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Summary

Molecular chaperones are diligent helpers of the cell that ensure a well-balanced proteome
by regulating protein production, protein folding, refolding and holding as well as protein
degradation. In doing so, molecular chaperones assist proteins throughout their lifetime. Within
the proteome, ie. the entirety of all proteins, a special feature is reserved for the group of
intrinsically disordered proteins (IDPs). They inherently lack a distinct three-dimensional structure
so that, when unbound, their side chains are unprotected. Thereby, IDPs are able to participate in
a wide range of interactions and react sensitively to external changes. At the same time this feature
bears a particularly high risk for unfavorable contacts that may in the worst case engender protein
aggregation. The importance of molecular chaperones to shelter IDPs from such undesired
interactions manifests in yet incurable neurodegenerations such as Alzheimet's or Parkinson's
disease. In each of these disorders, there are disease specific IDPs that attach to each other, clump

together, and deposit as huge protein aggregates.

With regard to IDP chaperoning, a special role is assigned to the heat shock protein (Hsp)
family, as they possess the unique capability of protein holding to protect proteins from undesired
interactions. Thus, the binding of Hsps to IDPs gained increasing research interest. So far, mainly
the interaction of IDPs, including the Alzheimer’s disease related, IDP prime example protein Tau,
with individual Hsps has been studied. However, for foldable substrates, it is known that, in
addition to their discrete function, Hsps can team up to drive protein turnover. And so also Hsp70
and Hsp90, which together can form the Hsp70/Hsp90 chaperone machinery to patticulatly
prevent protein misfolding. Hence, being on the one side equipped with the marvelous capacity to
counteract aggregation via the Hsp70/Hsp90 chaperone machinery and observing on the other
side the deposition of insoluble Tau aggregates, poses the central question on whether the cellular
defense system of the Hsp70/Hsp90 chaperone machinery isn’t likewise involved in the

chaperoning of Tau.

The Hsp70/Hsp90 chaperone machinery comprises the minimal system of the five proteins
Hsp70, Hsp40, Hsp90, Hop and p23. In order to understand the role of each of these proteins in
the Hsp70/Hsp90 chaperone machinery mediated Tau chaperoning, its stepwise assembly with
distinct intermediate states was reconstituted zz vztro. The analysis showed that (i) one Hop molecule
stabilizes the Hsp90, dimer in a V-shaped conformation, (ii) Hsp70, Hop and Hsp90 together form
the Hsp70/Hsp90 chaperone machinery comprising the Hsp70,:Hop1:Hsp90, complex, (iii) Tau
associates with the preassembled Hsp70/Hsp90 chaperone machinery creating a 710 kDa large
(Hsp70::Hop1:Hsp902Tauy), dimeric complex and that (iv) the addition of p23 stabilizes the
Hsp70/Hsp90 chaperone machinery:Tau interaction generating a stable 750 kDa large
(Hsp70::Hop1:Hsp902:Tau:p23:), complex. (v) By means of the co-chaperone CHIP, which marks

proteins  for  proteasomal  degradation, it was  further = shown  that the
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(Hsp70::Hop1:Hsp902Tau:p23:), complex is no irreversible deadlock but part of a co-chaperone-
mediated dynamic equilibrium between protein holding »zz Hop and p23, and protein degradation
induced by CHIP. (vi) The Hsp70/Hsp90 chaperone machinery was revealed to control normal as
well as abnormal Tau, as pathologically modified, hyperphosphorylated Tau (PTau) equally
associated with the Hsp70/Hsp90 chaperone machinery forming Hsp70:Hop:Hsp90:PTau and
Hsp70:Hop:Hsp90:PTau:p23 complexes.

