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Abstract

As molecular chaperones, heat shock proteins are essential guardians of the cell by ensuring pro-
teostasis under basal and stress conditions. Heat shock protein 90 (Hsp90) belongs to one of the
most abundant representatives of the Hsp family, with several hundred known client proteins.
Many of these client proteins are part of signal transduction cascades, making the chaperoning
activity of Hsp90 play an essential role in many cellular processes.

Hsp90 is highly regulated by posttranslational modifications (PTMs), which influence all signif-
icant steps of the chaperoning process. These modifications include phosphorylation, acetylation,
and methylation, which occur in all major domains: The amino-terminal domain NTD, middle
domain (MD), and C-terminal domain (CTD). Also, rarer PTMs such as SUMOQylation, S-nitro-
sylation, and ubiquitination have been identified. However, the impact of specific modifications
and their crosstalk are still primarily unknown or hinted at, giving birth to the term chaperone
code.

This thesis aims to apply protein semi-synthesis technology to gain access to site-specifically mod-
ified homogenous Hsp90 variants, which can provide novel insight into the chaperone code. Three
semi-synthesis routes have been explored to achieve this goal, which aim to generate human
Hsp90a amino-terminal domain (NTD), carboxy-terminal domain (CTD), and full-length protein
variants. A native chemical ligation strategy generated NTD variants bearing two different phos-
phorylations. The expressed protein selenoester ligation (EPSL) methodology successfully pro-
vided access to four phosphorylated and unmodified Hsp90 CTD variants. The CTD variants were
refolded, and the impact of the PTMs on the secondary structure was characterized by CD spec-
troscopy as well as their thermal denaturation and chaperone activity assessed, which indicates a
minor effect of double phosphorylation on the thermal stability of Hsp90 CTD. Furthermore, the
EPSL strategy for generating semisynthetic CTD was extended by applying two additional C-to-
N sequential ligation steps, allowing the generation of (unmodified) full-length hHsp90a.

This strategy will allow further study of the chaperone code by potentially generating a variety of

full-length Hsp90 variants bearing site-selective modifications in the CTD and/or the MD.
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Zusammenfassung

Molekulare Chaperone, wie die Hitzeschockproteine (Hsp), spielen eine entscheidende Rolle als
Wachter der Zelle, indem sie sowohl unter normalen als auch unter Stressbedingungen die Prote-
ostase aufrechterhalten. Innerhalb dieser Proteinfamilie gehort das Hitzeschockprotein 90 (Hsp90)
zu den am hdufigsten vorkommenden Vertretern und ist essenziell fur die Faltung, Stabilisierung
und Aktivierung hunderter Substrate — Proteine, die auf die Chaperonaktivitat von Hsp90 ange-
wiesen sind.

Ein zentraler Regulationsmechanismus von Hsp90 sind posttranslationale Modifikationen
(PTMs), die nachweislich alle wichtigen Schritte des Chaperonprozesses beeinflussen. Zu den
haufigsten PTMs zahlen Phosphorylierung, Acetylierung und Methylierung, die in allen drei
Hauptdomanen von Hsp90 — der Amino-terminalen Doméne (NTD), der mittleren Doméne (MD)
und der Carboxy-terminalen Doméne (CTD) — auftreten. Auch seltenere PTMs wie SUMOylie-
rung, S-Nitrosylierung oder Ubiquitinierung wurden bei Hsp90 identifiziert. Trotz ihrer Bedeu-
tung sind die spezifischen Auswirkungen dieser Modifikationen sowie ihre Wechselwirkungen
bislang nur unzureichend verstanden, was zur Pragung des Begriffs ,,Chaperon-Code* fiihrte.

Im Rahmen dieser Arbeit wurde mithilfe der Proteinsemisynthese ein Zugang zu ortsspezifisch
modifizierten, homogenen Hsp90-Varianten geschaffen, um neue Einblicke in diesen Chaperon-
Code zu gewinnen. Hierzu wurden drei verschiedene Semisynthesestrategien untersucht. Durch
native chemische Ligation wurde versucht, phosphorylierte Varianten der N-terminalen Domane
(NTD) von Hsp90 herzustellen. Gleichzeitig gelang es mithilfe der EPSL-Methode (expressed
protein selenoester ligation), vier verschiedene Varianten der C-terminalen Doméne (CTD) zu ge-
nerieren, sowohl phosphorylierte als auch unmodifizierte. Die Auswirkungen dieser PTMs auf die
Sekundarstruktur der CTD wurden durch CD-Spektroskopie untersucht. Auflerdem wurde deren
Einfluss auf die thermische Denaturierung und Chaperonaktivitat der CTD analysiert. Die EPSL-
Strategie wurde durch zwei zusatzliche sequenzielle Ligationen erweitert, wodurch erstmals die
Synthese von unmodifiziertem humanen Hsp90a. in voller Lénge gelang.

Diese Methode erdffnet neue Moglichkeiten zur Erforschung des Chaperon-Codes, da sie die ge-
zielte Erzeugung einer Vielzahl von Hsp90-Varianten mit ortsspezifischen Modifikationen in der
CTD und/oder MD ermdglicht.
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Abbreviations
aa Amino acid
ACN Acetonitrile
ATP Adenosintriphosphate
Boc Tert-Butyloxycarbonyl
CD Cirular dichroism
CTD Carboxy-Terminal Domain
DCM Dichloromethane
DIC N,N-Diisopropylcarbodiimide
DIPEA N,N-Diisopropylethylamine
DMF N,N-Dimethylformamide
DSL Diselenide-selenoester ligation
DTT 1,4-dithiothreitol
E. coli Escherichia coli
EDT 1,2-ethanedithiol
EPL Expressed protein ligation
EPSL Expressed protein selenoester ligation
ESI Electrospray lonization
Fmoc 9-Fluorenylmethoxycarbonyl
Gdn.HCI Guanidine hydrochloride
GR Glucocorticoid receptor
HSE Heat shock element
HSF Heat shock transcriptional factor
HSP Heat shock protein

HSR Heat shock response



Vi

IB Inclusion body

IPTG Isopropyl-p-D-1-thiogalactopyranoside

NCL Native chemical ligation

NTD Amino-Terminal Domain

MALDI Matrix-assisted laser desorption/ionization

mesna 2-mercaptoethanesulfonic acid

MD Middle Domain

MPAA 4-mercaptophenylacetic acid

MS Mass spectrometry

MTG Methylthioglycolat

RP-HPLC Reversed-phase high-performance liquid chromatography
rt Room temperature

S. cerevisiae Saccharomyces cerevisiae

SDS-PAGE Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

SrtA Sortase A
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1 Introduction

1.1 The Heat shock response and Heat shock transcription factors

All living organisms feature an optimum growth temperature, and evolutionary adaptations have
enabled life to exist, from freezing water temperatures to above 100°C (at elevated pressure). De-
viation of temperature only moderately above the optimal conditions of a specific organism in-
duces stress reactions in cells that can be potentially lethal without any countermeasures.[!! The
overlying cellular mechanism that deals with sudden temperature increases and detrimental effects
on cellular structures and functions is termed heat shock response (HSR).1? Later, the term wid-
ened as it became clear that HSR is triggered by unfolded proteins resulting from various biotic
and abiotic stressors, including chemicals, toxins, UV radiation, and oxidizing agents. It became
clear that this is an ancient, universal, and highly evolutionary conserved protection mechanism in
all three domains of life: Archaea, Bacteria, and Eukarya.l®! The term heat shock originates from
the first experiments that examined the effect of suddenly increased temperatures on the fruit fly
Drosophila melanogaster on a chromosomal level. In the early 1960s, F. Rosetta observed the
induction of a specific set of puffs in the larval salivary gland polytene chromosomes after heat
shock exposure, indicating the emergence of locally enhanced transcription.t!

The HSR requires specific transcription factors, termed heat shock transcription factors (HSFs).
HSFs are a conserved family of proteins that feature DNA binding activity in their active form.
They were initially described as proteins specifically recognizing the heat shock element (HSE)
DNA binding site and activating the genes encoding proteins termed Heat shock proteins (Hsps).
A significant class of Hsps are molecular chaperones, which prevent protein aggregation and fa-
cilitate folding.[ The latest research revealed the complexity of the HSF's structural and functional
characteristics, revealing their modulation via post-translational modifications, protein-protein in-
teractions, and DNA-binding selectivity. Although there are six known HSF isoforms in the human
genome: HSF1, HSF2, HSF4, HSF5, HSFX, and HSFY with HSF1, research has focused on HSF1
and HSF2 due to their direct role in the expression of stress-responsive genes and their involve-
ment in a variety of diseases.!®! The detailed activation mechanism of HSFs represents an ongoing
challenge but has been directly linked to its oligomerization state. In eukaryotes, the HSF family
member Hsfl predominantly exists in an inactive state under standard cellular growth conditions.
In this state, the Hsf1 monomer forms a complex with other proteins from the Hsp90 chaperone
machinery and the Hsp70/40 complex in the cytoplasm. Regulation of Hsf1 also involves a variety
of post-translational modifications and other protein interactions; the classical chaperone titration
model delivers a simplified explanation of the activation of Hsfl through its release from the Hsp

complex, which leads to the trimerization and transport to the nucleus (Figure 1).1 If internal or
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external stress factors lead to the increase of unfolded proteins that are recognized by molecular
chaperones such as Hsp90 or Hsp70, the former unengaged chaperones release Hsf1 upon binging
to the unfolded proteins, allowing Hsf1 to trimerize and travel to the nucleus in its active state. If
basal cellular conditions are recovered, excess free chaperones lead to the binding of Hsfl and

downregulation of the heat shock response.
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Figure 1 Chaperone titration cycle showcasing the activation of the heat shock transcription factor.
Cellular stress conditions cause the increase of unfolded proteins and the binding of chaperones to
these, which in response release HSF1 monomer retained in the cytoplasm. Upon release, HSF1
trimerizes and relocates to the nucleus, where it undergoes various posttranslational modifications
(PTMs) upon binding to heat shock element (HSE) DNA regions, therefore causing transcription
activation of HSP target genes. After release from the DNA region, a process regulated by PTMs,
the increased Hsps causes inhibition of HSF activation via a negative feedback mechanism.



Genome-wide studies of the expression of Heat shock proteins revealed that about 50-200 genes
are significantly induced in various prokaryotic and eukaryotic model organisms.??! These Hsps
have previously been grouped into seven different classes based on their primary function, of
which the class with the highest expression level belongs to the molecular chaperones.®®! Other
classes include members of the proteolytic system, including ubiquitin, which clears no longer
needed, misfolded and aggregated proteins from the cell, and DNA and RNA repairing enzymes
that reverse covalent nuclei acid modifications like stress-induced methylation.®®! Another class of
Hsps includes metabolic enzymes that reorganize and stabilize cellular energy supply during stress
and a class of heat shock-induced transcriptional factors. The final two classes of Hsps comprise
cytoskeletal proteins providing cellular structure and transport, detoxifying, and membrane mod-
ulating enzymes.[*%! The following section will provide an overview of the molecular chaperone
family of Hsps and their general mode of action before focusing on one of the members of this
protein superfamily, which is the main target of this thesis: Hsp90.



1.2 Heat shock Proteins and the chaperone mechanism

1.2.1 The Hsp family of proteins and the underlying chaperoning function

The term protein homeostasis (sometimes also referred to as proteostasis) is used to describe the
maintenance of the integrity of the cellular protein network. To fulfill the plethora of operations
required to sustain cellular function, proteins are intrinsically dynamic by nature. However, this
comes with the cost of being on the edge of unfolding, even under physiological conditions.[*!!
Cellular compartments represent a crowded space with proteins constantly coming in proximity,
which favors unspecific interactions and aggregation and needs to handle ever-changing environ-
mental conditions with internal and external stress factors. Therefore, it is unsurprising that mo-
lecular chaperones make up to 1-2% of total protein in unstressed cells, while their concentration
can be increased up to 4-6% under stress to ensure protein homeostasis.*? The term chaperone
originates from the French word “chaperon” and is used for a matron who accompanies young
people to ensure proper behaviors and prevent "undesired" social interactions. It was first used by
Ron Laskey in 1978 to describe the ability of the protein nucleoplasm to avoid the aggregation of
folded histone proteins during the assembly of nucleosomes.**!

With the major class of Hsps being molecular chaperones, the term Heat shock proteins is fre-
quently directly used for the five ubiquitous conserved protein families that are classified based
on their molecular weight into large Hsps (e.g., Hsp100), Hsp90s, Hsp70s, Hsp60s and small heat
shock proteins (sHsps). The functioning of these molecular chaperones is in many ways different
from classical enzymes as all the chaperones act promiscuously with a wide range of unfolded
proteins and generally have to be present at stoichiometric ratios to effectively decrease the con-
centration of non-native proteins.* Another classification is usually based on how the chaperon-
ing is achieved since so-called “holdases”, including the sHsps, bind to their substrates to prevent
aggregation but are not directly involved in the refolding. Furthermore, holdases work in an ATP-
independent manner and are usually only stress-induced, while “foldases” such as Hsp90 and
Hsp70 refold their clients as ATP-dependent and exist in constitutively active and stressed-induced
isoforms.[*>81 Chaperones generally do not provide structural information for refolding their sub-
strates, often referred to as “client” proteins, but act more as preventers of unwanted intermolecular
interactions. They achieve this through controlled binding and release of their substrates, which is
driven by a change of affinity coupled to the binding and hydrolysis of ATP. The exposure of
hydrophobic amino acids due to partially or entirely incorrect folding of globular proteins is a
recognizable feature for chaperones, and binding usually occurs at hydrophobic patches, specific

peptide sequences, or other structural elements of the non-native substrate.


https://en.wikipedia.org/wiki/Ron_Laskey
https://en.wikipedia.org/wiki/Nucleoplasmin

1.2.2 Small Hsps

The group of sHsps represents the most heterogeneous family of heat shock proteins defined by
their molecular weights between 12 and 43 kDa. The ATP-independent proteins are found in the
nucleus and cytosol, constitutively expressed, and rapidly upregulated upon stress exposure to
counter unfolding pressure.™ Most sHsps function as holdases forming large hollow sphere-
shaped oligomers that bind to a wide variety of partially folded target proteins to prevent their
aggregation and prepare them for folding through the Hsp70/Hsp90 machinery. Structurally, they
share a conserved a-crystallin domain comprising a B-sandwich structure, flanked by N- and C-

terminal regions of a different length and sequence. 8

1.2.3 Hsp60

A unique feature of the Hsp60 chaperone family is its ring-shaped subunit, which leads to the
assembly of barrel-like protein complexes by stacking onto each other. This feature gave this class
of Hsps its nomenclature, and they are generally named chaperonins (Cpn). Chaperonins encapsu-
late their substrate during the refolding and belong to the ATP-dependent Hsps, with their most
prominent members being GroEL in bacteria and Hsp60 in eukaryotes, respectively. Their specific
role as mitochondrial chaperonins includes transporting and refolding proteins from the cytoplasm

into the mitochondrial matrix, making it essential to ensure mitochondrial homeostasis. %!

1.2.4 Hsp70

Hsp70 and its prokaryotic equivalent, DnaK, represent one of the most highly conserved chaper-
ones in the Hsp family. These ubiquitous proteins are expressed in different cellular locations,
including the cytosol, nucleus, mitochondria, and the endoplasmatic reticulum (ER). They are in-
volved in the de novo folding of proteins under physiological conditions and prevent the unfolding
of proteins under stress. There are 17 genes in the human cell encoding for Hsp70, and they can
be distinguished between constitutively expressed isoforms termed HSC70 (heat shock cognate)
and a stress-induced form (HSP70s). The Hsp70 isoforms share a conserved structure consisting
of two major domains, an N-terminal nucleotide-binding domain (NTD) and a C-terminal substrate
binding domain (SBD) connected via a flexible linker. The SBD domain contains a C-terminal tail
with an EEVD tetratricopeptide binding (TPR) domain motif recognized by various co-chaper-
ones. J-domain containing co-chaperones that bind incorrectly folded proteins and deliver them to

Hsp70 whilst interacting with its ATPase domain are important for regulating this ATP-dependent
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protein. They stimulate ATP hydrolysis, leading to the ADP-bound state of Hsp70, which exhibits
the highest affinity for its substrates. Nucleotide-exchange factors accelerate the exchange of ADP
to ATP, enabling the release of the substrate before another cycle of J-domain protein and client
binding.["]

1.2.5 Large Hsps

Large Hsps include the eukaryotic Hsp110 and Grpl70, considered conserved homologs of the
Hsp70 family. While Hsp110 resides universally distributed in the cytosol and nucleus, Grp170 is
specifically located in the ER. The bacterial Hsp100 subfamily belongs to the AAA+ superfamily
of ATPases. It is further subdivided into two classes: Class one exhibits two AAA+ nucleotide
binding modules and comprises the bacterial proteins CIpA, CIB, CIC, and CIpE, as well as the
plant homolog ClpD, while class two contains only one nucleotide-binding domain such as in
ClpX, ClpY and heat-shock-like U (HslU). They function as ATP-dependent foldases that form
ring-structured hexamers and are believed to drag misfolded target proteins into their pore, where
folding is assisted. Furthermore, large Hsps can form disaggregation machinery that can dissolve
and reactivate aggregated proteins, as observed for the Hsp110/Hsp70/Hsp40 machinery in hu-

mans that can decompose a-synuclein amyloid fibrils efficiently. %22

1.2.6 Hsp90

Hsp90 represents another highly abundant member of the Hsp protein superfamily of foldases.
This chaperone supports the folding and activation of a plethora of client proteins besides adding
in protein degradation and assembling multiprotein complexes. As the stress-inducible isoform,
Hsp90a is the target protein of this thesis, and the following chapter will give a more detailed

introduction to the knowledge of Hsp90 structure, function, and regulation.[?



1.3 Heat shock protein 90 (Hsp90) and the chaperone code

1.3.1 Structure and function of Hsp90

Heat shock protein 90 (Hsp90) represents one of the most abundant members of the Hsp family in
eukaryotic cells under basal and stress conditions.? The protein has several hundred known client
proteins that are directly or indirectly involved in all major cellular processes, which include apop-
tosis, cell cycle control, and cell viability.?5 Many of these clients are part of the signal transduc-
tion cascade and therefore include many kinases (e.g., Src tyrosine kinases, EGF receptor or Cdc2),
steroid hormone receptors (e.g., glucocorticoid receptor) but also transcriptional factors (e.g., p53,
c-Myc) and ubiquitin ligases (e.g., Hakai).*! Besides chaperoning its important clients, Hsp90
tasks also include aiding in protein degradation via directing substrates towards the ubiquitin-pro-
teasome system and mediating protein complex formation by stabilizing otherwise labile subunits
like in RNA polymerase Il assembly. Another factor that makes Hsp90 a vital research target is
the observation that many oncogenic protein variants depend on Hsp90.271 Chaperoning through
Hsp90 enables the stabilization of mutations, a crucial factor in malignant progression and adap-
tivity of cancers. Due to this role, Hsp90 has been directly linked to leukemia-, prostate- and breast
cancer.1282%1 Fyrthermore, it has been shown that it is involved in the initiation and progression of
a variety of other disorders, including infectious diseases (caused by Herpesviridae, Paramyxovir-
idae) and neurodegenerative diseases (Alzheimer’s), which sparked the search for Hsp90 inhibi-
tors in the last two decades.% Since then, more than a dozen Hsp90 inhibitors have been devel-
oped and clinically evaluated, with only recently receiving approval for the first treatment against
gastrointestinal stromal cancer.[%

Two major cytosolic isoforms of Hsp90 have been identified in mammals: the stress-inducible
form Hsp90a and the constitutively expressed Hsp90p. Both isoforms share ~85% sequence iden-
tity and are considered highly homologous, although recently, it has been shown that they have
distinctive functions.[33343%1 Both variants form a homodimer in their active state, with each mon-
omer comprising three highly conserved domains with distinct features (Figure 2). The N-terminal
domain (NTD), with the 'lid' region, contains the critical nucleotide pocket where binding and
hydrolysis of ATP occurs during the chaperoning cycle. The NTD is connected via a flexible and
highly charged linker region to the middle domain (MD), the protein's largest domain and a pri-
mary binding site for clients and co-chaperones. Finally, the C-terminal domain (CTD) enables
dimerization of Hsp90 and carries a distinct MEEVD tetratricopeptide repeat (TPR) domain bind-
ing motif at its C-terminus.B®! This motif is recognized by a variety of TPR domain containing co-

chaperones, and each Hsp90 monomer can only interact with one TPR cochaperone at a time.
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Competition of this specific set of chaperoning helpers is another complex level of regulation of

chaperone activity."]

kinases E3 Ubiquitin ligases

transcription factors steroid hormone receptors

N-terminal domain

middle domain

C-terminal domain

aid in protein degradation ° " maturation of clients

assembly of mulitprotein complexes

Figure 2 Crystal structure of E. coli Hsp90 analog HTPG (IPD:210Q) with colored N-terminal
domain (red), middle domain (green), and C-terminal domain (blue).*8 Main client classes include
signaling pathway proteins like kinases, steroid hormone receptors, transcriptional factors, and
ubiquitin ligases. Besides chaperoning, Hsp90 is directly involved in protein degradation by di-
recting substrates towards the ubiquitin-proteasome system and the assembly of larger multipro-
tein complexes.

