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Abstract 

HSP90Ŭ is an ATP-dependent chaperone whose activity, among other things, is modulated 

by lysine acetylation, but the functional impact of individual acetylation sites remains unclear. This 

thesis examines how acetylation of lysines across the N-, middle-, and C-terminal domains of 

HSP90Ŭ affects its stability, oligomeric state, and ATPase activity. Variants with specific acetylated 

lysine sites were generated by genetic code expansion (orthogonal expression) in HEK293T cells and 

validated by sequencing, SDS-PAGE, mass spectrometry, and mass photometry. Mass photometry 

confirmed dimeric assembly for all constructs. Furthermore, the analysis of HSP90Ŭ thermal stability 

revealed that lysine acetylation present at several N-terminal sites, particularly K100 and K112, 

markedly destabilizes the protein and alters nucleotide-dependent unfolding profiles. 

ATPase activity of HSP90Ŭ was assessed using a luciferase assay that enables estimation of 

the ADP level present in protein samples. Positive controls (Hsp70, CK1Ů) were involved in the study 

for confirming assay performance. In contrast, Hsp90Ŭ preparations from mammalian cells 

consistently displayed high ATP turnover caused mainly by other ATPases copurified together with 

HSP90Ŭ during Strep-Tactin affinity chromatography. Inclusion of specific inhibitors (ganetespib, 

VER-155008, staurosporine, NMS-873) failed to distinguish a reproducible Hsp90-specific signal 

from contaminants, preventing reliable comparison of ATPase rates among acetylated variants of 

HSP90Ŭ. 

Overall, the data show that site-specific acetylation affects Hsp90Ŭ structure, however, its 

intrinsic ATPase activity cannot be precisely estimated under the current purification and detection 

constraints. The work identifies methodological requirements for accurate quantification of 

acetylation-dependent effects on Hsp90Ŭ catalysis: improved purity of protein preparations, assays 

enabling activity measurements in the presence of high ATP concentration, or alternative detection 

platforms. 
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Abstrakt 

Hsp90Ŭ je ATP-dependentní chaperon, jehoģ aktivita je mimo jiné regulována pomocí 

acetylace lysinŢ, avġak funkļn² význam jednotlivých acetylovaných míst stále není plnŊ objasnŊn. 

Tato diplomová práce zkoumá, jak specificky acetylované varianty Hsp90Ŭ v N-terminální, stŚedn² a 

C-terminální dom®nŊ ovlivŔuj² stabilitu, oligomerní stav a ATPázovou aktivitu proteinu. Varianty 

byly exprimovány pomocí rozġ²Śen² genetického kódu (ortogonální expresní systém umoģŔuj²c² 

inkorporaci acetyllysinu) v buŔk§ch HEK293T a ovŊŚeny sekvenováním, SDS-PAGE, hmotnostní 

spektrometrií a hmotnostní fotometrií. MŊŚen² tepelné stability protein pomocí nanoDSF ukázalo, ģe 

nŊkter® acetylace lysinu v N-terminální dom®nŊe, zejména K100 a K112, vĨraznŊ destabilizuje 

protein a mŊn² profily rozbalení v závislosti na nukleotidech. Hmotnostní fotometrie potvrdila 

dimerní povahu vġech konstruktŢ, coģ odpovídá fyziologickému stavu HSP90 v buŔce. 

ATPázová aktivita byla hodnocena pomocí kvantitativních luminiscenļn²ch testŢ 

zaloģenĨch na mŊŚen² mnoģstv² ADP ve vzorku. Pouģit² pPozitivních kontrol (Hsp70, CK1Ů) 

potvrdilo správnou funkci testu. U prepar§tŢ Hsp90Ŭ purifijovaného z lidské bunŊļn® linie se ukázalo, 

ģe detekovaná ATPázová aktivita pochází pŚev§ģnŊ z ATPáz ko-purifikovaných pŚi Strep-Tactinové 

afinitní chromatografii, nikoli z Hsp90 samotného. Ani pouģit² specifických inhibitorŢ (ganetespib, 

VER-155008, staurosporin, NMS-873) nedokázalo rozliġit signal pocházející z Hsp90, a tud²ģ nebylo 

moģn® provést spolehlivé porovnání ATPázové aktivity jednotlivých acetylovaných variant. 

Výsledky ukazují, ģe specifické acetylace vĨznamnŊ ovlivŔuj² strukturu Hsp90Ŭ, avġak 

vlastní ATPázová aktivita proteinu není za pouģitĨch purifikaļn²ch a detekļn²ch podmínek 

jednoznaļnŊ mŊŚiteln§. Práce identifikuje kl²ļov® metodologické poģadavky pro pŚesnou kvantifikaci 

vlivu acetylace lysinŢ na katalýzu Hsp90Ŭ ï jedná se zejména o zvĨġen² ļistoty proteinových 

preparací, pouģit² testŢ umoģŔuj²c²ch mŊŚen² ATPázové activity v pŚ²tomnosti vysoké koncentrace 

ATP a pŚ²padnŊ alternativní detekļn² metody s vyġġ² citlivostí. 
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List of abbreviations 

aa ð amino acid 

aaRS ð aminoacyl tRNA synthetase 
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Introduction 

The proper folding, localization, and degradation of proteins (collectively known as 

proteostasis) is essential for cellular function and organismal health. The cell maintains this delicate 

balance through a network of quality control systems that oversee the life cycle of proteins. Central 

to this machinery is a group of molecular chaperones known as heat shock proteins (HSPs), which 

assist in protein folding, prevent aggregation, and help manage misfolded or damaged proteins, 

especially under stress conditions such as heat shock, oxidative stress, or exposure to toxins. 

Among the HSPs, Hsp90 occupies a unique and central role. Unlike generalist chaperones 

such as Hsp70 or small HSPs, Hsp90 operates as a highly specialized molecular hub that regulates 

the function of a vast array of client proteins, numbering in the hundreds. These clients include key 

signaling molecules, transcription factors, and kinases that are involved in cell cycle control, 

development, and response to environmental cues (Echeverría et al. 2011). Hsp90 does not act alone: 

it forms dynamic complexes with a diverse set of cochaperones that modulate its activity and tailor 

its function to the specific needs of each client. This allows Hsp90 to chaperone structurally and 

functionally diverse proteins in a remarkably client-specific manner, acting more like a precision tool 

than a blunt instrument. 

Beyond its essential physiological roles, Hsp90 is increasingly recognized as a key player in 

a wide spectrum of human diseases. Its dysregulation is implicated in the pathogenesis of numerous 

neurodegenerative disorders, including Alzheimerôs, Huntingtonôs, and Parkinsonôs diseases, where it 

can either suppress toxic protein aggregation or inadvertently stabilize misfolded proteins. In the 

cardiovascular and cerebrovascular systems, Hsp90 participates in both protective and pathological 

processes, such as ischemia-induced damage and fibrosis. Its influence extends further: various 

viruses hijack host Hsp90 to facilitate their replication cycles, and multiple parasitic organisms 

(including Plasmodium species that cause malaria) require Hsp90 for development and survival. 

Hsp90 also contributes to aging and cellular senescence, and is perhaps most notorious in oncology, 

where it chaperones a host of oncogenic proteins, stabilizing and activating key components of 

growth-promoting signaling pathways. For example, Hsp90 activates the oncogenic v-Src kinase 

(Boczek et al., 2015), stabilizes wild-type as well as mutant (oncogenic) p53 (Walerych et al., 2004; 

Peng et al., 2001), supports cancer cell invasiveness through extracellular Hsp90Ŭ (McCready et al., 

2010), and promotes chronic inflammation in cancer-associated fibroblasts (Hance et al., 2014). This 

client portfolio makes Hsp90 not only a central integrator of cellular stress responses but also an 

attractive target for therapeutic intervention (Wei et al. 2024). 
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Despite decades of research, several key questions remain unanswered in the Hsp90 field. 

These questions continue to hinder the development of targeted and effective therapies. What exactly 

is the functional role of Hsp90ôs ATPase activity? How is this activity regulated? By what 

mechanisms does Hsp90 selectively chaperone such a structurally and functionally diverse set of 

clients? And how does the conformational chaperone cycle unfold at the molecular level (Silbermann 

et al. 2024)? These are complex questions that need sustained, detailed research. This thesis is my 

attempt to help answer one small part of that puzzle as its main goal is to investigate how acetylation 

of lysine residues in the N-terminal domain of Hsp90Ŭ affects its ATP binding and hydrolysis. 

 

 

HSP90 family:  cytosolic  paralogs  in context  

Protein stability is finely tuned for a given organismôs normal growth conditions, so even 

modest temperature rises can cause unfolding and aggregation. Other stresses, like oxidative damage, 

heavy metals, and toxins, similarly lead to protein misfolding and aggregation, triggering the cellular 

heat shock response (HSR). The HSR is a universal protective mechanism that upregulates heat shock 

proteins (HSPs), which restore proteostasis. Failure to resolve damage can result in cytoskeletal 

breakdown, organelle fragmentation, mitochondrial loss, ATP depletion, and ultimately cell death 

(Richter et al. 2010). 

Heat shock proteins are classified variously by size, evolutionary family, or function. 

Commonly recognized families include Hsp100, Hsp90, Hsp70, Hsp60 (chaperonins), Hsp40 (DnaJ 

homologs), and small HSPs, though classification schemes differ across sources (Richter et al. 2010; 

Maiti and Picard 2022). 

Whereas Hsp70 and Hsp60 families of chaperones interact broadly with a wide range of 

unfolded or misfolded polypeptides, effectively sampling much of the proteome in a state-dependent 

but sequence-indiscriminate manner, Hsp90 family binds a more restricted subset of substrates 

(clients). Although Hsp90 associates with hundreds of distinct proteins, this represents only a small 

fraction of the ~10,000ï20,000 protein species expressed in a typical eukaryotic cell (Beck et al. 

2011). 

Hsp90 function is not limited to stress conditions; it is a highly abundant and ubiquitous 

chaperone, making up 1ï2% of total cellular protein even under normal conditions (Lai et al. 1984). 

Its high constitutive expression reflects its involvement in the maturation of numerous critical signal 

transduction clients (Pratt and Toft 2003). Hsp90 is highly conserved from bacteria to humans, 
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underscoring its functional importance throughout evolution (Chen et al. 2006), and has become 

essential for viability in eukaryotes (Borkovich et al. 1989). 

Eukaryotes express two cytosolic isoforms: Hsp90Ŭ (HSP90AA1, inducible) and Hsp90ɓ 

(HSP90AB1, constitutive) (Csermely et al. 1998), which arose from a gene duplication event 

hundreds of millions of years ago (Krone and Sass 1994). These isoforms share ~85% sequence 

similarity (Hoter et al. 2018; Maiti and Picard 2022). In humans, they predominantly form 

homodimers (Maiti and Picard 2022), though some recent studies suggest heterodimer formation may 

also occur (Morishima et al. 2018; Jia et al. 2025). 

 

 

HSP90 structure  and functional  domains  

Hsp90 functions as an obligate dimer (Fig.1), with each protomer composed of three major 

domains: the N-terminal domain (NTD), middle domain (MD), and C-terminal domain (CTD). The 

Figure 1: Structure of the human Hsp90 dimer from the glucocorticoid receptor (GR) maturation 

complex (Noddings et al., 2022). Each protomer is shown in cartoon representation (pink and purple), with 

bound ATP molecules in red. The structure illustrates the closed, ATP-bound conformation of Hsp90, in which 

the N-terminal domains dimerize to enclose the nucleotide. The molecular structure was imported from the 

PDB (PDB code 7KRJ) and edited in ChimeraX (Meng et al., 2023). 
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NTD adopts an Ŭ/ɓ-sandwich architecture characteristic of the Bergerat fold, a hallmark of the GHKL 

superfamily (which includes GyrB, histidine kinases, and MutL) (Dutta & Inouye, 2000). This 

domain contains the nucleotide-binding pocket, and its interaction with ATP triggers a cascade of 

conformational changes culminating in N-terminal dimerization and subsequent ATP hydrolysis (Ali  

et al., 2006). 

In eukaryotes, the NTD is connected to the MD via a disordered, charged linker (Jahn et al., 

2014). This linker not only provides the structural flexibility  necessary for the large conformational 

shifts between the NTD and MD during the chaperone cycle, but also acts as a regulatory switch: its 

unique post-translational modification sites (e.g., phosphorylation, acetylation) modulate Hsp90ôs 

activity by influencing interactions with client proteins and co-chaperones (Tsutsumi et al., 2012). 

The MD itself is composed of two Ŭ/ɓ/Ŭ subdomains linked via a coiled coil. It harbors the 

catalytic loop, which contributes essential residues for ATP hydrolysis (Meyer et al., 2003) and serves 

as a major platform for client and co-chaperone binding. Interestingly, while NTD dimerization is 

necessary, it is not sufficient for full  enzymatic activity: efficient ATPase function requires the middle 

domain to properly trap ATP (which ensures it undergoes hydrolysis rather than being replaced) 

(Wegele et al., 2003). 

The CTD, comprising a combination of Ŭ-helices and ɓ-sheets (Ali  et al., 2006), mediates 

the constitutive dimerization of the two protomers. At its far end lies an unstructured tail terminating 

in the highly conserved MEEVD motif, which is required for recruiting TPR-domain co-chaperones 

(Tsutsumi et al., 2012). 

