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Summary

Summary

Sirtuins are NAD'-dependent lysine deacylases, which regulate various agflalsig
pathwaysand are associated with lifespan extemsthrough caloric restrictionThe human
isoformsSirt1-7 are linkedto dverse ageelated diseases suchAd z hei mer 0 s, Par k
but alsocancer andAIDS. Sirtuins arethereforeemerging targets faherapeutic approaches

and regulating sirtuin activity contextally is important While current pharmacological
modulation of sirtuin activity is almogxclusively restricted to inhibitors, which often lack
isoform-specifcity, potency, or bioavailability, the physiological modulation of sirtuin

activity by other proteins ismcompletelyunderstoodThis study covers importamnd new

aspects for the phiggogical and pharmacologal regulation of human Sirtuih

Concerning regulation by small molecylé®e activation of hSirtl by dehydroabietic aciés
characterized providing potential for pharmacological modulatibh a new naturederived
activator scaffold In addition, theproposedanti-tumor potential of tranilastvas Inked to
inhibition of hSirtl. Regardingthe physiological modulation of hSirtl activiby other
proteins conflictive resultswere available for hAROS. Within this thesis,hAROS was
validatedas hSirtl inhibitor. Furthermore a stable coravas suggestetbr the intrinsically
disordered proteihAROS, which will be used for future interaction analysésnversely, a
hSirtl-activity modulating effect fohumanHicl has not been desbed yet.Focusingon the
interactionbetweenhSirtl and the BTB/POZ domain of Hiclthis studyshowed that the
interacton is limited tothe catalytic domain of hSirtdAnd does not require phosphorylation of
hSirtl, nor the presence BAD™ or sirtuin sibstrateHic1-BTB might evenhave a duahnd
concentratiordependent effect on hSirtl activity, which will be subject to future stublies.
addition, the first crystal structure of Hickias solveddemonstrating typicalBTB fold and
offering an analysisof putative interactig regions with hSirtl1Finally, the regionof hSirtl
interacting withHIV1-Tat wasalso identified as the catalytic domain andan additional
in vitro inhibition of the structurallysimilar catalytic domains ohSirt2 and hSirt3was
observed Tat binding to hSirtd3 wascompetitive to the sirtuin substrate, but not to NAID
line with this observatignseveral omplex structures of hSirt3 with Tat peptidesuld
demonstratéhatacetylated or deacetylat@at bindsto the sirtuin sulisate binding cleft with
its basic regionUsing structural superpositions and crosslinkig major contributiorto
bindingwas found to benediated by HV1-Tat amino acids 482, whileTat amino acids 53
59 providethe additional high potency needed fihysiological inhibition of hSirtl through
disruption of an important salt bridge betweentiBatl SBD and catalytic core.
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Zusammen

Zusammenfassung

Sirtuine sind NAD-abhangige LysiDeacylasen, die diversllulare Prozesse beeinflussen
und mit den positivertffekten der Kalorienlimitierung in Verbindung gebracht werden. Die
humanen Isoformen SiHZ sind Uberdies hinaus an diversen altersbedinigtankheiten wie
Alzheimerund Parkinson, aber audkrebs undAIDS beteiligt. Daher gewinnt die kontext
abhangige Regulation von Sirtuinen zunehmend an Bedeutung flir therapeutische
AnwendungenBisher beschrankt sich die pharmakologische Modulation der Sirtuinaktivitét
nahezu ausschlie3lich auf Inhibitoren mit haufig unzureichender Spezifitat, Wirkungskraft
oder biobgischer VertraglichkeitDie physiologische Sirtuinregulation durch Proteine ist
zudem unvollstandig erfasstidde Studie umfasst nun neue Aspekte der physiologischen und

pharmakologischen Regulation vbamanensSirtuin 1.

Im Bereich der Kleinmolekulredation konnte die Aktivierung von hSirtl durch Dehydro
abietinsaure charakterisiert wergdesodass ein neues, naturnahes Aktivatorgerist zur
Modulation der Spezifitdt zur Verfigung steht. Weiterhin wurde die tumorhemmende
Wirkung von Tranilast auf eine Iihition von hSirtl zurtckgefuhrtBezuglich der
physiologischen Regulation von hSirtl durch andere Proteine wurden bisher widersprtichliche
Ergebnisse zhAROS verdffentlicht. In dieser Studie konnte nun eine inhibierende Wirkung
bestétigt werden. Zudem ght das intrinsisch ungeordnete ProteAROS einen stabilen
Kern zu besitzen, welcher fur zukinftige Interaktgiongdienmit hSirtl genutzt werden kann.
Dagegen wurde bisharoch kein modulierenderftekt der hSirtXAktivitat durch humanes

Hicl beschriebn. Hier konnte gezeig werden, dass fur die Interaktion der BTB/PO©Z
Domaéne von Hicl mit hSirtl nur die katalytische Domane von hSirtl benétigt wird und keine
Phosphorylierung von hSirtl oder die Anwesenheit von NA&@er Substrat erfordert. Hiel

BTB kdnne sogar einen dualen und konzentrationsabhangigen Effekt auf dieAlSixtitat
haben, was Gegenstand zukinftiger Studien sein wikgiterhin wurde @ erste
Kristallstruktur von Hiclgel6st, welchesine typische BTH-altungzeigt und zur Analyse
moglicher Interaktionsbereichedient Schlie3lich konnte auch die mit HIViat
interagierende Region von hSirtl auf die katalytische Doméane beschrankt werden, wobei eine
zusatzlichan vitro-Inhibition der strukturell &hnlichen katalytisetn Domanen von hSirt2 und
hSirt3 beobachtet wurde. Die Bindung von Tat an h&rnilar kompetitiv zum Substrat, aber
nicht zu NAD', was durch mehrere Komplexstrukturen von hSirt3 mitFegtiden bestatigt
wurde. Durch Strukturiiberlagerungen u@diervernetung konnte geeig werden dass

acetyliertes oder deacetyliertes Tattels derAminosauren 4%2 seiner basischen Region in
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Zusammenfassung

die SirtuinSubstratbindetasche bind®ie zuséatzliche hohe Wirksamkeit der physiologisch
bedeutendn hSirttinhibition wird dalei durch die Aminosauren 59 von Tat vermittelt,
welche eine wichtige Salzbricke zwischen der Sirtl SBD und der katalischen Domane

aufbrechen.
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1. Introduction

1.1Role of posttranslational protein modifications for cell signaling

The complexnteraction network betweenproteins and biomolecules play important role
for the function and fate of living cellThese networkseactdynamicallyto effectors like the
extracellular matrix, growth factors, ligandsell-cycle checkpoints, DNA daage, and
oxygen and nutrient statdsRegulaton of cell-signalingnetworlks is thereby ofterrealized
by selectiveexpression of genescluding modulationof humangene tanscriptsthrough

allelic variationsmRNA splicing and postranslatioml protein modifications (PTM<)

More than 200 PTMs have been identiffed which modulate protein structure and
function?. Proteins can not only exhibit single modifications, but alstiirsite modifications

of different classes of PTMs that cooperate to-fimee molecular interactiorts. An example
for a multisite modified protein is the tumor suppressor P83PTMs are sitespecific?,
e.g., reversible phosphorylation occurs at seyithreonine, or tyrosine residuegia protein
kinases'®. Phosphorylated proteins oftamdergo a conformational change followed by
enzymatic activatiot or induce effective proteiprotein or proteidigand interactiong®. In
contrast, reversible methyiah targets lysine or arginine residdeand is important for
histone modification andegulatng chromatin dynamics and gene actiVity Irreversible
posttranslational modification of proteins can be achielgdylycosylationof asparagine,
serine, or threoning Protein glycosylationsffect cell-cell interactions and often trigger
disease outbreaks. A further irreversible PTM is the covalent attachment of ubiquitin or
small ubiquitinlike modifier (SUMO) to lysin€. Polyubiquitylation prepares proteins for

degradation, whereasmoylation isaresponse to cell cycle control or viral infectidfls

1.2 Significance of lysine acetylation and acylation

Reversible acetylation of lysinés another abundant PTRassociated witlthe regulation of
proteinprotein or proteidigand interactiond®. After discovery of histone acetylatioloy
Allfrey et al.in 196412 the firstnon-histone acetylation targetverefound 30 years later
and includeUtubulin*3, p53*4, and humanmmunadeficiency virusl (HIV1) transactivator
of transcription (Tat}®. Acetylation sitesire oftenconserved throughu organisms? if they
occur in structured regions of the prot&inThe mechanisnis catalyzed by lysine acetyl
transferases (KATs; formerly histone acetyltransferases, HATs)naont/es the transfer of
the acetyl group from acet@oenzyne A (acetylCoA) to the Bamino groupof lysines'’

(Figurel.1A). Lysine acetylatioman bereveredby histone deacetylases (HDAGCS)
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Figure 1.1: Lysine acety and acylmodification. A Reversible mechanism of acetylation catalyzed by lysine
acetyltransferases (KATs) antbunteractd by lysine deacetylases (KDACs) with a highlight on NAD
dependent deatylation by sirtuinsin contrast toother histone deacetylases (HDACB)Acyl-moieties for
lysine modification. Adapted from Choudhamt al. (2014)! with permissiorfrom SpringerNature).

The pastén yearshave revealed thahe Jamino groupof lysine can also benodified with

other acyl moieties'. The most prominent lysine acyl modifications are formylatfon
propionylation®, butyrylation?®, crotonylatior?!, malonylatior?>?3 succinylatiorr®24
glutarylation®®, and myristoylatiort® (Figure1.1B). Since formyl, propionyl, and butyl are

just small variationsin lengthwith respect tahe acetyl moietyand otherwise maintain the
chemistry they can be accommodated by acetyltransferases with a larger pocket for acyl
CoA 127 Other acyl groupsike formyl 1%, acetyl'’, and succinyf® might alsobe conjugated
through a nonenzynatic reactionusing metabolites! becausea high acylation rate and
concentration of metabitds was observedin mitochondria while the mitochondrial
membrane ismpervious toacyFCoA 1. With the dependercof acylationson acy+CoA or
metabolitesthey have a direct effect on many metabolic pathways like glycolysis, urea cycle,
tricarboxylic acid TCA) cycle, fatty acid metabolisnandamino acid catabolisri. While alll
acylations remow the positive charge from lysirog even introduce a negative charge as in
case of malonylation, succinylation, and glutarylafib(Figure1.1B), they often also cause
steric hindrance modulating protganotein interactions or regulating emagtic activity by
alteringsubstrate accessibility or allosteric regulattérin particular the dass Ill deacylase
family, the sirtuins, were shown to effectively remove other acyl moieties from Rfsihe

1.3Deacylase lass Il - the drtuin family
There are 18 mammalianstone deacetylas€éslDACS) thatcan be divided intoife classes
according totheir structure, enzymatic function, subcellular localization, and expression

patterns'’ (Figure1.2A). Classes, lla, and Ilb comprise HDAGIL0, which are sensitive to

2
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trichostatinA inhibition, while class IV contains the trichostati insensitive HDAC1Z1".
HDACs1-11 have in common that they use &Zon for hydrolyzingthe acetyllysine amide
bond®’. Class Il deacetylasesnstitutethe sirtuin family andliffer from theaforementioned
classes in the fact that deacetylata®@pend on the cofactor NAD3*'*?and can be inhibited
by the metabolite nicotinamide (NAMbut not trichostatin A”. The Zrf* ion in sirtuins does
not contribute to theleacetylation reactiol¥, but is essential for maintaining the structural
integrity %3, In addition, some sirtuins are able to removeeofcyl moieties from théamino

group of lysine®2¢2%and are thereformoreaccuratelydescribeds deaglases.

A B Strong deacetylases
Mostly weaker deacetylases, EESR Class |
other acyl preferences ' y (oé”
Valproate, butyrate, Nicotinamide Class lll sin1// / sit2 /
phenyl butyrate / =
; / Sit5 S} el
Class llb = ) =53
Class lla HDAC Class Il 5 ’ —
HDAC 4,5, 6and10  Sirtuins 1-7
7,and 9
Class | Class IV ClassU o & N
HRAC LS o HDAC 11 ey
3,and 8 ) / <5 2 R
_ e [ | ;e
Vorinostat, > A | S \
trichostatin A “Msirta o ¥
\
Class Il \ Class IV

Sirt7

Figure 1.2: Classification of histone deacetylases (HDAC#.Mammalan HDACs are grouped intoive
subclassesand sensitive to different inhibitorss indicated (Reprinted from Sharmaet al. (2015)3* with
permission fromHindawi Publishing Corporatign B Phylogeneic tree of thesirtuin family, generated by a
structurebased sirtuin alignment extended by aligning 195 chordate sirtuin seqérieeapted from Pannek
et al.(2017)?° with permissiorfrom SpringerNature).

Sirtuins are named after their first family membslent information regulatdt (Sir2) from
Saccharomyces cereviside which extend yeast life spari®. Mammals feature seven sirtuin
isoforms, Sirtuinl-7 (Sirtl-7), which are classified into five subclassesccording to
molecular phylogenat analysis’’ (Figure1.2B). Classl sirtuins consist of SirtB with a
strong deacetylase activitthe Classll subfamily includes Sirt4, Class$ll Sirt5, ClasslV
Sirt6 and Sirt7, and Class coves all undetermined members of the sirtiihdmportantly,
Classll, 1ll, and U sirtuins mayhave evolved earlier thahe other classes, whereas Class
and IV sirtuins only occurin eukaryotes’®3’. Therefore, Sirt4 and SirtBould be the first
elkaryotic sirtuinsevolved The seven mammalian sirtuins are localirediifferent cellular
compartmentsSirtl is mainly present in the nuclepdut can shuttle to the cytostl In
contrast, Sirt2 is a mostly cytosolic sirtuirand Sirt3, Sirt4, and Sirt5 ardound in
mitochondria®’. Sirt6é occus in the nucleus and Sirt7 is the only mammalian sirtuin localized

in the nucleolus’.
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1.4Physiological relevzance of &tuin deacylases

1.4.1 Caloric restriction and lifespan extension

Today the hallmarks of agingre known toencompass aariety of different malfunctions
including genomic instability, telomere degradation, mitochondrial dysfuncaad.cellular
senescere®®, Targeting any of these factdier a prolonged life and health spantherefore
an interesting endeavdn 1935,McCayetal. showed that caloric restriction (CR, or DR for
dietary restrictionyesults inlife span extension in rodents CR is the reduction of calories
by 30-40% of anad libitumdiet without causingnalnutrion®®. The beneficial effects of CR
on health and life spamnclude the improvement of metabolic healtthe prevention of

obesity*, and the delay or prevention oktbrset of ageaelated diseasés,

Interestingly, sirtuins seem toediate some dahese positive results on health sethey
are activatedunder CR condition®. This activation dependsn the NAD/NADH ratio *?
and the concentration of the product inhibitor NAMIn addition a yeast Sir2knockout
failed toextend life span in response to ERTherequiremenbf Sir2-related genetor life
span extension under CR conditions \as® demonstrated in worms and fité€sin line with
these resultghe overexpressioaf Sirtl in micehadbeneficial health effects, e.gmproved
homeostasigedu@d body weight, and preventionfafty liver **4’. In some organisnthere
may be other possibilities forlife span extension in response to CR which aotsirtuin-
dependent® 4. But the evidenceshows that sirtuins are an attractive target for pharmaceutical

regulation by smalinolecule activatorto promote healtandprolonglife 4748

1.4.2 Role of sirtuins on cell signaling pathways

Mammalian sirtuins are lotized in different subcellular compartments regulating various
cell signaling pathwaygqFigurel.3A). Sirt2 is present in the cytos@nd deacetylates
cytoskeletalcomponents likeJ-tubulin“®, but can also shuttle tthe nucleusfor histone
deacetylatio?®. Sirt3, Sirt4, and Sirt5are locagd exclusively in the mitochondrid®
(Figure1.3B). Sirt3 activatesb-oxidation®* andinfluences the TCA cycldy deacetylating
succinate dehydrogena¥e isocitrate dehydrogenage®, acetytCoA synthetas@
(AceCS2)** and glutamate dehydrogenase (GDH)Sirt4 does noexhibit a pronouned
deacetylation functignbut regulates the TCA cycle and insulin s&n by inhibition of
GDH through ADP-ribosylation®® and repression ofpyruvate dehydrogenase by
delipoylation®®. Both Sirt3 and Sirt4 are involved iATP generation and have a tumor
suppressivaole 2%°L Sirt5 removes succinyl and malonyl groups from lysifiesffecting

glyceraldehyde phosphate dehydrogena¥eandcabamoyl phosphate synthaséCPS1Y>,
4
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Sirt5 also displays robust deadglase activity m CPS1 activang the urea cyclé&®. Sirt6 is
located in the nucleus amdkacetylates histone H3 L9t telomeric chromatinthereby
preventing premature ageifyand influenciig baseexcision repair Kigure1.3A) 3’. Sirt6
canalsoremove longchain fatty acids likemyristoyl from lysinesand thus regulatetumor
necrosis factot) (TNFU) 26. An additionalauto ADP-ribosylation activityof Sirt6 regulate
its own activity®®. Sirt7 is settled in the nucleolus controlling rDNA transioip via

interaction wih RNA polymerasé ®*. Further functionf Sirt7 are still unknown.
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Figure 1.3: Physiological role of sirtuins on cell signaling and metabolis#.Relevance osirtuinsin cellular
processefike chromatin formation, base excision repair repression of adiggenesis and cellular senescence
(Reprinted from Michan and Sinclair (2007)with permissionfrom Portland Press Lt}l. B Function of the
mitochondrial sirtuins Sirt34,and 5 on metabolic pathways includifefty acid oxidation, TCA (or Krebs)
cycle, and urea cycleRéprinted from Haigis and Sinclair (2018 with permissiorfrom Annual Revievs).

The best characterized mammalian sirtuin is Sisflich is located in the nucleulut can
shuttle to the cytosdP. Sirtl is astrong deacetylasacting onhistone like H1K26 52 and
H4K16 6354 for maintaining intact chromatin structu¢Bigure1.3A). Sirtl also associates
with CLOCK to control circadian rhyth@?. In addition, Sirtl interacts withvarious
transcription factorgFigurel.4), for exampleby rescung cells from senescence through
deacetylation of the tumor suppressor p5®irtl mobilizes fat storedhiwhite adipose tissue
throudh inhibition of the transcription factor peroxisome proliferaactivated receptar
(PPAR 6. Activated under lownutrient conditionsSirtl deacetylateBPAR c o a cltUi vat or
(PGG1 U promoting the switch from glycodys to glucorogenesis and to fatty acid
oxidation®”®® In response to oxidative stresSirtl interacts with theforkhead box,
subgroupO (FOXO) family of transcription factote shft cells from apoptosis towarddress
resistanc&®’C Any malfunction of the descréinl sirtuinsubstrate interactions can lead to
pathologies associated with cell signaling or metabolisigurel.4). Sirtuins are therefore

promisingtarges for the treatment ofliversediseases
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Figure 1.4: Sirtl substrates angbathologieslinked to malfunction of sirtuinsubstrate interactionsOverview
of the p- or downregulation of @l signaling effectdy Sirtl-dependentiea®@tylation of substrates, together
with the associated pathologies due to malfuncti@egtedbased orHaigis and Sinclair (2016, Morris
(2013)™, Bhullar and Hubbard (20153}, and Bonkowski and Sinclair (2016).

1.5 Structure and erzymatic mechanism of mammalian istuins

1.5.1 Structure of mammalian srtuins

Sirtuins contain a highly conserved catalytic core donmdiabout 275 amno acidsflanked

by N- and Gtermiral regions of different length$:’# (Figurel.5A). These extensions

comprisenuclear localization signalLS), nuclear export signalsNES), or mitochowlrial

targeting sequences (MTS) Sometimes, the extensions also playoée rin enzymatic

autoregulatiorf®, such as forSirt1l, which hasadditional regios that are relevant foiits

activity ’® . To date, more than 100 crystal struesiof sirtuins have been solvEdncluding

humanSirt1 7881, Sirt282, Sirt383 Sirt523 andSirt6 8% They allow for a detailed study of the

overall sirtuin structure and distinctive features of some isoforms

The sirtuin core domaironsists of twoglobular subdomainsthe structurally conserved
larger NAD'"-binding domain and themaller, more variablZn?*-binding comain which are
connectedy four loops’>® (Figure1.5B). The NAD-binding domainadoptsa Rossmam
fold with a centrab-sheet of six-strands surrounded by sal Uhelices®®. This Rossmann
fold is typical for NAD/NADH-binding protein$®. The smaller domain is formed by
6
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connection of two modules insertéétweenthe Rossmann foldequencé® a Zrf*-binding
motif with the consensus sequence Gysi-Cys-X1540-Cys-X2-4-Cys and arhelical region
which exhibts the highest diversity amosirtuin isoforms’™. Although he Zrf* ion does not
contribue to the deacetylation reactiahis essential for maintaining the structuiratiegrity

of the catalytic coré®. Theactive site clef(Figure1.5C) is locatedbetween th&n?*-binding
andthe Rossmann foldlomain perpendicular to tHesheetof the NAD'-binding domair,
One of the four connectiooops between both domair®ntains the catalytic histiding.
Another loop,referred to as the cofactbinding loop, is essential for bindingf NAD* 3,
This latterloop exhibits a disordered conformation in apo sirtuins and becomes structured
upon binding of NAD 8 (Figure1.5D). The binding pocket for NADis divided into four
sulpockets Figure1.5C) 3% the A pocket for the adenine moiety, the B site for binding the
nicotinamide ribose moiety, and the C pocket forNiAdvl moiety *3. The Gpocket is largely
defined by the cofactasinding loop and NAM forms vaderWaals interactions with a Gly
Ala-Gly motif and” -stacking interactions with enpnylalanine on the loofl. When NAD' is

not bownd, the Gpocket is occupied byhis phenylalanin€®. The D pocket wasnitially

assumedo rebindfree NAM 3386 which wasrebuted in alaterstudy®’.

The substrate bind#o theactive site cleft with the atated lysine inserted into @onserved
hydrophobic tunnet*®, The substrate main chaormsantiparallelb-staple interactioswith
theb 89 | oop within t he 6-BBdospsoomectng theoldrge @rthen d t h e
small sirtuin core domaif? (Figure1.5E). Qubstratebinding causes rigid body rotation of
the Zrt*-binding domainand closure of the active site cl&lt Sirtuin interaction with the
substrate is limited to the backbone of the residues surrounding the acylateddysihe
amino aciddirectly N-terminal to the agated lysine can ab form side chain interactie®,
Some sirtuins hvespecific features allowing the recognition of different acyl moieties or the
development of substratesequence selectivif{$®® While Sirtl,2and3 are strong
deacetylase¥, Sirt4-7 display otheprimary functions like dehydroxymethytjlutarylation?®

and ADRribosylation®® for Sirt4, desuccinylation, demalonylatidd and deglutarylatio®®

for Sirt5, and demyristoylatioff for Sirt6. Sirt4 contains a loopeaclhing to the active site
(Figurel.5F), wherea small additional channelallows to bind larger acyl moieties like
lipoyl 2°. In contrast, SirtB3 have a short hydrophobic tunrielaccommodat an acetylated
lysineor a lysine modified witta slightly shorter or longer acyl moie¥® (Figure1.5G). Sirt6
forms a wide hydrophobic pocket to harbor lestgin fatty acyl modification®
(Figurel5H) and the Sirt5 acyl lysine tunnel can recognize negatively charged acyl
moieties 228 with a TyrX-X-Arg motif 8° (Figure1.51).
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by extensions of different lengths (bluéReprintedfrom Guarente (2013Y with permissionfrom Cold Spring
Harbor Laboratory PressB General structure of the sirtuin core with the NAnding domain (blue) ahthe
Zn?*-binding domain ¢yan). The acylated substrate (lin&inds in close pximity of the catalytic Hisand
carbaNAD™ (yellow) (PDB: 4FVT). C Electrostaticsurfacerepresentation of the sirtuin active sigaging from
-50 (red) to +50 kpT/e; (blue). NAD™* (yellow) binds at the A, B, and C site (PDB: 4FVT). D Conformational
change of the cofactdsinding loop (pink) in yeast Hst2 upon binding of the substrélieme) and NAD*
(yellow). The loop changes from a disordered form in apo KRE2B: 1Q14)to anU-helical open conformation
with carbaNAD (PDB: 1SZC)and aclosed conformatiomvith ADPr (PDB:1Q1A). E Binding of the acylated
substratg PDB: 3GLR). Interactions are highlightedith red dottedlines. F Sirt4 active site loop (pinkfrom
xSirt4 (PDB: 50J7, lightblug overlaid with the Sirt§PDB: 4G1C, white)surface loop ¢rangg and the short
turn (green)in Sirtl-3 (PDB: 4FVT, blug. G Acetyl-lysine binding siteof Sirt1-3 (PDB: 4FVT). H Acyl-lysine
binding site ofSirt6 (PDB: 32G6) for binding oflong-chain fatty acidsl Acyl-lysinebindingsite of Sirt5 (PDB:
4G1Q for recognition ofnegatively charged acyhoieties
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1.52 Role of extended termini inSirtuin 1

In contrast to the other mammalian sirtuins, Sirtl loag) N- and Gterminal extensions
which comprise about 200 amino acids in each direcf{igure1.5A). The Sirtl catalytic
domainhasa very low intrinsic deacetylase activit{?®% but extension withadjacent regions
leads to al2-fold potentiation of Sirtlactivity with only the N-terminal part and a 25-fold
enhancement of Sirtl activityith both extesions’®. In this regard, th&l-terminal extension
seems to contribute to the catalytic r&teby facilitating substrate interactions via the
motifs A (hSirtl aminoacids 153) andB (hSirtl amino acids 17229)% and sometimes via
exon?2 of a tissuespecific alternative splicing variant of Siftd The Gterminal extensioiis
beneficial for the binding affinityto NAD* 7. Out of these extensionsya Sirtl-specific
regiors were defined®% the globular Nterminal Sirtuiractivating compound (STAC)
binding domain (SDB§° and the C-terminal regulatory regionQTR) ’°. A Sirtl construct
containing both regions and the catalytic core donpaovedto be fully functional andas
active asll length Sirt1 thusit was calledmini-Sirt1 8 (Figure1.6A).