Altogether, the Hsp70/Hsp90 chaperone machinery was revealed as interaction partner and
thus potential chaperone system for the intrinsically disordered protein Tau. An integrated
approach of biochemical and biophysical methods including native page, tryptophane fluorescence,
isothermal titration calorimetry, nuclear magnetic resonance, dynamic light scattering, sucrose
density gradient centrifugation, chromatography and chemical cross-linking coupled to mass
spectrometry was used to describe a detailed model of stepwise machinery assembly accompanied
with Tau binding. The knowledge gained about binding sites, conformational changes,
stoichiometries and affinities presents novel structural and biochemical insights into the IDP
chaperoning by the Hsp70/Hsp90 chaperone machinery. The obtained data thus may serve as
fundamental basis for high-resolution structure determination and future research directions
deciphering why the Hsp70/Hsp90 chaperone machinery fails to protect against Tau aggregation

during disease.
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Introduction

1 Introduction

Every single life relies on the impressive phenomenon called proteostasis. Proteostasis
implies a well-balanced proteome including the continuous protein production and protein
degradation, and in between the regulated protein localization for proper cellular function.' Ideally,
the whole system can adapt to external influences as needed but given the complexity of
proteostasis, errors can occur.’ Yet incurable human diseases including neurodegenerative
disorders demonstrate what happens if proteostasis is no longer maintained.”* Major hallmarks are
deposits of insoluble, disease specific protein aggregates causing proteome imbalance.” Knowing
what proteostasis is, how proteostasis is regulated and how one can therapeutically target key

players involved in proteostasis is pivotal for the treatment of the diseases.®’

1.1 Proteostasis

In principle, proteostasis is a compound word made up of ‘protein’ and ‘homeostasis”>*” It
describes the balanced equilibrium of cellular protein amounts, collectively called the proteome.
The proteome is not a static condition but rather dynamically varies in composition."’ Depending
on the current state, such as cell proliferation, any kind of stress, heat, infections etc., different
proteins and protein levels are needed compared to the resting state.'™'* Hence, protein quantities
must be constantly up- or down-regulated and proteins must be produced and degraded as needed

to maintain proteostasis.15

On balance, proteins pass through distinct phases involving protein production, protein
retention and protein degradation (Figure 1).! Each of them contains critical elements that could

promote protein aggregation, hence harm proteostasis, and thus need to be carefully controlled.'

1.1.1  Protein production

Proteins are large peptides that consist of up to thousands of amino acids attached to one
another."”” Each single amino acid has to be incorporated after the other, a process that is called
protein translation.”® The production site is the ribosome, from which plain peptide strands of
different lengths are released.'”” Depending on their amino acid composition, proteins can adopt
a distinct three-dimensional structure including variable folded and less structured regions or be

completely disordered (see chapter 1.4).*!
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A protein production B protein retention o protein degradation

OO0k
OO
ribosome cytosol 0 i
o Up
%

folding
-

Figure 1 Proteostasis includes the dynamic interplay between protein production, retention and degradation.

Each process is carefully controlled and regulated by molecular chaperones (blue barrels) that assist proteins (depicted as grey lines)
throughout their lifetime.22 A Chaperones promote the protein’s native state. In this process they can interact already
co-translationally with the newly synthesized peptide chain.23 B Chaperones can hold proteins in the cell awaiting the ligand to
bind?* or assist during protein translocation between cell organelles (e.g. cytosol and endoplasmic reticulum (ER)).?> C If proteins
are no longer needed chaperones can initiate their degradation #a the chaperone mediated autophagy (CMA)? or the proteasome
that recognizes ubiquitinated (Ub) proteins.?’