 

 

ATP-dependent  conformational  cycle  

Regarding the conformational cycle (Fig. 2), the generally accepted model is as follows 

(amino acid positions for human Hsp90Ŭ): Hsp90 homodimers sample open (V-shaped) and closed 

(compact) states. ATP binding at the NTD nucleotide-binding pocket induces structural changes in 

NTD and formation of the Intermediate state 1 (I1): firstly, fast closing of the ATP-lid (residues 100-

130; helices 4 and 5 region) over the nucleotide-binding pocket and release of the N-terminal ɓ1/Ŭ1 

segment (residues 1-35) from its contact with the former. Secondly, the N-terminal ɓ1/Ŭ1 segment 

flips in a hinge motion and comes into contact with the N-terminal ɓ1/Ŭ1 segment of the sister NTD, 

marking the dimerization site and the transition from I1 to I2. Coordinated with the lid closure, the 

N-M domain contacts rearrange in each protomer in a slow reverse reaction; the MD catalytic loop 

(residues 390-410) moves into the ATP-binding pocket, allowing Arg400 to reach the ɔ-phosphate 
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and stabilize the NTD-MD conformation, partnering with the NTD catalytic Glu47 (helix 2). This 

yields the ATP-hydrolysis-competent closed state (Fig. 3). Then, ATP is hydrolyzed, ADP and Pi are 

released, NTDs reopen, and Hsp90 relaxes to the open conformation. (Hessling et al., 2009; Schopf 

et al., 2017; Ali  et al., 2006; Meyer et al., 2003; Meyer et al., 2004; Prodromou and Bjorklund, 2022; 

Cunningham et al., 2012; Schulze et al., 2016). 

Conformational dynamics of eukaryotic Hsp90 are heavily influenced by the binding of 

various clients and co-chaperones (Lopez et al., 2021).  For example, Aha1 pre-organizes N and M 

domains, giving a 40x boost to N-M association and a 20x boost to lid closure. It can act early, 

forming transient NTD contacts, and bypass a slow closed-lid intermediate (Schulze et al., 2016). 

P23 (Sba1 in yeast) stabilizes ATP-bound Hsp90-steroid receptor complexes and facilitates client 

Figure 2: Hsp90 ATP-dependent conformational cycle. Hsp90 exists as a dimer linked via its C-terminal 

domains, typically adopting an open, V-shaped configuration in the absence of nucleotide. When ATP binds, 

the flexible lids (green) snap shut, freeing the conserved N-terminal dimerization motifs (red). These motifs 

dimerize, triggering large-scale conformational shifts that produce the compact, closed state required for ATP 

hydrolysis. Following hydrolysis, the N-terminal domains disengage, and ADP, along with inorganic 

phosphate, are released. Figure reproduced from the authorôs bachelorôs thesis (Karmazin, 2023). 
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maturation (Noddings et al., 2022). Cdc37 binds the Hsp90 lid region and stabilizes the open-lid, 

open-NTD state, preventing ATP hydrolysis, which allows it to load the client kinase (Eckl et al., 

2013). HOP (Sti1 in yeast) also stabilizes the open conformation and prevents the NTDs from 

dimerizing until Hsp70 arrives with a client and transfers it onto Hsp90 (Bhattacharya and Picard, 

2021). 

 

 

ATPase activity  and regulation  

Hsp90, among other things, is an ATPase, as was mentioned above. However, it was not 

always believed to be one. Csermely and Kahn first showed Hsp90ôs ATP-binding ability, but they 

did not detect ATP hydrolysis in their experiments (Csermely and Kahn, 1991). Other groups, while 

demonstrating ATPase activity in purified Hsp90 from various organisms, reported greatly different 

turnover rates and ATP affinities (Nadeau et al., 1992, 1993). But again, subsequent reviews and 

biochemical analyses confidently stated that Hsp90 lacks ATPase activity, with some suggesting it 

doesnôt even bind ATP. For a brief period, it was assumed that Hsp90 simply holds a client protein, 

Figure 3: Structural  elements involved in the closing dynamics of the Hsp90Ŭ N-terminal  domain. The 

dimeric NTDs are shown in purple and light blue, with bound ATP molecules in red. The N-terminal ɓ1/Ŭ1 

segment that mediates NTD dimerization is highlighted in orange, ATP lid (helices 4 and 5) in pink, and the MD 

catalytic loop region in green. The molecular structure was imported from the PDB (PDB code 7KRJ; Noddings 

et al., 2022) and edited in ChimeraX (Meng et al., 2023). 
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while Hsp70 refolds it in an ATP-dependent manner (Jakob and Buchner, 1994; Jakob et al., 1996). 

Finally, a crystal structure of Hsp90ôs NTD with bound ATP was obtained, and biochemical studies 

confirmed that Hsp90 specifically binds ATP, albeit with very low affinity, putting the debate about 

its ability to bind ATP to rest (Prodromou et al., 1997; Scheibel et al., 1997). 

The discovery of Hsp90 competitive ATP-binding site inhibitors (Geldanamycin, Radicicol) 

allowed precise measurement of actual ATPase activity, controlling for contaminating ATPases and 

kinases. The human Hsp90 ATPase rate was determined to be 0.0054-0.5 min-1, which is unusually 

low for an ATPase but falls within the range of other GHKL family ATPases (McLaughlin et al., 

2002; Vaughan et al., 2009; Falsone et al., 2009; Lorenz et al., 2014).  

In the nucleotide pocket (Fig.4), ATP is coordinated by NTD amino acid residue Asn51 

through a Mg2+ ion (Grenert et al., 1999). Other essential amino acids for hydrolysis are Arg46 and 

Glu47 in the NTD, and Arg400 and Glu401 in the MD (Schulze et al., 2016). ATP hydrolysis begins 

with a proton transfer from a water molecule (coordinating the ɔ-phosphate) to Glu47. This water, 

though absent in crystal structures, emerges spontaneously from bulk solvent during molecular 

Figure 4: Nucleotide-binding pocket of the human Hsp90Ŭ N-terminal  domain. The ATP molecule 

(red) and coordinating Mg2+ ion (yellow sphere) are shown bound within the Bergerat fold. Catalytic 

residues (Arg46, Glu47, Asn51, Arg400, Glu401) involved in ATP hydrolysis are highlighted in blue. 

Acetylation-relevant lysines (K58, K69, K100, K112) located near the ATP-binding site are shown in pink. 

The molecular structure was imported from the PDB (PDB code 7KRJ; Noddings et al., 2022) and edited in 

ChimeraX (Meng et al., 2023). 
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dynamics simulations. The resulting OH- then attacks the ɔ-phosphate, cleaving the ɓ-ɔ bond. Both 

steps occur semi-concertedly through a penta-coordinated transition state typical of ATPases. Glu47 

is stabilized in its deprotonated form by nearby Arg46. Mg2+ polarizes the ɔ-phosphate, lowering the 

energy barrier, while Arg400 stabilizes both the transient hydroxide and the leaving phosphate group, 

explaining why the R400A mutant remains slow but functional (Mader et al., 2020). Importantly, not 

ATP hydrolysis itself, but the conformational changes that lead to a hydrolysis-competent state, are 

the rate-limiting step in the Hsp90 ATPase cycle (Hessling et al., 2009). 

Hsp90 activity is modulated by co-chaperones, clients, and post-translational modifications 

(PTMs). Numerous co-chaperones interact with its three domainsðsome competitively, others 

cooperativelyðserving roles in either regulating the chaperone cycle, mediating client recruitment, 

or both. Together, they expand Hsp90ôs functional versatility (Schopf et al., 2017). Client binding 

generally shifts the conformational equilibrium toward the NTD-rotated, fully  closed state. This shift 

varies between the two steroid hormone receptors (SHRs), while p53-DBD and tau bind 

independently of conformation. Overall, client engagement drives closure of the Hsp90 ensemble 

through allosteric coupling across domains (Lopez et al., 2021). Co-chaperone dynamics, ATPase 

activity, client maturation, and inhibitor binding are further modulated by Hsp90 PTMs, including 

phosphorylation, acetylation, sumoylation, and methylation (Prodromou, 2016). This work focuses 

on acetylation and its role in regulating Hsp90ôs ATPase function. 

 

NTD acetylation  as a possible  regulatory  mechanism  

Acetylation is a post-translational modification involving the covalent attachment of an 

acetyl group, typically to lysine residues. Multiple lysine residues on Hsp90Ŭ have been identified as 

acetylation sites, including K69, 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 (Scroggins et al., 2007; Yang et al., 2008; Choudhary et al., 2009). 

Acetylation at several of these positions, especially in the NTD (K69, K100) and MD (K292, 

K294, K327, K478, K546, K558), reduces ATP binding and weakens interactions with co-chaperones 

and clients such as c-Raf, p53, and HIF1Ŭ. Acetylation-mimicking mutants often exhibit impaired 

chaperone function and enhanced binding to inhibitors such as Geldanamycin, suggesting that 

acetylation generally suppresses Hsp90 activity and promotes inhibitor sensitivity (Scroggins et al., 

2007; Yang et al., 2008). 

Among the numerous acetylation sites, those located near the nucleotide-binding pocket and 

the middle domain interface are of particular interest, as they may directly influence ATPase 



 

 18 

regulation. Residues such as K58, K69, K100, and K112 in the NTD, and K292, K294, K327, K435, 

K443, K546, and K558 in the MD, lie close to regions involved in ATP coordination, hydrolysis, or 

domain rearrangement. Acetylation at these positions may therefore alter local charge distribution, 

disrupt interdomain communication, and modulate the kinetics of the ATPase cycle: either by 

weakening Mg2+ and ATP interactions or by destabilizing conformations required for catalysis. The 

most strongly validated functional sites are K294 and, to a lesser extent, K292 and K69, whose 

acetylation diminishes ATP binding and co-chaperone/client interactions (Scroggins et al., 2007; 

Yang et al., 2008). N-terminal sites (K58, K69, K100, K112) cluster near the ATP lid and may 

influence NTD rotation and closure, whereas middle-domain sites (K292-K327) may modulate client 

interfaces, and C-terminal acetylations (K435-K558) likely fine-tune dimer stability and allosteric 

signaling. We chose these particular residues to test their influence on Hsp90 ATPase activity. 

 

 

Genetic  code  expansion  

In order to produce target proteins with acetylations at defined sites, genetic code expansion 

(GCE) technology is typically utilized (Fig. 5). GCE works by installing an extra, dedicated 

aaRS/tRNA pair that the host translation machinery does not recognize (ñorthogonalò). The 

engineered aaRS charges its matching tRNA only with the chosen noncanonical amino acid (ncAA). 

That tRNA carries an anticodon (often CUA) that base-pairs with a reassigned codon (often the amber 

stop, UAG). At the ribosome, when UAG appears in the mRNA of a target gene, eukaryotic release 

factor 1 (eRF1) would normally terminate translation; but with enough orthogonal tRNA^CUA 

present (and a well-expressed aaRS + available ncAA), the suppressor tRNA outcompetes eRF1, 

delivers the ncAA to the A-site, and peptide-bond formation proceeds. Orthogonality prevents 

crosstalk with host aaRSs, so only proteins bearing the engineered UAG get modified. Yield depends 

on three levers: (i) competition at UAG (eRF1 vs suppressor tRNA kinetics), (ii)  cellular supply 

(expression, processing, and stability) of the orthogonal tRNA and aaRS, and (iii)  intracellular 

availability/specificity of the ncAA. (Liu & Schultz, 2010; Chin, 2017). 

In mammalian cells, the workhorse for site-specific N-Ů-Acetyl-Lysine (AcK) incorporation 

is amber suppression using a pyrrolysine-system orthogonal translation setup: an acetyl-lysine-

specific pyrrolysyl-tRNA synthetase (AcKRS) plus tRNA^pyl-CUA. AcKRSôs active site is 

engineered to prefer AcK over lysine; AcK is supplied in the medium, so cytosolic concentrations 

rise; multiple tRNA^pyl-CUA cassettes under Pol III  promoters (U6/H1) boost suppressor-tRNA 

levels; a strong Pol II  promoter drives AcKRS; the protein of interest carries a single TAG at the 
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intended lysine position. During translation, tRNA^pyl-CUA, charged with AcK, base-pairs with 

UAG, inserts AcK, and elongation continues, yielding a homogeneously acetyl-lysine-modified 

protein. Practical optimizations are routine: increase tRNA copy number; stabilize/activate pylRS 

variants; modestly reduce eRF1 activity (or use eRF1 mutants) to improve suppression efficiency; 

and protect the installed acetyl group from rapid cellular deacetylation by transient KDAC/HDAC 

inhibition or by using deacetylase-resistant analogs when biologically acceptable. This architecture 

has been validated in HEK/HeLa and in vivo contexts, enabling site-specific acetylation mapping, 

histone and enzyme mechanistic studies, and multiplexed labeling in stable lines. Examples and 

Figure 5: Schematic overview of genetic code expansion used for site-specific incorporation of a non-canonical amino acid into 

Hsp90Ŭ. (1) GCE system components: An orthogonal aminoacyl-tRNA synthetase (aaRS) specifically recognizes and charges only its 

cognate orthogonal tRNA^CUA, while remaining incompatible with endogenous tRNAs and synthetases. (2) Unnatural amino acid 

uptake and charging: The supplemented non-canonical amino acid (ncAA; AcK) enters the cell and is selectively loaded onto 

tRNA^CUA by the orthogonal aaRS. (3) Amber-suppressed translation: During translation, tRNA^CUA-AcK decodes the engineered 

UAG codon in the target mRNA, enabling insertion of the ncAA at the desired position and allowing ribosomes to produce full -length 

protein instead of terminating. (4) Purified protein with engineered modification: The resulting polypeptide contains a single, site-

specific ncAA, yielding purified recombinant Hsp90Ŭ variants carrying an acetyl-lysine for downstream biochemical assays and other 

analyses. Created in  https://BioRender.com 

https://biorender.com/
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protocols are surveyed in Chin 2017 and subsequent method papers (e.g., Venkat et al. 2018; Meineke 

et al. 2020). 

 

 

Nano differential  scanning  fluorimetry  (NanoDSF) 

NanoDSF is a label-free thermostability method that monitors changes in the intrinsic 

fluorescence of aromatic residues (primarily tryptophan and tyrosine) as a protein unfolds under a 

controlled temperature ramp. As the local environment of these residues becomes more polar during 

unfolding, their fluorescence emission spectrum shifts, producing a characteristic change in the 

F350/F330 ratio that can be tracked in real time (Alexander et al., 2014). The inflection point of this 

curve corresponds to the melting temperature (Tm), which serves as a proxy for protein stability and 

conformational changes. Because NanoDSF uses microliter-scale capillaries and requires no extrinsic 

dyes, it avoids several artefacts common in dye-based DSF, for example, dye-protein interactions or 

buffer-dependent fluorescence quenching. 