The CTR comprises human Sirtl resislu@41665’° and is alsorefared to asmurine
essential for Sirtl activitgESA) %3, In murineSirtl, the ESAregiomcs as an fAon swi
Sirtl deacetylase activity by looping back towards the catalytic ®oreddition of the
ESA/CTR region to the catalytic core of Sifflor to an Nterminally extended SBRatalytic

core variant of Sirt1®%thereby restorethe activity comparable to-8irt1. Interestingly this
activationof Sirtl activity is revoked by binding of the leucine zipper redfoof the known
Sirtl inhibitor deleted in breast cancer BC1) °*4% In a structureof the hSirtl catalytic
domain complexed with the expressed CTR regidifrigure1.6B), the Niterminal residues
641-653 of thehSirtl-CTR form ab-hairpin elongating thé-sheet of the NAD-binding
domain and covering a large hydrophobic pdfchn contrast the Gterminal residues 654

665 of thehSirtl-CTR are disordered and appear to bind in close proximity of the A pocket
within the NAD"-binding site which may esult inan inhibitory effect orSirtl deacetylase
activity ’°. The CTR also contains two serines (Ser659 and Seté&tBrephosphorylatedy
casein kinas@ (CK2) after DNA damageleadng to a higherhSirtl deacetylation rate by
increased substratinding affinity°6. Thus the ESA/CTRmotif seems to bessentiafor the

intrinsic Sirtl deacetylase activityputalsobears a regulatory rale
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Figure 1.6: Role of Sirtl-specific additional domains.A Domain architecture of #Sirtl with the STAC-
binding domain (SBD), theatalytic core, and the-@rminal regulatory regio(CTR). Mini-hSirtl compriges
those three regions witthe CTR linkedto the core viaa (GGGS)-linker 8. B The CTR (purple) folds back
towards the Sirtl catalytic colblue) elongating theb-sheet in the Rossmann fold domaki® (PDB: 41G9).
C STACs (here Stacl, oranyéind allosterically to th&BD (green)®° (PDB: 4ZZH; dark colors)Upon binding
of an acetylated substrate (lime) and NABellow) (PDB: 4ZZJ; bright colors)the SBD attalseswith alever
like loop tothe catalytic cordorming a salt bridge between Glu230 and Arg8%38 (red circle).

Directly N-terminal to the catalytic domain of Sirtlies the STAGbinding domain
(SBD) comprising human Sirt1 residues 183940 (Figure1.6A). The SBD is not essential
for the intrinsic activity of Sirt£°, but STACscanincrease Sirtl activity bpinding to the
SBD and lowering the MchaelisMentenconstant for thesubstraten an enzymesubstrate
complex*8%98 STAC-mediated activation depends hydrophobic residues at the (+1)
position next to the acetyysine®’. The SBD is connected to the catalytic core of Siitla
leverlike loop 3. Binding of a STAC alone keeps the loop in an extended aoafan®
(Figurel.6C). In combination with an acdated substratand carbeNAD, STAC-binding
leads to a rigiebody rotation of the SBD towards the catalytic core of Sitbending of the
leverlike loop®° (Figurel1.6C). A glutamate at thend of thisloop plays a crucial role as it
establishes a salt bridge between the 16og230 and Arg446 in the catalytic coe
Replacing the acetdubstate and carb&lAD with an inhibitor blocking both binding sites,
the SBD moves even closer to the catalytic core of $irfigure1.6C). Thus, the SBD is a
flexible Sirt1l regionmediatingSTAC-dependenactivation ofSirtl.

1.5.3 Enzymatic metanism of drtuin -catalyzed deaglation

Sirtuins are NAD-dependent deacylas&s’?> NAD" is either synthesized from tryptophate(

novo pathway), nicotinic acidPreissHalder pathway), ogenerated vidhe NAD salvage
pathway using NAM phosphoribosyransferase(NAMPT) and NAM mononucleotide
adenylytransferasé®. Sirtuins utilize NAD to transfer the acyl moiety of a lysinmder

formation of2 -®-acyFADP-ribose AADPr) andNAM *° (Figurel.7).
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Figure 1.7: Deacylation mechanism of sirtuinsThe first reaction step follows a concerted asynchrongds S
mechanismwhich is driven by NAD-hydrolysis facilitating the nucledilic addition of the acyl oxygen to the
C106 o 9 AHe Pesulting peptidyimidate intermediat is rewersible'®. A catalytic histidine in the active
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Several mechanisms have been discussethéfirst reaction step®. The Syl mechanism is

centered on the formation of an oxonium ion by dissociatfothe leaving group®. In a

traditional 2 mechanisy, the nucleophilic attackccus first and destabilies the GN bond

of NAD* with simultaneousbond formationand dissociation'®. In an asynchronousn$
mechanismthe driving foce is he dissociation of the leaving grquphich is electrophile

driven and facilitates nucleophile association watsynchronousond progression$®. A

study using kinetic isotope effects and gatational approachesiggestshat the first step is

a concerted asynchronougs2Smechanisni®!t Therefore, NAD hydrolysis isthe driving

focewhi ch medi ates nucleophilic addition of t
resultingin the formation ofa C 1-©-alkylamidate intermediatand NAM®. As regulatory
mechanismfree NAM remainsbourd in the active sé& in an equilibrium allowing ito

reverse the peptidyinidate intermediate to NADby r e act i -angmesaccartiolf’e C1 6

In the second reaction step, a conserved catalytic histidine in the actigecsitei v at es t he
hydroxyl group of the peptidyl imidate intermediate and mediates a nucleophilic attack of the
lysine acylcarbon resuit n g i h-@ydic irtedmeditaté®. In this step, NAM irreversibly

leaves the reaction equilibriutf. Finally, a baseactivated water molecule attacks the

bicyclic intermediatend release? -®-acyFADPr and the deacylated lysifie

1.6 Modulation of sirtuin activity by small molecules

Sirtuin activity can be modulated by a variety of mechanisms including PTMs, transcriptional
repression oractivation, metabolites, complex formation, or substrate and cofactor
availability'°2. Abundance or lack ofactive sirtuins is associated with beneficial or
detrimental phenotype&31%4 For examplethe overexpression of Sirtl has cardioprotective

effects!®®and shows benefici #anaf fHumtts nigh. A 16 5 h dii
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contrast, Sirtl knockout leads to p53 hyperacetyldfiynincreasing p53 stabilit}?® and
promoting downstream pathways linked to growth arrest, apoptosis, and cell sené&Scence
Selective Sirtl inhibition in cancer cells therefore offers an exceptantatancer strategy
since more than 50% of all human cancer typesassociated with dysfunctional p&%.

Such selective regulation can be achietlmdughdevelopment omallmolecule effectors

that directly target sirtuins or affect the complex formation between sirtuin and an interaction
partner.For example,argeting Sirt2 with smalinolecule inhibitors seems to be advantageous
for the treat ment o Birt3 Btanul&ian nnmigbt npdegent hipatice a s e
steatosis?1! while Sirt4 activation appears to bleeneficial for the treatment dfing
cancert!! and hyperinsulinaemid!®. Activation of Sirt6 could also be an anticancer
approach®®112and stimulation of Sirt7 might prolong a healthy life span by rescuing from
inflammatory cardiac hypertropi{>1°4113 Sirtuins are therefore emerging and outstanding

targets fosmallmolecule regulation in the treatmentvafious agerelated diseases.

1.6.1 Regulation of &tuin activity by metabolites and precursor enzymes

The nature of theNAD*-dependent deacylation mechanism madigsiins susceptibleo the
regulation by metabolites The first reaction step in the deadida mechanismyields a
reversible peptidylmidate intermediaté® (Figurel.7). The leaving group NAM remains
bound in the active site in an equilibrium and can act as a feediizbkor 1%. Srtuins also
depend on the availability of the cofactor NAINking their activity to the energy s&bf a
cell 31192 At a low-energy stateof the cell, NAD* levels are upregulated correlating with
increasd sirtuin activty 192 SinceNAD™ is subject to reductinto NADH and the latter ia
competitive inhibitor of sirtuinsan elevated NADNADH ratio also leads t@n increasen
sirtuin activity*?. In addition, NAD levelsin the celldependon the agvity of enzymes
involved in NAD* biosynthesig®2. For example, pregulation of NAMPT# or treatment
with the NAD' precursor NAM mononucleotideas shown toenhancesirtuin activity!'4,
Conversely NAD*-consuming enzymes like poly-ADP-ribose polymerases (PARP<SY
compete directly with sirtuins for the same pool of NADin the cell’®® and their
downregulation might promote sirtuin adivity 1'%, However, these natural regulation
mechanisms by metabolites or precursor enzyomgsprovide a general activity modulation
of all sirtuin isoforms and isoforsepecific modulatorsare necessary to control selective

pathways initiated by spdid sirtuin deacylation reactions
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1.6.2 Inhibition of sirtuins by small molecules

Smaltmoleculeinhibitors target the catalytic sitef sirtuins'’. They can prevent binding of
substrate or cofactor by occupying anylod binding pockets like the yelysine channel or

the A/B/C pocketsfor NAD* 1% A special case is the neurotosioramin Figurel1.8) which
binds unspecifically to all pockets aigdable to inhibit two sirtuin moleculé&€. A number of
tumorsuppressive smalmolecule inhibitors for sirtuins have been proposed such as
cambinol!t®129 (Figure1.8), which is compeitive to the sirtuin substrate®. The related
sirtinol 1*8 (Figure1.8) is beneficial foithe treatment ohuman breast and lung cané& but

also for parasitic diseases like leishmanié$isSalermidewith a similar scaffoldFigure1.8)

is more potent and induces pb@lependent apoptosis of cancer gellat ot of normal

cells'®122 However, those compounds aftennot sirtuin isoformselective' e

s suramin sy sirtinol

ﬁv‘k@w@@ v .&

HR-73 EX-527 tenovins

o S @“Q

R,=Bu R, =NHCOCH,
R,='Bu R, = NHCO(CH,)NMe,

salermide

cambinol splitomycin

Figure 1.8: Smallmolecule inhibitors of sirtuinsInhibitors bind to the catalytic site of sirtuins. They act either
by blocking any of the pockets like the aty$ine pocket othe A/B/C pockets for NADor by stalling the
deacylation mechanism and blocking product release.

In contrast, tenovil and a more watesoluble analog, tenawv-6 (Figurel.8), inhibit Sirtl
and reduce tumor cell growth vitro andin vivo %123 Furthermore, splitomycinFigure1.8)
is a selective inhibitor of yeast Sir2p and H%t2 but derivatives show antiproliferative
activity in human breast cancer céff& The splitomycin derivative HR3 (Figurel.8)
represses human Sirtl potently with a negative effedHidi-Tat'%812 revealing a new

drug scaffold for the treatment of AIDS,

Sirtuin inhibitors can also directly impede tHeacylationreaction by binding ta sirtuin
cofactor complex in presence or absence of substfateX-527 Figurel.8), for example,
allows NAM cleavage and formation of the peptidyidate intermediate by stabilizing the
closed statebut repressesrpduct releasé®. In turn, binding to asirtuin-substrate complex
as non-convertible cofactor analog also possiblé®® Besidesnicotinamide, ADPr also
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inhibits the first step of the sirtuin deacylation reactitrand the nothydrolyzable carba

NAD is a pharmacological sirtuin inhibitd?®. Such mechanisthased inhibitors, however,
are often not sirtuin isoforreelective and may also restrain other NARilizing enzymes

possibly reverting the positive effects on the &8l In contrast, thioacetyysine peptides

based on known sirtuin substrates like p38ubulin, histone H3, or ACS®"'? are potent

mechanisbased sirtuin inhibitors, often with isoform selectiVit§: They follow the same
reactionmechanismbut form stalled thioimidate intermediaté@812’

1.6.3 Activation of sirtuins by STACs

In contrast to inhibitorghe bindng site of activators igsuallyremotefrom the catalytic site
allowing an allosteric but direct activation st@nism*?®. Smaltmolecule sirtuin activators
are summarized under the terof STACs, sirtuiractivating compoundgformerly Sirt:
activating compoundsy®. The first STACswereplantbased polyphenol@igure1.9) which
mimic CR effects in yeast®. They act by lowering the K values for thesirtuin substrate and
NAD™* %8, Resveratralwhich occurs ingrapeskin, is most prominenandhasbeen attributed
chemoprotectiveand cardioprotective effects®. But resveratrol targets also othercell
signaling proteinsuch askinases, adenylyl cyclaset DNA polymerase'®® suggestingthatit
may be an indirect activator for sirtuidd"'32 Indeed, in vitro activaton of Sirtl by
resveratrol couldonly be detectedwith a substratecontaininga Gterminal 7-aminc4-
methylcoumarin AMC) fluorophore'®3134 Resveratroimediated activation of Sirtvas later
found to besubstratesequence selectivequiring hydrophobic amino acidat the (+1) and
(+3) position Gterminal to the acetyysine mimicking the effects of the fluorophdf&
Structural studies with Sir, Sirt3, and Sirt3*° showed thatresveratrobinds close to the
acetylated lysineonfirming the direct effect on sirtuinsdDespite its poor bioavailabilitgnd
only shortterm effects on human heaglttesveratrol has been used in a variety of drugs like
SRT501, resVida, or LomyinexX’ 120137 Other pantbased polyphenslhave a evenless
potent effectthan resveratrobn the activity of selected sirtuin isofornf§136138.139 The
natural phytochemical dehydroabietic acid (DAAFigurel.9), however, is a non
polyphenolic Sirtl activatomwith a 16fold higher potency than resveratté!. DAA occussin
the resin of coniferandwasattributed antimicrobial, antiulceand cardiovascular activities
as well aslife span extension iiC. elegan$“’. In a moleclar docking study DAA was
proposed to bind directly to Sirtl in a similar mode as resverdiudl independently of
NAD* 140 But thosedescribed natural compounds are still weak activantgnew synthetic
STACs have been developed whitdviate fromthefirst generatiorof STACs*'.
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Figure 1.9: Activators of human sirtuins Activators enhance sirtuin activity in a direct allosteric manner and
mostly bind to sites distant from the catalytic ctreResveratrol and piceatannol bind close to the
substraté?136 whereas STACs bind at a Sigpecific STAGbinding domairf® and the pyrrold1, 2-a]-
guinoxaline activators bind to a specific Sirt6 pocket adjacent to thébamihg channel*™.

First, mechanismbased synthetic STACs wederived fromNAM. Nonreactive analoglike
methyENAM or iso-NAM (Figurel.9) bind to the C pocketof the peptidyimidate
intermediateand acts parsirtuin activatorsdy displacing the feedbadkhibitor NAM 142143
This scaffold servedto crede the isoformspecific class ofl, 4-dihydropyridine (DHP)
activatorst®/144 (Figure1.9). DHPs have different effects on Sirt:3 depending on the
substituerg 13" compounds th a benzyl moiety on Nhave a stimulating effectnoSirti-3,

while DHPs with an additional phenyl moiety at the C4 position are seldoti@irt1 144,

Seond generation STACs involve the compounds SRT1460, SRT1720, and SRT2183

(Figure1.9) which improve insulin sensitivity and mimic CR effects!*>. SRT compounds
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areselective for Sirt?" " andrequire the SBD to enhance Sirtl activitySTAC-mediated
Sirtl activation istherebyfacilitated by hydrophobic residues at thel)4position of the
acetylated lysin&’ and implies binding to an enzyrsebstrate complexyhich lowers the Ky,

for the substraté”7 A structural study showethat STACs bindactuallyto the SBD and
STAC-binding to an enzymsubstrate complex causes the SBD to move towards the Sirtl
catalytic coré® (Figure1.6C). A salt bridge igherebyformed between the cruci@lu230°%’

at the hinge regionf the SBD andArg446 in thecatalyticcoreto keep the SBta distance
where STACs can stimulate Sirt3®. Further sets of STACs with improved wasaiubility,
potency, and bioavailabilitwerepresented by Dagtal. 12° Hubbardet d. °’, and the STAC
research company Sirtri¢® comprisng the third generation of STACEigure1.9).

Activators for othersirtuin isoformsoften lack potency or selectivitydfowever, a family of
pyrrolo-[1, 2-a]-quinoxaline derivativegFigure1.9) wasfound as potentSirt6 activators'4*.
They bind to a Sirtéspecific pocket whichis alsent in Sirtlbecause the cofactbinding
loop and the helical modutverthis area'*., On the other hand, Sirt6 would not be able to
exploit the direct allosteric activation mechanism described for Sirtl since-iésnNnus
blocks the resveratrol binding s&. Thisdemonstrate that different sirtuin isoformsan be

activated bydifferent activators whit are potent and selective over other sirtuin isoforms.

1.7Modulation of Sirtl activity by other proteins

In addition to modulation o$irtuin activity by small moleculesother proteins canegulate
Sirt1 activity in the cell!’2 Suchfine-tuning effe¢s on Sirtl activity include transcriptional
activation, e.g., byFOX01, FOXO3a, PPAB or PPARY/{, or transcriptional repression,
e.g., by PPAB, or hypermethylated in cancer (Hicl)'%2 Furthermore PTM-induced
stimulation of Sirt1 activity can be achievedahgh phosphorylatiotf’ and sumoylation*®
whereas PTMnduced inhibition of Sirtl isaused bynethylationor nitrosylation'%% A third
way tomodulateSirt1 activity is direct association with other proteit& Up to now Active
regulator of Sirtl(AROS), deleted in breast cancérDBC1), Hicl, and HI\1-Tatare known
for their roles irthe activation or inhibition of Sirt1 by complexation9%49(Figure1.10).

AROS DBCH
114 i 217 J 414L44/
214 458
— | — 247 HDAC l 517
32 3¢ 145 153 229 238 432 439
NLS1 NEST  NLS2 NES?2

Figure 1.10: Regulatbn of Sirtl activity by other proteinand their putative binding siteso human Sirt1.
(Adapedfrom Kwonet al.(2008)*°with permission fronElsevie).
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1.7.1 Regulation of Sirtl activity by AROS

AROSis a nuclear protein of 142 amino act@$ which engage with ribosomal protein S19
(RPS19)Y°to act in ribosome biogenesi¥ and is thus also calld®@PS19 binding mtein1
(RPS19BP1§*2. AROS also binds to the Nerminal amino acids 11217 of hSirt1 0
(Figure1.10) independent ofhe Sirtldeacetylase activit}?’. Theinitial studypropo®d that
the deacetylase activity of Sirtl is enhancedAROS therebyrepressingthe activity of
p53as observed isewral cancer cell line¥’. In vitro, Sirtl was also active in absence of
AROS and couldonly be stimulated up t@-fold by AROS . Since thein vivo effects
exceededhein vitro effects,an additional factowas suggested toeinvolved inthe AROS
Sirtl interaction'®*1>3 This muld be either a Sirtinhibitor, which isdisplaced by AROSor
another activatoforming a synergistic Sirtl activation complex with ARESS However,
suchafactorhasnotbeen identified/et andsubsequerndtudieshavealsoshowncortradictory
resultsregardingthe AROSSirtl interactionFirst, AROSwasonly able to stimulate Sirtl in
response to cell damaging stressiuman cancer cell lingbut not in noncanceous human
cell lines®™ Therefore, AROS was proposedio promotespecifically thesurvival of cancer
cells>* Second, another studybserveda weak inhibitory effecton hSirtlin vitro using
recombinantand refoldedAROS'®. Although the CD spctrum of the refolded AROS
suggestd distinct secondary structure elemeritsgould not be excluded that éhrefolded
proteindoesnot exhibit its nativeform °°. Finally, Kokkola et al. confirmed that AROS does
not alter Sirtl activity in nocancerous human cell lin&¥. In different Sirtlin vitro activity
assays with recombinant G8YROS (asfor the initial study) and Histagged AROSasfor
the refolded protein)AROS inhibited Sirtl with the degree of inhibition depending on the
type of AROSusedand the assay conditioh®. A substratedependent effeavas excluded
becausevariousnatural and nomatural substrageshowedcomparableeffects'®t. However
the hSirtl region from amino acids 127 does not seem to be sufficient ®ROS
mediatedinhibition ¢, In this regard DNA damagenduced phosphorylation ofiSirtl
Ser682 by homeodomain interacting protein kiragdIPK2) disrupts the complex between
Sirtl and AROS®’ and thus,a Gterminal region of hSirtl may be required for a stable
complex Furthermore, AROS might stabilize associationtled N-terminal Sirtl motifs A
(hSirtl amino acids -53) and B (hSirtl amino acids 17229), promoting Sirtl-substrate
interaction®. In turn, AROS peptidesfrom amino acids -9, 2642, 7899, and 109126
were still able to inhibit #hSirtlin vitro suggesting several binding regions or a competition
to the Sirtl substraf@®. Therefore these results frommeveralstudies indicate that the Sistl

AROS interaction is complex and highly dependent on the baalbgontext:>®,
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1.7.2Inhibition of Sirtl by DBC1

DBClis locatedat a region of chromosome 8p21 which is homozygodsleted in human
breast canceP®® Today, it is known that rather a tlisbed balance between Sirtl and
DBC1 expessionis responsible fohuman breast cancer aniat Sirtl inhibition might
prevent tumorigenesi§®. Otha names for DBClare alsoKIAA1967 because oits role as
component of the DBIRD complesegulatingalternative splicing®® and CCAR2 due toits
sequence homology to cell cycldisator and apoptosis regulatb CCAR1)61162 DBC1is
a nuclear protein of 923 amino acids comprising several dorfdifFigure1.11A): its N-
terminal region hds aan NLS (amino acids 20219) and a leucine zipper motif4; amino
acids 243265), while the Gterminal region includes an Efuhd motif (amino acids 76448)
and a coiled coil region (amino acids 79%8)%3 In addition, twodomains argoredictedfor
DBC1: an RNA-binding domain (amino acids 8BL2), presumablyinvolvedin formation of
the DBIRD complexand a central putative nudix hydase domaifNHD; amino acids 339
462) for hydrolysis of nucleotide¥? However,the DBC1 NHD sequence lackerse key
featuresrenderingit inactive, but able to sensad bindNAD* %4 therebypreventing DBC1
from inhibiting PARPL 16°,

A B unstressed/normal genotoxic stress
Transcriptional ®
elongation and POL/ TS
splicing DNA damage /Y Etoposide @
response hMOF \ o0 P d‘g.\@ ATM/
®— g <> s —L»> (S <
u G G G
(I TN I ¢ ¢ ¢
N SRR <P & &R S
Si-like NLS LZ Nudix EF hand colled ﬁ. @
RNA-binding \hydrolase, coil -
| I P53 St
@ v e SR 8
M + ‘ @
total
.BRCA1 inhibition
following
Transcriptional Chromatin no constitutive genotoxic
regulation remodeling inhibition inhibition stress

Figure 1.11: Regulation of Sirtl activity bypBC1. A DBC1 domain architecture. Putative binding regions to
known interaction partners are indicatelegrinted from Joshét al. (2014)163 with permissiorfrom Longdom
Publishing. B Revised model of thBBC1-Sirtl interaction. In unstressed celfeacetylated DBC1 canhibit
the Sirtl activity towardsp53. Following genotoxic stresBBC1 is phosphorylated at Thr454 which induces
sumoylation oDBC1 Lys591and creates second binding site on Sirtfeadng to complete repressioof Sirt1.
(Created based on studies by Ywaral (2012)1%6 Zanniniet d. (2012)'%7, and Pak et al. (2014)%9),

DBCl1 interactsdirectly with Sirtl and inhibis Sirtl-mediated deacetylation of ph8a dose
dependent mannén vivo andin vitro °*°%. DBC1 does noimpair the activityof other human
sirtuin isoforns %. Different Sirtl regions were suggested to be sufficient foCDBinding
and include eithethe caalytic core of Sirt1®*%, or the Bmotif (hSirtl amino acidsl71-
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229 %% or the bottom of the Rossnmrafold of the catalytic core whetbe ESA/CTR interacts
with Sirt19, In favor of the lattera peptidecomprising theDBC1 LZ inhibited Sirt1 activity
andhada higher affinity for Sirtl than the E3BTR region®:. DBC1 might thus compete
with the ESA/ICTR for the same binding site and inhil&irtl by prevening ESAICTR-
mediatedSirt1 activation®®, The region of DBC1 to which Sirtl bindss also controversial
although all reports age that the Nerminal part of DBC1 mediates binding to Sirtf
95169170 Figure1.11A). Thiscouldinclude either DBC1 aminacids +265with the NLS and
LZ motifs %>, or solely the.Z %3%4 or DBC1 amiro acids 1240 excluding the L2917

The DBCZ1Sirtl interaction is complex and involves various factors in the cell
(Figurel.11B). In normal and unstressed cells, Sirtl deacetylates its target p53 and DBC1
binds to Senpl, an enzyme that desumoylates DBCH] constitutive, yet incomplete
inhibition of Sirtl is achieved when isolated DBC1 binds to Siklth its N-terminal
region'®. However, acetylation of isolated or Serpdund DBC1 at Lys112 and Lys215 by
the histone acetyltransferase hM&8E preventsthe DBC1-Sirtl associationand increases
Sirt1 activity®. In turn, DBC1 can be deacetylated at Lys215 by Sirtl leading to cytoplasmic
localization of DBC] which also obstructs its inhibitory association with Sf1 Upon

DNA damage and oxidative stress, acetglabf DBCL1 is inhibitedhrough phosphorylation

of DBC1 Thr454 by ataxia telangiectasiautated (ATM) kinasé®166167 or ataxia
telangiectasia and Rad8lated (ATR) kinasé®’. This phosphorylation increases the Sirtl
DBC1 interaction by inducing a conformational change of DBC1, which creates a second
binding site for Sirt1%%16” and by switching from Senpl to PIAS3 as binding partner for
DBC1 1% PIAS3bound DBC1 can form a ternary complex with Sirtl and inhibit Sirtl more
potently than isolated DBCY#®. In addition, phosphorylation at 64 facilitates DBC1
sumoylation at Lys591, further strengthening the DEBD11 interactiorand leading to
complete suppression of Sirtl deacetylase acttfftyA positivefeedback loop between Sirtl
and eMyc, which is overexpressed in the majority of tumors, causes activatiorMgt c
through Sirttmediated deacetylatidri®. In turn, eMyc activates Sirtl by sequestering DBC1
from Sirtl and upregulating the NAMPT expression levE{sThus, inhibition of Sirtl by
DBC1 is highly regulated in call

1.7.3 Modulation of Sirtl activity by Hicl
HIC1 is localizedat thechromosomeegion 17p13.3which is frequently hypermethylated or
deleted in various cancessch asnedulloblastomd’® breast cancér, gastric cancel’® or

lung cancet’™’¢ Functional Hicl is therefore a tumor suppressbrHicl expression is
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directly regulated by p53%17® Due to alternative splicingdIC1 encodes for two proteins, a
major transcript of 714 amino acids ananeor transcript with 19 additional -bérminal
amino acidg®. The nuclear proteiracts agranscriptional repressor by bindingttee Hick
responsive element (HiRE)ith its Gterminal zinc fingers’’ (Figure1.12A). Hicl hasthree
distinct domainswhich all interact with Sirtl an Nterminal BTB/POZ #ric-a-brac,
tramtrack, androad complexgox virus andzinc finger) donain, a central core domain, aad
C-teminal domainwith five krueppetlike CoH» zinc fingers(ZF) 181 (Figure 1.12A).