To avoid undesired interactions, both intra- and intermolecular, freshly translated peptide

chains should be shielded as soon as possible.”” Especially proteins consisting of rather long

peptide chains are exposed to a high risk acquiring inactive conformations or entering unfavorable
8,30

protein-protein interactions (Figure 2).

translation

»
ribosome

2 a-helix
\ B-sheet

folding aggregation
'y 'Y
lmisfolding
misfolding aggregation
s,
misfolded state
native state aggregate

Figure 2 The process of protein folding holds difficulties with the major risk of protein aggregation due to misfolding.
The amino acid chain produced at the ribosome can locally fold into a-helices and B-sheets dependent on the respective amino acid
composition.?! The formation of additional intramolecular contacts ideally yields the protein’s native state. Undesired interactions
may lead to misfolding, which in great measure causes the accumulation of inactive protein aggregates.’! The specific group of
intrinsically disordered proteins (IDPs) is unable to fold and thus is particularly vulnerable for misfolding.3? The illustration refers
to a review from Hipp et al.8
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In fact, proteins are thought to traverse through a jungle of potential conformations to finally
adopt their required, active state.” This is best depicted with the proposed metaphor of a folding
funnel.” Here, the energy landscape signifies multiple local minima with the active state
representing the intended minimum (Figure 3A).” To avoid that proteins rest within local minima,
the cell has developed helper proteins assisting their way out so that different, ideally lower energy
states can be acquired. These helper proteins are called molecular chaperones, which literally take
the proteins in need of help by their ‘hand” and conduct them to their active form.”*****” Notable,

though functioning as folding catalysts, the chaperones have no effect on the proteins three-

dimensional structure.”®
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Figure 3 Energy landscapes of folded and intrinsically disordered proteins.

A A model of the protein folding pathway with multiple local minima.3> Molecular chaperones help the proteins to navigate towards
their native state, by overcoming the free energy barriers that hold them up to follow their downhill path (green line). At the same
time they counteract protein aggregation (orange line) to prevent the formation of insoluble fibrils. B In the case of intrinsically
disordered proteins (IDPs) molecular chaperones are essential to hold the proteins in their unfolded state and prevent undesired
contacts. As the unfolded conformations capture (on average) equal energy levels, the aggregation pathway is accessible at any

time.39
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During protein production a special role is to be assigned to intrinsically disordered proteins
(IDPs).***! These proteins lack a distinct three-dimensional structure in their unbound state
(see chapter 1.4).* Being intrinsically disordered, such proteins can adopt multiple conformations,
but with on average equal energy (Figure 3B). Due to this property, IDPs pose a particularly high

tisk for protein aggregation at all times.”

1.1.2 Protein retention

Once an active protein is produced, it should fulfill its inherent function. Proteins act via

% or metal ions.* Thereby, they perform diverse

interactions with other proteins®, membranes
tasks, which are crucial for cellular function. However, it is not self-evident that the respective
interaction partner is available at the same time or present at the same place. Hence, proteins need
to be kept soluble throughout their lifetime awaiting interaction partners to bind.” Proceeding
from the co-translational support of molecular chaperones to omit undesired interactions™, they
are likewise assisting proteins while waiting for their action by specifically hiding vulnerable or
labile regions.”* The interaction with chaperones can also hold proteins in an inactive state, which
are then activated in the presence of the interacting partner (Figure 1B).*”** Besides, molecular
chaperones cooperate in intracellular protein translocation, where they unfold proteins on one side
of the membrane and refold them on the other side and by that transport proteins between
different cell compartments.” Since errors can never be ruled out, the refolding capacity of
chaperones plays an outstanding role able to break up harmful protein-protein interactions and

refold them propetly.*”" However, if refolding fails or appeats to be inefficient, the chaperone

network can beyond direct proteins to degradation pathways.”'

1.1.3  Protein degradation

When proteins are no longer needed, irreparably misfolded or of foreign (food/ pathogen)
origin, various degradation pathways are available to disassemble the peptide chains into their
building blocks from which new proteins can be produced.” On the one hand the chaperone
network can engender the ubiquitination of proteins, tagging them for proteasomal degradation
(Figure 1C).””™ On the other hand, proteins can be dissected 2 chaperone mediated

%00 where proteins are transferred to lysosomes. The acidic environment of the

autophagy
lysosome evokes the denaturation of proteins, upon which numerous proteolytic enzymes can

initiate protein degradation.”
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Evidently, molecular chaperones control the stability of proteins in multiple ways, and thus
possess supetrior function.”* So far, ‘molecular chaperones’ was used as a general term
synonymous with a large family of helper proteins. However, extensive research revealed a detailed
knowledge about different chaperone families, their members and composition, structure and

functional mechanisms.

