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Abstract

H S P 9i®ad ATP-dependenthaperonevhoseactivity, amongotherthings,is modulated
by lysine acetylation but the functionalimpactof individual acetylationsitesremainsunclear.This
thesis examineshow acetylationof lysines acrossthe N-, middle-, and C-terminal domainsof
H S P 9difddtsits stability, oligomericstate,and ATPaseactivity. Variantswith specificacetylated
lysinesitesweregeneratedby geneticcodeexpansior{orthogonakxpressionjn HEK293T cellsand
validatedby sequencingSDSPAGE, massspectrometryand massphotometry.Massphotometry
confirmeddimericassemblyor all constructsFurthermoretheanalysisof H S P 9tifetinalstability
revealedthat lysine acetylationpresentat severalN-terminal sites, particularly K100 and K112,

markedlydestabilizeghe proteinandaltersnucleotidedependentinfolding profiles.

ATPaseactivity of H S P 9whashssessedsinga luciferaseassaythatenablesstimationof
the ADP level presentn proteinsamplesPositivecontrols(Hsp70,C K 1 weyeinvolvedin thestudy
for confirming assay performance.In contrast,Hs p 9 frdgaratios from mammalian cells
consistentlydisplayedhigh ATP turnovercausednainly by otherATPasesopurifiedtogethemwith
H S P 9durihg Strep Tactin affinity chromatographylnclusion of specificinhibitors (ganetespib,
VER-155008,staurosporineNMS-873) failed to distinguisha reproducibleHsp9G@specific signal
from contaminantspreventingreliable comparisonof ATPaseratesamongacetylatedvariantsof
HSP9OU.

Overall, the datashowthat site-specificacetylationaffectsH s p 9sBubture however,its
intrinsic ATPaseactivity cannotbe preciselyestimatedunderthe currentpurification anddetection
constraints. The work identifies methodological requirementsfor accurate quantification of
acetylationdependeneffectson H s p 9catalysis:improvedpurity of protein preparationsassays
enablingactivity measurements the presencef high ATP concentrationpr alternativedetection

platforms.



Abstrakt

Hs p 9j® ATP-dependentnthaperonj e haktiyita je mimo jiné regulovanapomoci
acetylacd y s a m @fawkn kvyzmamjednotlivychacetylovanychmiststélenenip | o Bj as niDn.
Tatodiplomovéapracezkoumajak specifickyacetylované&ariantyH s p v Ol4ierminédlnis t Sa d n 2
C-terminalnid o m@®@onvil i stadility, dligomernistava ATPazovouaktivitu proteinu.Varianty
byly exprimovanypomocir o z § geBSetiakéhokddu (ortogonalniexpresnisystému mo g Ruj 2 ¢ :
inkorporaciacetyllysinu)v b u R k E&K203Taov N S sekvenovanimSDSPAGE, hmotnostni
spektrometrit.hmotnostnfotometrii. M S ¢éepetnéstability proteinpomocinanoDSFukazalo,g e
n Nk taeetyl@elysinu v N-terminalnid o m® rzéeénak100 a K112, v T r adestaBilizuje
protein a m N nptofily rozbaleniv zavislosti na nukleotidech.Hmotnostnifotometrie potvrdila
dimernipovahuv § ekcohn s t ¢ aaipovidafyziologickémustavuHSP90v buRce.

ATP&zova aktivita byla hodnocena pomoci kvantitativnich | u mi ni s ders|tn[?2 c
zal o ¢ eanixSherm? § ADP/ Ve vzorku. P o u ¢pPorzifivnich kontrol (Hsp70,CK 1 U)
potvrdilospravnodunkcitestuU p r e p BepesOtpdrifijovanéhazlidskéb u n Rihies@ukéazalo,
g eetekovan@dTPazovéaktivitapochazip S e v BATRako-purifikovanychp SirepTactinové
afinitni chromatografiinikoli z Hsp90samotnéhoAni p o u §pedifiekychi n h i Kgartetespif,
VER-155008,staurosporinNMS-873)nedokazales o z bignajpodhazejicz Hsp90,at u aébygo

mo § prdéstspolehlivéporovnaniATPazovéaktivity jednotlivychacetylovanyctvariant.

Vysledky ukazuji, § especifickéacetylacev T z n aonvnl 13 stigkiujuH s p 9®Wg a k
vlastni ATP&zova aktivita proteinu neni za pou gipturcihf i & d b b & & podrirek
j ednomm&| tPEdddesdtifikujek | 2 Imetad@ogickd o ¢ a dpaop 6 ¢ skvantifikaci
vlivu acetylacel y s narkdtalyzuH s p 9i0jddina se zejménao z v 1 ¢l ei ns? proteéinpvych
preparacip o u ¢ ie ®1imP g R u P $ &ATPIwovéactivityvp S2 t o mysokékdndentrace
ATPap S 2 paltefmatiynid e t erketodydv y crifivosti.
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List of abbreviations

aad aminoacid

aaRS0 aminoacytRNA synthetase

Ac d Acetylation

AcK 0 acetylatedysine

ATP & adenosingriphosphate

ADP § adenosinaliphosphate

BSA 3 bovineserumalbumin

CTD & carboxyterminaldomain

CV d columnvolume

CBB & Coomassidrilliant Blue

DSF& differentialscanningluorimetry

ERA& endoplasmigeticulum

GCEQd geneticcodeexpansion

GHKL 0 GyraseHsp90,HistidineKinase,MutL
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HEK293Td HumanEmbryonicKidney 293T Cells
HelLad humancervicalcancercell line from HenriettaLacks
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KO & Knock-out

LB 0 Lysogenybrothor Luriai Bertanimedium
MD 6 middledomain

MP & massphotometry

NAM & nicotinamide

NTD & amincterminaldomain

ncAA & non-canonicalhminoacid



PDBOd proteindatabank

PTMd posttranslationamodification

SDSPAGEOS sodiumdodecylsulfatepolyacrylamidegel electrophoresis
TPRO tetratricopeptideepeat

WT o wild type



Introduction

The proper folding, localization, and degradationof proteins (collectively known as
proteostasisis essentiafor cellularfunctionandorganismahealth.The cell maintainsthis delicate
balancethrougha networkof quality control systemgshatoverseghelife cycle of proteins.Central
to this machineryis a group of molecularchaperonegnown asheatshockproteins(HSPs),which
assistin protein folding, preventaggregationand help managemisfolded or damagedproteins,

especiallyunderstresscondtions suchasheatshock,oxidativestresspr exposurdo toxins.

Amongthe HSPs,Hsp90occupiesa uniqueandcentralrole. Unlike generalistthaperones
suchasHsp70or smallHSPs,Hsp90operatesasa highly specializednolecularhubthatregulates
the function of a vastarrayof client proteins,numberingin the hundrels. Theseclientsincludekey
signaling molecules,transcriptionfactors, and kinasesthat are involved in cell cycle control,
developmentandresponsé¢o environmentatues(Echeverfaetal. 2011).Hsp90doesnot actalone:
it forms dynamiccomplexeswith a diversesetof cochaperonethat modulateits activity andtailor
its function to the specific needsof eachclient. This allows Hsp90to chaperonestructurallyand
functionallydiverseproteinsin aremarkablyclient-specificmanneractingmorelike aprecisiontool

thanabluntinstrument.

Beyondits essentiaphysiologicalroles,Hsp90is increasinglyrecognizedisa key playerin
awide spectrunof humandiseasedts dysregulationis implicatedin the pathogenesisf numerous
neurodegeneratiwgisordersincludingAlzheime®, Huntingtor®, andParkinsoi® diseasesyhereit
can either suppresdoxic protein aggregatioror inadvertentlystabilize misfolded proteins.In the
cardiovasculaandcerebrovasculasystemsHsp90participatesn both protectiveandpathological
processessuch as ischemiainduced damageand fibrosis. Its influence extendsfurther: various
viruseshijack host Hsp90to facilitate their replication cycles, and multiple parasiticorganisms
(including Plasmodiumspeciesthat causemalaria) require Hsp90 for developmentand survival.
Hsp0 alsocontributego agingandcellularsenescencandis perhapsnostnotoriousin oncology,
whereit chaperones host of oncogenicproteins,stabilizing and activating key componentsof
growth-promoting signaling pathways.For example,Hsp90 activates the oncogenicv-Src kinase
(Boczeketal., 2015),stabilizeswild-type aswell asmutant(oncogenicp53 (Walerychetal., 2004;
Pengetal., 2001),supportscancercell invasivenesshroughextracellulaH s p qNcOreadyetal.,
2010),andpromoteschranic inflammationin cancerassociatedibroblasts(Hanceetal.,2014).This
client portfolio makesHsp90not only a centralintegratorof cellular stressresponse$ut alsoan

attractivetargetfor therapeutiantervention(Wei etal. 2024).
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Despitedecade®f researchseveralkey questiongemainunansweredn the Hsp90field.
Theseguestionontinueto hinderthe developmenof targetedandeffectivetherapiesWhatexactly
is the functional role of Hsp9@ ATPase activity? How is this activity regulated?By what
mechanismsloesHsp90 selectivelychaperonesucha structurallyand functionally diverseset of
clients?And how doestheconformationathaperoneycleunfold atthemolecularevel (Silbermann
et al. 2024)?Theseare complexquestionghat needsustaineddetailedresearchThis thesisis my
attemptto helpansweronesmallpartof thatpuzzleasits maingoalis to investigatehow acetylation

of lysineresiduesn the N-terminaldomainof H' s p Saffettsits ATP bindingandhydrolysis.

HSP90 family: cytosolic paralogs in context

Proteinstability is finely tunedfor agiveno r g a n nosnal gr@nth conditions,so even
modestemperatureisescancauseunfoldingandaggregationOtherstressedike oxidativedamage,
heavymetals,andtoxins,similarly leadto proteinmisfoldingand aggregationtriggeringthecellular
heatshockrespons¢HSR).TheHSRis auniversalprotectivemechanisnthatupregulatefieatshock
proteins (HSPs),which restoreproteostasisFailure to resolvedamagecan resultin cytoskeletal
breakdown organeleé fragmentationmitochondrialloss, ATP depletion,and ultimately cell death
(Richteretal. 2010).

Heat shock proteins are classified variously by size, evolutionary family, or function.
CommonlyrecognizedamiliesincludeHsp100,Hsp90,Hsp70,Hsp60(chaperonins)Hsp40(DnaJ
homologs) andsmallHSPs thoughclassificationrschemesliffer acrosssour@s(Richteretal. 2010;
Maiti andPicard2022).

WhereasHsp70and Hsp60families of chaperonesnteractbroadly with a wide rangeof
unfoldedor misfoldedpolypeptideseffectively samplingmuchof the proteomen a statedependent
but sequencendiscriminatemanner,Hsp90 family binds a more restrictedsubsetof substrates
(clients).Although Hsp90associatesvith hundredf distinct proteins, this representenly a small
fraction of the ~10,000 20,000protein speciesexpressedn a typical eukaryoticcell (Beck et al.
2011).

Hsp90function is not limited to stressconditions;it is a highly abundantand ubiquitous
chaperonemakingup 1i 2% of total cellular proteinevenundernormalconditions(Lai etal. 1984).
Its high constitutiveexpressioneflectsits involvementin the maturationof numerouscritical signal

transductionclients (Pratt and Toft 2003). Hsp90is highly conservedirom bacteriato humans,
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underscoringts functional importancethroughoutevolution (Chenet al. 2006), and hasbecome

essentiafor viability in eukaryotegBorkovichetal. 1989).

Eukaryotesexpresstwo cytosolicisoforms:H s p 9(l8SP90AA1,inducible)andHs p 9 0 b
(HSP90AB1, constitutive) (Csermelyet al. 1998), which arosefrom a gene duplication event
hundredsof millions of yearsago (Krone and Sass1994). Theseisoforms share~85% sequence
similarity (Hoter et al. 2018; Maiti and Picard 2022). In humans,they predominantly form
homodimergMaiti andPicard2022),thoughsomerecentstudiessuggesheterodimeformationmay

alsooccur(Morishimaetal. 2018;Jiaetal. 2025).

HSP9O0 structure and functional domains

Hsp90functionsasan obligatedimer (Fig.1), with eachprotomercomposedf threemajor
domainsithe N-terminaldomain(NTD), middle domain(MD), andC-terminaldomain(CTD). The

Figure 1: Structure of the human Hsp90dimer from the glucocorticoid receptor (GR) maturation
complex(Noddingsetal., 2022).Eachprotomeris shownin cartoonrepresentatiofpink andpurple),with
boundATP moleculesn red. The structureillustratesthe closed ATP-boundconformationof Hsp90,in which
the N-terminaldomainsdimerizeto enclosethe nucleotide.The molecularstructurewasimportedfrom the
PDB (PDB code7KRJ)andeditedin ChimeraX(Mengetal., 2023).
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NTD adoptsanU /-sdandwicharchitectureharacteristiof theBergerafold, ahallmarkof the GHKL
superfamily (which includes GyrB, histidine kinases,and MutL) (Dutta & Inouye, 2000). This
domaincontainsthe nucleotidebinding pocket,andits interactionwith ATP triggersa cascadeof
conformationathangegulminatingin N-terminaldimerizationandsubsequemTP hydrolysis(Al

etal., 2006).

In eukaryotestheNTD is connectedo theMD via adisorderedchargedinker (Jahnetal.,
2014).This linker not only providesthe structuralflexibility necessaryor thelargeconformational
shiftsbetweenthe NTD andMD duringthe chaperoneycle, but alsoactsasa regulatoryswitch: its
unique posttranslationalmodification sites (e.g., phosphorylationacetylation)modulateHsp9(s
activity by influencinginteractionswith client proteinsandco-chaperoneg¢Tsutsumietal., 2012).

TheMD itself is composedf two U/ bslibtlomainginked via a coiled coil. It harborsthe
catalyticloop,which contributesessentiatesiduesgor ATP hydrolysis(Meyeretal.,2003 andserves
asa major platformfor client and co-chaperonéinding. Interestingly,while NTD dimerizationis
necessaryt is notsufficientfor full enzymatiactivity: efficient ATPasdunctionrequireghemiddle
domainto properlytrap ATP (which ensurest undergoeshydrolysisratherthan being replaced)
(Wegeleetal., 2003).

The CTD, comprisinga combinationof U-helicesandb-sheetgAli et al., 2006), mediates
theconstitutivedimerizationof thetwo protomersAt its far endlies anunstructuredail terminating
in the highly conservedEEVD motif, whichis requiredfor reauiting TPR-domainco-chaperones
(Tsutsumietal., 2012).