The BTB/POZ domain is a conserved structural domaaih low sequence identitiound in
many transcription factor$? BTB-ZF proteinsare able tchomodimerize, herodimerize,
oligomerize, olinteract with other protein$? An N-terminal extension of 25 amino acids in
BTB-ZF proteins folds into onb-sheet and one+helix and mediates dimerization of BTB

ZF proteins'®2 In contrast tomany other BTB domains, the Hicl BTB/POZ domain acts
independently of HDAC1 asanscriptional represséf. Instead, the Hicl BTB/POZ domain
binds directly to Sirtl and forms a transcriptional repression complex which associates with
the SIRT1 promotor and inhibits Sirtl transcriptid?f (Figurel.12B). This leads to
hyperacetylated p53 and transcription of-ppmptotic genes in response to DNA dam&fje
Acetylated p53 in turn binds to tHélC1 promotor eforcing its further transcriptioff®17
(Figurel.12B). During aging, theHIC1 promotor undergoes hypermethylatiowhich
reducesboth Hicl expression and formation of the transcriptional repression complex with

Sirt1, therebyfacilitating deacetylation of p52gll proliferation andtumorigenesis®.
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HDAGC4 Hic1target genes
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ATOH1, Sox9, TCF4*, ...
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SIRT1, CXCRY7,
\ ‘ NuRD || CtBP com. H SWI/SNF l Cylin D1, p57Kip2,
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Figure 1.12 Interaction of Sirtl withhypermethylated in cancet (Hicl). A Domain architecture of Hicl with
interacting regiongor variousproteins. The Nerminal BTB/POZ domaiff4 the central core domaiff, and
the Gterminal ZF clustet® 8¢ of Hicl interact with Sirtl in different way (Adapted from Rood et al.
(2013)*® with permission fromlaylor and Franciandsmall modificationsbased orDehennaugt al. (2012)85
and Le Douceet al. (2016)%9). B FeedbacKoops inthe interaction between p53, Hicl, airtl. (Reprinted
from Chenet al. (2005)84with permissiorfrom Elsevier).
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In addition to the transcriptional repression via the BTB/POZ domain, Hicl contains a second
autonomous repression domain, the central core dofffaih comprisesa GLDLSKK motif
recruitingthe cerepresor Gterminal binding protein (CtBRo suppresdranscription in a
trichostatinA-sensitive manné®’ (Figure1.12A). Binding of CtBPdependsn dimerization
of Hicl via its BTB/POZdomain although the Nerminal doman does not associate with
CtBP18”. The core domain also contains a MKHEP matith an acetylation/sumoylation
switch 18 (Figure1.12A). While P300/CBP acetylates Hicl k31418 Sirtl recruittHDAC4
upon genotoxic stresmddeacetylagsHicl, which in turn pomaes sumoylation of the same
lysine mediated by HDAC#¥® Sumoylation of Hiclis required forrecruitment of the co
repressometastasimssociated proteib (MTA1) within the NURD complexand initiation of
the pro-apoptotic response to irreparable DNA doustiand break$!:18°

The Gterminal domain of Hictontains five krueppdlke zinc fingers (ZF) with théast four
forming a clustet8’. This ZF clustermediate binding to the HIRE DNAfor transcriptional
repressiondepenihg on the BTB/POZ domain’’. In addition, he ZF clusteralso recruits
Sirtl for deacetylation bHicl Lys3148518¢ (Figure1.12A). In this respecthSirtl amino
acids 616677 including the ESA/CTRregion are essentidbr interaction with theHicl-ZF

and deacetylation of HicllLys314', Following genotoxic stress;asein kinas@ (CK2)
mediates phosphorylation of Ser659 ami6B1 within the Sirtl ESA regpwhichis crucial

for the interaction of Sirtl and Hi¢#® and was previously found to increase the Sirtl
substrate binding affinit§®. However,whether this phosphorylation of Sirtl is also necessary
for the interaction withHicl via its BTB/POZ domain or whethdyoth mechanismsct

independentlyf each other is not clear

1.7.4 Inhibition of Sirtl by HIV1 -Tat

Human immunodeficiency virus tyde (HIV1) is the cause for acquired immunodeficiency
syndrome (AIDS)Y®® which affects more than 30 million peopi¥. A combinativehighly
active antiretroviral therapy is uséaltreatAIDS paients!®2 However, the requirelifelong
drug adherenceftenleads to side effectswhich eventually causeon-AlIDS-related diseases
such asardiopathy, nephropathy, or cané& Understanding the virus picative g/cle with

all factorsinvolvedis thusessetial for the development omore potentint-HIV 1 drugswith

increased bioavailability

Upon HIV1 infection, mature HIVlvirions attach to CD# T-cell recepbrs of host target
cells!®3 (Figure1.13A). The viral envelope fuses with the host cell membrane and releases its

content into the cytoplasnwhere HIVL RNA is reverselytranscribed®. The synthesized
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doublestranded DNA forms a pii@tegration complex with viral and host proteingich is
imported to the nucleuandintegrated into the host cell genoff& During the edy phase of
viral transcription, the rate is drivdsy host facbrs generating spliced virahlRNAs, which

are exported to the cytoplasfi. Subsequent translation thfe viral proteins transactivator of
transcription (Tat) and retator of expression of virion proteins (Rev) activates the late phase
of viral transcription®, Tat and Rev r@nter the nucleus, whefat recruis the positive
transcription engation factor (PFTEFb) toRNA polymerasél raisng thetranscriptioml rate

of unspliced viraRNA 19 Revthen exports thaensplicedRNA to the cytoplasimwhere it is

packed into new virions containy viral proteinsandtheviral genome3,

The viral protein Tat is emmded by two exons, a major exbrwith the highly conserved
amino acids 472 and a subtypspecific exor? with variable lendts of amino acids/3-86 or
73-1011%4 Tat comprises five functional protein domatfs the Nterminal acidigbroline
rich region, a cysteinegich region, the core region, a basic regiamd the Gterminal
glutaminerich region'®* (Figure1.13B). The N-terminal part up to the core acts astivation
domainmediatingthe interaction of Tat with thieostcellular machinery®®. The basic region
containslysines and argininesnd is responsible for binding dfat to the transactivation
responsive element (TAR) RNA® The same region also containe MLS and cell
penetrating peptide (CPP) sigmakdiatingTat translocation to the nucleus and entering of
extracellularTat into nonrinfected T-cells, respectively®’. Binding to the nuclear iport
receptor importidJ seems to bénduced by the basic region of Tat as wéll The amino
adds encoded by exad contain a conserved AiGly-Asp (RGD) motif used for integrin
mediated cell adhesion in presence of divaleations’®®. Nuclear magnetic resonance
(NMR) studiesof HIV1-Tat revealed that the protein is very flexible with part of the N
terminusclamped between the hydrophobic core and the glutamine rich réiok recent
crystal structure shosd that the cysteine rich region of Tat is able to form small helices and
bind two zinc ions upon association of Tat witifPFb?°C. Whether thisconformational

change of Tat is necessary for all interactions wikleoproteingemains to be clarified

Tat deacetylation by Sirtl is required to initi&iéV 1 transactivatiort?® (Figure1.13C). In
absence of Tat, NBB binds to the HIV1 promotor and recruitsTEFb, a complex of
cyclinT1 and cyclindependent kinase (Cdk9), to the RNA polymerage!®>2%t Cdk9
hyperphosphorylates Ser2 in RNA polymerdkeinducing transcription of the viral
genome?>2%! in a ratelimiting first step!®. Upon synthesis of Tat, the protein is

phosphorylated at Ser?®& and reenters the nucleus where it binds to TXR This allows
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Tat to recruit PTEFb directly accelerating HIV1anscription'?>. For elongationacetylation
of Tat Lys50 by CBP/p300 is requiredo release Tat from TARand to associate with
p300/CRERbinding proteirassociated factorPCAF) instead®. Upon termination, all
factors are released from RNA polymerdis®! and Tat Lys50 is deacetylated by Sirtl
allowing Tat to separate from PCAF and to bind again to TAR, imainew cycle of HIV1

transcription'®. Therefore, Sirtl seems to act as transcriptional coactivator during HIV1

transactivation.
B
Exon 1 Exon 2
[ I |
HIVA-Tat| Pro/acidic | Cys rich | Core [basiel Gin rieh [l
N W AR ¢é v ' ® R

NLS/CPP RGD

- - -
- -~
- ~~
- ~

Elongation Termination

Hyperactivation

T NF-xB activity:
HIV LTR
IL-2

T T cell activation

Figure 1.13 Regulation of Sirtlactivity by HIV1 transactivator of transcription (Tat)A HIV1 replication

cycle. (Reprinted from Le Doucet al. (2016)*® with permission from Taylor and Francisp Domain
architecture of HIViTat?%® C Importance of Sirtl for HIV1 transcription. Deacetylated Tat binds to TAR and
requires acetylation upon transcriptional elormatiAfter termination of HIV1 transcription, Tat is deacetylated

by Sirtl and recycled. In turn, Tat can bind to Sirtl and inhibit its activity. Active and inactive proteins are
shown in colors and grey, respectively. (Reprinted from Blatek (2008)2°* with permission fronElsevier).

In addition, acetylated or deacetylated Tat is able to bind to the catalytic domain of Sirtl and
inhibit its deacetylase activi&f* This leads to hyperacetylation of Lys310 in p65, a subunit
23



Introduction

of NF-aB, followed by continuous viral replicatiof* (Figure1.13C). Inhibition of Sirt1 by

Tat also results imyperacetylated p53 and actiiat of the apoptosis response pathwRy

In this regard extracellular Tat cannvade norrinfected CD4 T-cells?%®, impede Sirtl
deacetylation activity, and induce apoptosis resulting in a decline of Tiodlls, which is a
critical hallmarkfor the development of AID%®. A mechanism was proposed where Tat acts
as a fsuper s uvheh firstmediaies itsmwn d&acetylatitiut then remains
bound to the deacetylase thereby inhibiting Sirtl through blocking access for other

substrateg®. In contrast, bindingf Tatto Sirtl does not require acetylatiohTat%.

A number of further regulation mechanisms involving Sirtll igwon HIVL infection. First,

Tat indirectly impairs Sirtl expression by depletion of intracellular NAdYels causing a
decrease in NADNADH ratio ?°” and reducedpromotor activity of Sirt?%. Second the
previously described Hicl is deacetylated by Sirtl, which facilitates its association with the
transcription factor higimobility group AT-hook1l (HMGA1)% HMGA1 binds to TAR
andrecruis Hicl 18 Hicl seems to interact directly with Tlatming a repressive complex at
RNA polymerasel which inhibits HIV1 transcription'®. Finally, the polyphenotesveratrol

was showrto recover Sirtl activitpy attenuating Tainduced HIV1 transactivatiof?”. This
generates possibilities for the development of drugs targeting Sirtl, Tat, or any interacting

protein fortherapeutic approachesAdDS.
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2. Objectivesof this work

2.1 Modulation of Sirtl activity by small molecules

Since ageaelaied diseasesuch asAlzheimeb,s car di ovascul ar di sease,
major causes of premature de#ththe search for new and more potent pharmacological
modulators of SirtlroceedsThis study investigates the biochemical effects of tranjist

[34 46dimethoxycinnamoyHanthranilic acid) and dehydroabietic acid (DW) 4. DAA
constitutes anew class ofnatural Sirtl activatarand its mechanismeeds to be compared to
other Sirtl activator¥'®. Tranilasthas beerused asanti-allergy drug in Japan and South
Koreg but has recently gained interest potentiahnti-tumor drug?®®. Researchs needed to
determinewhether this property is conveyealrough interactiorwith Sirtl. Furthermore,
Sirtl has two intrinsicegions which are important for its regulation, thed¥minal SBD and

the Gterminal ESA/CTRregion '®7%8 |n scope of this work, peptides derived from the
ESA/CTRregion are investigted for their potential to stabiliZ&rtl. In addition, ithas tobe
clarified whether ESA/CTR peptides might be used as sp&iitit activatos.

2.2 Regqulation of Sirtl activity by hAAROS

AROS was initiallyidentified asan active regulator of Sirtl activity®. However, more
recent studiesould notreproduce the stimulating effect on Sitt¥'°¢ AROS appears to
havea contextdependent effect on Sirtl and can only enhance Sirtl activity in human cancer
cell lines following genotoxic stres®. Our lalratoryhas previously purified a recombinant

and refolded hAROS whicBhowed a wealknhibitory effect on Sirt1**°. The question is
whether this refolded hAROS comprises its native structure and is able to interact with Sirtl
in vitro. Furthermore, the nature of the activity modulation of Sirtl by hAROS has to be
identified in order to clarify tb previously conflicting results.

2.3 Characterization of the interaction of Sirtl with Hic1-BTB

The BTB/POZ domain of Hicl binds to Sirtl and forms a transcriptional repression complex
which associates with thf@RT1 promotor to suppress transcription of $#%. In addition,
following genotoxic stress, a CKiediated phosphorylation at Ser659 and Ser661 within the
ESA/CTRregian of hSirtl facilitates binding of théSirtl amino acids 616877 to thelast

four zinc fingers ofHicl ' leadng to deacetylathn of Hicl Lys314 by Sirt1% The
mechanisms underlying these two differemides ofinteraction of Sirtlwith Hicl still need

to be umavekd. This study focuses on HieRTB to elucidatewhether the Sirtl ESETR,
andspecifically thephosphorylation of Ser659/Ser661, is also necessary for #gragtion of
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Sirtl with the HiclBTB/POZ domain.Furthermore, a direct activity modulation of Sirtl by
Hic1-BTB has to banvestigated taesolvewhetherthis is possible or whethéne HictBTB
domainindirectly represses Sirtly associating witlsirt1.

2.4Biochemical and s$ructural characterization of Sirt1-inhibition by HIV1-Tat

Sirtl acts as a transcriptional coactivaiar the late phase of HIViranscription by
deacetylating HIViTat Lys501%° Acetylaed or deacetylated Tat casind to the Sirtl

catalytic domain and inhibit its deacetylase activitshich is impotant for progression of

HIV1 infection?%42% |t is not clear, however, which region of Tat mediates the interaction

with Sitland whet her the model o f ,wheh renaiss baundi s u p et
to block access for other substraiescorrect. In addition, a possible contribution of the Sirtl
ESA/CTR andSBD to the repressive complaweeds to be claréd to detrmine whether Tat
mediatedinhibition is exclusive to Sirtl or whether Tatay also act as inhibitor forother

human sirtuin isoforms. iRally, structural studiesshould support the mechanism of

interaction between Tat and Sirt1.
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3. Material sand methods

3.1.Materials

3.1.1 Chemicals, enzymesstandards

All chemicals were purchased froBigmaAldrich, Applichem Gerbu,Serva Merck, or Carl
Roth unless noteatherwise DNA-modifying enzymesand DNA standardsame from New
England Biolabs or Fermentas. Protsiandards were bought from Birad or New England
Biolabs. Enzymes for activity assays were purchased from Fermentas, Promega, Sigma, or
New England BiolabsNicotinamidaseTEV proteaseand all Sirtuin isoformsvere purified

in our laloratory using estalished protocd. Tat Cys was kindly provided by Prof. Dr.
Birgitta Wchrl (Department of BiopolymerdJniversity of Bayreuth)Substrate peptides for
activity assays awell as peptides derived frorlV 1-Tat were synthesizeloy GL Biochem,
China. The syietic Fluor de Lysl (FdL-1) peptide comprising a-@&rminalaminanethyt
coumarinmoietywasproduced by théepartmenof Prof. Dr. Mike Schutkowski (University

of Halle-Wittenberg) Overlapping peptides derived from the Sirtl ESA region were kindly
provided byProf. Dr. AntonelloMai (Sapienza University odRome, Italy). An overview of

the sequences, molecular weight, and purity of the peptides can be foliadl&3.1 (Tat

peptides) andable7.1 (all other peptides)

Table 3.1: Characteristts of peptides derived from HIMTat. Peptides were dissolved in BM Tris with
pH adjusted to 7 or in 100%/v) DMSO (pH not adjustedunless stated differently

Peptide SequencéN A C) MW (g/mol) Purity (%) Solvent
Tat_20-30 TASNRAHAKKS 117030 9514 Tris/HCI
Tat_31-49 SYHSQVAFITKGLGISYGR 208438 98.46 DMSO
Tat_3160 SYHSQVAFITKGLGISYGRKKRRQRRRP 356214 9528 DMSO
Tat_3454 SQVAFITKGLGISYGRKKRRQ 239384 90.81 75% DMSO
Tat_3459 SQVAFITKGLGISYGRKKRRQRRRPS 304660 9859 DMSO
Tat_3544 LVCFQTKGLG 106530 98.92 DMSO
Tat_3754 AFITKGLGISYGRKKRRQ 207950 97.01 DMSO
Tat_3759 AFITKGLGISYGRKKRRQRRRPS 273248 96.89 DMSO
Tat_4654 SYGRKKRRQ 117837 9814 Tris/HCI
acTat 46-54 SYGR(acetytK)-KRRQ 122041 98.07 Tris/HCI
Tat_4960 RKKRRQRRRPSQ 165196 97.80 Tris/HCI

3.1.2 Bacterial strains

Vectors and plasmids were amplified Encoli DH5U™, E. coli GC5™, E. coli One Shdt
Topl0 orE. coli XL1blue. Heterologousverxpression othe recombinant proteinslicl-
BTB (pET15bmod, fl-Sirtl (pET15b) mini-Sirtl, mini-Sirtl-gSTAC, andmini-Sirtl-ppE S A
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was donein E.coli CodorPlus™ (DE3) pLysS RecombinanthAROS and HictBTB
(PET15b) were exressed irE. coli Rosetta (DE3) bysS RARE. For small scale expression
further strains likee. coli BL21 (DE3),E. coli Rosetta 2 (DE3)E. coli Tuner (DE3)pREP4
GroESL, orE. coli OverExpres8" C43 (DE3) pREP4 were usedll cells were chemically

competentThe bacterial strains with their genotype and provider are stalabla3.2.

Table 3.2: Genotypes ofhe E. coli strainsused The specificantibiotic resistance isighlighted in bold

E. coli strain Genotypgresistance)

D H 5™(Invitrogen) fhuA2 giargF-lacz) U169 phoA gInV44(a 80 gilacZ)M15 gyrA96 recAl
relAl endAl thi-1 hsdR17(-)

GC5™ (Gene Choice) F 080acZgMi5 gflacZYA-argF) U169recAl endAl hsdR17 (k', mk*)

phoA suE44af thi-1 gyrA96 relAl (-)

One Shdt Top10 (Invitrogen)  G80acZgM15 mcrA gimrr-hscRMS-mcrBQ  qdacX74 deoR recAl
araD139y(ara-leu)7697galU galK rpsL(SmRENdA1nupG(Strep®)

XL1blue (Stratagene) F" proAB lacd q Z @M1 5 recRIneéhd\1 gyrA96 thi-1 hsdR17 suE44
relAl lac (TetR)
CodonPIlu8" (DE3) pLysS F ompl hsd3(rs” mg’) dent Tetrgal endd Hte [argU ileY leuVy (CamR®)

(Agilent Technologies)

Rosetta (DE3) pLysS RARE  F ompl hsdSs(rs” mg) gal dcma{DE3 [lacl lacUV5- T7 genel indl san¥
(Novagen) nin5]) pLysS RARE(CamR)

BL21 (DE3) (Novagen) F dcm om hsdS(rs'mg’) gal a(DES3) (-)
Rosetta 2 (DE3}jNovagen) F- ompl hsd$(rs” ms') gal decma{DE3) pRARE2(CamR)
Tuner (DE3) pREP4 GroESL F ompl hsd3(rs" mg’) gal decm lacy 1(DE3) (Kan®)

(Novagen)

OverExpres8' C43 (DE3) F ompl gal demhsdSs(rs” ms”) pPREP43(DE3) (Kan®)

pREP4 (Lucigen)

ArcticExpress™ (DE3) F ompl hsdS(e'mg’) dent Tef? gal ofDE3) endA Hte [cpnlO cpne0]
(Agilent) (Gent?)

3.1.3 Growth media and antibiotics

E. coli cells were cultivated itysogeny broth (B) or terrific broth medium (TBonly for
small scale test expressionGrowth media was prepared with desalted water and sterilized at
121°C and 2bar for 20min immediately after preparatiorLB agar plates contained
1% (w/v) tryptone, 0.5%w/v) yeast extract, 1%w/v) NaCl, and 1.6%w/v) agaragar. LB
medium wagprepared with 1%w/v) tryptone, 0.5%w/v) yeast extract, and 1%/v) NaCl.

In contrast, TB medium included 1.284/v) tryptone, 2.4%w/v) yeast extract, 0.4%/v)
glycerol, 0.01M™M KH2PQs, and 0.07M K:HPQi, whereby KHPOs and KHPO; were
prepared aslOx stock solution, sterilized, and added directly before inoculation of the
expression cultureGrowth mediafor cultivation of E. coli cellswere supplemented with the
appropriateantibiotics at the following final concentrations00mg/l ampicillin (Amp),

34 mg/l chloramphenicol (Cam), or 30g/l kanamycin (Kan).
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3.1.4Plasmidsand oligonucleotides

Recombinant human -Birtl and hAROS were expressed from a pET15b vector. The
functional shorthSirtl construct calleanini-Sirtl was described by Daet al.®% Our mini-
Sirtl containechSirtl amiro acids 183605 linked with a (GGGS)linker to hSirtl 641665
and wassulrloned into a pET19hodvector containing &iss-tag and a TEV cleavage site.
A pcDNAS3 vector for expression obcombinant man Hicl was kindly provided by the
Leprince group (University of Lille, Pastelnstitute of Lille, France)The BTB/POZ domain
of Hicl comprising amino acid20-154 was subcloned into a pET15b vec{trrombin
cleavage site) and a pETXBbdvector containing a TEV cleavage sif@at Cys was kindly
provided by the group of Prof. Dr. BirgattWdhrl (University of Bayreuth)All other sirtuins
(hSirt2(43356), hSirt2(55356), hSirt3(93399), hSirt3(11899), hSirt5(34302), hSirt6(1
355)) were expressed in various vectqfBable3.3). For assays and crystalliman, all

expressiortags wergroteolyticallycleavedoff.

Table 3.3: Characteristics of plasmids used for cloning and expressiohe plasmidor HIV1-Tat Cys-(1-86)
containedamino acid exchanges C22S, C25A, C27A, C30A, C31A, C34S, and.C37A

Vector Target gene Resistance Promotor Tag Protease site
pET15b fl-hSirtl Amp T7 N-terminal Hig Thrombin
hAROS
Hicl-BTB
pET15klmod Hicl-BTB Amp T7 N-terminal Hig TEV
pET19bmod mini-Sirtl Amp T7 N-terminal Hig TEV
mini-Sirtl-gSTAC
mini-Sirtl-qESA
pcDNA3 fl-Hicl Amp, CMV, N-terminal FLAG Enterokinase
Neo/Kan  T7
pET1lla HIV1-Tat Cys Amp T7 N-terminal His-GB1 TEV
pET19bmodSumo hSirt2-(43-356) Amp T7 N-terminal Hig- TEV
hSirt2-(55-356) Sumo Senp2
pVFT3S hSirt3-(118-399) Kan T7 N-terminal His-TrxA  TEV
pET32anod hSirt3-(93-399) Amp T7 N-terminal TrxAHiss TEV
pET-151/DTOPO  hSirt5-(34-302) Amp T7 N-terminal His-V5 TEV
pQESOL.1 hSirt6-(1-355) Amp, Cam T5 N-terminal Hig TEV

Oligonucleotides for cloning were ordered from Sigisatfree) or from EurofinsGenomics
in HPSF(high purity sakfree) quality. All oligonucleotide¢Table7.2) were solubilized in
ddH0O to reah a stock concentration of 1Q/.

3.1.5Buffers and solutions

Buffersfor electrophoresisTable3.4) were prepared with ddi®. For tracking of DNA size,

the 1kb ladder (NEB, #N3232S) or the 1bp ladder (NEB, # N3231S) were usdthe

protein composition of samples was trackethwither theProtein Test Mixtue 6 for SDS
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PAGE (Serva, #39207: hpsphorylase B (97MDa), bovine serum albumin (6kDa),

ovalbumin (45kDa), carbonic anhydrase (4a), soy trypsin

inhibitor (21kDa),

cytochrome C (12.%Da), bovine lung trypsininhibitor (6.5kDa)) or with the SDSPAGE

Broad Rage Standard

(BiRad, #1610317: wgosin (200k D a ) -galactbsidase

(116.25kDa), phosphorylase B (97 KDa), bovine serum albumin (66KkDa), ovalbumin
(45kDa), carbonic anhydrase (¥Da), trypsin inhibior (21.5kDa), lysozyme (14.4&Da),
aprotinin (6.5kDa)). The native state of proteins was tracked vatbhustomary composition
of the Protein MW Standard for natenaturing systems (Serva, #39064).

Table 3.4: Buffers and solutions for electrophoresis.

Buffer/solution

Composition

Agarose gel electrophoresis

Agarose gel
TAE running buffer(1x)
DNA sample buffer (6x)

0.5-2% (w/v) agarose, 10l 1x TAE buffer, 5ul Midori Green per gel (~ 40 ml)
40 mM Tris/HCI, pH8.0, 20mM acetic acid, InM EDTA

30%(v/v) glycerol, 0.25%w/v) Bromphenol Blue, 0.25%yv/v) Xylene Cyanol
FF

SDSPAGE

Stacking gel
Separating gel

Running buffer (10x)
SDS sample buffer (5x)

Staining solution

Fast staining solution ()

5% (wiv ) 37.5:1 A dviethtylerdigaicrdaanidey , 1AM Tris/HCI,
pH 6.8, 0.1%(w/v) SDS, 0.1%v/v) TEMED, 0.65%(w/v) APS

15%( w/ v) 37.5: 1 -Methylepdisacrylandde,/ 3X&MN Bris/HCI,
pH 8.8, 0.1%(w/v) SDS, 0.1%v/v) TEMED, 0.6%(w/v) APS

25mM Tris/HCI, pH6.8, 0.1%(w/v) SDS, 192mM glycine

250mM Tris/HCI, pH6.8, 10%(w/v) SDS, 50%v/v) glycerol, 0.02%wi/v)
Bromphenol Blue, 10%v/v) b-ME

30% (v/v) ethanol, 10%v/v) acetic acid, 0.25%w/v) Coomassie Brilliant Blue
G-250

67 ml ethanol (> 99%), 5&nl phosphoric acid (85%), 115 mg Coomassie Birillii
Blue G250, 10 ¢h-Cyclodextrin

Blue NativePAGE

Glycerol buffer 1
Glycerol buffer 2
Cathode buffer

Anode buffer

150mM Bis-tris/HCI, pH7.0, 600mM Uaminocaproic acid
150mM Bis-tris/HCI, pH7.0, 60%(v/v) glycerol, 600mM Baminocaproic acid

15mM Bis-tris/HCI, pH7.0, 50mM tricine, 0.02%w/v) Coomassie Brilliant
Blue G250

50mM Bis-tris/HCI, pH7.0

All buffers for purification (Table3.5) were prepared with ddi® and filtered through a
0.45um filter. Buffers used on AKTA, AKTApurifier, or ITC were degassed prior to use.
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Table 3.5: Buffers for purification of recombinant proteins.