1.2 Molecular chaperones

Consistent with the complexity of a cell, the network of molecular chaperones is vast and
sophisticated, and itself fine tunable as needed.”* In fact, both prokaryotes and eukaryotes depict
molecular chaperones that contribute to a fluent cell metabolism.” There are several ways reported

64,66

to classify chaperones™®, including a distinction between chaperonins and heat shock proteins

(Hsps)®” — two distinct subfamilies that act and function in different ways.

1.2.1  Chaperonins

Chaperonins are huge (~1 MDa in size) donut-like ring structures.”**” Two ring layers are
stacked on top of each other yielding a cylindrical barrel that is hollow in its center, whereby both
tings have individual chaperone activity.”””" Each ring of the chaperonin dimers consists of a
different number of subunits (dependent on which organism you are looking at)”, with each of

them capable of binding and hydrolyzing ATP.”™

The bacterial chaperonin (group I) is termed GroEL.”” The structure and function of
GroEL is dependent on the co-chaperonin GroES acting as a lid from above or below to enclose
substrates inside of the respective GroEL monomer cavity.”" Substrate trapping and folding is
directed by the ingenious decrease of surface hydrophobicity from the hydrophobic port binding
hydrophobic regions of unfolded proteins, towards the hydrophilic cavity likely to accelerate
protein folding.”*”" The eukaryotic homologue of GroEL is TRiC (group II) (T-Ring Complex, also
known as CCT: chaperone containing TCP-1).” Though being structurally highly similar,
eukaryotic TRiC lacks a detachable homologue of GroES.”™ Instead, the structure of TRiC includes
itself a lid region that seals the barrel upon substrate binding through interdomain rearrangements.”
The ability to accelerate the folding of substrates within a shielded system is unique.” For this
reason, chaperonins play a key role in cell proliferation, where protein biosynthesis is particularly
high.*' However, the function of chaperonins is effectively constrained to protein (re-)folding only™
and thus might have little relevance to the chaperoning of IDPs, which inherently resist protein

folding (see chapter 1.4). Here, another chaperone family, the heat shock proteins, comes into

play.

82-84
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1.2.2  Heat shock proteins

The heat shock proteins (Hsps) are ubiquitous and multifunctional chaperones.”* With
regard to their structure and function, the Hsp family is made up of a variety of diverse members
that have been historically classified according to their molecular weight.*” These include Hsp100s,
Hsp90s, Hsp70s, Hsp60s and small Hsps (sHsps) depicting masses of ~100 kDa, 90 kDa, 70 kDa,

60 kDa and <40 kDa in theit monometic state.

Hsp100s are unique ‘disaggregases’ in bacteria, yeast and plants® capable to unwind protein
aggregates after heat stress.” However, they do not exist in animals or humans.**” Hsp90 and
Hsp70 have been assigned a central role in protein chaperoning.” They use the energy of ATP
hydrolysis to control functional protein turnover being involved in protein (re-)folding™, protein
activation’’, trzmsport95 and degradation96 as well as the disaggregation of harmful protein
deposits.”””® Hsp60 represents the subunits of the group I chaperonin rings’™, and as such is
exclusively involved in protein folding. Lastly, small Hsps are likewise present from bacteria to
humans and essentially counteract protein aggregation by binding misfolded proteins.” They act as

holdases awaiting substrate disaggregation wherefore they do not require ATPase activity.”