ATP-dependent conformational cycle

Regardingthe conformationalcycle (Fig. 2), the generallyacceptednodelis asfollows
(aminoacid positionsfor humanH s p 9 Bldp90homodimerssampleopen(V-shapedrndclosed
(compact)states ATP binding at the NTD nucleotidebinding pocketinducesstructuralchangesn
NTD andformationof theIntermediatestatel (11): firstly, fastclosingof the ATP-lid (residueslO0-

130; helices4 and5 region)overthe nucleotidebinding pocketandreleaseof the N-terminalb 1 / U 1
segmen{residuesl-35) from its contactwith the former. Secondlythe N-terminalb 1 / ségment
flips in ahingemotionandcomesinto contactwith theN-terminalb 1 / sBgmenbf thesisterNTD,
markingthe dimerizationsite andthe transitionfrom I1 to 12. Coordinatedwith thelid closure,the
N-M domaincontactgearrangen eachprotomerin a slow reversereaction;the MD catalyticloop
(residues390-410) movesinto the ATP-binding pocket,allowing Arg400 to reachthe o-phosphate
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Figure 2: Hsp90 ATP-dependentconformational cycle.Hsp90existsasa dimerlinked via its C-terminal
domainstypically adoptinganopen,V-shapedonfigurationin theabsencef nucleotide WhenATP binds,
theflexible lids (green)snapshut,freeingthe conservedN-terminaldimerizationmotifs (red). Thesemotifs
dimerize triggeringlarge scaleconformationakhiftsthat producethe compactclosedstaterequiredfor ATP
hydrolysis.Following hydrolysis,the N-terminaldomainsdisengageand ADP, alongwith inorganic
phosphatearereleasedFigurereproducedrom the authof bachelod thesis(Karmazin,2023).

andstabilizethe NTD-MD conformation,partneringwith the NTD catalytic Glu47 (helix 2). This
yieldsthe ATP-hydrolysiscompetentlosedstate(Fig. 3). Then,ATP is hydrolyzed ADP andPi are
releasedNTDs reopenandHsp90relaxesto the openconformation (Hesslinget al., 2009; Schopf
etal.,2017;Ali etal.,2006;Meyeretal.,2003;Meyeretal.,2004;ProdromouandBjorklund, 2022;
Cunninghanetal., 2012;Schulzeetal., 2016)

Conformationaldynamicsof eukaryoticHsp90are heavily influencedby the binding of

variousclientsandco-chaperone¢Lopezetal., 2021). For example Ahal pre-organizedN andM

domains,giving a 40x boostto N-M associatiorand a 20x boostto lid closure. It canact early,

forming transientNTD contacts,and bypassa slow closedlid intermediate(Schulzeet al., 2016.

P23 (Sbalin yeast)stabilizesATP-boundHsp90steroidreceptorcomplexesand facilitates client
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maturation(Noddingset al., 2022).Cdc37bindsthe Hsp90lid region and stabilizesthe openilid,

openNTD state,preventingATP hydrolysis,which allows it to load the client kinase(Eckl et al.,
2013). HOP (Stil in yeast)also stabilizesthe open conformation and preventsthe NTDs from
dimerizinguntil Hsp70arriveswith a client andtransferst onto Hsp90(Bhattacharyand Picard,
2021).

Figure 3: Structural elementsinvolved in the closingdynamicsof the H's p 9N3términal domain. The
dimericNTDs areshownin purpleandlight blue, with boundATP moleculesn red. TheN-terminalb 1 / U1
segmenthatmediateNTD dimerizationis highlightedin orange ATP lid (helices4 and5) in pink, andthe MD
catalyticloop regionin green.The molecularstructurewasimportedfrom the PDB (PDB code7KRJ; Noddings
etal., 2022)andeditedin ChimeraX(Mengetal., 2023).

ATPase activity and regulation

Hsp90,amongotherthings,is an ATPase,aswas mentionedabove.However,it was not
alwaysbelievedto be one.Csermelyand Kahn first showedHsp9@ ATP-binding ability, but they
did notdetectATP hydrolysisin their experimentgCsermelyandKahn,1991).Othergroupswhile
demonstratingATPaseactivity in purified Hsp90from variousorganismsreportedgreatlydifferent
turnoverratesand ATP affinities (Nadeauet al., 1992,1993). But again,subsequenteviewsand
biochemicalanalysesonfidently statedthat Hsp90lacks ATPaseactivity, with somesuggestingt
d o e ®verdbind ATP. For a brief period,it wasassumedhatHsp90simply holdsa client protein,
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Figure 4: Nucleotide-binding pocketof the humanH s p 9NBté&tminal domain. The ATP molecule
(red)andcoordinatingMg?* ion (yellow sphere)areshownboundwithin the Bergeraffold. Catalytic
residuegArg46, Glu47, Asn51,Arg400, Glu401)involvedin ATP hydrolysisarehighlightedin blue.

Acetylationrelevantlysines(K58, K69, K100, K112) locatednearthe ATP-binding site areshownin pink.
Themolecularstructurewasimportedfrom the PDB (PDB code7KRJ; Noddingsetal., 2022)andeditedin
ChimeraX(Mengetal.,2023).

while Hsp70refoldsit in an ATP-dependenimanner(JakobandBuchner,1994;Jakobet al., 1996)
Finally, a crystalstructureof Hs p 9NOTD with boundATP wasobtained andbiochemicalstudies
confirmedthatHsp90specificallybindsATP, albeitwith very low affinity, puttingthe debateabout
its ability to bind ATP to rest(Prodromouetal., 1997;Scheibektal., 1997).

Thediscoveryof Hsp90competitiveATP-bindingsiteinhibitors(GeldanamycinRadicicol)
allowedprecisemeasuremertf actualATPaseactivity, controlling for contaminatingATPasesand
kinases The humanHsp90ATPaseratewasdeterminedo be 0.00540.5 mint, which is unusually
low for an ATPasebut falls within the rangeof other GHKL family ATPasegMcLaughlinetal.,
2002;Vaugharetal., 2009;Falsonectal., 2009;Lorenzetal., 2014).

In the nucleotidepocket(Fig.4), ATP is coordinatedoy NTD amino acid residueAsn51
througha Mg?* ion (Grenertet al., 1999).Otheressentiaaminoacidsfor hydrolysisare Arg46 and
Glu47in theNTD, andArg400andGlu401in theMD (Schulzeetal., 2016).ATP hydrolysisbegins
with a protontransferfrom a watermolecule(coordinatingthe o-phosphateto Glu47. This water,

though absentin crystal structures,emergesspontaneouslyfrom bulk solvent during molecular
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dynamicssimulations.TheresultingOH" thenattacksthe o-phosphatecleavingthe b-o2 bond.Both
stepsoccursemiconcertedlythrougha pentacoordinatedransitionstatetypical of ATPasesGlu47
is stabilizedin its deprotonatedorm by nearbyArg46. Mg?* polarizeghe o-phosphatelpweringthe
energybarrier,while Arg400stabilizesboththetransienthydroxideandtheleavingphosphatgroup,
explainingwhy the R400Amutantremainsslow but functional(Maderetal., 2020).Importantly,not
ATP hydrolysisitself, but the conformationachangeghatleadto a hydrolysiscompetenstate are
theratelimiting stepin the Hsp90ATPasecycle (Hesslingetal., 2009).

Hsp90activity is modulatedoy co-chaperoneg;lients,andposttranslationamodifications
(PTMs). Numerousco-chaperonesnteract with its three domain® some competitively, others
cooperatively servingrolesin eitherregulatingthe chaperoneycle, medating client recruitment,
or both. Together they expandHsp9@ functional versatility (Schopfet al., 2017). Client binding
generallyshiftstheconformationakquilibriumtowardthe NTD-rotated fully closedstate.This shift
varies between the two steroid hormone receptors (SHRs), while p53DBD and tau bind
independentlyof conformation.Overall, client engagenentdrives closureof the Hsp90ensemble
throughallostericcoupling acrossdomains(Lopezet al., 2021). Co-chaperonalynamics,ATPase
activity, client maturation,andinhibitor binding are further modulatedby Hsp90PTMs, including
phosphorylationaceylation, sumoylation,and methylation(Prodromou2016). This work focuses

on acetylationandits role in regulatingHsp9@ ATPasefunction.

NTD acetylation as a possible regulatory mechanism

Acetylation is a posttranslationalmodification involving the covalentattachmenwof an
acetylgroup,typically to lysineresiduesMultiple lysineresiduesonH s p Shavebeenidentifiedas
acetylatiorsites,includingK69, K100,K185,K275,K284,K292,K293,K327,K346, K354,K399,
K402,K405,K414,K437,K478,K484,K490,K529,K540,K546,K558, K560, K565,K568, K580,
K589,K611,K633,K698 (Scrogginsetal., 2007;Yangetal., 2008;Choudharyetal., 2009).

Acetylationatseverabf thesepositions gspeciallyin theNTD (K69, K100)andMD (K292,
K294,K327,K478,K546,K558),reduceATP bindingandweakensnteractionswith co-chaperones
andclientssuchasc-Raf, p53,andH | F RAdétylationmimicking mutarts often exhibit impaired
chaperonefunction and enhancedbinding to inhibitors such as Geldanamycin,suggestingthat
acetylationgenerallysuppresseblsp90activity andpromotesnhibitor sensitivity (Scrogginset al.,
2007;Yangetal., 2008).

Amongthenumerouscetylatiorsites thoselocatednearthe nucleotidebindingpocketand

the middle domain interface are of particular interest, as they may directly influence ATPase
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regulation Residuesuchask58, K69, K100,andK112in theNTD, andK292,K294,K327,K435,
K443,K546,andK558in theMD, lie closeto regionsinvolvedin ATP coordinationhydrolysis,or
domainrearrangementicetylationat thesepositionsmay therefae alter local chargedistribution,
disrupt interdomaincommunication,and modulatethe kinetics of the ATPasecycle: either by
weakeningMg?* andATP interactionsor by destabilizingconformationgequiredfor catalysis The
most strongly validatedfunctional sitesare K294 and, to a lesserextent,K292 and K69, whose
acetylationdiminishesATP binding and co-chaperone/clieninteractions(Scraygins et al., 2007,
Yang et al., 2008). N-terminal sites (K58, K69, K100, K112) clusternearthe ATP lid and may
influenceNTD rotationandclosure whereasniddle-domainsites(K292-K327) maymodulateclient
interfacesand C-terminal acetylationgK435-K558) likely fine-tune dimer stability and allosteric

signaling.We chosetheseparticularresiduego testtheir influenceon Hsp90ATPaseactivity.

Genetic code expansion

In orderto producetargetproteinswith acetylationsatdefinedsites,geneticcodeexpansion
(GCE) technologyis typically utilized (Fig. 5). GCE works by installing an extra, dedicated
aaRS/tRNA pair that the host translation machinery does not recognize(fo r t hogoheal 0 ) .
engineere@aR Schargests matchingtRNA only with thechosemoncanonicahminoacid (ncAA).
ThattRNA carriesananticodon(oftenCUA) thatbasepairswith areassignedodon(oftentheamber
stop,UAG). At theribosomewhenUAG appearsn the mRNA of atargetgene eukaryoticrelease
factor 1 (eRF1)would normally terminatetranslation;but with enoughorthogonaltRNAMCUA
present(and a well-expressedhaRS+ availablencAA), the suppressotRNA outcompete®RF1,
delivers the ncAA to the A-site, and peptidebond formation proceeds.Orthogonality prevents
crosstallkwith hostaaRSssoonly proteinsbearingtheengineered AG getmodified.Yield depends
on threelevers: (i) competitionat UAG (eRF1vs suppressotRNA kinetics), (i) cellular supply
(expressionprocessing.and stability) of the orthogonaltRNA and aaRS,and (iii) intracellular
availability/specificityof thencAA. (Liu & Schultz,2010;Chin, 2017).

In mammaliarcells, theworkhorsefor site-specificN-UAcetyl-Lysine (AcK) incorporation
is amber suppressiorusing a pyrrolysinesystemorthogonaltranslationsetup: an acetytysine-
specific pyrrolysyHtRNA synthetase(AcKRS) plus tRNA™pyl-CUA. AcKRS& active site is
engineeredo preferAcK overlysine; AcK is suppliedin the medium,so cytosolicconcentrations
rise; multiple tRNA”pyl-CUA cassettesinderPol [l promoters(U6/H1) boostsuppressetRNA

levels;a strongPol Il promoterdrives ACKRS; the proteinof interestcarriesa single TAG at the
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Figure 5: Schematioverviewof geneticcodeexpansiorusedfor site-specificincorporationof a non-canonicalaminoacidinto
Hs p 9(0) GCEsystemcomponentsAn orthogonaklaminoacyltRNA synthetas¢aaRS)specificallyrecognizesindchargeonly its
cognateorthogonaltRNA*CUA, while remainingincompatiblewith endogenoutRNAs andsynthetaseg2) Unnaturalaminoacid
uptakeandcharging:The supplementedon-canonicalaminoacid (ncAA; AcK) enterghecell andis selectivelyloadedonto
tRNA*CUA by theorthogonalaaRS (3) Ambersuppressettanslation:During translation tRNAMCUA-AcK decodeghe engineered
UAG codonin thetargetmRNA, enablinginsertionof thencAA atthedesiredpositionandallowing ribosomesgo producefull -length
proteininsteadof terminating.(4) Purified proteinwith engineerednodification: Theresultingpolypeptidecontainsa single,site-
specificncAA, yielding purified recombinant s p Qvéribhtscarryinganacetytlysinefor downstreanbiochemicalassaysndother
analysesCreat@ in https://BioRender.com

intendedlysine position. During translation tRNA”pyl-CUA, chargedwith AcK, basepairs with
UAG, inserts AcK, and elongationcontinues,yielding a homogeneoushacetytysine-modified
protein. Practicaloptimizationsare routine: increasetRNA copy number;stabilize/activatgylRS
variants;modestlyreduceeRF1activity (or useeRF1mutants)to improve supprasionefficiency;
andprotectthe installedacetylgroupfrom rapid cellular deacetylatiorby transientK DAC/HDAC
inhibition or by usingdeacetylaseesistantanalogswhenbiologically acceptableThis architecture
hasbeenvalidatedin HEK/HeLaandin vivo contexts,enablingsite-specificacetylationmapping,

histoneand enzymemechanisticstudies,and multiplexed labeling in stablelines. Examplesand
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protocolsaresurveyedn Chin2017andsubsequennethodpaperge.g.,Venkatetal. 2018;Meineke
etal. 2020).