Buffer Composition
Purification offl-hSirt1
Lysis buffer 50 mM Tris/HCI, pH7.5, 300mM NacCl, 5mM b-ME

His-tag resin nuclease
buffer

His-tag resin wash buffer
His-tag resin elution buffer
IEX buffer A

IEX buffer B

SEC buffer

50mM Tris/HCI, pH7.5, 25mM NaCl, 5mM MgClz, 5mM b-ME

50 mM Tris/HCI, pH7.5, 300mM NaCl, 10mM imidazole, 5mM b-ME
50mM Tris/HCI, pH7.5, 300mM NacCl, 250mM imidazole, 5mM b-ME
25mM HEPES, pH?7.5, 2mM DTT

25mM HEPES, pH?.5, 500mM NacCl, 2mM DTT

25mM HEPES, pH?.5, 150mM NacCl, 2mM DTT

Purification of miniSirtl and miniSirtl mutants

Lysis buffer

His-tag resin equilibration
buffer

His-tagresin wash buffer

His-tag resin elution buffer
AC

His-tag resin elution buffer
reverse AC

25mM HEPES, pH7.5, 200mM NacCl, 5%(v/v) glycerol, 5mM b-ME

25mM HEPES, pHr.5, 200mM NacCl, 5%(v/v) glycerol, 20mM imidazole,
5mM b-ME

25mM HEPES, pHr.5, 200mM NaCl, 5%(v/v) glycerol, 50mM imidazole,
5mM b-ME

25mM HEPES, pH/.5, 200mM NaCl, 5%(v/v) glycerol, 250mM imidazole,
5mM b-ME

25mM HEPES, pH7.5, 200mM NacCl, 5%(v/v) glycerol, 5mM imidazole,
5mM b-ME

SEC buffer 20 mM Tris/HCI, pH8.0, 250mM NacCl, 5%(v/v) glycerol, 10mM DTT
Purification of hAROS
Lysis buffer 50mM Tris/HCI, pH7.5, 150mM NacCl

Solubilization buffer
Refolding buffer 1
Refolding buffer 2
Refolding buffer 3
Refolding buffer 4
Refolding buffer 5

His-tag resin elution buffer
SEC buffer

50mM Tris/HCI, pH7.5, 300mM NacCl, 6M guanidinium hydrochloride
50 mM Tris/HCI, pH7.5, 300mM NacCl, 8M urea

50 mM Tris/HCI, pH7.5, 300mM NacCl, 4M urea

50mM Tris/HCI, pH7.5, 300mM NacCl, 2M urea

50mM Tris/HCI, pH7.5, 300mM NacCl, 1M urea

50 mM Tris/HCI, pH7.5, 300mM NaCl, 10mM imidazole

50 mM Tris/HCI, pH7.5, 300mM NaCl,150mM imidazole

25mM HEPES, pH?.5, 100mM KCI, 2mM DTT

Purification of HictBTB (pET15b)

Lysis buffer

His-tag resin wash buffer
His-tag resin elution buffer
SEC buffer

50 mM Tris/HCI, pH8.0, 250mM NacCl, 5mM b-ME

50 mM Tris/HCI, pH8.0, 250mM NaCl, 10mM imidazole, 5mM b-ME
50 mM Tris/HCI, pH8.0, 250mM NacCl, 250mM imidazole, 5mM b-ME
50 mM Tris/HCI, pH8.0, 150mM NaCl, (1ImM TCEP)

Purification of HictBTB (pET15bnod

Lysis buffer/NiNTA
column buffer A

His-tag resin wash buffer
His-tag resin elution
buffer/Ni-NTA buffer B
IEX buffer A

IEX buffer B

SEC buffer

50mM Tris/HCI, pH8.0, 250mM NacCl, 5%(v/v) glycerol, 0.05%v/v)
Tweerf 20, 5mM b-ME

50mM Tris/HCI, pH8.0, 250mM NaCl, 5%(v/v) glycerol, 10mM imidazole,
0.05%(v/v) Tweerf 20, 5mM b-ME

50 mM Tris/HCI, pH8.0, 250mM NacCl, 5%(v/v) glycerol, 250mM imidazole,
0.05%(v/v) Tweerf 20, 5mM b-ME

50mM Tris/HCI, pH8.0, 5%(v/v) glycerol, 0.05%v/v) Tweerf 20, 5mM b-
ME

50mM Tris/HCI, pH8.0, 1M NaCl, 5%(v/v) glycerol, 0.05%v/v) Tweer? 20,
5mM b-ME

25mM HEPES, pH7.5, 150mM NaCl, 5%(v/v) glycerol, 0.05%v/v) Tweer?
20, 10mM DTT

Purification of Tat Cys

SEC buffer

10mM KoHPQWKH2PQy, pH 6.4, 150mM NaCl
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Buffers for assaysT@ble3.6) were either prepared with dg@l and filtered through a

0.45um filter or contained highest grade stock solutions (MS).

Table 3.6: Buffers and solutionsfor assays and analytics

Buffer/Solution Composition

Assay buffer

General assay buffer 10 mM KoHPQOW/KH2POy, pH 7.8
Hic1-BTB assay buffer 20mM Tris/HCI, pH7.8, 150mM NacCl, 10mM MgCly, 0.05%(v/v) Tweer? 20

Pulldown

Loading buffer 20 mM Tris/HCI, pH7.8, 150mM NaCl

Wash buffer 1 20 mM Tris/HCI, pH7.8, 500mM NaCl

Wash buffer 2 20mM Tris/HCI, pH7.8, 150mM NaCl, 10mM imidazole
Elution buffer 20mM Tris/HCI, pH7.8, 150mM NaCl, 300mM imidazole
Crosslinking

Reaction buffer 25mM HEPES, pH7.5, 150mM NacCl, 5%(v/v) glycerol
Stop solution 1M Tris/HCI, pH8.0

Microscale thermophoresis

Labeling buffer 1x PBS, pH7.4

Reaction buffer for Tal 48.7mM KoHPOQW/KH2PQ,, pH7.8, 150mM NaCl, 10mM MgCl,, 0.05%(v/v)
Cys Tweerf 20

Reaction buffer for Hicl 50mM Tris/HCI, pH7.8, 150mM NaCl, 10mM MgCl,, 0.05%(v/v) Tweer? 20
BTB, DAA, and peptides

Sample denaturation (SC 4% (w/v) SDS, 40mM DTT

mix (2X)

Mass spectrometry

Discolorationsolution 50mM NH4HCG;, pH 8.0, 50%(v/v) acetonitrile
Re-hydration solution 25mM DTT in 25mM NHsHCO;s, pH8.0
Alkylation solution 55 mM iodoacetamide in 281M NH4HCGO;, pH 8.0
Dehydration solution 50mM NH4HCG;, pH 8.0,50% (v/v) acetonitrile
Digestion solution 200 ng trypsin in 25nM NH4sHCOs, pH8.0
Elution solution 50% (v/v) acetonitrile, 0.5%v/v) TFA

MS running buffers for buffer A: 0.1%(v/v) TFA, 99.9%(v/v) ddHO; buffer B: 0.1%(v/v) TFA,
intact protein analysis on 99.9%(v/v) acetonitrile; buffer C: 0.1%v/v) FA, 5% (v/v) acetonitrile
C4 column (TOF)

MS running buffers for buffer A: 0.1%(v/v) FA, 5%(v/v) acetonitrile; buffer B: 0.1%(v/v) FA,
peptide analysis on a C1 95%(v/v) acetonitrile; buffer C: 0.1%v/v) FA, 5% (v/v) acetonitrile
column (TOF/LTQ)

3.1.6 Equipment

Table 3.7: Equipment used in this wdrand theirmanufacturers.

Equipment Manufacturer

AKTAprime plus GE Healthcare, Freiburg (B

AKTApurifier GE Healthcare, Freiburg (B

Autoclave Systec DX150 Systec, Wettenberg (B

Avanti R centrifuge 326 XP, rotor: JLA8.1000 Beckman Coulter, Krefeld (D&)

Avanti centrifuge BOlI, rotor: JA30.50 Beckman Coulter, Krefeld (D&)

Benchmark myFud& Mini Benchmark Scientific, South Plainfield NJ (USA)
Bio-RadminiProtean Tetra System Bio-Rad Laboratories, CA (USA)

Bio-Radmini Sub Cell GT Bio-Rad Laboratories, CA (USA)

Branson Sonifier 250 Emerson, MO (USA)
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Continuation of Table 3.7:

Equipment

Manufacturer

CD spectrophotometerdl5

Digital camera E620

Ditabis MHR 11 96well thermoshaker
Epoch 2 microplate spectrophotometer
Eppendorf thermomixer 5436
Eppendorf centrifuge 5417 R, rotor: F38-11
EPS 3500 power supp(agarose gels)
EV243 power supply (SDBAGE)
FlexCycler

FluoDia T70 spectrofluorometer
Formulatrix Rock Imager 1000
Heraeus Labofuge 400R, rotor: 8179
HLC Micro-PCR thermomixer

HLC cooling thermomixer MKR 13

Ice machine

Infors MT Multitron (Pro)

Innova 4200 & 40 incubator shaker
INTAS gel imaging system
Intelli-Mixer RM-2S

KMO2 basic magnetic stirrer

LKB 2050 Midget Electrophoresis Unit
LTQ Mass spectrometer

Milli -Q water system

Monolith™ NT.115

MP220 pHdetector

NanoDrop 2000 UV/Vis spectrophotometer
Odyssey Sa infrared imaging system
Phoenix Liquid Handling System

Plate incubator

Rotating anode

Sorvall RC6 Plus centrifuge, rotor: S8
Spectrofluorometer 3B500

Stereo microscope SZX16

System Gold programmable detector module
System Gold programmable solvent module
Thermoshake incubation shaker
Thermoshaker TS100

Vakuum concentrator BA/C 300H
Vortex Genie 2

VWR ultrasonic cleaner UST

x-ray detector MAR 345

3.1.7 Consumables

JASCO Corporation, Tokyo (JPN)
Olympus, Hamburg (DEU)

Ditabis, Pforzheim (DEU)

BioTek Instruments, Vermont (USA)
Eppendorf, Hamburg (DEU)

Eppendorf, Hamburg (DEU)

Pharmacia BiotegHJppsala (SWE)
Consort Cohasset, MA (USA)

Analytik Jena, Eisfeld (DEU)

Photal Technology Int., NJ (USA)
Formulatrix, MA (USA)

Thermo Scientific, Braunschweig (DEU)
Ditabis, Pforzheim (DEU)

Ditabis, Pforzheim (DEU)

Ziegra, Isernhagen (DEU)

Infors HT, Leipzig (DEU)

New Brunswick Scientific, NJ (USA)
INTAS Science Imaging Instr., Goettingen (DEU)
Elmi Ltd., Riga (LVA)

IKA -Werke Staufen (DEU)

LKB Bromma, Stockholm (SWE)
Thermo Figer Scientific, Waltham, MA (USA)
Merck Millipore, Billerica, MA (USA)
NanoTempeiTechnologies GmbH, Muenchen (DE
Mettler-Toledo, Columbo, OH (USA)
Thermo Scientific, Braunschweig (DEU)
LI-COR, Lincoln (USA)

Art Robbins Instruments, CA (USA)
Memmert, Nuernber (DEU)

Bruker, Billerica, MA (USA)

Thermo Scientific, Braunschweig (DEU)
JASCO Corporation, Toky@IPN)
Olympus Tokio (JPN)

Beckman Coulter, Krefeld (DEU)
Beckman Coulter, Krefeld (DEU)
Gerhardt, KoenigswintgDEU)

Peglab, Erlangen (DEU)

H. Sauer Laborbedarf, Reutlingen (DE
Roth, Karlsruhe (DEU)

VWR International, PA (USA)
MarResearchNorderstedt (DEU)

Corsumablesfor general usewere purchased from BiBad, Eppendorf GE Healthcare,

Greiner BioOne, HartensteinMillipore, NanoTemper, PallCorporation,Promega Sarstedt,

Sartorius, Serva Electrophorests, StarLab.Consumables for crystallography were bought

from Hampton Research, Jena Bioscience, Molecular Dimensions, Qiagen, or VWR.
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3.2 Molecular biological methods

3.2.1 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) is used to amplify destbdended DNA wth specific
primers.Different strategiesvereused for cloning ofnini-Sirtl, mini-Sirtl mutagenesis, or
cloning of other targetsvhich will be described in the following.

3.2.1.1 Cloning ofmini-Sirt1 with Kapa HiFP polymerase

Mini-Sirt1 8 wascloned in two steps by amplifyinipe catalytic domain of $hSirtl and its
ESA/CTR regionseparatelywith a short,flexible (GGGS}) linker and then fusing both
domains.The useof Kapa HiFP polymerase (Kapa Biosystems, MA, US#js crucial as
well as addition oDMSO to inhibit secondary structure formation of the template DNA and
facilitate amplification of G&ich regions(Table3.8). Amplification of the catalytic domain

alsobenefted from addition oMgCl,. The PCR amplification protocol is listed Tiable3.9.

Table 3.8: PCR reaction mixes for cloning ofini-Sirtl. The mini-Sirtl construct wasuksed with the primers
Sirtl_5Xhol183 and Sirtl_3BamHI665stop. All individual primers are listélthine7.2.

Catalytic domain ESA/CTR domain Mini-Sirtl fusion
DNA template 1 1 pl fI-hSirt 1 pl fI-hSirt 1 pl catalytic domain
DNA template 2 - - 1 ul ESA/CTR domain
10 uM forward primer 1.5ul 1.5ul 1.5ul
10 UM reverse primer 1.5ul 1.5ul 1.5ul
5x HiFidelity® buffer 10ul 10ul 0
25mM MgCl, 10l - -
10mM 4x dNTPs 1.5yl 1.5yl 1.5pl
100%(v/v) DMSO 0.5ul 0.5ul 0.5ul
ddH.0 23 ul 33ul 32l
Kapa HiFP polymerase 1l 1ul 1l

Table 3.9: PCRamplification for mini-Sirt1 cloning with Kapa HiFi® polymerase.

Temperature [°C] Duration [s]

Initial denaturation 98 120
Cycles 25

Denaturation 98 20

Annealing 60 20

Elongation 72 20
Final elongation 72 300
End 4 b

For colony PCR, analytical PCR, and cloningrohi-Sirtl deletion mutants a standard \Vent
polymerase (NEB) protocol was usédini-Sirtl phosphomimetic mutants were clongdh
a two-step PhusidhHigh-Fidelity (NEB) PCR protocol.
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3.2.1.2 Standard cloning with V&ntolymerase

Vent® DNA polymerase (NEB) was the poherase of choice for cloning most targets and
testingpositive ligation resultsTable3.10 lists a general setup of the PCR reaction mixes.
For initial amplification of target DNA a 5@ mix was prepared, for colony onalytical
PCR a 1Qul mix was prepared for each clone.

Table 3.10: PCR reaction mixes for cloningvith Vent® DNA polymerase (NEB)This protocol was used for

cloning of Hic1-BTB, mini-Sirtl deletion mutantsand colony and analytical PCR of most targets if not noted
differently. The primers used for cloning are listed able7.2.

50 ul Reaction Final concentration
DNA template 1-2.5ul 100-500ng
10uM forward primer 2.5ul 0.5pM
10 UM reverse primer 2.5ul 0.5uM
10x ThermoPol buffer 5pl 1x
10mM 4x dNTPs 1ul 200uM
100%(v/v) DMSO 0-1.5ul 0-3%
ddH20 to50ul
Vent® polymerase 0.51ul 1-2U

Vent® polymerase has a lower denaturation temperature than Kap ptifimerase. For
amplification of target DNA3O0 cycles of denaturation, annealing, and extension were used.
The annealing temperatuveas chosen according to the average af the primer pair used,
whereas thextensiortime was dependent on the length of the target DRable3.11).

Table 3.11: PCR amplification for Vent® polymeraseAnnealing temperaturand extension timwere adapted
for each primer pair and the length of the target DNA.

Temperature [°C] Duration [s]

Initial denaturation 95 300
Cycles 30

Denaturation 95 30

Annealing 55-65 30

Elongation 72 60s per kb
Final elongation 72 300
End 4 b

3.2.1.3 Cloning omini-Sirtl phosphomimetic mutants with PhuSigolymerase

Phosphomimetic S659D and S661D mutatiarese introducednto themini-Sirtl ESA/CTR
region with a twestep PCR protocol using PhusfoPNA polymerase (NEB)Since primers

were designed to alreadpntain the mutationd @ble7.2), they were longer and had a higher

Tm which made them amenable to a combined annealing/elongation step during PCR
Table3.12 lists the contents of the PCR reaction mixture, whefledse3.13 indicates the

PCR protocolColony and analytic PCR were performeith the same protocol.
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Table 3.122 PCR reaction mixes for cloning ofmini-Sirtl phosphomimetic mutants with Phusi&nDNA
polymerase (NEB)The reverse primers already contained the respective mutafiabe7.2).

50 ul Reaction Final concentration
DNA template 1ul 100-500ng
10 uM forward primer 1.5ul 0.3uM
10 uM reverse primer 1.5u 0.3uM
5x Phusiofi HF buffer 10pl 1x
10mM 4x dNTPs 1.5ul 300uM
100%(v/v) DMSO 0.5pl 1%
ddH0 33.5ul
Phusiof® polymerase 0.5ul 1U

Table 3.13: Two-stepPCR for cloning of phosphomimetimini-Sirtl mutants withPhusior® polymerase.

Temperature [°C] Duration [s]
Initial denaturation 98 120
Cycles 30
Denaturation 98 20
Annealing/elongation 72 45 (15s perkb)
Final elongation 72 600
End 4 b

3.2.2 Purification of PCR products and restricted vectors
PCR products anddigested vectors were purified with the FavorPf¥p GEL/PCR
PurificationMini Kit (Favorgef® Biotech Corporation, Taiwan) accongi to the manual. fie
column was dried at 18,000f for 5min before elution with40ul ddHO which was pre
heated to 60C. Prior to elution by centrifugation at 18,066 for 1 min, the DNA was
allowed to incubate with the warddHO for 20min at 20°C.

3.2.3 Preparation of plasmid DNA

Plasmids were transformed into chemically compeieibli cells for amplification. For cell
lysis, extraction, and purification of plasmid DNthe FavorPrely Plasmid Extraction Mini
Kit (Favorgef? Biotech Corporation, Taiwan) was used according to the mafllcolumn
was dried at 18,00&f for 5min before elution Instead of the supplied elution buffer,
plasmid DNA was eluted with 50 ddHO which was préieated to 60C. To facilitate
extraction the DNA wasallowed to incubate with the warmadHO for 20min at 20°C
before elubn by centrifugation at&,000rcf for 1 min.

3.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to evaluate the result of a PCR or resligetsbof
vectors. Depending onthe expected fragment sizgels of 0.52% (w/v) agarose were
prepared withlx TAE buffer supplemented with fl Midori Green per 40nl of gel. After

solidification of the gel, 6x DNA sample buffer waglded to the DNA and el@ophoresis
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was performed at 98 for 30min. Agarose gels were inspedt under UV light with an
INTAS gel imaging sygm. In case of a preparative agarose gel electrophobesids were
cut out with a glass slide and prepared for purification with the FavdMPr@fL/PCR

PurificationMini Kit (Favorgeif Biotech Corporation, Taiwansalescribed

3.2.5DNA restriction digest

PCR products with overhangs for restriction sites as well as vectors were cut with the specific
restriction enzymes from New England Biolabs (NEB) before ligation. Restriction reactions
were carried out in a volume of p0 with 20l of the DNA, 23ul ddHO, 5ul of the 10x
CutSmarf® restriction buffer (NEB), and fil each of the two restriction enzymes. The
reaction mix was incubated at 3Z for 2 h. Afterwardsyestriction enzymes were inactted

by a heat shock at 6& for 20 min. DigestedPCR products and vectors were allowed to cool
on ice for 5min. Digestedvectorswere treated withantarctic phosphatase to prevesel-
ligation. For this purpose, the inactivated restriction mix was supplemented wwitH @&
antarctic phosphatase buffe(NEB), 1ul antarctic phosphatase, and uB ddHO.
Dephosphorylation of digestedector ends occurred at 3€ for 30min, followed by heat
inactivation at 70C for 10min. Success of the restrictiafigestwas monitored by agarose

gel electrophoresidDigesed PCR products and vectors wergrified with the FavorPrep!
GEL/PCR Purification Mini Kit (FavorgehBiotech Corporation, Taiwan) before ligation.

3.2.6 DNA ligation

DNA ligations were performed in a 20 reaction mix with 1.2%l T4 DNA ligase and 2l
10x T4 DNA ligase buffer (NEB) for B at 16°C followed by heat inactivation at 6% for
20 min. In case ofan unsuccessfiigation, the incubation temperature was changed0 4
overnight. For the ligatio reaction mixan amount of 108g vectorwas used with &-fold or
5-fold excess of insert. The amount of veaborinsertwas calculatedbased orthe following

equations 1 or 2, respectively.

@ AL ——— PR (1)

>|

) Al pg v (2)

A

with V = volume (ul), c= concentratia (ng/pl), bp=number of basepairs
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3.2.7 Transformation of ligation reactions into chemicaly competent cells

50ul aliquots of chemically competeri. coli One Shdt Topl10 (Invitrogen) or E. coli
XL1blue (Stratagene) cells were carefully thawed on ice fomitD Addition of the 20ul
ligation reactionwasfollowed by further 20nin incubationon ice. After a heat shock (45
42 °C), cells were allowed to recovéar 2 min on ice.Subsequently950ul LB medium vere
added and cells were incubated at°Gy7 600rpm for 1h. Cells werethen centrifuged at
4500rcf for 90s and 90Qul of the supenatant was remad. Transformed cells were
resuspended in the residual mad and plated onralLB agar platesupplemented with the
appropriate antibiotic for selection of thransformedlasmid. Agar plates were inversed and
incubatedat 37°C overnight.

3.2.8Identification of positive clones by colony and analytical PCR

Colony PCR was used for testimpsitive clones after transformation lidation reactions.
Single clones were picked with a sterile pipette tip and resuspendeduindti®hO. 1l of

this resuspended colony was used as a template for colony PCR, wherea®i@ used to
inoculate a 10nl LB culture supplemented with the appropriate antibiotics if the clone was
positive Colony PCRs were performed in a flOreaction mix using Vefitor Phusio®
polymeraseAfter PCR the amplified products were analyzed by agarose gel electrophoresis
by adding 2ul of 6x DNA sample bufferPrecultures of positive clones were grown for at
least 5h at 37°C and 160rpm. Afterwards, cells were harvested and DN@s isolated using

the FavorPrel Plasmid Extraction Mini Kit (Favorgé&nBiotech Corporation, Taiwan} pl

of isolated plasmid DNA wasgurther used as templatefor analytical PCR to check for
successful ligationFor analytical PCRthe insertspecificforward primer was used with the
vectorspecific reverse primer to exclude false positive clones from colony PCR. Since T7
primers {Table7.2) have lover melting temperature than the longer inspecific primers,

the annealing temperature had to beeftdly adapted using the wddased T calculator
version 1.9.1From New England BiolabsResults of the analytical PCR were analyzed by

agarose getlectrophores as described.

3.2.9DNA sequencing

Plasmid DNA ofpositiveclones vassequenced d&urofins MWG Operor{Ebersberg, DEU)
DNA corncentrations had to reach B00ng/ul. Vectorspecific primers were added by
Eurofins MWG Operon. For one sequencimgation 15ul of plasmid DNA was needed,
inserts larger than 80ip requireda forward and reverse sequencing reactmmover the

whole sequence.
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3.3 Microbiological methods

3.3.1 Sterilization
All media and bufferdor mediawere sterilizedor 15min at 121°C and 2bar, instruments
and pipette tips were sterilizéor 20 min at 121°C and 2barin a Systecautoclave.

3.3.2 Transformation of chemicaly competent cells
For amplification of plasmids or empty vectoi. coli DH5U™ (Invitrogen) or E. coli
GC5™ (Gene Choice) cells were used. Heterologous overexpression of proteins was carried

out in different chemically competeht coli strains as described in chapter 3.1.2.

In general, a 5@ aliquot of chemically competent celgas carefully thawed on iceif
10min and transformed by adding 1€#00ng of circular DNA. The further steps are
identical with the transformation of ligation reactions into chemically compettiat(chapter
3.2.7). Ater 1h of incubation at 37C, cells for heterologous overexgssion of proteins were
directly used for inoculation o& 53100ml LB medium pre-culture supplemented with all
antibiotics specific for the bacterial strain and the transformed plasmyuid pre-cultures

were incubated at 37C, 160rpm overnight in annova 40 or 4200 incubator shaker.

3.3.3E. coli cultivation and heterologous overexpression of recombinant proteins

For test expressionsf Hiss-hnAROS in E. coli Rosetta (DE3) pLysS RARE, Tuner (DE3)
pPREP GroESL, and ArcticExpress (DE3R0 ml LB medium wereinoculated with 0.5nl of
therespectiveovernight precultureandsupplemented with the appropriate antibiotics for the
bacterial strain and plasmid. Cells were grawi37°C, 120rpm until they reached asptical
densityof ODeoo = 0.6, then subjectetib a cold shock on ice for 2@in. They were induced
with 0.5mM IPTG to produceHiss-hAROSat ODsoo = 0.8 While E. coli Tuner (DE3) pREP
GroESL cells were cooled to 2Q for expressionE. coli Rosetta (DE3) pLysS RARE were
kept at 37°C or cooled to 30C. Expression irk. coli ArcticExpress (DE3) was performed
by growth at 30C, followed by expression atl2°C. Samples (inl) were taken before
induction with IPTG and h, 2h, 4h, and 1216 h aftewards These samples were pelleted
by centrifugation and removal of the medium. The pellets were then solubilizexl 8D5
sample bffer and analyzed by SDS PAGE.

Preparative heterologous overexpression of proteins was performed in @ototae of at
least 12 times LLB medium in2| Erlenmeyer flasksin case of miniSirtl and HictBTB
from pET15mnod upscaling to 10 fermenters was possible without harming purity or yield

Heterologous overexpression of the recombinant proteins-Bii& (pET15bmod, fl-hSirtl
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(PET15b), miniSirtl (pET19lnod, mini-Sirtl-gSTAC (pET19Imod, and miniSirtl-qpE S A
(PET19bnod was done inE.coli CodonPlus¥ (DE3) pLysS. Recombinant hAROS
(PET15b) and HicBBTB (pET15b) were expressed i coli Rosetta (DE3) pLysS RARE.
Growth media was supplemented with the appropriate antibiotics and inoculatedmvitf 4
the preculture per 1 of medium (5ml for hAROS). Cells were grown at 3C, 120rpm to
an ODyoo= 0.6 followed bya cold shock on iceof 30min. However,mini-Sirtl and mutants
thereof had to be gently cooled to A® while still shaking at 12@m to reachsoluble
overexpression. Aftethe cold shockexpression cultures were inducedh 0.5mM IPTG at
an approximate Ofdo= 1.1 to praluce the protein of intere®.2mM IPTG for mini-Sirtl
and its mutants). Heterologous overexpression was performed@j 220rpm for 1618 h.
Mini-Sirtl and its mutants were overexpressed atCl6hAROS at 12C. Fl-hSirtl was

already harvestedtbafter induction with IPTG to prevent degradation of the protein.