During chaperoning, Hsp90 undergoes a complex conformational change that is referred to as the
chaperone cycle (Figure 3). In its apo state, the Hsp90 homodimer exhibits an open V-shaped
conformation where, after the binding of ATP and a client, the nucleotide lid region closes, which
causes large structural rearrangements leading to the dimerization of the NTD (closed state 1, Fig-
ure 3). Subsequently, a side swap of the NTD segments occurs, followed by compression of the
MD domains and the subsequent ATP hydrolysis (closed state 2, Figure 3). The release of ADP,
phosphate, and the correctly folded client protein, the simultaneous dissociation of the NTDs, and
the regain of the initial open conformation completes the chaperone cycle. During the different
conformational stages of this cycle, various co-chaperones have been identified that dynamically
associate and dissociate with/from the Hsp90-client complex to support and regulate the chaper-
oning activity.¥ For example, the co-chaperones Cdc37 and HOP are known to be essential for
client protein recruiting, which they enable by blocking the ATPase activity of Hsp90, thereby

facilitating binding to clients in the open conformation state.[“°! In contrast, the co-chaperone Ahal
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accelerates the ATPase activity of Hsp90 by promoting the rate-limiting conformational changes
during the chaperone cycle.*™ This shows the complex interplay of co-chaperones with Hsp90 as
a regulatory mechanism of the chaperone activity.

apo-Hsp90

closed state 2

ATP-hydrolysis open

closed state 1
NTD-dimersiation

Figure 3 Schematic presentation of the chaperone cycle. Crystal structure of E. coli Hsp90 analog
htpG (IPD:210Q) representing the apo- conformation while closed conformations are crystal struc-
tures of S. cerevisiae Hsp90 analog Hsp82 (IDP: 2CG9).[28421 During its chaperoning activity, the
protein cycles through different open and closed conformational states, driven by the hydrolysis
of ATP and binding of co-chaperones and client proteins. The proteins HOP, PPlase, AHA1, and
p23 are important co-chaperone representatives that dynamically bind and dissociate during the
different cycle steps as a regulatory aid for the chaperone cycle.
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1.3.2 Posttranslational modification of Hsp90: The chaperone code

Another level of Hsp90 regulation, besides transcriptional regulators and co-chaperones, are dis-
tinct site-selective chemical modifications that occur after the translation process of Hsp90, hence
termed posttranslational modifications (PTMs). Most PTMs found on Hsp90 include phosphory-
lation and acetylation that occur on all domains of the protein, but also methylation, SUMOylation,

S-nitrosylation, and ubiquitination sites have been identified (Figure 4).1°l
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Figure 4 Known sites of posttranslational modifications of the human Hsp90a isoform. The major
PTM sites of Hsp90 are the phosphorylation of Thr, Ser, and Tyr residues and the acetylation of
Lys residues, occurring in all three major domains. Other rarer modifications, including cysteine
oxidz[;\t;]on, nitrosylation of serine, or Lysin SUMOylation/ubiquitination, have also been identi-
fied.l

Recent investigations have shown that PTMs are essential modulators of Hsp90 that modulate
fundamental aspects of Hsp90's chaperoning function, including the kinetics of the chaperone cy-
cle, the maturation of client proteins, and the binding of co-chaperones and nucleotides. Besides
the general effects of hyper-phosphorylation and acetylation of Hsp90, different site-specific
PTMs have been investigated over the past three decades, indicating the crucial impact of single
modification sites on the overall functioning of the protein.[#443]

For example, Muller et al. showed that phosphomimetic mutations close to the -EEVD TPR recog-
nition motif at the C-terminus of Hsp70 and Hsp90 influence the binding to the co-chaperones
CHIP and HOP and increase cell proliferation.[*] In contrast, another study from Backe et al.
showed that a phosphomimetic mutation of a conserved serine residue in the NTD (yeast Hsp82

S25/ human Hsp90a S39) inhibits ATPase activity of Hsp90, thereby causing the dissociation of
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Hsp90 from the protein kinase complex Atg1/UIk1, which leads to initiation of autophagy.*"! An-
other example by Mollapour et al. indicates the effect of phosphorylation of a conserved threonine
residue (T22) in the NTD of yeast Hsp90 N-domain.[“® The position of this modified residue is
located in an a-helical region, known to participate in hydrophobic interactions with the middle
domain during ATP binding. The authors showed that phosphomimic mutants displayed altered
ATPase activity and chaperone function in vitro and in vivo and that overexpression of the co-
chaperone Ahal compensated for these functional defects. Additionally, they examined the effect
of the mutation on the drug sensitivity of Hsp90, indicating that the phosphorylation of this site
increased the sensitivity of Hsp90 towards the NTD binding inhibitors geldanamycin, radicicol,
and two synthetic inhibitors in a cell-based assay, an important factor when considering Hsp90
inhibitor development for oncological indications.”*?! Besides phosphorylation, other PTMs have
been studied, including acetylation of single sites. For example, Scroggins et al. studied the impact
of K294 acetylation in Hsp90a at the junction of the charged linker region and the middle domain
using point mutations that were supposed to mimic acetylated (GlIn and Ala) or unacetylated (Arg)
lysine. Their discovery suggested that a single acetylation weakened the interaction of Hsp90 with
the client kinase ErbB2 and androgen receptor (AR) and directly abrogated the protein's ability to
chaperone Chk1 kinase in an in vitro assay.[% In a final example, Lees-Miller et al. identified that
the dsDNA-activated protein kinase (DNA-PK) specifically phosphorylated two threonine resi-
dues (Thr5 and Thr7) only present at the amino terminus of the a isoform of human Hsp90 in vitro
using 32P labeling and tryptic digestion followed by autoradiography of the fragments.! Follow-
ing that, Quanz et al. used stabilized double-stranded DNA molecules or irradiation to induce a
damage response in vivo to investigate novel DNA-PK targets. They thereby confirmed the phos-
phorylation of Thr7 Hsp90a in MRC-5 cells. Using immunoblotting, they revealed that this phos-
phorylation event is directly caused by DNA damage, which resulted in the accumulation of Hsp90
at sites of DNA double-strand breaks where it formed repair foci, thereby linking this modification
to Hsp90 chaperoning in response to DNA damage.253

As shown above, most previous studies on the impact of single PTMs on Hsp90's function were
based on either utilizing point mutations, which mimic PTMs in terms of their charge and steric
properties, or by performing in vivo or in vitro enzymatic modifications of Hsp90. However, PTM
mimicking mutations only allow for an estimation of the actual alteration in reactivity since dif-
ferences between the phosphomimetics and the phosphorylated residue caused by deviations in the
charge states, steric properties, and Ramachandran distributions can alter the protein's structure
and function significantly.[*

Enzymatic modifications often result in inseparable heterogeneous mixtures due to the limited
activity and specificity of the modifying enzyme. The complexity of this level of modulation

and the specific obstacles of studying the particular PTM impact gave rise to the term “chaperone
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code”, which makes the accessibility of site-selective homogenously modified Hsp90 variants
highly desirable but also makes this an enormous challenge.[®

In summary, the pivotal task of Hsp90 as a chaperone and guardian of the proteome with a plethora
of clients and being involved in many major cellular processes and various diseases makes this
protein a desirable target. However, the complex mechanisms of Hsp90s function, including the
underlying regulation through PTMs, make it an incredibly challenging target to comprehend fully.
The following chapters of this thesis introduce the strategies applied to generate selectively mod-
ified Hsp90 variants to understand Hsp90 function and regulation through PTMs further.
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1.4 Protein semi-synthesis as a tool to unravel the chaperone code

1.4.1 Background

As the chaperone code exemplifies, posttranslational modifications serve as crucial molecular reg-
ulatory mechanisms. With more than 400 known types of reversible or irreversible PTMs, they
have an enormous impact on the structure and functionality of proteins. Therefore, they play a key
role in a plethora of biological processes, such as signal transduction, gene activation, DNA repair,
and cell cycle control.®”%8 In recent years, different methodologies, including computational
methods and classical immunoprecipitation in combination with mass spectrometry, have ex-
panded the possibilities for detecting PTMs.® However, systematic studies of individual PTMs
and their cross-talk still represent a challenge and requires access to proteins with defined and
homogenous PTMs.[ The following section provides a concise overview of the synthetic and
recombinant technology methods that enable access to site-selective modified peptides and pro-
teins. It also introduces the strategies applied in this thesis for starting to unravel the chaperone
code.

1.4.2 Chemoenzymatic ligation strategies for protein synthesis

The introduction of stepwise solid phase peptide synthesis (SPPS) by Merrifield in 1963 marked
a revolution in synthetic organic chemistry, especially in peptide synthesis.[* This method is
based on immobilizing amino acids via its C-terminal carboxyl group onto a solid support, fol-
lowed by iterative deprotection and coupling cycles for elongation of the peptide chain and, there-
fore, building up the desired peptide. In the following decades, the development of a variety of
solid supports with different linkers and coupling reagents, as well as the introduction of orthogo-
nal protection group strategies, including the base labile 9-fluorenylmethyloxycarbonyl (Fmoc)
group as a-amine protection, made SPPS an extremely popular and widespread method for gener-
ating native peptide sequences.’®? Furthermore, it enabled the introduction of non-native modifi-
cations, such as installing probes or site-specific post-translational modifications. However, its
linear nature usually causes insufficient quality and yield when peptides exceed the length of
40~50 amino acids due to aggregation and steric crowding. Recently, exceptional cases of smaller
proteins with up to ~300 amino acids were successfully synthesized using a flow chemistry
setup.[6364]

The introduction of native chemical ligation (NCL) as the currently most used chemoselective

ligation method that allows the connection of synthetic peptide segments bearing natural or
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unnatural modifications to build up larger polypeptides and proteins marked another big leap in
the protein chemistry field (Figure 5A).1%1 The reaction is based on an N-terminal peptide bearing
a C-terminal a-thioester that chemoselectively reacts with another peptide featuring an N-terminal
cysteine residue in an initial transthioesterification step. This step is facilitated through the nucle-
ophilic attack of the cysteine thiol moiety on the thioester, followed by an S — N acyl shift that
generates the stable native amide bond, making the reaction traceless and irreversible. The fact
that this reaction can be performed using unprotected peptide segments and under mild, aqueous
conditions made it highly versatile for generating a variety of small proteins. It sparked various
methodological approaches for generating the necessary C-terminal thioester moiety on peptide
segments.[%81 However, one drawback of NCL was always the requirement for a cysteine residue
at the ligation site, which can be challenging as Cys represents one of the least common proteino-
genic amino acids (~2% abundance).l®’! This limitation was overcome by the introduction of post-
ligation desulfurization chemistry of the sulfhydryl side chain to the corresponding alanine, sig-
nificantly increasing the number of possible ligation junctions due to the relatively high abundance
of alanine (~9% in the human proteome).®®®! This procedure and the introduction of p-mercapto
amino acid derivatives made this an extremely widespread and versatile methodology. However,
if native cysteines are present in the target sequence, these might require temporary protecting
groups to be retained during desulfurization reactions, which represent a sometimes tedious or not
feasible obstacle to overcome. [

Over the past 15 years, other ligation methods emerged based on different proteinogenic functional
groups or the introduction of new reactive ligation handles, such as DSL, KAHA, and Serine
Threonine ligation (STL) (Figure 5B).["%721 STL is based on a C-terminal salicylaldehyde (SAL)
ester and a peptide with an N-terminal serine or threonine residue. The mechanism involves an
imine capture followed by the generation of an N,O-benzylidene acetal at the conjugation site
through a 5-endo-trig ring—chain tautomerization and an O-to-N [1,5] acyl transfer. Acidolysis of
the N,O-benzylidene acetal releases the natural peptide bond at the conjugation of the peptide seg-
ments, which can be applied without side chain protection groups, making this a viable alternative
for NCL if the desired ligation site contains a Ser/Thr residue and the generation of the C-terminal
SAL ester is compatible with the desired peptide sequence.

Another thiol-independent ligation technique is the a-Ketoacid-hydroxylamine amide-forming
(KAHA) ligation.”? This reaction involves the reaction of N-terminal hydroxylamines on one
peptide segment with another peptide carrying a C-terminal a-ketoacid and leads to the formation
of an amide bond. This reaction can also be applied to unprotected peptide segments without cat-
alysts (Figure 5C). Two different types of KAHA ligation have been classified based on the use
of O-unsubstituted hydroxylamine in type | and O-benzoylhydroxylamine in the type Il reac-

tion.’31 Although differences in the specific mechanisms have been proposed, the general
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mechanism is envisioned to start with the nucleophilic attack by the hydroxylamine upon the car-
bonyl group, followed by an elimination of H>O or benzoic acid, depending on the type of hydrox-
ylamine used. Subsequent decarboxylation yields a carbanion, which, after a hydroxyl transfer,
generates a hydroxyimine that tautomerizes to the final peptide bond product.l’* With the most
widely used hydroxylamine being the 5-membered cyclic hydroxylamine (S)-5-oxaproline, the
reaction leaves homoserine at the ligation junction, making it not fully traceless.[’>! However, re-
cently developed hydroxyl amines, e.g., 4,4-difluoro-5-oxaproline, generate an aspartic acid at the
ligation junction, making this a traceless ligation technique, although synthetic access to the a-
ketoacid and hydroxylamine peptide derivatives have to be achieved.[®!

A B c
o o] o)
HS HO H/Me OH + H p—
peptide A ASR + peptide A )ko + - peptide A Ho~ '~ PeP
peptide B peptide B 5
H,N CHO HyN
e} 6} l nucleophilic attack
imi HO
transthioesterfication 1. imin capture 2 -
2. 5-endo-trig cyclitation HO, N/;* peptide B
o o] R peptide A )S(
)k peptide A )ko (e] peptide B °
peptide A S -H,0
Ny -CO,
peptide B H -
H2N peptide A \@
(0] | :
1\1,5 O-to-N acyl shift HO/NQ\/ peptide B

S-to-N acyl shift

1 o) 0 peptide B
hydroxyl transfer
OHS peptide A )LN R l
" lo] v
peptide A )LNjﬁ( peptide B peptide A \WOH
H o

on N._~ peptide B
j acidolysis l tautomerization
OHO e peptide A “\/ peptide B
peptide A )LNLK peptide B I
H (¢]

Figure 5 Different chemoselective ligation techniques for the synthesis of peptides and proteins.
A: The Native chemical ligation (NCL) is based on the reaction of a C-terminal thioester as acyl
donor segment with the thiol moiety of an N-terminal Cys side chain. B: During the Serine/Thre-
onine Ligation (STL), a C-terminal salicylaldehyde ester reacts with peptides containing N-termi-
nal serine or threonine residues to form a peptide bond after the hydrolysis of an N,O-benzylidene
acetal intermediated. C: The a-Ketoacid-hydroxylamine amide (KAHA) ligation utilizes the reac-
tivity of N-terminal hydroxylamine-modified peptides with C-terminal a-ketoacids peptide seg-
ments.

A more recent methodology and closely related to NCL is the Diselenide-Selenoester Ligation
(DSL), in which the thioester and cysteine ligation handles are replaced with their respective a-

selenoester and selenocysteine counterparts (Figure 6).[71
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Figure 6 Mechanism of Diselenide Selenoester Ligation (DSL).["!

Due to the low reduction potential of selenocysteine (-381 mV compared to -180 mV for Cys), N-
terminal Sec peptides are usually only observed as the corresponding diselenide dimers in solution
and require an initial reduction to release free selenol to perform the ligation.[’’l DSL exhibits an
almost equal reaction mechanism to that of the NCL. However, the beneficial nucleophilic prop-
erties and increased polarizability of Se are also indicated by the lower pK, of Sec (5.2-5.6) com-
pared to Cys (8.2), as well as the increased electrophilic nature of the corresponding selenoester
improve reaction rates significantly.l”8 This feature enables successful ligations of peptide seg-
ments at lower uM concentrations and difficult ligation junctions, overcoming limitations of NCL,
which proceeds best at mM concentrations and where C-terminal, B-branched amino acids bearing
the thioester moiety are ideally avoided.[™®! Furthermore, the possibility of performing this ligation
at highly diluted concentrations is essential when poorly water-soluble hydrophobic peptide seg-
ments or lipidated proteins are the target. Finally, another significant benefit of this methodology
that is also essential for the objective of this thesis is the possibility of selective deselenization of
the selenocysteine residue, which is left at the ligation junction after the reaction.®® As described
above, desulfurization chemistry allowed the expansion of the NCL methodology by using cyste-
ines as surrogates for native alanine residues at the ligation site; however, if native Cys is present,
these require protection group chemistry to be retained when performing desulfurization.®t De-
selenization can be performed under mild conditions using only TCEP and a hydrogen atom donor
(DTT) without the need for a radical initiator, as used for the desulfurization of Cys, which makes

the transformation chemoselective and does not touch unprotected Cys residues. This unique
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advantage is especially important when Cys protection group chemistry cannot be applied, e.g., in
a recombinant segment as a ligation partner.[2]

Finally, another alternative approach to expand the scope of NCL beyond reactions at cysteine is
the utilization of ligation auxiliaries in the form of universal, generically applicable aminothiol
groups attached to the peptide N-terminus. An example of this would be the use of 2-mercapto-2-
(pyridin-2-yl)ethyl derivatives, which can be introduced by reductive alkylation and can be re-
moved after the auxiliary mediated ligation in a traceless manner using a radical-based reaction or
under mildly basic conditions. This methodology provides an acceptable reaction rate even for
junctions containing proline or a B-branched amino acid and was applied to synthesize eight

MUCS5AC tandem repeats containing 120 aa long peptide via the ligation of two 60mers.[#384]

1.4.4 Protein semi-synthesis through Expressed Protein Ligation and Expressed Protein Se-
lenoester Ligation

Taken together, a variety of chemoselective ligation strategies enable synthetic access to tailored,
site-selectively modified proteins, but although sequential use of chemoselective ligation reactions
allows for the assembly of multiple synthetic peptide segments into larger proteins, the efficient
generation of proteins beyond 200 aa still requires the use of recombinant technology through
biological expression in prokaryotic and eukaryotic systems. However, introducing site-selective
modifications through the cellular machinery through either enzymatic processing or genetic code
expansion remains highly challenging and frequently results in inseparable heterogeneous mix-
tures of the target protein or very low amounts of target protein, respectively.®5¢ Protein semi-
synthesis can overcome these challenges by utilizing chemical ligation methods to connect small
synthetic peptide segments bearing natural or unnatural modifications to larger recombinantly gen-
erated polypeptides.[®”] Expression of protein segments with a free N-terminal thiol moiety through
the protease-based release of Cys, e.g., by cleavage of a tag, such as a TEV recognition sequence
or SUMO, represents a well-established methodology that allows the use of NCL in combination
with a synthetically generated peptide carrying a C-terminal a-thioesters. This enabled the incor-
poration of N-terminal modifications into larger proteins and naturally sparked the desire to ex-
pand this method to introduce C-terminal modifications into larger proteins. Further research in
this direction fulfilled this desire by extending the versatility of protein semi-synthesis through
Expressed Protein Ligation (EPL). This methodology involves the reaction of a protein segment
with a C-terminal o-thioester (produced by expression) with a synthetic peptide or protein
equipped with an N-terminal Cys. When using SPPS to generate the C-terminal peptide, this strat-

egy also allows the introduction of PTMs close to the C-terminus of the target protein. !
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This recombinant C-terminal thioester is generated by exploiting a naturally occurring autocata-
Iytic process termed protein splicing. Analogous to RNA splicing, protein splicing is achieved
through inteins, which are defined as protein domains that autocatalytically excise themselves
from a protein sequence and fuse the two lateral protein domains termed the N-extein and C-extein
together via a peptide bond.[®®% The mechanism of protein splicing starts with an N-to-S acyl
shift at a Cys residue at the N-terminus of the intein sequence, generating a thioester intermediate.
This is followed by a transesterification step through an acyl transfer initiated by the side chain of
either a Cys or Ser residue at the N-terminal position of the C-extein. This branched intermediate
is released through the cleavage by an Asn residue at the intein domain's C-terminus, resulting in
the intein's excision. Finally, the released (thio-)ester bond between the N-extein and C-extein
protein domains re-equilibrates to the native backbone, forming the stable amide bond (Figure
7).lo1]
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In EPL, specifically engineered inteins are fused to the C-terminus of the target protein, allowing
the cleaving of the thioester intermediate by the addition of an excess of (thiol) nucleophiles and
thereby generating the desired C-terminal a-thioester for the ligation to the Cys peptide segment
(Figure 8A).[°2 This strategy usually also involves an affinity tag, e.g., a chitin-binding domain
(CBD) or a Hisb-tag, attached to the C-terminus of the intein that enables immobilization on an
affinity matrix and, therefore, affinity purification and the separation of intein-tag from the gener-
ated thioester segment.[*®! Similarly to the development of the selenium-based DSL strategy as a
continuation of NCL, the desire to be able to apply DSL for ligating recombinant selenoester seg-
ments to selenocysteine-containing peptides recently gave rise to the Expressed Protein Selenoes-
ter Ligation (EPSL) method. EPSL combines the advantages of DSL with EPL concerning liga-
tions at low concentrations and selective deselenization. In EPSL, analogously to EPL, an intein
fusion construct with the target protein segment is generated. However, the thiolysis step is re-
placed by a hydrazine-based intein cleavage to generate the respective C-terminal acyl hydrazide
(Figure 8B). The hydrazide can then be converted into the respective a-selenoester at acidic pH
via an acyl pyrazole intermediate through Knorr Pyrazole chemistry.[®4
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Figure 8 Principal mechanisms of Expressed Protein Ligation (EPL) and Expressed Protein se-
lenoester Ligation (EPSL). A: In EPL, the recombinant protein segment is expressed as an intein
fusion construct, cleaved through thiolysis, giving the corresponding thioester derivative. Adding
an affinity tag, e.g., a chitin-binding domain, to the C-terminus of the intein furthermore allows
for direct purification of the desired thioester through immobilized affinity chromatography. The
thioester segment can then be used to ligate the synthetic peptide segment of choice. B: Analo-
gously to EPL, Expressed Protein Selenoester Ligation (EPSL) uses intein fusion technology to
generate a C-terminal peptide hydrazide through hydrazinolyses. The peptide hydrazide can be
converted to the selenoester through the generation of an acyl pyrazole intermediate, e.g., via the
use of acetylacetone, which readily exchanges with an aryl selenol to give the respective aryl se-
lenoester.

