom Donor zum Akzeptor. Dabei miissen, im Gegensatz zum FRET,
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die Emissionsbande des Fluorophors nicht mit der Absorptionsbande der Quenchers iiberlappen.
Deswegen konnen auch langwelligere Fluorophore wie Fluorescein durch Thioamide gequencht
werden (252). Die vergleichsweise geringe Gréfie von Thioamiden erlaubte das Design eines
N-Thioacetylaminoundecanoyl-Acylrests (SAc-Aun) als Quencher, welcher strukturell dhnlich
zum natlirlichen Myristoylrest ist (Abbildung 13, Manuskript 3.3).

s W“r@

Ha
Myristoylrest Aminobenzoyl-11-undecanoylrest, Schuster et al. 2017, Manuskript 3.1
Disperse Red Derivat, Acylrest N-Thioacetylaminoundecanoylrest (SAc-Aun), Manuskritpt 3.3

von Nakajima et al. 2021

Abbildung 13. Struktur des Myristoylrests als natiirliches Substrat fiir verschiedene HDAC-Isoformen. Im
Vergleich dazu ist die Struktur dhnlicher artifizieller Acylreste aus verschiedenen HDAC-Assays dargestellt.
Das ist der N-Thioacetylaminoundecanoylrest aus dieser Arbeit (Manuskript 3.3), der Aminobenzoyl-11-
undecanoylrest entwickelt von Schuster et al. (236) und der DisperseRed-Rest entwickelt von Nakajima et
al. als Acylreste flr Sirtuin Substrate (239).

In einer systematischen Studie haben Goldberg et al Thioacetamid als Quencher fiir
verschiedene Fluorophore in Losung untersucht. Dabei wurden die Fluoresceinderivate und die
BODIPY-Derivate BODIPY FL und BODIPY R6G effizient durch Thioacetamid gequencht. NBD
wurde méafdig gequencht (252). Auflerdem konnte in einer weiteren Arbeit von Goldberg et al
gezeigt werden, dass 7-Methoxycoumarin (MCA) gut durch Thioacetamid gequencht wurde (289).
Wurden MCA und die Thioamidbindung in einem Peptid integriert wurde MCA intramolekular
durch die Thioamidbindung gequencht. Dieses Quenching lief3 sich durch die Spaltung des
Molekiils durch eine Protease und die damit verbundene raumliche Trennung aufheben (289). Die
beschriebenen Quenchingeffizienzen (Qg) stimmen gut mit den in dieser Arbeit ermitteltem
Werten des intramolekularen Quenching iiberein. Das Peptid mit MCA (Peptid 12, Manuskript 5.3)
wurde am besten mit einer Qg von 55,1 % durch eine einfache Thioamidbindung gequencht. Das
Peptid mit BODIPY FL wurde zu 52,6 % gequencht (Manuskript 3.3, Verbindung 9). Wie in der
Arbeit von Goldberg et al., wies auch hier das Peptid mit NBD als Fluorophor mit 12,2 % eine
geringe Qg auf (252).

Die Peterson-Gruppe hat Thioamide nicht nur als Quencher in Proteaseassays eingesetzt,
sondern auch als Sonden, um die Proteinfaltung zu untersuchen (290, 291). Diese Anwendung ist
moglich, da das PET-Quenching stark von der rdumlichen Entfernung abhdngig ist. Damit ein
effektives PET-Quenching stattfinden kann, muss der Quencher bei vielen Fluorophoren im Van-
der-Waals-Kontakt mit dem angeregten Fluorophor stehen, um den Elektroneniibergang zu
ermoglichen (252). So zeigten in Arbeiten der Peterson-Gruppe unterschiedlich lange Polyprolin-
Peptide mit einem C-terminalen Tryptophan und einer N-terminale Thioamidbindung eine
deutliche Abhéngigkeit der Qg von der Anzahl der Prolinreste bzw. vom Abstand zwischen
Quencher und Fluorophor (253, 292). Eine deutliche Abhangigkeit der Qg vom Abstand zwischen
Fluorophor und Quencher konnte in dieser Arbeit nicht beobachtet werden. Die Untersuchung
der Qg in Abhéingigkeit der Position des Fluorophors Fluorescein ("Fluorescein-Scan") im
Substratpeptid Ac-EALPKK(SAc-Aun)TGG-NH; zeigte keine deutliche Veranderung. Die Qg lag fiir
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diese Peptide zwischen 35,7 % und 48,3 %. Es konnte auch kein Einfluss festgestellt werden, ob
sich der Fluorophor N-terminal oder C-terminal vom modifizierten Lysin befand. Moglicherweise
liegt das am flexiblen Acylrest, der den Quencher tragt. So zeigten Goldberg et al., dass die Qg fiir
die untersuchten Fluorophore mit einem Diprolyl-Linker zwischen Thioamidbindung und
Fluorophor deutlich niedriger war, im Vergleich zu Peptiden mit einem flexibleren Diglycyl-
Linker. Durch den flexiblen Linker wird laut den Autoren der Studie dynamisches Quenching
ermoglicht, was die Qs erhoht (291).

Der Acylrest SAc-Aun dient als Triager der zur Fluoreszenzloschung genutzten
Thioamidbindung. SAc-Aun ist dem Myristoylrest strukturell ahnlich. Durch diese Ahnlichkeit ist
der Assay besonders zur Detektion der enzymatischen Aktivitidt von denjenigen HDACs geeignet,
die die Fahigkeit besitzen, lange Acylketten vom Lysin zu hydrolysieren. Daher wurde der Assay
fir HDAC11 und die Sirtuine SIRTZ2, SIRT3 und SIRT6 genutzt. Zusatzlich wurde SIRT5 zum
Vergleich mit seiner alternativen Acylspezifitit untersucht.

Alle untersuchten Sirtuine und HDAC11 haben die artifiziellen SAc-Aun Lysin Acylierungen als
Substrate erkannt. Die Enzymaktivitat von SIRT2, SIRT3, SIRT5 und HDAC11 konnte direkt iiber
die Anderung der Fluoreszenzintensitit gemessen werden (Manuskript 3.3). Dies ist damit die
zweite Messmethode fiir HDAC11, die in dieser Arbeit entwickelt wurde und die Moglichkeit der
direkten und kontinuierlichen Messung der HDAC11-Aktivitit erdffnet. Durch die Verwendung
von Fluorescein als Fluorophor und durch die Bestimmung der optimalen Position des
Fluorophors im Peptidriickgrat konnte die katalytische Effizienz von HDAC11 fiir das Peptid 1
(Manuskript 5.1) von 13 000 M-1s-1 auf 61 000 M-1s-1 bei Peptid 4 (Manuskript 3.3) verbessert
werden. Durch die verbesserten Substrateigenschaften und die besseren optischen Eigenschaften
von Fluorescein im Vergleich zu Abz (eine hohere Quantenausbeute und der hohere
Extinktionskoeffizient), konnten die Aktivitdtsmessungen mit einer HDAC11 Konzentration von
2 nM statt 20 nM durchgefiihrt werden. Dies ermdglicht die genauere Bestimmung der ICso-Werte
fiir potente Inhibitoren.

Flr Sirtuine existieren drei direkte und kontinuierliche Assays, welche keinen zuséatzlichen
Reaktionsschritt benotigen. Die katalytischen Effizienzen von SIRT3 fiir die Assaypeptide waren
2 800 M-1st (236), 240 M-1s'1 (238) und 37 000 M-1s-t (239). Verglichen mit den ersten beiden
Substraten weist SIRT3 mit einer katalytischen Effizienz von 76 000 M-1s-1fiir das in dieser Arbeit
entwickelte Peptid 1 (Manuskript 3.3) eine deutlich hohere und im Vergleich zum dritten
bekannten Substratpeptid eine dhnliche katalytische Effizienz auf. Auch in diesem Fall konnte die
SIRT3 Assaykonzentration im Vergleich zum von Schuster et al. entwickelten Assay von 100 nM
auf 10 nM SIRT3 gesenkt werden (236). Damit liegt die eingesetzte SIRT3-Konzentration in einem
dhnlichen Bereich, wie in dem hier benannten dritten, von Nakajima et al. entwickelten, Assay mit
5,98 nM (239).