The technology is especially valued for its sensitivity to subtle conformational 

rearrangements, making it useful for analyzing nucleotide binding and stabilizing mutations in 

multidomain chaperones like Hsp90. NanoDSF operates over a broad protein concentration range 

(typically 0.1-10 mg/ml), tolerates many buffer systems, and yields rapid, high-quality melting 

curves. However, there are limitations: (I) proteins with few Trp/Tyr residues produce weak signals 

(or no signal at all, if  there is not one Trp present); (II)  very large or heterogeneous complexes may 

show multiphasic transitions that complicate interpretation; and (III)  the method cannot directly 

report on binding stoichiometry or kinetics (only stability shifts). Moreover, ligands that quench 

intrinsic fluorescence or absorb strongly in the UV range can distort the unfolding profile (Niesen et 

al., 2007; Gao et al., 2020).  

Despite these caveats, NanoDSF is widely adopted as a robust, simple technique for 

characterizing protein stability, screening ligand interactions, and comparing buffers and folding 

properties across engineered variants. 

 

 

Mass photometry   

Mass photometry (MP) is a single-molecule scattering technique that quantifies the mass 

and oligomeric state of biomolecules in solution by detecting light interference from individual 
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particles landing on a glass surface. When a protein diffuses into the solution above the objective and 

makes transient contact with the coverslip, it produces a contrast change proportional to its molecular 

polarizability and, after calibration, to its mass (Young et al., 2018). Because MP observes unlabeled 

proteins directly at nanomolar concentrations, it captures equilibrium distributions of monomers, 

dimers, higher-order assemblies, and heterogeneous mixtures in native buffer conditions, without the 

need for crosslinking, fixation, or immobilization (Sonn-Segev et al., 2020).  

For multidomain chaperones like Hsp90, which exist in dynamic monomer-dimer-client/co-

chaperone assemblies, MP offers a quick way to determine oligomeric states. The method requires 

only a few microliters of sample and produces mass distributions within minutes. Its limitations are 

as follows: (I) very small (<40 kDa) or intrinsically disordered proteins yield low contrast and cannot 

be measured reliably; (II)  surface interactions can bias the landing rate if  the protein is aggregated; 

and (III)  MP reports mass but not structural heterogeneity, so conformational isomers with identical 

mass appear as a single peak (Young et al., 2018).  

For this study, MP enabled rapid verification of the oligomeric states of Hsp90a WT and 

acetylation mutants. 

 

 

Methods  to  estimate  ATPase activity  ð ADP-Glo Assay  

The ADP-Glo assay (Promega) quantifies ATPase activity by chemically uncoupling ñsignal 

from ADPò from ñnoise from leftover ATP,ò and then routing just that ADP into a luciferase readout. 

After the enzymatic reaction, step 1 adds an ATP-depletion buffer that stoichiometrically consumes 

residual ATP without converting ADP, effectively resetting the nucleotide pool to ADP; step 2 adds 

a detection mix that reconverts ADP into ATP via an supplementary kinase and immediately feeds 

that newly generated ATP to firefly  luciferase, whose photon output scales (within a defined linear 

window) with ADP produced by the enzyme of interest (Fig. 6). Because the luciferase reaction is 

ATP-dependent and highly sensitive, low-nanomole product levels can be detected, and the readout 

is largely immune to chromophores or fluorophores that confound absorbance/fluorescence assays. 

In short, depletion-conversion-bioluminescence transforms endpoint ADP into a clean, quantitative 

signal. (Promega ADP-Glo  Kinase Assay technical manual (TM313); Zegzouti et al., 2009). 

We chose ADP-Glo because Hsp90 is a slow ATPase (turnover on the order of ~0.05-1.2 

ATP per minϖ¹ depending on species and conditions), so the assay must detect tiny product formation 

cleanly and reproducibly. ADP-Gloôs two-step chemistry (quantitative ATP depletion -> ADP 



 

 22 

reconversion -> luminescence produced by luciferase) provides nanomolar-level sensitivity and a 

broad dynamic range, even in the presence of millimolar ATP, which is exactly the use case here (low 

turnover, high substrate background). Practically, it would let us run endpoint time courses at low 

enzyme, convert luminescence to µM ADP using a same-matrix standard curve, and fit  the Michaelis-

Menten model without optical artifacts from protein, buffers, or ligands. Coupled-enzyme assays are 

condition-sensitive (pH, lipids, etc.), and many ATPases are scarce and/or slow, so standard Pi 

(malachite green), NADH-coupled, or fluorescence formats lack sufficient sensitivity, forcing the use 

of impractically large protein amounts (Veit and Pomorski, 2023). In contrast, ADP-Glo provides a 

cleaner signal floor for slow ATPases such as Hsp90 (Tab. 1). 

 

 

 

 

Figure 6: Principle of the ADP-Glo ATPase assay. (1) The ATPase converts ATP into ADP and inorganic phosphate 

during the incubation period. (2ï3) Addition of the ADP-Glo Reagent stops ATP hydrolysis and quantitatively 

depletes the remaining ATP, leaving only ADP in the reaction. (4) The Kinase Detection Reagent converts ADP back 

to ATP and uses it as substrate for a luciferase/luciferin luminescence reaction, generating light in direct proportion to 

the amount of ADP produced by the ATPase. (5) Luminescence is measured using a plate reader, providing a 

sensitive readout of ATPase activity. Created in  https://BioRender.com 

https://biorender.com/
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Method Principle Advantages Limitations 
Representative 

references 

Malachite 

Green 

Phosphate 

Assay 

Free inorganic phosphate (Pi) 

released during ATP hydrolysis 

forms a green phosphomolybdateï

malachite green complex measured 

spectrophotometrically (620ï650 

nm). 

High sensitivity 

(low µM Pi), 

inexpensive, 

compatible with 

microplate formats. 

End-point; susceptible to 

background from 

phosphate contamination 

or detergents; MgĮ can 

increase noise; color 

development time-

dependent. 

Lanzetta et al., 

1979; Baykov et 

al., 1988 

Enzyme-

coupled 

PK/LDH 

assay 

ADP produced by the ATPase is 

converted back to ATP by pyruvate 

kinase (PK) using 

phosphoenolpyruvate; pyruvate is 

then reduced by lactate 

dehydrogenase (LDH) with 

consumption of NADH, monitored at 

340 nm. 

Continuous kinetic 

readout, excellent 

time resolution, 

well-established for 

low-turnover 

ATPases. 

Sensitive to buffer 

composition; inhibitors 

can affect PK/LDH 

components; requires high 

purity of primary enzyme. 

Jenkins, 1991 

ADP-Glo  

assay 

(luciferase-

based) 

Remaining ATP is depleted 

enzymatically; total ADP is 

converted to ATP; newly generated 

ATP drives luciferase luminescence 

proportional to ADP produced. 

Very high 

sensitivity; 

compatible with 

many buffer 

compositions; suited 

for 96-/384-well; 

large dynamic 

range. 

End-point; some 

compounds can affect 

luciferase; nonlinear at 

very high ATP 

concentrations. 

Zegzouti et al., 

2009 

Radioactive 

TLC (^32P-

ATP 

hydrolysis) 

^32P-labeled ATP and its hydrolysis 

products (ADP, Pi) are separated by 

thin-layer chromatography and 

quantified by phosphorimaging. 

Extremely specific; 

ñgold standardò for 

mechanistic ATP 

hydrolysis studies. 

Radioactive handling; low 

throughput; labour-

intensive; endpoint. 

Sausen et al., 

2019 

Fluorescent 

phosphate 

sensors 

(MDCC-

PBP) 

A mutant phosphate-binding protein 

labeled with MDCC increases 

fluorescence upon binding Pi. 

Real-time readout; 

excellent sensitivity 

at low Pi; ideal for 

fast ATPases. 

Interference from 

background phosphate; 

requires careful 

calibration; reagent costly. 

Brune et al., 

1994; Solscheid 

et al., 2015 

Table 1: Overview of commonly used ATPase activity assays. 
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Aims  of  the Thesis  

Investigate the effects of specific acetylation lysine sites on the functional properties of 

HSP90 in vitro. Specific aims: 

Å clone, express, and purify HSP90 variants comprising acetylated lysine residues at 

defined positions  

Å determine thermal stability of HSP90Ŭ variants containing specific acetylated lysine 

sites with regard to specific molecule binding in its active site 

Å define the oligomeric status of acetylated variants of HSP90Ŭ 

Å quantify ATPase activity of HSP90Ŭ and its acetylated lysine variants
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Methods 

Site-directed  mutagenesis  

To introduce point mutations in the HSP90AA1 gene, I performed site-directed mutagenesis 

using the donor plasmid pDONR221_HSP90A_1-732 as the template. Mutations for each studied 

lysine residue were introduced with primers listed in a table below (Tab. 2). Each target lysine codon 

was changed to the TAG amber stop codon. 

Each 10 µl PCR reaction contained the following components: 

Å 10 ng template DNA, 

Å 3 µM forward primer, 

Å 3 µM reverse primer, 

Å 1 unit of PfuUltra II  Hotstart DNA polymerase in 1X reaction buffer (Agilent 

Technologies), 

Å and dH2O to adjust the final volume. 

The PCR was carried out in a BioRad cycler with the following program: 

I. 95°C for 2 min (initial denaturation), 

II.  95°C for 20 s (denaturation), 

III.  55°C for 20 s (annealing), 

IV.  72°C for 1 min 30 s (extension) 

V. 72°C for 4 min (final extension) 

VI.  (Optional) 12°C over the weekend (storage). 

Steps II -IV were repeated 25 times, followed by the final step V. 

To verify successful amplification, an aliquot of each PCR product was analyzed by 0.8% 

agarose gel electrophoresis in TAE buffer, run at 90V for 20 minutes. GelRed (1:40,000 dilution) 

was used for visualization, and Orange G (C.I. 16230) was used for sample coloring and tracking the 

run. 

To digest the template DNA, each reaction mix was treated with 5-10 units of DpnI in the 

presence of New England Biolabs Cutsmart® Buffer (50 mM potassium acetate, 20 mM Tris-acetate, 

10 mM magnesium acetate, 100 µg/ml BSA, pH 7.9 at 25°C), 1.1 µl. The template cleavage reaction 

was performed in a BioRad cycler under the following conditions: 
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I. 37°C for 30 min (digestion), 

II.  80°C for 20 min (enzyme inactivation), 

III.  12°C (holding temperature). 

After DpnI treatment, the samples were immediately transformed into XL2-Blue 

Ultracompetent E. coli cells (Agilent Technologies). Plasmid DNA was isolated from bacterial 

culture.  

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

underwent Sanger sequencing (Eurofins) using the M13 primer (Tab. 2). 

Primer ID Sequence (5ǋŸ3ǋ) Mutation 
GC 

% 

Tm 

(°C) 

m_HSP90A_K58TAG_F GCATTGGACTAGATCCGGTATGAAAGC AAAŸTAG 48 69.3 

m_HSP90A_K58TAG_R GCTTTCATACCGGATCTAGTCCAATGC TTTŸCTA 48 69 

m_HSP90A_K69TAG_F CTTGACAGATCCCAGTTAGTTAGACTCTG AAAŸTAG 45 60 

m_HSP90A_K69TAG_R AGTCTAACTAACTGGGATCTGTCAAGC TTTŸCTA 44 58 

m_HSP90A_K100TAG_F GAATTGGAATGACCTAGGCTGACCTG AAGŸTAG 50 60 

m_HSP90A_K100TAG_R CAGGTCAGCCTAGGTCATTCCAATTC CTTŸCTA 50 60 

m_HSP90A_K112TAG_F TATCGCCTAGTCTGGGACCAAAGC AAGŸTAG 54 59 

m_HSP90A_K112TAG_R GGTCCCAGACTAGGCGATAGTACC CTTŸCTA 58 61 

M13_F GTAAAACGACGGCCAG  56.2 62.4 

Table 2: Primers for  site-directed mutagenesis. 

 

 

 

Gateway  cloning  

Gateway cloning (Thermo Fisher Scientific) was used to shuttle site-directed-mutagenesisð

modified HSP90A inserts into mammalian expression vectors.  

For the LR reaction, the confirmed entry clone was recombined with the appropriate pDEST 

destination vector using LR Clonase to yield the final expression construct. This plasmid was  

transformed into E. coli DH5Ŭ max efficiency cells, amplified, and isolated. Following sequence 

confirmation, the expression vector was used for transient transfection of HEK293T cells. 
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Bacterial  transformation  

Chemically competent E. coli cells were transformed using standard procedure of heat 

shock. Competent cells were thawed on ice, and 1 ɛL of plasmid DNA was gently mixed into each 

vial of 20 ɛL cell suspension without pipetting up and down. The mixture was incubated on ice for 

30 minutes, with gentle mixing after 15 minutes. Transformation was induced by heat shock at 42°C 

in a dry block heater for exactly 45 seconds without shaking, followed by a 2-minute recovery on ice. 

After recovery, 200 ɛL of super optimal broth with catabolite repression (S.O.C.) medium 

was added to each vial under sterile conditions. The cultures were incubated at 37°C for 1 hour at 

600 rpm in a shaking incubator to allow expression of the antibiotic resistance gene. Following 

incubation, 30-100 ɛL of each transformation mixture was spread onto pre-warmed agar plates 

containing the appropriate selection antibiotic. For specific applications: 

Å 30 ɛL of transformed DH5Ŭ subcloning efficiency cells were plated on selective Zeocin 

plates for cloning after sequence confirmation; 

Å 100 ɛL of transformed DH5Ŭ Max efficiency cells (used after LR recombination reactions) 

were plated on selective Zeocin plates; 

Å After mutagenesis, the transformed XL2-Blue Ultracompetent cells were pelleted by 

centrifugation (2 min, 6000 rpm), and the pellet was resuspended and spread onto selective 

Kanamycin A plates. 

Plates were incubated overnight at 37°C. 