3.3.4 Cell harvest and disruption

After overexpressioncellswere harvested by centrifugatian 6500rcf and 12°C for 10min

in a 1A-8.1000 rotor. If notdiredly disrupted, cell pellets werenapfrozen in liquid
nitrogen and stored aBO0 °C. Frozen ells were carefully thawed on ice folOdnin followed
by the addition of4 ml lysis buffer per Ig cells. To inhibit proteolytic digestion of the
overexpressed protei.2mM PMSF and 12 cOmpleé EDTAfree protease inhibitor tablets
(Roche) were added. Cells were resuspended @ 200rpm on a magnetic stirrer for up to
1 h. Cell disruption wagperformedin a maximal volume of 15 at 4 °C on a Branson
sonifier using a big tip with 70% output at stage 8 f& mes 1min. After each interval,
cells were allowed to coaln icefor 30s. Cell debris was then removed by centrifugatioa
JA-30.50 rotor at 20,00pm, 4°C, 1h. For mini-Sirtl and mutants thereof speed of
10,000rcf was used, fhSirtland hAROSwere centrifuged &t8,000rpm.

Overnight est expression cultures were also harvebtedOmin centrifugation at 650€cf

and 12°C in a SLA-3000 rotor (Sorvall). Cells were respended in 1énl lysis bufferwith
0.2mM PMSF at 4°C and disrupted using the Branson sonifier equipped with a small tip
with 30% output at stage 4 for fotimes 15s. Cell debris was removed by centrifugation in a
JA-30.50 rotor at 10,00€f, 4 °C for 30 min.
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3.4 Purification of recombinant proteins after heterologous expression iik. coli

3.4.1 Overview of purification protocols

Recombinant overexpressed proteins were purified from the supernatant after centrifugation
and removal of cell debris. Apart frothat, hHAROS was not solubexpressedand had to be
purified from inclusion bodiesusing a stepwise refolding procedufégure3.1 showsan

overview of the purification steps for each recombinant protein.

fl-hSirt1 mini-Sirt1 Hic1-BTB Hic1-BTB hAROS
(PET15b) (pET19bmod) (pET15b) (pET15bmod) (pET15b)
nuclease solubilization
treatment AC = - with GuaHCI
c dialysis and dialysis and dialysis and refolding
A His,-cleavage His,-cleavage His,-cleavage with urea
dialysis and reverse AC on
His.-cleavage reverse AC reverse AC AKTA prime AC
L L dialysis and
reverse AC dialysis dialysis IEX His,-cleavage
IEX SEC SEC SEC reverse AC
SEC SEC

Figure 3.1: Overview of purificationsteps forfl-hSirtl, mini-Sirtl, Hicl-BTB, and hAROS. Abbreviations:
AC - affinity chromatography, IEX ion exchange chromatography, SE€ize exclusion chromatography.

Tat Cys was purified by theroup of Prof. Dr. Birgitta Whrl (Department of Biopolymers,
University of Bayreuth). Shortly, HI\V\Tat Cys-(1-86) from the HIV1 Zaire ZAT gene was
cloned into pET11a with amino acid exchanges C22S, C25A, C27A, C30A, C31A, C34S, and
C37A2%, After expression inE.coli BL21 (DE3) for 4h at 37°C, cell pelletswere
resuspended in 58M Tris/HCI, pH8, 1M MgCl;, 200mM NaCl, 2mM PMSF, and Y2
cOmplete EDTAfree protease inhibitor tablé¢Roche), a small amount of benzamidine and
DNAsel. Cells were lysed with a microfluidizer (MFTI Corporation, MA, USi)lowed by
slow pH decreasé¢o pH 3-4 with HClunder stirringfor 45min at 4°C. After centrifugation at
4°C and 16,503cf, the pH of the supernatant was raised to8pEnd the protein was
precipitated by addition of 0.436(NHs).SOQs per ml of supernatant. Tiseispension was first
stirred for 15min at 20°C, then moved to 8C for further 2h of stirring prior to

centrifugation at 4C and 16,503cf for 30min. The protein pellet was resuspended in
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10 mM potassium phosphate, @#, 200mM NaCl, and 1cOmplee EDTAfree protease
inhibitor tablet (Roche) and subsequently dialyzed omeght against 20nM potassium
phosphate, p#.4, 200mM NaCl, and 2nM PMSF. After centrifugation at 4C and
19,000rcf for 20min, the supernatant was subjected to affinity ctatmgraphy on a HiTrap
Heparin HP column (GE Healthcare) and eluted with a NaCl gradient. Fractions containing
Tat Cys were pooled, dialyzed against &M potassium phosphate, @# and 150nM

NaCl, and concentrated with VivaSpin20 concentrators (SastoMWCO 5kDa). The

protein was aliquoted, snap frozen in liquid nitrogen, and stor&f aC.

3.4.2 Affinity chromatography

All overexpressed and soluble proteins were equipped with #@@rmnal His-tag for
separabn from E. coli proteins in the first purification stdgy immobilized metal ion affinity
chromat ogr ap hyNi-¢§OmpMeteCheads (Roche) were equilibrated with the
appropriate lysis buffer or equilibration buffer usingnll of beads per ¢ of cells The
supernatat after removal of cell debris was thercubated with the beads forhlat 4°C
under careful stirring. HicBTB from pET15b was treated withrbg DNasel per 109 of
cells during this incubation step to remove DNA. After incubation, the mixturefitased
througha gravity flow column (Bio-Rad) the flowthrough was collecte@nd beads were
washed with 1€20 column volumes (CVYof lysis buffer or equilibration buffeFl-hSirtl was
then treatedvith 10pug/ml DNasel and 2Qg/ml RNaseA in a volume of 5@l nuclease
buffer for 45min, 4°C, under rolling incubationBound protens were further washed with
10 CV wash buffer collecting fractions of B) ml (mini-Sirtl started elutinguring this step)
Soluble Hig-tagged proteins wereompletey eluted infractions of 510 ml with 10CV
elution buffer. The concentration obllectedfractions was measured with a Nanodag®0
UV/Vis spectrophotometausing the proteinspecific molecular weight antso (Table7.3).
Purity of the fractions was assesdgyl SDSPAGE. Fractions containing the protein of

interest were pooled for the next purification step.

The reverse affinity chromatograpiwas usedss purification stepafter cleavage of the His
tag to remove the tag and Eisgged proteasel ml of Ni-cOmplete beads per 15l of
dialysate was equilibrated with lysis buffer and incubated with the dialysatéGatudder
careful stirring ford5 min. The cleavedargetprotein was elutedith the flowthroughfrom a
gravity flow column. For fl-hSirtl, the gravity flow column with NeOmplete beads was
connected to adownstream column filled with likewise equilibrated Benzamidine
Sepharos® 4 Fast Flw (High Sub) (GE Healthcare), which binds thrombin efficienily.
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achieve the highestossible yield of recombinant prateibeads were washed with-20 CV
lysis buffer and fractions of ®l were collected. The laels werethenwashed with 1@V
wash bufér and 1QCV elution buffer to elute the Higag and Histagged proteasélhe
gravity flow columns for purification of fhSirtl were washedimilarly using an additional
final step for elution of thrombiwith 10mM SPG, pH4, wherebythe eluatevasneuralized
in 10mM SPG, pHS. Hicl-BTB from pET15bstayed bound tthe beads until elution with

elution buffer wheresmall fractions of nl were collected.

Only for Hicl-BTB from pET15Imnod the reverse affinity chromatography was performed on
an AKTAprimeto separate a potential dimer of HiBTB from TEV protease which Ba
similar molecular weightThe dialysate was loaded onta equilibrated5 ml HisTrap HP
column (GE Healthcare) with a flowrate ®iml/min and the colummasthenwashed with
5CV of the degassed lysis buffer. Afterwardse tflowrate was reduced toml/min and a
step to 10% degassed elution buffer was peréarand was maintained for 1QV. In a
gradient for the length of 10V, imidazole concentration was increased to 50% elution
buffer, which was themaintained for 1@V or until Hicl-BTB completely eluted from the
HisTrap column. The column was recovered by a step to 100% elutiter bdfich was

maintained for 1@V to remove all residual bound proteins.

SDSPAGE was usedot detemine which fractions of the reverse affinity chromatography
contained the protein of interest. Corresponding fractions were pooled, concentrated, and used
for dialysis to rebuffer the recombinant protein (Fitl, Hic:-BTB from pET15b), for ion
exchang chromatographyfl¢hSirt1,Hic1-BTB from pET15lmnod, or for SEC (hAROS).

3.4.3 Refolding of hAROS on-column

hAROS could not be expressedsasuble protein irk. coli and had to be refoldezh-column

In contrast to purification of soluble proteins, the pellet after cell disruption and centrifugation
was usedand incubated with 60nl of solubilization buffer at 20C for 1 h under careful
stirring. 6 M guanidinium hydrochloride included in the solitaltion buffer acts as a strong
chaotrope and completely unfolds the insoluble protein. Duringid®entrifugation in a JA
30.50 rotor at 18,00 pm and 2C0C, cell debris was removed from the unfolded hAROS. The
supernatant containing hAROS was inculldigr 1 h at 20°C under careful stirringvith

10 ml of Ni-cOmplete beads (Rochejuilibrated in solubilization buffer. The mixture was
then passed through a gravity flamlumn (BioRad) and the flowthrough was collected.
hAROS was slowly refoldedn-columnusing 10CV each of the refolding bufferl-5, which

contained a decreasing concentration of urea. Flowthroughs were collected and the folded
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protein wa eluted from the beads with O¥ elution buffer collecting fractions of ral.
Purity of the fractions was assessed by SIA&E and concentrations were measured using a
Nanodrop2000 UV/Vis spectrophotometewith the proteirspecific molecular weight and

extinction coefficienat 280nm. Fractions containing hAROS were pooleddalysis

3.4.4Dialysis and proteolytic cleavage of théliss-tag

All recombinant proteins were equipped with axeiminal Hig-tag which could be either
cleaved off by thrombin (#hSirtl, hAROS, HiciBTB from pET15b)or TEV protease (mini
Sirtl, Hick:BTB from pET15bnod. Cleavage was performed after the first affinity
chromatography during dialyseégainst 4 of lysis bufferat 4°C. TEV protease was used in a
molar ratio of 1:10 to the recombinant protewhile 1U thrombin was sufficient to cleave
2 mg of proteinas long as dialysis was performed overni¢yiniall cases, a dialysis tube with
a molecular weight cutoff of 1kKDa was used. The removed kHsg and the His-tagged

protease were separated from tdmgetproteinduringreverseaffinity chromatogaphy.

In the purification procedure ohini-Sirtl and HiciBTB from pET15h a second dialysis
step overnight at 4C wasadded after reverse affinityini-Sirtl required this step to gently
change the buffer system froMEPESto Tris/HCI. In contrast,Hic1-BTB from pET15b

bound unspecifically to the RiicOmplete beads even though thecHi®y was cleaved off

and had to be oeveredirom high imidazole concentrations in the bufbeior to SEC

3.4.51on exchange chromatography

FI-hSirtl and HiciBTB from pET15bmod were further purified using an ion exchange
chromatography (IEXpfter reverse affinity chromagraphy. For #hSirtl, a HiTrapQ FF
column (GE Healthcare) was used on an AKféifier with a flowrate of 0.3nl/min. The
columnwas first equilibraed with 20CV of degassed IEX buffek. The concentrated protein
was then loaded in a volume of less thaml5For binding ofthe protein to the columnhe
amount of NaClwas removed during concentration to a maximum ofnd@ NaCl. After
loading, the HiTapQ FF was washed with 10V of IEX buffer A before a lineagradient
was applied for the length of 40V up to 100% IEX buffeB. Fractions of Inl were
collectedand the column was recoweer by washing at 100% IEX buff8for 5CV.

For Hicl-BTB from pET15bmod a HiTrap SPFF column (GEHealthcare) was used on an
AKTAprime with a flowrate ofl ml/min. The protein was loaded onto the column which was
previously equilibrated with 2CGV degassd IEX bufferA. The salt concentratiorof the
injected protein solutiomad to be reducetb 50mM for the protein to bind to the IEX
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column. After loadingthe column was washed with @Y IEX buffer A. Hic1l-BTB eluted
with a linear gradient 080 CV up to 40% IEX buffeB and maintainenance 40% bufferB
for further 20CV. Fractions of Iml were collected duringEX and he column was recovered
by maintaining the higisalt concentrationf 100% IEX bufferB for 10CV.

Fractions containing the proteins of interest were analyzed byFsE, oncentrated, and
pooled forSEC

3.4.6 Size exclusion chromatography

Size exclusion chromatograpi{$EC)was the final step to assessgetprotein of highest
purity with ahomogeusoligomerization statesSECwas performed on AKTApurifiers using
GE Healthcarecolumns S200 10/30GL (fl-hSirtl, HictBTB from pET15lonod, S200
16/60 GL (mini-Sirtl, Hic:BTB from pET15b), or Superose 12 10/3GL (hAROS). All
columns were equilibrated with 1&GV of degasse&EC buffer at a flowrate of 0rl/min
(S200 10/300GL, Superose 12 10/30GL) or 1ml/min (S200 16/60GL). Protein was
concentrated to a maximum volume of fhbcontaining 1dng of proteinfor S200 10/300
GL and Superose 12 10/306L or to 2-5 ml containing maximal 3@ng of proteinfor S200
16/60GL. To remoe any aggregatethe concentrated ptein was centrifuged at 14,006m,
10min, 4°C in aF4530-11 rotor prior to gelfiltration. The laked protein was eluted with

1.5CV SEC buffer and fractions of OBl or 1 ml, respectively, were collected.

Fractiors containing theargetprotein were determined by SEFBAGE and pooledMini-
Sirtl and HiciBTB from pET15b were concentrated to-80mg/ml, whereas all other
proteins were concentrated te28 mg/ml. Concentrated proteins were aliquoted aullO

snapfrozen in liquid nitrogen, and stored &80 °C.

3.5 Biochemical methods

3.5.1 SDSPolyacrylamide gel electrophoresis

Denaturing SD$holyacrylamide gel electrophoresis (SPBGE) was usedor analytical
separation oprotein mixtures according to their molecular weight in a 18%) SDS gel.

Prior to electrophoresis, samples were mixed with 5x sample buffer and denaturétCat 95
for 5min. The electrphoresis was carried out at 18Gor 5 min or until sampleseacled the
separatingyel, then voltage was increased to 18@or further 50min. After SDSPAGE, gels

were washed with desalted water and stained by covering them in staining solution and
heating them up in a microwaver 1 min. They were destained in degal water under slow

shakingat 20°C overnight. In order to create distinct protein bands for further analysis with
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mass spectrometry, gels were stained Wit staining solutiorand covered in this solution

for 10-20min at 20°C in a closed boxDestaning was doneavith desalted water as described.

3.5.2 Concentration of proteins by centrifugation

Protein solutions were concentratbg centrifugationto a desired volume oa desired
concentration. All proteins were concentrated using PALL Micfdsep Macrosefi

concentrators (PALLICorporation) withmolecular weight cutoffef 10kDa (hAROS, Hickt

BTB) or 30kDa (fl-hSirtl, mini-Sirtl). Centrifugationsteps were carried out at°@ in a
Heraeus centrifuge with an 8179 rotor for up taniib.

3.5.3Photometric determination of concentrations

Concentrations of DNA and protein solutions weletermined using a NanoDrop 2000
UV/Vis spectrophotometer (Thermo Scientific). DNA cenications were measured at
260nm with 1A2e0 equaling 50hg/pl of doublestranded DIA. For determination of the
concentration of protein solutionshe LamberBeer law (equation3) was usedwith a
theoretical molecular weight and extinction coefficibated orthe sequencand calculated
by the online tool ProtParanEXPASy 219. An overview of the daulated molecular weight

and extinction coefficients for each protein is giveiable7.3.

W — 3)

with ¢ = concentration (mol/|)Azs0 = absorbance at 280 nm,
Uso = extinction coefficient at 280 nm,zlpath length (cm)

3.5.4Thermal shift denaturation assay

The thermal shift denaturation assa@ysA) was used to determine the melting temperature
(Tm) of proteins?*L. In an assay mastermix block of 96 conditiamaf of the conditions as
used as a pH/buffer screen, whereas the other half of conditasissed in a secondegi to
find additives which enhandbe T, compaedto the previously determined buffdfor the
pH/buffer TSA screen40pl of the 1.5fold mastermix buffer stock were supplemented with
6 ul proten at a final concentration of BM, 6 pul of Syprd® Orange (Sigma) at a final
concentration of Bold, and 8ul of ddHO. For the additive TSA screed0 ul of the 1.5fold
mastermix additive stock were supplemented witl 8f 7.5fold buffer determined in the
pH/buffer TSA assay, @l of proten at a final concentration of BV, and 6ul of Syprd®
Orange(Sigma) at a final concentration offéld. 50ul of the reaction mix were transferred
to a 96-well black/white hareshell plate (HSP9665, BieRad) and sealed with 1fl of

mineral oil to prevent evaporation of heated samplé&rmal denaturation of proteins was
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performed in PC-steps in a FluoDia T70 spectrofluorometer (Photakhwvén excitation
wavelength of465nm ard an emission wavelength of 58th. The T, was determired in

GraFit 7.0.3 (Erithacus Software Limited) ugiequatior.

@ (4)

with f = native protein, = baseline slope of the native proteirs emperaturé°C) + 273.15,
d = denatured protein, @ baseline slope of the denatured proteirs, itaction enthalpy,
R = gas constant (8.314#nolK), T, = melting temperature, € constant (6000)

3.5.5Continuous coupled enzymatideacylation activity assay

Coupled enzymaticdeaglation assag?'? were used to determine Sirtuin activity
continuously over a timespan ofhlThe Sirtuin deadgtion reactionreleasing deacylated
substrateNAM, andAADPr is coupled to two followup reactionsln the first reactionNAM

is hydrolyzed bynicotinamidase to nicotinic acid and ammork#gre3.2). Ammonia isthen
transferred toU-ketoglutrate byglutamate dehydrogenase (GDH) resulting in glutamate
formation under oxidation of NADPH to NADRFigure3.2). Activity wasmeasuredn 30s
intervalsthroughNADPH depletion at a wavelength of 34on using an EpocR microplate
spectrophotometer (BioTek) with transparent half area-STMAR® 96-well microplates
(#675801, Greiner Bimne).A negative reaction without NADserved as a caoml for the
autohydrolysis rate of NADPH.

In general, d00pl reaction mix consisted of @M sirtuin, 500uM NAD*, 100uM sirtuin-
specific substrate, @M nicotinamidase, 2/ml GDH, 3.5mM U-ketoglutarate, and 5Q&M
NADPH. For Ky determinations of thartuin-specific substratdNAD™ was used in excess of
3 mM and the substrate was titrated starting fromM of substrate. For determining the,K
of NADY, the sibstrate was used in excess ahlil. Inhibition of Sirtuins by HV 1-Tat was
always measured #te Ky for thesirtuin-specific substratevith 500uM NAD™. To enhance
the solubility of modulating compounds or peptides derived frdwilHTat or the Sirtl ESA
region the reaction mix was supplemented witi®%o (v/v) DMSO. In the setup, thrtuin
substrate as well as DMSO and the modulateraalwaysput into the microplate first and
the reaction was started with-89 pl of an enzyme mastermix containigguin, NAD*, and

all coupled enzymes and cosubstrates.

Results of the assay were analyzedviicrosoft Excel (Microsoft Corp.) by first determining

the linear range of the reaction and calculating its slope. This slope was then corrected for
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NADPH autohydrolysis and the relatigetuin activity (%) was @mpued. The mean relative
sirtuin activity (%) and standard deviatiq®bo) from at least duplicates within each assay were
determined likewiseGraphs were plotted in GraFit0.3 (Erithacus Software Limited). For

determination of the specific activifnmol x mg! x min?), equations was used

with the

sirtuin-specific molecular weight. K values were calculated in GraFit 7.0.3 assuming

MichaelisMenten kineticsand a steadgtate?'® with equatior6 ( ien z y me

.I&sh net i c ¢

val ues were determined sphulG@rafFour 7epti@nr 8 meni &
(equation?).
YN Qw QN QIQ6w : (5)
with oA s40 (Min't) = slope of the linear rang&happr = 6.22 mM? cn?,
d =0.604cm (pathlength for 10Ql sample in half area UV plate8),= sample volume (100Ql),
MW = molecular weight of the Sirtuifg/mol), msix = amour of Sirtuin used in the ass@yM)
0 (6)
with v = reaction rate, ¥ax= maximum reaction rate,
Km = MichaelisMenten constant,sc= substrate conceentration
T e~ =] A AR oy
YQa w®@®0 QPQW o———— whwQQ $0¢Q (7)
A
with range(%) = fitted uninhibited valueninus background, s slope factor,
¢ = inhibitor concentratioriuM), 1Cso = half-maximal inhibitory concentratiofuM).
The equatiorassumes thdherelative activity(%) falls with increasing quM).
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gy
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Figure 3.2: Continuouscoupled enzymatideag/lation activity assay fosirtuins. The assay couples tisituin
deacylation reactioto two subsequent enzymatic reactions, whereby NABRHationis monitoredat 340nm

in aspectrophotometeét4,
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3.5.6 Fluor de Lysdeacylationactivity assay

The Fluor de Lys(FdL) deacylation assay issensitiveendpoint assay fairtuin activity %€,
which was used tovalidae results from the continuousoupled enzymatideacylation
activity assay or in casegherethe continuous coupled enzymatic assay was not applicable
The Fluor de Lysassay tilizes a substrate derived from human p&#nprising R37K382

with an acetylated K382 coupled to at€minal Zamina4-methylcoumarin group (termed
FdL-1 substrate). Thartuin deacetylatiomeaction was stopped after 20n by addition ofa
developer consisting of @M NAM and 10mg/ml Trypsin (Figure3.3). Deacetylated~dL-1
substrate makes tHiorophoreamenable for tryptic cleavag&he free fluorophorean be
reported after incubation at 2C for 45min in a FluoDa T70 spectrofluorometer (Photal)

usingan excitation wavelength of 36Bn and an emissiowavelength of 465m.

Reactions were carried out in a volume off2%t 37°C in a Ditabis 96éwell thermoblock
(Ditabis) with 1uM Sirtuin, 500uM NAD?*, andFdL-1 at 100uM or at the determined K

The stop solution was addedaat equal volume of 2@l. After 45min, 45 ul were transferred

to a 96-well black/white hareshell plate (HSP9665, BieRad) A negative reaction control
without sirtuin wasincluded to subtract the background fluorescendedafl. To account for
false positiveartfacts a control with the modulator added after the developer stop solution
was performed. K values were measured as described in chapter ®ifhSthe exception
that Ky values for NAD were determined in presence of 40 FdL-1. Results of the assay
were fist analyzed in Microsoft Excel (Microsoft Corp.) by subtracting the negative
background control from all raw fluorescence data. The relaititten activity (%) was then
calculated as well as the mean relatsirguin activity (%) and the standard deviatior{%o)

from at least three individual samples per assayaid 1Go values wereassessd in GraFit
7.0.3 as described in chapter 3.5.5 using equations 6 and 7, respectively.

Fluen de Lys"-Sirt1 Fluon de Lys™-Sirt1 __
Fluon de Lys"
Sirt1 Developer || 360 nm 450 nm
— — s NV \VaVaVaW
ONH /\ NH,'
0=cC_ NAD' NAM +
CH, O-Ac-ADP-ribose

Figure 3.3: Fluor de Ly® deacylation endpoint assay fairtuin activity. After stopping the sirtuin reaction,
the fluorophore of the deacetylat€édlL-1 substrate can be specifically cleaved off by trypémlowed by
detectionin a spectrofluorometer usingn excitation wavelength of 36#n ard an emission wavelength of
465nm. (Adapted from théluor de Ly§ User Manuaf*® with permissiorfrom Enzo Life Sciences, Inc.)
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3.5.7 Mass spectrometric deacylation activity assay

Sirtuin activity can also be directly reported using a mass spestinpbased deacylation
assay’'® (Figure3.4). This assaywas used when modulators were incompatible with the
continuouscoupled enzymatiassayor theFluor de LysassayA reaction mix in a volume of
70l consisting of 0.139ig hSirtl, 500uM NAD®, and 50QuM substrate was incubatet

37 °C with varying concentrations of the modulator. After six different timepoints between
2.560min, 10pul of the reaction mix were removed and stopped withul10.5%(v/v)
trifluoroacetic acid (TFA). Samples were diluted with 0.0) formic acid (FA) to attain a
final concentration of UM substrateHSirt1 was removed from the diluted reaction mix by
filtration through a 1&Da cutoff Eppendorf tube filter (VWR)Acetylated and deacetylated
substrate peptideim each samplevere separated by HPL@h a C18 columrollowed by

subsequent mass spectromefguiantification.

&2
Sirtuin + NAD* stop of reaction &7
+ substrate with TFA oo M 0
0’5\ J' t o
‘ &30 “,0.“44 >
.ﬂ L ; & | Aduldd g
—> Vbl v —— | LC-MS analysis | —» | Ji NG
v/ o 60’ > 1| | 45T (@
Y = 2 ‘l k b?:a
23l [{les
% 3 ) acetylated
T ALA.80 deacetylated

retention

Figure 3.4: Massspectrometric direct deacylatiogirtuin activity assay After stopping the sirtuineactionwith
TFA, samplesare diluted and filtered prior to quantification by HPLRIS. (Adapted from Fischeet al.
(2012)*8 with permissiorfrom Public Library of Science

Results were analyzed using Skylinea®Cross Lab) to determine the area under the peak of
acetylated and deacetylated peptide for eadohpde. RelativénSirtl activity (%) and standard
deviation(%) were calculated in Microsoft Excel (Microsoft Corp.) as already described

(chapter 3.5.5) and results were plotted using GraFit 7.0.3 (Erithacus Software Limited).

3.5.8 Statistical analyses

Unless noted otherwise, sirtuin activity for single data points waslated from the mean of

at least twandividual samplegn = 2) with the respective standard deviatiamd plottet as a
column graph or point graph (without fit). Fomkand 1Go determinations, three individual
titrations (n = 3) were performed and inddually fitted. The respective dor 1Cso was then
calculated from the mean of those three values with the respective standard deSiafpins

for Km or ICso determinations show the mean activity of single data points (with their

respective standard davion) as point graph and a fit of the mean actifotysimplification.
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3.6 Interaction analysis methods

3.6.1Pulldown

Pulldowns are a direct method to study the interaction betweeavankprotein and others.