The importance of protein synthesis and semi-synthesis is highlighted by hundreds of reported
modified or unmodified proteins accessed through this methodology. In many cases, these strate-
gies allowed access to proteins carrying site-selective PTMs where the effects of the introduced
modification were studied, which allowed new insights into the often highly complex impact of
PTMs. For example, phosphorylation and acetylation of tau and N- and O-glycosylation of a-
synuclein, both proteins that play a central role in neurodegeneration, were extensively studied
using protein semi-synthesis.[l

Furthermore, a variety of PTMs affecting the nucleosome core proteins histone H4, H3, and his-
tone 2A, as well as the nucleosome binding protein HMGN1, have been examined by protein semi-
synthesis.[®® However, larger proteins with more conserved structures are scarcer as protein semi-

synthesis targets, presumably due to challenges in generating the protein segments and the
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underlying ligation chemistry and downstream characterization, which usually requires the suc-
cessful refolding of the protein.

In this instance, if soluble protein segments can be produced, another alternative for the assembly
of protein segments without the need to apply denaturing chemistry would be the use of enzyme-
based ligations, including the use of specifically engineered transpeptidases, e.g., Sortase A (SrtA)
or the asparaginyl endopeptidase Butilase 1.9 The enzyme SrtA catalyzes the formation
of a new peptide bond between a C-terminal LPXTG (X can be any amino acid) motif and an N-
terminal oligo-glycine (GGG motif). This approach recently gave novel insights into Hsp90’s con-
formational state dynamics during the ATPase cycle by generating site-selectively fluorescently
labeled Hsp90 variants.[* Another successful example of this methodology is displayed by the
segmental isotope labeling of Hsp90 NTD before SrtA-mediated ligation towards Hsp90 MD,
which allowed the elucidation of cochaperone-GR-Hsp90 interactions using NMR spectros-
copy.*%21 However, the required recognition motif is not fully cleaved during the enzymatic liga-
tion through SrtA. Therefore, this cannot be considered a traceless methodology if the required
sequence is not naturally present at the target protein. In comparison, butelase 1 is structurally a
cysteine protease that belongs to the asparaginyl endoprotease (AEP) protein family but does not
display any protease activity but instead Asn/Asp-specific ligase activity. The protein recog-
nizes the C-terminal Asn/Asp -His-Val tripeptide motif and enables the formation of an intermo-
lecular or intramolecular Asn/Asp - X1X2 aa peptide bond (X1 = any amino acid except proline,
X2 = I/L/VIC). Another benefit of Butelase 1-based peptide/protein ligation is its high catalytic
efficiency since it is the fastest known ligase and typically requires 100- to 1,000-fold less enzyme
than a SrtA ligation-based ligation.!*%] Taken together, the short recognition sequence (Asx—His—
Val) and broad tolerance for the first N-terminal residue of the nucleophilic donor peptide make
this a versatile tool for protein ligation showcased by a variety of examples where it was applied
for N-terminal labeling, site-specific peptide and protein ligation, macrocyclization and bioconju-
gation of dendrimers.[*%+-1%1 However, one drawback besides hydrolytic activity and reversibility
was the lack of sufficient access to Butelase 1 as it required extraction from plants, and only re-

cently, access via recombinant expression was successfully established.[%7]
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2 Objectives

This thesis aims to establish semi-synthetic routes for accessing site-selective post-translationally
modified human Hsp90a variants. Semi-synthetic routes were designed to gain access to N-ter-
minally phosphorylated variants of Hsp90 NTD (Figure 9 A) and C-terminally phosphorylated
Hsp90 CTD (Figure 8 B). Furthermore, a ligation strategy for accessing full-length Hsp90 for
which PTMs in the CTD and/or MD could be introduced was explored (

Figure 9 C). Access to Hsp90 NTD (232 aa) and CTD domains (161 aa) should be provided via a
single ligation step based on an NCL for the NTD and an EPSL strategy for CTD variants, respec-
tively. Full-length Hsp90 (732 aa) should be accessed via two sequential C- to N-terminal ligation
reactions utilizing a combination of NCL and EPSL, which enables the introduction of PTMs into
the MD, specifically acetylation of lysin residue K548 and phosphorylation of the CTD while

maintaining all native cysteine residues.
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Figure 9 Schematic overview of envisioned semi-synthetic strategies for the generation of modi-
fied human Hsp90alpha NTD (A), CTD (B), and full-length (C) using EPL, EPSL, and a combi-
nation of both methods. Modifications in the form of phosphorylation are represented as orange
pentagons labeled with a P inside, while acetylation is depicted as a blue pentagon.
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Furthermore, upon successfully generating the desired variants, the impact of the introduced PTMs
on specific structural and functional properties will be examined through various biophysical char-
acterization techniques and functional assays. In particular, the effect on the protein's folding and
secondary structure elements should be assessed using circular dichroism spectroscopy, and the
overall structural stability should be assessed using thermal aggregation analysis. The modulation
on functional aspects, including chaperoning capabilities as well as dimerization properties, should
be evaluated using established model substrate aggregation assays comparing the modified vari-
ants with unmodified semi-synthetic NTD, CTD, or full-length Hsp90 as well as with the ex-
pressed unmodified counterparts as controls. Hereby, we should be able to gain unique and novel
insights into the specific effect(s) of single PTMs. We should establish a basis for further explora-

tion of the chaperone code by protein semi-synthesis on a quite complex protein.
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CHAPTER
ONE

Semi-synthesis of Hsp90a N-terminal Domain
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1. Introduction

This chapter describes the semis-synthesis of N-terminally modified variants of human Hsp90a
NTD. It builds on my master thesis project (,,Modulating the cell’s guardian: The impact of post-
translational modification on function and structure of Heat shock protein 90”, University of Vi-
enna). The interest modifications are two phosphorylations at N-terminal Thr residues (Thr5 and
Thr7), which have been reported to be phosphorylated by DNA-dependent protein kinase (DNA-
PK) in response to DNA damage. However, their specific impact on the structural and functional
properties of the NTD remains to be elucidated.[*>5* Since there are no native cysteine residues
in the NTD, Ala21 was chosen as a ligation site since a non-native cysteine residue can be con-
verted into alanine after ligation. This ligation site allows the synthesis of a peptide of reasonable
length (aa 2-20) comprising the desired phosphorylation sites (Thr 5 & 7). Since the initiating
methionine (Metl) of the NTD has been reported to be cleaved in vivo by endogenous methio-
nine aminopeptidases, this residue was omitted in our synthetic peptide.*°! The unmodified and
phosphorylated peptides can be prepared as peptide hydrazides on hydrazine-modified 2-chlo-
rotrityl resin and used as thioester surrogates.['%! The recombinant segment Hsp90 21-235 was
designed with a C-terminal His-tag for affinity purification and an N-terminal Met-Cys sequence
so that direct cleavage by endogenous E. coli Met-aminopeptidases (MAP) can release the N-ter-
minal cysteine for NCL. Post-ligation desulfurization will restore the native Ala residue at posi-
tion 21, allowing access to the desired protein variants (

Figure 10). The generated Hsp90 NTD variants are refolded, and the impact on secondary struc-
tural elements is determined via circular dichroism spectroscopy. Furthermore, functional modu-
lations, including the ATP binding capabilities and affinities towards known Hsp90 NTD binding
proteins, e.g., the co-chaperones p23 and Cdc37, through ATP binding and pulldown assays.
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2. Materials and Methods
2.1 Solid phase peptide synthesis of Hsp90 2-20 peptide variants la-d

Synthetic peptide variants Hsp90 2-20 1a-d were previously synthesized as described in my master
thesis, “Modulating the cell’s guardian: The impact of the posttranslational modification on func-
tion and structure of Heat shock protein 90” (Figure A 4). Briefly, modification of 2-Chlorotritly
resin via hydrazine before coupling of the first amino acid gave access to the desired peptide hy-
drazides la-d via standard Fmoc-based SPPS synthesis in a yield of ~15-25% according to the
procedure of Liu and coworkers.['%1 These peptides were either directly used for in situ thioester
formation and ligation to recombinant segment Hsp90 21-235 (2) or separately converted to the
corresponding mesna thioester, as described in the following section.

2.2 Thioester conversion of synthetic peptide hydrazide 1d

Double phosphorylated Hsp90 2-20 peptide hydrazide 1d was converted to the respective C-ter-
minal mesna thioester by dissolving the lyophilized peptide in 200 mM NaPi, 6M Gdn HCI pH 3
buffer at a concentration of 5 mM. The solution was precooled at -15°C before adding a 15 eq.
NaNO:> using a 0.5 M stock solution in H2O and was stirred for another 15 min at -15°C before
adding mesna (100 eq.) using a 1M mesna stock solution in 200 mM NaPi, 6M Gdn HCI, pH 6.8.
The solution was warmed to room temperature, the pH adjusted to 6.8, and stirred for 30 min
before diluting, filtering, and loading on a C18 semi-preparative column for purification. A linear
gradient of 5-65% of solvent B (ACN + 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) at a flow
rate of 5 ml/min yielded the desired doubly phosphorylated mesna-thioester peptide 1d.
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2.3 Recombinant expression and purification of Hsp90 21-235

The gene for the N-terminal domain (NTD) construct of human Hsp90a 21-235 (UniProt entry:
P0O7900; isoform 2) bearing a C-terminal Hise-tag was ordered in a pET-21a+ bacterial expression
vector from BioCat GmbH (69120 Heidelberg, Germany) and transformed into E. coli competent
cell strains BL21 (DE3) and Rosetta Il via heat shock transformation. Overnight cultures with a
final concentration of 100 pug mL™* ampicillin (BL21) and 100 pg mL* ampicillin + 30 pg mL™*
chloramphenicol (Rosetta 11) were prepared using LB media and incubated at 37°C at 170 rpm.
Large-scale expressions involved inoculating 2 L of LB medium with 50-80 mL of overnight cul-
ture (starting ODsoo ~ 0.2) before incubation at 37°C at 170 rpm until an ODeoo ~ 0.7-0.8. Expres-
sion was induced with 1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG) and cells incubated
at 24°C for 4 hours before harvesting by centrifugation (5500 rpm, 14°C, 20 min). Cell pellets
were resuspended in 30-50 ml TBS (150 mM NaCl, 50 mM Tris, pH 7.5) homogenized using an
UltraTurrax (IKA GmbH, 79219 Staufen, Germany) and lysed via sonication at 4°C for 40 min
(pulse: 15 ON 45 seconds OFF; ampl. 60%) or by disruption (Constant Systems Limited, North-
ants United Kingdom) at 1.93 kbar (three cycles). The lysate was centrifuged (22000 rpm, 45 min,
7°C), the supernatant removed, and the inclusion body pellets solubilized in 6M Gdn-HCI, TBS
overnight. The protein was purified using immobilized Ni-NTA affinity chromatography before
adding 0.1M methoxyamine hydrochloride at pH 4.2 to release the N-terminal Cys from formed
thiazolidine derivatives. Final purification was performed via RP-HPLC on a preparative C4 col-
umn at 60°C using a linear gradient of 45-75% solvent B (ACN + 0.08% TFA) in solvent A (ddH20
+0.1% TFA) in 40min at flow rate of 10 ml/min. Peak fractions were submitted for LC-MS anal-
ysis and pooled accordingly before lyophilization, yielding protein 2 at an average yield of 8 mg/L

culture.
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2.4 Ligation of synthetic peptide Hsp90 2-20 to recombinant Hsp90 21-235

2.4.1 In-situ thioester conversion and ligation of Hsp90 2-20 hydrazide 1a to recombinant
Hsp90 21-235 (2)

For the in-situ thioester conversion and ligation of synthetic peptide hydrazide 1a to recombinant
protein 2, the peptide hydrazide (1.2 eq.) was dissolved in 6M Gdn-HCI, 150 mM NaPi pH 3 buffer
at a concentration of 5 mM and precooled at -15°C min before the addition of 20 eq. NaNO> using
a 0.5M stock in ddH20. The solution was stirred for another 15 minutes at -15°C before combining
with recombinant segment 2 dissolved in ligation buffer and incubated at rt for 1-2 h whilst stirring.
Final ligation concentrations contained protein segment 2 in the range from 0.4-08 mM in a liga-
tion buffer of 6M Gdn.HCI, 150 mM NaPi, and 100 mM MPAA at a pH of 2. The reaction was
monitored via LC-MS and SDS-PAGE and, upon completion, quenched via 1:1 dilution with a
solution of 6M Gdn.HCI, 20% B-Me (v/v) in ddH2O for 15 min. Product purification was
performed on a semi-preparative C4 column using a linear gradient of 5-75% solvent B
(ACN + 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) in 40 min at 60°C and a flow rate of 5
ml/min. Peak fractions were pooled and lyophilized, generating semi-synthetic Hsp90 2-235
(A21C) (3a) at 10-20% yield.

2.4.2 Post-ligation desulfurization of semi-synthetic Hsp90 2-235 (A21C)

For the desulfurization of RP-HPLC purified ligation product 3a, the protein was dissolved
in a freshly prepared and degassed desulfurization buffer containing 6M Gdn.HCI, 200 mM
NaPi, 200 mM TCEP, 50 mM mesna, and 50 mM VA-044 at a final concentration of 0.4 mM. The
pH was adjusted to 6.8, and the solution was incubated at 40°C (water bath) while stirring for 3-4
h. Reaction monitoring was performed via LC-MS, and purification was performed of an analytical
C4 column using a linear gradient of 5-75% of solvent B (ACN + 0.08% TFA) in solvent A (ddH20
+ 0.1% TFA) in 30 min at 60°C and a flow rate of 1 ml/min. Peak fractions were manually col-
lected, lyophilized, and characterized, yielding sub-milligram amounts of unmodified semi-syn-
thetic Hsp90 NTD.
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2.4.3 Ligation and one pot desulfurization of synthetic double phosphorylated Hsp90 2-20-

SR thioester (1d) to recombinant Hsp90 21-235 (2)

Small-scale ligations of 2 to peptide thioester 1d (1.5 equiv.) were performed by dissolving the
recombinant protein in the ligation buffer consisting of 6M Gdn.HCI, 200 mM NaPi, 50 mM
TCEP, and 100 mM thiol catalyst (MPAA, MTG, mesna) to a concentration of 0.8 mM. Subse-
quently, the pH was adjusted to 7.2, and the solution was added to the peptide thioester while
stirring at room temperature. The pH was measured again and adjusted to 7.2 if needed. The reac-
tion was monitored every 30 minutes by LC-MS and SDS-PAGE. After the desulfurization, the
pH was adjusted to 3.0, and ethyl acetate extraction was performed three times using MPAA. After
adding an equivalent volume of sodium citrate buffer (desulfurization buffer) with a concentration
of 500 mM TCEP to the reaction mixture, the pH was adjusted to 4.5 — 5.0. Then NaBEt4 was
added to a final concentration of 100mM, according to the procedure of Li and coworkers, by
preparing a 1 g/ml NaBEt4 stock solution in ddH.0.1** The reaction was monitored by LC-MS
and, after completion, diluted with equal volumes of 6M Gdn.HCI in ddH2O and -mercaptoetha-
nol (20%, v/v), frozen and stored at -80°C until further purification. Semipreparative purification
of the ligation product was performed on a C4 Waters column using a gradient of 5-40% solvent
B (ACN + 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) in 5 min and 40-75% in 30 min at a
flow rate of 5 mL/min at 60°C. Analysis was done via HPLC on a C4 Waters column at 60°C,
using a linear gradient of 5-75% solvent B (ACN + 0.08% TFA) in solvent A (ddH.0 + 0.1%
TFA) in 30 min., detecting wavelengths 214 and 280 nm on a Dionex ultimate 3000 detector.
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3. Results and Discussion

3.1 Synthesis of Hsp90 2-20 peptide hydrazides and conversion to mesna thi-
oester

As mentioned in section 2.1, Hsp90 2-20 (1a-d) peptide hydrazides were successfully prepared
using standard Fmoc-SPPS, yielding the segments in satisfactory purity and yield. Analytical data
corresponding to the peptide hydrazides (Figure A 1) and the sequence 2-20 can be found in the
appendix (section 5.1.3). Minor Glutamic deletion and addition side products were observed, pre-
sumably due to the significant Glu residues in the short peptide (seven Glu residues in a sequence
of 19 aa total). Our initial ligation strategy involved the in situ conversion of the peptide hydrazides
to the respective mesna thioester directly before ligating them to the recombinant part using the
hydrazide activation and ligation protocol described by Liu et al..'! However, since we wanted
to exclude the possibility of side product formation and provide ideal reaction conditions (espe-
cially for the post-ligation desulfurization step), we decided to convert and isolate the doubly phos-
phorylated peptide hydrazide 1d the mesna thioester before the ligation step. Therefore, we could
also use the isolated peptide thioester 1d in test ligations to compare the in situ conversion and
ligation of peptide hydrazides 1la-d. Activation and thioester conversion of peptide hydrazide 1d
yielded the corresponding C-terminal mesna thioester in excellent purity and yield (~80% based

on the peptide hydrazide), as depicted in Figure 11.
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Figure 11 A: ESI-MS characterization of doubly phosphorylated Hsp90 2-20-SR peptide. B:
RP-HPLC analysis of double phosphorylated Hsp90 2-20-SR peptide.
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3.2 Expression and purification of Hsp90 21-235

Careful design of the recombinant protein segments plays a crucial role in the success of a semi-
synthesis strategy, as it can influence the expression yield and final purity of the segment used for
ligation. Expression in E. coli should ideally deliver pure starting material in at least lower mg/liter
culture amounts. Therefore, semi-synthesis strategies usually take advantage of proteases engi-
neered for stability and efficiency, e.g., the Tobacco Etch Virus (TEV) cysteine protease or SUMO
protease, to release the Cys residue necessary for NCL in a traceless manner. 111121 Another ben-
efit would be the possibility of including an affinity purification tag, e.g., a Hise-tag, enabling
initial separation of the cellular protein background.™*'4! If the affinity tag is not needed after this
initial purification, proteases allow for the simultaneous cleavage of the tag and release the N-
terminal Cys residue for the ligation step. Accordingly, our initial design of the recombinant seg-
ment Hsp90 21-235) (A21C) included an N-terminal Hise-tag followed by a TEV recognition site
adjacent to the non-native Cys21 introduced as a ligation handle. Although decent expression
yields of this construct were achieved, the protein was expressed exclusively in insoluble inclusion
bodies (Figure A 5). This required high amounts of chaotropic salts (6M Gdn.HCI or 8M Urea)
for initial solubilization and affinity purification. Unfortunately, all attempts to lower the amount
of chaotropic salts < 4M Urea/ Gdn.HCI using dialysis or pulsatile dilution led to direct and/or
delayed significant precipitation of the protein, which is described in detail in my master's thesis
(“Modulating the cell’s guardian: The impact of posttranslational modification on function and
structure of Heat shock protein 90” Chapter 3.1.2.2). This led to significant problems when the
crucial TEV cleavage had to be performed. Non-denaturing conditions need to be applied for
proper protease activity; however, this limits the concentration of chaotropic salts (usually < 3M
Urea) applicable, and no matching conditions were found that would keep the highly hydrophobic
and aggregation-prone recombinant segment in solution while observing proteolytic cleavage. In-
terestingly, literature describing the expression and purification of Hsp90a N-terminal domain
(NTD) typically includes the purification of the protein from the soluble fraction of the cell lysate,
hinting towards the importance of the first 20 residues for proper folding and solubility properties
of the highly conserved NTD.