Nano differential scanning fluorimetry (NanoDSF)

NanoDSFis a labelfree thermostabilitymethod that monitors changesin the intrinsic
fluorescencef aromaticresidueqprimarily tryptophanandtyrosine)asa proteinunfoldsundera
controlledtemperatureamp.As the local environmenbf theseresiduesecomesnorepolarduring
unfolding, their fluorescenceemissionspectrumshifts, producinga characteristicchangein the
F350/F33(Qatio thatcanbetrackedin realtime (Alexanderetal., 2014).Theinflection point of this
curvecorrespondso the meltingtemperaturéTm), which servesasa proxy for proteinstability and
conformationathangesBecausé&anoDSFuseanicroliter-scalecapillariesandrequiresno extrinsic
dyes,it avoidsseveralrtefactcommonin dye-basedSF,for example dye-proteininteractionsor

buffer-dependentiuorescencejuenching.

The technology is especially valued for its sensitivity to subtle conformational
rearrangementanaking it useful for analyzing nucleotidebinding and stabilizing mutationsin
multidomainchaperonesike Hsp90.NanoDSFoperatesover a broad protein concentation range
(typically 0.1-10 mg/ml), toleratesmany buffer systems,and yields rapid, high-quality melting
curves.However therearelimitations: () proteinswith few Trp/Tyr residuegproduceweaksignals
(or nosignalatall, if thereis notoneTrp present);(ll) very largeor heterogeneousomplexesnay
show multiphasictransitionsthat complicateinterpretation;and (lll) the methodcannotdirectly
reporton binding stoichiometryor kinetics (only stability shifts). Moreover, ligandsthat quench
intrinsic fluorescenc®r absorbstronglyin the UV rangecandistortthe unfolding profile (Niesenet
al.,2007;Gaoetal., 2020).

Despite these caveats,NanoDSFis widely adoptedas a robust, simple techniquefor
characterizingorotein stability, screeningligand interactions,and comparingbuffers and folding

propertiesacrossengineeredariants.

Mass photometry

Massphotometry(MP) is a singlemoleculescatteringtechniquethat quantifiesthe mass

and oligomeric state of biomoleculesin solution by detectinglight interferencefrom individual
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particleslandingon a glasssurface Whenaproteindiffusesinto the solutionabovethe objectiveand
makedransientontactwith thecoverslip,it producescontrasthangeproportionalo its molecular
polarizabilityand,aftercalibration,to its mass(Youngetal., 2018).BecauséMP observesinlabeled
proteinsdirectly at nanomolarconcentrationsit capturesequilibrium distributionsof monomers,
dimers,higherorderassembliesandheterogeneousixturesin nativebuffer conditionswithoutthe

needfor crosslinkingfixation, orimmobilization(SonnSegewetal., 2020).

For multidomainchaperonelke Hsp90,which existin dynamicmonomerdimer-client/co
chaperonassembliesMP offers a quick way to determineoligomeric states.The methodrequires
only afew microlitersof sampleandproducegnassdistributionswithin minutes.lts limitations are
asfollows: (1) verysmall(<40kDa) or intrinsically disorderegroteinsyield low contrastandcannot
be measuredeliably; (II) surfaceinteractionscanbiasthe landingrateif the proteinis aggregated;
and(lll) MP reportsmassbut not structuralheterogeneityso conformationaisomerswith identical

massappeamlsasinglepeak(Youngetal., 2018).

For this study, MP enabledrapid verification of the oligomeric statesof Hsp90aWT and

acetylatioormutants.

Methods to estimate ATPase activity & ADP-Glo Assay
The ADP-Glo assay(PromegajjuantifiesATPaseactivity by chemicallyuncouplingfsignal

from A D Pfiom fhoisefrom leftoverA T P andthenroutingjustthatADP into aluciferasereadout.
After theenzymaticreaction stepl addsan ATP-depletionbuffer that stoichiometricallyconsumes
residualATP without convertingADP, effectively resettingthe nucleotidepool to ADP; step2 adds
a detectionmix thatreconvertsADP into ATP via an supplementarkinaseandimmediatelyfeeds
thatnewly generatedd\TP to firefly luciferase whosephotonoutputscalegwithin a definedlinear
window) with ADP producedby the enzymeof interest(Fig. 6). Becausehe luciferasereactionis
ATP-dependenard highly sensitive Jow-nanomoleproductlevelscanbe detectedandthe readout
is largely immuneto chromophore®r fluorophoresthat confoundabsorbance/fluorescenessays.
In short,depletionconversionbioluminescencéransformsendpointADP into a clean,quantitative
signal.(PromegaADP-Glo™ KinaseAssaytechnicalmanual(TM313); Zegzoutietal., 2009).

We choseADP-Glo becausdHsp90is a slow ATPase(turnoveron the orderof ~0.051.2
ATP perminud dependingn speciesandconditions) sotheassaymustdetecttiny productformation

cleanly and reproducibly. ADP-Glo& two-step chemistry (quantitative ATP depletion-> ADP
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ATPase hydrolyzes ATP into ADP and After allowing ATPase to react, ADP- ADP-Glo reagent rapidly stops the
inorganic phosphate Glo reagent is added to the mix/ reaction and depletes remaining ATP
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Figure 6: Principleof the ADP-Glo ATPaseassay(1) The ATPaseconvertsATP into ADP andinorganicphosphate
duringtheincubationperiod.(2i 3) Addition of the ADP-Glo ReagenstopsATP hydrolysisandquantitatively
depletegsheremainingATP, leavingonly ADP in thereaction.(4) TheKinaseDetectionReagentonvertsADP back
to ATP andusesit assubstratdor a luciferase/luciferifluminescenceeaction,generatindight in directproportionto
theamountof ADP producedby the ATPase(5) Luminescencés measiredusinga platereader providinga
sensitivereadoutof ATPaseactivity. Createdn https://BioRender.com

reconversion> luminescenceroducedby luciferase)providesnanomolailevel sensitivity and a
broaddynamicrange gvenin the presencef millimolar ATP, whichis exactlytheusecasehere(low
turnover,high substratebackground)Practically,it would let us run endpointtime coursesat low
enzymegconveriuminescencé uM ADP usingasamematrix standaraturve,andfit theMichaelis
Mentenmodelwithout opticalartifactsfrom protein,buffers,or ligands.Coupledenzymeassaysare
conditionsensitive(pH, lipids, etc.), and many ATPasesare scarceand/or slow, so standardPi
(malachitegreen) NADH-coupled or fluorescencéormatslack sufficientsensitivity, forcing theuse
of impracticallylarge proteinamountgVeit and Pomorski,2023).In contrast ADP-Glo providesa

cleanersignalfloor for slow ATPasesuchasHsp90(Tab.1).

22


https://biorender.com/

Method

Malachite
Green
Phosphate
Assay

Enzyme
coupled
PK/LDH
assay

ADP-Glo™
assay
(luciferase
based)

Radioactive
TLC (*32R
ATP
hydrolysis)
Fluorescent
phosphate
Sensors
(MDCC-
PBP)

Principle Advantages Limitations e

references

. . . End-point; susceptibleo
FreeinorganicphosphatgPi . o
release d?uringpATPphy dsoly)sis High sensitivity backgroundrom
formsa areenphosphomolvbdate (low uM Pi), phosphate&ontamination Lanzettaetal.,
malachigt] regncorg Iexmgasure d inexpensive, or detergentsMg] can  1979;Baykovet
spectro igotometricgll§620' 650 compatiblewith increasenoise;color al., 1988
n[r)n) b microplateformats. developmentime-

' dependent.

ADP producedoy the ATPaseis

convertedbackto ATP by pyruvate Continuouskinetic Sensitiveto buffer

kinase(PK) using readoutexcellent tioninhibi
hosphoenolpyruvat@yruvateis  timeresolution compositioninhibitors .

P S canaffectPK/LDH Jenkins 1991

thenreducedoy lactate well-establishedor . .

. componentstequireshigh
dehydrogenas@ DH) with low-turnover urity of brimarvenzvme
consumptiorof NADH, monitoredat ATPases. purity otp yenzyme.
340nm.

Very high
RemainingATP is depleted sensmv_lty; . End-point; some
) ) compatiblewith
enzymaticallytotal ADP is compoundganaffect .
) manybuffer . - . Zegzoutietal.,
convertedo ATP; newly generated s ..__luciferasenonlinearat
) . : compositionssuited . 2009
ATP drivesluciferaseuminescence . veryhighATP
- for 96-/384-well; )
proportionalto ADP produced. . concentrations.
largedynamic
range.
N32PlabeledATP andits hydrolysis Extremelyspecific; . . —
products(ADP, Pi) areseparatethy figold standarad for SelEEEnvE el g o Sauseretal.,
. o throughputjabour
thin-layerchromatographynd mechanistiATP . L X 2019
A L . ) . intensive;endpoint
quantifiedby phosphorimaging. hydrolysisstudies.
o . Realtimereadout; Interferencdrom
A mutantphosphatéinding protein T . Bruneetal.,
labeledwith MDCC increases excellen?;ensﬂwﬂy backgroundnhosphate, 1994;Solscheid
L . atlow Pi; idealfor requirescareful
fluorescenceiponbinding Pi. etal., 2015

fastATPases. calibration;reagentostly.

Table 1: Overviewof commonlyusedATPaseactivity assays.
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Aims of the Thesis

Investigatethe effects of specific acetylationlysine siteson the functional propertiesof

HSP90in vitro. Specificaims:

A clone,expressandpurify HSP90variantscomprisingacetylatedysine residuesat

definedpositions

Adeterminghermalstabilityof H S P 9v@ridntscontainingspecificacetylatedysine
siteswith regardto specificmoleculebindingin its activesite

A definethe oligomericstatusof acetylatedrariantsof HS P 9 0 U

Aquantify ATPaseactivity of H S P 9abdits acetylatedysinevariants
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Methods

Site-directed mutagenesis

To introducepoint mutationan theHSP90AAlgene | performedsite-directedmutagenesis
usingthe donor plasmidpDONR221 HSP90A -¥32 asthe template.Mutationsfor eachstudied
lysineresiduewereintroducedwith primerslistedin atablebelow(Tab.?2). Eachtargetlysinecodon

waschangedo the TAG amberstopcodon.
Each10pl PCRreactioncontainedhefollowing components:
A 10ngtemplateDNA,
A 3uM forwardprimer,
A 3uM reverseprimer,

A 1 unit of PfuUltra Il Hotstart DNA polymerasein 1X reaction buffer (Agilent
Technologiel

A anddH:0 to adjustthefinal volume.
The PCRwascarriedoutin a BioRadcyclerwith thefollowing program:
[. 95°Cfor 2 min (initial denaturation),
[I. 95°Cfor 20s (denaturation),
[ll. 55°C for 20 s (annealing),
IV. 72°C for 1 min 30 s (extension)
V. 72°Cfor 4 min (final extension)
VI. (Optional)12°C overtheweekendstorage).
Stepdl-IV wererepeate®5 times,followed by thefinal stepV.

To verify successfuamplification,an aliquot of eachPCR productwasanalyzedoy 0.8%
agaroseagel electrophoresign TAE buffer, run at 90V for 20 minutes.GelRed(1:40,000dilution)
wasusedfor visualizationandOrangeG (C.l. 16230)wasusedfor samplecoloringandtrackingthe

run.

To digestthetemplateDNA, eachreactionmix wastreatedwith 5-10 units of Dpnl in the
presencef New EnglandBiolabsCutsmart@Buffer (50 mM potassiunacetate20 mM Tris-acetate,
10 mM magnesiunacetate100ug/ml BSA, pH 7.9at25°C), 1.1 ul. Thetemplatecleavageeaction

wasperformedn a BioRadcyclerunderthefollowing conditions:
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I. 37°Cfor 30 min (digestion),
[I. 80°C for 20 min (enzymeinactivation),
[ll. 12°C (holdingtemperature).

After Dpnl treatment, the samples were immediately transformed into XL2-Blue
UltracompetentE. coli cells (Agilent Technologies)Plasmid DNA was isolatedfrom bacterial
culture.

To verify mutations,the DNA isolated from XL2-Blue UltracompetentE. coli cells

underwenSangeisequencingEurofins)usingthe M13 primer(Tab. 2).

_ . . GC | Tm
PrimerID SequencgsN;j By Mutation % | (°C)

m_HSP90A_K58TAG_F GCATTGGACTAGATCCGGTATGAAAGC AAAY TAG | 48 | 69.3

m_HSP90A_K58TAG_R GCTTTCATACCGGATCTAGTCCAATGC TTTY CTA | 48 69
m_HSP90A K69TAG F | CTTGACAGATCCCAGTTAGTTAGACTCTG | AAAY TAG | 45 60

m_HSP90A_K69TAG_R AGTCTAACTAACTGGGATCTGTCAAGC TTTY CTA | 44 58

m_HSP90A_K100TAG_F| GAATTGGAATGACCIAGGCTGACCTG | AAGY TAG | 50 | 60

m_HSP90A_K100TAG R| CAGGTCAGCCTAGGTCATTCCAATTC | CTTYCTA @ 50 | 60

m_HSP90A_K112TAG_F TATCGCCTAGTCTGGGACCAAAGC AAGY TAG | 54 59
m_HSP90A_K112TAG_R GGTCCCAGACTAGGCGATAGTACC CTTY CTA | 58 61
M13_F GTAAAACGACGGCCAG 56.2 | 62.4

Table 2: Primers for site-directed mutagenesis.

Gateway cloning

Gatewaycloning(ThermoFisherScientific)wasusedo shuttlesite-directedmutagenests
modified HSP90AInsertsinto mammaliarexpressiorvectors.

FortheLR reactiontheconfirmedentryclonewasrecombinedvith theappropriatg9gDEST
destinationvector using LR Clonaseto yield the final expressionconstruct.This plasmid was
transformednto E. coli D H 5 tdax efficiency cells, amplified, and isolated. Following sequence

confirmation,the expressiorvectorwasusedfor transientransfectiorof HEK293T cells.
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Bacterial transformation

Chemically competentE. coli cells were transformedusing standardprocedureof heat
shock.Competentellswerethawedonice,and1 € Lof plasmidDNA wasgently mixedinto each
vial of 20 ¢ Lcell suspensionvithout pipettingup anddown. The mixture wasincubatedon ice for
30 minutes,with gentlemixing after 15 minutes.Transformatiorwasinducedby heatshockat 42°C

in adry block heaterfor exactly45 secondsvithout shaking followed by a 2-minuterecoveryonice.