But the method is prone to false positives due to interaction with the column material or the
tag of the immobilized protein. The interaction betweehSirtl and hAROS was studied
with pulldownsby immobilizing 100ug Hiss-hAROS in100pl loading bufferto 100l of
Ni2*-cOmplete beads (RocheJhe proein-bead mixture was loaded @ MoBiCof® spin
column (MoBiTe® GmbH, DEU) andHiss-hAROS was allowed to bind to the beads during
incubation for 1h at 4°C on a rolling incubatorAfterwards, 13Qug fl-hSirtl was added in

50 ul loading buffer followed by furtheincubaton for 45min at 4°C on a rolling incubator
Controls were performed withn equal amount of loading buffer. Excess #mund protein

was removed by centrifugation forngin at 20°C and 5,200cf in a F4530-11 rotor
(Eppendorf).Beads were washed twiedgth 400l of a highsalt buffer (wash buffet) and

400ul of a buffer cataining imidazole (wash buff@) to reduce unspecific binding of the
untagged protein to the beads. Every wash step was followed by centrifugation as described.
The complex was eluted with 1Q0 elution buffer by centrifugation at,Z00rcf and 20°C

for 5minin a F4530-11 rotor (Ependorf). Success of the pulldown was evaluated by-SDS

PAGE including a sample with the Niibeads after the experiment.

3.6.2Blue Native PAGE

Blue Native PAGE isusedto analyze the native oligomerization stat@grotein as well as a
putative complex formabn between two proteinssels for Blue Native PAGE contained
three layers of 5/12/15%w/v) Ac r y | a miMethylembisadr§lamide (37.5:1with
0/10/20%(v/v) glycerol, respectively Table3.14). Solutions for all three layers were
prepared at the same time and filled into a gel casterRBa) from bottom to topreating a
natural gradienthrough different glycerol concentration&fter polymerization of the gel,
(mixed) protein samples wengreincubated for 3fin at 4°C, supplemented with 20%/v)
glycerol and applied to the gel pocketSathode buffer was filled ithe upper chatyer of an
electrophoresis unit (Hoefét SE250)and anode buffer irthe lower chambern case of
Clear Native PAGE of mini-Sirtl phosphorylation mimicry mutants and HBIB, the
electrophoresis buffers did not contain Coomaddectrophoresis was performed for in
at 150V and 4°C before increasig the voltage to 200 for at least zh or until the running
line had reached the end of the dgélue Native PAGE gels were destained in dgM as
described for SD®AGE.
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Table 3.14: Preparation of hree-layer BlueNative PAGE gels.

5% (Top) 12% Middle) 15% (Bottom)

ddH0 1.96ml 1.04ml 0.65 ml
Glycerol buffer 1 1.33ml 0.67ml -

Glycerol buffer 2 - 0.67ml 1.33ml
Acryl amide/ N, NO

Methylenbisacrylamide (37.5:1) 0.67ml 1.60ml 2.00ml
10%(v/v) APS 0.04ml 0.02ml 0.01ml
TEMED 0.004ml 0.006ml 0.01ml

3.6.31In vitro-phosphorylation

For the interaction of mirgirtl and HiciBTB, 25ug mini-Sirtl were phosphorylateih
vitro by 1000U CK2 in presence of M ATP at 30°C ovemight A control of miniSirtl
was incubated with buffer under the same conditions. Afterwards, 25/50419i@¢1-BTB
octamer were added to samples qfgbmini-Sirtl, phosphorylated or not, aflue Native

PAGE was performed.

3.6.4 Crosslinking

Crosslinkingis a direct method to provihe interaction between two known priote If
coupled to subsequent mass spectrometric anallgsisnteraction site on each of the proteins
can be determinedror croslinking experimentshoth proteins were first dialyzeseparately

in Xpress Micro Dialyzer tubes (Serva, MD100 or MD300, MWG® KDa) to exchange for
the reaction buffer. In a total volume of g0 the proteirs (50-70 uM each) wererosslinked

at 20°C with a molar excess of the specific crosslinkérosslinkers were solubilized in
100%(v/v) DMSO and prealiluted toa 1Gfold stock in50%(v/v) DMSO. Four different
crosslinkerswith different spacer lengthsere usedo link proteinsbetween the amingroups

of lysines Figure3.5): disuccinimidyl suberate (DSS) and the cleavable crosslinker
disuccinimidyl sulfoxide (DSSPin a final concentration of 228mM, dimethyl suberimidate
(DMS) in a final concentration of @M, and glutaraldehyde in a final concentration of
1.69mM. Before adding the crosslinker, a sample ofull®vas removed from thesaction
(t=0min) and stopped by addition ofpd 1 M Tris/HCI, pH 8. Thecrosslinker was added
and after several timpoints 10 ul each of the reaction were stopped in the same manner.
Controlscontained only one of the twaroteirs andwere treated similarly to exclude self
crosslinks.The stopped reactiosamples were supplemented with SDS sample buffer and
proteins were separated by SPBGE. Crosslinked bansiweresubjected to tryptic digest for

mass spectroatric analysis (chapter 33j.
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Figure 3.5: Crosslinkers for linking two proteins via the amine group of lysine®SS (disuccinimidyl
suberate), DMS (dimethyl suberimidate), and glutaraldehyde are permanent crosslinkers. DSSO (disuccinimidyl
sulfoxide) contaiatwo collision-induced dissociatio(CID) sites (dotted lings?’.

3.6.5Nuclear magnetic resonancepectroscoy

Besides determination of the sttuiee of small proteins below 3®a, solution nuclear
magnetic resonance (NMR) spectroscopy is widely used to investigate pigaeit
interactionsAs part of this work, 2ENMR spectroscopy was useg the collaboratingroup

of Prof. Dr. Birgitta Warl (Department of Biopolymers, University of Bayreutb)identify
the regions of Tat Cyswhich are involved inhSirtl inhibition. Thereforemini-Sirtl in
10mM potassium phosphate, @# and 150nM NaCl was titrated td°N-labeled HI\:Tat
Cys-(1-86). A control with buffer instead of minBirtl was included2D-(*H, *N)-HSQC
NMR spectra were recorded at 228n a 700MHz spectrometer (Bruker) equipped with a
cryogen cooling stream archanges irchemical shifts were analyzeadter subtracting the

control spectrum from the one obtained for the prepeatein interaction

3.6.6 Microscale thermophoresis

Microscale thermophoresigMST) is a direct method to determine the affinity between
protein and lignd or between two proteinsThe resulting dissociation constaity
corresponds to the concentration of the titrant at which half of the protein molecules are

bound to the titrant and half of them are f(equation §.
b — (8)

with Kq = dissociation constariM), ce = concentration of free prote{iv),
cr = concentration of free titrarfM), cet = concentration of the compl€i).

Microscale thermophoresis can be performed with native proteins since the fluorescence of

tryptophan and other aromatic amino acids is sufficient to detect changes in the hydration
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shell due to binding of the titradt®2!° In order to study proteiprotein interactions tbiis
usually not possible. In this case, one of the binding partners is artificially labeled with a
highly sensitive fluorophore. For studying interactions betwe®inl and other regulating
proteins, one protein was labeled with fluorescein isothiocgafidiC) in a molar ratio of
protein:FITC=2:1. The labeling reaction was carried out in p0QLx PBS,pH7.4 for
15min at 20°C in the dark. The labeled protein was separated from unlabeled protein and
free fluorophore by fractionated elution from an illustra NARravity flow column (GE
Healthcare). An UV/\é spectrum of each fraction weecorded on a Nanodrop 2000 UV
spectophotometer taletermine the absorbance at 280 and 495 m using a pthlength of

1 mm. The final concentration of labeled protein and its labeling ratiocaksilded by the

following equations 9 and 1@espectively.

& — 0 (9)

With Qabeled protei= CONCENtration of the labeled protéM), Asgo= absorbance at 28tm,
Augs = absorbance at 49%m, Uso roteiny- €Xtinction coefficient of the proteifM-* cnr?l),
rerre = Aaos (iree FITAhA 280 (iree FITc)= 3.0, and §m = pathlengthcorrection facto(10 cnt?).

0y — Q (10)

with LRgp = labeling ratio of the protein (values between0.8), Ags = absabance at 495m,
Chos (rirc)= extinction coefficient of FITC gbH 7.4 (70,000M ™ cn?),
fom = pahlength correction factorlQ cnm), Ciabeled proteir cCONCeNtration of the labeled protg).

Depending on the labeling ratiBlTC-labeled proteins were usedfinal concentrations o5-

80nM to achieve an initiafluorescence between 44800 AFU A 2-fold stock solution of

the labeled protein in a volume of 480ul MST buffer was prepared. The titrant was
diluted in MST buffer ina 1:1 dilution series with a volume of 0 eachin 12-16 steps.
According to a general recommendation from NanoTemper Technologies Inc., the MST
buffer always contained 0.05¢¢/v) Tweer? 20 to preventabeledproteins from sticking to
readion tubes or capillaries, as well as &M NaCl, and 10nM MgCl22?°. 10 ul of the 2-

fold stocksolutionof labeled protein was carefuliyixed with 10ul of the diluted titrant and
samples wereantrifuged for 2min at 20,000 cf and 20°C in an Eppendorf centrifuge prior

to thermophoresis. Standard treated capillaries for NT.115 (NanoTemper Technologies Inc.)
were filled with the mixed saptes and carefully laid on a tray by only touching capillaries at

their ends. After a capillary scan, microscale thermophoresis was carried oftGaughg

the Ablueodo detector wi4Zdnmand anemission wavelenyh wav el
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520nm. The initial LED laser power was set to 6% (H{&TB) or 12% (Tat Cys peptides)

and three different MSTR laser power intensiti0/30/40%) were used. Afterssof initial
fluorescencealetection the MSTIR laser was turned on for 3o create tempatureinduced
movementand then turned off again to allow for badikfusion. Binding was analyzed using
thermophoresis and temperature jump, if the initial fluorescence remained unchanged across
all capillaries. In cases of a titrant concentrati@penént change in initial fluorescen¢as

seen for all measurements with HIBIB or Tat Cys), a sample denaturation test was
performed: 1Qul each of themeasuredsamples with the highest and the lowest titrant
concentration were mixed with 10 of 2-fold SD mix After denaturation at 98C for 5 min,

sampes were centrifuged at 20,00€f and 20°C for 2 min. Capillaries were loaded with the
denatured samples and a capillary scan was performed. If the fluorescence in the denatured
samples did not show arnigrant concentratiodependent fluorescence change, bigdivas
analyzed from the first § of initial fluorescence. Raw data was exported and fittesraFit

7.0.3 (Erithacus Software Limited) using flilesite with backgroun@function(equation 11).

@ — 000 £6¢70Q (11)

with cound= concentration of bound titragil), capacity= maximalpercentage of bound titrant molecyles
K4 = dissociation constant with 50% of titrant moleculebaund form(M),
Ciree = CONCenNtration of free titrariM), background= minimal percentage of bound titrant molecules.

3.7 Bioanalytical methods

3.7.1 Circular dicroism spectroscopy

Circular dichroism(CD) uses circularly polarized light to examine the secondaugtsire of
proteins?®?’, A mostly U-helical proteinexhibits local minima at 208hm and 222im when
exposed taircularly polarized lightwhereas a protein with wide stretchebaheets shows
a localminimum at 2151m?2%, In contrast, proteins with random coliavea localminimum
at 198nm 22, CD spectroscopy was used to examime secondary structure f¢hSirtl and
Tat Cys. In all cases, the final CD spectrum was antumulationof five individual CD
spectra of the same sample reduce noiseCD spectroscopy of 0#g/ml protein was
performed in 40Qul of 10 mM potassium phosphate, @#4, 150mM NaCl at 20°C. As

control a CD spectrum of 400 bufferwas recorded similarly

Since Tat Cysexhibitedno distirct secondary structure in solution, thehelical propensity
of the potein was testeavith a trifluoroethanol (TFE)titration??2222 A CD spectrum of
10uM Tat Cysin 250ul 10mM potassium phosphatpH 6.4, 150mM NaCl wasmeasued
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at 20°C. In five steps, the TE concentration was increased by 10#) each and CD
spectra were recorded. To exclude any effects of TFE on the buffer, a control without protein

was treated theame way.

The final protein CD spectrin Umdeg Were normalized by subtraction of teiffer CD
spectrum at the respective temperature, and subsequent application of efu@tioluding

the moleculaweight of the proteinto reach the mean molar ellipticity per residue.

0 - (12)

with Uyre = mean molar ellipticity per residuet)mqeq= ellipticity (mdeg; M = molecular weightg/mol);
¢ = concentratiorimg/ml); d = path leagth (cm); r = number of residues

3.7.2Intact mass spectrometric analysis of proteins

Proteins carbe analyzed by mass spectrometry in order to determine their exact molecular
weight. In a total volume of 20l 20-50 uM of purified protein verediluted with 0.1%(v/v)

FA and injectednto a C4 column bthe TOF mass spectrometer. In the case of Tat Gys
protein was dialyzedgainst 10nM sodium acetate, pBfor 1 hin anXpress Micro Dalyzer

tube (Serva, MD100 or MD300, MWCO-8 kDa) prior to intactmass spectrometry since
0.1%(v/v) FA and other buffers likeHEPES or potassium phosphateirned out to be

incompatible with the protein or the method.

3.7.3 Tryptic digest of proteins for mass spectrometric analysis

For identification of proteins or fora detailed analysis of protein sequences by mass
spectrometry(e.g, after crosslinkinyj a tryptic digest was performed. Samples were either
digested imsolution or desed bands from a native or SOf&l were cut out and digested.
Importantly, sterilized Eppendorf tubes and disposable glass cover slips or scalpels had to be
used 0 prevent contaminain of samples with keratingn-solution digests were performed
overnight at 37C using20-70 uM of proteinin a volume of 2660 pl supplemented with il

of 0.1mg/ml Trypsin. When specific bands from a gel were analyzed by mass spectrometry
they were aved out and cut into-8 smaller pieces which were washed with uO®f
100%(v/v) methanolfor a few secondsThe gel pieces were thaompletely decolored in
100pl discoloration solution in several steps ofr@h incubation at 37C and 300pm ina
thermoshakerDestainedgel pieces were dried in a vacuum centrifuge atG5esuspended

in 50 ul rehydration solution, and incubatgm 20 min at 56°C. Residual liquid was removed
and gel pieces were alkylatéd 50 ul alkylation solution for 20nin at 20°C in the dark.
Again, residual liquid was removeddigel pieces were washed for 8th 1ml ddHO which

was disposedAfter 15min incubation at 20C with 200ul dehydration solutionthe liquid
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was taken out and 1Q0 100%(v/v) acetonitrile vas added for Ein which was disposed
afterwards. The gel pieces wetempletelydried in a vacuum centrifuge at 56, then
cooled to 20C, and protein bands were digested withpl@f digestion solution for 1nin

at 20°C. To prevent samples from dng out an additional 2680 ul of 25mM NHsHCG;,

pH 8.0 was added before incubation at 3T overnight. Next day, the supernatant was
transferred to a new Eppendorf tube and further peptides were eluted from the gel pieces by
incubation with 2Qul elution solution in a sonifying bath for 2@in. Both supernatants were
combined andcompletelydried in a vacuum centrifuge at 6. After addition of 2Qul
0.1%(v/v) FA, digested protein bands were incubated foml® at 20 °C and300rpm in a
thermoshaker. &nples from tryptic irsolution or ingel digest were injected onto pae
column for desaltingfollowed by automated injection onto @18 columnfor peptide

separatioreither on an LTQ or a TOF mass spectrometer.

3.7.4 Limited proteolysis

For mapping astable core of hAROSimited proteolysis was performeahd 100pug Hiss-
hAROS were digested with GIuC protease in a molar ratio of @030 mM Tris/HCI,

pH 7.5. Before addition of the protease and at several-fioiets, 10ul of the reaction mix

were ampled and the reaction was stopped by addition of 5x SDS sample buffer and
incubation at 98C for 5min. After analysis of the limited proteolysis by SDS PAGE,
selected SDS PAGE bands were cut out and subjected to tryptic digets &oralysis.

3.7.5Analysis of mass spectrometric data

Mass spectrometric data from MS deacetylation activity assays was analyzed with Skyline
(MacCross Lab) as described in chapter 3.5.7 usingVi8Sspectra raw files. Data from
intact protein MS analysis was analyzed diredilgm the MS spectrum after HPLC
separation to determine the protein mass. Protein identification after tryptic digest of samples
was performed with MBS spectra raw files using Byic™ (Protein Metrics Inc., CA,
USA). If the protein was knowre.g., afer crosslinkingthe program could be supplemented
with the expected protein sequent@seduce unspecifimismatchesOtherwise the MB1S
spectra raw files were aligned against a database containing all sequences deposited to
Uniprot 2. Protein identification hits by Byoni¥ were then manually analyzed and
unspecific hits like trypsimnd human keratins or horn proteins were omitted. The remaining
hits were ordered according to the number of detected peptides and the significanae of the

MS/MS spectrunto determine the most likefyrotein.
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3.8 Crystallographic methods

3.8.1 Screening for initial crystallization conditions

Initial crystallization conditions for each protein combination were screenedwe®@rmat
from commercially available seens (Qiagenjvith specific stock solutions promoting the
protein crystal nucleationThe sittingdrop vapoxdiffusion technique was used exclusively.
The protein solution was prepared with fresh, pure, and homogenous protein and
supplemented by choice tvisubstrates, cofactors, reaction produatsivators inhibitors, or
binding partnersThis protein stock solution was incubated at’@0r 4°C for 1 h or up to
12h prior to the experiment. Any precipitated protein was negdoby centrifugation at
14,000rpm for 10min in a F4530-11 rotor (Eppendorf)A Phoenix robot (Art Robbins
Instruments) was used to pipet @l2of the protein stock solution to OL2 of the reservoir
solution into the wells of MRC2 or MRC3 crystallization pla{@olecular Dimensions).
Thesecombinedcrystallizationdropswere equilibrated against a reservoir off@%creening
stock solution. For the setup pfoteinprotein screeningexperimentsan additional Peltier
element was usetd keep the protein solutiacool durihg the pipetting process. Experiments
with compounds solved in DMSO ovith Tat peptides were set up at 20. Immediately
after pipettingthe MRC2 or MRC3 plate waseaéd airtight with a selfadhesivecleartape
Most initial screening crystallizationxperiments were monitored at 20 in an automated
ROCK IMAGER 1000 imaging system (Formulatfix using the ROCK MAKER software
(Formulatrix®). For initial screening crystallization experiments atC4 the commercial
screen stock solutisnwere precooled, the Peltier element was used for the protein stock

solution, and plates were immediately brought to°&@ #oom after airtight closure.

3.8.2 Optimization of initial crystallization conditions

Initial crystallization conditions weremanually optimized in 24-well VDXm greased
crystallization plates (Hampton Research,mii®) using the hangingrop vapordiffusion
technique to yield larger and better diffracting crystdlse initial crystallizationcondition
was varied in itspH and/or concentration of salt @recipitantand new reservoir stock
solutions o500l eachwereprepared anttansferrednto the24 wells The protein solution
wasformulatedas in the initial experimergnd 1ul was pipetted on a cover slip to be mixed
with 1l of the varied resermo stock solution. The cover slip was usedseal the well
airtight by carefully pressing it onto thgreased edges of the well.ptdnization of
crystallization conditions was performed at the same temperafate showed crystal

nucleation Crystal growh wasmanuallymonitoredwith a stereo microscope attachedato
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digital camera. When initial protein crystals could not be reproduced by hat@ipgapor
diffusion, the sittingdrop technique was applied using-¥8Il Swissci MRC Maxi

crystallization plées (Molecular Dimensionsyith 200l reservoir solution

In case otrystal s&ze and diffraction qualityot being able to benmproved by a simple grid
optimization around the initial crystallization conditicamy additive was searched using a
commercidly available 96éwell additive screen (Hampton Researchihe best initial
condition regardingpH and precipitant/salt concentration was prepared as 110% stock
solutionin a total volume of #nl. 45 ul of this reservoir stock solution were put into each of
the reservoirs of a MRC2 platgsing he Phoenix robob pl of the 10x stock solutions from

the additive screemvere then adde@nd mixed with the reservoir solutiof.2ul of the
improved reservoir solutions were mixegdthe crystallization drogvith 0.2l of the potein

stock solutionprepared as in the original experiment. The crystallization plates seated
airtightandautomaticallymonitored at 20C in the Formulatrix ROCK IMAGERL00O.

3.8.3 Cryoprotection of protein crystals

In order to remove wat from protein crystal solvent channelse crystals wergrotected
with a cryoprotective solution. If not noted otherwishist solution consisted of theame
concentration of the originaéservoir solutiocombined with all small molecule ligands from
the protein stock solution used for obtaining the protein crystal as well agvAg%glycerol.
The cryogenity of a crymotectivesolution was tested in liquid nitrogeaior to use. For
diffraction experiments, aingle protein crystal was mounted wighcryo loop (Hampton
Researchof appropriate size (0.66.5mm) from the hanging or sitting drop and transferred
to 2l of cryoprotectivesdution. After washingit shortly in the cryoprotective solutigrihe
single crystal was taken oagainwith the cryo loop andlash-cooledby rapidimmersionin

liquid nitrogen.Crystals were stored in liquid nitrogen until measurement.

3.8.4 X-ray structure analysis and data collection

To evaluate the nucleation of small protein crystals, they were coloreceivigr JBS True
Blue (Jena Bioscience) or Izit crystal dye (Hampton Research). Laygtals were testeuh
houseon a marpX generator (marresearch) with Galkode to distinguish between protein
and salt crystals and to assess the diffraction qué&ltythis purpose crystals were mounted
in a nitrogen cryostream at 180 and irradiated by monochromatic radiation wigh
wavelength 0f1.5411 . Two images were recordeditiv a detector distance of 20@m,
wherebythe crystal was turned by Wwithin 20min for every imageAfter the first imge the

crystal was turned by 830 gainfurther insight on théiffraction quality.
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Diffracting crystals were sent to a synchrotron for data colleetitima highintensity source.

In most caseshe BESSYIllelecton storage rig (HelmholtzZentrum) in BerlinrAdlershof
was used. It has twenergytuneablebeamlinesMX 14.1 and MX14.2,which can le used in

the range of 585.5keV 2?4 The radiation source for both beamlines is a supehecting
7T-wavelength shifterallowing protein crystals with a size gfist about1l5um to be
measured®’. Crystals were mounted by automated robotic sammuantingin a nitrogen
cryostream of 10&. If not noted othewise, datasets were collected at a radiation wavelength
of 091841A equaling an energy of 13k&V. The distance of the Pilatus 61X 14.1) or

2M (MX 14.2) detector was adjusted according to the diffraction quality of the crystal.
diffraction test wih two images of 0.5 exposure time eackasperforned where the crystal
was turnd by 1° within eah image and turned by 8@fter the first image. The strategy for
the dataset collection was evaluated with imosfff Datasets were collected with a rotef
angle of 0.1° for 12@00° and an exposure time of €05 s per imageAnother synchrotron
source for data collection of protein crystals was the beamline PXIIl located at the Swiss
Light Source (Villigen, CHE) and operated by Paul Scherrer Insfitbitits radiation source

is a 2.9T superbend magriét Datasets were collected at a radiation wavelengthOSf00A

on a Pilatus 2MF- detector. In general, the same strategy was followatBSSSY .

3.8.5 Data processing model building, and structure refinement

Data proessing was performed with XDSAPP, an automatedjraphical user interface
based onXDS %%, XDSAPP??’ containsall programs of XDS for indexing, integration,
scaling, sorting, and data conversféh XDSAPP also uses Pointle€82*from the CCP4
suite?®' to check for screw aseas well as Phenix.xtriag# for basic checks odata quality
including twinning, anomalous signal, translational pseudo symmetry,-tbst,Land higher
metric symmetry#2. Apart from that, datasets with inhibiting Tat peptides were processed
with DIALS 2332340 separate severabmetime equally strong lattices. In this caBelexing
andintegration was performed with DIALS®234 while subsequent processing was executed
in commandine using Rebatch, Pointle$$-23° Aimless??®230 and cTruncaté®. In contrast

to XDSAPP??", DIALS 233234does not assign reflections ford2 Hence, they were assigned
afteewards with CCP4.Uniqueif$?®. In general, dtasets were processed to a final resolution
cutoff of I/sigmal not lower than 0.5 and G£ 30-50%2%"-%8as long as the completeness in
the highest reslution shelldid not dropbelow 90% The molecular replacement fairtuin
structures was calculated with either MOLREPfrom the CCP4 suite or Phagé?from the
Phenix suite?*! using an appropriate model from the protein data base (PDByr Hicl-

BTB, the program MoRB?*? was apgied to find a suitable model and to determine a
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solutionby comparing the sequence of HiBI'B to PDB structuresand taking into account
the reflection file The accuracy of the molecular replacement was checked by a refinement
cycle with either REFMACZ*3 from the CCP4 suite drRefine?** from the Phenix suite. If
the molecular replacement was correct, the program £optersion0.8.9.) was used for
iterative cycles of model building followed by refinement with REFMAES or
Phenix.Refiné*. In case of structures with a resolution below 3,5geometric restraints
were derived from auitablemodel depositedo the PDB using ProSMAR#*® during alll
further refinement cycles with REFMAC% In all cases,he selected refinement strategy
was checked with PDB_RED® and agustedif necessaryStructures werbuilt andrefined
until the R and Re values did not decreassmymore while the geonetry and difference
density verechecked withvalidation tools from Coot*. The structures were finalized by a
terminal step of refinermé and the model quality was evaluated with MolProBity
Analysis of structures and comparisoa bther structurese.g., superpositions, were
conductedwith PYMOL 2%°, PyMOL ?**was also used for generating figures of the structures
Unless noted otherwise, sirtuins were displayed in cartoon style with #ieéofnas yellow
sphere and substrate peptides or smallecule ligands as stickéicl-BTB was also
displayed incartoon style with the Ndon aslight orangesphere Composite omit maps were
calculated with Phenix.Composite_omit_nfapusing the refined algorithm to remove phase
bias from the 2m&DF. density Composite ort maps were contoured atll For modelling

of N-terminal residues ofTat 3759 and Tat 349, a feature enhanced ntap was
calculated. Protein interactions with aocrystallized ligand were shown 8D with

PyMOL 2*°as orange dotted lines or2D with the program Ligpldt>2
3.8.6 Qystallization conditions and structure solution of obtained complexes

3.8.6.1Mini-Sirtl apo

Apo miniSirtl crystals (10mg/ml) were obtained in 0.M Bis-tris propane, pHs.0,

18% (w/v) PEG3350, 0.2M sodium fluoride, 10%v/v) ethanol, and 0.0 TCEP at 20°C

in hanging drops under vapor diffusion. They appeared within five days and were shaped as
triangular stacked platebe size of 200350em. Crystals were separated with a mounting
loop prior to cryo protection in reservoir solution with 18%v) glycerol. The best crystal
diffractedupto 3.7 at B E SL&.Xagnd ddtA was processed in space group:C2Re
structure vas solved by miecular replacement with PhaddR 2%° and a miniSirt1/STAC
complex (PDB4ZZH), which was splitted into the NAPand Zrt*-binding domains.
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3.8.6.2Mini-Sirtl soaking withiranilast

Soaking oftranilastwas attempted witlireshly producecapo miniSirtl crystals.For this
purpose.2 ul of a solution containing M tranilast in 10%{v/v) DMSO were added to the
crystallization dropCrystals were moued afterl0 min, 60min, or 24h and cryoprotected in
reservoir solution withl mM tranilast and 25%v/v) glycerol The best miniSirtl/tranilast
soaked crystal diffracted upto 3.1 at B E S1&.% DataMds processed in space group
C222 and solvedby molecular replacement with the model from apo #8inil using
MOLREP?3, revealing a notvoundmini-Sirt1.