Therefore, we envisioned redesigning the segment, leading us back to a straightforward but more
unpredictable approach. We directly located Cys21 adjacent to the transcription initializing Met
residues. This residue is usually not part of the functional protein sequence and is frequently
cleaved by endogenous methionine aminopeptidase.[**®1 We added an Hise-tag to the C-terminus
of the protein, allowing us to purify it using affinity methods while still giving the possibility to
purify or immobilize the protein downstream when studying the impact of the introduced modifi-

cations via pulldown assays. Indeed, the first expression attempts of the Met-21-235-His6 did
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show good overexpression of the protein, although still expressed as inclusion bodies (Figure A
6). Direct analysis of the pellet revealed initiator methionine cleavage to a large extent (Figure 12
and Figure A 7). The initial mass deviation from the calculated mass (+24 Da) is explained by N-
terminal aldehyde-driven thiazolidine formation, which is frequently observed in the expression
of proteins with N-terminal cysteine residues in E. coli and was quickly reversed by the addition
of an excess of methoxyamine under acidic conditions. Further optimization via expression strain
screening and expression conditions screening yielded optimal expression conditions where, based
on MS signal intensity approximation, ~90% of the desired initiator meth-cleaved protein is pro-
duced (Figure A 8).

Expression Purification

« 21-235(A21C)

Figure 12 Monitoring of Expression (t0 and t4 h) and Purification of Hsp90 21-235(A21C). Ex-
pression was performed at 24°C for 4 hours and induced via adding 1mM IPTG. L: Solubilized
inclusion body pellets of Hsp90 21-235. FT: Solubilized Hsp90 21-235 after loading onto Ni-
NTA resin. Wash: Wash of Ni-NTA resin with 50 mM Imidazole, 6M Gdn.HCI, TBS buffer after
loading of Hsp90 21-235. Elution: Eluted Hsp90 21-235 from Ni-NTA resin via incubation in 500
mM Imidazole 6M Gdn.HCI, TBS buffer.
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Nevertheless, protein purification via RP-HPLC remained challenging, presumably due to strong
interactions with the stationary phase. This resulted in late elution profiles, strong peak tailing, and
poor recovery rates of around ~15%. Nevertheless, the overall yield of 8 mg/L culture and purity
(Figure 13) of the desired segment 21-235 were satisfactory enough to continue with ligations to
the synthetic segment 2-20.
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Figure 13 A: Characterization of Hsp90 21-235 via ESI-MS. B: Deconvoluted mass spectra of
Hsp90 21-235, the observed mass (24891.7 Da) is in good agreement with the calculated mass
(24889 Da). C: Characterization of recombinant Hsp90 21-235 via RP-HPLC.
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3.3 Ligation of synthetic Hsp90 2-20 peptides to recombinant Hsp90 21-235

After Having sufficient amounts of the recombinant segment 2 and the synthetic peptides hydra-

zides la-d at hand, we aimed to test and optimize the ligation of these two segments (Figure 14).

NaNO, (15 eq.)
(0] -15°C, 15 min 100 mM MPAA
NH2 pH 3 -)J\ O min
_ Hsp90 2-20 N3 + H5N Hsp90(22- 235 IS ————> |Hsp90(2-235
0.15 M NaPi ’ j/ O.15MNaPi
6M Gdn.HCI pH7.2
1.5 equiv. 6M Gdn.HCI
1a 1a 2 3a

Figure 14 Schematic of the in situ thioester conversion and ligation of synthetic peptide hydrazide
1a to recombinant segment 2.

We were excited to see a good conversion (~80-90%) and fast product formation (~30 min) when
performing in situ thioester conversion of the unmodified synthetic peptide hydrazide 1a using
MPAA as an aryl thiol catalyst, as depicted in Figure 15.
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Figure 15 Ligation Monitoring of in-situ generated synthetic Hsp90 2-20 thioester to re-
combinant 21-235. A: Ligation monitoring via ESI-MS B: Deconvoluted ESI-MS spectra
of ligation monitoring. C: Ligation monitoring via SDS-PAGE.

Analytical characterization via ESI-MS and RP-HPLC indicated good purity of the isolated
product after purification via RP-HPLC (Figure 16).
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Figure 16 Characterization of semi-synthetic unmodified Hsp90 2-235 (A21C) NTD A: ESI-MS
characterization. B: Deconvoluted ESI-MS spectrum. C: RP-HPLC analysis.

However, unfortunately, we experienced extreme difficulties concerning the purification of the
ligation product indicated by late elution profiles and peak tailing that resulted in extremely low
RP-HPLC recovery rates of around ~15%. All efforts trying to improve the overall purification
performance and yield via RP-HPLC, which included focused solvent gradients, higher tempera-
tures, different column materials, and solvent compositions, did not significantly improve the over-
all recovery yield of the product. This can be attributed to the high hydrophobicity and aggregation
proneness of the ligation product 5. Nevertheless, we continued to perform the post-ligation desul-
furization of the non-native Cys21, where it was furthermore shown that, although the reaction
proceeded when using radical desulfurization via VA-044 chemistry, difficulties in getting the
protein in solution and proper monitoring of the reaction as well as slow reaction rates require a di

a different strategy for sufficiently generating the desired Hsp90 NTD semi-synthetic protein var-
iants (Figure 17).
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Figure 17 Monitoring of the VA-044 initiated desulfurization of unmodified semi-synthetic Hsp90
2-235 (A21C). A: ESI-MS spectra of the desulfurization monitoring. B: Deconvoluted ESI-MS
spectra.

We concluded that switching to a one-pot ligation-desulfurization strategy would enable the gen-
eration of semi-synthetic NTD variants in low milligram amounts, which would still be sufficient
for protein characterization despite the necessary final purification via RP-HPLC, which causes
significant yield loss. Despite its known strong radical quencher properties, we decided to continue
using MPAA as a catalyst due to our successful first ligations. However, we aimed for an extrac-
tion using ethyl acetate before continuing with the desulfurization, as this should remove large
amounts of the aryl thiol.*1% We also switched to the novel and presumably more potent "add-
and-done™ radical desulfurization methodology using NaBEts according to the procedure of Li and
coworkers, which has been reported to desulfurize up to seven Cys residues in model protein
within minutes and work in the presence of minor amounts of MPAA.[*161 Furthermore, to ensure
optimal reaction conditions and avoid any unwanted quenching or side reactions, we performed
the thioester conversion of the doubly phosphorylated peptide hydrazide 1d previous to the ligation
and used RP-HPLC purified C-terminal mesna thioester peptide as starting material. As expected,
the ligation proceeded successfully, and the doubly phosphorylated Hsp90 2-235 (A21C) product
was formed, as depicted in Figure 18.
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However, after MPAA extraction and continuing with the desulfurization, only minor desulfuri-

zation product formation was observable (Figure 19), and overall bad signal intensity pointed

towards aggregation and possibly precipitation of the ligation product.
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Figure 19 Monitoring of one-pot desulfurization of doubly phosphorylated semi-synthetic Hsp90
2-235 (A21C) using radical mediated NaBEts chemistry. A: Monitoring via ESI-MS. B: Decon-
voluted ESI-MS spectra.

Further attempts to use different thiols as ligation mediating catalysts, including mesna (Figure A
6 and A 7) or MTG (Figure A 8), also did not prove successful since the ligation performed poorly
compared to when MPAA was applied or showed no improvement of the desulfurization reaction.
Until now, we have not seen visible alternatives to overcome this obstacle. Therefore, the desired
upscaling and sufficient generation of semi-synthetic NTD to the point of biophysical characteri-

zation could not be achieved.
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4. Conclusion

This chapter describes the first-ever attempt to study the impact of Hsp90 NTD phosphorylation
through semi-synthetically generated site-selectively phosphorylated Hsp90 NTD variants. Alt-
hough initial preparation of the required synthetic phospho-peptide variants, as well as the gener-
ation of the recombinant segment, turned out to be successful, the overall high hydrophobicity and
aggregation proneness of the NTD have proven to be an insurmountable obstacle for obtaining
sufficient semi-synthetic NTD. Large efforts were undertaken to optimize the synthetic and re-
combinant segment generation, and ligation conditions were optimized to good conversion (~80-
90%). However, the final step requiring desulfurizing the non-native Cys21 has proven an enor-
mous hurdle in producing the final NTD variants in adequate yields. Although we can show that
the underlying chemistry can, in principle, be applied, including the desulfurization of purified
ligation products, all our attempts did not provide access to semi-synthetic NTD in at least low
milligram amounts. Desulfurization only proceeds when using purified and desalted ligation prod-
ucts, but high losses due to low RP-HPLC recovery rates make such an in-between purification
technically inefficient. However, not all commonly known thiol catalysts, e.g., 2,2,2-Trifluoroeth-
anol (TFE), or radical initiators for desulfurization, e.g., tetrahydroxydiboron (B2(OH)a), have
been tested and could provide the highly desired one-pot procedure for the generation of semi-
synthetic NTD.3*4 Also, a visible-light-induced desulfurization methodology using the photo-
sensitizer Rose Bengal was recently reported and could be tested on the NTD as a post-ligation
desulfurization strategy.*®! Future attempts could focus on different methods for a simple and
quick desalting or buffer exchange between the ligation and desulfurization steps, thereby mini-
mizing product loss while performing the radical-based desulfurization efficiently. Nevertheless,
the observation that time-dependent product aggregation and precipitation provide another signif-
icant hurdle. To overcome this obstacle, the recombinant segment 21-235 could be C-terminally
fused to a cleavable solubility tag, e.g., a SUMO-tag or GST tag, which would improve the solu-
bility properties of the protein during the ligation and desulfurization reaction. However, since
these tags are of significant size (SUMO-tag: ~ 12 kDa, GST: ~ 26 kDa) and can influence the
function of the NTD, enzymatic post-ligation cleavage would be necessary, thereby adding another
potentially problematic step.*?%1 As an alternative, synthetic solubility tags can be introduced into
the peptide 2-20 during SPPS, giving the advantage of a chemical-based cleavage after ligation.™*?!]
For example, Liu and coworkers developed a removable backbone modification that allows the

introduction of a solubilizing Arg4-tagg into any primary amino acid using Fmoc-SPPS.[*?2] After
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the ligation and desulfurization, TFA treatment can remove the tag to afford the desired native
protein.

In summary, the efforts undertaken here showcase how, although in principle possible, the appli-
cation of semi-synthesis to novel protein targets like Hsp90 can be challenging in unpredicted
ways as the required generation of synthetic and recombinant starting material, as well as the liga-
tion and post-ligation chemistry can entail unforeseeable obstacles. This makes the development
of novel ligation chemistry and strategies for building tailored proteins desirable. Nonetheless, the
progress in the preparation of homogenous and site-selectively modified Hsp90 NTD presented
here should be taken as an initiator to pursue this goal further, as success could provide unique
insights into the regulatory mechanisms of this vital target protein.
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CHAPTER
TWO

Semi-synthesis of Hsp90a C-terminal Domain

Most of the results presented in the following chapter can be found in the accepted and released
publication:

Site-specifically Phosphorylated Hsp90C-terminal Domain Variants Provide Access
to Deciphering the Chaperone Code.

Oliver Gajsek, Christian F. W. Becker,* and Anne C. Conibear*

* Corresponding authors

Chemistry—A European Journal 2025, 31 (6), e202403676.

| contributed to this work by designing and executing the synthesis strategy for the generation of
semisynthetic Hsp90 CTD variants and expression of WT Hsp90 CTD. Furthermore, | conducted
all the analytical and biophysical characterizations except for NMR spectroscopy. | also visualized
and interpreted the data (except NMR data) under the supervision of the corresponding authors
and prepared the manuscript and supplementary information.
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1. Introduction

This chapter discusses the semi-synthesis of C-terminally modified human Hsp90alpha CTD. The
detailed ligation strategy is depicted in Figure 20, showing the EPSL-based generation of four
different CTD variants, bearing either no modifications as reference protein, single phosphoryla-
tion at either position pThr725 or pSer726 or doubly modified (pThr725 + pSer726). The ligation
site at position 711 was chosen so that the synthetic peptide segments 711-732 (A711U) can be
prepared using standard Fmoc SPPS while the recombinant segment 572-710 is prepared as intein-
fusion to yield the desired peptide hydrazide which can be transformed to the desired selenoester
for DSL in situ.

Recombinant Expression in E. coli

Hsp90(572-710) gwMxeGyrAgaHis7 gg CBD

5 5a X= unmodified
5b X= pThr'?®
5¢ X= pSer’?®

5d X= pThr’2 + pSer’2®
Hsp90(572-710)

Hydrazinolysis

b)
Fmoc-SPPS
Selenoesterfication H
(in situ)
2—(— Se

8a-d

Diselenide-Selenoester ligation

O

9a-d

\ Deselnization (in situ)

Ala 711

e 1o W .72

10a-d

Figure 20 Schematic overview of site selectively modified Hsp90 CTD generation via Expressed
Protein Selenoester Ligation.
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2. Materials and Methods
2.1 Solid phase peptide synthesis of Hsp90 711-732 (U711A) peptide variants

Synthetic Hsp90 segments 711-732 (U711A) were prepared manually via 9-fluorenylmethoxycar-
bonyl (Fmoc) based solid phase peptide synthesis (SPPS) in 10 mL syringes equipped with a pol-
ypropylene filter on preloaded Tentagel resin (loading: 0.19 mmol/g). Fmoc-protected amino acid
building blocks (2.5 equiv.) were double-coupled for 20-30 min at room temperature using O-(7-
Azabenzotriazol-1-yl)-N, N, N’, N'-tetramethyluronium-hexafluorphosphate  (HATU, 2.4 equiv.,
0.5 M in DMF) as activator and diisopropylethylamine (DIPEA, 5 equiv.) as base. Fmoc-depro-
tection was achieved via incubation in 20% piperidine (3 x 3 min). Phosphorylated serine/threo-
nine residues were introduced via Fmoc-protected Ser(PO(OBzl)OH)-OH or Thr(PO(OBzl)OH)-
OH (CEM) respectively and the N-terminal selenocysteine as Fmoc-L-Sec(Mob)-OH (lris Bio-
tech). The selenocysteine building block was double-coupled using OxymaPure (0.5 M in DMF)
and diisopropyl carbodiimide (DIC, 0.25 M in DMF) with a 30-45 min coupling time. After final
coupling and deprotection, peptides were washed with DCM and dried under vacuum overnight
and cleaved from the resin with trifluoroacetic acid (TFA)/dimethyl disulfide (DMDS)/dimethyl
sulfide (DMS)/ triisopropylsilane (TIPS)/H.O 90:5:2.5:2.5 for 2.5 h followed by ether precipita-
tion and pelleting via centrifugation (4000 g, 5 min). The crude peptide pellet was dissolved in
acetonitrile/ water 1:1 and lyophilized prior to the final deprotection of the DMDS trans-protected
N-terminal selenocysteine via dissolving in 6 M guanidinium hydrochloride (Gdn.HCI) 20 mM
DTT in ddH.0 for 30 min. The resulting diselenide peptide dimer was purified using RP-HPLC on
a preparative scale C18 column (Kromasil) using a gradient of ACN in water with 0.1% TFA. The
purity of the generated peptides 8a-d was assessed via electrospray ionization mass spectrometry

in positive ion mode and via analytical RP-HPLC.
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2.2 Recombinant expression and purification of Hsp90 572-710-hydrazide

For the generation of the recombinant segment Hsp90 572-710-hydrazide (6), a synthetic oligonu-
cleotide comprising human Hsp90alpha 572-710-Mxe GyrA-His7-CBD was ordered from Eu-
rofins Genomics in a pET-21a (+) vector and heat shock transformed into chemically competent
E. coli strains XL1-Blue, BL21 (DE3) and Rosetta 2 (DE3) from Invitrogen. E. coli Rosetta
2(DE3) was used for expression, and cells were grown in LB medium (10 g L* tryptone, 5g L™
yeast extract, 10 g L™* NaCl) containing 100 pg mL™* ampicillin and 30 pg mL* chloramphenicol.
Overnight cultures were diluted to a starting OD of ~ 0.2 and were grown at 37 °C with shaking
at 170 rpm to an OD of 0.7-0.8 before induction of expression with 1 mM IPTG. After 4 h at 37
°C (170 rpm), cells were harvested via centrifugation (12000 g, 20 min), and cell pellets were
stored at -80 °C before further workup. After thawing, 1 x TBS, pH 7.8 buffer was added to the
cell pellet (50 mL buffer / 1 L expression pellet). The solution was homogenized using an ultra
turax before cell lysis via sonification on ice (60% amplitude, 15 sec ON, 45 sec OFF time, total
ON time 10 min). After clearing the supernatant via centrifugation (21000 rpm, 53000 g, 45 min
at 4 °C), the collected inclusion bodies were solubilized by incubation in 6M guanidinium hydro-
chloride, TBS buffer at pH 7.5 while stirring overnight at rt. After removal of insoluble cell debris
(21000 rpm, 53000 g, 45 min), the solution was directly dialyzed against 4M Urea, TBS pH 8 at
4°C overnight before inducing intein-mediated hydrazinolysis via dropwise addition of 10% hy-
drazine, 100 mM DTT in 1 TBS pH 8 (1:1 dilution) (final concentration: 5% Hydrazine, 50 mM
DTT, 2 M urea in TBS). After 2 h the solution was diluted further 1:1 with 6M Gdn.HClI, filtered
and purified via RP-HPLC on a preparative scale C4 column (Kromasil) with a gradient of 30-
60% ACN in water (+0.1% TFA) at a flow rate of 10 ml/min at 60 °C. Peak fractions were pooled
and lyophilized, yielding compound 6 at ~10 mg/L culture.
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2.3 Selenoester formation, diselenide-selenoester ligation and deselenisation

The purified and lyophilized recombinant segment 6 was dissolved in freshly prepared and de-
gassed 6M Gdn HCI, 100 mM TCEP, 50 mM DPDS, and 200 mM HEPES buffer at a concentration
of 1-1.3 mM, and the pH adjusted to 1.5. Selenoester formation was initiated by the addition of
~30 equiv. acetylacetone and the reaction monitored via electrospray ionization mass 15-30 min.
Synthetic peptide variants Hsp90 8a-d were dissolved in 6M Gdn.HCI, 5 mM DPDS, 200 mM
HEPES buffer (1.5 equiv. based on recombinant segment) and directly added to Hsp90 (572-710)-
SeR via 1:2 dilution (final TCEP concentration in the ligation mixture 33mM) after successful
selenoester formation was confirmed via ESI-MS. The pH was adjusted to 3.5-4 using NaOH, and
the Eppendorf tube was flushed with argon before incubation of the reaction mixture at r.t. under
stirring. The ligation reaction was monitored via ESI-MS and SDS-PAGE, and after 1 h, excess
phenylselenol (DPDS) was removed via hexane extraction (5 x, 1:1 vol/vol) before continuing
with the deselenization. Deselenization was performed by diluting the reaction mixture 1:1 with
freshly prepared and degassed deselenization buffer (6M Gdn.HCI, 250 mM TCEP, 200 mM
HEPES, 25 mM DTT). The pH was adjusted to 7.4, and the reaction was stirred at r.t. for 4-5 h
under an argon shower before freezing at -80 °C. After thawing and dilution with 6M Gdn.HCl in
ddH20, the ligation product was purified on a semipreparative scale C4 column (Kromasil) using
a linear gradient from 30-65% of solvent B (ACN + 0.08% TFA) in solvent A (ddH20 + 0.1%
TFA) at a flow rate of 5 mL/min at 60 °C. Fractions containing the deselenized ligation product
were analyzed by ESI-MS, combined, and lyophilized. Final yields of lyophilized ligation products

ranged between 45-50% based on segment 6 as limiting starting material.
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2.4 Recombinant expression and purification of Hsp90 WT CTD

The synthetic oligonucleotide comprising N-terminally Hise-tagged human Hsp90alpha CTD was
ordered from Eurofins Genomics in a pET-21a (+) vector, and heat shock transformed into chem-
ically competent E. coli strains XL1-Blue, BL21 (DE3) and Rosetta 2 (DE3) from Invitrogen.
Expression using E. coli Rosetta 2(DE3) strain and subsequent cell lysis was performed analo-
gously to the fusion construct 5. After cell lysis and separation of cell debris via centrifugation
(21000 rpm, 53000 g, 45 min at 4 °C), the cleared supernatant, which contained the soluble fraction
of the overexpressed protein, was loaded onto a preequilibrated Ni-NTA resin on an Aekta Prime
FPLC system. The protein was eluted using a 25-500 mM imidazole gradient, and the fractions
were analyzed using SDS-PAGE. Pooled fractions were further purified via RP-HPLC on a pre-
parative scale C4 column (Kromasil) with a gradient of 30-75% ACN in water (+0.1% TFA) in 40
min at a flow rate of 10 ml/min at 60 °C. Peak fractions were combined and lyophilized, yielding
the desired protein at ~15 mg/L culture (Figure A 2).