After recovery,200¢ Lof superoptimal brothwith cataboliterepression(S.0.C.)medium
was addedto eachvial understerile conditions.The cultureswereincubatedat 37°C for 1 hour at
600 rpm in a shakingincubatorto allow expressionof the antibiotic resistancegene.Following
incubation,30-100 ¢ Lof eachtransformationmixture was spreadonto prewarmedagar plates

containingthe appropriateselectionantibiotic. For specificapplications:

A30¢ Lof transformedD H 5 duibcloningefficiency cells were platedon selectiveZeocin

platesfor cloningaftersequenceonfirmation;

A100¢ Loftransformed H 5Nihx efficiencycells(usedafterLR recombinatiorreactions)

wereplatedon selectiveZeocinplates;

A After mutagenesisthe transformedXL2-Blue Ultracompetentcells were pelleted by
centrifugation(2 min, 6000 rpm), and the pellet was resuspendednd spreadonto selective

KanamycinA plates.

Plateswereincubatedvernightat 37°C.

Inoculation of bacterial cultures

Bacterial colonies were inoculatedinto liquid culture as follows. Platescontainingthe
desiredcolonieswere retrievedfrom an incubatoror a 4°C cold room (if they were storedthere
temporarily). For each mutation variant, two incubation tubes were prepared,each containing
approximately2 ml of sterileLB medium.To eachtube,2 ¢ Lof KanamycinA stocksolution (50
¢ g / fimdl concentrationyvasadded Individual colonieswerecarefully pickedandresuspendeih

theirrespectivdubes.The cultureswerethenincubatedvernightat 37°C with shakingat~250rpm.
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Zeocin -selective LB Agar plates preparation

LB Agar platessupplementeavith Zeocinwerepreparedasfollows. LB Agar powderwas
weighedanddissolvedn wateraccordingto standardormulations(e.g.,1.7 g of Agar LB for 50 ml
of deionizedwvater).The solutionwasthenautoclavedo ensuresterility. After autoclavingthebottle
was heatedin a microwavewith the cap loosely openuntil the solution was warmed, ensuring

completedissolutionof theagar.

After theagarhadcompletelydissolvedthebottle capwasclosed,andthe moltenagarwas
allowedto cool. Oncethe LB agarcooledto a point wherethe bottle could be touchedcomfortably
butLB Agarremainediquid, 12.5¢ Lof Zeocinstocksolution(25 mg/mL final concentrationyvas
addedin sterile conditionsand mixed gently to ensureevendistributionwhile minimizing bubble
formation.The selectivelL B agarwasthenpouredinto sterilePetridishesin sterileconditions,with

approximatelyl2.5mL perplate.

The plateswere coveredwith aluminumfoil and left to solidify on the benchfor 10-15
minutes.To preventcondensatiorfrom forming on the agarsurface the plateswere subsequently
incubatedupsidedown at 37°C for up to two hours.Finally, the plateswere sealedwith parafilm,

wrappedn aluminumfoil, andstoredat 4°C until use.

DNA isolation

PlasmidDNA wasisolatedfrom E. coli overnightculturesusingthe QIAPrepSpinMiniprep
Kit (Qiagen)accordingo the manufacture®instructionswith minoroptimizationsusedroutinelyin
ourlaboratory Briefly, 1-5 ml of bacterialculturewaspelletedby centrifugation6800g,3 min, room
temperatureyesuspendeith buffer P1,andlysedusingbuffersP2andN3 suppliedwith thekit. After
centrifugationthe supernatanivasloadedonto QIAPrep2.0spincolumns BoundDNA waswashed
with buffersPB (optional,for endA¢ strains)and PE, followed by a drying spinto removeresidual
ethanol.DNA waselutedin 50 pl of buffer EB (10 mM Tris-HCI, pH 8.5) or nucleasdree water

aftera 5-min incubationatroomtemperature.

Whenabiggerculturevolumewasused DNA waspreparedisingthe QiagenPlasmidPlus
Midi Kit following the same general workflow, scaled according to the manufactures

recommendations.

DNA concentrationand purity were assessedpectrophotometrically(Azeo/Az2g0), and

samplesverestoredat-20°Cuntil use.
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Transfection of suspension culture of HEK293T cells using
linear polyethyleneimine

HEK293T cells cultivatedin suspensiorwere transfectedusing linear polyethyleneimine
(IPEI, Polysciencesinc., cat.no. 23966).A day prior to transfectioncellswereseededt a density
of 2.0x 10 cells/mLin Freestylé&M F17 expressioomedium(Gibco)andculturedovernightto reach
approximatelyt.0x 10 cells/mLonthedayof transfectionAll proceduresvereperformedn norn

treatedissuecultureplates(12- or 6-well format) or Erlenmeyefflasks,asappropriatdor thescale.

Fortransfectionl ug of DNA perl mL of total cell culturevolumewasdilutedin PBSand
incubatedor 15 min atroomtemperatureA threefoldweightexcesf IPEI (final concentratiorl
mg/mL, freshlypreparedy diluting the 10 mg/mL stocksolution1:9in PBS,pH 7.4)wasthenadded
to the DNA solutionandgently mixed. The mixture wasincubatedfor 10 min at roomtemperature

to allow DNA-PEI complexformation.

Theresultingtransfectiorcomplexesvereaddeddirectly to the cell suspensionandgently
mixed. Cultureswere incubatedfor 4 h at 37 °C with shaking.After 4 h, an equal volume of
ExCell293M medium(SigmaAldrich) was addedto eachcultureto supportposttransfectioncell
growth and protein expressionCell viability and protein productionwere monitoredfor 2-3 days

posttransfectionCellswereharvested 2 h aftertransfectiorfor purification.

Genetic code expansion in HEK293T cells

Amber suppressiobasedncorporationof N-UAcetyl-Lysine was performedasa routine
HEK293T transfectionwith minor modifications.HEK293T cells were transfectedollowing the
protocol outlined above (fATransfectionof suspensionculture of HEK293T cells using linear
pol yet hy) usingexprassiotenstructcarryinganamberTAG) codonatthetargetlysine
position andthe correspondingrthogonaltRNA/synthetaselasmidpair. After 4 h of incubation
posttransfection picotinamide(NAM; sirtuin inhibitor) andN-OAcetyl-Lysine (AcK) wereadded
to the culturestogetherwith ExCell293™ mediumto final concentration®f 20 mM and 10 mM,

respectivelyCulturesweremaintainedor 72 h beforeharvesting.
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Purification of Strep-tagged proteins from suspension
HEK293T cells

Streptaggedproteinswerepurified from suspensiocultureof HEK293T cellsusingStrep
Tactin affinity chromatographyAll bufferswere preparedn deionizedwater, adjustedto pH 8.0,

andfilter-sterilizedbeforeuse.
Buffer compositions:
A Buffer A (lysis): 100mM Tris-HCI, 10mM NaCl,5 mM KCI, 4 mM MgClz, 10% glycerol

A Buffer B (wash): 100 mM Tris-HCI, 150 mM NaCl, 5 mM KCI, 2 mM MgClz, 10%

glycerol

A Buffer E (elution): 50 mM Tris-HCI, 150 mM NacCl, 10 mM KCI, 10%glycerol,3 mM

desthiobiotin
A Buffer S (storage)50 mM Tris-HCI, 150mM Nad, 0.02%sodiumazide

Cell lysis:

Cellswerecollectedby centrifugationat 500gfor 12 min at4°C andresuspendeth buffer
A (2 ml per50 ml culture).Denarasd€1:25,000)and proteasenhibitors (1 tabletper 50 ml lysate)
wereaddedandthesuspensiomassonicatedhreetimesfor 20sonice. IGEPAL CA-630wasthen
addedo afinal concentratiorof 0.2%,andthelysatewasincubatednice for 20 min with occasional
mixing. NaClwasaddedto afinal concentratiorof 150mM, followed by another20 min incubation
onice. Thelysatewascentrifugedat 12,000gfor 10 min, andthensupernatanivascentrifugedagain
at 40,000gfor 20 min, both at 4°C. The supernatanivasfiltered througha columnfilter (or fritted

glass)prior to purification.
Strep -Tactin affinity purification:

The StrepTactinresinwasequilibratedwith 10 columnvolumes(CV) of buffer B andthen
incubatedwith thefiltered lysatefor 30 min at4°C with gentlemixing. Theresinlysatemixturewas
transferrednto a gravity-flow plasticcolumn,andtheflow-throughwascollected.The columnwas
washedsequentiallywith 5 CV of buffer B (5 min incubation),5 CV of buffer B containing3 mM
ATP and10 mM MgClIz (15 min incubation),andagainwith 5 CV of buffer B (5 min incubation).
Boundproteinswereelutedwith 20 CV of buffer E in threesteps(5 min incubationaftereach),and

elutionfractionswerecollected.
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Thecolumnwasregeneratedith 5-10 CV of 30 mM NaOH,washedwith 10 CV of buffer
S, andstoredat 4°C. Elution fractionswere analyzedoy SDSPAGE to confirm proteinpurity and

yield.

SDS-polyacrylamide gel electrophoresis

Protein purity and expressionwere assessethy SDSpolyacrylamidegel electrophoresis
(Laemmli system)using 7.5-13 % resolving gels. Approximately 2 pug of protein per lane were
denaturedn 5x loadingbuffer containingb-mercaptoethanoheatedat 95°C for 5 min, andloaded
ontothegels.Electrophoresisvasperformedat 150V for 1.5h, andgelswerestainedvith Coomassie
Brilliant Blue. Stainedgels were scannedusing an ImageQuant_LAS 4000 imaging system(GE
HealthcareJundertransillumination, with precisionmode,3 s exposureand standardsensitivity

settings.

Nano differential scanning fluorimetry (NanoDSF)

Thermal stability of proteins was analyzedby nano differential scanningfluorimetry
(NanoDSFusingaPrometheusIT.48instrumen{Nanotempel echnologies)Proteinsamplesvere
dilutedto 1 mg/mL in ADP-Glo assaybuffer (40 mM Tris-HCI, pH 7.5,20 mM MgCIF, 0.1 mg/mL
BSA) andloadedinto standaregradecapillaries Measurementa/ereperformedrom 20°Cto 80°C
ataheatingrateof 1°C/min. Whenindicated,samplesveresupplementeavith ligands(ADP, ATP,
or ganetespib)prior to measurementUnfolding transitionswere evaluatedbasedon the first
derivativeof the350/330nmfluorescenceatio,andmeltingtemperatureél'm) weredeterminedrom
inflection points. All measurementaere performedin duplicateor triplicate. Datawasprocessed
andplottedusingGraphPadPrism.

Mass photometry

Protein oligomeric state was analyzedby massphotometryusing a oneMP instrument
(RefeynlLtd.). All protein sampleswere diluted to 100 nM in filtered PBS. For the initial set of
constructd Hs p\WT KB8, K69, K100), 2 pL of the diluted samplewasaddedto 18 uL of PBS
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directly onthe coverslip,yielding anestimatedinal concentratiorof ~10nM. At this concentration,
particledensityin thefield of view waslower thanexpectedandrelatively few bindingeventswere
detected As a result,thesesamplesproducedlower total particle countscomparedo subsequent

constructs.

For all later constructg K112 throughK558), slightly highereffectiveconcentrationsvere
usedo improvecountingstatistics Proteinvolumesof 3-4 pL wereaddedo 18 L of PBStoincrease
thenumberof bindingevents Becauseheseadjustmentsveremadeduringmeasurementsheexact
final concentrationsary slightly betweersampleshowever all measurementemainedwithin the

typical low-nanomolarangeusedfor qualitativemassphotometryanalysis.

Mass distributionswere generatedusing Refeyn analysissoftwarewith default settings.
Calibration was performedusing BSA (66 kDa) and IgG (150 kDa) diluted to low-nanomolar
concentration§~5-20nM final), consistenwith Refeynmassphotometryguidelines.Standardsvere
mixed directly on the coverslip by adding 2-3 pL of diluted protein to 18 uL PBS. Peaks
correspondingo monomeric,dimeric, and lower-masstruncatedspecieswvere identified basedon

their molecularweightsandcomparedacrossconstructs

ADP-Glo Kinase Assay
ATP hydrolysis was quantified using the ADP-Glo™ assay(Promega,cat. no. V9101)

accordingto the manufacture® instructions with minor optimizationsfor Hsp90andcaseinkinase
1 (CK1) reactionsEnzymereactionswerepreparedn 96-well white platesin a total volumeof 50
puL containingATP, the indicatedenzyme,and reactionbuffer (40 mM Tris-HCI, pH 7.5,20 mM
MgClz, 0.1mg/mLBSA). Alternatively,30¢ Lreactionsverepipetteddirectly into a 384-well plate.
Whereindicated,additionalcomponentsuchasinhibitors or substratege.g.,caseinfor CK1) were
included Eachtime, afteraddingreagentso the plate,it wascentrifugedor 1 min at500gandmixed
for 1 min at300rpm. Reactionsvereincubatedat 37°C for 180min. After incubation, 10¢ Lof each
reactionwas transferredto a 384-well flat-bottom low-volume white polystyreneplate, and the
reactionwas stoppedby addingan equalvolume of ADP-Glo reagent(40 min incubationat room
temperatureXollowed by 20¢ Lof kinasedetectiorreagen{40 min incubationatroomtemperature)
accordingto the kit protocol. Luminescencevas recordedusing a ClarioStarplate reader(BMG
Labtech).

CK1 wasusedasa positivecontrolfor ATPaseactivity, while reactionswvithout enzymeor

with specific HSP90 inhibitor Ganetespibservedas negativecontrols. All measurementsvere
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performed in triplicate. Data were analyzedin GraphPadPrism and expressedas relative

luminescencenits (RLU) or convertedo ADP concentratiorusinga standarcturve.
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Plasmid maps
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Figure 7: Schematicof plasmid pD221 HSP90A_1732(4798bp).
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Figure 8: Schematicof plasmid pDEST_MM330 (6893bp).
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Results

Generation and verification of constructs

To enableanalysisof acetylated/ariantsof H s p 91@eneratecndvalidatedaselectionof
Hs p 9constructsi K58, K69, K100, and K112. The mutationswere introducedby site-directed
mutagenesigmto pD221 HSP90A 1732.Sequencingonfirmedthe successil introductionof the

intendedmutationg(TAG) for all constructgFig. 10).

a] K58 (AAA — TAG)

template cagatgcattggacaaaatccggtatga:

construct CAGATGCATTGGACTBATCCGGTATGAS

[b] K100 (AAG — TAG)
template gaattggaatgaccaaggctgacctgat

construct GAATTGGAATGACCTAGGCTGACCTGAT

K69 (AAA — TAG)

template gacagatcccagtaaattagactctggg

construct GACAGATCCCAGT[TRAGTTAGACTCTGGG.

bt

[d] K112 (AAG — TAG)

template cttggtactatcgccaagtctgggacca

construct CTTGGTACTATCGCCTRGTCTGGGACCA

1 \"’M‘JH "'ui | l[f\'t1 ;rl | I{"IL ﬁ ﬂwfﬁ\: ;‘M“l }(\f‘i Eﬁl ﬂ AN(\;‘I[ M% A /v(\

Figure 10: Sangeisequencingerification of site-directedmutagenesifor Hs p 9y8itié-to-amberconstructs.
Panelqa-d) showthe templatesequencétop) andthe correspondingnutatedconstruct(bottom)for K58, K100,
K69, andK112, respectivelyln eachcasethe lysinecodon(AAA or AAG) wassuccessfullyeplacedby theamber
stopcodonTAG, highlightedby redboxes.
When all constructswere verified by sequencing] proceededo cloning. Insertion of

mutatedDNA into vectorswasagainverified by sequencing.