SIRT2 wies fiir alle SAc-Aun Peptide mit Fluorophor sehr niedrige Ku-Werte auf. Fiir Peptid 7
(Manuskript 3.3) wurde ein Ky-Wert von 5,3 nM gemessen. Durch leichte Modifikationen am
Acylrest und mit MCA als Fluorophor konnte sogar ein Ku-Wert von SIRT2 fiir Peptid 14
(Manuskript 3.3) von 1,1 nM gemessen werden. Fiir die drei direkten und kontinuierlichen Assays
wurde flir SIRT?2 fiir die Substrate ein Ky-Wert von 120 nM (236), 520 nM (238) und 41 nM (239)
bestimmt. Im Vergleich mit diesen Substraten weist SIRT2 fiir Peptid 7 (Manuskript 5.3) einen 8
bis 40-fach niedrigeren Ku-Wert auf. Dahingegen ist der kca-Wert von SIRT2 fiir Peptid 7
(Manuskript 3.3) mit 0,36 s-1 mit dem von SIRT2 fiir das aminobenzoyl-11-aminoundecanoylierte
Substrat vergleichbar (236). Die Ku-Werte fiir die Peptide 12-16 waren in Verbindung mit MCA

als Fluorophor so niedrig, dass sie bei einer Konzentration am Ky-Wert nicht als Assaysubstrat in
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Betracht kamen. Ursache hierfiir sind die suboptimalen spektroskopischen Eigenschaften von
MCA. Dafiir konnte mit 10 nM Peptid 7 (Manuskript 3.3) mit einer SIRT2 Konzentration von
100 pM die SIRT2 Aktivitat gemessen werden. Dadurch ergibt sich die Moglichkeit, potente SIRT2-
Inhibitoren im niedrigen nanomolaren Bereich zuverldssig zu charakterisieren.

Im Vergleich dazu weist SIRT2 fiir Peptide mit einer Myristoylmodifikation am Lysin deutlich
hohere Ku-Werte auf. Mittels HPLC wurde ein Ku-Wert von SIRT2 fiir ein von TNFa abgeleitetes
Peptid von 0,69 uM (236) und fiir ein H4 abgeleitetes Peptid von 0,5 pM bestimmt (248). Fiir
myristoylierte AMC-haltige Peptide wurden Kuy-Werte von SIRT2 fiir ein von TNFa und ein von
p53 abgeleitetes Peptid von kleiner als 0,5puM bestimmt (194). Dies war die untere
Detektionsgrenze des Assays. Fiir ein von der DLAT abgeleitetes myristoyliertes Peptid wies
SIRT2 einen Ky-Wert von 1,8 uM auf (195).

Eine besondere Bedeutung besitzt vor allem die Entwicklung von Assays, welche zuverlassig
die Demyristoylaseaktivitiat von SIRT2 detektieren kénnen. SIRT2 ist das einzige Sirtuin, welches
abhingig vom Acylrest inhibiert wird (195, 259). Die meisten bekannten SIRT2 Inhibitoren
hemmen die SIRT2-Aktivitit nur, wenn diese mit einem acetylierten Peptidsubstrat gemessen
wird. Historisch bedingt beruhen die meisten Inhibitoren auf Untersuchungen mit acetylierten
Substraten, da die Deacetylaseaktivitit von SIRT2 deutlich vor deren Demyristoylaseaktivitat
entdeckt wurde. Somit inhibieren die meisten bekannten kompetitiven SIRTZ2 Inhibitoren (wie
SirReal2 und AGK-2) nur die Deacetylaseaktivitit und nicht oder nur sehr schwach die
Demyristoylaseaktivitit. In Tabelle 2 ist eine Ubersicht tiber die Inhibition der SIRT2-Aktivitit
durch bekannte Inhibitoren unter Verwendung verschiedener Substrate dargestellt.

Die Demyristoylaseaktivitat von SIRT2 wird durch ein thiomyristoyliertes Peptid (SMyr) sehr
effektiv inhibiert durch die Bildung des stalled intermediate. Der SIRT2 Inhibitor TM wurde mit
dieser Information entwickelt und der wirksame Teil ist strukturell ein modifizierter
Thiomyristoylrest (293). TM inhibiert neben der Deacetylaseaktivitit von SIRT2 (293) auch die
Demyristoylaseaktivitit (259). Vor Kurzem konnten Vogelmann et al. SirReal2-Derivate erzeugen,
welche ebenso die Demyristoylase Aktivitit inhibieren (294). Fiir die Validierung der
Messmethoden wurden in dieser Arbeit verschiedene bekannte Inhibitoren, wie SirReal2 (295),
AGK-2 (296), NAM und SMyr (236), getestet. Dabei stellte sich heraus, dass die SIRT2-Aktivitét
unter Verwendung des Peptids7 (Manuskript 5.3) und des aminobenzoylierten-11-
aminoundecanoylierten Peptids ((236) durch SirReal2 und AGK-2 inhibiert werden, obwohl die
Acylreste dieser Substrate strukturell dem Myristoylrest sehr dhnlich sind (Abbildung 13). Das
heifst, der Umsatz dieser beiden Substrate durch SIRT2 wurde wie bei einem acetylierten Substrat
und nicht wie bei einem myristoylierten Substrat inhibiert.

Einen anderen Effekt beobachteten Nakajima et al. in dem von ihnen entwickelten Assay (239).
Bei einem Screening von 9 600 Verbindungen wurde eine Verbindung identifiziert (Verbindung
C), welche SIRT2 inhibiert. Durch eine Messung mit einem myristoylierten Substrat Ac-
RHKK(Myr)-AMC wurde bestatigt, dass dieser Inhibitor auch die Demyristoylaseaktivitit von
SIRT2 inhibiert. Deswegen ist der Assay grundsatzlich geeignet, um Inhibitoren der SIRT2
Demyristoylaseaktivitit zu identifizieren. Allerdings wurde fiir den bekannten SIRT2
Demyristoylase Inhibitor TM mit diesem Assay ein [Cso-Wert von 47 pM gemessen, wahrend unter
Verwendung eines myristoylierten H3K9-Peptids mit einem HPLC-basierten Assay ein um das
1 000-fache niedrigerer ICso-Wert von 0,05 uM bestimmt wurde. Im Gegensatz dazu konnte die
SIRT2-Aktivitdt mit dem Assay von Nakajima et al. durch AGK-2 inhibiert werden (ICso = 20 pM),
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wahrend dieser Inhibitor im HPLC-basierten Assay die Demyristoylaseaktivitat von SIRT2 nicht
inhibieren konnte (259).

Tabelle 2. Inhibition der SIRT2-Aktivitat durch bekannte Inhibitoren in Abhangigkeit des Acylrests des
verwendeten Substrats. Das Zeichen ,+“ bedeutet, dass die SIRT2-Aktivitat inhibiert wird und ,-“ bedeutet,
dass die SIRT2-Aktivitat nicht inhibiert wird. n.u. bedeutet, dass diese Kombination nicht untersucht wurde.
* aminobenzoylierten-11-aminoundecanoylierten, # Manuskript 0.