2.5 Protein refolding and circular dichroism spectroscopy

Lyophilized semi-synthetic Hsp90 variants and recombinant WT CTD were dissolved in 6M
Gdn.HCI TBS buffer and dialyzed towards assay buffer (50 mM KPO4 buffer pH 7.6) at 4 °C
overnight. Circular dichroism spectroscopy was performed in 50 mM KPO4 buffer pH 7.6 at a
protein concentration of 0.2 mg/mL using a JASCO J-815/150S spectropolarimeter at 20 °C and a
path length of 1 mm. Scans were recorded in the range of 195 to 260 nm, and the spectra shown

are the average of five measurements after signal correction via buffer subtraction.
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2.6 Thermal stability determination by nano differential scanning fluorimetry

Thermal stability assessments were performed using a Prometheus NT.48 (Nanotemper) in 50 mM
NaPi, 150 mM NaCl pH 7.5 buffer at 2 mg/mL protein concentration. Protein denaturation was
monitored by measuring the ratio of the tryptophan fluorescence intensities at 350 nm and 330 nm
while increasing the temperature from 20 to 95 °C at 1 °C/ min. Triplicates were measured, aver-
aged, and corrected via buffer subtraction. Depicted curves were normalized between values 0.0

and 1.0 for better visual comparison.
2.7 Aggregation assays

The anti-aggregation (chaperoning) capabilities of Hsp90 variants 10a-d were measured using al-
cohol dehydrogenase (ADH) and Insulin aggregation assay similar to previously reported meth-
ods.[*2%1 1241 Equine ADH (Sigma) was directly dissolved in assay buffer (50 mM NaPi, 100 mM
NaCl pH 7.0), and the concentration was determined via BCA assay before dilution to the assay
concentration (3.1 uM). CTD variants 10a-d were dialyzed towards assay buffer, the concentration
determined (BCA), and added to ADH to a final concentration of 500 nM (final volume 1400 puL).
ADH aggregation was thermally induced at 55 °C and monitored over 60 min. by measuring the
absorbance at 360 nm in a SAFAS UVmc2 spectrophotometer equipped with a temperature-con-
trolled multicell holder (SAFAS, Monaco) in 700 uL quartz cuvettes (Hellma Analytics). Samples
were measured as triplicates, and the endpoint of ADH aggregation readout was set to 100% to
compare chaperoning efficiency.

To determine insulin aggregation inhibition, bovine pancreas insulin (Sigma) was dissolved in 1%
acetic acid in ddH20, and the stock concentration was determined using a NanoDrop 2000 (molar
extinction coefficient used: 5,734 cm™M™). The insulin stock was diluted to 40 uM using assay
buffer (50 mM NaPi, 100 mM NaCl pH 7.4) before adding Hsp90 CTD variants 10a-d (4 puM)
dialyzed into the assay buffer. The protein solution was incubated for 15 minutes at rt before add-
ing 20 MM DTT induced Insulin aggregation. Insulin aggregation was measured by monitoring
the absorbance at 360 nm in a SAFAS UVmc2 spectrophotometer equipped with a temperature-
controlled multicell holder (SAFAS, Monaco) in 700 puL quartz cuvettes (Hellma Analytics) for
45 minutes. Triplicates were measured, baseline subtracted and averaged, and the endpoint of In-

sulin aggregation was set to 100% to compare chaperoning efficiency.
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2.8 Dimerization assessment via Crosslinking and western blotting

Dimerization of Hsp90 CTD variants 10a-d was assessed by incubation of the protein with the
amine-reactive crosslinker bis(sulfosuccinimidyl) suberate (BS3) (Pierce) as previously described.
The Protein was dialyzed towards the assay buffer (50 mM NaPi pH 7.4) and diluted to 2 uM
before adding BS3 from a freshly prepared stock in a total volume of 25 pL (final BS3 cons.:20
H1M). After incubation for 1 h at rt the reaction was quenched by the addition of 50 mM Tris pH
7.4 for another 15 min before adding 2x SDS sample buffer. Samples were boiled at 95 °C for 5
min before separating them on a precast 12% SDS-PAGE gel (BioRad) at 200V for 35 min fol-
lowing western blotting. Semi-dry western blotting was performed by transferring on a PVDF
membrane using a Turbo Plotter (30 min, 200V) followed by blocking with 5% w/v nonfat milk
in TBST (0.05% v/v Tween 20) and probed via anti-Hsp90 AC88 (Abcam) primary antibody.

2.9 Characterization of variants 10a-d via Size Exclusion Chromatography

Proteins were characterized via size exclusion chromatography on a Superdex 200 (10x300 mm)
column equilibrated with 10 mM MES, 200 mM KCI, 1 mM EDTA, 1% Glycerol pH 6 on a AKTA
Purifier system (both GE Healthcare) with a flow rate of 0.5 mL/min at 4°C. Samples were cen-
trifuged for 15 min, 14.000xg at 4 °C before being loaded on the column, and the following pro-
teins were used as MW calibration: Aproptinin,6.5 kDa, Ribonuclease, 13.7 kDa; Carbanhydrase,
29kDa;Ovalbumin, 43 kDa; Conalbumin, 75 kDa, Aldolase,158 kDa (GE Healthcare).
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3. Results and Discussion

3.1 Synthesis route for accessing site-selectively phosphorylated Hsp90 CTD

While planning our ligation strategy for installing the desired PTMs at positions Thr725 and
Ser726, we quickly realized that a classic NCL strategy with the C-terminal cysteine-containing
part being synthetically made via SPPS and the N-terminal part being generated via recombinant
expression is not suitable due to the location of all three native occurring cysteines
(Cys572/597/598) close to the amino-terminal end of the domain (sequence in appendix
5.1.5).185%1 Using an Alanine residue as a position for installing a Cysteine or Thiol-modified li-
gation handle as a surrogate was also excluded since it would require a desulfurization step to gain
access to the native residue but would, therefore, cause the loss of the other essential native cyste-
ine residues and potentially alter the folding and/or function of the CTD. Therefore, we decided to
utilize a synthesis strategy based on the relatively recently developed Expressed Protein Selenoes-
ter Ligation Protocol, where a C-terminal selenoester reacts with an N-terminal Selenocysteine-
containing peptide to form the peptide bond (Figure 21).[22571]

50 mM DPDS HSe

o 20 equi. acetylacetone 5 mM DPDS
-NH + HoN HS 90(712-732 Hsp90(572 710 HSP90(712 732
200 mM HEPES 6M Gdn.HCI
6M Gdn.HCI 1.5 equi.
6 7 8a-d 9a-d

Figure 21 Schematic depiction of the in situ selenoester conversion and ligation of recombinant
peptide hydrazide 6 to synthetic segments 8a-d using DSL.

Exchanging the thiol-reactive moieties with selenol groups would not only yield beneficial reac-
tion kinetics and allow for lower concentrations of peptide segments in the reaction mixture but
also should enable a selective post-ligation deselenization step to yield an alanine at the ligation
site without losing native thiol functionalities.[® Doing so, we picked an alanine Residue (Ala
711) as the ligation site, enabling us to install the selenocysteine ligation handle on the synthetic
peptide segment of modest length (711-732, 21 residues), where we can introduce either single
phosphorylations (pThr725 or pSer726) or the double modified variants (pThr725 and pSer726)
as well as a reference unmodified variant.

The N-terminal segment 572-710 was designed as a C-terminally fused MxeGyrA-His7-CBD pro-

tein 5 and accessed via recombinant expression using E. coli as a host organism (Figure 22).
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Figure 22 Monitoring of expression of Hsp90 572-710-MxeGyrA-His7-CBD fusion protein 5 via
SDS-PAGE. The protein appeared as a strong overexpressed band at the ~45 kDa marker height.

Notably, we observed that the translation-initiating methionine of our designed fusion protein was
quantitatively cleaved by endogenous methionine aminopeptidase of E. coli as we only observed
traces of the Met-572-710-intein fusion protein when analyzing the inclusion body pellet (Figure
23).
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Figure 23 A: Characterization of Hsp90 572-710-intein fusion construct via ESI-MS. The devia-
tion of the observed mass of 44654 Da from the calculated mass of 44631 (+23 Da) can be assigned
to the formation of a N-terminal thiazolidine involving the free thiol group of Cys572 and acetal-
dehyde from the cellular background of E. coli. B: Deconvoluted ESI-MS spectrum of Hsp90 572-
710-intein fusion construct.
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The additional +24 Da in the mass we observed for the fusion protein 5 can be explained by the
formation of thiazolidine through the reaction of the released N-terminal cysteine with the metab-
olite acetaldehyde, as this is commonly observed in the production of N-terminal cysteine-con-
taining proteins in E. coli.. %! After solubilization of the fusion protein, which was expressed as
inclusion bodies, the intein-affinity tag was cleaved via hydrazinolysis (Figure 24).

<«—— 572-710-intein fusion

-<—— ntein

~—— 6 (572-710 hydrazide)

Figure 24 Monitoring of Hydrazinolysis of fusion protein 5 via SDS-PAGE. The desired hydra-
zide 6 was separated from uncleaved fusion protein 5 and cleaved intein-affinity tag via RP-HPLC.

This yielded us the C-terminal hydrazide segment 6 after RP-HPLC purification as a precursor for
the desired selenoester, which we aimed to produce in situ for the ligation to the synthetic peptides
711-732 (A711U) 8a-d. Mass characterization of the purified hydrazide segment 6 revealed the
hydrolysis of the N-terminal thiazolidine, presumably caused by the acidic RP-HPLC purification
conditions, as the observed mass of 6 is in excellent agreement with the calculated mass for the

free N-terminal cysteine (Figure 25).
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Figure 25 Characterization of Hsp90 572-710 hydrazide (6). A: ESI-MS characterization of 6. B:

Deconvoluted ESI-MS spectrum of 6. C: RP-HPLC characterization with indicated product peak
at 26.4 min.

This made us excited to see as it would allow for the potential use of the free thiol moiety of N-
terminal cysteine 572 as an additional ligation handle for future reactions but would also poten-
tially require an additional orthogonal thiol protection step to avoid intermolecular ligation of the
recombinant segment after the selenoester conversion. However, we continued to generate the
necessary synthetic peptide segments 8a-d before aiming for the selenoester conversion and liga-
tion. These relatively short peptide segments were prepared using standard Fmoc-based SPPS
with O-benzyl side chain protected phospho-amino acid building blocks (Fmoc-
Thr(PO(OBzl)OH)-OH/ Fmoc-Ser(PO(OBzI)OH)-OH) and a 4-methoxybenzyl (Mob) protected
Selenocysteine on Tentagel resin. After deprotection and RP-HPLC purification, this yielded the
four different variants of segment 711-732 (A711U) either unmodified, singly modified (pThr725
or pSer726), or double modified (pThr725 and pSer726) (Figure 26).
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Figure 26 Characterization of synthetic peptides Hsp90 711-732(A711U) 8a-d via ESI-MS (left
panel) and RP-HPLC (right panel). A: characterization of unmodified peptide 8a. B: Characteri-
zation of phosphothreonine peptide 8b (pThr725). C: Characterization of phosphoserine peptide
8c (pSer726). D: Characterization of double phosphorylated peptide 8d (pThr725/pSer726).
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Having the synthetic peptides and the recombinant segment at hand, we focused on optimizing the
Selenoester formation of the recombinant hydrazide. We were delighted to observe that the hydra-
zide cleanly converts to the respective aryl selenoester 6 using acetylacetone to form the active

pyrazole intermediate, followed by diphenyl diselenide as a selenol donor (Figure 27).
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Figure 27 Monitoring of Selenoesterfication of Hsp90 572-710 peptide hydrazide segment 6 via
LC-MS. A: LC-MS spectrum of selenoesterfication at t=0 before the addition of acetyl acetone.
B: Deconvoluted mass spectrum of t=0. C: MS spectrum of selenoesterciation at t=40 min. D:
Deconvoluted mass spectrum of selenoesterfication at t=40min. The observed mass (MWobs.
15714 Da) agrees with the calculated mass (MWcalc. 15714 Da).



61

This further motivated us to aim for an in situ generation of the early seleneoester directly before
the addition of the synthetic peptide, rather than isolating the freshly formed selenoester through
an additional RP-HPLC step as it was done in the original work by Kulkarni et al.. We added a
slight excess (1.2 eq) of our synthetic peptide segment dissolved in TCEP-free ligation buffer to
the freshly formed selenoester, thereby diluting the TCEP concentration to ~ 33mM. This sup-
pressed the premature deselenization of the N-terminal selenocysteine of our synthetic peptide
segments through radical-induced TCEP reduction. We were excited to observe the quantitative

formation of the ligation products 9a-d in a matter of 30 minutes to 1 hour (Figure 28).
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Figure 28 Ligation monitoring of in situ generated aryl selenoester segment 6 with double phos-
phorylated synthetic peptide 8d. A: LC-MS ligation monitoring at t=0. B: Deconvoluted mass
spectrum of ligation at t=0. C: LC-MS ligation monitoring at t=2 h. D: Deconvoluted Mas spec-
trum of ligation at t=4 h. The observed mass (MWobs. 18261 Da) is in excellent agreement with
the calculated mass (MWocalc. 18261 Da) of the double phosphorylated ligation product 9d (Hsp90
572-732, A710U). E: Ligation monitoring via SDS-PAGE. The ligation product 9d appears as a
single band at the height of the 20 kDa marker.

Especially noteworthy in this case would be that a potential intermolecular ligation of a freshly
generated arylselenoester with the unprotected N-terminal cysteine of another selenoester segment

was not observed. Finally, we continued with the deselenization procedure in a one-pot manner to
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maximize the potential yield and convenience of the ligation setup. To do so, we removed the
radical quenching excess of free phenylselenol via hexane extraction and continued by adding
deselenization buffer (v/v 1:1, final TCEP concentration 100-150 mM). After initial slow reaction
rates and only a limited amount of deselenized product formation, we optimized this step by per-
forming the reaction at a slightly basic pH (7.4), which led to good conversion rates (between 70-
80%) and the formation of final semi-synthetic CTD products 10a-d in 4 hours (Figure A 13 and
Figure 29). Interestingly, after freezing the ligation solution at -80°C and subsequent thawing and
workup by 1:1 dilution with 6M Gdn.HCI no or only traces of Selenocysteine containing ligation
product could be observed in the collected peaks after RP-HPLC purification. However, careful
reaction monitoring was needed since, in the presence of high amounts of TCEP (>100 mM) and
after prolonged reaction times (>4 hours), we were able to detect the formation of a -32 Da side
product after a few hours which would be a strong indicator for the undesired desulfurization of
the most likely accessible N-terminal free cysteine of the ligation product. With final yields rang-
ing between 40 and 50 % based on the recombinant starting material as a limiting factor, we con-
sider this a successful, highly optimized ligation strategy for efficiently generating site-selectively
modified Hsp90 CTD variants.
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Figure 29 Characterization of semi-synthetic Hsp90 CTD variants 10a-d via ESI-MS (left panel)
and RP-HPLC (right panel). A: Characterization of unmodified CTD 10a. B: Characterization of
phosphothreonine CTD variants 10b (pThr725). C: Characterization of phosphoserine CTD 10c
(pSer726). D: Characterization of double phosphorylated CTD 10d (pThr725/pSer726).



65

3.2 PTM impact on secondary structure elements and thermal unfolding

After successfully generating the four different CTD variants, we were first interested in the sec-
ondary structure exhibited by the semisynthetic proteins. Attempting to dissolve the lyophilized
protein in the desired refolding buffer directly failed due to the high hydrophobicity of the domain,
so we initially dissolved them in high chaotropic salt buffer (6M Gdn.HCI, TBS pH 7.5) before
refolding via dialysis into the desired buffer for characterization. To determine successful refold-
ing and the potential impact of the introduced PTMs on secondary structure elements, we charac-
terized our semi-synthetic variants via circular dichroism (CD) spectroscopy. CD spectra of the
unmodified variant, as well as the single and double modified variants, showed the characteristic
minima around 207 and 225 nm, which are well in accordance with the literature and the CD
spectra we recorded of the recombinantly expressed WT CTD (Figure A 14).121 This indicates
the well-defined primary alpha-helical structure of the CTD variants and, therefore, suggests suc-
cessful refolding; however, it is difficult to determine from the CD experiments whether the Hsp90
CTD variants also form dimers during refolding. Interestingly, we observed slightly more pro-
nounced minima at 207 nm and 225 nm for the double-modified variant, compared to the unmod-
ified variant at the same concentration, indicating a more defined alpha-helical secondary structure

upon introducing the two phosphate groups (Figure 30).
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Figure 30 Structural characterization of CTD variants via Circular dichroism spectroscopy. Zoom
was inserted on the alpha-helical region between 205 and 220 nm. Circular dichroism spectra of
CTD analogs were measured in 50 mM KPO4 buffer at pH 7.6 (0,2 mg/ml).

The impact of the introduced PTMs on the secondary structure of the CTD variants sparked our
interest if we could also observe and influence the thermal stability of the semi-synthetic proteins.
Therefore, we aimed to examine the thermal stabilities of the semi-synthetic CTD variants using
Nano differential scanning fluorimetry (NanoDSF) (Figure 31). This method uses intrinsic tryp-
tophan or tyrosine fluorescence to monitor protein unfolding. Since the fluorescence intensity and
the fluorescence maximum depend on the local surroundings of Trp and Tyr residues, structural
changes and protein unfolding can be monitored through the ratio of fluorescence intensities at
350 nm and 330 nm. This would theoretically allow for determining the Protein Melting Temper-
ature Tm defined as the midpoint of the unfolding transition. Additionally, a qualitative compari-
son of the melting curves can indicate the difference in thermal stability caused by the PTMs.
Previous analysis of Hsp90 CTD using thermofluor assays and CD showed that it is most thermally
stable at mild neutral conditions. Therefore, all variants were screened in NaPi Buffer at pH 7.4.1127]
Unfortunately, signal intensity was relatively low, presumably because only one Tryptophan resi-
due was present in the CTD (Y689), resulting in melting curves, making precise Tm determination
impossible. However, a significant qualitative difference in the melting behavior of the double-
modified variant 10d compared to the single-modified and unmodified control is observable (Fig-
ure 31, dotted lines). This indicates a lowering of the Tm value of ~3-5°C caused by introducing
the two phosphorylations and an overall lower thermal stability of the double-modified variant. In
addition to the left-shifted melting curve of 10d compared to the other variants, the F350/F330

ratio curve for 10d reaches a maximum at about 70 degrees and then decreases at higher
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temperatures. We speculate that this could indicate unfolding followed by aggregation, which

would alter the environment of the Trp/Tyr residues. Combined with the CD data, these results

suggest that the doubly modified Hsp90 CTD has a slightly more defined alpha-helical structure

than the other variants but with lower thermal stability.
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Figure 31 Nano differential scanning fluorimetry of semi-synthetic Hsp90 CTD with an indicated
shift towards lower thermal stability of the doubly phosphorylated CTD compared to the unmod-

ified and singly modified

variants
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3.3 Impact of phosphorylations on CTD chaperone activity in vitro

After observing the altered secondary structure and thermal stability of our double phosphorylated
CTD variant, we aimed to investigate the effect of the PTMs on the chaperoning ability of the
CTD. Previous studies have shown that the isolated CTD of Hsp90 exhibits chaperoning capabil-
ities in various in vitro aggregation assays with model substrates.[t?7123.1281\We examine the anti-
aggregation function of our CTD variants using an ADH and Insulin aggregation assay as previ-
ously used to study novel CTD dimerization inhibitors as the chaperone activity correlated with
the ability of the CTD to form dimers in previous studies. Both the aggregation of ADH and Insulin
can be monitored by the detection of light absorption at 360 nm, while ADH aggregation is solely
thermally induced by increasing the temperature to 55°C, the aggregation of insulin is based on
structural disintegration through internal disulfide reduction via the addition of DTT. In both as-
says, all of our Hsp90 variants show a strong chaperone activity via the depletion of aggregates to
about ~60% using ADH and ~ 55% using Insulin when comparing endpoint mean values (Figure
32). Since there are no significant differences between the activity of our variants, we conclude
that the introduced PTMs do not impact the chaperone activity, indicating successful active dimer

formation of all your Hsp90 variants.
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Figure 32 Assessing in vitro chaperone activity of phosphorylated and unmodified Hsp90 CTD
variants 10a-d using ADH and Insulin aggregation assay. A: ADH aggregation (3.1 uM) was in-
duced by incubation at 55 °C in the presence and absence of 500 nM 10a-d and monitored by
measuring the absorbance at 360 nm over 60 minutes. Displayed are mean curves of a triplicate
measurement. B: Endpoint mean values (60 min) of ADH aggregation without the addition of
CTD were set to 100% and compared with mean values at 60 min from samples with additional
Hsp90 CTD incubation. C: Insulin aggregation (40 uM) was induced by adding 20 mM DTT in
the presence and absence of 4 uM 10a-d and monitored by measuring the absorbance at 360 nm
over 45 min at 37°C. D: Endpoint mean values (45 min) of Insulin aggregation (40 uM) without
the addition of CTD were set to 100% and compared with mean values at 45 min from samples
with additional Hsp90 CTD incubation (4 uM).