 

 

Inoculation  of  bacterial  cultures  

Bacterial colonies were inoculated into liquid culture as follows. Plates containing the 

desired colonies were retrieved from an incubator or a 4°C cold room (if  they were stored there 

temporarily). For each mutation variant, two incubation tubes were prepared, each containing 

approximately 2 ml of sterile LB medium. To each tube, 2 ɛL of Kanamycin A stock solution (50 

ɛg/ml final concentration) was added. Individual colonies were carefully picked and resuspended in 

their respective tubes. The cultures were then incubated overnight at 37°C with shaking at ~250 rpm. 
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Zeocin -selective  LB Agar  plates  preparation  

LB Agar plates supplemented with Zeocin were prepared as follows. LB Agar powder was 

weighed and dissolved in water according to standard formulations (e.g., 1.7 g of Agar LB for 50 ml 

of deionized water). The solution was then autoclaved to ensure sterility. After autoclaving, the bottle 

was heated in a microwave with the cap loosely open until the solution was warmed, ensuring 

complete dissolution of the agar.  

After the agar had completely dissolved, the bottle cap was closed, and the molten agar was 

allowed to cool. Once the LB agar cooled to a point where the bottle could be touched comfortably 

but LB Agar remained liquid, 12.5 ɛL of Zeocin stock solution (25 mg/mL final concentration) was 

added in sterile conditions and mixed gently to ensure even distribution while minimizing bubble 

formation. The selective LB agar was then poured into sterile Petri dishes in sterile conditions, with 

approximately 12.5 mL per plate. 

The plates were covered with aluminum foil  and left to solidify on the bench for 10-15 

minutes. To prevent condensation from forming on the agar surface, the plates were subsequently 

incubated upside down at 37°C for up to two hours. Finally, the plates were sealed with parafilm, 

wrapped in aluminum foil,  and stored at 4°C until use. 

 

 

DNA isolation  

Plasmid DNA was isolated from E. coli overnight cultures using the QIAPrep Spin Miniprep 

Kit  (Qiagen) according to the manufacturerôs instructions, with minor optimizations used routinely in 

our laboratory. Briefly, 1-5 ml of bacterial culture was pelleted by centrifugation (6800g, 3 min, room 

temperature), resuspended in buffer P1, and lysed using buffers P2 and N3 supplied with the kit. After 

centrifugation, the supernatant was loaded onto QIAPrep 2.0 spin columns. Bound DNA was washed 

with buffers PB (optional, for endAϕ strains) and PE, followed by a drying spin to remove residual 

ethanol. DNA was eluted in 50 µl of buffer EB (10 mM Tris-HCl, pH 8.5) or nuclease-free water 

after a 5-min incubation at room temperature. 

When a bigger culture volume was used, DNA was prepared using the Qiagen Plasmid Plus 

Midi Kit  following the same general workflow, scaled according to the manufacturerôs 

recommendations. 

DNA concentration and purity were assessed spectrophotometrically (A260/A280), and 

samples were stored at -20°C until use. 
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Transfection  of  suspension  culture  of  HEK293T cells  using  

linear  polyethyleneimine  

HEK293T cells cultivated in suspension were transfected using linear polyethyleneimine 

(lPEI, Polysciences, Inc., cat. no. 23966). A day prior to transfection, cells were seeded at a density 

of 2.0 × 10  cells/mL in Freestyle  F17 expression medium (Gibco) and cultured overnight to reach 

approximately 4.0 × 10  cells/mL on the day of transfection. All  procedures were performed in non-

treated tissue culture plates (12- or 6-well format) or Erlenmeyer flasks, as appropriate for the scale. 

For transfection, 1 µg of DNA per 1 mL of total cell culture volume was diluted in PBS and 

incubated for 15 min at room temperature. A threefold weight excess of lPEI (final concentration 1 

mg/mL, freshly prepared by diluting the 10 mg/mL stock solution 1:9 in PBS, pH 7.4) was then added 

to the DNA solution and gently mixed. The mixture was incubated for 10 min at room temperature 

to allow DNA-PEI complex formation. 

The resulting transfection complexes were added directly to the cell suspensions and gently 

mixed. Cultures were incubated for 4 h at 37 °C with shaking. After 4 h, an equal volume of 

ExCell293  medium (Sigma-Aldrich) was added to each culture to support post-transfection cell 

growth and protein expression. Cell viability and protein production were monitored for 2-3 days 

post-transfection. Cells were harvested 72 h after transfection for purification. 

 

 

Genetic  code  expansion  in  HEK293T cells  

Amber suppression-based incorporation of N-Ů-Acetyl-Lysine was performed as a routine 

HEK293T transfection, with minor modifications. HEK293T cells were transfected following the 

protocol outlined above (ñTransfection of suspension culture of HEK293T cells using linear 

polyethyleneimineò), using expression constructs carrying an amber (TAG) codon at the target lysine 

position and the corresponding orthogonal tRNA/synthetase plasmid pair. After 4 h of incubation 

post-transfection, nicotinamide (NAM; sirtuin inhibitor) and N-Ů-Acetyl-Lysine (AcK) were added 

to the cultures together with ExCell293  medium to final concentrations of 20 mM and 10 mM, 

respectively. Cultures were maintained for 72 h before harvesting. 
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Purification  of  Strep -tagged  proteins  from  suspension  

HEK293T cells  

Strep-tagged proteins were purified from suspension culture of HEK293T cells using Strep-

Tactin affinity chromatography. All  buffers were prepared in deionized water, adjusted to pH 8.0, 

and filter-sterilized before use. 

Buffer  compositions:  

Å Buffer A (lysis): 100 mM Tris-HCl, 10 mM NaCl, 5 mM KCl, 4 mM MgCl2, 10% glycerol 

Å Buffer B (wash): 100 mM Tris-HCl, 150 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10% 

glycerol 

Å Buffer E (elution): 50 mM Tris-HCl, 150 mM NaCl, 10 mM KCl, 10% glycerol, 3 mM 

desthiobiotin 

Å Buffer S (storage): 50 mM Tris-HCl, 150 mM NaCl, 0.02% sodium azide 

Cell  lysis:  

Cells were collected by centrifugation at 500g for 12 min at 4°C and resuspended in buffer 

A (2 ml per 50 ml culture). Denarase (1:25,000) and protease inhibitors (1 tablet per 50 ml lysate) 

were added, and the suspension was sonicated three times for 20 s on ice. IGEPAL CA-630 was then 

added to a final concentration of 0.2%, and the lysate was incubated on ice for 20 min with occasional 

mixing. NaCl was added to a final concentration of 150 mM, followed by another 20 min incubation 

on ice. The lysate was centrifuged at 12,000g for 10 min, and then supernatant was centrifuged again 

at 40,000g for 20 min, both at 4°C. The supernatant was filtered through a column filter (or fritted 

glass) prior to purification. 

Strep -Tactin  affinity  purification:  

The Strep-Tactin resin was equilibrated with 10 column volumes (CV) of buffer B and then 

incubated with the filtered lysate for 30 min at 4°C with gentle mixing. The resin-lysate mixture was 

transferred into a gravity-flow plastic column, and the flow-through was collected. The column was 

washed sequentially with 5 CV of buffer B (5 min incubation), 5 CV of buffer B containing 3 mM 

ATP and 10 mM MgCl2 (15 min incubation), and again with 5 CV of buffer B (5 min incubation). 

Bound proteins were eluted with 20 CV of buffer E in three steps (5 min incubation after each), and 

elution fractions were collected. 
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The column was regenerated with 5-10 CV of 30 mM NaOH, washed with 10 CV of buffer 

S, and stored at 4°C. Elution fractions were analyzed by SDS-PAGE to confirm protein purity and 

yield. 

 

 

SDS-polyacrylamide  gel  electrophoresis  

Protein purity and expression were assessed by SDS-polyacrylamide gel electrophoresis 

(Laemmli system) using 7.5-13 % resolving gels. Approximately 2 µg of protein per lane were 

denatured in 5x loading buffer containing ɓ-mercaptoethanol, heated at 95°C for 5 min, and loaded 

onto the gels. Electrophoresis was performed at 150 V for 1.5 h, and gels were stained with Coomassie 

Brilliant Blue. Stained gels were scanned using an ImageQuant LAS 4000 imaging system (GE 

Healthcare) under trans-illumination, with precision mode, 3 s exposure, and standard sensitivity 

settings. 

 

 

Nano differential  scanning  fluorimetry  (NanoDSF)  

Thermal stability of proteins was analyzed by nano differential scanning fluorimetry 

(NanoDSF) using a Prometheus NT.48 instrument (Nanotemper Technologies). Protein samples were 

diluted to 1 mg/mL in ADP-Glo assay buffer (40 mM Tris-HCl, pH 7.5, 20 mM MgClϜ, 0.1 mg/mL 

BSA) and loaded into standard-grade capillaries. Measurements were performed from 20 °C to 80 °C 

at a heating rate of 1°C/min. When indicated, samples were supplemented with ligands (ADP, ATP, 

or ganetespib) prior to measurement. Unfolding transitions were evaluated based on the first 

derivative of the 350/330 nm fluorescence ratio, and melting temperatures (Tm) were determined from 

inflection points.  All  measurements were performed in duplicate or triplicate. Data was processed 

and plotted using GraphPad Prism. 

 

 

Mass photometry  

Protein oligomeric state was analyzed by mass photometry using a oneMP instrument 

(Refeyn Ltd.). All  protein samples were diluted to 100 nM in filtered PBS. For the initial set of 

constructs (Hsp90Ŭ WT, K58, K69, K100), 2 µL of the diluted sample was added to 18 µL of PBS 
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directly on the coverslip, yielding an estimated final concentration of ~10 nM. At this concentration, 

particle density in the field of view was lower than expected, and relatively few binding events were 

detected. As a result, these samples produced lower total particle counts compared to subsequent 

constructs. 

For all later constructs (K112 through K558), slightly higher effective concentrations were 

used to improve counting statistics. Protein volumes of 3-4 µL were added to 18 µL of PBS to increase 

the number of binding events. Because these adjustments were made during measurements, the exact 

final concentrations vary slightly between samples; however, all measurements remained within the 

typical low-nanomolar range used for qualitative mass photometry analysis. 

Mass distributions were generated using Refeyn analysis software with default settings. 

Calibration was performed using BSA (66 kDa) and IgG (150 kDa) diluted to low-nanomolar 

concentrations (~5-20 nM final), consistent with Refeyn mass photometry guidelines. Standards were 

mixed directly on the coverslip by adding 2-3 µL of diluted protein to 18 µL PBS. Peaks 

corresponding to monomeric, dimeric, and lower-mass truncated species were identified based on 

their molecular weights and compared across constructs. 

 

 

ADP-Glo Kinase  Assay  

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

according to the manufacturerôs instructions, with minor optimizations for Hsp90 and casein kinase 

1 (CK1) reactions. Enzyme reactions were prepared in 96-well white plates in a total volume of 50 

µL containing ATP, the indicated enzyme, and reaction buffer (40 mM Tris-HCl, pH 7.5, 20 mM 

MgCl2, 0.1 mg/mL BSA). Alternatively, 30 ɛL reactions were pipetted directly into a 384-well plate. 

Where indicated, additional components such as inhibitors or substrates (e.g., casein for CK1) were 

included. Each time, after adding reagents to the plate, it was centrifuged for 1 min at 500g and mixed 

for 1 min at 300 rpm. Reactions were incubated at 37°C for 180 min. After incubation, 10 ɛL of each 

reaction was transferred to a 384-well flat-bottom low-volume white polystyrene plate, and the 

reaction was stopped by adding an equal volume of ADP-Glo reagent (40 min incubation at room 

temperature), followed by 20 ɛL of kinase detection reagent (40 min incubation at room temperature) 

according to the kit protocol. Luminescence was recorded using a ClarioStar plate reader (BMG 

Labtech). 

CK1 was used as a positive control for ATPase activity, while reactions without enzyme or 

with specific HSP90 inhibitor Ganetespib served as negative controls. All  measurements were 
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performed in triplicate. Data were analyzed in GraphPad Prism and expressed as relative 

luminescence units (RLU) or converted to ADP concentration using a standard curve. 
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Plasmid  maps  

 

  

Figure 7: Schematic of plasmid pD221_HSP90A_1-732 (4798 bp). 

Figure 8: Schematic of plasmid pDEST_MM330 (6893 bp). 
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Figure 9: Schematic of plasmid pMM330oe_HSP90A_1-732 (9691 bp). 
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Results 

Generation  and verification  of  constructs  

To enable analysis of acetylated variants of Hsp90Ŭ, I generated and validated a selection of 

Hsp90Ŭ constructs: K58, K69, K100, and K112. The mutations were introduced by site-directed 

mutagenesis into pD221_HSP90A_1-732. Sequencing confirmed the successful introduction of the 

intended mutations (TAG) for all constructs (Fig. 10). 

When all constructs were verified by sequencing, I proceeded to cloning. Insertion of 

mutated DNA into vectors was again verified by sequencing.  

 

Protein  expression  and verification  

HEK293T cells were transiently transfected with the validated expression constructs 

generated in the previous step, including the wild-type (WT) Hsp90Ŭ plasmid. The author expressed 

and purified WT Hsp90Ŭ and variants containing acetylated lysine sites in NTD (K58, K69, K100, 

K112) (Fig. 11 and 12). Variants carrying acetylated lysine in Middle domain (K292, K294, K327, 

K435) and CTD (K443, K546, K558) were expressed and purified by colleagues Zora Nováková, 

Ph.D., and Abhishek Sharma, Ph.D., respectively.  

Figure 10: Sanger sequencing verification of site-directed mutagenesis for Hsp90Ŭ lysine-to-amber constructs. 

Panels (a-d) show the template sequence (top) and the corresponding mutated construct (bottom) for K58, K100, 

K69, and K112, respectively. In each case, the lysine codon (AAA  or AAG) was successfully replaced by the amber 

stop codon TAG, highlighted by red boxes. 
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All  constructs produced detectable protein in cell lysates with broadly comparable 

expression levels. The proteins were purified using Strep-Tactin affinity chromatography with yields 

of 8.429 mg/L, 6.185 mg/L, 10.688 mg/L, 7.7 mg/L, and 10.667 mg/L of cell culture for WT, K58, 

Figure 12: Coomassie-stained SDS-PAGE of Strep-Tactin-

purified recombinant Hsp90Ŭ. Shown are elution fractions 

(EL1-EL3) and concentrated samples for K58, K100, and 

K112 constructs. All  variants migrate at 95-100 kDa, 

consistent with the expected size of tagged recombinant 

Hsp90Ŭ. 