Acylrest KM GirRealz AGK-2 TM SMyr Ref
Name Struktur (»M)
Acetyl A{ 750 + nu.  nu  nu (195

Dodecyl W 4,5 + nu. nu nu (195
Myristoyl /ﬁw 1,8 — nu.  nu  nu  (195)

Acetyl /W( n.u. + + nu (259
Myristoyl W n.u. — — 4+ nu (259

Disperse //NQNOQ
Red-Derivat TT@N 0,057 — — — nu (239

Abz-Aun* WHQ 0,1 + + n.u. + o#
o) o) NH,

-

SAc-A AP 0,0053 n.u. 0¥
c-Aun I T + + +

Myristoyl 0,033 — — nu 4 O

[¢]

_|_

4.1.4 Fluoreszenzbasierter Assays mit Myristoylrest

Aufgrund der unterschiedlichen und abweichenden Ergebnisse der Inhibition der SIRT2-
Aktivitat unter Nutzung von Substraten mit artifiziellen Acylresten im Vergleich zum natiirlich
auftretenden Myristoylrest wurde in der vorliegenden Arbeit ein Assay entwickelt, der die
Messung der SIRT2-Aktivitat mit dem natiirlichen Myristoylrest ermdglicht (Manuskript 0). Dabei
wurde die Umgebungssensitivitit von den Fluorophoren MCA (Mcm1, Manuskript 0) und
Fluorescein (F4, Manuskript 0) ausgenutzt. Unter der Nutzung von Mcm1 konnte ein direkter und
kontinuierlicher Assay fiir SIRT2 entwickelt werden. SIRT2 wies, wie fiir die in Manuskript 5.3
entwickelten Substrate, einen sehr geringen Ku-Wert von 17 nM fiir Mcm1 auf (Manuskript 0).
Die Ku-Werte von SIRT2 fiir das Peptid Mcm1 waren in Verbindung mit MCA als Fluorophor so
niedrig, dass sie bei einer Konzentration am Ku-Wert nicht als Assaysubstrat in Betracht kamen.
Deswegen wurde MCA als Fluorophor durch Fluorescein ersetzt (F4, Manuskript 0).

Fluorescein wird im Peptid nicht durch den Myristoylrest gequencht. Das Quenching ergibt
sich durch die Bindung von dem fluoreszenzmarkierten Peptid F4 an Albumin aus Rinderserum
(BSA). Wird der Myristoylrest durch SIRT2 gespalten, bindet das Produkt nicht mehr an BSA und
die Fluoreszenz nimmt zu. Es handelte sich bei diesem Ansatz also um eine gekoppelte
Messmethode. Dieses Assayprinzip funktioniert nur, wenn der Ku-Wert des Enzyms fiir das
Substrat deutlich niedriger ist als der Kp-Wert von BSA fiir das Substrat. Ist dies nicht der Fall wird
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die Bindung von BSA an das Peptid bevorzugt und die kinetischen Konstanten vom Enzym fiir das
Substrat werden verfélscht. In diesem Fall war die Messmethode fiir die Bestimmung der
enzymatischen Aktivitdt von SIRT2 und SIRT3 geeignet. Ein dhnliches Messprinzip wurde bereits
fiir HATs durch Lanyon-Hogg et al. entwickelt. Ein Fluorescein-markiertes Peptid wird durch eine
HAT am N-Terminus palmitoyliert. Das markierte Peptid bindet anschliefiend an BSA oder an
Mizelle. Dadurch erhohte sich die Fluoreszenzpolarisation deutlich (297). Die
Fluoreszenzpolarisation als Detektionsmethode wiirde bei dem in dieser Arbeit entwickelten
Messprinzip (mit F4, Manuskript 5.5) ebenso funktionieren. Durch die BSA-Bindung des Substrats
andert sich die Fluoreszenzpolarisation deutlich im Vergleich zum ungebundenen Produkt. Dies
konnte eine deutlichere Unterscheidung des Substratsignals und des Produktsignals ermdoglichen.
Mit der in dieser Arbeit entwickelten Messmethode war es moglich, die SIRT2-Aktivitdt mit einer
Enzymkonzentration von 0,1 nM und die SIRT3-Aktivitiat mit 10 nM zu bestimmen.

Bei der Analyse der bekannten Inhibitoren konnte gezeigt werden, dass die spezifischen SIRT2
Deacetylase-Inhibitoren SirReal2 und AGK-2 die Demyristoylierung des Peptids F4 nicht bzw. nur
partiell inhibieren (Manuskript 0). Dahingegen konnten die SIRT2 Demyristoylase-Inhibitoren
SMyr und Verbindung 12 (294) die SIRT2-Aktivitit inhibieren. Damit konnte ein kontinuierlicher
Assay entwickelt werden, der die Demyristoylaseaktivitdt von SIRT2 detektieren kann und fiir das
zukiinftige Screening von SIRT2 Demyristoylase-Inhibitoren von SIRT2 eingesetzt werden kann.
Bei der Bestimmung der in vitro Aktivitit von Verbindung 12 wurde ein Trypsin-gekoppelter
Assay eingesetzt, bei dem das ZMML (Z-Schutzgruppe-K(Myr)-AMC) Lysinderivat als Substrat
genutzt wurde. Es wurde ein ICso-Wert von 2,4uM gemessen, was an der unteren
Detektionsgrenze des Assays von ca. 1 uM liegt (294). Die in vitro Testung von TM wurde mit
200 nM SIRT2 durchgefiihrt und der ermittelte 1Cso-Wert lag bei 0,05 uM. Dies ist nahe der
theoretischen unteren Detektionsgrenze des genutzten HPLC-Assays von 0,1 uM und lasst die
Vermutung zu, dass TM, unter Verwendung eines sensitiveren Assays, einen niedrigeren ICso-
Wert aufweisen wiirde. Die hervorragenden Substrateigenschaften von SIRT2 fiir F4 mit einer
katalytischen Effizienz von 697 000 M-1s-1 (Manuskript 0) ermoglichten die Messung der
Demyristoylaseaktivitdt von SIRT2 mit 100 pM. Dadurch konnte, unter Verwendung von F4, der
Inhibitionstyp von Verbindung 12 (kompetitiv gegeniiber dem Peptidsubstrat) bestimmt werden
und der Ki-Wert von 13,2 nM gemessen werden.

Die HDAC-Isoformen weisen grofde Unterschiede in der Spezifitit gegeniiber der zu
entfernenden Acylgruppe und des Tragermolekiils dieser Acylgruppe auf. Im Vergleich der
verschiedenen Methoden zur Bestimmung der enzymatischen Aktivitat der HDACs zeigt sich, dass
es sich aufgrund dieser Unterschiede empfiehlt, statt eines universalen Assaysystems individuelle
Assays zu nutzen. Diese individuellen Assaysysteme sollten das Wissen tliber die Besonderheiten
der einzelnen HDAC-Isoformen nutzen. Auf diese Weise gelang es in dieser Arbeit, personalisierte
Assays zu etablieren, welche die spezifischen Eigenschaften der HDACs ausnutzen. So konnten vor
allem fiir die HDACs der Klasse I1a, flir HDAC8, HDAC11, SIRT2 und SIRT3 Assays etabliert werden.
Diese etablierten Assays sind besonders gut geeignet, um die entsprechenden Isoformen weiter
zu untersuchen.
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4.1.5 Betrachtung bekannter HDAC-Assays

Die publizierten und genutzten Arten von HDAC-Assays weisen verschiedene Probleme auf,
die bei den in dieser Arbeit entwickelten Assays nicht auftreten bzw. durch das Methodendesign
umgangen werden. Einige dieser Probleme werden im folgenden Abschnitt diskutiert.