70

3.4 Assessment of PTM impact on the oligomeric status via cross-linking and
SEC characterization

One of the major tasks specifically attributed to the CTD is its facilitation of Hsp90 dimerization,
an essential property since previous studies have shown that the protein only functions properly as
an active homodimer.!?°! Furthermore, it has been demonstrated that the CTD itself can dimerize
and form tetramers and higher-order oligomers. Therefore, we aimed to assess phosphorylation's
effect on its oligomeric state by using amine-reactive covalent crosslinking via BS?, as previously
described.*?® The amine-reactive crosslinker allows for capturing the protein's dominant oligo-
meric state, which is presented by the slower migrating species compared to the control, where no
crosslinker was added (Figure 33).**% Although faint bands that correspond to the monomeric
(~23 kDa) species as well as more clear bands that could represent the dimeric (~46 kDa) CTD
were visible in two of our attempted assays, higher-order oligomers (>90 kDa) where strongly
visible for all variants suggestions that either the used dimerization conditions including the ap-
plied crosslinker or the process of membrane transfer for western blotting strongly supported this
higher-order oligomerization of the CTD. Furthermore, we could not generate reproducible results,
making a relative quantification of the present monomer to dimer species for the different CTD
variants impossible (Figure A 12). Many factors might cause this since the procedure is highly
sensitive and error-prone due to the multiple steps with intrinsic error margins, including protein
refolding and concentration determination, quantitative western blot transfer and antibody binding,

as well as variants in chemiluminescent western blotting substrate signal intensity.
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Figure 33 Amine reactive crosslinking and Western blotting for assessing the oligomeric state of
semi-synthetic Hsp90 CTD variants 10a-d.

We decided that this method might not be suitable for accessing the presumably minor differences
of oligomeric state difference of the different CTD variants and aimed for an estimation of the
molecular weight after refolding using size exclusion chromatography (SEC) as was reported pre-
viously.*?71 Unfortunately, the observed retention profiles indicated only the predominant pres-
ence of higher-order oligomers (>100 kDa), and therefore, no prediction about the specific mono-

meric to dimeric, oligomeric state ratio under native circumstances could be made (Figure A 16).
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4. Conclusion

Here, we present the first semisynthetic approach for deciphering the Hsp90 chaperone code by
efficiently generating homogenous side-selective modified human Hsp90 C-terminal domain
(CTD). Novel Expressed Protein Selenoester ligation methodology allowed access to four differ-
ent variants of Hsp90 CTD with two different phosphorylation sites close to the C-terminus of the
domain. Selenochemistry efficiently enabled us to generate semisynthetic proteins without addi-
tional thiol protection chemistry. Using an in-situ approach for the selenoester generation and a
one-pot ligation and selective deselenization strategy in the presence of three natively occurring
cysteines enabled the efficient generation of four different Hsp90 CTD variants in multi-milligram
amounts. Our characterization of the semi-synthetic proteins shows that, after successful refolding,
they resemble the overall native secondary structure of WT recombinant expressed Hsp90 CTD.
However, the introduced phosphorylation impacts the alpha-helical content of the C-terminal do-
main. Furthermore, the presence of both modifications showed reduced thermal stability of the
CTD, hinting at an overall destabilizing effect of the introduced phosphorylations. Our assessment
of the chaperone activity of the CTD showed that the modifications do not impact the anti-aggre-
gation activity of the CTD in an in vitro ADH and Insulin aggregation assay. Although a more
detailed study of the oligomeric state via crosslinking and western blotting or through molecular
weight determination via SEC was not successful, these results suggest that the dimerization of
the CTD should not be significantly impaired since studies of dimerization inhibitors have shown

to reduce the chaperone activity of Hsp90 CTD severely.3!
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1. Introduction

This chapter describes the semi-synthesis of full-length human Hsp90a. utilizing a sequential C-
to-N ligation strategy based on the successful generation of semi-synthetic human Hsp90a CTD,
as discussed in the previous chapter. We aimed to utilize other natively occurring cysteines of the
MD for assembling full-length Hsp90 while introducing other PTMs with indicated functional
relevance based on prior studies. Therefore, we envisioned continuing with the ligation of syn-
thetic peptide segment 529-571 to semi-synthetic CTD (572-732) utilizing the natively occurring
cysteine at the N-terminus of the CTD (Cys572). This would enable us to incorporate acetylated
Lys at position 546 via SPPS. In a previous study by Yang et al., it was shown that this residue is
one of six Lys residues in the Hsp90 MD, which get hyper-acetylated among the knockdown of
histone deacetylase 6 (HDAC 6). Using site-specific Glu mutants as acetylation-mimetic, they
were able to indicate that acetylation of these specific residues resulted in diminished binding
affinities of Hsp90 towards ATP, co-chaperone p23, and client protein binding. Furthermore, using
the same acetylation-mimicking mutants, they linked Hsp90o MD lysin acetylation with cellular
location, indicating that these PTMs promote export and extra-cellular location of Hsp90a com-
pared to acetylation-deficient mutants with Arg instead of Lys residues at the corresponding posi-
tion.!*321 However, the specific effects of single lysin modifications without the use of mimetics
have not yet been revealed, nor has the potential cross-talk between those and other PTMs, e.g.,
the phosphorylation present in the CTD.

Therefore, our synthesis strategy would not only involve a new synthetic segment of reasonable
length (42aa) that would enable us to introduce acetylated lysine at position 546 but would also
provide another ligation handle due to the native occurrence of the Cys529. We aimed for the
synthesis of a peptide hydrazide as a precursor for the C-terminal thioester of segment 529-571
while orthogonally Acm protecting the thiol group of its N-terminus to avoid intramolecular liga-
tion or ligation with another synthetic 529-571 segment. Finally, after successful NCL of the syn-
thetic segment 529-571 to semi-synthetic 572-732 (Hsp90 CTD) and removal of the N-terminal
thiol Acm protection group, full-length Hsp90 can be generated via another EPL of Hsp90 1-528
to the novel 529-732 protein. Therefore, the last required segment 1-528 will be generated from
an intein-fusion construct to yield Hsp90 1-528-SR bearing C-terminal a-thioester necessary for

ligation (Figure 34).
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2. Materials and Methods
2.1 Solid phase peptide synthesis of Hsp90 529-571-SR peptides

The synthesis of Hsp90 MD peptides 529-571-SR 11a and 11b was performed on hydrazine-mod-
ified 2-chlorotrityl resin according to the protocol of Liu et al..'%! After the manual coupling of
the first amino acid, the loading was determined, and the residual amino acids were coupled using
microwave-assisted automated peptide synthesis on a Liberty Prime synthesizer (CEM). For the
activation of amino acids, 5 equivalents of Oxyma and 10 equivalents of DIC were used, and
coupling was performed at 90°C for 2 minutes. Fmoc-deprotection was performed by the addition
of 20% piperidine in DMF at 90°C for 1 minute to the resin. Besides Standard Fmoc- building
blocks, Fmoc-Lys(Ac)-OH was used for introducing the acetylation in modified peptide 11b and
Fmoc-Cys(Acm)-OH for the coupling of the N-terminal Cys on both peptides. Furthermore, the
following pseudo-proline dipeptides were used to decrease probabilities of on-resin aggregation
during the automated synthesis: Thr-Gly, Arg-Thr, Val-Ser, and Asp Thr. After the final Fmoc-
deprotection step, the resin was removed from the synthesizer, washed with DMF and DMC, and
dried under vacuum overnight before cleavage was performed using TFA/TIPS/H20 95:2.5:2.5
for 2.5 h. The cleaved peptides were precipitated using cold ether, pelleted via centrifugation (4000
g, 5 min), dissolved in 50:50 ACN/HO, and dried via lyophilization, which yielded the crude
peptide hydrazides. Subsequently, the lyophilized peptides hydrazides were dissolved in 6M
Gdn.HCI NaPi pH 3, cooled to -15°C and activated by adding 0.5M NaNO2 for 15 min under
stirring. Following that, thioester conversion was achieved by the addition of 100 eq. mesna and
pH adjustment to 6.8. After 20 min incubation at rt, the reaction was diluted 1:1 with 6M Gdn.HCI
in H20 and directly purified on a preparative C18 column (Kromasil) using a linear gradient from
20-60 % of solvent B (ACN + 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) in 40 min at a flow
rate of 9 mL/min. Peptide fractions were pooled and lyophilized, which produced the desired pep-
tide 11a at a yield of mg (16%) and 11b at a yield of 16 mg (20%) based on the crude peptide
yield.

2.2 Ligation of unmodified Hsp90 529-571-SR to semi-synthetic CTD (572-
732)

For the generation of the unmodified semi-synthetic Hsp90 529-732 segment (12a), lyophilized
unmodified semi-synthetic Hsp90 CTD (572-732) was dissolved in freshly prepared and degassed
6M Gdn.HCI, 100 mM TCEP, 100 mM MPAA, 150 mM NaPi pH 7.2 buffer to a final concentra-
tion of ImM. The mixture was added to 1.5 eq of lyophilized unmodified synthetic peptide
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thioester 11a, the pH readjusted to 7.2, and the reaction was incubated at rt for 2 h. The reaction
was monitored by LC-MS and SDS-PAGE and, after completion, quenched through 1:1 dilution
with 20% B-Me in 6M Gdn.HCI in H20 for 20 minutes. Product purification was performed on
semi-preparative C4 column (Kromasil) using a linear gradient from 20-55 % of solvent B (ACN
+ 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) in 40 min at a flow rate of 5 mL/min at 60°C.
Product fractions were identified via ESI-MS, pooled, and lyophilized, which generated the de-
sired segment at a yield of 23%.

2.3 Acm deprotection of unmodified semi-synthetic Hsp90 529-732

For N-terminal Cys(Acm) deprotection, purified and lyophilized 12a was dissolved in freshly de-
gassed 85% Acidic acid / 15% H>0 to a final concentration of 1 mM. Subsequently, 140 equivalents
of AgOAc were added to the solution, and the reaction was incubated at rt under vigorous shaking.
After completion (1 h 30 min), the deprotection was monitored via LC-MS and quenched via di-
lution with an equal volume of 6 M Gdn.HCI, 1 M DTT in H20 for 20 min. Purification was per-
formed on a semi-preparative C4 column (Kromasil) using a linear gradient from 5-60% of solvent
B (ACN + 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) in 20 min at a flow rate of 5 mL/min

at 60°C. Peak fractions were pooled and lyophilized, and the yield was determined to be ~90%.

2.4 Expression intein-cleavage and purification of Hsp90 1-528-SR

For the generation of the recombinant thioester segment 1-528-SR (13), a synthetic oligonucleo-
tide comprising human Hsp90alpha 1-528-Mxe GyrA-His7-CBD was ordered from Eurofins Ge-
nomics in a pET-21a (+) vector and heat shock transformed into chemically competent E. coli
strains XL1-Blue, BL21 (DE3 Gold) and Rosetta 2 (DE3) from Invitrogen. Large-scale expression
was performed using the E. coli Rosetta 2(DE3) strain in 2YT medium (16 g L-1 tryptone, 10 g L-
1 yeast extract, 5 g L-1 NaCl) containing 100 ug mL-1 ampicillin. Overnight cultures were diluted
to a starting OD of ~ 0.2 and were grown at 37 °C with shaking at 170 rpm to an OD of 0.7-0.8
before induction of expression with 1 mM IPTG. After 4 h at 37 °C (170 rpm), cells were harvested
via centrifugation (12000 g, 20 min), and cell pellets were stored at -80 °C before further workup.
After thawing, 1 x TBS, pH 7.8 buffer was added to the cell pellet (50 mL buffer / 1 L expression
pellet). The solution was homogenized using an ultra turax before cell lysis via sonification on ice
(60% amplitude, 15 sec ON, 45 sec OFF time, total ON time 10 min). After clearing the superna-
tant via centrifugation (21000 rpm, 53000 g, 45 min at 4 °C), the collected inclusion bodies were
solubilized by incubation in 6M Gdn.HCI, TBS buffer at pH 7.5 while stirring overnight at rt. After
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removal of insoluble cell debris (21000 rpm, 53000 g, 45 min), the solution was loaded on Ni-
NTA resin slurry (5mL resin slurry/ 2L culture) in syringes equipped with polypropylene mem-
branes and incubated for 1 h30 min at a rotator at 35 rpm. The loading solution was discarded, and
the resin was washed two times with 6M Gdn.HCI, 25 mM Imidazole TBS buffer at pH 7.5 before
the elution of the target protein using 6M Gdn.HCI, 500 mM Imidazole TBS buff-er pH 7.5. The
eluted protein solution was dialyzed against 2M Urea, TBS, pH 7.5 overnight at 4°C, and intein
cleavage was performed by the addition of 500 mM mesna at pH 7.4. The cleavage solution was
incubated at rt and stirred overnight before being quenched by adding 25 mM TCEP for 15 min,
followed by the 1:1 dilution with 6M Gdn.HCI in H2O. Purification was performed on a C4 pre-
parative column (Kromasil) using a linear gradient from 30-65% of solvent B (ACN + 0.08% TFA)
in solvent A (ddH2O + 0.1% TFA) in 40 min at a flow rate of 9 mL/min at 60°C. Peak fractions
were pooled and lyophilized, which yielded the desired protein 13 at 2 mg/L culture.

2.5 Ligation of recombinant Hsp90 1-528-SR to semi-synthetic 529-732

Ligation of recombinant thioester segment 13 to semi-synthetic segment 12a was performed by
dissolving segment 529-732 (1.5 equi.) in freshly prepared and degassed 6M Gdn.HCI, 50 mM
TCEP, 200 mM NaPi pH 7.2 buffer followed by the addition of segment 1-528-SR (0.5mM final
concentration). The pH was readjusted to 7.2, and the reaction was incubated under argon at rt for
3 h. Reaction monitoring was performed via LC-MS, SDS-PAGE, and analytical HPLC, and the
reaction was quenched for 15 min by adding an equal volume of 20% p-Me, 6M Gdn.HCI in H20.
Purification was performed on an analytical C4 column (C4 Kromasil) and a linear gradient of 35-
65% of solvent B (ACN + 0.08% TFA) in solvent A (ddH20 + 0.1% TFA) in 30 min at a flow rate
of 1 mL/min at 60°C. Peaks were manually collected, product fractions combined, lyophilized,

and the yield was determined to be ~20%.
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3. Results and Discussion

3.1 Solid phase peptide synthesis of Hsp90 529-571-SR peptides

When designing a semi-synthetic route for accessing full-length Hsp90, the natural occurrence of
native cysteines at the N-terminus of the CTD immediately offered an opportunity. Therefore, the
middle domain (MD) peptide comprising aa 529-571 (11) was chosen since it would directly ex-
tend the route developed for semi-synthetic CTD variants (see Chapter 2) through ligation to the
free N-terminal Cys 572. This would allow the introduction of various PTMs into the MD, includ-
ing the reported modifications of lysine residue 546, where acetylation and succinylation have
been identified and connected to the cellular location of Hsp90.153%41 Furthermore, the naturally
occurring Cys at position 529 would mark the next ligation site to attach the remaining NTD-MD
residues 1-528 without surrogates and post-ligation desulfurization/deselenization procedures.
However, the simultaneous presence of an N-terminal Cys residue and an acyl donor after C-ter-
minal hydrazide activation and thioester conversion on the same peptide segment requires an N-
terminal thiol-protecting group to prevent cyclization and/or oligomerization. In this case, we de-
cided to use acetamidomethyl (Acm) as a suitable thiol-protecting group since it can withstand the
hydrazide activation and ligation conditions and can readily be introduced as a building block.**4!
Furthermore, this strategy is also suitable for the generation of the peptide via automated micro-
wave-assisted synthesis, which can be considered as another benefit considering the length of the
sequence (43 AS). Therefore, we opted for using hydrazine-modified 2-CTC generating the C-
terminal peptide hydrazide as thioester precursor through microwave-assisted SPPS when and
thereby producing the unmodified control peptide 529-571(11a) as well as the acetylated variant
529-571 (11b).

We were delighted to see the unmodified peptide successfully synthesized and converted to thioe-
sters through this methodology, as demonstrated by analytical data of the Hsp90 peptide 529-571-
SR (Figure 34), which showed satisfactory final yields of 21 mg (16%) for the unmodified variant.
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Figure 35 A: ESI-MS characterization of unmodified Hsp90 529-571-SR mesna thioester peptide.
B: RP-HPLC characterization of unmodified Hsp90 529-571-SR mesna thioester peptide.

Similarly, we aimed to generate the AcLys(546) variant of this peptide by applying the established
synthesis protocol only differing in exchanging the standard Fmoc-Lys(Boc)-OH building block
in position 546 to the e-acetylamino-lysine variant. We successfully generated the modified pep-
tide thioester variant 529-571-SR (AcLys546) with a final yield of 20% based on the crude peptide
before thioester conversion and purification (Figure 36). For both peptides, only minor side prod-
ucts with mass differences of +/—128 Da were observed, which we believe to originate from Glu
(exact mass 129) and/or Lys (exact mass 128) deletions as well as addition products as those are
frequently occurring residues in the peptide, especially in the region of aa 552-571. An optimized
synthesis protocol with capping steps in the critical regions where most of the Lys and Glu residues
are coupled (aa 552-571) could further improve the quality of the final peptide, although the purity
of the final peptides was good enough for the first ligations attempt and therefore, we decided to

continue with the ligation to semi-synthetic 572-732.
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Figure 36 A: ESI-MS characterization of Hsp90 529-571-SR (AcLys546) mesna thioester pep-
tide. B: RP-HPLC characterization of Hsp90 529-571-SR(AcLys546) mesna thioester peptide.

3.2 Generation of unmodified semi-synthetic Hsp90 529-732 MD-CTD

For the generation of the semi-synthetic Hsp90 (aa529-732) segment 12a, we aimed for an NCL-
based strategy using an aryl thiol catalyst since a natively occurring cysteine at position 572 was

used as a ligation junction, and, therefore, no post-ligation desulfurization was required (Figure
37).

100 mM MPAA 100 mM MPAA

. 100 mM TCEP 100 mM TCEP
HoN 520 {Hsp90(530-732) "SR * HoN.&72 (Hspo0(573-732)] 7z H,N 522 {Hsp90(530-732)) H72 T HN®
150 mM NaPi 150 mM NaPi
S(Acm) 6M Gdn.HCI 6M Gdn.HCI SH
1.5 equi.
1a 10a 12a 12a

Figure 37 Schematic showing the reaction conditions for the generation of semi-synthetic
Hsp90 529-732 via the ligation of unmodified synthetic peptide 11a to semi-synthetic segment
10a followed by Acm deprotection of the Cys529 thiol group.

Using the unmodified peptide 529-571-SR 11 and the unmodified semi-synthetic CTD 572-732

10a, we observed product formation through LC-MS and SDS-PAGE monitoring, as depicted in
Figure 38.
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Figure 38 A: LC-MS Monitoring of ligation of synthetic Hsp90 520-571-SR peptide to semi-
synthetic Hsp90 CTD (572-732). B: Deconvoluted MS spectra of ligation of synthetic Hsp90 520-
571-SR peptide to semi-synthetic Hsp90 CTD (572-732). C: Ligation monitoring of synthetic
Hsp90 520-571-SR peptide to semi-synthetic Hsp90 CTD (572-732) via SDS-PAGE. Semi-syn-
thetic unmodified CTD (572 -732) is visible as a strong band at an apparent MW of ~20 kDa, and
the ligation product 529-732 at an apparent MW of ~25 kDa. The faint band at ~17 kDa can be
attributed to small amounts of hydrolyzed 572-710 recombinant protein, which was not separatable
after assembling semi-synthetic CTD via EPSL.
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Notably, we observed a decreasing signal-to-noise ratio, which might originate from an increase
in hydrophobicity after ligation and, therefore, lead to a decrease in the ionizability of the ligation
product. However, no visible precipitation during the reaction or detectable side-product formation
was observed. Monitoring via SDS-PAGE allowed the estimation of a conversion of ~80%. The
remaining starting material can be partially explained by small amounts of N-terminally desulfu-
rized semi-synthetic CTD, as this side-product was observed during post-ligation deselenization
of the CTD and could not be fully separated during purification. The presumably high hydropho-
bicity of the ligation product, in combination with a rather shallow HPLC gradient, caused losses
through low HPLC recovery. The overall low yield of ~20 % left room for improvement. Since N-
terminal Acm deprotection was also required before the next ligation to segment 1-528 for full-
length Hsp90 generation, we aimed for a “one-pot” post-ligation Acm deprotection. Unfortunately,
we did not observe the desired conversion when using AgOAc for cleavage in a one-pot manner.
However, we were delighted to observe a quantitative conversion to the deprotected product when
the HPLC-purified ligation product was applied. For the final purification of the unprotected seg-
ment, we achieved good yields (~90%) by using a steep HPLC gradient and higher temperatures
(60°C), which yielded the desired unprotected semi-synthetic Hsp90 segment 520-732 (12a) in
satisfactory purity (Figure 39).
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Figure 39 Characterization of semi-synthetic Hsp90 529-732. A: ESI-MS characterization. B: De-
convoluted ESI-MS spectrum. C: RP-HPLC analysis of Hsp90 529-732.
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3.3 Expression, intein cleavage, and purification of Hsp90 1-528-SR

Having established a semi-synthetic route for accessing Hsp90 529-732, we next aimed to generate
the final segment necessary to obtain full-length human Hsp90a. This N-terminal segment had to
comprise residues 1-528 and required a C-terminal a-thio- or selenoester or a suitable activatable
precursor to undergo ligation with Hsp90 segment 529-732 with an N-terminal cysteine residue.
Therefore, we aimed for recombinant expression of Hsp90 (aa 1-528) as a C-terminal intein-fusion
construct. However, when designing the designated construct, we realized that due to the large
size of the N-terminal segment (~ 62 kDa) in addition to the size of the intein and the required
Hiss-CBD affinity tag (~ 30 kDa), this could represent a burden for the E. coli expression machin-
ery and lower expression yields were expected. Nevertheless, the plasmid of the construct Hsp90
1-528-Mxe GyrA-His6-CBD was ordered in pET-21a vector and cloned into two different expres-
sion strains previously described (section 2.4). Indeed, when screening different strains and ex-
pression conditions, only a relatively low overexpression of the desired construct in insoluble in-
clusion bodies was observed under all conditions (Figure A 3). Nevertheless, E. coli. BL21 (Gold)
strain yielded a clean expression of the protein with no significant premature intein-cleavage or
other proteolytic side products, and we decided to continue with larger scale (1L) expression for

optimization of the cell workup and purification using this strain (Figure 40).