Figure 11: Coomassie-stained SDS-PAGE of Strep-Tactin affinity purification of recombinant Hsp90Ŭ. 

Purifications of WT (left) and an acetylation mutant K69 (right) are shown. Hsp90Ŭ elutes as a dominant band at 

95-100 kDa, consistent with the expected size of tagged recombinant Hsp90Ŭ. Lower-molecular-weight species 

likely reflect minor truncation products. 
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K69, K100, and K112, respectively. All  variants eluted as a dominant band at approximately 100 

kDa, consistent with the predicted size of ~95.4 kDa with Twin-Strep tag, FLAG-tag, and His-tag on 

each protein. Elution fractions were concentrated (Fig. 13).  

Mutants did not display abnormal migration patterns or aggregation on SDS-PAGE. 

However, all preparations contained several faint lower-migrating bands at ~80 and ~70 kDa, which 

we interpret as truncated HSP90Ŭ species lacking tags or prematurely terminated products arising 

from incomplete acetyl-lysine incorporation during orthogonal expression. 

In contrast to these minor species observed across all samples, several C-terminal acetylation 

mutants, particularly K546 and K558, showed additional, unusually intense lower-migrating bands. 

These constructs also showed markedly reduced overall yield compared to WT and N-terminal 

mutants. The prominence of these extra bands suggested that they might represent proteolytic 

truncation, degradation products, or possible co-purifying contaminants. 

Because this pattern was unique to the C-terminal mutants and coincided with their low 

yield, we performed targeted mass spectrometry on the excised bands to determine their identity (see 

Mass spectrometry). 

Figure 13: Coomassie-stained SDS-PAGE (10% AA)  of Strep-Tactin-purified Hsp90Ŭ WT 

and lysine-acetylated variants expressed in HEK293T cells (PMM330oe vector). All  

constructs migrate at ~95-100 kDa, consistent with full -length recombinant Hsp90Ŭ. Lower-

molecular-weight species are present for all samples; in K546 and K558 these bands are 

notably more intense, suggesting the presence of abundant truncated species or additional 

co-purifying proteins. 
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Despite the presence of truncated species, all purified constructs were soluble at working 

concentrations and remained stable during handling, with no precipitation observed during storage or 

sample preparation. 
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Biophysical  characterization  of  Hsp90 variants  

Oligomerization  (Mass photometry)  

Mass photometry was used to assess the oligomeric state and heterogeneity of purified 

Hsp90Ŭ WT and lysine-acetylated variants (Fig.14). Across all constructs, the dominant mass species 

Figure 14: Mass photometry analysis of Hsp90Ŭ WT and lysine-acetylated variants. Each panel shows the mass 

distribution obtained from purified protein samples measured at low-nanomolar concentrations. Due to slight 

differences in sample dilution and loading (see Methods), total particle counts vary across constructs, particularly for 

WT, K58, K69, and K100, which were recorded at lower effective concentrations. Across all measurements, the 

major species corresponds to the Hsp90Ŭ dimer (~180-200 kDa). Additional low-mass species (~70-80 kDa) 

consistent with truncated Hsp90Ŭ are present to varying degrees. Constructs K546 and K558 show an increased 

proportion of truncated species and reduced dimer signal, in agreement with SDS-PAGE observations. 
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corresponded to the Hsp90Ŭ dimer (~180-200 kDa), consistent with the known behavior of the 

chaperone. In addition to these expected species, lower-molecular-weight peaks (~70-80 kDa) were 

present to varying degrees across constructs. These species align with the truncated bands observed 

by SDS-PAGE, indicating that a portion of each preparation contains proteolytic fragments or 

prematurely terminated products from the orthogonal expression system. 

Due to initial dilution strategy, the first four constructs (WT, K58, K69, K100) were 

measured at lower effective concentrations, resulting in substantially fewer detected landing events 

and therefore noisier mass distributions. Nevertheless, even in these cases, the major dimer peak 

remained identifiable. 

In contrast, several C-terminal lysine-acetylated mutants, particularly K546 and K558, 

displayed markedly elevated levels of low-mass species accompanied by a relative reduction in dimer 

abundance. This pattern mirrors their SDS-PAGE profiles, where these constructs exhibited intense 

lower-migrating bands and reduced full -length protein yield. The agreement between the two 

methods suggests that these mutants accumulate substantial truncated species, prompting further 

identification by targeted mass spectrometry (see Mass spectrometry). 

Minor populations at ~255-268 kDa were detected in several constructs (e.g., K112, K294, 

K435, K443, K558). Given that these masses fall between the full -length dimer and the expected 

tetramer, and considering the SDS-PAGE evidence of truncations, these species likely correspond to 

non-specific assemblies of a full -length dimer with one or more truncated fragments rather than a 

defined biological oligomer. 

All  constructs showed very small peaks below ~50 kDa, including negative-mass ñmirrorò 

artifacts (-30 to -40 kDa) and faint asymmetric signals (30-70 kDa). These are well-known mass-

photometry artifacts caused by noise and the poor reliability of contrast-to-mass calibration in this 

low-mass range. They do not represent real molecular species. The peaks were kept in the histograms 

for transparency but were not interpreted further. 

Overall, mass photometry confirmed that all constructs exist as dimers and revealed 

construct-dependent differences in sample integrity, with C-terminal mutants showing the highest 

degree of truncation. 
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Mass spectrometry  

To verify the identity of unexpected bands observed during purification, we subjected 

selected samples to mass spectrometry. Among all constructs, K443, K546, and K558 showed the 

lowest apparent yield on SDS-PAGE and displayed additional bands of unclear origin (see Fig. 13). 

Because these anomalies could reflect truncation, degradation, or co-purifying contaminants, these 

three samples were chosen for MS analysis. 

Excised gel bands corresponding to both the full -length and lower-migrating species were 

analyzed (Fig. 15). MS confirmed that the upper bands contained full -length HSP90Ŭ, as expected, 

the lower-migrating bands represented truncated HSP90Ŭ, consistent with the masses observed by 

SDS-PAGE, and an additional prominent band was identified as bovine serum albumin (BSA). 

The presence of BSA most likely arises from purification carryover. Albumin is routinely 

used in certain assay setups as a blocking agent or stabilizing protein, and was used elsewhere in the 

laboratory during HSP90 ATPase and chaperone-refolding experiments. A colleague working in 

parallel on HSP90 assays (malachite green ATPase assay and luciferase refolding assays) frequently 

employed BSA as a control or supplement, making incidental contamination of shared equipment or 

resin a plausible explanation. 

  

Figure 15: Coomassie Brilliant Blue-stained SDS-PAGE (10% acrylamide) of Streptactin-purified HSP90Ŭ lysine-

acetylated constructs (K443, K546, K558)  of HSP90 Ŭ. Left: analytical gel. Right: the same gel with annotated bands 

indicating full -length HSP90Ŭ, truncated HSP90Ŭ species, and co-purifying albumin. Bands marked on the right 

panel were excised and submitted for mass spectrometry to confirm protein identity. 
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Thermal  stability  (NanoDSF)  

NanoDSF was used to assess whether acetylation alters the thermal stability of purified 

Hsp90Ŭ WT and in the presence of ADP, ATP excess, or the inhibitor ganetespib. Melting 

temperatures (Tm) were obtained from the inflection point of the 350/330 nm fluorescence ratio (Tab. 

3). All  proteins were measured under identical buffer conditions, except when buffers were compared 

directly.  

Hsp90 alone 

WT Hsp90Ŭ displayed a Tm of 50.0 °C, consistent with previous reports for recombinant 

tagged protein. Among N-terminal acetylation mutants, K100 and K112 showed markedly reduced 

Tm values of 45.9 °C and 39.7 °C, respectively. These decreases are consistent with impaired NTD 

dynamics: both residues lie in regions involved in lid closure and/or protomer-protomer 

communication, and decreased Tm likely reflects greater exposure of the NTD to thermally induced 

unfolding when closure is destabilized. 

Middle- and C-terminal mutants (K292, K294, K327, K435, K443, K546, K558) displayed 

apo Tm values broadly comparable to WT (in the range 48-52.8 °C). This is expected, as these residues 

are solvent-exposed and not directly involved in NTD stabilization or closing motions. 

Hsp90 supplemented with ADP 

Binding of ADP decreased the Tm of WT Hsp90Ŭ to 42.2 °C, consistent with ADP favoring 

an open or semi-open conformation that is more susceptible to thermal denaturation. 

Several mutants showed Tm values close to WT in the ADP-bound state: 

Å K294: 41.8 °C 

Å K327: 42.4 °C 

Å K546: 42.8 °C 

Å K558: 43.1 °C 

This agrees with their structural locations: these residues lie on the protein surface and do 

not interact with the nucleotide pocket or contribute to the conformational changes associated with 

the clamp closure. The K558 sample contains significant albumin contamination, and thus not used 

in further analyses. 

In contrast, several mutants exhibited higher Tm values with bound ADP: 

Å K58: 49.2 °C 

Å K69: 50.3 °C 
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Å K112: 50.6 °C 

Å K292: 51.0 °C 

Å K435: 50.3 °C 

Å K443: 52.5 °C 

For K58 and K69, residues located near the NTD lid and adenosine-binding pocket, 

increased Tm may reflect enhanced stabilization of ADP-bound states, potentially biasing the 

 Apo With ADP 

  
1 2 3 4 (TBS) 5 Mean SD 1 2 3 4 (TBS) 5 Mean SD 

 WT 49.3°C    51.1°C 49.6°C 50.0°C 0.8 42.0°C 42.1°C 42.6°C   42.2°C 0.3 

 K58 49.2°C 49.5°C 49.0°C   49.2°C 0.2 49.8°C 49.5°C 49.8°C   49.7°C 0.2 

 K69 48.6°C 48.5°C  50.2°C  49.1°C 0.8 49.7°C   50.1°C 51.0°C  50.3°C 0.5 

 K100 45.8°C 46.4°C 45.6°C   45.9°C 0.4 37.9°C 38.8°C 38.4°C   38.4°C 0.4 

 K112 39.4°C 39.6°C 40.1°C   39.7°C 0.3 50.6°C     51.7°C 49.6°C 50.6°C 0.8 

 K292 49.4°C 49.4°C 49.4°C   49.4°C 0.0       52.0°C 49.9°C 51.0°C 1.1 

 K294 49.0°C 49.2°C 49.2°C   49.1°C 0.1 42.3°C 41.1°C 42.1°C   41.8°C 0.5 

 K327 48.7°C 48.8°C 48.8°C   48.8°C 0.1 42.7°C 41.9°C 42.6°C   42.4°C 0.3 

 K435 47.8°C    50.6°C 48.2°C 48.9°C 1.2 50.0°C   49.9°C 51.1°C  50.3°C 0.6 

 K443 51.3°C 50.8°C 51.1°C   51.1°C 0.2   52.2°C 52.4°C 52.9°C  52.5°C 0.3 

 K546     50.0°C  50.0°C 50.0°C 0.0 42.4°C 42.7°C 43.3°C   42.8°C 0.4 

 K558 51.2°C  51.1°C 52.8°C  51.7°C 0.8 43.2°C 43.5°C 42.6°C     43.1°C 0.4 

Table 3a: NanoDSF melting temperatures (Tm) of WT Hsp90Ŭ and lysine-acetylated variants. Table 3a (top) and Table 

3b (bottom) together summarize all replicate NanoDSF measurements used for calculating final Tm values. Replicates 

that failed quality-control checks were excluded and are not listed here. The table with excluded replicates can be found 

in the Appendix. 

 With ATP With Ganetespib 

 1 2 3 4 (TBS) Mean SD 1 2 3 4 (TBS) Mean SD 

 WT 49.7°C 49.6°C   51.4°C 50.2°C 0.9 64.3°C 64.0°C 64.0°C  64.1°C 0.2 

 K58 49.0°C   48.9°C 50.4°C 49.4°C 0.7 64.4°C 63.9°C 64.3°C  64.2°C 0.2 

 K69 49.1°C 48.6°C 49.4°C  49.0°C 0.3 63.6°C 62.5°C 63.2°C  63.1°C 0.4 

 K100 46.3°C 45.8°C 46.7°C  46.3°C 0.4 62.6°C 62.4°C 62.4°C  62.4°C 0.1 

 K112 40.1°C   40.7°C 41.8°C 40.9°C 0.7 64.4°C 64.4°C 64.2°C  64.3°C 0.1 

 K292 50.1°C 50.1°C 50.2°C  50.1°C 0.0 66.2°C 65.5°C 66.3°C  66.0°C 0.4 

 K294 49.6°C 49.5°C 49.6°C  49.6°C 0.0 64.8°C 64.8°C 64.6°C  64.7°C 0.1 

 K327 49.7°C 49.5°C 49.9°C  49.7°C 0.2 65.7°C 65.6°C 65.8°C  65.7°C 0.1 

 K435 48.8°C 48.6°C 48.6°C  48.7°C 0.1   63.5°C 63.7°C 64.0°C 63.7°C 0.2 

 K443 51.7°C 51.7°C 51.9°C  51.8°C 0.1 65.1°C 65.1°C 65.2°C  65.1°C 0.1 

 K546 50.5°C 50.4°C 50.6°C  50.5°C 0.1 63.9°C 63.8°C 63.7°C  63.8°C 0.1 

 K558 51.6°C 51.6°C 51.6°C   51.6°C 0.0 64.8°C 64.7°C 64.8°C   64.7°C 0.0 

Table 3b: NanoDSF melting temperatures (Tm) of WT Hsp90Ŭ and lysine-acetylated variants. Table 3a (top) and Table 

3b (bottom) together summarize all replicate NanoDSF measurements used for calculating final Tm values. Replicates 

that failed quality-control checks were excluded and are not listed here. The table with excluded replicates can be found 

in the Appendix. 
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population toward a more closed NTD, despite the absence of the ɔ-phosphate normally required to 

engage the catalytic Arg400/Glu47 ɔ-phosphate-sensing network. 