Das Problem von allen gekoppelten Assays ist grundsatzlich, dass die komplexere
Reaktionslosung die Storanfélligkeit erhoht. Das geschieht normalerweise durch die Interaktion
oder Kreuzreaktion von zu testenden Verbindungen mit anderen Substanzen, die fiir die weiteren
Reaktionen im Assay bendtigt werden. Durch die Verwendung von kontinuierlichen
Messmethoden wird die Wahrscheinlichkeit durch weniger Komponenten im Reaktionsansatz
gesenkt. Zusatzlich wirkt sich nachteilig aus, dass gekoppelte Assays zumeist diskontinuierlich
genutzt werden miissen, wodurch der experimentelle Aufwand steigt und die Datendichte
geringer ist als bei einer kontinuierlichen Messung. Ein grundsatzlicher Vorteil von gekoppelten
Assays besteht in der Verwendung von natiirlichen Acylresten fiir die Aktivititsmessung. Dadurch
kénnen durch den Acylrest keine negativen Effekte, wie im Fall der SIRT2-Assays, entstehen.

Bei der Verwendung von chemisch gekoppelten Assays kann es bei der Markierungsreaktion
zu Nebenprodukten kommen, z.B. beim Vorhandensein mehrerer, gleicher funktioneller Gruppen
im zu markierenden Produkt oder Substrat. Zum Beispiel erfolgt bei der HDAC10 katalysierten
Deacetylierungsreaktion des Substrats N8-Acetylspermidin eine Dansylmarkierung der
Spermidinderivate an sekundidren und primdren Aminen (110). Wenn unter den gewahlten
Reaktionsbedingungen keine vollstindige Markierung stattfindet, ergeben sich fiir das Substrat
N8-Acetylspermidin drei mogliche Markierungsprodukte und fiir das entstehende Spermidin
sieben mogliche Markierungsprodukte (110). Diese miissen nach der Markierungsreaktion
getrennt, identifiziert und quantifiziert werden. Durch die Verwendung von spezifischeren
Reagenzien, die selektiv nur primare Amine modifizieren, wie zum Beispiel die Markierung durch
Fluorescamin, lief3en sich die Mehrfachmodifikationen verhindern (210, 212).

Beim Screening von potenziellen Inhibitoren ergibt sich ein Nachteil fiir alle Enzym-
gekoppelten Assays. Es muss sichergestellt werden, dass die nachgeschalteten Enzyme nicht
durch die zu testenden Verbindungen inhibiert werden. Bestimmte Verbindungen bzw.
Strukturelemente, die bei verschiedenen Assays problematische Nebeneffekte hervorrufen,
lassen sich durch Pan Assay Interference Compounds (PAINS)-Analysen von vornherein
ausschliefRen (298). Trotzdem miissen Hits auf Inhibierung aller in den entsprechenden Assays
fiir die gekoppelten Reaktionen genutzten Enzyme getestet werden. Diese Testung bedeutet einen
erheblichen Mehraufwand. So ist zum Beispiel der SIRT5-Inhibitor GW5074 nicht mit dem Assay
fiir NAM produzierende Enzyme (Abbildung 7A) kompatibel, da er ebenso das nachgeschaltete
Enzym GDH inhibiert (183, 299).

Beim Acetat-Assay, einem Enzym-gekoppelten Assay, werden drei weitere Enzymreaktionen
an die Deacetylierungsreaktion gekoppelt (Abbildung 7B). Durch diese Enzymreaktionen wird die
Bildung des Produkts Acetat an die detektierbare NADH-Bildung gekoppelt (186). Auf dieser
Grundlage ergibt sich, dass der Assay ausschliefllich fiir Enzyme geeignet ist, die eine gute
Deacetylaseaktivitit aufweisen. Zum Beispiel weist HDAC8 in vitro eine nur mafdige
Deacetylaseaktivitit auf im Vergleich zu der deutlich héheren Deacylierungsaktivitit von
artifiziellen TFA-Resten (Tabelle 1). Bei der Nutzung des Acetat-Assays wurde eine HDAC8-
Konzentration von 0,5 pM bis 1 pM verwendet (186). Bei dem in dieser Arbeit entwickelten Assay
(Manuskript 3.2) fiir die Aktivitdtsmessungen der HDAC8 konnte eine Enzymkonzentration von
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2 nM verwendet werden (300). Durch die geringe Enzymkonzentration im Reaktionsansatz ergibt
sich die Moglichkeit, ICso-Werte fiir potentere Inhibitoren zuverldssig bis zu deutlich geringeren
Werten bestimmen zu kénnen.

Assays, bei denen die Inaktivierung von Enzymen oder Proteinen durch eine
Lysinacetylierung genutzt wird, bieten eine weitere Moglichkeit der Aktivititsmessung von
HDACs. Die Verwendung von Cas12a, der Firefly Luciferase und EGFP sind bekannte Beispiele fiir
HDAC-Assays (188-190, 235). Durch die HDAC vermittelte Deacetylierung wird die Inaktivierung
aufgehoben. Die Enzyme konnen zugesetzte, lumineszierende bzw. fluoreszierende Substrate
umsetzen bzw. EGFP kann korrekt falten. Der grofde Vorteil dieser Methoden ist, dass sie sehr
starke Messsignale erzeugen, da die Reaktion der aktivierten Reporterenzyme kontinuierlich
weiterlauft, bis das Reportersubstrat vollstindig umgesetzt wurde. Die starre Substratstruktur,
vorgegeben durch die Struktur des Enzyms, kann sich wiederum nachteilig auswirken und somit
suboptimale Substrateigenschaften fiir HDACs besitzen. Beispielweise konnte Kkeine
Fluoreszenzzunahme bei HDAC3 Uberexpression im EGFP-Assay beobachtet werden (235). Dies
kénnte im Fall von HDAC3 auch am Fehlen vom entsprechenden Deacetylase-Aktivator NCOR
liegen, welcher nicht in E. coli iiberexprimiert wurde (55, 235). Mit dem Luciferase-Assay konnte
in einem Screening von 168 000 Verbindungen ein SIRT1-Inhibitor identifiziert werden, welcher
durch verschiedene Modifikationen verbessert wurde (190). Dabei wiesen die Ergebnisse aus
dem Luciferase-Assay starke Abweichungen von den etablierten kommerziell erhaltlichen Fluor-
de-Lys- und SIRT-Glo-Assays auf. Es wurde nur eine Verbindung der neun initialen Hits als
Inhibitor fiir SIRT1 bestétigt. Die Autoren erkldren diese Abweichung durch substratabhdngige
Inhibierung (190).

Eine weitere Assay-Moglichkeit ist die Kopplung der HDAC-Reaktion an eine proteolytische
Spaltung (siehe 1.6.2, Abbildung 8) durch Trypsin, die nur nach der Deacylierung erfolgt. Ein
grofder Vorteil dieses Ansatzes ist, dass er durch die kommerzielle Verfiigbarkeit als Fluor-de-Lys-
Assay gut etabliert wurde (auch durch sehr viele nicht kommerzielle Varianten) und viele
Varianten fiir die einzelnen HDAC-Isoformen entwickelt wurden (191-199). Durch die Trypsin-
vermittelte AMC-Abspaltung ergibt sich eine starke Fluoreszenzzunahme, wodurch eine sehr gute
Sensitivitat dieses Ansatzes gegeben ist. Die Fluoreszenzzunahme ergibt sich aus der Spaltung der
Lysinyl-Coumaryl Amidbindung. Deswegen muss sich der AMC-Rest direkt C-terminal vom
modifizierten Lysin im Substratpeptidderivat befinden. Durch diese, dem Assay innewohnende
Limitation, ist es nicht mdglich, mit Hilfe dieses Assays die Substratspezifitit der Positionen im
Peptidsubstrat C-terminal zum modifizierten Lysin zu untersuchen.