3.8.6.3 Hic1BTB crystallization

An initial crystallization condition for 1@ng/ml Hicl-BTB octamer was earchedwith the
commercial screens Classicandll (Qiagen). After crystallization at 2UC with the sitting

drop vapordiffusion method the protein crystallized owight in several crystallization
conditions in the shape of thin needles, which grew to their final size wiBidals. Crystals
from the condition 0.M sodium cacodylate, pB.5, 1.4M sodium acetatewere
cryoproteceédin 0.1 M sodium cacodylate, pB.5, 1.2M sodium acetate, 20%/v) glycerol

anda dataset of 2000 images for the best crystal was collected at BESY4.1. Data was
processed to a resolution of 2.7in space group R2:2; (19). Molecular replacememith
MOLREP#* using diverseBTB domainsdeposited to the PDRiled. Thus, MoORD&* was

used, which found a solution with six dimers of a BEBTB structure(PDB: 3LBZ) totaling

12 molecules in the asymmetric unit. After refinement of the solution with REFf?ahd
subsequent stif deletion of all amino acids that did not fit perfectly into the-EFdensity,

one molecule was rebuilt in Cotf with the help of Partodensity modificatiorf>. The
coordinates of the rebuitholecule were then copied onto the other 11 molecules and a new
merged coordinate file was refined with REFMA® Afterwards, the refinednodel and
density showed that further four molecules had to be added to the asymmetric unit, which was
executed in Coot®® by copying the cordinates of one tetramer. Subsequent structure

refinement was carried out with Phaser.Reffft¢o prevent overfitting.

3.8.64 HSIrt3-(118399) incomplexwith acTat_4654

For crystallization of hSirt3 with atat 4654, 10mg/ml hSirt3(118399) were incubated
with 2mM acTat_4654 for 60min at 20°C. Afterwards suitable crystallization conditions
were searched with the sittindrop vapordiffusion method at 20C and the commercial
screens JCSG CORHI (Qiagen). The hSirt§118399)/acTat_4654 complex crystallized
in the crystallization condition 0l MES, pH6.0, 30%(w/v) PEG200, 5%(w/v) PEG3000
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as plates stuck togethewhich could be easily separated and cryoprotected in reservoir
solution with 25%v/v) glycerol A datsset of 3000 image®r the best crystal diffracting to
1.65 was collected at BESSY, MX4.1. The complex wagrocessed inC222 with
XDSAPP??” and solvedvith Phaser.MR“°using a Sirt3 structure (PDBFVT) as model.

3.8.65 HSIrt3-(118-399) cocrystallizationwith inhibiting Tat peptides

Initial crystallization conditions fohSirt3-(118399) in complex with an inhibiting Tat
peptidewere searched with the commelciCSG Core suitelV (Qiagen)at 20°C with the
sitting-drop vapoxtdiffusion method. The protein solutiacwontained 10ng/ml hSirt3-(118
399), 2mM of the respectiv@at peptidein a final concentration 010% (v/v) DMSO in a
buffer of 20mM Tris/HCI, pH 8.0, 150mM NaCl, 5%(v/v) glycerol, ImM TCEP, and in
some casealso 10mM NAD™. To avoid precipitation of the protein prior to crystallization,
hSirt3 had to beseparatelymixed with about two thirds of the volume of buffer, while in
another Eppendotiibe DMSO was added to the Tat peptide and mixed with the latter third
of the volume of buffer before combining both solutions. The resulting protein solutions were
incubated for 3660 min at 20°C. Human Sirt3(118-399) crystallized withTat_3459 in the
crystallization conditior20% (w/v) PEG3350, 0.2M ammonium formate, while additional
supplementation of the protein solution with NARd to a crystaln 0.1M MES, pH6.5,
12%(w/v) PEG20000. A complex for hSirt3(118399)/Tat_3759 was obtained irthe
crystallization condition 0.M CHES, pH9, 20%(w/v) PEGS8000. All crystals were
cryoprotected in reservoir solution with 25%v) glycerd prior to collection of a datet at
BESSY, MX14.1.Dueto multiple lattices, all das®tswereprocesseavith DIALS 233234 All
structureswere solved by molecular replacement using Phasef®1for the hSirtg118
399)/Tat_3759 complex a published hSirt3 structure (PDB: 4BVB) was used as model for

molecular replacement, thethercomplexes wereghensolved using tis first complex

3.9 Bioinformatical methods

Clustal Omeg&®*was used to check sequencing results from Eurofins MWG or to generate a
multiple protein sequence alignment teetelmine the sequence identityrheoretical
molecular weigts and extinction coefficients of proteins were calculated based on their
sequence with the prograRrotParam from the ExPASsuite?®. MarvinSketch?>® was used

for drawingchemical structureand reactionsStructural models of nearystallizable proteins
were computedbased on their sequence using the webesePhyreZ°¢, which compares the
protein sequence to proteins already published in the PD&econdary structureisbrder

predictions wer@ssessedith IUPred2A2”.
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4. Results

4.1 Characterization of human Sirtuin 1 and its intrinsic and extrinsic activity

modulation by small molecules

4.1.1 Recombinant expressionpurification , and characterization of fl-hSirt1

Preparative heterologous overexpression of humairtfl from pET15b was performed
according to an establishegrotocol®®® In brief fl-hSirtl was purifiedby affinity
chromatgraphy(AC), dialysis withHise-tagcleavage by thrombin, reversé&, ion exchange
chromatographylEX), and size exclusion chromatograg®EC)(Figure4.1).
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Figure 4.1: Purification of fl-hSirtl from pET15b A Affinity chromatography (AC) and® Reverse ACon
Ni%*-immobilized beadsC IEX on HiTrap Q FFFI-hSirtl eluted at 12.5% buffer B (de&) and 60% buffer B
(peak 3) D SEC on S200 108 GL. FH-hSirtl eluted at 11.81 or 12.4ml depending on the prior binding to
the IEX column. Impte fl-hSirtl elutedaterand was not pooledQuality assessment gbncentrated fhSirtl
pools normalized t& uM on SDS PAGE. Abbreviations: FT flowthrough, LB - lysis buffer, NB- nuclease
buffer, WB- wash buffer. Numbers on SDS PAGE gels refer to the respective elution viobrmE=EX or SEC
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It is worth highlightng that thanitial heavycontamination of Hisfl-hSirtl with coexpressed
and unspecifically bouné. coli proteins inaffinity chromatographyFigure4.1A) could be
reduced after cleavage of the §liag and reverse AG-{gure4.1B). IEX was able tdurther
optimize the purity ofl-hSirtl, but afforded a pure pedkand a less pure pedkcontaining
the majority of fl-hSirtl Figure4.1C). Separate subjection tiose two pools to SEC on
S20010/300GL resulted in #hSirtl of at least 70% purity eluting at 11 or 12.4ml
(Figure4.1D) depending on the prior binding to the IEX columnhBirtl could be obtained
with a yieldof 0.5-1.0 mg per 1l of expression culture.

The twodifferent final fl-hSirtl pools were evaluated in a coupled enzymatic deacetylation
activity assayand revealed specific activityof 21-25 nmol/(minx mg), which is similar to

the specific activity ofmini-Sirtl (Figure4.2A), demonstrating thadll fl-hSirtl fractions are

of comparable activitgespite variations ipurity andbinding behavior to the IEX columaA

CD spectrumcorfirmed the integrity of fhSirtl: the recombinant protetmasa secondary
structure withmostly U-helices indicated by local minima at 208m and 222m, and a
smallerb-strandcontentsuggestd by a dcal minimum at 215m (Figure4.2B). Subjected to
thermal denaturatiqrfl-hSirtl exhibits anelting temperature of1.4+ 0.3°C (Figure4.2C),

which makes it applicable for activity assays under native conditions up°@. 37
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Figure 4.2: Bioanalytical characteristics of thSirtl. A Continuous coupledgnzymatic activity assay with
1 pM fl-hSirtl, 500uM NAD*, and 10QuM p53short § = 2). B CD-spectrunof 0.2 mg/ml fl-hSirtlindicatinga
secondary stiure with U-helices and b-strands C TSA with 5uM fl-hSirtl in 25mM HEPES, pH?.8,
100mM KCI, 2 mM DTT. B-C FI-hSirtl from pET32modwas used.

Other constructs of #Sirtl with Nterminal solubility enhancing tags like thioredoxin
(TRX), glutathione Sransferase(GST), SUMO or Streptag werepurified in our laloratory

with an adapted purification protocdNorbert Grillenbeck, personal commioation).

Table4.1 shows a comparablepecific activityfor active batches of purified-ASirtl from

these constructs. As the solubility enhancing tag was always removed during purification, fl
hSirtl from such other constructs was used for some experiments presented in this thesis, as

depicted in the respeee figure captions.
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Table 4.1: Specific activityfor fl-hSirtl from different vectorsCoupled enzymatideacetylation activity assay
with 1 uM fl-hSirtl, 500uM NAD?*, and 10QuM p53 peptide substrateé-l-hSirtl was purified at least three
times from each vector, but only batches with measurable deacetylase activity are indicated here.

FI-hSirtl from N-terminal tag Remainingtag MW (Da)  Specificactivity Number of
vector (nmol/(mgx min))  purified active
batches

pET15b Hiss none 81825.1 252+ 7.6 6

pGEX-6P-3 GST GST 108562.2 21.0 1

pET32anod Trx-Hiss none 82440.8 26.7+10.8 2

pET15d Hiss (N-ter.), Strep (Gter.)  83844.3 39.0 1

Strep (Gter.)
pPET19bmodSumo Hiss-Sumo none 81681 28.2 1
pETM-30.1 Hise-GST none 82134.5 12.5 1

Purification ofthe N and Gterminally truncatedSirt1-(183-664) and hSirt{214-664) from

pPET15b was performed in our latatory according to thedescribed scheme fdf-hSirtl.

However,the deacetylase activity tliesehSirtl deletion variantss redued by at least 50%
with hSirtl-(214-664)beingevenless activgFigure4.3).

800000 —

600000

400000

fluorescence (AFU)

200000 | |

Figure 4.3: Activity of N- and Gterminally truncated hSirtl variantsFluor de Lysassaywith 1 uM hSirtl,
500uM NAD*, and 10QuM FdL-1 substratén = 6).

4.1.2 Recombinant expressionpurification , and characterizationof human mini-Sirtl
Since expression and purification offBirtl issusceptible to low yield, purity, and activity
cloned and establishednaodel construct ohSirtl in my previous work®®, which issimilar
to the onedescribed by Daet al. (2015)%. This mini-Sirtl (Figure1.6A) was purified by
affinity chromatography dialysis with His-tag cleavage, reverse AC, dialysis, aBEC
(Figured.4).
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Figure 4.4: Purification of mini-Sirtl. A Affinity chromatographyand B ReverseAC on N#*-immobilized
beadsC SECon S200 16/60 GLNumbers on SDS PAGgelsrefer to the respective elution voluni2 Quality
assessment ofini-Sirtl samples normalized to |fg. E Peptide coverage after tryptic digest mini-Sirtl
followed by MS analysis.Deteted peptideggreern are indicatedwith identified PTMs(red). Abbreviations:
FT - flowthrough, LB- lysis buffer, NB- Ni%*-equilibration buffer, WB-wash bufferEB - elution buffer

Importanty, Hiss-mini-Sirtl eluted from the AC with two buffersf different imidazole
concentrationgFigure4.4A), resulting in separate purification of both fractioAster Hise-
tag cleavage and reverse A@ini-Sirtl, which previously eluéd with a lower imidazole
concentrationappeared to be contaminated withratgin of about 2%Da (Figure4.4B), that
could not be separateliring SEC Figure4.4C). Mini-Sirtl elutedat 81.6ml from SEC ona
S20016/60 column (Figure4.4C). Except forthe contamination witltthe 29 kDa protein,
normalizdion of the samples for SDS PAGE revealed thattwo initialmini-Sirtl fractions
are of comparableurity (Figure4.4D). Mini-Sirtl had a final purity of ~90% and vyielded
3.54.0mg per 1l of expression culturéA tryptic digest of an SDS PAGE band of mBirtl
followed by MS analysisindoultedly identifiedthetarge protein Eigure4.4E).
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The purifiedmini-Sirtl was subjected to activignd stabilityassaygo assess its bioanalytical
properties and compare them td&irtl First, a continuougoupled enzymatideacetylation
assayresuled in a specific activityof 29.0+ 0.6 nmol/(mgx min) for mini-Sirtl, which is
similar to the one for fhSirtl (Figure4.5A, Table4.1) and supported bg Fluor de Lysassay
with different batches of purified proteinBigure4.3). While there are small variations in the
deactetylase activity of protein batches,sthassaysdemonstratehat mini-Sirtl is equally
active as #hSirtl and can be used as mofiel fl-hSirtl in many casegonsistent with the
comparison of #Sirtl and a similar mini-Sirtl construct by Dai et al. (2015)%.
Furthermore the thermal stability omini-Sirtl was examinedvith a thermal denaturation
shift assayin two different buffers:mini-Sirtl in the SEC buffer yielded a melting
temperaturg(Tn) of 54.4 + 0.8°C, while thermal denaturation aiini-Sirtl in the assay
buffer resulted in &m of 55.6+ 0.6 °C (Figure4.5B). This shows that mini-Sirtl is stable in
both buffers and amenableRtuor de Lysassays at 37C.

To target complex crystallization of mifirtl with small moleculests thermal stability was
also invesgated in a variety of other buffesystems While buffers below pH.0 were
generally not applicable for mu8irtl due to its theoretical pl of 5.4, buffers from 10
resuted in a melting curveHgure4.5C). The Ty for mini-Sirtl ranged from 35:92.5°C
with the highest melting temperatuie 50mM CHES, pH9.0 (Figure4.5C). Addition of
NacCl to the buffers was beneficial and increabedminiSirtl melting temperaturey up to
4°C with the greatest effect for $0M Tris/HCI, pH8-8.5 (Figure4.5C). In addition to
NacCl, the efect of otheradditives on the thermal stability of miSirtl was testedn a less
favorablebuffer of 25mM Bis-tris propane, pHs.5, where miniSirtl exhibited amelting
temperature of 40.8C (Figure4.5D). Salts like sodium acetate, sodium tartrate, or sodium
sulfate were able to raise the ©f mini-Sirtl by up to 6C (Figure4.5D). Apart from that
increasing glycerol concentration stabilized r#mitl and enhanced itsn1by up to 6.5C
(Figure4.5D). However, as glycerol is not always favorable fomptex crystallization, a
lower concentration was preferred and a buffer containingn@5Bis-tris propane, pH.5,
150mM NacCl, and 5% v/v) glycerol was considered suitable for cocrystallization of mini
Sirtl with small moleculegchaptes4.14 and 4.15).
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Figure 4.5: Bioanalytical characterization ofmini-Sirtl. A Continuouscoupled enzymatideacetylon assay
with 1M mini-Sirtl or fl-hSirtl, 500uM NAD*, and 10QuM p53short The specific activity was
29.0+ 0.6 nmol/(mgx min) for mini-Sirtl (n = 2) and 25.2+ 7.6 nmol/(mgx min) for fl-hSirtl (n = 6). B TSA
with 5 uM mini-Sirtl in the SEC buffer25 mM Tris/HCI, pH 8.0, 150mM NacCl, 5%(v/v) glycerol, 10 mM
DTT) and the assay buffedl@mM potassium phosphat@H 7.8) (n=2). C TSA with 5yuM mini-Sirtl in
different 50mM buffers in absence or presence #50mM NaCl (n=1). D TSA with 5uM mini-Sirtl in
25 mM Bis-tris propanepH 6.5 and variousaditives Error bars refer to the error of the fit= 1).

Besidesmini-Sirtl, other variants based amini-Sirtl were clone@nd purifiedaccording to
the describedprotocol First, amini-Sirtl-a&SBD variant lacking théN-terminal SBD was
constructed ranging frornSirtl residues 21805 with the ESA/CTRegion connectedvia
theapproved GGGS})-linker. The recombinantini-Sirt1-ase&SBD had a lower yieldf 0.5mg

per 1l of expression culturand was ~70% purd-jgure7.1). Similiarly, amini-Sirtl-adESA
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variant was reaed ranging fromhSirtl residues 18805, in which the Gterminal ESA/CTR
region and the artificial linker ®&re omitted. Purificatio of mini-Sirtl-adESA (Figure7.2)
reached gurity of ~80% and ayield of 0.4mg per 1l of expression culturéFigure?.2).
Noticeally, SDS PAGE gel revealed several distinct bands aroundkRf in bath cases
(Figure7.1D, Figure7.2D). Since both the SBD and the ESA/CTR region ratevant for
Sirtl activity’®809397 the deacetylase activity of thmini-Sirtl deletion variants was
investigaed withan activityassayrevealing thaboth mini-Sirtl deletion variantbad a five-
fold lower specific activity of 6.3+ 1.3nmol/(mgx min) for mini-Sirtl-a&SBD and
6.9+ 0.8 nmol/(mgx min) for mini-Sirtl-adESA (Figure4.6A). Neverthelesspoth deléon

variants were active araimenable to activity assays wittodulatos.
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Figure 4.6: Characterization ofmini-Sirtl deletion and mutatiorvariants. A Continuouscoupled enzymatic
assay with 15 uM hSirtl (normalized to uM). Thespecific activitywas30.4+ 11.3nmol/(mgx min) for mini-
Sirtl (n=4), 6.3+ 1.3nmol/(mgx min) for mini-Sirtl-a&SBD (n =5), and6.9+ 0.8 nmol/(mgx min) for mini-
Sirtl-aESA (n=5). B Continuouscoupled enzymaticassay with JuM hSirtl. The specific activity was
43.3% 16.8nmol/(mgx min) for mini-Sirtl (h = 4), 38.6+ 2.1 nmol/(mgx min) for mini-Sirt1-(S659D) ( = 2),
45.4+ 0.6 nmol/(mgx min) for mini-Sirtl-(S661D) (=2), and 54.6 14.2nmol/(mgx min) for miniSirtl-
(S659D S661D)r(=4). A-B Assay conditions: 50QM NAD* and 100uM p53short.

For interactionstudiesof hSirtl with Hicl-BTB, mini-Sirtl mutants were cread which
mimicked the phogphorylation of hSirtl Ser659 and Ser661 by casein kinaseTHese
mutants comprised the originadini-Sirtl (Figure1l.6A) with eithera S659D mutationor a
S661D mutation or with bothmutatiors. Purification of thesenutantswas straighforward
and afforded a purity and yield comparablevitd-type mini-Sirtl (Figure7.3-Figure7.5). A
continuouscoupled enzymatideacetylatiorassayconfirmed that thepecific activityfor all
three phosphorylation mimny mutants issimilar to the specific activity of mini-Sirtl
(Figure4.6B). Therefore, the mutations do not hamper Sirtl actitay might have an effect
on the modulation by HicBTB asinvestigagd later ¢hapter 4.3.2).
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4.1.3 Relevanceof the ESA/CTR region for the intrinsic h Sirtl activity

The Sirtl ESA/CTRegionis crucial for the intrinsic Sirt1 activit{f-8*3andwas predicted to
associate with th&irtl catalytic core. In the early stage of this thesithe effect of the
ESA/CTRregionon hSirtl activity was examinedith peptides A first set of 18 peptides
comprised 8mer pepti@s shifted through the sequence of the ESA/CTR motif, further
peptides included different longer and shorter sequence rahgeleT.1). In a prelimnary
continuous coupled enzymatic assay, a peptide spanning the whole ESA/CTR region was
found to activate fhSirtl although the enzyme itself contains the ESA/CTR regfon
(Figure4.7A). Furthermore, peptid2l with the sequence NRYIFNH2 was sufficient to
stimulate fthSirt1 to the same exteft (Figure4.7A). In contrast, none of the@er peptides
were able to mediate this aation®®°. A mass spectrometric assay confirmed that the
ESA/CTR region spanning hSirtl residues ®6b activates fhSirtl and that peptid2l,
comprising hSirtl residues 64b3, is sifficient for this effect Figure4.7B). This
stimulating effect of peptide 21 was again tested in continuous coupled enzymatic assays
unde different conditions, in which peptide solubility was enhanced by presence aivh)%
DMSO, increasingthe specific activity of fl-hSirtl from 21.Gt 3.1nmol/(mgx min) to
29.3+ 3.2nmol/(mgx min) in presence of peptid&l (Figure4.7C). Reducing the substrate
and NAD' concentrations by about 50% still resulted in stimulation-bfirtl by ESA/CTR
peptide21 (Figure4.7C), showing that the ESA/CTR region can activatdSirtl under
various conditions. Focused on the sequence of the ESA/CTR e2ptidhorter peptides
were synthesized to identify thminimal sequenceaequired for activation of fthSirtl
(Table7.1). In aFluor de Lysassay, IFhSirtl was activated by the whole ESA/CTR region
(peptide20) and peptid21 (NRYIFHNH.) as before Kigure4.7D). In addition, peptid@2
(acNRYIFH-NH), peptide26 (NRYIFNH), peptide27 (RYIFHNH), and peptid&0
(RYIF-NH2) were able to stimulate deacetylation of the artifi€idL-1 substrate by fhSirtl
(Figure4.7D). This assay highlights that t#e&SA/CTR motif is able to further enhance the
activity of fl-hSirtl, already containing the ESA/CTR region, and thatstitmt ESA/CTR
core sequence RY¥lis sufficient forthis effect (Figure4.7D). A later published crystal
structure ofthe catalytic domain of $irtl in canplex with the whole ESA/CTR motif as
peptideconfirmedthat the ESA/CTR folds back towards the catalytic core of Sirtl elongating
the NAD'-bindingb-sheet by two additiondi-strands’®.
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Figure 4.7: Importance of the ESA/CTR &gion for Sirtl activity A Continuous coupled enzymatic assay with
2.5uM Hise-fl-hSirtl, 200uM p53short, 50uM NAD*, 100uM ESA/CTR peptide in 5%v/v) DMSO, and
20 U/ml glutamate dehydrogenad® Mass spectrometric assay with 0j0 Hise-fl-hSirtl, 200uM p53short,
500puM NAD®, and 10QuM ESA/CTR peptide in 5%v/v) DMSO. C Continuous coupled enzymatic assay with
1uM fl-hSirtl (pET32amod, 100uM (grey) or 50uM (white) p53long, 50QM (grey) or 200uM (white)
NAD*, and 10QuM ESA/CTR peptid€1 in 10%(v/v) DMSO. D Fluor de Lysassay with JuM fl-hSirt1
(pPET19bmodSumg, 500uM NAD*, 100uM FdL-1 substrate, and 1Q6M ESA/CTR peptidein 10%(v/v)
DMSO. A-D Average andtandard deviation calculated frome 2.

4.1.4 Stimulation of hSirtl activity by small molecules

Dehydroabietic acid (DAA) Rigurel.9) is a natural phytochemical, whiclwas recently
shown to extenc. elegandife span through activation of Sirtf°. In this thesis, the vitro
effect of DAA on human Sirtl was studied: concentrations-00 iM dehydroabietic acid
were able to enhancetiiSrtl activity in a continuous coupled enzymatic deacetylation assay
by about 2fold (Figure4.8A). However, precipitation occurred at cont@ations above
10uM DAA leading to pseudeinhibition (Figure4.8A). Although DAA did not show any
absorbance ahe readout wavelength 840nm, thevariance was high in this assay aam
effect of DAA on one of the coupled enzymes was suspekece,the Fluor de Lysassay
was used subsequently. The next question addressed was, whether the phytochemical could
also modula the activity 6 hSirtl deletion variantsindeed, 0.41 uM DAA w ere sufficient

to stimulate miniSirtl deacetylase activityFigure4.8B). A negative cotrol excluded an
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interactionbetween DAA andhe artificial FdL-1 substrate.Therefore, only the domains
included inmini-Sirtl are relevant fonSirtl activation by DAA.Using hSirt1(214-664) in a
Fluor de Lysassay also resulted in #&ld stimulation of the sirtuin activity demonstrating
that the SBD might not be necessary for DA®diated activationHjgure4.8B). In this case,
even lover concentration of 0.00:1 uM DAA were sufficient for a 1.Zold increase of
hSirtl-(214-664) activity Figure4.8B). Next, the binding dihity of DAA to mini-Sirtl was
examined through microscale thermophoresis resulting in ¢a oK 83.0+ 40.2nM
(Figure4.8C), consistentvith the fact that 106M DAA were able t@nhance hSirtl activity.
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Figure 4.8: Activation of human Sirl by dehydroabietic acid (DAA)A Continuous coupled enzymatic assay
with 1 uM fl-hSirtl (pET32amod, 500uM NAD*, 100uM p53short, and DAA in 10%v/v) DMSO (n= 2).

B Fluor de Lysassay with UM mini-Sirtl (grey) or hSirt4214-664) (white), 50QuM NAD*, 100uM FdL-1,
and DAAIn 10%(v/v) DMSO (n = 2). Assayperformed in 20nM Tris/HCI, pH8, 150mM NaCl.C MST with
20nM FITC-labeled miniSirtl and titration of DAA in 5%v/v) DMSO. The kg was derived from the initial
fluorescence of one measurement with 6% LED power and 10%pd®e&r.

Compared to other known hSirtl activators like resveratrol or a STAC, -DAdiated
stimulation of hSirtl activity reveals differences. Under the conditions employed, resveratrol
was able to activate-fiSirtl in a continuous coupled enzymatic asdayt not miniSirtl
(Figure4.9A). In addition DAA-mediatedstimulaton of fl-hSirtl activitywas more potent
(Figure4.8A) than resveratreinediated stimulatiofFigure4.9A), which might be due to the
substratesequence selectivity of resveratrokdiated activation of hSirtf In contrast a
synthetic STAC, larger than resveratrol, could weakly actiatsSirtl and mintSirtl, kut
also stimulated hSirt{214-664) activity Figure4.9B), similarto DAA-mediated activation
of hSirtl-(214-664) (Figure4.8B). Since STAGbinding was mapped to residues 23D of
the SBD with a crystastructure®® and hSirt}(214664) ould be activated bya STAC and
DAA, the gquestion wawhether the SBD iactuallyrequiredfor activation of hSirtl by DAA.