The structural basis for the elevated Tm of K112 and K292 is unclear, as both are located in 

regions not directly contacting the nucleotide pocket. Similarly, K435 and K443 show elevated Tm, 

though contamination (especially for K443) likely contributes. 

Hsp90 supplemented with ATP 

 

ATP binding increased the Tm of WT to 50.2 °C, compared to the ADP-bound state, 

reflecting stabilization of the closed, hydrolysis-competent conformation.  

NTD mutants K100 and K112 again displayed reduced stability (46.3 °C and 40.9 °C, 

respectively). These variants likely impair the formation or stability of the NTD-NTD dimer interface 

required for full  clamp closure, leaving the NTD more susceptible to unfolding. 

Most MD and CTD mutants showed Tm values similar to WT (~49-51.6 °C), consistent with 

their surface-exposed positions and limited contribution to domain-domain stabilization during 

closure. 

Hsp90 combined with ganetespib 

Ganetespib strongly stabilized all constructs, shifting Tm values to ~64-66 °C, as expected 

for a tight-binding NTD inhibitor. Differences among mutants were minimal, suggesting that 

acetylated lysines do not interfere with inhibitor binding or its stabilizing effect. 

Comparison of thermal stability in TBS and ADP-Glo buffers 

To evaluate whether buffer composition affects thermal stability measurements, a subset of 

constructs (WT, K435, K546 in the apo state; K112 and K292 in the ADP-bound state) was analyzed 

in parallel in ADP-Glo reaction buffer and in TBS. In all cases, proteins measured in TBS displayed 

modestly higher Tm values than those measured in ADP-Glo buffer, with differences ranging from 

1.5-2.7 °C (Tab. 4). For WT Hsp90Ŭ, the Tm increased from 49.6 °C (ADP-Glo) to 51.3 °c (TBS). 

Similar upward shifts were observed for K435 (+2.7 °C), K546 (+2.3 °C), K112 (+1.8 °C with ADP), 

and K292 (+1.5 °C with ADP). These consistent, moderate offsets suggest that the ADP-Glo buffer 

slightly destabilizes Hsp90Ŭ relative to TBS, likely due to differences in ionic composition and the 

absence of stabilizing salts present in TBS. Importantly, although absolute Tm values differed between 

buffers, the qualitative behavior of each mutant relative to WT was unchanged, indicating that buffer 

effects do not alter the comparative interpretation of mutant stability. 
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ȹ (TBS-

Glo) 

WT Apo Glo 49.6°C 
1.7 

WT Apo TBS 51.3°C 

K435 Apo Glo 48.2°C 
2.7 

K435 Apo TBS 50.8°C 

K546 Apo Glo 50.0°C 
2.3 

K546 Apo TBS 52.4°C 

K112 ADP Glo 49.6°C 
1.8 

K112 ADP TBS 51.5°C 

K292 ADP Glo 49.9°C 
1.5 

K292 ADP TBS 51.4°C 

Table 4: Comparison of thermal stability in 

TBS and ADP-Glo buffers. 
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Functional  characterization  

ATPase activity  assay  (ADP-Glo)  

ATP-ADP conversion calibration and assay sensitivity 

To evaluate the linearity and sensitivity of the ADP-Glo assay under the conditions intended 

for Hsp90 measurements, ATP/ADP mixtures were prepared at defined conversion levels (0-100% 

ADP) by combining ATP and ADP at fixed total nucleotide concentrations. Although this approach 

does not reproduce enzymatic turnover, it directly tests whether the luminescent readout scales with 

the amount of ADP present. 

At 100 µM total nucleotide, the assay produced a clear, approximately linear relationship 

between luminescence and %ADP (Fig. 16). This result confirmed that the assay performs as 

specified by the manufacturer at ATP concentrations around 100 µM. 

To determine the lower detection limit, the same ATP/ADP series was repeated at 100 µM, 

10 µM, 1 µM, 0.1 µM, 0.01 µM, and 0.001 µM total nucleotide. The assay remained linear down to 

~1 µM ATP/ADP, although signal amplitudes decreased proportionally with concentration (Fig. 17). 

Below this concentration, the readout became increasingly noisy: at 0.1 µM, linearity was weak but 

still discernible; at 0.01 µM, the variance approached the magnitude of the signal; and at 0.001 µM, 

no meaningful relationship between %ADP and luminescence was detected (R2 = 0.05). A repeat 

experiment performed on a later date produced an almost identical pattern (Fig. 18), confirming that 

the loss of linearity at sub-micromolar ATP/ADP is a reproducible limitation of the assay and not a 

pipetting artifact. 

 

Figure 16: ATP-ADP conversion calibration at 100 µM total nucleotide. 
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These calibration tests established two key constraints relevant for downstream ATPase 

measurements: 

Å The assay is robust and quantitative at or above ~1 µM ATP. 

Å At total nucleotide concentrations below ~1 µM, luminescence becomes dominated 

by noise, placing a practical lower bound on detectable ADP formation near 10-20 nM ADP 

under the chosen conditions. 

These limits were critical for interpreting subsequent experiments, since Hsp90 ATPase 

turnover is extremely slow and produces ADP amounts close to the assayôs sensitivity threshold. 

 

Validation of Positive Controls: Hsp70 and CK1Ů 

Hsp70 validation  

 

Figure 16: Linearity of the ADP-Glo assay across decreasing total nucleotide concentrations. ATP/ADP conversion 

series (0-40% ADP) were measured at total nucleotide concentrations of 100 µM (a), 10 µM (b), 1 µM (c), 0.1 µM 

(d), 0.01 µM (e), and 0.001 µM (f). 

Figure 17: Linearity of the ADP-Glo assay across decreasing total nucleotide concentrations. ATP/ADP conversion 

series (0-40% ADP) were measured at total nucleotide concentrations of 100 µM (a), 10 µM (b), 1 µM (c), 0.1 µM 

(d), 0.01 µM (e), and 0.001 µM (f). 
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A short-incubation assay using 0.01, 0.1, and 1 µM Hsp70 with 100 µM ATP confirmed that 

luminescence increased proportionally with enzyme concentration (Fig. 19). Even at 10 minutes, the 

relationship between E. coli Hsp70 concentration and signal was strongly linear. This demonstrated 

that the assay could report activity within the initial-rate regime and that Hsp70 behaved as expected. 

A full  0-180-minute time-course for 1 µM Hsp70 revealed a steady, near-linear 

accumulation of ADP over the 3-hour incubation (Fig. 20). Conversion of luminescence to ADP using 

Figure 18: Repeat ATP/ADP calibration series confirms the assayôs linear range and lower sensitivity limit.  

ATP/ADP conversion was again measured at total nucleotide concentrations of 100 µM (a), 10 µM (b), 1 µM (c), and 

0.1 µM (d). 

Figure 19: Hsp70 short-incubation ADP-Glo assay with varying concentrations of the enzyme. (a) Luminescence 

after 10 min increased proportionally with Hsp70 concentration (0.01ï1 µM) in the presence of 100 µM ATP. (b) The 

corresponding low-range ADP standard curve (0.012-0.195 µM ADP) was linear under identical conditions, enabling 

accurate conversion of luminescence to ADP. 
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the parallel standard curve (1.25-10 µM) showed values consistent with Hsp70ôs known catalytic 

(in)efficiency (kcat ~0.02-1.0 min-1; Barthel and Walker, 1999). The proportional rise across all time 

points confirmed: 

Å assay linearity in long incubations 

Å absence of luminescent drift or reagent decay 

Å suitability of the 100 µM ATP condition for kinetic evaluation 

Together, these tests established Hsp70 as a reliable slow-ATPase-positive control and 

demonstrated that the assay functioned correctly. 

CK1Ů validation  

CK1Ů is a fast and robust serine/threonine kinase with well-defined ATP turnover kinetics, 

making it a stringent positive control for ADP-Glo. The protein was kindly provided by the Bryja lab 

from Masaryk University in Brno. Two types of validation experiments were performed: CK1 

concentration series and CK1 time-course assay. 

CK1Ů reactions were carried out with 100 µM ATP and 0.5 mg/mL casein for 20 minutes 

(Fig. 21). Luminescence increased with enzyme concentration, as expected. 

Using the ADP standard curve (Fig. 21b) for this experiment (3.125-12.5 µM ADP), the 

measured ADP production and average rates were: 

Å 2 nM CK1: ~2.9 µM ADP Ÿ 0.146 µM/min (apparent kcat ~73 min-1) 

Å 5 nM CK1: ~5.9 µM ADP Ÿ 0.295 µM/min (apparent kcat ~59 min-1) 

Figure 20: Time-dependent ATP hydrolysis by Hsp70. (a) A 180-minute time-course with 1 µM Hsp70 and 100 µM 

ATP showed a steady, near-linear increase in luminescence, indicating continuous ADP production throughout the 

incubation. (b) The corresponding ADP standard curve (1.25-10 µM) was linear under identical conditions, enabling 

accurate conversion of luminescence to ADP. 
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Å 10 nM CK1: ~10.25 µM ADP Ÿ 0.5125 µM/min (apparent kcat ~51 min-1) 

Although the increase between concentrations was somewhat compressed relative to the 

ideal (e.g., 10 nM should produce ~2x the 5 nM signal, but yielded ~1.44x), the overall concentration 

dependence indicated that the assay captured CK1Ů catalytic output reliably. The kcat values fall 

within the broad reported range for CK1Ů under saturating conditions, confirming that the enzyme 

behaved as expected in this assay environment. 

A separate time-course was performed using 2 nM CK1Ů, 100 µM ATP, and 1.25 mg/mL 

casein (Fig. 22). In this experiment, luminescence increased linearly across the 5ï20-minute range, 

with ADP values matching the standard curve. 

Figure 21: Validation of CK1Ů as a fast, robust positive control for the ADP-Glo assay. (a) CK1Ů displayed a clear 

concentration-dependent increase in luminescence after 20 minutes using 100 µM ATP and 0.5 mg/mL casein, with 

2, 5, and 10 nM enzyme producing progressively higher ADP signals. (b) The corresponding ADP standard curve 

(3.125-12.5 µM) was linear under identical conditions, enabling accurate conversion of luminescence to ADP. 

Figure 22: Time-dependent ATP hydrolysis by CK1Ů. (a) CK1Ů (2 nM) showed a strong, linear increase in luminescence over 

5-20 minutes in the presence of 100 µM ATP and 1.25 mg/mL casein. (b) Plotting ADP formed versus time confirmed a linear 

relationship. (c) The corresponding ADP standard curve (1.56-12.5 µM ADP) was linear under identical conditions, enabling 

accurate conversion of luminescence to ADP. 
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This confirmed: 

Å CK1Ů was not inhibited under these modified conditions 

Å the assay accurately captured early linear turnover 

Å time-course analysis remained valid in the presence of protein substrates. 

Across all experiments, both Hsp70 and CK1Ů produced clear, linear, concentration- and 

time-dependent increases in ADP, consistent with their known catalytic properties. These results 

demonstrate that: 

1. The ADP-Glo assay works correctly with ATPases that have moderate or high kcat values. 

2. The detection reagent and luminescence readout are linear across relevant ADP ranges 

(0.01-12 µM). 

3. Long incubations (up to 180 min) did not show changes in background or signal unrelated 

to enzymatic activity, indicating that the detection reagents remain stable over time. 

4. Any failure to resolve Hsp90Ŭ catalytic activity is therefore not due to assay malfunction, 

but due to properties of the Hsp90 preparations themselves (see next sections). 

 

Comparing Hsp90Ŭ ATPase Activity with Positive and Negative Controls 

Reveals High Background ATP Hydrolysis in Purified Preparations 

To validate whether the luminescence measured in the ADP-Glo assay reflected real ATP 

turnover by Hsp90Ŭ, the first set of experiments compared 1 µM Hsp90Ŭ WT, 1 µM Hsp70 (positive 

control), and 1 µM HDAC11 (intended negative control) in the presence of 100 µM ATP (Fig. 23a). 

As expected, Hsp70 generated the highest luminescence signal. Unexpectedly, however, Hsp90Ŭ 

yielded a signal only ~22% lower than Hsp70, and HDAC11 produced a substantial signal despite 

lacking ATPase motifs. 

Using the ADP calibration curve for this experiment (0.156-20 µM ADP; Fig. 23b), the 

signals corresponded to approximately: 

Å Hsp70: ~4.2 µM ADP 

Å Hsp90Ŭ: ~3.3 µM ADP 

Å HDAC11: ~0.6-0.7 µM ADP 
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Given that human Hsp90Ŭ has a reported kcat of 0.05-0.1 min-1 (Didenko et al., 2012; Pearl, 

2016), corresponding to ~3-6 ATP molecules hydrolysed per hour per dimer, a 1 µM Hsp90Ŭ 

preparation would be expected to generate ~9-18 µM ADP over 180 minutes under saturating ATP 

conditions. Because the assay was performed at 100 µM ATP, well below the reported Km of Hsp90 

(~800 µM), the rate should be approximately 10-15% of Vmax, yielding an expected ADP 

accumulation of ~1-2 µM. The measured value (~3.3 µM) exceeds this range. 

For Hsp70, the observed ~4.2 µM ADP over 180 minutes corresponds to an apparent kcat of 

~0.02 min-1. This value falls within the range expected for basal, unstimulated bacterial Hsp70, whose 

kcat is reported to lie in a broad range 0.02-1.0 min-1 at saturating ATP (Km ~100 ɛM) (Barthel and 

Walker, 1999). This indicates that the assay reliably detects the activity of a known slow ATPase and 

is consistent with published kinetics. 

In contrast, the Hsp90Ŭ signal remains high relative to its known catalytic properties. Even 

after correcting for non-saturating ATP, the observed turnover cannot be reconciled with Hsp90ôs 

extremely low intrinsic ATPase rate. This divergence suggests that the luminescence attributed to 

Hsp90Ŭ reflects co-purified ATPases or other ATP-hydrolyzing contaminants, rather than Hsp90 

activity itself. 