Zusatzlich konnte fir die Zn2+-abhangigen HDACs durch verschiedene Arbeitsgruppen gezeigt
werden, dass der artifizielle AMC-Rest die Substrateigenschaften im Vergleich zu eher natiirlichen
Substraten stark beeinflusst. Beispielweise wurde die Substrataffinitit der HDAC6 durch den
AMC-Rest deutlich erhoht. Fiir HDAC4 hingegen ging die Substratspezifitat verloren (285). Auch
HDAC3 zeigte eine deutlich abweichende katalytische Effizienz zwischen Peptiden mit und ohne
AMC-Rest. So wies HDAC3 fiir das H4 abgeleitetes Peptid Ac-WGKGLGK(Ac)GGAKW-NH; eine
katalytische Effizienz von 2 900 M-1s1 auf. Fiir das H4 abgeleitete Ac-LGK(Ac)-AMC Peptid wies
HDAC3 mit 690 000 M-1s-1 eine 238-fach hohere katalytische Effizienz auf (50). Diese hohe
Abweichung in der katalytischen Effizienz ergab sich aus einem 12,8-fach hoheren ke.-Wert und
einem 18,5-fach geringerem Ku-Wert des AMC-haltigen Peptids. Ebenso nachteilig ist, dass die
AMC-gekoppelten Substrate suboptimale Substrateigenschaften fiir Sirtuine besitzen und daher
mit sehr hohen Sirtuinkonzentrationen (0,5 pM fiir SIRT2 und 2 pM fiir SIRT6) gemessen werden

muss. Dadurch erreicht man die Limitierung fiir die Anwendung der Michaelis-Menten-Gleichung
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und die korrekte Bestimmung der [Cso-Werte fiir hochaffine Inhibitoren wird dadurch erschwert.
Um diese Limitierungen zu umgehen, wurde ein Fluorophor/Quencherpaar N- und C-terminal am
Peptid gekoppelt. Durch die zugegebene Protease und die daraus resultierende raumliche
Trennung von Quencher und Fluorophor wurde das Quenching vermindert (201, 205). Durch den
grofleren Abstand zum modifizierten Lysin sollten Fluorophor und Quencher einen geringeren
Einfluss auf die Substrataffinitdt haben. So ergibt sich durch viele bekannte FRET-Paare die
Moglichkeit zur Nutzung verschiedener Fluorophore.

Diese Assayvarianten werden normalerweise diskontinuierlich genutzt. Fiir verschiedene
HDAC-Isoformen, z.B. fiir HDAC1-3, HDAC11, SIRT2 und SIRT5 konnte der Assay auch
kontinuierlich genutzt werden (50, 62, 192, 195, 201). Dies setzt voraus, dass die HDACs iiber den
Messzeitraum stabil gegeniiber der Protease sind und die Trypsin-Reaktion schneller als die
HDAC katalysierte Reaktion ablauft. Beide Voraussetzungen kdnnen gegenladufig sein. Aufderdem
muss auf zusatzliche Arginine und Lysine in der Peptidsequenz verzichtet werden.

Die Kopplung der HDAC-Reaktion an eine intramolekulare Umlagerung (auch self immolative
genannt) umgeht einige Nachteile der gekoppelten Assays (siehe 1.6.4). Da die Reaktion
intramolekular stattfindet, kann auf weitere Enzyme bzw. Substrate verzichtet werden, so dass
ein weniger komplexer Assayansatz genutzt werden kann. Auféerdem storen Aminogruppen bzw.
andere reaktive Gruppen im Substrat und auch in der Reaktionslosung, welche die
intramolekulare Reaktion ausfithren kénnen, den Assay und miissen vermieden werden. Bei
manchen Arten dieser Messmethoden war eine méafdige Zunahme bzw. eine Abnahme der
Fluoreszenz auf die Halfte der Ursprungsfluoreszenz zu beobachten (230, 231). Durch
Verwendung alternativer Fluorophore, wie NBD oder einem Cumarinderivat, war ein enormer
Anstieg der Fluoreszenzintensitat infolge der intramolekularen Umlagerung zu beobachten (222-
224, 232, 246, 301). Dadurch konnte bei Assays mit diesen Substraten eine sehr gute Sensitivitat
erreicht werden. Nach SIRT1 Zugabe bzw. durch HDAC6-Zugabe konnte zum Beispiel eine
Fluoreszenzzunahme um das 6,7-fache (229) bis hin zum 70-fachen beobachtet werden (232).
Durch systematische Verbesserung des Fluorophors und des Substrats zu einer Infrarot-Sonde
konnte die HDAC-Aktivitit sogar im Tumorgewebe einer lebenden Maus gemessen werden. Diese
Fluoreszenzzunahme konnte durch die Zugabe von TSA deutlich gesenkt werden (234). Ein
weiterer Vorteil dieses Substratdesigns ist, dass der natiirliche Acylrest verwendet werden kann
und das Substratdesign die Messung mit jedem Acylrest ermdglichen sollte. Die Funktionalitat
wurde unter anderem mit Acetyl-, Succinyl-, Malonyl-, Crotonyl-, und Lactoylresten gezeigt (88,
224). Ein Nachteil dieses Assaydesigns ist, dass die nachgeschalteten intramolekularen
Reaktionen eine geringere Reaktionsgeschwindigkeit aufweisen als die enzymatische Reaktion
und somit keine Linearitidt in den Progresskurven beobachtet werden kann. Dadurch wird die
Analyse von kinetischen Ereignissen, welche durch die Analyse von Progresskurven zu entdecken
sind (wie z.B. tight binding), erschwert.

4.2 Lactoyl- und Pyruvoylmodifikationen an Lysinen

In den letzten Jahren wurden neben Acetylierungen viele Acylmodifikationen der
e-Aminogruppe von Lysinen nachgewiesen. Fiir einige dieser Acylierungen ist weder geklart,
welche Funktionen sie besitzen, noch durch welche reader bzw. eraser sie reguliert werden. Eine
dieser Modifikationen ist die Lysinlactoylierung (oder auch Lysinlactylierung). Die
Lysinlactoylierung entsteht durch verschiedene Stoffwechselwege. Es gibt zwei Wege iiber den
MGO-Abbau, wodurch D-Lactoyllysin durch Lactoglutathion und L-Lactoyllysin als AGE entsteht.

134



Lactoyllysin wurde 2015 erstmals als Lysinmodifikation in vivo nachgewiesen und spater
bestadtigt (30, 65, 82, 86). Aufgrund des methodischen Designs war es nicht mdglich, konkrete
Aussagen iliber die modifizierten Proteine zu treffen. 2019 wurde Lactoyllysin als
Histonmodifizierung mit Hilfe von Lactoyll Lysin ysin-spezifischen Antikérpern nachgewiesen
(34), wobei die Delactoylasen noch unbekannt waren. Die erste in vitro und in vivo beschriebene
Delactoylase war SIRT2. Fiir D- und L-lactoylierte Undecapeptide, welche von der PKM-2
Lactoylierungsstelle abgeleitet wurden (86), weist SIRT2 eine sehr geringe katalytische Effizienz
von ca. 1 M-1s-1 auf (65). Hier zeigte sich ein erhohtes Lactoylierungs-Level bei SIRT2 knockdown
Zellen. Die katalytische Effizienz von SIRT?2 fiir das acetylierte Peptid war in dieser Studie 36-fach
bzw. 50-fach héher als fiir das L-Lactoyl bzw. das D-Lactoylpeptid. Diese geringe Aktivitit scheint
zu niedrig zu sein, um die einzige relevante in vivo Delactoylase zu sein.

In einer weiteren Arbeit konnten fiir SIRT2 mit lactoylierten Histon-Peptiden deutlich hohere
katalytische Effizienzen (hochste: H4K91-Lac-Peptid mit 666 M-1s1) gemessen werden (88).
SIRT2 weist in dieser Publikation deutlich geringere Unterschiede in der katalytischen Effizienz
zwischen acetylierten und lactoylierten Peptiden auf (Tabelle 3).