] = T3 <+— 1-528-Mxe GyrA-His;-CBD
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Figure 40 Expression monitoring of Hsp90 1-528-Mxe GyrA-His7-CBD. Sample time points after
induction with ImM IPTG are labelled as t0-t4 h. Cell lysate supernatant after clearance through
centrifugation is labelled with sup.. Inclusion body pellet after the removal of the cell lysate su-
pernatant is labelled as pellet. Optimized expression was performed in E. coli. BL21 (Gold) strain
for 4 h at 37°C using ImM IPTG for induction.
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We were delighted to achieve relatively good purity of the 1-528-intein fusion protein 13 already
after a first affinity-based purification using IMAC (Figure 41).

kDa . {20-500 mM imidazole
= ~|¢— 1-528-Mxe GyrA-His,-CBD

Figure 41 Monitoring of Ni-NTA based IMAC purification of Hsp90 1-528-Mxe GyrA-His7-
CBD. L: Solubilized inclusion body (IB) pellet. FT: Supernatant of solubilized IB after incubation
on Ni-NTA resin. The desired protein is indicated as a strong band at 97 kDa protein marker height
eluting at ~150 mM Imidazole.

The optimization of the following step includes intein cleavage and purification of the desired
Hsp90 segment 1-528-SR carrying a C-terminal thioester. Separation of the Hsp90 segment and
intein presented a challenge in this case. Cleavage conditions were screened using various cha-
otropic salt concentrations, as well as buffer compositions (Table 1). Mesna cleavages were gen-
erally performed at pH 7.4, while hydrazinolysis was between pH 8-9. Furthermore, reactions were
performed either in solution by adding the cleavage initiator to the dialyzed protein or after immo-
bilization on chitin resin, which would ideally provide a first purification step. However, only
minor differences were observed for all the screened conditions, and cleavage did not exceed ~60%
based on densitometry quantification via SDS-PAGE (Figure A 18 - Figure A 21).
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Table 1 Screened conditions for intein cleavage of Hsp90 1-528-fusion protein. Cleavage was
performed after purification via Ni-NTA IMAC in solution or the addition of cleavage buffer to
the immobilized protein on chitin resin.

Buffer Initiator Additives Reducing Agents
TBS ' 500 mM mesna in solution
2M Urea TBS 500 mM mesna in solution
2M Urea TBS = 500 mM mesna +50 mM DTT in solution
2M Urea TBS ' 500 mM mesna +0,1%Tween on resin
2M Urea TBS = 500 mM mesna +0,1% Triton on resin
2M Urea TBS 500 mM mesna +10% glycerol on resin
2M Urea TBS 500 mM mesna +10% glycerol in solution
3M Urea TBS 500 mM mesna in solution
4M Urea 500 mM mesna in solution
TBS 5% Hydrazine +100 mM DTT in solution
TBS 5% Hydrazine +100 mM DTT on resin
TBS 2M Urea 5% Hydrazine +100 mM DTT in solution
TBS 5% Hydrazine +100 mM DTT on resin

Since the protein was expressed almost exclusively in inclusion bodies, highly concentrated cha-
otropic salt buffers were used for solubilization, which needed to be exchanged or diluted for (par-
tial) intein refolding and subsequent cleavage. Interestingly, this did not result in any precipitation
or signs of aggregation. When observing that mesna-induced intein cleavage would not go to com-
pletion under the screened conditions, we also attempted a hydrazine-mediated cleavage, which
often displayed faster reaction rates and overall higher conversions but did not significantly im-
prove the cleavage in our case (Figure A 21). We decided to continue with the mesna cleavage of

the construct in solution and continued the post-cleavage purification optimization (Figure 42).
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Figure 42 SDS-PAGE monitoring of mesna-induced intein cleavage. Cleavage was performed
using 500 mM mesna and 2M Urea in TBS buffer, pH 7.4, for 24 h.

This constituted another hurdle as separating the desired 1-528-SR segment from the non-cleaved
1-528-intein fusion protein was highly challenging. Using a combination of different chromato-
graphic methods, including size exclusion chromatography (SEC), affinity purification on Chitin
Beads, and affinity purification on Ni-NTA, did not result in sufficient separation and/or yield
(Figure A 22 and Figure A 23). Finally, we decided to apply a single purification step via RP-
HPLC where, upon optimization of sample preparation and purification conditions, we achieved
the best results concerning yield (2 mg/L culture) and purity (~65%). However, analysis of the
final product via analytical RP-HPLC as well as SDS-PAGE indicates the remaining impurities in
the final product through smaller peaks with earlier retention time (between 23-29 min) and mul-
tiple bands in the lower apparent molecular weight range (~48kDa and 30 kDa). However, the
most abundant impurity has an apparent molecular weight of ~97 kDa (Figure 43). Based on our
previous observations, we can assume that the protein corresponding to the band of ~97 kDa cor-
responds to the uncleaved Hsp90 1-528-intein fusion protein since their apparent molecular weight
match (Figure 42). Furthermore, our struggles concerning the optimization of the intein cleavage
and the following difficulties when trying to separate the cleaved protein from the fusion protein
using different affinity-based separation techniques (see above) already indicated the extremely
strong affinity of the two proteins towards each other. Initially, this might not be too surprising
since it is known that Hsp90 has a high dimerization affinity (under native conditions). However,
in this case, strong hydrophobic interactions might be the more plausible cause due to the fact that
the dimerization-initiating domain, the CTD, is missing in this construct.[*?®l Under the applied
conditions (6M Gdn.HCI), it is to assume that the protein is unfolded and, therefore, exposing a
large hydrophobic surface for unspecific interactions resulting in the carryover of residual cleaved
intein segment, which would match the protein band at an apparent MW of ~30 kDa.[*3! The
protein corresponding to the band with an apparent MW of ~48 kDa remains unidentified, and we

can only speculate that it represents a protein cleavage side product, presumably originating from
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the acidic RP-HPLC purification, as there seems to be no matching protein band present before
the purification (Figure 42).
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Figure 43 Characterization of recombinantly expressed Hsp90 1-528-SR. A: ESI-MS characteri-

zation. B: Deconvoluted ESI-MS spectrum. C: Characterization by RP-HPLC. D: Characteriza-
tion via SDS-PAGE.

These strong, presumably hydrophobically based protein interactions might also prevent intein
cleavage completion since they are potentially sterically hindering proper intein folding for thio-
Iytic cleavage. Taken together, further efforts should be undertaken to increase the intein cleavage,
for example, performing the reaction at higher temperatures or screening further additives to pre-
vent the unspecific interactions between non-cleaved and cleaved protein. However, careful reac-
tion monitoring has to be performed as the competing hydrolysis of the ester intermediate needs
to be avoided, or a C-terminal carboxyl group instead of the thioester is formed.[**8! A more fun-
damental change in the generation of segment 13 could also be approached by genetically reengi-
neering the fusion protein to apply a trans-splicing strategy. Protein trans-splicing (PTS) utilizes

split inteins made of two separate peptides: IntN for the N-terminal fragment and IntC for the C-
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terminal fragment. Isolated split intein fragments are unreactive, but when they are combined, they
form a heterodimeric complex of IntN and Int® and regain their functionally folded conformation,
restoring the splicing activity. Muir and co-workers reported superior kinetics of an engineered
version of the naturally occurring DnaE split intein while generating recombinant C-terminal thi-
oesters to prepare modified histone and monoclonal antibodies via EPL.*3™ Interestingly, the same
naturally occurring split intein (DnaE) has been used to generate recombinant ubiquitin al C-ter-
minal thioester but as a fused split intein construct.[*3]

3.3 Ligation of recombinant Hsp90 1-528-SR to semi-synthetic Hsp90 529-732.

After the challenging generation of the recombinant segment 13, we continued our path to syn-
thesizing semi-synthetic full-length Hsp90 by using small-scale test ligations of 13 to the previ-
ously generated semi-synthetic 12a via NCL (Figure 44).

0 100 mM MPAA
50 mM TCEP
200 mM NaPi
HS 15equi.  6M Gdn.HCI
13 12a 14

Figure 44 Schematic displaying the reaction conditions for generating full-length Hsp90 through
the ligation of recombinant segment 13 to semi-synthetic segment 12a via NCL.

When monitoring the reaction via SDS-PAGE and analytical RP-HPLC (Figure 45), we were

delighted to clearly see indications of the 85 kDa ligation product formation.
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Figure 45 Monitoring of the NCL reaction between recombinant Hsp90 1-528-SR (13) and semi-
synthetic Hsp90 529-732 (12a). A: RP-HPLC monitoring with indicated product peak emerging at
a retention time of 28.1 min. The strong peak at a retention time of ~25.6 min can be assigned to
semi-synthetic segment 12a, while the small sharp peak at ~26.0 min originates from intein impuri-
ties. B: SDS-PAGE monitoring indicates product formation by reducing recombinant starting mate-
rial 1-528-SR and emerging a new band between the 66 and 97 kDa marker bands.

Unfortunately, a mass determination of the product using ESI-MS was not possible for us, which
was to be expected since the recombinant segment 13 already proved to ionize badly when applied
for ESI-MS (see section 3.3). Furthermore, we could not characterize the starting material or prod-
uct using MALDI-MS, a more suitable method for high molecular weight proteins.[*3* Notably,
literature frequently reports that Hsp90 MALDI TOF characterization is done using a tryptic digest
to gather a peptide mass fingerprint, thereby indicating the difficulties when applying the intact
full-length protein for MS characterization.[**%41 However, also chemically crosslinked Hsp90
oligomers have been reportedly characterized via MALDI TOF using sinapinic acid as a sample
matrix.[142]

Overall, we assume that higher final protein purity and total amount of the final product would
enable the proper mass characterization of semi-synthetic Hsp90 in the future.

Nevertheless, a final ligation on a low mg scale (1.2 mg) was performed and purified via analytical
RP-HPLC, which yielded the highly desired full-length semi-synthetic Hsp90 (~200 ug, 16%) as
characterized in Figure 46.
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Figure 46 Characterization of semi-synthetic full-length Hsp90a (1-732). A: RP-HPLC charac-
terization with indicated product peak at 30.9 min. B: SDS-PAGE characterization on purified
semi-synthetic Hsp90 1-732.

Unfortunately, the challenges regarding the purification of larger recombinant Hsp90 constructs
are also affecting the separation after the successful ligation of the full-length protein. SDS-PAGE
and RP-HPLC characterization revealed that impurities in the form of the large 1-528-intein fusion
protein, which were carried over from the recombinant starting material and unreacted 1-528-SR
are still present after purification and presumably elute at the same retention time as the product.

Nevertheless, although the final confirmation via high-resolution MS is missing, our results
strongly imply the successful semi-synthetic generation of full-length Hsp90, representing a mile-
stone in the project. Starting material generation and purity of the final ligation remains to be
optimized and represent a not inconsiderable hurdle for the generation of pure semi-synthetic
Hsp90. In this regard, optimization of the generation of the recombinant segment 1-528-SR repre-
sents a key step in generating full-length Hsp90, as discussed in the previous section. An alterna-
tive approach for achieving better separability of the starting material and /or other impurities
could be ligation and purification under non-denaturing conditions. Notably, both the uncleaved
fusion protein and the thioester segment 13 were stable in buffers without adding chaotropic salts
once the inclusion bodies were solubilized and the buffer was exchanged via dialysis (see Table
1 for buffer conditions). This indicates that at least partial refolding of the protein would be sup-
ported by reports of Hsp90 unfolding and refolding being mostly reversible.l*31 Changes in the
protein properties upon refolding could yield overall improved separation and recovery of the final

product.[44]
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4. Conclusion

This chapter explores the access of full-length human Hsp90 alpha via a sequential C- to N-termi-
nal semi-synthesis strategy. As described in Chapter Two, the successful semi-synthetic generation
of Hsp90 CTD with free N-terminal Cys residue enabled the domain's extension via the ligation
of 42mer MD peptide. We successfully generated the synthetic MD peptide segment as an unmod-
ified control and modified variant bearing an acetylated lysin and ligated the unmodified variant
to the already semi-synthetically CTD. Although a strategy that would involve recombinant gen-
eration of the whole CTD as a single segment, e.g., including an N-terminal affinity tag that in-
cludes a protease cleavage site for the release of the Cys residues, would provide a more straight-
forward and possibly easier to upscale approach, the successful generation of semi-synthetic CTD
enables the incorporation of PTMs on two distinctly different domains, the CTD and MD, of
Hsp90. This enables us to study PTM crosstalk, which is highly desired for studying the chaperone
code. Nevertheless, the final N-terminal segment piece required for the full-length production of
Hsp90 provided similar challenges when it comes to the yield and purification as encountered
when working on the NTD segment 20-235. Expression monitoring shows that the fusion protein,
presumably due to its relatively large size of ~90 kDa, provides a burden to the E. coli expression
machinery indicated by a relatively low overexpression resulting in only modest expression yields
(~50 mg per Liter culture) before further processing. Furthermore, the incomplete intein cleavage
and the low HPLC recovery rates limited the ability to upscale the generation of this segment. This
hindered the possibility of a larger-scale final ligation and required further optimization of starting
material generation. However, the access to small amounts of this segment and the data indicating
the successful ligation and generation of full-length Hsp90 can be considered a major achievement.
It exemplifies the possibility of accessing this challenging protein, which is among the largest
proteins semi-synthetically accessed up to this point, enabled by recent achievements in seleno-

ligation chemistry.
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3. Final conclusion and outlook

This thesis explores several protein semi-synthesis approaches for studying the chaperone code oh
Hsp90, which describes the complex modulation of a pivotal chaperone by post-translation modi-
fications. Although protein semi-synthesis has already proven to be an invaluable tool for provid-
ing access to site-selectively modified proteins and thereby enabling unique insights into the spe-
cific impact of PTMs, e.g., for the neurodegenerative disease-related proteins Tau and alpha-synu-
clein, larger and more structurally conserved proteins like Hsp90 are usually omitted since they
usually provide a much more challenging target due to their complicated handling. Here, we can
show that by carefully designing a multi-step semi-synthesis strategy and by utilizing novel seleno-
based chemo selective ligation strategies (EPSL), we are able to gain access to modified Hsp90
CTD variants and full-length Hsp90 with the potential to introduce site-selectively C-terminal and
middle domain modifications. Although the impact of the introduced PTMs on CTD structure and
function was only minor when studying the generated variants, further studies, e.g., CTD and co-
chaperone interactions, could provide new insights into the regulatory role on protein-protein in-
teractions. Furthermore, the sequential C- to N- terminal elongation of the CTD using a combina-
tion of EPSL and a classic NCL-based semi-synthesis route allows the study of PTM crosstalk by
providing access to a variety of PTM combinations located at the C-terminus of the protein and in
the middle domain. This would also enable us to study rarer PTMs of Hsp90, e.g., lysine succinyl-
ation as reported to be observed on MD residue Lys546, which would be theoretically accessible
through the synthetic peptide segment 529-571 used in this synthesis route. In addition, great ef-
forts were undertaken also to provide access to N-terminally modified Hsp90 NTD variants. How-
ever, although the underlying chemistry, involving a nonnative Cysteine mediated NCL followed
by a selective desulfurization, is shown to be possible, the obstacles when it comes to handling the
protein due to its high hydrophobicity and aggregation proneness require further optimization be-
fore the sufficient generation of the desired modified Hsp90 NTD variants is possible. This could
be achieved by combining different factors, including optimizing the ligation and desulfurization
step and different purification strategies, or via a more ground-up approach involving the redesign
of the recombinant segment for improved solubility. In summary, this thesis contributes to the
exploration of Hsp90’s complex regulation by PTMs by providing access to modified protein var-
iants through a combination of well-established NCL-based and more recent selenochemistry-
based protein semi-synthesis strategies. This allows a uniquely detailed inside into the chaperone

code and represents an exciting foundation for further studies of this pivotal protein.
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5 Appendix

5.1 Gene and peptide sequences
5.1.1 Gene sequence of Hsp90a 21-235-Hiss (A21C)

TGT TTT CAG GCG GAG ATC GCC CAA CTG ATG AGC TTAATC ATT AAT ACGTTC
TAT AGC AAC AAG GAGATT TTT TTG CGT GAA CTT ATC TCG AAT TCT TCG GAC
GCG CTT GAC AAA ATT CGT TAT GAATCC CTG ACC GAC CCC AGC AAATTA GAT
AGT GGC AAG GAG CTT CAT ATC AAC CTG ATT CCA AAC AAG CAA GAT CGC ACC
CTG ACT ATT GTA GAC ACG GGC ATC GGG ATG ACG AAAGCAGACTTG ATT AAC
AAC TTG GGT ACT ATT GCT AAATCT GGC ACG AAG GCT TTT ATG GAG GCC CTT
CAA GCC GGG GCC GAC ATC AGT ATG ATC GGACAG TTT GGT GTT GGG TTC TAC
AGT GCATACTTA GTC GCA GAA AAAGTA ACC GTT ATC ACA AAA CAC AAT GAC
GAT GAA CAG TAC GCATGG GAG TCATCA GCG GGA GGA AGTTTC ACAGTACGC
ACT GAC ACT GGT GAA CCA ATG GGT CGT GGA ACC AAAGTGATCTTG CATTTG
AAA GAA GAT CAG ACA GAG TAT CTG GAA GAA CGT CGC ATT AAAGAG ATT GTC
AAA AAG CAT AGT CAATTC ATC GGT TAC CCT ATT ACG TTATTT GTG GAA AAA
GAA CGC GAC AAA GAG GTG AGT GAT GAC GAA GCT CAC CAC CAT CACCAT CAC

5.1.2 Translated aminoacid sequence of Hsp90a 21-235-Hiss (A21C)

CFQAEIAQLM SLIINTFYSN KEIFLRELIS NSSDALDKIR YESLTDPSKL DSGKELHINL
IPNKQDRTLT  IVDTGIGMTK  ADLINNLGTI AKSGTKAFME  ALQAGADISM
IGQFGVGFYS AYLVAEKVTV ITKHNDDEQY AWESSAGGSF TVRTDTGEPM
GRGTKVILHL KEDQTEYLEE RRIKEIVKKH SQFIGYPITL FVEKERDKEV SDDEA
HHHHHH

5.1.3 Peptide sequence of Hsp90alpha 2-20

PEETQTQDQ PMEEEEVETF
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5.1.4 Gene sequence of Hsp90a 572-710-Mxe GyrA-His;-CBD