Protein expression and verification

HEK293T cells were transiently transfectedwith the validated expressionconstructs
generatedn the previousstep,includingthewild-type (WT) H's p Q@dthid. Theauthorexpressed
andpurified WT H's p %afdWariantscontainingacetylatedysine sitesin NTD (K58, K69, K100,
K112) (Fig. 11 and12). Variantscarryingacetylatedysinein Middle domain(K292, K294, K327,
K435) and CTD (K443, K546, K558) were expressecdnd purified by colleaguesZzora Novakova,
Ph.D.,andAbhishekSharmapPh.D.,respectively.
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Figure 11: CoomassiestainedSDSPAGE of Strep Tactinaffinity purificationof recombinants p 9 0 U .
Purificationsof WT (left) andanacetylationmutantk69 (right) areshown.H s p Slitesasadominantbandat
95-100kDa, consistentvith the expectedsizeof taggel recombinant s p 9L@Wer-molecularweightspecies

likely reflectminor truncationproducts.

All constructs produced detectableprotein in cell lysates with broadly comparable
expressionevels.Theproteinswerepurified usingStrepTactinaffinity chromatographyvith yields
of 8.429mg/L, 6.185mg/L, 10.688mg/L, 7.7 mg/L, and10.667mg/L of cell culturefor WT, K58,

K58TAG K100TAG K112TAG
g 2 g
g Y Y
co99EoDg ESoONE
kDa O oo oo o o S o oo S
250— »
130— -
00— we T T WET "9-,'" '
70— ’ .
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35—
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Figure 12 CoomassiestainedSDSPAGE of StrepTactin
purified recombinant s p 9Shawnareelutionfractions
(EL1-EL3) andconcentratedampledor K58, K100, and

K112 constructsAll variantsmigrateat 95-100kDa,
consistentvith the expectedsizeof taggedrecombinant
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K69, K100, andK112, respectively All variantselutedasa dominantbandat approximately100
kDa, consistentvith the predictedsizeof ~95.4kDawith Twin-Streptag, FLAG-tag,andHis-tagon
eachprotein.Elution fractionswereconcentratedFig. 13).

Mutants did not display abnormal migration patternsor aggregationon SDSPAGE.
However all preparationgontainedseveralfaint lower-migratingbandsat ~80and~70kDa, which
we interpretastruncatedH S P 9 dpddiedacking tagsor prematurelyterminatel productsarising
from incompleteacetytlysineincorporationduring orthogonalexpression.

In contrasto theseminorspecie®bservedicrossall samplesseveralC-terminalacetylation
mutants particularlyK546 and K558, showedadditional,unusuallyintenselower-migratingbands.
Theseconstructsalso showedmarkedly reducedoverall yield comparedto WT and N-terminal
mutants. The prominenceof theseextra bandssuggestedhat they might representproteolytic
truncation,degradatiorproductsor possibleco-purifying contaminants.

Becausethis patternwas uniqueto the C-terminal mutantsand coincidedwith their low
yield, we performedargetednassspectrometrypntheexcisecbandso determingheiridentity (see

Mass spectrometry).
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Figure 13: CoomassiestainedSDSPAGE (10%AA) of StrepTactinpurifiedHs p 9T U
andlysine-acetylatedsariantsexpressedh HEK293T cells (PMM330oevector).All
constructsnigrateat ~95-100kDa, consistentvith full-lengthrecombinant s p 9 L@WEr-
molecularweightspeciesarepresentor all samplesjn K546 andK558 thesebandsare
notablymoreintense suggestinghe presencef abundantruncatedspeciesr additional
co-purifying proteins.
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Despitethe presenceof truncatedspeciesall purified constructsvere solubleat working
concentrationandremainedstableduringhandling,with no precipitationobservediuringstorageor

samplepreparation.
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Biophysical characterization of Hsp90 variants

Oligomerization (Mass photometry)

Mass photometrywas usedto assesghe oligomeric stateand heterogeneityof purified

H's p 9AOr @ndlysine-acetylated/ariants(Fig.14). Acrossall constructsthedominantmassspecies
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Figure 14: Massphotometryanalysisof H s p 90T @ndlysine-acetylatedsariants Eachpanelshowsthe mass
distributionobtainedfrom purified proteinsamplesneasuret low-nanomolaiconcentrationsDueto slight
differencesn sampledilution andloading(seeMethods),total particlecountsvary acrossconstructsparticularlyfor
WT, K58, K69, andK100, which wererecordedat lower effectiveconcentrationsAcrossall measurementshe
majorspeciesorrespondso theH s p adinér (~180200kDa). Additional low-massspecieg~70-80 kDa)
consistentith truncatedH s p Safepiesento varyingdegreesConstructK546 andK558 showanincreased
proportionof truncatedspecieaandreduceddimersignal,in agreementwith SDSPAGE observations.
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correspondedo the Hs p 9damidr (~180-200 kDa), consistentwith the known behaviorof the
chaperoneln additionto theseexpectedspecies|ower-molecularweight peaks(~70-80 kDa) were
presento varying degreesicrossconstructsThesespeciesalign with the truncatedbandsobserved
by SDSPAGE, indicating that a portion of each preparationcontainsproteolytic fragmentsor

prematurehterminatedoroductsfrom the orthogonalkexpressiorsystem.

Due to initial dilution strategy,the first four constructs(WT, K58, K69, K100) were
measuredt lower effective concentrationsiesultingin substantiallyffewer detectedandingevents
and thereforenoisier massdistributions.Neverthelessevenin thesecasesthe major dimer peak

remaineddentifiable.

In contrast,several C-terminal lysine-acetylatedmutants, particularly K546 and K558,
displayedmarkedlyelevatedevelsof low-massspeciesaccompanietly arelativereductionin dimer
abundanceThis patternmirrorstheir SDSPAGE profiles, wheretheseconstructexhibitedintense
lower-migrating bands and reducedfull-length protein yield. The agreementbetweenthe two
methodssuggestghat thesemutantsaccumulatesubstantiatruncatedspecies prompting further

identificationby targetednassspectronetry (seeMassspectrometry).

Minor populationsat ~255268 kDa weredetectedn severalconstructge.g., K112, K294,
K435, K443, K558). Given that thesemassedall betweenthe full-length dimer and the expected
tetramerandconsideringhe SDSPAGE evidenceof truncationsthesespecieslikely correspondo
nonspecificassemblie®f a full-length dimer with one or more truncatedfragmentsratherthana

definedbiologicaloligomer.

All constructsshowedvery small peaksbelow ~50kDa, including negativemassii mi r r or 0
artifacts(-30 to -40 kDa) andfaint asymmetricsignals(30-70 kDa). Theseare well-known mass
photometryartifactscausedoy noiseandthe poor reliability of contrastto-masscalibrationin this
low-massange.Theydo notrepresentealmolecularspeciesThepeakswverekeptin thehistograms

for transparencyput werenotinterpretedurther.

Overall, mass photometry confirmed that all constructsexist as dimers and revealed
constructdependentlifferencesin sampleintegrity, with C-terminal mutantsshowingthe highest

degreeof truncation.
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Mass spectrometry

To verify the identity of unexpectedoandsobservedduring purification, we subjected
selectedsampleso massspectrometryAmong all constructsK443, K546, and K558 showedthe
lowestapparenyield on SDSPAGE anddisplayedadditionalbandsof unclearorigin (seeFig. 13).
Becausegheseanomaliescould reflect truncation,degradationpr co-purifying contaminantsthese

threesamplesverechoserfor MS analysis.
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Figure 15: Coomassidrilliant Blue-stainedSDSPAGE (10%acrylamide)of Streptactinpurified H S P 9lysibe-
acetylatecconstructgK443, K546, K558) of HSP90U Left: analyticalgel. Right: the samegel with annotatedands
indicatingfull-lengthH S P 9 ®ublcatedH S P 9spddiesandco-purifying albumin.Bandsmarkedon theright
panelwereexcisedandsubmittedfor massspectrometryo confirm proteinidentity.

Excisedgel bandscorrespondindo both the full-lengthandlower-migrating speciesvere
analyzed(Fig. 15). MS confirmedthatthe upperbandscontainedfull-lengthH S P 9 &sExpected,
the lower-migrating bandsrepresentedruncatedH S P 9 Golkjstentwith the masseobservedoy

SDSPAGE,andan additionalprominentbandwasidentified asbovineserumalbumin(BSA).

The presencef BSA mostlikely arisesfrom purification carryover.Albumin is routinely
usedin certainassaysetupsasablockingagentor stabilizingprotein,andwasusedelsewheren the
laboratoryduring HSPO90OATPaseand chaperonegefolding experimets. A colleagueworking in
parallelon HSP90assaygmalachitegreenATPaseassayandluciferaserefoldingassaysjrequently
employedBSA asa controlor supplementmakingincidentalcontaminatiorof sharedequipmenor

resinaplausibleexplanation.
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Thermal stability (NanoDSF)

NanoDSFwas usedto assessvhetheracetylationaltersthe thermalstability of purified
Hs p 9WTUand in the presenceof ADP, ATP excess,or the inhibitor ganetespib.Melting
temperatureél'm) wereobtainedrom theinflection point of the 350/330nm fluorescenceatio (Tab.
3). All proteinsweremeasuredinderidenticalbuffer conditions exceptwhenbufferswerecompared

directly.

Hsp90 alone

WT H's p 9ddlayeda Tm of 50.0 °C, consistenwith previousreportsfor recombinant
taggedprotein. Among N-terminalacetylationmutants, K100 andK112 showedmarkedlyreduced
Tm valuesof 45.9°C and39.7°C, respectively Thesedecreaseare consistentwith impairedNTD
dynamics: both residueslie in regions involved in lid closure and/or protomerprotomer
communicationanddecreasedn likely reflectsgreaterexposureof the NTD to thermallyinduced

unfoldingwhenclosureis destabilized.

Middle- andC-terminalmutants(K292, K294,K327,K435,K443,K546, K558) displayed
apoTmvaluesbroadlycomparabléo WT (in therange48-52.8°C). Thisis expectedastheseresidues

aresolventexposedandnotdirectly involvedin NTD stabilizationor closingmotions.

Hsp90 supplemented with ADP
Binding of ADP decreasethe Tm of WT H's p @d4P.2°C, consistentvith ADP favoring
anopenor semiopenconformationthatis moresusceptibléo thermaldenaturation.

SeveramutantsshowedT, valuescloseto WT in the ADP-boundstate:
AK294:41.8°C
AK327:42.4°C
AK546:42.8°C
AK558:43.1°C

This agreeswith their structurallocations:theseresiduedie on the proteinsurfaceanddo
not interactwith the nucleotidepocketor contributeto the conformationalkchangesassociatedavith
the clampclosure.The K558 samplecontainssignificantalbumin contaminationandthusnot used

in furtheranalyses.
In contrastseveraimutantsexhibitedhigherTm valueswith boundADP:
AK58:49.2°C

AK69:50.3°C
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Apo With ADP

1 2 3 4 (TBS)5 Mean SD |1 2 3 4(TBS)5 Mean |SD
WT [49.3C 51.1°C 49.6°C |50.0°C 0.8  |42.0°C 42.1°C |42.6C 42.2C (0.3
K58 149.2C |49.5°C 49.0°C 49.2C 0.2 |49.8°C |49.5°C 49.8C 49.7C |0.2
K69 148.6C |48.5C 50.2C 49.1°C 0.8  |49.7°C 50.1°C 51.0°C 50.3C 0.5
K100 45.8°C |46.4°C 45.6°C 45.9C 0.4 |37.9C [38.8°C 38.4C 38.4°C|0.4
K112 [39.4°C [39.6°C |40.1°C 39.7C 0.3 |50.6°C 51.7°C |49.6°C |50.6°C 0.8
K292 |49.4°C 49.£4C |49.4°C 49.4C 0.0 52.0°C |49.9C 51.0°C 1.1
K294 |49.0°C 49.2C |49.2C 49.1°C 0.1  42.3C |41.1°C 42.1°C 41.8C|0.5
K327 48.7°C |48.8°C |48.8°C 48.8C 0.1 |42.7°C 41.9C 42.6C 42.4C 0.3
K435 47.8C 50.6°C 48.2C 48.9C 1.2  |50.0C 49.9°C |51.1°C 50.3C 0.6
K443 51.3C |50.8°C 51.1°C 51.1°C 0.2 52.2C |52.4£C 52.9C 52.5°C |0.3
K546 50.0°C 50.0°C 50.0°C 0.0  42.4C |42.7°C 43.3C 42.8C 0.4
K558 51.2C 51.1°C |52.8°C 51.7C[0.8 |43.2C 43.5C 42.6C 43.1°C 0.4

Table 3a: NanoDSFmeltingtemperature§Tr,) of WT H's p 9afdiysine-acetylatedrariants. Table3a(top) andTable
3b (bottom)togethersummarizeall replicateNanoDSFneasurementssedfor calculatingfinal T, values.Replicates
thatfailed quality-controlcheckswereexcludedandarenot listed here. The tablewith excludedreplicatescanbe found

in the Appendix.
With ATP With Ganetespib

1 2 3 4 (TBS) Mean |SD 1 2 3 4 (TBS) |Mean |SD
WT 49.7C |49.6C 51.£C 50.2C (0.9 64.3C |64.00C 64.0°C 64.1°C 0.2
K58 |49.0C 48.9C 50.£C 49.4C (0.7 64.4C |63.9C |64.3C 64.2C 0.2
K69 49.1°C [48.6C 49.4C 49.0°C 0.3 63.66C |62.5C 63.2C 63.1°C 0.4
K100 46.3C [45.8C 46.7°C 46.3C 0.4 62.66C |62.4°C 62.4°C 62.4°C 0.1
K112 |40.1°C 40.7C 41.8C 40.9C (0.7 64.4°C 64.4°C |64.2C 64.3C 0.1
K292 [50.1°C |50.1°C 50.2C 50.1°C |0.0 66.2C |65.5C 66.3C 66.0°C 0.4
K294 49.6C [49.5C 49.6°C 49.6C |0.0 64.8C |64.8°C 64.6°C 64.7°C |0.1
K327 |49.7°C 49.5C |49.9°C 49.7C |0.2 65.7C 65.6C |65.8°C 65.7C 0.1
K435 [|48.8C 48.6°C |48.6°C 48.7C |0.1 63.5°C 63.7°C [64.0°C |63.7°C |0.2
K443 |51.7°C |51.7C [51.9C 51.8C [0.1 65.1°C |65.1°C 65.2C 65.1°C 0.1
K546 |50.5C |50.#C 50.6°C 50.5C [0.1 63.9C |63.8C 63.7°C 63.8C |0.1
K558 [51.6C |[51.6°C [51.6°C 51.6C |0.0 64.8C |64.7°C 64.8°C 64.7°C |0.0

Table 3b: NanoDSFmeltingtemperature§T,) of WT H's p Safdlysine-acetylatedsariants Table3a (top) andTable

3b (bottom)togethersummarizeall replicateNanoDSFneasurementssedfor calculatingfinal T, values.Replicates

thatfailed quality-controlcheckswereexcludedandarenotlisted here. The tablewith excludedreplicatescanbe found
in the Appendix.