Angeregt durch diese Erkenntnisse wurden in der vorliegenden Arbeit die Zn2+-abhangigen
HDACs 2-9 und HDAC11, sowie die Sirtuine SIRTZ2, 3, 5 und 6 hinsichtlich ihrer enzymatischen
Aktivitat gegeniiber Lactoyl-, Pyruvoyl-, und Glyoxalylresten untersucht. Diese enzymatische
Aktivitat wurde mit der Deacylaseaktivtit gegentiber Acetyl- und Propionylresten verglichen. Die
Reste wurden an den Peptidsequenzen Abz-SRGGK(Acyl)FFRR-NH und
ARTKQTARK(Acyl)STGGWW-NH; untersucht.

Fiir SIRT3 wurde in der hier vorliegenden Arbeit eine dhnliche katalytische Effizienz wie fiir
SIRT2 gemessen. Eine von Jin et al. kiirzlich publizierte Arbeit konnte durch stable isotope labeling
by amino acids in cell culture (SILAC) Experimente in HCC-Zellen verschiedene durch SIRT3
regulierte Lactoylierungsstellen ermitteln (302). Eines der Substrate war Cyclin E2, das am
Lys347 und Lys348 Ilactoyliert vorliegen kann und in der lactoylierten Form die
Tumorprogression verstirkt. Jin et al. zeigten ebenso, dass die Uberexpression von SIRT3 durch
Honokiolgabe (303) die Lysinlactoylierung von Cyclin E2 in HCC-Zellen verringerte und die
Honokiolgabe die Apoptose der HCC-Zellen induzierte (302). In Mausen mit induziertem HCC
wurde durch die Honokiolgabe die SIRT3-Expression in der Leber erhoht und das
Tumorwachstum unterdriickt (302).

In dieser Arbeit wurde fiir HDACZ und HDAC3 eine deutlich hohere Delactoylaseaktivitat, im
Vergleich zu SIRT2, gemessen (Manuskript 0). Die katalytische Effizienz von HDAC3 fiir das
lactoylierte Peptid (Manuskript 0, Verbindung 3) war um das 7 800-fache grofier im Vergleich zu
SIRT2 fiir das PKM-2-Lac Peptid (65), um das 205-fache grofier als bei SIRT2 fiir Verbindung 3
(Manuskript 0) und 12-fach grofder als von SIRT2 fiir das H4K91-Lac Peptid (88). Ebenso zeigte
sich HDAC2 in der hier vorliegenden Arbeit als eine effizientere in vitro Delactoylase als SIRT2
und SIRT3.

Dies kann auf eine grofere in vivo Relevanz fiir HDAC3 und HDAC2 hindeuten. Ahnliches
konnte durch Moreno-Yruela et al. gezeigt werden (50). Hier wurden zwar keine kinetischen
Konstanten fiir SIRT2 bestimmt, da diese nur sehr geringe Umsatze im Aktivitdtstest zeigten.
HDAC2 und HDAC3 wiesen jedoch in diesem Aktivitdtstest deutlich hohere Umsatze auf. Ebenso
wurden fiir H3K9 lactoylierte Peptide dhnliche kinetische Konstanten erhalten wie in dieser
Arbeit (50). Diese Ergebnisse an Modellpeptiden konnten auch an lactoylierten Histonen, an
lactoylierten Nucleosomen und durch in cellulo Delactoylase Aktivitit von HDAC1-3 durch

Moreno-Yruela et al. bestétigt werden (50).
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Neben der Lysinlactoylierung wurden Pyruvoyllysin und Glyoxalyllysin als neue
Modifikationen untersucht. Diese entstehen durch die Reaktion von Glyoxal (GO, fiir Glyoxalyl)
und MGO (fiir Pyruvoyl) mit Lysinen als AGEs unter oxidativem Stress (30). Pyruvoylreste und
Glyoxalylreste besitzen durch den a-Carbonylrest einen reaktiveren Carbonylkohlenstoff der
Amidbindung. Aufgrund des Reaktionsmechanismus der Sirtuine sollten Sirtuine Pyruvoyllysin
und Glyoxalyllysin nicht oder nur schlecht als Substrate erkennen. Auch andere Verbindungen,
die einen aktivierten Carbonylkohlenstoff des Amids besitzen, werden von Sirtuinen schlecht bzw.
nicht umgesetzt. Zum Beispiel sind trifluoracetylierte Peptide keine Substrate sondern
Inhibitoren fiir Sirtuine (254, 304, 305).

Zn?+-abhangige HDACs hingegen, vor allem diejenigen der Klasse Ila, sollten solche
Modifikationen aufgrund des reaktiveren Carbonylkohlenstoffs des Amids als Substrate
erkennen. Die HDACs der Klasse Ila besitzen nahezu keine Deacetylaseaktivitat in vitro. Die
reaktiveren TFA-Reste werden hingegen effizient hydrolysiert. Dies liegt an dem Austausch eines
konservierten Tyrosins im aktiven Zentrum durch Histidin, welcher fiir die HDACs der Klasse Ila
typisch ist (57, 127). Da durch den a-Carbonylrest eine dhnliche Aktivierung bei Pyruvoyl- und
Glyoxalylresten vorliegt, wurde die Uberlegung angestellt, dass diese Reste die natiirlichen
Substrate fiir die HDACs der Klasse Ila darstellen konnten. Diese These konnte nicht bestatigt
werden, da keine der HDACs der Klasse Ila Depyruvoylase- oder Deglyoxalylaseaktivitit zeigten.
Dafiir konnten HDAC2, HDAC3, HDAC6 und HDAC8 diese Reste effektiv spalten. Alle untersuchten
Enzyme hydrolysierten den Pyruvoylrest effizienter als den Glyoxalylrest. Dies ist auf einen
deutlich verringerten ke..-Wert bei den Glyoxalylresten zuriickzufiihren (Manuskript 0).

Tabelle 3. Ubersicht iiber bekannte in vitro acetylierte und lactoylierte Peptidsubstrate fiir SIRT2 und
SIRT3. * Die ,Anderung zum Acetylrest“ bedeutet die Anderung der katalytischen Effizienz des acetylierten
Peptids im Vergleich zum lactoylierten Peptid.

SIRT?2 Km Keat Kcat/Km Anderung zu Referenz

(uM) (s-1) (M-1s1) Acetylrest*
H2A-K115-Ac 182 0,52 2800 1 (88)
H2A-K115-Lac 190 0,065 342 0,12 (88)
H2B-K85-Ac 120 0,47 3900 1 (88)
H2B-K85-Lac 328 0,073 224 0,057 (88)
H3K18-Ac 99 0,17 1700 1 (88)
H3K18-Lac 245 0,050 203 0,12 (88)
H4K91-Ac 165 0,35 2100 1 (88)
H4K91-Lac 188 0,013 666 0,32 (88)
PKM-2-Ac 115 0,0045 39,6 1 (65)
PKM-2-D-Lac 1426 0,0012 0,8 0,020 (65)
PKM-2-L-Lac 486 0,0005 1,1 0,028 (65)
sLogo-Ac (1) 25 0,36 14 000 1 Manuskript 0
sLogo-Lac (3) 950 0,035 38 0,0027 Manuskript 0
SIRT3 Km Keat Kcat/Km Anderung zu