To test whether this phenomenon was specific to Hsp90Ŭ, the panel was expanded to include 

Hsp90Ŭ AcK69, HDAC6, and multiple HDAC11 orthologs purified under identical conditions (Fig. 

24). Strikingly, most non-ATPase proteins produced ADP amounts comparable to Hsp90Ŭ and 

Hsp70, and the acetylated Hsp90Ŭ K69 mutant, expected to have reduced ATP turnover, produced 

Figure 23: Comparison of ATP hydrolysis by Hsp70, Hsp90Ŭ, and HDAC11 after 180 minutes. (a) Luminescence 

signals obtained from 1 µM Hsp70, Hsp90Ŭ, or HDAC11 incubated with 100 µM ATP for 180 min. Hsp70 produced 

the highest signal, Hsp90Ŭ showed an intermediate level, and HDAC11 (negative control) yielded a non-zero signal 

at the ATP background level. (b) ADP standard curve (0.156-20 µM) measured under identical assay conditions, used 

to convert luminescence values to ADP. 
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two times more signal than WT. HDAC6, which has no ATPase domains, generated luminescence 

indistinguishable from Hsp90Ŭ. These results indicated that background ATP hydrolysis is a general 

property of Strep-purified mammalian proteins, not a feature unique to the Hsp90Ŭ constructs. 

A further experiment incorporating Hsp90B AcK284, purified independently by a senior 

colleague, showed similarly elevated background, suggesting that contamination is method-intrinsic. 

Increasing Hsp70 to 20 µM produced the expected proportional increase in ADP, demonstrating that 

Figure 24: Expanded comparison of ATP hydrolysis across chaperones and deacetylases. (a) Luminescence signals 

from 1 µM Hsp70, Hsp90Ŭ WT, Hsp90Ŭ AcK69, human HDAC6, and HDAC11 orthologs after 180 min with 100 

µM ATP. Hsp90Ŭ AcK69 showed the highest apparent turnover, whereas HDAC11 variants clustered around Hsp70 

and Hsp90 WT levels. (b) ADP standard curve (0.156-10 µM) recorded under identical conditions, used to convert 

luminescence to ADP concentrations. 
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the assay itself is functional and that the anomalous luminescence originates from the protein 

preparations rather than reagent failure (Fig. 25). 

 

Hsp90Ŭ WT time-course reveals real enzymatic activity but not necessarily 

from Hsp90 

A 120-minute reaction with 1 µM Hsp90Ŭ WT and 400 µM ATP produced a clear, time-

dependent luminescent increase, reaching ~560,000 RLU at 120 min (Fig. 26). Several controls 

confirm that this rise reflects actual enzymatic ATP hydrolysis, not reagent drift or spontaneous ATP 

decay: 

Å Hsp90 alone (no ATP): ~200 RLU Ÿ the protein prep contains no endogenous ATP. 

Å ATP alone: ~9,000 Ÿ ~28,000 RLU Ÿ minor ATP autohydrolysis (expected) but 

far below the full  reaction. 

Å Boiled Hsp90 + ATP: ~23,000 Ÿ ~79,000 RLU Ÿ heat-inactivated protein shows 

only low background activity. 

Å Hsp90 WT + ATP: ~560,000 RLU Ÿ a ~7:1 signal-to-background window, good 

enough for ATPase detection. 

Figure 25: Comparison of ATP hydrolysis across chaperones and HDAC11 variants. (a) Luminescence output after 

180 min incubation of 1 µM Hsp70, Hsp90A WT, Hsp90A AcK69, Hsp90B AcK284, and HDAC11 orthologs with 

100 µM ATP. Hsp70 showed the highest ATP turnover due to its higher enzyme concentration, followed by Hsp90 

acetyl-mutants, whereas all HDAC11 forms produced signals near background levels. (b) ADP standard curve (0-50 

µM) measured under identical assay conditions, used to map luminescence values to ADP concentrations. 
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This establishes that the observed slope is true enzymatic turnover, though its source (Hsp90 

vs. co-purified ATPases) remains unresolved. 

The ADP standard shows consistent doubling between 50 Ÿ 25 Ÿ 12.5 µM, but the 6.25 

µM point (~269,000 RLU) is anomalously high and duplicates the 12.5 µM value. It should be 

~150,000 RLU. This point was excluded from rate calculations as a likely pipetting error. Using the 

reliable 25 µM point (~700,000 RLU), the rate was calculated to be 0.14 µM ADP/min (kcat ~0.14 

min-1). 

In summary, the time-course confirms real enzymatic ATP hydrolysis with a good signal-

to-background ratio, but does not yet demonstrate that the activity originates from Hsp90 rather than 

from co-purified ATPases. 

 

Inhibitor-based attempts to isolate Hsp90Ŭ-specific ATPase activity 

To separate intrinsic Hsp90Ŭ activity from background ATPase contamination, I tested 

whether the Hsp90 N-terminal inhibitor ganetespib could be used as an internal negative control, 

analogous to how VER-155008 blocks Hsp70. 

In the first experiment (Fig. 27), 1 µM Hsp90Ŭ WT (monomer) was incubated with 100 µM 

ATP for 180 min, with or without 2 µM ganetespib. CK1Ů + ATP + casein was measured for 10 

minutes at the end of the incubation as a fast positive control.  

Figure 26: Time-dependent ATP hydrolysis by Hsp90Ŭ over 120 minutes. A 1 

µM Hsp90Ŭ sample incubated with 100 µM ATP showed a slow, approximately 

linear rise in luminescence over 120 min, consistent with low but measurable ATP 

turnover. Error bars represent SD (n = 3). 
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After subtraction of ATP+buffer background and conversion using the ADP standard curve, 

I obtained: 

Å Hsp90Ŭ WT: ~7.14 µM ADP 

Å Hsp90Ŭ + ganetespib: ~6.21 µM ADP 

Å ȹ (Hsp90 ñactual activityò): ~0.93 µM ADP over 180 min Ÿ v = 0.0052 µM/min, 

apparent kcat = 0.005 min-1 (monomer), kcat = 0.01 min-1 (dimer) 

This value is close to literature estimates for Hsp90, and at first glance, suggests that the 

inhibitor-based subtraction might reveal true Hsp90 turnover. 

A second experiment with the same conditions but a less reliable ADP standard (Fig. 28) 

yielded: 

Å Hsp90Ŭ WT: ~12.8 µM ADP 

Å Hsp90Ŭ + ganetespib: ~11.1 µM ADP 

Figure 27: Inhibitor test on Hsp90Ŭ WT. (a) Luminescence produced by 1 µM Hsp90A WT ± 2 µM ganetespib after 

180 min with 100 µM ATP. (b) ADP standard curve used to estimate ADP production. 
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Å ȹ (Hsp90 ñactual activityò): ~1.7 µM ADP over 180 min Ÿ ~0.0094 µM/min, 

apparent kcat = 0.0094 min-1 (monomer), apparent kcat = 0.018 min-1 (dimer) 

Because the ADP standard curve in this assay was imperfect (notably the 2.5 µM point), the 

difference between inhibited and uninhibited Hsp90 was calculated directly from these two sample-

derived ADP values, rather than relying on the full  curve. This slightly increased the apparent rate 

compared with the previous experiment, but it still yielded a very small effect relative to the total 

signal and within the variability observed between assays. 

To test robustness, I next measured a panel of Strep-Tactin-purified proteins (Hsp90Ŭ, 

Hsp70, several HDAC11 variants) with and without their respective inhibitors (ganetespib for Hsp90, 

VER-155008 for Hsp70; Fig. 29). In this experiment: 

Å Hsp70 + ATP produced a reliable signal, and VER-155008 reduced it almost to 

background, giving a large, clean ȹRLU (~69,000) and kcat of 0.0075 min-1 or 0.0056 min-1 

(depending on the method of calculating, from ȹRLU or ȹADP, respectively).  

Å CK1Ů + ATP + casein showed high activity and predictable behavior. 

Å Hsp90Ŭ + ATP vs. Hsp90Ŭ + ganetespib differed by only ~15,000 RLU, 

corresponding to ~0.24 µM ADP over 180 min, i.e., ~0.0013 µM/min, apparent kcat = 0.0013 

Figure 28: Inhibitor test on Hsp90Ŭ WT. (a) Luminescence produced by 1 µM Hsp90A WT ± 2 µM ganetespib after 

180 min with 100 µM ATP. (b) ADP standard curve used to estimate ADP production. 
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min-1. Alternatively, if  the difference is calculated in the same way as above (directly from 

the sample-derived ADP values), then 5.88 ɛM ADP - 5.56 ɛM ADP = 0.32 ɛM ADP over 

180 min. This gives a slightly higher rate of 0.0017 ɛM/min and an apparent kcat of 0.0017 

min-1 (monomer) and 0.0034 min-1 (dimer). 

This apparent Hsp90 activity is (1) far below literature values and (2) inconsistent with 

previous estimates from the same inhibitor strategy. 

Ganetespib and other ATPase/kinase inhibitors were used in multiple experiments to 

suppress Hsp90-dependent turnover and reveal the Hsp90-specific fraction of the total luminescence 

signal. Across all assays, however, the inhibitor-sensitive component was inconsistent and often 

biologically implausible. 

Figure 29: Comparison of ATP-hydrolysis signals across purified proteins and inhibitor controls. (a) Luminescence 

generated after 180 min incubation with 100 µM ATP for a panel of Strep-purified proteins and their controls. 

Hsp90Ŭ WT produced a high signal comparable to Hsp90Ŭ + ganetespib, indicating that most turnover does not 

originate from Hsp90 itself. Boiled Hsp90 showed only minimal background activity. Hsp70 displayed strong 

ATPase activity that VER-155008 efficiently suppressed. Multiple HDAC11 orthologs and HDAC6 produced 

substantial luminescence despite lacking ATPase motifs. CK1 reactions (10 min, with/without casein) are included as 

high-turnover controls. (b) ADP standard curve (0.156-5 µM) used for conversion of luminescence values to ADP 

concentrations. 
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In early experiments (Fig. 30-31; 100 µM ATP, 180 min), ganetespib behaved paradoxically: 

inhibited Hsp90 frequently produced a higher luminescent signal than uninhibited Hsp90, sometimes 

by a large margin. Even in cases where the expected trend was present (i.e., Hsp90 > Hsp90 + 

ganetespib), the differences were small, highly variable between replicates, or overshadowed by 

standard-curve noise and background ATPase activity. In the first experiment, the apparent kcat was 

0.004 min-1; in the second experiment, it could not be calculated because the inhibited Hsp90 sample 

showed a much higher signal than the uninhibited one. 

A third experiment (Fig. 32) yielded the ñcorrectò sign (WT > WT+ganetespib), but the 

magnitude remained minimal: after conversion to µM ADP, the difference corresponded to 0.7 µM 

ADP over 180 min, giving an apparent kcat value of only 0.008 min-1. These numbers varied by nearly 

an order of magnitude across assays and were comparable in size to the assayôs systematic noise. 

Figure 30: Inhibitor test on Hsp90Ŭ WT. (a) Luminescence signals after 180 min incubation of 1 µM Hsp90Ŭ WT 

under four conditions: protein alone, boiled protein + ATP, WT + ATP + ganetespib, and WT + ATP. Both 

WT+ATP-containing conditions produced similarly high luminescence, while ganetespib reduced the signal only 

marginally, indicating that the majority of ATP turnover does not originate from Hsp90. (b) ADP standard curve 

(0.3125-10 µM) used to calculate ADP formation. 



 

 61 

To test whether other ATPases or kinases were responsible for the bulk signal, two additional 

inhibitors were applied (Fig. 33). Staurosporine is a potent inhibitor of a multitude of kinases, 

including PKC, PKA, phosphorylase kinase, S6 kinase, cdc2, and many others. NMS-873 is a 

selective inhibitor of an abundant AAA + ATPase valosin-containing protein (VCP/p97). Neither 

Figure 31: Inhibitor test on Hsp90Ŭ WT. (a) Luminescence signals after 180 min 

incubation of 1 µM Hsp90Ŭ WT under four conditions: protein alone, boiled protein 

+ ATP, WT + ATP + ganetespib, and WT + ATP. Ganetespib did not inhibit Hsp90. 

(b) ADP standard curve (0.3125-10 µM) used to calculate ADP formation. 

Figure 32: Inhibitor test on Hsp90Ŭ WT. (a) Luminescence signals after 180 min incubation of 1 

µM Hsp90Ŭ WT under four conditions: protein alone, boiled protein + ATP, WT + ATP + 

ganetespib, and WT + ATP. WT + ganetespib sample showed slightly higher luminescence. (b) 

ADP standard curve (0.3125-10 µM) used to calculate ADP formation. 
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substantially reduced the signal. At 400 µM ATP, all conditions clustered within the same 

luminescence range (~154,000-176,000 RLU), with only a subtle decrease in the inhibitor-treated 

Figure 33: Inhibitor test on Hsp90Ŭ WT. (a) Ganetespib, staurosporine, and NMS-873, 

alongside uninhibited Hsp90Ŭ, were tested. Mean luminescence signals fall within a 

narrow range, indicating that none of the inhibitors produced a substantial or 

reproducible suppression of ATP turnover relative to the uninhibited control. (b) ADP 

standard curve (0.3125-10 µM) used to calculate ADP formation. 

Figure 34: Inhibitor test on Hsp90Ŭ WT. (a) Ganetespib, staurosporine, and NMS-873, 

alongside uninhibited Hsp90Ŭ, were tested. Mean luminescence signals fall within a narrow 

range, indicating that none of the inhibitors produced a substantial or reproducible suppression 

of ATP turnover relative to the uninhibited control. (b) ADP standard curve (0.3125-10 µM) 

used to calculate ADP formation. 
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wells. When repeated at 100 µM ATP (Fig. 34), the trend was the same: uninhibited Hsp90 showed 

the highest activity, and all inhibitor-treated samples were slightly lower but nearly overlapping. 