Thus, crystallization of mirsirtl in complex with DAA was attempted to solve that question.
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Figure 4.9: Activation of hSirtl by known activators like resveratrol or a STA® Continuous coupled
enzymatic assay with @M fl-hSirtl EET32amod black or mini-Sirtl (white), 50QuM NAD®, 250uM
SF38Ashort, and different concentrations of resveratrol in @@% DMSO (n = 2). B Fluor de Lysassay with
1 pM fl-hSirtl (pET19BmodSumg black), or mini-Sirtl (white), or hSirt1:(214-664) (grey), 500uM NAD,
100uM FdL-1 substrate, and 1M STAC (n=2).

However,screening for initial cocrystallization conditions for a m#itl/DAA complexat

various temperatures amgdmpositionsdid not yieldproteincrystals Since it was not clear,
whether the binding sites for STAC and DAA ovedad mini-Sirtl/STAC crystalswere
produced for soaking. In this contexte published condition fothe mini-Sirtl/STAC
complex®® (PDB: 4ZZH) using the same STAC activator and séflwas not practicable in
our laboratory.Instead, a similar conditionTéble7.4) produced roghaped single crystals

within 12h. The best diffraction quality fahesemini-Sirtl/STAC complex crystals was at

3.7

resolutionand structuresolution in space group k2:2; validated that té crystals

resemble the published compfx(PDB: 4ZZH), although resolution and density coverage
for the STAC vereworse In addition soaking ofDAA into such miniSirtl/STAC crystals

severely damaged the crystals and datasets could not be ob@intg: otler hand, soaking

of DAA into apo miniSirtl crystals from a previously established crystallization condition

(Sandraweil3 personal communicationljd not impair crystal morphology, but led to weak

diffraction. Therefore, cocrystallization of miBirtl and DAA in that latter crystallization

condition was attemptedhe best crystal diffracted upto 3.3 and

t he

structur e

in space group C222Although resolution wagyjood enough to detect a bound small

molecule, DAA was not observed in the crystal strucairaeither of thegutativeactivator

binding sites for reveratrolor STACs. Further biochemical and structural studies of hSirtl

and dehydroabietic acid are thuevitable to derive the mode of activation and the relevant

hSirtl domains necessary IDAA -mediatedactivation.
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4.1.5Inhibition of hSirtl by tranilast

Recent studies have suggested an-tantior potential for tranilagf® (N-[ 3 6dimétboxy
cinnamoyl}anthranilic acid) Figure4.10B). As Sirtl is involved in many cancers, either
through hyperactivation or inhibition, the question arose whether théuamir potential of
tranilast is mediated through interaction with Sirtl. In tostinuous coupled enzymatic
deacetylation assay, low concentrations of tranilast had no effecth@irfl activity, but
100uM tranilast doubled the relative-fiSirt1l activity Figure4.10A). However,an UV/Vis
spectrum of tranilast revealed that its absorbance maximum is atn84Bigure4.10B),

which equals the readout wavelength for the continuous coupled enzymatic assay leading to
pseudeactivation. Thus, a mass spectrometric assay was performed indicating that tranilast
inhibits fl-hSirtl with an 1Go of about60 uM (Figure4.10C). Despite high variation, an
ICs0~50€M of tranilast against Sirtlvas also supported by other studigsi¢ Verdin

personal comnmication).

AZZD 514

200 1 i

180
"
180 2 " ~ 160
£ 140 -

@]

>
2
|
AU)
>

140 - E 120

120 g 100
80
60

100 _ - & U
40 40

20| 0.0 20
o

80 — 204
80

relative fl-hSirt1 activity (%)

ba
o
[=2]
relative fl-hSirt1 activity (%)

T T T 1 T T ]
0.0 1.0 10 50 100 200 250 300 350 400 450 500 0.0 1.0 10 50 100

tranilast (uM) wavelength (nm) tranilast (uM)

Figure 4.10: Modulation of hSirtl activity by tranilast. A Continuous coupled enzymatissay with JuM fl -
hSirtl EET32amod, 500puM NAD®, 100uM p53long, and tranilast in 5%v/v) DMSO (n=2). B UV/Vis
absorbance spectrum ofniM tranilastin water measured with a NanoDrop 2000 UV/Vis spectrophotometer.
C Mass spectrometric deacetylationsag with 0.03uM fl-hSirtl EET32amod, 500uM NAD*, 100uM
p53long, and tranilast in 5¢/v) DMSO (n = 2).

To understand the inhibition mode of tranilast on Sirtl, cocrystallization conditions for a
mini-SirtlAranilast complexwere searchedinder various conditions and with optional
presence of Sirtstabilizing ligands, such as NADADPr, ora STAC&°. Although the SBD

is forced in a certain conformation respective to the Sirtl catalytic core in presence of STAC,
tranilast was expected to bind unhindered since inhibitors usually target the active site of an
enzyme and previous results showed that bindiregSIFAC and annhibitor to miniSirtl are

not mutually exclusiv€’. However, needlshaped crystaléFigure4.11A) were revealed as
tranilast crystals byin-house testing. Direct soaking of miniSirtl/STAC crystals
(Figure4.11B) with tranilast resulted in heavy precipitatidrigure4.11C), indicating poor
solubility of tranilastdespite formation of the previously seen tranilast crystaladdition,

some of the minBirtl/STAC crystals dissolveand the remaining ones lost their diffraction

guality. In contrast, soaking of apo miirtl crystals with tranilast did neither impact the
75



Results

crystal shapeHigure4.11D), nor the diffraction quality. The best miSirtl/tranilast soaked
crystaldiffracted up to 3.1 . atdwas solved in space group C2zhd refinedto final R
and Rreevalues of 3.7% and 2.3% (Table7.5).

A B

NAD’ site

acetyl-Lys
channel . - A,
substrate cleft

Figure 4.11: Crystallization ofa mini-Sirtl and tranilastcomplex A Cocrystallization of 1@ng/ml miniSirtl
with 10mM ADPr, 2 mM tranilast,and1 mM STAC in 9% (v/v) DMSO in the crystallization condition 0
sodium phosphate citrate, g2, 2 M ammonium sulfatet 20°C. B Cocrystallization ofLO mg/ml miniSirtl
with 1.22mM STAC in the crystallization condition OM Tris/HCI, pH 8.5, 10%(w/v) PEG8000, 0.2M
MgCl; at 20°C before soakingind C after soaking witttranilast.D Apo mini-Sirtl crystals after soaking with
tranilast in a finalconcentration of ImM tranilast in 10%v/v) DMSO. E Structure of apamini-Sirtl after
soaking withtranilast.F Catalytic center of the mirbirtl/tranilast soaked crystal. The substrate binding cleft
and NAD"-binding pockets AC are occupied with water atecules (cyan)G Superposition of apo mirsirtl
(blue) with a miniSirtl/p53AMC/resveratrol complex (PDBEBTR; light blue) The artificial p53AMC
substrate (lime) and resvemalt(pink) are shown as stickis. Superposition of apo mirsirtl (blue)with a mink
Sirtl/STAC complex (PDB4ZZH; pale teal) and a mu8irtl/STAC/p53/carb& AD complex (PDB4ZZ2J;
aguamarine)The STAC (pale orange/orange), p53 peptide (lime), and -défi (yellow) are shown as sticks.

The resulting structure of miniSirtl after soaking withtranilastresembles a typical hSirtl
structure’¥ 8 with the SBD at some distantrem the catalytic corand the ESA/CTR region
folded back to the lower partof the Rossmann fold domaifirigure4.11E). The soaked
inhibitor tranilast was not bound to tH8BD asexpectedwhich is supported bthe absence
of signal in electron density maps in this regiblowever putative smalimolecule inhibitor
binding sites athe hSirtl substrate binding cleft, the acekyls binding channelpr the
NAD™ binding site were also onlyoccupied with water molecule&igure4.11F), rendeing

the obtained structure to apo mBirtl. Interestingly, comparison of apo mi8irtl to ligand
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bound miniSirtl structures reveals differences in the location of the SBiperposition to a
mini-Sirt1/FdL-Lresveratrocomplex (PDB: 5BTR)resulting in alRMSD = 0.884 for 263
Cyatoms shows that the SBD in apo miSirtlis turnedfurtheraway from the catalytic core
(Figure4.11G). In contrast, binding of thBdL-1 substrate in thenini-Sirtl/FdL-1/resveratrol
complex allows the SBD to associate with the catalytic core locking the substrate in the
binding cleft (Figure4.11G). Superposition of apo midirtl with a miniSirtl/STAC
complex (PDB4ZZH) resuls in anRMSD=1.307 for 266 Cy atoms and shows that the
SBD locations in both structures also do not overkigure4.11H). Binding of the STAC
together with substrate and caildAD (PDB:4ZZJ; RMSD=1.417 f o rCy &an9
moves the SBD towards the catalytic core, but not as close as binding of resveratrol with
substrate doed-{gure4.11G, H). Therefore apo miniSirtl exhibits an even further outward
turned position of the SBDwhich causes a small rigilsdody movement of the SBD upon
binding of any hSirtl ligand consistent with the suggested model from previous studies of
mini-Sirtl/activator complex€¥. Concerning the binding site of tranilaahd a possible
competitiveness to substrate or NARurther crystallographic studies are necessary.

4.2 Modulation of hSirtl activity by hAROS

4.2.1 Recombinant expression and purification oHiss-hAROS

Hiss-hAROS was previously purifiedn our laloratory by refolding after recombinant
overexpression ifE. coli 2%, The resulting yieldand puritywere low anddue to the lack of
native hAROS for comparisorthe correct refoldingcould not be confirmeéP® Before
optimizing the refolding procedureconditions for the overexpression and purification of
folded hAROS directly fromE. coli were investigated(Figure4.12A, B). However, Hise-
hAROS was insoluble in all tested cell lines(Figure4.12C,D) and thusthe original
purification protocol?*® was employedSolubilization andunfolding was thereby performed
with guanidinium hydrochloride. Subsequently, &h&AROS was purified by affinity
chromatography and subjected ¢o-column refolding through a series of buffers with
decreasing urea concentratigiigure4.13A). This process did not separate-expressed
E. coli proteins of lower molecular weighEigure4.13A), but removal of 10nM imidazole
from the original refolding buffer®® increased the vyield of soluble recombinant protein.
After dialysis, Hig-hAROS eluted from a Supero4€ 10/300 GL SECcolumn at14.7 ml
(Figure4.13B). Lower molecular weight impurities could not be separate&EC resulting

in Hiss-hAROS with a purity of ~75%Higure4.13C). A further purification step such as IEX

was omitted due to @l yield 0f0.1-0.2mg per 1l of expression culturd.ikewise, the His-
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tag was not cleaved because hAROS was only used in interaction studies and crystallization,
requiring higher purity, was not attempted.
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Figure 4.12 Test expressions of HishAROSIin LB medium. A, B Expression oHiss-hAROS before and after
induction inE. coli Rosetta (DE3) plysS RARE at 3C or 37°C, E. coli Tuner (DE3) pREP4 GroESL at 2@,
andE. coli Arctic Express™ (DE3) at 12°C. C, D Cell lysis of the test expressions fromandB 16 h after
induction. Abbreviationsind. - induction,all - whole proteirafter lysis, P pellet, SN- supernatant.
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Figure 4.13 Purification of Hise-hAROS by refolding A Affinity chromatographyon Ni*-immobiized beads
with refolding of His-hAROS Abbreviations: SNsupernatantRFB - refolding buffer.B SEC of Hiss-hAROS
on Superose S12 10/300 GL withSDSPAGE. Numbers refer to the respective elution volume from SEC.
D MS analysis of protein bands from concentrateds-HABROS (17.%Da). Contamination with FKB®ype
peptidytprolyl cis-trans isomerase SlyD (UnipraP0OA9K9; 20.%Da), supeoxide dismutase [Mn] (Uniprot:
P00448; 23.kDa), 50S ribosomal protein L18UJniprot: POAA10; 16.0kDa), RNAbinding protein Hfqg
(Uniprot: POA6X3; 11.2kDa), 50S ribeomal protein L27 (UniprotPOA7LS; 9.1kDa), and 30Sibosomal

protein S15 (UniprotP0ADZ4; 10.3kDa).
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Mass spectrometric analysis of-parified E. coli proteins from SDS PAGE bands revealed
that particularly RNAassociated proteins such Bscoli 50S ribosomal protein L13, RNA
binding protein Hfg, 50S ribosomal protein L27, and 30S ribosomal protein S15 coudd not
separatéd fromthe target proteinFigure4.13D). In other purifications of HishAROS not
depicted hereE. coli proteins like 30S ribosomal protein S2, GTP cyclohydrolasg0S
ribosomal protein L28, or major ter membranenplipoprotein Lppwere also observe@he
thermalstability of thepurified Hiss-hnAROS was examined with BSA. Although SEC was
performed in HEPES, pM.5, the refolded protein did not show any melting curve for
HEPES pH<8 (Tm=50.7+0.7°C in HEPES pH 8.0) (Figure4.14). Several other buffers
in the range of pH.7-8.5 showed robust thermal stability for HIFAROS withTmn ~50°C
and hehighestTn =56.2+ 2.8°C was obtained i®0mM Tris/HCI, pH 7.5 (Figure4.14).

T.(°C)

Figure 4.14: Thermal denaturationof refolded Hise-hAROS. TSA of 5 uM Hiss-hAROS indifferent 50mM
buffersas well as irR0 mM sodium phosphatgH 7.7. Error bars represethe error of the fi{n = 1).

4.2.2 Regulation of hSirtl activity by recombinant refolded hAROS
The interaction ohSirtl with refolded hAROS was examined wighpulldown, whereHiss-
hAROS was immobilized to Ni?*-beadsand fkhSirtl or buffer was addedHowever,SDS
PAGE revealedthat bothproteinsare still bound to the beadster elution- either in a
proteinpratein complex or isolatedF{gure4.15A). Therefore,Blue NativePAGE with a
fixed concentration of fhSirtl and increasing concentrationdHi$s-hAROSwas perforned
(Figure4.15B) to detect whether both proteins interactvitro. Similarly, an interaction
between hAROS and -fiSirtl was not detected although the faint band for -ASirtl
(multimeric with a molecular weight 240kDa) vanished with increasing concentration of
Hiss-hAROS(Figure4.15B). But fl-hSirt1 was alsocontaminated with severBl coli proteins
related to insufficienpurification Figure4.15B, bandsl-6). Hise-hAROS was detected in
SDSPAGE band’ together withE. coli 50S ribosomal protein L13ut also inbands4-6
together withfl-hSirtl and E. coli proteins Figure4.15B). Therefore Hise-hAROS might
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have interacted eithatirectly with fl-hSirt or with one of the. coli proteins.As fl-hSirtl
could only be obtained with 70% purjtBlue NativePAGE was conductedavith mini-Sirtl
and different concentrationsf Hiss-hAROS Eigure4.15C). MS analysis of SD&AGE
bands indicated thaini-Sirtl (Figure4.15C, bandsl-4) andHiss-hAROSrun acordingly to
their monomeric size Figure4.15C, band$-8). The previously discovered band for His
hAROS at gher molecular weightHigure4.15B, bands4-6) was identified here ds. coli
50S ribosomal protein L13 ar. coli 30S ribosomal protein S15Fgure4.15C, bandb).
Increasing concentrations of BHSAROS led to the appearance of a faint band above mini
Sirtl, which was identified as m#dirtl together withthose two ribosanal proteins
(Figure4.15C, band®-10). Blue NativePAGE thudailed to detecta complex between hSirtl
and hAROS.
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Figure 4.15: Interaction between hSirtland refolded His-hAROS. A Pulldown with immobilized Hise-
hAROS and flhSirtl (pET32amod. B Blue Native PAGEwith 25ug fl-hSirtl (pET32amod and different
concentrations of HishAROS (12.5/2B50ug). H-hSirtl appears in twdicomplexeé: the first complex
includesE. coli 60kDa chaperonin grol(bands1-3), the seconane consists of flhSirtl andE. coli catalase
HPII, E.coli NADP-specific glutamate dehydrogenase, aril coli glutaminefructose6-phosphate
aminotransferase (bandsb). Hiss-hAROS was detected in baddogether withE. coli 50S ribosomal protein
L13 and in fl-hSirtl ficomplex » (band 4-6). C Blue Native PAGE with 10pug mini-Sirtl and different
concentrations of HishAROS 6.25/12.%25 pg). Mini-Sirtl runs as monomeric band (baridg) as well as
Hiss-hAROS (band$-8). Band5 was identified a&. coli 50S ribosomal protein L13 ari#l coli 30S ribosomal
protein S15, whereas banés 0 showedmini-Sirt1l togetherwith the latter two proteindarker forBlue Native
PAGE ML1 - 160/45 kDa, M2 240/67/45%Da, M3- 45kDa.

In addition to the attempt of visualizing an interaction betwisetatedhSirtl and hAROS,
the direct effect of hAROS on hSirtActivity was investigated. In aontinuouscoupkd

enzymatic assay, Hiss-hAROS inhibited GSHil-hSirtl with anICso between10-20 uM

(Figure4.16A). A control with Hise-hAROS which had been denatured at @5 for 5min
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prior to the assay, did noepressGST-fl-hSirtl activity Figure4.16A), confirmingthat the
activity-modulating effect is mediated by hAROB elucidatethe hSirtl domainshecessary
for inhibition by hAROS aFluor de Lysassaywas performed revealing thatini-Sirtlis not
affectedby Hiss-hAROS Figure4.16B). Although inhibition of fthSirtl by Hig-hAROS
was notadditionally examined with thd-luor de Lysassaythese resultsuggesthat other

parts ofh Si r t dr 6-termiNal extensionsaybe required for interaction and inhibitiduy
hAROS
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Figure 4.16: Modulation of hSirtl activity by hAROSA Continuouscoupled enzymatiassay with UM GST-
fl-hSirtl, 500uM NAD?*, 100uM p53long, and HishAROS including a control witll uM denaturedHiss-
hAROS(n = 4). B Fluor deLysassay with UM mini-Sirtl, 500uM NAD®, 100uM FdL-1 substrate, and His
hAROS(n = 2). Thereactionwasstopped afteBO min.

For mappingof a stable core ofhAROS, limited proteolysiswith GluC proteasewas
performedshowing thadigested HishAROS forns an apparenstablefragment of 812 kDa
(Figure4.17A). The copurified E. coli RNA-binding poteins Figure4.17A, bands2-6) were
degraded by GIluC proteaséhe overnight digested sample widen subjected to thermal
denaturation. Remarkably, the diggshAROS core fragmeseihibiteda Tm = 35.1+ 3.8°C,
which is 10°C lower compared tothe intact protein Kigure4.17B). Mass spectrometric
analysis confirmed that the prominafigestedSDSPAGE band(Figure4.17A, band7) is
Hiss-hAROS.MS analysiswith the more specifiByonic™ software allowedietermination
of the peptide coverage: peptides from naligested HishAROS Figure4.17A, bandl)
coveredhAROS residues8-29, 7099, and 114136 (igure4.17C). The His-hAROS core
fragment Figure4.17A, band7) shovwed wellrepresented peptides for hAROS residu@98
41-52, 5865, 8-96, and 114128 (Figure4.17D). HissshAROSthusseemgo be digsted by
GluC from either its N or its Gterminus forming various stable core fragments, which
accumulate on the SDS PAGH the same molecular weighthe strong representation of
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peptides from hAROS residues28, 8296, and 114128 in the core fragmei(Eigure4.17D)
raises also the possibility of a cleavage of hAROS between resideié® @génerating two
hAROS fragments oflmut the same molecular weight ofkDa. In summary,Hiss-hAROS
seems to contain one or maostable core fragmestwith defined secondary structure that

might be used for interactiatudieswith hSirtl
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Figure 4.17: Limited proteolysis of HishAROS A Limited proteolysis wittHiss-hAROS and GIuC protease.
Hiss-hAROS (bandl) is digested to a stable core fragment (bartD). Copurified E. coli RNA-associated
proteinsk. coli 50S ribosomal protein L13 (bar®), major outer membrane prolipoprotein Lpp (b&)dRNA-
binding protein Hfg (band), 30S ribosomal protein S15 (baBy and 50S ribosomal protein L28 (baddare
degraded by GIuCB Thermal denaturation shift assay 30 mM Tris/HCI, pH7.5 with the overnight GluC
digested HishAROS and intact HishAROS. The core fragment exhibits & ¥35.1+ 3.8°C, whie intact
Hiss-hAROS has a §=44.0+ 0.6°C. Error bars represent the error of the @tAnalysis of theMS pepide
coverage of intact HiShAROS (bandl) and D of the hAROS core fragmenbdnd 7) by Byonic™ (Protein
Metrics Inc.).Significant ptides are shown as green limgth PTM-modified residuesn red
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4.3 Elucidation of the mechanism of Sirtlactivity modulation by Hicl-BTB

4.3.1 Recombinant expressionpurification , and characterization of human Hic1l-BTB

As the focus of this work vgaon the interaction betweéiirtl and the BTB/POZ domain of
human Hicl, a HictBTB construct was cloned into a pET15b vectS8mce the exact
sequence boundaries of the HBIB domain were not known, a Ph¥isearch®®-2with fl-
Hicl was performedollowed by sequence alignment of tfiee best hits for the Nerminal
domain to select thconstruct boundarieEifure7.7). Although the original vectocontaired
isoform2 of human Hicl (UniprotQ14526, which lacks 19 residues on itstBrminus,all
residue numbersefer to its canonical isoforhand the final HicABTB constructcomprised
amino acids20-154 of human HiclHicl-BTB was purified by affinitychromatography,
dialysis with Hig-tag cleavage, revergeC, dialysis, andSEC(Figure4.18).
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Figure 4.18: Purification of Hic1-BTB from pET15b.A Affinity chromatographyand B ReverseAC on Ni@*-

immobilized beadsC SECon S200 16/60 GL. HicBTB elutes a2 ml as apparent octameb SDS PAGE of
the SECs fronC. Numbers refer to the respective elution volume from SEC. Abbreviatidhsflowthrough,
LB - lysis buffer, WB- wash buffer

Remarkably, HicABTB eluted as double band from AGQ-{gure4.18A), which is reduced to a
single band after cleavage of the ¢tiag by thrombin Figure4.18B). Both bands were
verified as the target HieRTB construct byMS analysis(Figure4.19A). However, one band
seems to include the-drminal Hig-tag, whereashe other one lacks itF{gure4.19A).
Furthermore, a part of HieBTB eluted with the flowthrough from reverse AC, but a larger
amount boundinspecificallyto the beads and eluted witlhgherimidazole concenttan as
purer protein Figure4.18B). Therefore, the twdractiors of Hic:BTB were separately

treated. During gel filtration, HicBTB eluted at 72nl from S200 16/60 Glas an apparent
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octamer Figure4.18C). SDS PAGE confirms that tHeaction of Hicl-BTB, which bound
unspecificallyto the Nf*-immobilized beads duringeverse AC, is puref{gure4.18D). As

the Apso absorbance correlated with elution of the less plicd-BTB fraction during SEC,
this fraction wascontaminated with DNAand discardedPure HiciBTB could be obtained

from pET15bwith 95% purity anda yield of 4mg per 1l of expression culture.

The purified Hicl-BTB has amolecular weightof 14780.2Da in solution (Figure4.19B),
confirming the theoretical molecular weight obtained fromExXPASy ProtParam?l®
(Table7.3). In aCD spectrumHicl-BTB exhibits a defined secondary structure with mostly
Uhelical contentindicated bylocal minimaat 208nm and 222m (Figure4.19C). The
stability of Hicl:BTB was investigated witlthermal denaturatiomesulting ina melting
temperatureof 49-52°C in different buffer systems between p#8 (Figure4.19D),
suggesting that HicBTB can tolerate various conditions as needed for subsequentiimera
studies with hSirtl
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Figure 4.19: Bioanalytical characterization of HiciBTB from pET15b.A Mass spectrometric analysis after
tryptic digest of the 14Da and 16&Da bands from SDS PAGE after affinity chromatograpByMass
spectrometric analysis of the intact mas$ pf Hic1l-BTB in 0.1%(v/v) FA after purification.Hic1-BTB has a
molecular wight of 14780.2Da.C CD spectrum 00.2 mg/mlHic1-BTB. D Thermal denaturation shift assay of
5 pM Hic1-BTB in different50 mM bufferswith 250mM NaCl Error bars refer to the error of the fit= 1).
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Hic1l-BTB was also subcloned into a pETb%dd vector with N-terminal Hig-tag followed

by a TEV cleavagesite, which allowed the use of recombinantly purified TEV protease from
our laloratory Despite the same vector backbone except for the proteolytic cleavage site,
purification of HictBTB from pET15nodwas carried out witla different protocolln brief,
after affinity chromatography on Ki-immobilized beadsin which Hic1-BTB eluted as
double bandFigure4.20A), reverse ACwvas performed on an AKTAprime plus system with
HisTrap HP column to separdtee protease fromleavedHicl-BTB (Figure4.20B), which
otherwise bindsinspecifically to the bead¥he elution of HiciBTB could thus be finetuned

to a single peak at 40% buffer, ®ith the second half of the peak being purer than the first
half (Figure4.20B), demanding separate treatment of both fracti@epending on varying
purity of the eluted Hic-BTB, a cation eghange chromatographyas then performed
Afterwards, HiciBTB eluted fromSEC on a S200 10/300 Giolumn not only as apparent
octamer at 13.8l, but al® as dimer at 15.@1 (Figure4.20C). SDS PAGE shows that both
Hicl-BTB peaks dfer in their purity Figure4.20D) which was also inconsistent across
different purifications gurity of the dimer between 680%). Pure HiciBTB dimer from

pET15bmodyielded abou0.2-0.4mg per 1l of expression culture.

Figure 4.20: Purification of Hic1-BTB from pET15bmod.A Affinity chromatography on Nf-immobilized
beadsB ReverseAC on AKTAprime plus with a 5nl HisTrap HP columnNumbers @ SDS PAGE refer to the
elution time from reverse AGC SECon S20010/300 GL. An apparent HieBTB octamer elutes at 13r@l,
while a dimerelutesat 15.2ml. D SDS PAGE analysis of the SECs fr@nNumbers refer to the elution volume
from SEC. Abbreviatins:FT - flowthrough,LB - lysis buffer, WB- wash buffer

As BTB domain containing proteins are prone to oligomerizafiof?’ a dimer of HiciBTB
was interesting for interaction studies with Sirfllhe yield of Hicl-BTB dimer from

pPET15bmodwasoptimizedby adaptionof the purification bufferas a result oanaltical gel
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