(uM) (s1) (M-1s1) Acetylrest*
sLogo-Ac (1) 6,8 0,15 22000 1 Manuskript 0
sLogo-Lac (3) 1580 0,030 19 0,00086 Manuskript 0
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Die Ku-Werte von HDACG fiir das pyruvoylierte Peptid sind niedriger und von HDAC8 deutlich
niedriger im Vergleich zum acetylierten Peptid: 620 uM fiir den Acetylrest und 9,2 uM fiir den
Pyruvoylrest am gleichen Peptidriickgrat fiir HDACS. Eine Verringerung der Ky-Werte konnte fiir
die HDACZ2 und HDAC3 nicht beobachtet werden. Simulationen basierend auf Dockingmethoden
zeigten mogliche Ursachen dafiir, dass der Ku-Wert fiir HDAC2 und HDAC3 im Gegensatz zu
HDAC6 und HDACS nicht verringert ist. Bei HDAC6 und HDAC8 ging der Carbonylsauerstoff des
a-Carbonylrests eine Wasserstoffbriickenbindung mit einem konservierten Cystein (Cys621 in
HDAC6 und Cys153 in HDACS) ein. Diese zusétzliche Interaktion kann den niedrigen Ku-Wert von
HDAC6 und HDACS erkldren. Bei HDAC2 und HDAC3 war die Carbonylgruppe vom Pyruvoylrest
um 180° gedreht und konnte die Wasserstoffbriickenbindung nicht ausbilden. Dadurch kann
keine zusatzliche Interaktion zustande kommen und der Ku-Wert ist dhnlich dem Ku-Wert fiir
acetylierte bzw. propionylierte Peptide. Der Cysteinrest ist in allen Zn2+-abhingigen HDACs
konserviert und stabilisiert den Ubergangszustand des Substrats (124).

Dieser niedrige Ku-Wert kann auf eine mégliche in vivo Funktion von HDACS als eraser fiir
Pyruvoylreste hindeuten. Besonders auffillig ist der niedrige Ku-Wert der HDACS fiir diesen Rest,
wenn man ihn mit Ku-Werten fiir bekannte acetylierte HDAC8-Substrate vergleicht, welche
ausnahmslos um ein Vielfaches grofier sind (Tabelle 1). Solche grofien Unterschiede in der
Affinitat fiir das aktive Zentrum von Enzymen konnen einen grofien Einfluss auf die
Substratspezifitit in vivo haben. Fiir Substrate mit geringer Konzentration in vivo ist dies von
besonderer Bedeutung. Die Abundanz der Pyruvoylmodifikationen scheint in vivo relativ gering
zu sein. So war bei aus der Leber von drei Monate alten Mdusen isolierten Histonen die
Acetylmodifikation um das 438-fache hoher als die Pyruvoylmodifikation. Im gleichen Gewebe
konnte in Mitochondrien und im Cytosol die Pyruvoylmodifikation nachgewiesen, aber aufgrund
der geringen Konzentration nicht quantifiziert werden (306). Kiirzlich konnte fiir
N-Myristoyltransferasen gezeigt werden, dass diese Enzyme in vivo exklusiv Fettsdurereste
libertragen (307). Uberraschend ist dabei, dass die Transferasen in vitro &hnliche
Spezifititskonstanten fiir die Ubertragung des Acetylrests und des Myristoylrests von CoA auf den
N-Terminus aufweisen. Die Autoren dieser Studie wiesen die deutlichen Unterschiede der
Affinitaten des aktiven Zentrums zum Cosubstrat als einzige Ursache fiir die exklusive Aktivitit in
Zellen nach (307).

Die Ergebnisse dieser Arbeit stammen aus in vitro Messungen mit Modellpeptiden. Dadurch
lassen sich die Ergebnisse nicht direkt auf vollstindige Proteinsubstrate und auf in cellulo
Messungen tibertragen. Fiir die in dieser Arbeit nachgewiesenen in vitro Delactoylaseaktivititen
der HDACs wurden mittlerweile entsprechende in vivo Aktivitdten nachgewiesen (50, 65, 88, 302).
Auch in anderen Fillen wurden fiir die Untersuchung der Acylspezifititen von HDACs
Modellpeptide genutzt, welche anschliefdend auf Proteinebene iibertragen und in vivo bestatigt
werden konnten. Zum Beispiel wurde die bis jetzt einzigartige Spezifitat von SIRTS5 fiir negativ
geladene Acylreste (Malonyl-, Succinyl-, Glutarylreste) zuerst auf Peptidebene gezeigt. Spater
konnte bestatigt werden, dass die Desuccinylase- und Deglutarylaseaktivitat die Hauptaktivitat
von SIRTS5 in vivo ist (36, 69, 70). Ahnliches gilt fiir die Demyristoylaseaktivitit von HDAC11 (61,
62) oder SIRT6 (41) und SIRT?2 (64), welche spater in vivo als Deacylaseaktivitat fiir Fettsdurereste
bestdtigt wurde (63, 71, 308-310). Es besteht die Moglichkeit, dass verschiedene Acylspezifitaten
an Peptidsubstraten nicht erkannt werden. Zum Beispiel zeigte sich fiir die Deacylaseaktivitat von
SIRT7, dass SIRT7 DNA oder ganze Nukleosomen ben6étigt, um als Deacylase zu arbeiten (75-81).
SIRT6 zeigt keine Deacetylaseaktivitit an Peptiden, jedoch wurde Deacetylaseaktivitit

nachgewiesen wenn acetylierte Nukleosomen die Substrate waren (72-74). Dass eine hohe
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Aktivitat falschlicherweise gemessen wurde und dafiir die Verwendung von Peptiden als
Substrate die singulare Ursache war, wurde noch nicht nachgewiesen. Fiir die Zn2+*-abhangigen
HDACs zeigt sich, dass diese verschiedene Aktivititen aufweisen, in Abhdngigkeit vom
Bindungspartner (56, 311). HDAC1 im CoREST- und MIER-Komplex konnte den Lactoylrest von
H2B entfernen. HDAC1 im MiDAC- und RERE-Komplex wiesen Delactoylaseaktivitdt nur auf, wenn

die Histone im Nukleosom verpackt waren. Dies muss fiir zukiinftige Untersuchung und der
Interpretation der Daten beachtet werden.
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5 Zusammenfassung und Ausblick

Um neue HDAC-Effektoren zu entdecken und diese zuverldssig zu charakterisieren, sind
robuste und reproduzierbare Messmethoden notwendig. Da die bestehenden und etablierten
Messmethoden verschiedene Schwachen aufweisen, war das Ziel dieser Arbeit, neue
Messverfahren fiir die enzymatische Aktivitit der HDACs zu entwickeln. Dabei wurde ein
besonderer Fokus auf HDACs gelegt, die nur eine geringe Deacetylaseaktivitat aufweisen, sodass
sie mit etablierten Messmethoden besonders schwer zu untersuchen sind.

Unter Nutzung eines bekannten Sirtuinsubstrats konnte ein direkter und kontinuierlicher
Assay fiir die HDAC11 entwickelt werden. Dabei wurde der Umstand genutzt, dass es sich bei der
HDAC11 um eine Demyristoylase handelt. HDAC11 zeigte eine katalytische Effizienz von
13 000 M-1s'l. Dadurch war es moglich, die Inhibitionswerte fiir beschriebene HDAC11-
Inhibitoren zu evaluieren. Verifiziert wurden die niedrigen ICso-Werte von Fimepinostat und
Trapoxin A, sowie die hohen ICso-Werte von TSA, Romidepsin und Ricolinostat. Die potente
Inhibition von HDAC11 durch Dacinostat, Mocetinostat, Elevenostat, Pracinostat und Quisinostat
konnte unter Nutzung dieses Assays nicht verifiziert werden. Die erhaltenen Ergebnisse konnten
durch Kontrollmessungen mit einem TFA-Lysinderivat {iberpriift und verifiziert werden.