AK112:50.6°C
AK292:51.0°C
AK435:50.3°C
AK443:52.5°C

For K58 and K69, residueslocated near the NTD lid and adenosinéinding pocket,
increasedTm may reflect enhancedstabilization of ADP-bound states, potentially biasing the
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populationtowarda moreclosedNTD, despitethe absencef the o-phosphatenormally requiredto

engagehe catalyticArg400/Glu47o-phosphatesensinghetwork.

Thestructuralbasisfor the elevatedl'm of K112 andK292 is unclear,asbotharelocatedin
regionsnot directly contactingthe nucleotidepocket.Similarly, K435 andK443 showelevatedT m,

thoughcontaminatior(especiallyfor K443) likely contributes.

Hsp90 supplemented with ATP

ATP binding increasedthe Tm of WT to 50.2 °C, comparedto the ADP-bound state,

reflectingstabilizationof the closed hydrolysiscompetentonformation.

NTD mutantsK100 and K112 againdisplayedreducedstability (46.3 °C and 40.9 °C,
respectively)Thesevariantdikely impairtheformationor stability of theNTD-NTD dimerinterface

requiredfor full clampclosure Jeavingthe NTD moresusceptibléo unfolding.

MostMD andCTD mutantsshowedT m valuessimilarto WT (~49-51.6°C), consistentvith
their surfaceexposedpositions and limited contribution to domainrdomain stabilization during

closure.

Hsp90 combined with ganetespib
Ganetespitstrongly stabilizedall constructsshifting Tm valuesto ~64-66 °C, asexpected
for a tight-binding NTD inhibitor. Differences among mutants were minimal, suggestingthat

acetylatedysinesdo notinterferewith inhibitor bindingor its stabilizingeffect.

Comparison of thermalstability in TBS and ADP-Glo buffers

To evaluatewhetherbuffer compositionaffectsthermalstability measurements subsebf
construct§WT, K435,K546in theapostate, K112 andK292 in the ADP-boundstate)wasanalyzed
in parallelin ADP-Glo reactionbufferandin TBS. In all casesproteinsmeasuredn TBS displayed
modestlyhigher Tr, valuesthanthosemeasuredn ADP-Glo buffer, with differencesrangingfrom
1.52.7°C (Tab.4). For WT Hs p 9theld increasedrom 49.6°C (ADP-Glo) to 51.3°c (TBS).
Similarupwardshiftswereobservedor K435 (+2.7°C), K546 (+2.3°C), K112 (+1.8°C with ADP),
andK292 (+1.5°C with ADP). Theseconsistentmoderateoffsetssuggesthatthe ADP-Glo buffer
slightly destabilizesH s p rdlativeto TBS, likely dueto differencesin ionic compositionandthe
absencef stabilizingsaltspresentn TBS.Importantly,althoughabsolutel n valuesdifferedbetween
buffers,thequalitativebehaviorof eachmutantrelativeto WT wasunchangedndicatingthatbuffer

effectsdo not alterthe comparativenterpretatiorof mutantstability.
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p(TBS

Glo)
WT Apo Glo 49.6C
WT Apo TBS 51.3C o
K435ApoGlo | 48.2C
K435ApoTBS | 50.8°C 2
K546ApoGlo | 50.0°C
K546 Ap0TBS | 52.4C 23
K112ADPGlo | 49.6C
K112ADPTBS | 51.5C Lo
K292ADPGlo | 49.9C

15

K292 ADPTBS |51.4C

Table 4: Comparisorof thermalstability in
TBS andADP-Glo buffers.
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Functional characterization
ATPase activity assay (ADP-Glo)

ATP-ADP conversion calibration and assay sensitivity

To evaluatehelinearity andsensitivityof the ADP-Glo assayundertheconditionsintended
for Hsp90measurement®TP/ADP mixtureswere preparedat definedconversionevels (0-100%
ADP) by combiningATP andADP at fixed total nucleotideconcentrationsAlthoughthis approach
doesnot reproduceenzymaticturnover,it directly testswhetherthe luminescenteadoutscaleswith

theamountof ADP present.

At 100 uM total nucleotide the assayproduceda clear,approximatelyiinear relationship
betweenluminescenceand %ADP (Fig. 16). This result confirmed that the assayperformsas

specifiedby the manufactureat ATP concentrationaround100 yM.

2500000

2000000+

1500000+

1000000+

Luminescence

500000+

0 10 20 30 40 50
%ATP converted [100uM]

Figure 16: ATP-ADP conversiorcalibrationat 100 uM total nucleotide.

To determinghelower detectionlimit, the sameATP/ADP serieswasrepeatedt 100 uM,
10uM, 1 uM, 0.1uM, 0.01pM, and0.001uM total nucleotide The assayremainedineardownto
~1uM ATP/ADP, althoughsignalamplitudeslecreasegroportionallywith concentratior(Fig. 17).
Below this concentrationthe readoutbecamencreasinglynoisy:at 0.1 uM, linearity wasweakbut
still discernible;at0.01uM, the varianceapproachedhe magnitudeof the signal;andat 0.001uM,
no meaningfulrelationshipbetween%ADP and luminescace was detectedR? = 0.05). A repeat
experimenperformedon a later dateproducedan almostidenticalpattern(Fig. 18), confirmingthat
thelossof linearity at submicromolarATP/ADP is areproducibldimitation of the assayandnot a

pipettingartifact.
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Figure 17: Linearity of the ADP-Glo assayacrossdecreasingotal nucleotideconcentrationsATP/ADP conversion
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Figure 18: RepeatATP/ADP calibrationseriesconfirmsthea s sséinga rangeandlower sensitivitylimit.
ATP/ADP conversiorwasagainmeasuredttotal nucleotideconcentrationsf 100 uM (a), 10 uM (b), 1 uM (c), and
0.1uM (d).

A shortincubationassayusing0.01,0.1,and1 uM Hsp70with 100puM ATP confirmedthat
luminescencéncreasegroportionallywith enzymeconcentratior{Fig. 19). Evenat 10 minutes the
relationshipbetweerkE. coli Hsp70concentratiorandsignalwasstronglylinear. This demonstrated

thattheassaycouldreportactivity within theinitial-rateregimeandthatHsp70behavedsexpected.

A full 0-180-minute time-course for 1 UM Hsp70 revealed a steady, nearlinear

accumulatiorof ADP overthe3-hourincubation(Fig. 20). Conversiorof luminescencéo ADP using

15000
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g S 90004
g 2 8000
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E 3 6000
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0.0 0.5 1.0 0.00 0.05 0.10 0.15 0.20
[ATP], uM [ADP], uM

Figure 19: Hsp70shortincubationADP-Glo assaywith varying concentrationsf theenzyme(a) Luminescence
after 10 min increasegroportionallywith Hsp70concentratior(0.01i 1 uM) in the presencef 100puM ATP. (b) The
correspondindow-rangeADP standardturve(0.0120.195uM ADP) waslinearunderidenticalconditions,enabling

accurateconversiorof luminescencéo ADP.
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the parallel standardcurve (1.2510 uM) showedvaluesconsistenwith Hs p 7 Kh@ws catalytic
(in)efficiency (kcat~0.021.0 min'; BarthelandWalker,1999).The proportionalrise acrossall time

pointsconfirmed:
Aassaylinearity in longincubations
Aabsencef luminescentrift or reagentecay
A suitability of the 100puM ATP conditionfor kinetic evaluation

Together,thesetests establishedHsp70 as a reliable slow-ATPasepositive control and

demonstratethatthe assayfunctionedcorrectly.
CK1Uvalidation

C K 1lighfastandrobustserine/threonin&inasewith well-definedATP turnoverkinetics,
makingit astringentpositivecontrolfor ADP-Glo. Theproteinwaskindly providedby the Bryjalab
from Masaryk University in Brno. Two types of validation experiments were performed: CK1
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20 40 60 80 100 120 140 160 180 200 0 1 2 3 4 5 6 7 8 9 10
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Figure 20: Time-dependenATP hydrolysisby Hsp70.(a) A 180-minutetime-coursewith 1 uM Hsp70and100uM
ATP showeda steadynearlinearincreasdn luminescenceindicatingcontinuousADP productionthroughouthe
incubation.(b) The corresponding\DP standarcturve(1.2510 uM) waslinearunderidenticalconditions,enabling
accurateconversiorof luminescencéo ADP.

concentratiorseriesandCK1 time-courseassay.

C K 1réhactionswerecarriedout with 100 pM ATP and0.5 mg/mL caseinfor 20 minutes

(Fig. 21). Luminescencéncreasedvith enzymeconcentrationasexpected.

Using the ADP standardcurve (Fig. 21b) for this experiment(3.12512.5uM ADP), the

measuredDP productionandaverageaateswere:
A2nM CK1:~2.9uM ADP Y 0.146pM/min (apparenkca:~73min't)

A5nM CK1: ~5.9uM ADP Y 0.295uM/min (apparenkcat~59 min™)
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Figure 21: Validationof C K 1aSafast, robustpositivecontrolfor the ADP-Glo assay(a) C K 1di$playeda clear

concentratiordependenincreasdn luminescencafter20 minutesusing100puM ATP and0.5 mg/mL caseinwith

2,5,and10nM enzymeproducingprogresively higherADP signals.(b) The correspondindADP standarcturve
(3.12512.5uM) waslinearunderidenticalconditions,enablingaccurateconversiorof luminescenceéo ADP.

A10nM CK1:~10.25uM ADP Y 0.5125uM/min (apparenkca~51min)

Although the increasebetweenconcentrationsvas somewhatcompressedelative to the

ideal(e.g.,10nM shouldproduce~2xthe5 nM signal,butyielded~1.44x),theoverallconcentration

dependencéndicatedthat the assaycapturedC K 1 datalytic output reliably. The keat valuesfall

within the broadreportedrangefor C K 1utdersaturatingconditions,confirming that the enzyme

behavedisexpectedn this assayenvironment.

A separatg¢ime-coursewasperformedusing2 nM C K 1 100 pM ATP, and1.25mg/mL

casein(Fig. 22). In this experimentJuminescencéncreasedinearly acrosshe 5i 20-minuterange,

with ADP valuesmatchingthe standarcturve.
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Figure 22: Time-dependenATP hydrolysisby C K 1 (&d).C K 1(#InM) showeda strong,linearincreasean luminescencever
5-20 minutesin the presencef 100uM ATP and1.25mg/mL casein(b) Plotting ADP formedversugtime confirmedalinear
relationship(c) ThecorrespondingADP standarccurve(1.56-12.5uM ADP) waslinearunderidenticalconditions,enabling
accurateconversiorof luminescencéo ADP.
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This confirmed:
A C K 1wasnotinhibited underthesemodified conditions
Atheassayaccuratelycapturecearlylinearturnover
Atime-courseanalysisremainedvalid in the presencef proteinsubstrates.

Acrossall experimentspoth Hsp70and C K 1 gioducedclear, linear, concentration and
time-dependenincreasesn ADP, consistentwith their known catalytic properties.Theseresults
demonstraté¢hat:

1. The ADP-Glo assayworkscorrectlywith ATPaseghathavemoderateor highkcatvalues.

2. The detectionreagentand luminescenceeadoutare linear acrossrelevantADP ranges
(0.0:12 uM).

3. Longincubationgupto 180min) did notshowchangesn backgroundr signalunrelated

to enzymaticactivity, indicatingthatthe detectiorreagentsemainstableovertime.

4. Any failuretoresolveH s p @adlyticactivity is thereforenot dueto assaymalfunction,

but dueto propertiesof the Hsp90preparationshemselvegseenextsections).

Comparing Hsp90U ATPase Activity with Positive and Negative Controls
Reveals High Background ATP Hydrolysis in Purified Preparations

To validatewhetherthe luminescenceneasuredn the ADP-Glo assayreflectedreal ATP
turnoverby H's p 9tBelirst setof experimentsompared. pM H's p 9AOT A pM Hsp70(positive
control),and1 uM HDAC11 (intendednegativecontrol)in the presencef 100 uM ATP (Fig. 23a).

As expectedHsp70generatedhe highestluminescencesignal. Unexpectedlyhowever,Hs p 9 0 U

yieldeda signalonly ~22%lower thanHsp70,andHDAC11 produceda substantiakignal despite
lacking ATPasemotifs.

Using the ADP calibrationcurve for this experiment(0.15620 uM ADP; Fig. 23b), the
signalscorrespondetb approximately:

AHsp70:~4.2uM ADP
AH's p 9-8.8uM ADP

AHDAC11:~0.6:0.7uM ADP
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Figure 23: Comparisorof ATP hydrolysisby Hsp70,H s p 9ahdHDAC11 after 180 minutes.(a) Luminescence
signalsobtainedirom 1 uM Hsp70,H s p 9dd HDAC11 incubatedwith 100uM ATP for 180min. Hsp70produced
thehighestsignal,H s p SloWwedanintermediatdevd, andHDAC11 (negativecontrol)yieldeda nonzerosignal
atthe ATP backgroundevel. (b) ADP standarccurve(0.15620 uM) measuredinderidenticalassayconditions,used

to convertluminescence&aluesto ADP.
GiventhathumanH s p Shasilreportedkca: of 0.05-0.1 min (Didenkoetal., 2012;Pear,
2016), correspondingo ~3-6 ATP moleculeshydrolysedper hour per dimer,a1 pM Hs p 9 0 U
preparatiorwould be expectedo generate-9-18 uM ADP over 180 minutesundersaturatingATP
conditions.Becausdhe assaywasperformedat 100uM ATP, well belowthereportedKm of Hsp90
(~800 pM), the rate should be approximately10-15% of Vmax, yielding an expectedADP

accumulatiorof ~1-2 uM. Themeasuredalue(~3.3uM) exceedshis range.