Across all datasets, the pattern is clear: 

Å Inhibitors do not reproducibly suppress a distinct Hsp90-dependent ATPase signal. 

Å The direction and magnitude of ñinhibitionò change from assay to assay. 

Å Differences between inhibited and uninhibited samples are as small as well-to-well 

variability and standard-curve variation. 

Å Large portions of the signal persist even when kinases or AAA + ATPases are 

individually inhibited. 

Together, these observations show that while ganetespib occasionally decreases total 

luminescence, the effect is inconsistent and of low magnitude. In contrast to Hsp70 (where inhibitor 

subtraction yields a clean, interpretable drop), no stable Hsp90-specific kcat emerges from any 

inhibitor-based analysis. The ATPase activity in Strep-Tactin-purified Hsp90 samples is therefore 

dominated by co-purifying ATPases or kinases (at least those that are not covered by Staurosporine 

and NMS-873), and inhibitor subtraction cannot be used to recover Hsp90ôs true catalytic rate. 
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Discussion 

The aim of this thesis was to investigate how site-specific lysine acetylation affects the ATP 

binding and ATPase activity of human Hsp90Ŭ, with particular emphasis on N-terminal domain 

(NTD) dynamics. To this end, a panel of AcK-mutants was generated, expressed in HEK293T cells 

using a genetic code expansion system, purified, and subjected to a set of biophysical and biochemical 

assays. While biophysical methods yielded clear and interpretable results, biochemical analysis 

revealed unexpected complications arising from background ATP hydrolysis in Strep-Tactin-purified 

samples. Together, these findings clarify which aspects of the system are robust and which require 

methodological revision for future studies. 

Sequencing and SDS-PAGE confirmed that all constructs were successfully generated, 

though several displayed truncated species associated with reduced yield. These truncations were 

especially prominent in certain C-terminal mutants, and mass photometry corroborated their presence 

as low-mass species accompanying reduced dimer abundance. The convergence of SDS-PAGE, MS, 

and mass photometry strengthens the conclusion that the orthogonal expression system occasionally 

produces incomplete translation products that survive purification. 

NanoDSF measurements consistently showed that acetylation at specific NTD residues 

(K100, K112) destabilizes Hsp90Ŭ in both apo and ATP-bound states, whereas residues distant from 

the nucleotide-binding pocket had minimal impact. These observations align with the established role 

of the NTD lid and inter-protomer contacts in stabilizing the closed, hydrolysis-competent 

conformation. Conversely, several residues (K58, K69, K292, K435, K443) produced increased 

thermal stability in the ADP-bound state. This unexpected result may indicate a shift in the balance 

between open and closed conformations or stabilization of partially closed states. Importantly, all 

constructs remained strongly stabilized by ganetespib, suggesting that none of the lysine-acetylation 

mutations interfere with inhibitor binding. Overall, the biophysical characterization phase revealed 

interpretable, mutation-specific effects on stability and oligomerization, forming a consistent 

biophysical narrative. 

Before examining Hsp90Ŭ, extensive controls were performed to verify the validity of the 

ADP-Glo assay across a wide concentration range. The assay behaved linearly for ADP down to ~1 

µM, and both Hsp70 and CK1Ů produced clean, concentration-dependent and time-dependent signals 

that matched expected catalytic behavior. These experiments confirm that the detection chemistry, 

luminescence readout, and incubation conditions are valid. 

Despite the robustness of the assay, Hsp90Ŭ preparations consistently produced ADP 

amounts far exceeding expectations for a 1 µM enzyme with a reported kcat of 0.05-0.1 min-1. After 
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correcting for non-saturating ATP, Hsp90Ŭ should produce ~1-2 µM ADP in 180 minutes. Instead, 

the measured value was ~3.3 µM and was often higher in other assays. More concerning, multiple 

non-ATPase proteins (HDAC11, HDAC6) and Hsp90B purified with the same method produced 

comparable luminescence signals. These observations strongly indicate that Strep-Tactin-purified 

mammalian proteins retain one or more co-purifying ATP-hydrolyzing enzymes that overshadow 

genuine Hsp90 turnover. 

Time-course experiments confirmed that the luminescence increase reflects real enzymatic 

activity rather than spontaneous ATP decay: boiled controls, ATP-only wells, and no-ATP wells 

behaved as expected. However, the assay provided no clear way to distinguish Hsp90-driven 

hydrolysis from background ATPase activity. 

To determine the Hsp90-specific fraction of total ATP hydrolysis, ganetespib was used as 

an internal negative control. Unlike Hsp70 (where VER-155008 produced a clear and complete 

inhibition signature), Hsp90 inhibition behaved unpredictably. In several assays, ganetespib-treated 

samples showed higher luminescence than untreated Hsp90 samples. When the expected trend 

appeared, ȹADP was small, corresponding to apparent kcat values of ~0.001-0.01 min-1, unstable 

across assays, and barely distinguishable from noise. Applying additional inhibitors (staurosporine, 

NMS-873) failed to suppress the bulk activity, suggesting that the contaminant ATPase(s) were not 

inhibited by either inhibitor. 

Across all assays, inhibitor subtraction did not yield a stable estimate of Hsp90Ŭ ATPase 

activity. This contrasts sharply with the clean behavior of Hsp70 and CK1Ů and indicates that Hsp90 

preparations contained multiple ATPases or kinases not eliminated by single-inhibitor treatments. 

Because contaminating ATPases dominated the signal, the experimental setup was unable 

to resolve any intrinsic difference between WT and acetylation mutants. Even if  acetylation altered 

Hsp90Ŭ turnover, the magnitude of such effects (typically Ò2-fold in literature) would be far smaller 

than the background activity and therefore undetectable under these purification conditions. Thus, 

although some inhibitor-subtracted values resembled literature kcat estimates, these values were not 

reproducible and were therefore not interpretable as genuine Hsp90 activity. 

Several factors contributed to the inability to detect Hsp90ôs intrinsic ATPase activity, 

including its extremely low catalytic turnover, the presence of co-purifying ATPases introduced 

during mammalian Strep-Tactin purification, and the use of non-saturating ATP conditions that 

further suppress Hsp90ôs already weak hydrolysis rate. These limitations suggest several avenues for 

overcoming the problem in future work. Re-purifying all samples by size-exclusion chromatography 

could help remove small contaminating ATPases and truncated species; this approach was discussed 
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during the project, but, due to time constraints and colleaguesô unsatisfactory experience with the 

method (notably its very low yield), it was not feasible to implement in this project. Additionally, 

increasing ATP concentrations above Km, for example, by using the ADP-Glo Max kit, would shift 

Hsp90 closer to its true Vmax. Together, these strategies would create conditions under which the same 

constructs could be re-evaluated with a substantially improved chance of resolving genuine Hsp90 

ATPase kinetics. 
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Conclusions 

This work set out to investigate how site-specific lysine acetylation alters the structure and 

ATPase activity of human Hsp90Ŭ. Using genetic code expansion in mammalian cells, a panel of 

acetylated variants was successfully generated, purified and validated. Comprehensive biophysical 

characterization revealed lysine acetylation site-specific effects on thermal stability and oligomeric 

composition, particularly within the N-terminal domain. These findings provide new insight into how 

individual acetylation events can modulate Hsp90Ŭ stability and structure. 

Attempts to quantify intrinsic ATPase activity highlighted a major methodological 

limitation: Strep-Tactin-purified Hsp90Ŭ preparations consistently contained co-purifying protein(s) 

that revealed high rate of ATP consumption. Activity  of these contaminants exceeded or obscured 

the extremely slow turnover rate of Hsp90 itself. Although the ADP-Glo assay performed reliably 

with highly pure preparations of  ATPases such as Hsp70 and CK1Ů, it could not distinguish Hsp90ôs 

catalytic activity under the conditions used, even when specific inhibitors were applied. The inability 

to separate an Hsp90-specific signal reflects the combined effects of low kcat, non-saturating ATP 

conditions, and contaminating enzymatic activities inherent to the purification strategy. 

Despite this limitation, the project establishes a clear framework for future studies: improved 

process of purification (e.g., gel permeation chromatography) and the use of higher ATP 

concentrations (e.g., the ADP-Glo Max kit) should enable accurate measurement of Hsp90Ŭ kinetics. 

The biophysical dataset generated here provides a foundation for interpreting future work, 

demonstrating that acetylation can exert measurable, residue-specific effects on Hsp90Ŭ structure, 

even when functional readouts are constrained by technical factors. 

In summary, this thesis advances our understanding of how acetylation shapes Hsp90Ŭ 

behavior, identifies key methodological challenges in assays intended for measurement of ATPase 

activity of low-rate enzymes, and outlines practical solutions to overcome these challenges in 

subsequent projects. 
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Appendix 

  

 Apo With ADP 

  
1 2 3 4 (TBS) 5 Mean S

D 
1 2 3 4 (TBS) 5 Mean S

D 

 WT 
40.7°

C 
40.1°

C 
49.3°

C 51.1°C 
49.6°

C 
46.2°

C 
4.
7 42.0°C 

42.1°
C 

42.6°
C   

42.2°
C 

0.
3 

 K58 
49.2°

C 
49.5°

C 
49.0°

C   
49.2°

C 
0.
2 49.8°C 

49.5°
C 

49.8°
C   

49.7°
C 

0.
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 K69 
48.6°

C 
39.1°

C 
48.5°

C 50.2°C  
46.6°

C 
4.
4 49.7°C 

41.4°
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50.1°
C 51.0°C  

48.0°
C 

3.
9 

 K100 
45.8°

C 
46.4°

C 
45.6°
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45.9°

C 
0.
4 37.9°C 

38.8°
C 

38.4°
C   

38.4°
C 
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 K112 
39.4°

C 
39.6°

C 
40.1°
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39.7°

C 
0.
3 50.6°C 

40.7°
C 

41.6°
C 51.7°C 

49.6°
C 

46.8°
C 

4.
7 

 K292 
49.4°

C 
49.4°

C 
49.4°

C   
49.4°

C 
0.
0 39.7°C 

42.5°
C 

42.0°
C 52.0°C 

49.9°
C 

45.2°
C 

4.
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49.0°
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49.2°
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49.1°
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0.
1 42.3°C 

41.1°
C 

42.1°
C   

41.8°
C 

0.
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 K327 
48.7°

C 
48.8°

C 
48.8°
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48.8°
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0.
1 42.7°C 

41.9°
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42.6°
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42.4°
C 

0.
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 K435 
37.4°

C 
36.6°

C 
47.8°

C 50.6°C 
48.2°
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44.1°

C 
5.
9 50.0°C 

39.4°
C 

49.9°
C 51.1°C  

47.6°
C 

4.
8 

 K443 
51.3°

C 
50.8°

C 
51.1°

C   
51.1°

C 
0.
2 39.9°C 

52.2°
C 

52.4°
C 52.9°C  

49.3°
C 

5.
4 

 K546 
41.3°

C 
39.2°

C 
50.0°

C  
50.0°

C 
45.1°

C 
4.
9 42.4°C 

42.7°
C 

43.3°
C   

42.8°
C 

0.
4 

 K558 
41.1°

C 
51.2°

C 
51.1°

C 52.8°C  
49.0°

C 
4.
7 43.2°C 

43.5°
C 

42.6°
C     

43.1°
C 

0.
4 

Table A1a: NanoDSF Tm values for WT Hsp90Ŭ and mutants. 

Panels A1a and A1b list all recorded replicates, including those excluded from the downstream analysis. 
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 With ATP With Ganetespib 

 1 2 3 4 (TBS) Mean 
S
D 

1 2 3 4 (TBS) Mean SD 

 WT 49.7°C 
49.6°

C 
62.9°

C 51.4°C 
53.4°

C 
5.
6 64.3°C 

64.0°
C 

64.0°
C  

64.1°
C 0.2 

 K58 49.0°C 
62.7°

C 
48.9°

C 50.4°C 
52.7°

C 
5.
8 64.4°C 

63.9°
C 

64.3°
C  

64.2°
C 0.2 

 K69 49.1°C 
48.6°

C 
49.4°

C  
49.0°

C 
0.
3 63.6°C 

62.5°
C 

63.2°
C  

63.1°
C 0.4 

 
K10
0 46.3°C 

45.8°
C 

46.7°
C  

46.3°
C 

0.
4 62.6°C 

62.4°
C 

62.4°
C  

62.4°
C 0.1 

 
K11
2 40.1°C 

50.1°
C 

40.7°
C 41.8°C 

43.2°
C 

4.
0 64.4°C 

64.4°
C 

64.2°
C  

64.3°
C 0.1 

 
K29
2 50.1°C 

50.1°
C 

50.2°
C  

50.1°
C 

0.
0 66.2°C 

65.5°
C 

66.3°
C  

66.0°
C 0.4 

 
K29
4 49.6°C 

49.5°
C 

49.6°
C  

49.6°
C 

0.
0 64.8°C 

64.8°
C 

64.6°
C  

64.7°
C 0.1 

 
K32
7 49.7°C 

49.5°
C 

49.9°
C  

49.7°
C 

0.
2 65.7°C 

65.6°
C 

65.8°
C  

65.7°
C 0.1 

 
K43
5 48.8°C 

48.6°
C 

48.6°
C  

48.7°
C 

0.
1 24.7°C 

63.5°
C 

63.7°
C 64.0°C 

54.0°
C 

16.
9 

 
K44
3 51.7°C 

51.7°
C 

51.9°
C  

51.8°
C 

0.
1 65.1°C 

65.1°
C 

65.2°
C  

65.1°
C 0.1 

 
K54
6 50.5°C 

50.4°
C 

50.6°
C  

50.5°
C 

0.
1 63.9°C 

63.8°
C 

63.7°
C  

63.8°
C 0.1 

 
K55
8 51.6°C 

51.6°
C 

51.6°
C   

51.6°
C 

0.
0 64.8°C 

64.7°
C 

64.8°
C   

64.7°
C 0.0 

Table A1b: NanoDSF Tm values for WT Hsp90Ŭ and mutants. 

Panels A1a and A1b list all recorded replicates, including those excluded from the downstream analysis. 