Weiterhin konnte ein direkter und kontinuierlicher UV-Assay fiir HDACs der Klasse Ila, fiir
HDAC11 und HDACS8 entwickelt werden. Dies war moglich, durch den Austausch eines einzigen
Atoms (Sauerstoff zu Schwefel) in der zu spaltenden Amidbindung, wodurch ein Thioacylrest
entstand. Durch die HDAC vermittelte Spaltung der Thioamidbindung konnte die HDAC-Aktivitat
bei der Absorption von 262 nm bzw. 275 nm detektiert werden. Durch die N-terminale
Einfiihrung des Fluorophors Abz in Kombination mit thiotrifluoracetylierten Lysinen konnte ein
fluoreszenzbasierter Assay entwickelt werden. HDAC8 zeigte fiir die entwickelten Peptide eine
extrem hohe katalytische Effizienz von 450 000 M-1s-1.

Flir Sirtuine und HDAC11 konnte ein weiteres fluoreszenzbasiertes Assayprinzip etabliert
werden. Es wurde ein dem Myristoylrest strukturell dhnlicher Thioacetylaminoundecanoylrest
eingefilihrt, welcher in der Lage war, verschiedene Fluorophore im Peptidriickgrat zu quenchen.

Im Vergleich zu bestehenden Assays wurden die katalytischen Konstanten von HDAC11,
SIRT2 und SIRTS3 fiir diese Peptide durch dieses Design deutlich verbessert. Vor allem SIRT2 wies
fiir diese Substrate extrem niedrige Ku-Werte im niedrigen nanomolaren Bereich auf. Dadurch
ergab sich eine katalytische Effizienz von 6 800 000 M-1s! fiir ein fluoresceinhaltiges Peptid und
15000 000 M-tst fiir ein MCA-haltiges Peptid. Durch diese niedrigen Ku-Werte konnten die
Substrate fiir SIRT2 auch als Fluoreszenzindikator fiir ein FID-Assay genutzt werden. Unter
Verwendung dieser Peptide wurde die SIRT2-AKktivitit, trotz der strukturellen Ahnlichkeit des
Acylrests zum Myristoylrest, durch spezifische SIRT2-Deacetylaseinhibitoren inhibiert.
Aufbauend auf diesen Ergebnissen wurde ein weiterer Assay etabliert, wobei MCA- und
fluoresceinmarkierte Peptide mit Myristoylrest als Assaysubstrate genutzt wurden.

Dadurch konnte ein direkter und kontinuierlicher SIRT2-Assay entwickelt werden, welcher
spezifisch die Demyristoylaseaktivitit von SIRT2 detektiert. Durch die ausgezeichnete
katalytische Konstante von 697 000 M-1s-! fiir das Peptid F4 konnte die Demyristoylaseaktivitat
von SIRT2 mit 1 nM SIRT2 im Ansatz gemessen werden, was die Sensitivitdt im Vergleich zu
anderen Assays deutlich verbesserte.

Fir HDACs als diejenigen Enzyme, die die Deacylierung der Acylmodifikationen der
Lysinseitenketten katalysieren, ergibt sich neben den bereits bekannten Substraten eine grofe
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Anzahl moglicher neuer Substrate. Die Anzahl der Modifikationen und deren Position, die in vivo
identifiziert werden, nimmtimmer weiter zu und die Deacylasen sind oft nicht bekannt. Deswegen
wurde die Fahigkeit der HDACs, verschiedene neu entdeckte Lysinmodifikationen (Lactoyl-,
Pyruvoyl-, Glyoxalylreste) zu hydrolysieren, systematisch untersucht und mit bekannten
Lysinmodifikationen (Acetyl- und Propionylreste) verglichen. Dabei konnten vor allem HDAC3
und HDAC?2 als effektive in vitro Delactoylasen identifiziert werden. Die katalytische Effizienz der
Delactoylierungsreaktion dieser beiden HDACs war deutlich hoéher als von der bis dato einzigen
bekannten Delactoylase SIRT2. Zuséatzlich konnte gezeigt werden, dass HDAC2, HDAC3, HDAC6
und HDACS8 Pyruvoyllysinreste in Modellpeptiden als Substrat akzeptieren. Vor allem HDAC8 wies
einen extrem niedrigen Ku-Wert fiir das pyruvoylierte Peptid auf, was in einer 30-fach
(artifizielles Peptid) bzw. in einer 364-fach (H3K9-Peptid) héheren katalytischen Effizienz im
Vergleich zum acetylierten Peptid resultierte. Mit einer katalytischen Effizienz von 510 000 M-1s-1
von HDACS fiir das pyruvoylierte H3K9-Peptid, ist es das beste Substrat, soweit bekannt, fiir
HDACS, mit einem in vivo Acylrest. Zusatzlich konnte das pyruvoylierte Peptid genutzt werden,
um die HDAC8-Aktivitat direkt und kontinuierlich mittels Fluoreszenzintensitit zu messen.

Die in dieser Arbeit neu entwickelten Substrate fiir die HDACs und die damit verbundenen
Assays fiir die einzelnen HDAC-Isoformen ermdglichen neue Moglichkeiten fiir direkte und
kontinuierliche Messungen der HDAC-Aktivitit fiir einige Isoformen. Die ausgezeichneten
kinetischen Konstanten, vor allem fir SIRT2, SIRT3, HDAC8, HDAC11 und die HDACs der
Klasse Ila und die damit verbundene niedrige eingesetzte Enzymkonzentration erlaubt eine
zuverldssige Bestimmung der Inhibitionskonstanten im niedrigen nanomolaren Bereich.
Zusatzlich konnen alle entwickelten Assays in den gangigen Mikrotiterplatten-Formaten genutzt
werden, was sie fiir zukinftige Inhibitorscreenings nutzbar macht.

Die in dieser Arbeit erhaltenen Informationen iiber die Sequenzspezifititen der einzelnen
Sirtuine (Manuskript 3.3 und 0) konnen genutzt werden, um fiir verschiedene Sirtuine neue und
Isoform-spezifische Assaysubstrate zu entwickeln. Auch die hochaffinen Sirtuinsubstrate aus
Manuskript 3.3 eignen sich mit dem niedrigen Ku-Wert ideal als Ausgangspunkt fiir die
Entwicklung von hochaffinen und spezifischen SIRT2-Inhibitoren. Um zu verstehen, durch welche
Interaktionen die hohe Affinitdt von SIRT2 zu den in Manuskript 3.3 entwickelten Peptiden
entsteht, konnen Rontgenkristallstrukturanalysen helfen. Auch diese Information kann zur
Entwicklung von hochaffinen SIRT2-Inhibitoren beitragen.

Das Prinzip des Quenchings der Fluoreszenz durch die Ausnutzung der Umgebungssensitivitat
des Fluorophors, wie in Manuskript 0 gezeigt, bietet die Mdglichkeit zur Entwicklung neuer
Deacylaseassays. Dafiir konnen myristoylierte Peptide in Kombination mit alternativen
Fluorophoren, die stark von der umgebenden Hydrophobizitidt abhdngen, genutzt werden.

Ebenso kann das Prinzip der Spaltung Thioamidbindung des entwickelten HDACB8-Assays
genutzt werden, um einen kontinuierlichen und direkten Assay fiir HDAC10 zu entwickeln. Ein
mogliches Substrat fiir die kontinuierliche Messung der HDAC10-Aktivitat ist N1-Abz-Ns-
Thiotrifluoracetyl-Spermidin.

Die Ergebnisse der Untersuchung der Substrateigenschaften der lactoylierten und
pyruvoylierten Peptide in Manuskript 0 deuten auf eine in vivo Relevanz der HDACs als
Delactoylasen und Depyruvoylasen hin. In vivo Untersuchungen mit dem Fokus auf diese Reste
und die spezielle Rolle der HDACs als eraser dieser Reste konnen interessante und neue
Erkenntnisse iiber den biologischen Wirkmechanismus der HDACs bringen.
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