ForHsp70,theobserved-4.2uM ADP over180minutescorresponds$o anapparenicat of
~0.02mint. Thisvaluefalls within therangeexpectedor basal unstimulatedacteriaHsp70whose
Keatis reportedto lie in a broadrange0.021.0 min? at saturatingATP (Km ~100¢ M YBartheland
Walker,1999).Thisindicateshattheassayeliably detectgheactivity of aknownslow ATPaseand
is consistentvith publishedkinetics.

In contrasttheH s p Ssigriadlremainshigh relativeto its known catalyticpropertiesEven
after correctingfor nonsaturatingATP, the observedurnovercannotbe reconciledwith Hs p 9 0 6 s
extremelylow intrinsic ATPaserate. This divergencesuggestghat the luminescencattributedto
H's p 9réflékts co-purified ATPasesor other ATP-hydrolyzing contaminantsratherthan Hsp90
activity itself.

To testwhethetrthis phenomenomwasspecifictoH s p 9tilepanelwasexpandedo include
Hs p 9ABKB9, HDAC6, andmultiple HDAC11 orthologspurified underidentical conditions(Fig.
24). Strikingly, most non-ATPaseproteins producedADP amountscomparableto Hs p 9ahid)
Hsp70,andthe acetylatedH s p 9K@Imutant,expectedo havereducedATP turnover,produced
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two timesmoresignalthanWT. HDACG6, which hasno ATPasedomains,generateduminescence

indistinguishablérom H s p 9 ThéseresultsindicatedthatbackgroundATP hydrolysisis ageneral
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Figure 24: Expandeccomparisorof ATP hydrolysisacrosschaperoneanddeacetylasega) Luminescencasignals
from 1 uM Hsp70,H s p QT H s p 9A8KB9, humanHDACG6, andHDAC11 orthologsafter 180 min with 100
UM ATP.H s p 9ABKB9 showedthe highestapparenturnove, whereasHDAC11 variantsclusteredaroundHsp70
andHsp90WT levels.(b) ADP standarcturve(0.15610 uM) recordedunderidenticalconditions,usedto convert
luminescencéo ADP concentrations.

propertyof Streppurified mammaliarproteins not afeatureuniqueto theH s p Sconktructs.

A further experimentincorporatingHsp90B AcK284, purified independentlyby a senior
colleagueshowedsimilarly elevatedbackgroundsuggestinghatcontaminatioris methodintrinsic.

IncreasingHsp70to 20 uM producedheexpectedproportionalincreasen ADP, demonstratinghat
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the assayitself is functional and that the anomalousluminescenceoriginatesfrom the protein
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Figure 25: Comparisorof ATP hydrolysisacrosschaperoneandHDAC11 variants.(a) Luminescenceutputafter

180min incubationof 1 uM Hsp70,Hsp90AWT, Hsp90AAcK69, Hsp90BAcK284,andHDAC11 orthologswith

100uM ATP. Hsp70showedthe highestATP turnoverdueto its higherenzymeconcentrationfollowed by Hsp90

acetytmutantswhereasll HDAC11 formsproducedsignalsnearbackgroundevels.(b) ADP standarcturve(0-50
UM) measuredinderidenticalassayconditions,usedto mapluminescencealuesto ADP concentations.

preparationsatherthanreagentailure (Fig. 25).

Hsp90U WT time-course reveals real enzymatic activity but not necessarily
from Hsp90

A 120-minutereactionwith 1 uM H's p 9WITNd400 uM ATP produceda clear, time-
dependentuminescentincrease reaching~560,000RLU at 120 min (Fig. 26). Severalcontrols
confirmthatthisrisereflectsactualenzymaticATP hydrolysis,notreagentrift or spontaneocusTP

decay:
AHsp90alone(noATP): ~200RLU Y theproteinprepcontaingnoendogenousTP.

AATP alone:~9,000Y ~28,000RLU Y minor ATP autohydrolysigexpectedput
far belowthefull reaction.

ABoiled Hsp90+ ATP: ~23,000Y ~79,000RLU Y heatinactivatedproteinshows
only low backgroundactivity.

AHsp9OWT + ATP: ~560,000RLU Y a~7:1 signatto-backgroundvindow, good
enoughfor ATPasedetection.
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Figure 26: Time-dependenATP hydrolysisby H s p 0ekl20minutes A 1
UM H's p Ss@mpleincubatedvith 100uM ATP showeda slow, approximately
linearrisein luminescencever120min, consistentvith low but measurablATP
turnover.Error barsrepresengD (n = 3).
Thisestablishethattheobservedlopeis trueenzymatidurnover thoughits sourcg(Hsp90

vs. co-purified ATPasesyemainsunresolved.

The ADP standardshowsconsistendoublingbetweers0Y 25Y 12.5uM, butthe6.25
UM point (~269,000RLU) is anomalouslyhigh and duplicatesthe 12.5 uM value. It shouldbe
~150,000RLU. This pointwasexcludedfrom ratecalculationsasalikely pipettingerror.Usingthe
reliable25 uM point (~700,000RLU), the ratewascalculatedto be 0.14 uM ADP/min (Kcat ~0.14
mint).

In summary the time-courseconfirmsreal enzymaticATP hydrolysiswith a goodsignat
to-backgroundatio, butdoesnot yet demonstrat¢hatthe activity originatesfrom Hsp90ratherthan

from co-purified ATPases.

Inhibitor-based attempts to isolate Hsp90U-specific ATPase activity

To separatentrinsic Hs p 9aBtiMity from backgroundATPasecontamination,| tested
whetherthe Hsp90N-terminal inhibitor ganetespilzould be usedas an internal negativecontrol,
analogouso how VER-155008blocksHsp70.

In thefirst experimen(Fig. 27), 1 uM H's p 90T (imonomer)wasincubatedwvith 100uM
ATP for 180 min, with or without 2 pM ganetespibC K 1+#JATP + caseinwas measuredor 10

minutesat the endof theincubationasa fastpositivecontrol.
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Figure 27: Inhibitor testonH s p 90T {a) Luminescenc@roduceddy 1 uM Hsp90AWT + 2 uM ganetespilafter
180min with 100uM ATP. (b) ADP standarcturveusedto estimateADP production.

After subtractiorof ATP+bufferbackgroundandconversiorusingthe ADP standarcturve,

| obtained:
AHs p aOT{-7.14uM ADP
AH's p 9+@anetespib~6.21uM ADP

Amp(Hsp90fi a c ae & i v0.93yM ADP over180min Y v = 0.0052uM/min,

apparenkca:= 0.005min"t (monomer)kcat = 0.01mint (dimer)

This valueis closeto literatureestimatedor Hsp90,and at first glance,suggestghat the

inhibitor-basedsubtractiormight revealtrue Hsp90turnover.

A secondexperimentwith the sameconditionsbut a lessreliable ADP standardFig. 28)
yielded:

AHs p aWr{3-12.8uM ADP

AHs p 9+@anetespib=11.1uM ADP
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Am (Hsp90fi a c tawcd li v~il.7 yMOADP over 180 min Y ~0.0094pM/min,
apparenkca:= 0.0094min (monomer) apparenkca:= 0.018min’ (dimer)
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Figure 28: Inhibitor testonH s p 90T {a) Luminescenc@roduceddy 1 uM Hsp90AWT + 2 uM ganetespilafter
180min with 100uM ATP. (b) ADP standarcturveusedto estimateADP production.

Becausehe ADP standardcurvein this assaywasimperfect(notablythe2.5uM point),the
differencebetweennhibited anduninhibitedHsp90wascalculateddirectly from thesetwo sample
derivedADP values,ratherthanrelying on the full curve.This slightly increasedhe apparentate
comparedwith the previousexperimentput it still yieldeda very small effectrelativeto the total

signalandwithin the variability observedetweerassays.

To test robustness| next measureda panel of StrepTactinpurified proteins( Hs p 9 0 U,
Hsp70,severaHDAC11 variants)with andwithouttheirrespectivenhibitors(ganetespitbor Hsp90,
VER-155008for Hsp70;Fig. 29). In this experiment:

AHsp70+ ATP produceda reliable signal, and VER-155008reducedit almostto
backgroundgiving a large,cleanpR L (369,000)andkcat of 0.0075min™ or 0.0056min™
(dependingn the methodof calculatingfrom @R L &f g A D IPespectively).

AC K 1+#ATP + caseinshowechigh activity andpredictablebehavior.

AHs p 90 BTP vs. Hs p 99 Ganetespibdiffered by only ~15,000 RLU,
correspondingo ~0.24uM ADP over180min,i.e.,~0.0013uM/min, apparenkcat= 0.0013
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Figure 29: Comparisorof ATP-hydrolysissignalsacrosspurified proteinsandinhibitor controls.(a) Luminescence
generatedfter 180min incubationwith 100uM ATP for apanelof Streppurified proteinsandtheir controls.
Hs p 9T Produceda highsignalcomparaletoH s p 9+@dmhetespibindicatingthatmostturnoverdoesnot
originatefrom Hsp90itself. Boiled Hsp90showedonly minimal backgroundactivity. Hsp70displayedstrong
ATPaseactivity thatVER-155008efficiently suppressedVviultiple HDAC11 orthologsard HDACG6 produced
substantialuminescencelespitdacking ATPasemotifs. CK1 reactiong10 min, with/without casein)areincludedas
high-turnovercontrols.(b) ADP standarccurve(0.1565 pM) usedfor conversiorof luminescencealuesto ADP
mint. Alternatively, if the differenceis calculatedn the sameway as above(directly from
thesamplederivedADP values),then5.88¢ MADP - 5.56¢ MADP = 0.32¢ MADP over
180 min. This givesa slightly higherrateof 0.0017¢ M/ mandanapparenkca: of 0.0017

mint (monomer)and0.0034min (dimer).

This apparentHsp90 activity is (1) far below literature valuesand (2) inconsistentwith

previousestimategrom the samenhibitor strategy.

Ganetespiband other ATPase/kinasdnhibitors were used in multiple experimentsto
suppres$isp908dependenturnoverandrevealthe Hsp90specificfraction of thetotal luminescence
signal. Acrossall assayshowever,the inhibitor-sensitivecomponentwas inconsistentand often

biologicallyimplausible.
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Figure 30: Inhibitor testonH s p 9T {a) Luminescencsignalsafter 180 min incubationof LpuM H's p 9A0TU
underfour conditions:proteinalone,boiled protein+ ATP, WT + ATP + ganetespibandWT + ATP. Both
WT+ATP-containingconditionsproducedsimilarly high luminescenceyhile ganetespilbeducedhe signalonly
marginally,indicatingthatthe majority of ATP turnoverdoesnot originatefrom Hsp90.(b) ADP standarcturve

(0.312510 uM) usedto calculateADP formation.

In earlyexperimentgFig. 30-31; 100uM ATP, 180min), ganetespilbehavegaradoxically:

inhibitedHsp90frequentlyproduceda higherluminescensignalthanuninhibitedHsp90,sometimes

by a large margin. Even in caseswherethe expectedirend was present(i.e., Hsp90> Hsp90 +

ganetespib)the differenceswere small, highly variable betweenreplicates,or overshadowedy

standarecurvenoiseandbackgroundATPaseactivity. In thefirst experimentthe apparenkcat was

0.004min’t; in thesecondexperimentit couldnot be calculatedbecauseheinhibited Hsp90sample

showeda muchhighersignalthanthe uninhibitedone.

A third experiment(Fig. 32) yieldedthe i ¢ o r sign¢WTdO> WT+ganetespib)but the

magnituderemainedminimal: after conversiorto uM ADP, the differencecorrespondetb 0.7 uM

ADP over180min, giving anapparenkca:valueof only 0.008min™t. Thesenumberssariedby nearly

anorderof magnitudeacrossassayandwerecomparablén sizetothea s s aygténstimoise.
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Figure 31: Inhibitor testonH s p 9T {a) Luminescencsignalsafter 180min
incubationof 1 uM H's p 9AOT Wnderfour conditions:proteinalone,boiled protein
+ ATP, WT + ATP + ganetespibandWT + ATP. Ganetespiladlid notinhibit Hsp90.

(b) ADP standarcturve(0.312510 uM) usedto calculateADP formation.

TotestwhethemtherATPase®rkinasesvereresponsibldor thebulk signal,two additional
inhibitors were applied (Fig. 33). Staurosporings a potentinhibitor of a multitude of kinases,
including PKC, PKA, phosphorylas&inase, S6 kinase,cdc2, and many others.NMS-873 is a
selectiveinhibitor of an abundantAAA™ ATPasevalosincontainingprotein (VCP/p97). Neither
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Figure 32: Inhibitor testonH s p MOT{a) Luminescencsignalsafter 180 min incubationof 1

UM H s p 9T Winderfour conditions:proteinalone,boiled protein+ ATP, WT + ATP +

ganetespibandWT + ATP. WT + ganetespilsampleshowedslightly higherluminescence(b)
ADP standarcturve(0.312510 uM) usedto calculateADP formation.
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Figure 33: Inhibitor testonH s p MOT{a) GanetespibstaurosporineandNMS-873,
alongsideuninhibitedH s p 9viefétested Meanluminescencsignalsfall within a
narrowrange,ndicatingthatnoneof theinhibitors produceda substantiabr
reproduciblesupprasionof ATP turnoverrelativeto the uninhibitedcontrol. (b) ADP
standarcturve(0.312510 uM) usedto calculateADP formation.

substantiallyreducedthe signal. At 400 uM ATP, all conditions clusteredwithin the same

luminescenceange(~154,000176,000RLU), with only a subtledecreasen the inhibitor-treated
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Figure 34: Inhibitor testonH s p MOT{a) GanetespibstaurosporineandNMS-873,
alongsideuninhibitedH s p 9viefétested Meanluminescencsignalsfall within anarrow
range,indicatingthatnoneof theinhibitors produceda substantiabr reproduciblesuppresion
of ATP turnoverrelativeto the uninhibitedcontrol.(b) ADP standarccurve(0.312510 uM)
usedto calculateADP formation.
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wells. Whenrepeatedat 100 uM ATP (Fig. 34), thetrendwasthe same:uninhibitedHsp90showed

thehighestactivity, andall inhibitor-treatedsamplesvereslightly lower but nearlyoverlapping.
Acrossall datasetsthe patternis clear:

A Inhibitorsdo notreproduciblysuppress distinctHsp90dependenfTPasesignal.
AThedirectionandmagnitudeoffi i n h i bhiarngdramragsayto assay.