CAT ATG TGT AAA ATC ATG AAA GAC ATT CTT GAA AAG AAA GTC GAA AAA GTA
GTC GTT TCT AAT CGT TTA GTA ACC TCT CCC TGC TGC ATT GTA ACT AGC ACT
TAC GGG TGG ACT GCC AAC ATG GAA CGC ATT ATG AAG GCC CAAGCC CTG CGT
GAT AAC AGT ACG ATG GGA TAC ATG GCT GCT AAG AAG CAC CTG GAG ATC AAC
CCC GAT CAT TCA ATT ATT GAA ACT CTG CGT CAA AAA GCC GAA GCT GAC AAA
AAT GAC AAG TCG GTG AAAGACTTG GTCATT CTT TTATAC GAA ACT GCG CTT
TTG TCA AGT GGA TTT AGC TTG GAG GAC CCA CAG ACT CAT GCA AAT CGT ATT
TAT CGT ATG ATT AAG CTT GGT CTT GGA ATC GAT GAA GAT GAT CCG ACC GCC
GAC GAC ACG TCC GCA TGT ATC ACT GGT GAC GCA CTT GTG GCT CTG CCA GAA
GGC GAG TCG GTC CGT ATC GCG GAC ATC GTT CCA GGT GCG CGC CCG AAC TCC
GAC AAC GCA ATC GAC TTA AAA GTC TTA GAT CGT CAC GGT AAT CCG GTCTTA
GCC GAT CGT CTT TTT CAT AGC GGC GAA CAT CCT GTG TAT ACG GTC CGC ACC
GTG GAG GGG TTA CGC GTG ACC GGC ACG GCC AATCACCCGTTGTTATGT TTG
GTA GAC GTT GCG GGG GTT CCT ACT TTG TTATGG AAA CTT ATC GAT GAA ATT
AAG CCT GGA GAC TAT GCC GTA ATC CAA CGT AGT GCG TTC AGT GTA GAT TGT
GCA GGG TTC GCT CGC GGA AAG CCC GAG TTC GCC CCA ACG ACATAT ACT GTA
GGA GTG CCG GGG TTGGTT CGT TTT CTG GAG GCT CAT CAC CGT GAC CCG GAT
GCT CAG GCC ATT GCA GAC GAA CTT ACG GAC GGT CGC TTT TAC TAT GCA AAA
GTA GCT TCA GTA ACC GAC GCC GGA GTG CAA CCAGTT TAT AGC CTT CGT GTA
GAC ACG GCG GAC CAT GCC TTC ATC ACC AAT GGC TTT GTC AGC CAC GCT ACT
GGA CTT ACT GGA ATC CAT CAT CAC CAT CAC CAC CAT TCA GGT TTG AAT TCA
GGA CTT ACG ACT AAT CCT GGT GTATCC GCG TGG CAG GTC AAT ACA GCATAT
ACG GCT GGG CAG CTG GTA ACC TAC AAT GGT AAAACG TACAAATGT TTG CAG
CCA CAT ACG AGC CTT GCA GGC TGG GAG CCT TCC AACGTACCT GCT CTT TGG
CAACTT CAATGACTC GAG

5.1.5 Translated amino acid sequence of Hsp90 a 572-710-Mxe GyrA-His7-CBD

CKIMKDILEKKVEKVVVSNRLVTSPCCIVTSTYGWTANMERIMKAQALRD-
NSTMGYMAAKKHLEINPDHSIIETLRQKAEADKNDKSVKDLVILLYETALLSSGFSLEDP
QTHANRIYRMIKLGLGIDEDDPTADDTSACITGDALVALPEGESVRIADIVPGARPNSD-
NAILKVLDRHGNPVLADRLFHSGEHPVYTVRTVEGLRVTGTANHPLLCLVDVAGVPTL
LWKLIDEIKPGDYAVIQRSAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFLEAHHRD-
PDAQAADELTDGRFYYAKVASVTDAGVQPVYSLRVDTADHAFITNGFVSHATGLTGIH
HHHHHH
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5.1.6 Gene sequence of WT Hsp90a CTD (Hiss-ENLYFQ-572-732) plasmid

CAC CAT CAT CAC CAC CAC GAG AACTTATATTTC CAATGT AAA ATC ATG AAA
GAC ATT TTG GAA AAG AAA GTG GAG AAG GTT GTC GTG AGT AAT CGC CTT GTA
ACC TCT CCG TGC TGT ATC GTC ACG AGT ACC TAC GGA TGG ACA GCG AAC ATG
GAG CGC ATC ATG AAG GCT CAA GCT TTA CGC GAT AAC TCT ACG ATG GGA TAT
ATG GCT GCC AAG AAA CAT CTT GAA ATT AAC CCG GAT CAT AGT ATC ATC GAA
ACC CTG CGC CAA AAA GCG GAA GCA GAT AAG AACGAT AAG TCT GTC AAG GAT
CTT GTGATCTTG TTG TAC GAG ACG GCATTG TTG TCC AGC GGG TTC AGC TTG
GAA GAT CCA CAG ACA CAC GCG AAC CGT ATC TAT CGT ATG ATT AAG CTG GGG
TTG GGT ATT GAC GAA GAT GAT CCT ACT GCC GAT GAC ACG TCT GCT GCG GTT
ACG GAA GAA ATG CCG CCT TTA GAA GGC GAT GAT GAC ACC AGC CGC ATG GAA
GAA GTT GAC

5.1.7 Translated Aminoacid sequence of WT-Hsp90CTD

HHHHHHENLYFQ CKIMKDILE KKVEKVVVSN RLVTSPCCIV
TSTYGWTANM ERIMKAQALR DNSTMGYMAA KKHLEINPDH SIIETLRQKA
EADKNDKSVK DLVILLYETA LLSSGFSLED PQTHANRIYR MIKLGLGIDE
DDPTADDTSA AVTEEMPPLE GDDDTSRMEE VD

5.1.8 Peptide sequence of Hsp90a 711-732 (A711U)

UVTEEMPPLE GDDDTSRMEE VD
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5.1.9 Gene sequence of Hsp90a 1-528-Mxe GyrA-His;-CBD

CCG GAG GAG ACG CAG ACG CAA GAC CAG CCC ATG GAA GAG GAG GAG GTT
GAA ACT TTC GCG TTC CAG GCA GAA ATC GCA CAG TTG ATG TCT CTT ATC ATC
AAT ACC TTC TAT AGT AAT AAA GAG ATCTTC TTG CGC GAG CTG ATT AGT AAC
TCG TCT GAC GCT TTA GAC AAG ATT CGT TAC GAA AGC CTG ACT GAT CCC AGT
AAG TTA GAC TCA GGG AAG GAATTG CAC ATC AAT CTT ATC CCA AAC AAA CAG
GAT CGC ACACTT ACG ATT GTA GAC ACA GGC ATT GGA ATG ACA AAG GCA GAT
CTG ATC AAT AACTTG GGG ACT ATT GCA AAA AGC GGA ACA AAAGCG TTC ATG
GAA GCT CTT CAA GCA GGC GCG GAC ATC TCT ATG ATC GGC CAATTT GGC GTC
GGT TTT TAC TCC GCT TAT CTG GTC GCA GAA AAG GTA ACA GTA ATT ACT AAG
CAC AAT GAC GAC GAG CAATACGCC TGG GAATCT TCG GCAGGT GGAAGT TTT
ACT GTC CGC ACC GAC ACT GGG GAG CCG ATG GGC CGT GGC ACA AAG GTT ATC
TTACAC TTG AAG GAG GAC CAA ACT GAATAT TTA GAG GAG CGT CGC ATT AAA
GAA ATC GTG AAA AAG CAC TCT CAATTC ATC GGT TAT CCT ATT ACCCTT TTT
GTG GAG AAG GAG CGT GAC AAG GAG GTT TCA GAT GAT GAA GCT GAG GAA AAG
GAG GAT AAA GAA GAA GAG AAG GAG AAA GAG GAA AAA GAG AGC GAA GAC
AAG CCC GAA ATT GAG GAT GTAGGA TCT GAC GAA GAA GAA GAA AAG AAG GAT
GGG GAC AAG AAG AAG AAG AAA AAA ATC AAA GAG AAA TAT ATC GAT CAG
GAG GAA CTG AAT AAG ACA AAA CCT ATT TGG ACA CGC AAT CCT GAC GAT ATC
ACC AAT GAA GAG TAC GGC GAATTT TAT AAAAGC CTT ACT AAC GAC TGG GAA
GAC CAT TTG GCT GTG AAACAT TTT TCG GTG GAG GGA CAACTG GAATTC CGC
GCCCTTCTG TTC GTA CCG CGC CGC GCACCATTT GATCTT TTT GAG AAC CGC
AAG AAG AAG AAT AAT ATC AAGCTG TACGTACGC CGC GTCTTT ATC ATG GAC
AAT TGC GAG GAG CTT ATT CCT GAG TACTTG AACTTT ATT CGT GGC GTT GTG
GAT AGT GAA GAT TTA CCG CTG AAT ATT TCA CGC GAA ATG TTA CAA CAG TCG
AAA ATC TTA AAG GTA ATC CGC AAA AACCTG GTC AAA AAATGT CTGGAATTA
TTC ACC GAATTG GCC GAG GAC AAA GAG AAT TAT AAG AAG TTT TAC GAG CAG
TTT TCG AAG AAC ATT AAG CTG GGA ATT CAC GAA GAC TCT CAG AAC CGT AAA
AAG TTG TCG GAG CTG CTT CGT TAC TAT ACC AGT GCT TCT GGC GAC GAA ATG
GTT TCT CTG AAA GAT TAT TGT ACA CGC ATG AAG GAG AAT CAG AAACACATT
TAT TAT ATC ACG GGT GAG ACG AAG GAT CAAGTT GCAAACTCCGCCTTT GTC
GAG CGC TTG CGC AAG CAT GGC CTT GAG GTC ATT TAT ATG ATC GAA CCT ATC
GAC GAG TAC TGT ATT ACC GGG GAT GCT TTG GTC GCG CTG CCG GAA GGT GAA
TCG GTG CGT ATC GCA GAC ATT GTC CCA GGG GCG CGT CCG AAT TCG GAT AAT
GCG ATC GAC CTT AAG GTG CTT GAT CGT CAC GGA AAT CCAGTC CTT GCT GAC
CGT CTG TTC CAC TCG GGG GAA CAT CCAGTT TAC ACA GTC CGT ACG GTA GAA
GGC TTG CGT GTT ACG GGG ACA GCA AAT CATCCCCTT CTT TGC TTA GTC GAT
GTG GCG GGG GTACCCACATTACTT TGG AAG CTG ATT GAT GAA ATT AAG CCG
GGT GAT TAT GCC GTG ATT CAACGC TCG GCATTT AGC GTC GAC TGC GCG GGT
TTC GCG CGC GGA AAA CCA GAATTC GCG CCC ACAACG TAC ACCGTT GGT GTC
CCC GGG TTAGTACGCTTC CTG GAG GCA CAT CAC CGT GAC CCC GAC GCG CAA
GCC ATT GCA GAC GAA CTT ACA GAC GGG CGC TTC TAC TAT GCC AAG GTA GCT
TCG GTC ACA GAT GCA GGT GTA CAG CCAGTT TAT AGC TTG CGT GTG GAT ACC
GCA GAT CACGCG TTT ATT ACG AAC GGC TTC GTC AGT CAT GCT ACA GGG CTT
ACA GGC ATT CAT CAC CAC CAC CAC CAC CAT AGT GGATTAAAC AGT GGG TTA
ACA ACT AAC CCC GGA GTT AGT GCC TGG CAA GTT AAC ACT GCA TAT ACC GCT
GGC CAACTT GTG ACT TAT AAC GGA AAG ACT TAC AAATGT CTG CAA CCA CAC
ACA TCG CTT GCT GGC TGG GAG CCC TCA AACGTG CCG GCG CTTTGG CAG TTG
CAG
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5.1.10 Translated amino acid sequence of Hsp90a 1-528-Mxe GyrA-His;-CBD

MPEETQTQDQ PMEEEEVETF AFQAEIAQLM SLIINTFYSN KEIFLRELIS
NSSDALDKIR YESLTDPSKL DSGKELHINL IPNKQDRTLT IVDTGIGMTK
ADLINNLGTI  AKSGTKAFME ALQAGADISM IGQFGVGFYS AYLVAEKVTV
ITKHNDDEQY  AWESSAGGSF TVRTDTGEPM GRGTKVILHL KEDQTEYLEE
RRIKEIVKKH SQFIGYPITL FVEKERDKEV  SDDEAEEKED KEEEKEKEEK
ESEDKPEIED VGSDEEEEKK  DGDKKKKKKI  KEKYIDQEEL  NKTKPIWTRN
PDDITNEEYG  EFYKSLTNDW  EDHLAVKHFS VEGQLEFRAL LFVPRRAPFD
LFENRKKKNN IKLYVRRVFI MDNCEELIPE YLNFIRGVVD SEDLPLNISR
EMLQQSKILK  VIRKNLVKKC  LELFTELAED  KENYKKFYEQ  FSKNIKLGIH
EDSQNRKKLS ELLRYYTSAS GDEMVSLKDY CTRMKENQKH I1YYITGETKD
QVANSAFVER LRKHGLEVIY MIEPIDEY

HHHHHHH

5.1.11 Peptide sequence of Hsp90a 529-571

CVQQLKEFEGKTLVSVTKEGLELPEDEEEKKKQEEKKTKFEN
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5.2 Chapter One Appendix
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Figure A 4 Characterization of Hsp90 2-20 peptide hydrazides via ESI-MS (left lane) and RP-
HPLC (right lane). A: Characterization of doubly modified (pThr5, pThr7) variant. B: Character-
ization of pThr5 variant. C: Characterization of pThr7 variant. D: Characterization of unmodified

variant.
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Figure A 5 Expression Monitoring of Hiss-ENLYFQ-21-235 (A21C). Expression was induced via
adding ImM IPTG, and expression was performed at 37C for 4 h.

Rosetta II BL21

Figure A 6 Expression Monitoring of Met-21-235-Hiss (A21C). Expression was induced via the
addition of ImM IPTG, and expression was performed at 37 °C for 4 h.
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Figure A 7 Characterization of solubilized inclusion body pellets from Hsp90 Met-21-235-Hisg
expression via LC-MS. The observed mass matches the calculated mass for the desired protein
(MWecac 24889 Da) as N-terminal thiazolidine through the condensation of cysteine with acetalde-
hyde (MWcaic. thiaz. 24916 Da, MWobs. 24913Da). The observed mass of 25018 Da is in good agree-
ment with the calculated mass of the protein with attached initiating methionine (MWcaic 25020
Da). A: Raw MS spectrum. B: Deconvoluted MS spectrum. IB pellets were solubilized using 6M
Gdn.HCI in H20. Expression was performed at 37 °C for 4 h.
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Figure A 8 Characterization of solubilized inclusion body pellets from Hsp90 Met-21-235-Hisg
expression via LC-MS. The observed mass matches the calculated mass for the desired protein
(MWecac 24889 Da) as N-terminal thiazolidine through the condensation of cysteine with acetalde-
hyde (MWecaic. thiaz. 24916 Da, MWops, 24913Da). The observed mass of 25018 Da is in good agree-
ment with the calculated mass of the protein with attached initiating methionine (MW aic 25020
Da). A: Raw MS spectrum. B: Deconvoluted MS spectrum. IB pellets were solubilized using 6M

Gdn.HCI in H20. Expression was performed under optimized conditions for cleavage of initiating
methionine (24 °C for 4 h).
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Figure A 9 Monitoring mesna-mediated ligation of doubly phosphorylated synthetic Hsp90 2-20-
SR to recombinant segment 21-235. A: ESI-MS spectra of ligation monitoring. B: Deconvoluted
ESI-MS spectra. C: Monitoring by SDS-PAGE.
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Figure A 10 Monitoring of one-pot desulfurization of mesna-mediated ligation of doubly phos-
phorylated synthetic Hsp90 2-20-SR to recombinant segment 21-235 using NaBEta.



113

t1h MW,_,,. 27295 Da t1h 24891
| MW,,, 24891 Da
80 4 27328 Da

100 4 100

80
60

27328
40 -

20

. 27295 Da
| MW, 24898 Da
50 27324 D3

t5min MW, 24898

100 1004 tSmin

normalized intenisty (%)

80 27324

normalized intenisty (%)

T T
500 1000 1500 2000 20000 30000
m/z mass (Da)

Figure A 11 Monitoring of MTG-mediated ligation of synthetic doubly phosphorylated Hsp90 2-

20 peptide to recombinant Hsp90 21-235 (A21C). A: ESI-MS spectra of ligation monitoring. B:
Deconvoluted ESI-MS spectra of ligation monitoring.
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5.3 Chapter Two Appendix
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Figure A 12 Monitoring of expression, purification and final characterization of N-terminally His-
tagged WT Hsp90 CTD. A: Expression monitoring of WT-CTD via SDS-PAGE. B: Purification
of WT CTD via Ni-NTA IMAC chromatography monitored by SDS PAGE. FT: Flow-through of
the cell lysate on immobilized Ni-NTA resin. C: Characterization of WT CTD after final RP-
HPLC purification via ESI-MS. D: Deconvoluted ESI mass spectrum.
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Figure A 13 Deselenization monitoring of ligation product 10b via LC-MS. A: Deselenization at
time point 0, taken after combining the ligation mixture with deselenization buffer. B: Deconvo-
luted mass spectrum of t0. C: Deselenization at time point t=4 h. D: Deconvoluted mass spectrum
of t4 h. The observed mass (MWopns. 18099 Da) is in good agreement with the calculated mass
(MWecaic. 18101Da) for the deselenized ligation product.
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Figure A 14 Characterization of unmodified semi-synthetic CTD 10a and recombinant N-termi-

nally Hiss-tagged WT CTD.
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Figure A 15 Second (A) and third (B) attempted oligomeric state assessment of variants 10a-d via

amine-reactive crosslinking and western blotting.
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Figure A 16 Characterization of LMW standard proteins (A) and semi-synthetic Hsp90 CTD var-
iants 10a-d (B) via size exclusion chromatography with indicated retention volume.

5.4 Chapter Three Appendix
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Figure A 17 Expression screen of Hsp90 1-528-Intein fusion protein, samples from the cleared
cell lysate are labeled with sup and the insoluble fraction of the cell lysate as a pellet. All cells
were grown to an OD of 0,7-0,8, and induction was always performed using 1mM IPTG before
further incubation at the designated temperatures at 170 rpm. A: Expression in E. coli BL21 (Gold)
strain at 25°C. B: Expression in E. coli BL21 (Gold) strain at 37°C. C: Expression in E. coli
Rosetta Il strain at 25°C. D: Expression in E. coli Rosetta Il strain at 37°C.
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Figure A 18 Urea concentration screening for in-solution mesna cleavage of Hsp90 1-528-intein
fusion protein (5). Cleavage was performed by direct addition of 500 mM mesna to the protein
solution in TBS buffer pH 7.4, and the solution was stirred at rt.
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Figure A 19 Monitoring of inclusion body pellet solubilization (lanes 1 and 2), dialysis towards
chitin bead binding buffer (lanes 3 and 4), purification via chitin beads (lanes 5 and 6) and mesna
cleavage after chitin bead immobilization (lanes 7 and 8). Chitin bead binding was performed by
incubating the protein solution dialyzed towards binding buffer (2M Urea TBS, pH7.5) with
preequilibrated chitin bead slurry for 2 hours on a roller shaker at rt. After removal, the supernatant
beads were washed with binding buffer, and mesna cleavage solution was added before further
incubation at rt on a roller shaker. Depicted is the mesna cleavage using a solution of 500 mM
mesna in TBS, 2M Urea, pH 7.5 for 24 hours.
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Figure A 20 Hsp90 1-528-intein fusion protein mesna cleavage monitoring A: Monitoring of
mesna cleavage after immobilization on chitin beads (CB) in the presence of detergents (tween,
triton) and DTT and comparison with standard conditions (lane 1 and 2). Cleavage was performed
in 2M urea TBS pH 7.5. B: Monitoring of in-solution mesna cleavage after 24 h (lanes 1 and 2) in
the presence and absence of 10% glycerol as well as monitoring of after cleavage purification via
chitin bead immobilization (lanes 3-6) in the presence and absence of 10% glycerol
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Figure A 21 Monitoring of in solution (A and B lane 1) and chitin beads immobilized (A and B
lane 2 and 3) hydrazine induced intein cleavage of Hsp90 1-528-intein fusion protein in the pres-
ence of 2M Urea (A) and absence of chaotropic salts (B) in TBS, pH 8 buffer. Intein cleavage was
initiated via the addition of 5% hydrazine and 50 mM DTT before incubation of the solution on a
roller shaker for 24 h at rt.
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Figure A 22 Attempted purification of Hsp90 1-528-SR after mesna-induced intein cleavage by
SEC. A: SEC chromatogram with indicated collected fractions for SDS-PAGE analysis. B: SDS-
PAGE analysis mesna cleavage after 24 h (L) and mesna cleavage solution after volume reduction
before loading onto SEC column (L conc.) and collected fractions 1-7.
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Figure A 23 SDS-PAGE monitoring of batch Ni-NTA chromatography purification of Hsp90 1-
528-SR after mesna-induced intein cleavage. L: 1-528-SR protein solution before loading onto
Ni-NTA resin. FT: Supernatant after incubation of protein solution 1-528-SR on Ni-NTA resin
for 2 h at rt. Elution was performed by batch-wise incubating the Ni-NTA slurry with 2M Urea
TBS buffer pH 7.5 from 100 to 500mM imidazole in 50 mM imidazole steps.