A Differencesbetweerinhibited anduninhibitedsamplesareassmall aswell-to-well

variability andstandarecurvevariation.

A Large portions of the signal persisteven when kinasesor AAA* ATPasesare
individually inhibited.

Together, these observationsshow that while ganetespiboccasionally decreasedotal
luminescenceahe effectis inconsistenandof low magnitudeln contrasto Hsp70(whereinhibitor
subtractionyields a clean, interpretabledrop), no stable Hsp9Gspecfic kcat emergesfrom any
inhibitor-basedanalysis.The ATPaseactivity in StrepTactinpurified Hsp90sampless therefore
dominatedby co-purifying ATPaser kinasegqat leastthosethatarenot coveredby Staurosporine

andNMS-873),andinhibitor subtractiorcannotbeusedto recoverH s p 9tiuecatalyticrate.
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Discussion

Theaim of thisthesiswasto investigatenow site-specificlysineacetylatioraffectsthe ATP
binding and ATPaseactivity of humanH s p 9 Witk particularemphasison N-terminal domain
(NTD) dynamics.To this end,a panelof AcK-mutantswasgeneratedexpessedn HEK293T cells
usingageneticcodeexpansiorsystempurified,andsubjectedo asetof biophysicalndbiochemical
assays.While biophysical methodsyielded clear and interpretableresults, biochemicalanalysis
revealedinexpected¢omplicationsarisingfrom backgroundATP hydrolysisin StrepTactin-purified
samplesTogetherthesefindings clarify which aspectf the systemarerobustandwhich require

methodologicafevisionfor future studies.

Sequencingand SDSPAGE confirmed that all constructswere successfullygenerated,
thoughseveraldisplayedtruncatedspeciesassociatedvith reducedyield. Thesetruncationswere
especiallyprominentin certainC-terminalmutantsandmassphotometrycorroboratedheir presence
aslow-massspeciesaccompanyingeduceddimerabundancelheconvergencef SDSPAGE,MS,
andmassphotometrystrengthenshe conclusionthatthe orthogonalkexpressiorsystemoccasionally

producesncompletetranslationproductsthat survivepurification.

NanoDSFmeasurementsonsistentlyshowedthat acetylationat specific NTD residues
(K100,K112) destabilizesd s p dnlbbthapoandATP-boundstateswhereasesidueslistantfrom
thenucleotidebindingpockethadminimalimpact. Theseobservationslign with theestablishedole
of the NTD lid and interprotomer contactsin stabilizing the closed, hydrolysiscompetent
conformation.Conversely,severalresidues(K58, K69, K292, K435, K443) producedincreased
thermalstability in the ADP-boundstate.This unexpectedesultmayindicatea shift in the balance
betweenopenand closedconformationsor stabilizationof partially closedstates.Importantly, all
constructgemainedstronglystabilizedby ganetespibsuggestinghatnoneof thelysine-acetylation
mutationsinterferewith inhibitor binding. Overall, the biophysicalcharacterizatiopphaserevealed
interpretable, mutatiorrspecific effects on stability and oligomerization, forming a consistent
biophysicalnarrative.

BeforeexaminingH s p 9 extensivecontrolswere performedto verify the validity of the
ADP-Glo assayacrossa wide concentratiorrange.The assaybehavedinearly for ADP downto ~1
1M, andbothHsp70andC K 1ptbducedlean,concentratiordependenandtime-dependensignals
that matchedexpectedcatalytic behavior. Theseexperimentsconfirm that the detectionchemistry,

luminescenceeadoutandincubationconditionsarevalid.

Despite the robustnessof the assay,H s p 9peparationsconsistentlyproduced ADP

amountdfar exceedingexpectationgor a1 uM enzymewith areportedkcar of 0.050.1 mint. After
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correctingfor non-saturatingATP, H s p 9sBoUldproduce~1-2 uM ADP in 180 minutes.Instead,
the measuredraluewas~3.3 UM andwasoften higherin otherassaysMore concerningmultiple
nonATPaseproteins(HDAC11, HDAC6) and Hsp90B purified with the same methodproduced
comparablduminescencesignals. Theseobservationsstrongly indicate that StrepTactin-purified
mammalianproteinsretain one or more co-purifying ATP-hydrolyzing enzymesthat overshadow

genuineHsp90turnover.

Time-courseexperimentsonfirmedthatthe luminescencéncreaseaeflectsreal enzymatic
activity ratherthan spontaneocu®\TP decay:boiled controls, ATP-only wells, and no-ATP wells
behavedas expected.However, the assayprovided no clear way to distingush Hsp90driven

hydrolysisfrom backgroundATPaseactivity.

To determinethe Hsp9Gspecificfraction of total ATP hydrolysis,ganetespilwasusedas
an internal negativecontrol. Unlike Hsp70 (where VER-155008 produceda clear and complete
inhibition signature) Hsp90inhibition behavedunpredictablyIn severalasays,ganetespifireated
samplesshowedhigher luminescencehan untreatedHsp90 samples.When the expectedtrend
appearedgp A D ®as small, correspondingo apparentca: valuesof ~0.0020.01 min, unstable
acrossassaysandbarelydistinguishabldrom noise.Applying additionalinhibitors (staurosporine,
NMS-873)failed to suppresshe bulk activity, suggestinghatthe contaminanATPase(swerenot
inhibited by eitherinhibitor.

Acrossall assaysijnhibitor subtractiondid not yield a stableestimateof Hs p 9ATRase
activity. This contrastssharplywith the cleanbehaviorof Hsp70andC K laddindicatesthatHsp90
preparationgontainednultiple ATPasesr kinasesot eliminatedby singleinhibitor treatments.

BecausecontaminatingATPasesdominatedthe signal,the experimentaketupwasunable
to resolveany intrinsic differencebetweenWT andacetylationmutants.Evenif acetylationaltered
Hs p Qundverthe magnitudeof sucheffects(typically O Zold in literature)would befar smaller
thanthe backgroundactivity andthereforeundetectableinderthesepurification conditions.Thus,
althoughsomeinhibitor-subtractedraluesresemblediteraturekca: estimatesthesevalueswerenot

reproducibleandwerethereforenotinterpretableasgenuineHsp90activity.

Severalfactors contributedto the inability to detectH s p 9 ifitéinsic ATPaseactivity,
including its extremelylow catalytic turnover,the presenceof co-purifying ATPasesintroduced
during mammalianStrepTactin purification, and the use of non-saturaing ATP conditionsthat
furthersuppres$l s p 9alrdadyweakhydrolysisrate. Thesdimitationssuggesseverabhvenuegor
overcomingheproblemin futurework. Re-purifying all sampledy size-exclusionchromatography

couldhelpremovesmallcontaminanhg ATPasesindtruncatedspeciesthis approactwasdiscussed

65



during the project, but, dueto time constraintsandc o | | e angatiséastdiyexperiencewith the
method(notablyits very low yield), it was not feasibleto implementin this project. Additionally,
increasingATP concentrationsiboveKm, for example by usingthe ADP-Glo Max kit, would shift
Hsp90closertoits trueVmax. Togetherthesestrategiesvould createconditionsunderwhichthesame
constructscould be re-evaluatedwith a substantiallyimprovedchanceof resolvinggenuineHsp90

ATPasekinetics.
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Conclusions

This work setout to investigatehow site-specificlysine acetylationaltersthe structureand
ATPaseactivity of humanH s p 9 WUsidg geneticcodeexpansionin mammaliancells, a panelof
acetylatedvariantswas successfullygeneratedpurified andvalidaied. Comprehensivéiophysical
characterizatiomevealedysine acetylationsite-specific effectson thermalstability and oligomeric
compositionparticularlywithin theN-terminaldomain.Thesefindingsprovidenewinsightinto how

individual acetylationeventscanmodulateH s p Sst@ility andstructure.

Attempts to quantify intrinsic ATPase activity highlighted a major methodological
limitation: StrepTactin-purifiedH s p Yeparationgonsistentlycontainedco-purifying protein(s)
that revealedhigh rate of ATP consumptionActivity of thesecontaminarg exceededr obscured
the extremelyslow turnoverrate of Hsp90itself. Although the ADP-Glo assayperformedreliably
with highly purepreparationsf ATPasesuchasHsp70andC K 1 itkcouldnotdistinguishHs p 9 0 6 s
catalyticactivity underthe conditiors used evenwhenspecificinhibitorswereapplied.Theinability
to separatean Hsp90specific signal reflectsthe combinedeffectsof low Kkca, nonsaturatingATP

conditions andcontaminatingenzymaticactivitiesinherentto the purificationstrategy.

Despitethislimitation, theprojectestablishea clearframeworkfor futurestudiesimproved
processof purification (e.g., gel permeationchromatography)and the use of higher ATP
concentrationge.g.,the ADP-Glo Max kit) shouldenableaccurateneasuementof Hs p «kidellcs.
The biophysical datasetgeneratedhere provides a foundation for interpreting future work,
demonstratinghat acetylationcan exert measurabletesiduespecific effectson H s p 9s@udture,

evenwhenfunctionalreadoutsareconstainedby technicalfactors.

In summary,this thesisadvancesour understandingf how acetylationshapesHs p 9 0 U
behavior,identifies key methodologicathallengesn assaysntendedfor measuremendf ATPase
activity of low-rate enzymes,and outlines practical solutionsto overcomethesechallengesin

subsequentrojects.
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Appendix

Apo With ADP
S S
1 2 3 | 4(TBS)| 5 Mean | - 1 2 3 |4(TBS) 5 | Mean _
40.7°| 40.1°| 49.3° 49.6°| 46.2°| 4. 42.1°| 42.6° 42.2°| 0.
WT C C C | 51.1°C C c| 7 42.0°C C C Cc| 3
49.2°| 49.5°| 49.0° 49.2°| 0. 49.5°| 49.8° 49.7°| 0.
K58 C C C c| 2 49.8°C C C C| 2
48.6°| 39.1°| 48.5° 46.6° | 4. 41.4°| 50.1° 48.0°| 3.
K69 C C C| 50.2°C C| 4 49.7°C C C| 51.0°C Cc| 9
45.8°| 46.4°| 45.6° 45.9°| 0. 38.8°| 38.4° 38.4°| 0.
K100 C C C C| 4 37.9°C C C C| 4
39.4°| 39.6°| 40.1° 39.7°| 0. 40.7°| 41.6° 49.6°| 46.8°| 4.
K112 C C C C| 3 50.6°C C C| 51.7°C C c| 7
49.4°| 49.4°| 49.4° 49.4°| 0. 42.5°| 42.0° 49.9°| 45.2°| 4.
K292 C C C C| O 39.7°C C C| 52.0°C C c| 8
49.0°| 49.2°| 49.2° 49.1°| 0. 41.1°| 42.1° 41.8°| 0.
K294 C C C C| 1 42.3°C C C C| 5
48.7°| 48.8°| 48.8° 48.8°| 0. 41.9°| 42.6° 42.4°| 0.
K327 C C C C| 1 42.7°C C C c| 3
37.4°| 36.6°| 47.8° 48.2°| 44.1°| 5. 39.4°| 49.9° 47.6°| 4.
K435 C C C | 50.6°C C Cl 9 50.0°C C C| 51.1°C C| 8
51.3°| 50.8°| 51.1° 51.1°| 0. 52.2°| 52.4° 49.3° | 5.
K443 C C C c| 2 39.9°C C C| 52.9°C C| 4
41.3°| 39.2°| 50.0° 50.0°| 45.1°] 4. 42.7°| 43.3° 42.8°| 0.
K546 C C C C Cl 9 42.4°C C C C| 4
41.1°| 51.2°| 51.1° 49.0°| 4. 43.5°| 42.6° 43.1°| 0.
K558 C C C| 52.8°C C| 7 43.2°C C C C| 4

Table Ala: NanoDSFT, valuesfor WT H's p Safdbhutants.
PanelsAlaandAlb list all recordedreplicatesjncludingthoseexcludedirom the downstreananalysis.
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With ATP With Ganetespib
1 2 3 4(TBS)| Mean g 2 3 4(TBS)| Mean | SD
49.6°| 62.9° 53.4°| 5. 64.0°| 64.0° 64.1°
WT 49.7°C C C | 51.4°C C| 6 64.3°C C C c| 02
62.7°| 48.9° 52.7°| 5. 63.9°| 64.3° 64.2°
K58 49.0°C C C | 50.4°C C| 8 64.4°C C C c| 02
48.6°| 49.4° 49.0°| 0. 62.5°| 63.2° 63.1°
K69 49.1°C C C C| 3 63.6°C C C CcC| 04
K10 45.8°| 46.7° 46.3° 62.4°| 62.4° 62.4°
0 46.3°C C C C 62.6°C C C C| 01
K11 50.1°| 40.7° 43.2°| 4. 64.4°| 64.2° 64.3°
2 40.1°C C C| 41.8°C c| O 64.4°C C C C| 01
K29 50.1°| 50.2° 50.1°| 0. 65.5°| 66.3° 66.0°
2 50.1°C C C cC| O 66.2°C C C C| 04
K29 49.5°| 49.6° 49.6°| 0. 64.8°| 64.6° 64.7°
4 49.6°C C C c| O 64.8°C C C C| 01
K32 49.5°| 49.9° 49.7°| 0. 65.6°| 65.8° 65.7°
7 49.7°C C C C| 2 65.7°C C C C| 01
K43 48.6° | 48.6° 48.7° | 0. 63.5°| 63.7° 54.0°| 16.
5 48.8°C C C cl1 24.7°C C C | 64.0°C C 9
K44 51.7°| 51.9° 51.8°| 0. 65.1°| 65.2° 65.1°
3 51.7°C C C cl 1 65.1°C C C Cc| 01
K54 50.4°| 50.6° 50.5°| 0. 63.8°| 63.7° 63.8°
6 50.5°C C C cl 1 63.9°C C C Cc| 01
K55 51.6°| 51.6° 51.6°| 0. 64.7°| 64.8° 64.7°
8 51.6°C C C c| O 64.8°C C C C| 0.0

Table Alb: NanoDSFT, valuesfor WT H's p Safdbhutants.

PanelsAlaandAlb list all recordedeplicatesjncludingthoseexcludedfrom the downstreananalysis.

75