Maintaining soluble proteins to counteract protein aggregation requires stoichiometric
concentrations of chaperones relative to the amount of un(-properly) folded proteins.”
Accordingly, heat shock proteins are present at higher levels when the cell is stressed®'", which
among other things can be heat — the stress factor after which they have been named.” Elevated
levels of chaperones are prompted by the heat shock response causing the release of heat shock
transcription factors that induce the expression of heat shock genes.'”"'"> The process is termed
auto-induction, as under normal, non-stressed conditions these factors are bound by the
chaperones and thereby kept in an inactive state.'”'” However, as soon as the chaperones are
increasingly required for protein control due to increased amounts of un-/ misfolded proteins, the
transcription factors are automatically released, whereupon they bind DNA and stimulate the

106197 The adverse process of chaperone downregulation is

expression of additional chaperones.
alike auto-induced, and thus termed auto-inhibition. As soon as the cell has recovered, an excess
of chaperones without interaction partner is present. These uncommitted chaperones are able to
re-bind the transcription factors holding them back in an inert state."”>'” Finally, the excess of
chaperones can be diminished like all other proteins vz traditional degradation pathways (see

chapter 1.1.3)."”
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Hsp70 and Hsp90 represent the most abundant Hsps in the cell''™'"" and possess the most
versatile functions among all members of the chaperone network.'">'"” Their operation mode is
adjusted by an additional layer of regulation constructed by a variety of chaperone assistants termed
co-chaperones.'*'"” Despite the close resemblance of the prokaryotic and eukaryotic Hsp systems,
the eukaryotic network is more complex. In fact, bacterial Hsp70 (DnaK) has only two
co-chaperones (DnaJ and the nucleotide exchange factor NEF), Hsp90 (HtpG) has none.” In
contrast, eukaryotic co-chaperones can be Hsp70-specific (e.g. Hsp40s, NEFs)"'*""® interact with
each Hsp70 and Hsp90 (e.g. Hop, CHIP)****""" or specifically associate with Hsp90 (e.g. Ahal,
Cdc37, Cyp40, FKBP51, FKBP52, p23).""*'* Thereby, eukaryotic Hsp70 and Hsp90 act through
an orchestrated interplay to accomplish diverse, though target-oriented functions.'” In order to

combat protein aggregation, distinct machinery assemblies can recognize protein aggregates™,

97,124 125,126

dissolve protein aggregates * =, and direct misfolded proteins to degradation pathways —each
of which is modulated by co-chaperone diversity. But first of foremost, protein aggregation should
not come about at all."””"*® Along this line, the so called Hsp70/Hsp90 chaperone machinery was

suggested as productive folding pathway for proteins to acquire their native state.”’

1.3 'The Hsp70/Hsp90 chaperone machinery

Using foldable substrates as model systems, it is known that Hsp70 acts prior to
Hsp90.7$+11712210 Hep70, credited with decisive function of whether a protein is retained or
removed'”’, traps the substrate 2zz hydrophobic interactions and may initiate protein (re-)folding'”,
followed by Hsp90 interacting with less hydrophobic, prefolded substrates to finalize protein

folding and activation,” 93133134

The joint action of Hsp70 and Hsp90 for substrate transfer is variably entitled as the
Hsp70-Hsp90 chaperone cascade™, the foldosome complex'™ or the Hsp70/Hsp90 folding

117 136

machinery''’ and here further termed as the Hsp70/Hsp90 chaperone machinery."” As few as five
components are required whilst sufficient for substrate activity iz vitro and thus full functionality of
the Hsp70/Hsp90 chaperone machinery.”””"”” The minimal system includes Hsp70 and Hsp90, the
Hsp70-specific co-chaperone Hsp40, the co-chaperone Hop that interacts with both Hsp70 and
Hsp90 and the Hsp90-binding co-chaperone p23. In fact, the reduction to these five proteins is
based on studies with reticulocyte lysates that were able to reactivate denatured substrates added
to them externally."*'* The analysis of lysate composition revealed major amounts of Hsp70,
Hsp90, and Hop.">'* Attempts to reconstitute substrate reactivation iz vitro to gain mechanistic
insights, manifested that beyond, Hsp40 and p23 are essential for same effectiveness.”””**'*'* On
the basis of this five-component system, various substrates have been demonstrated to depend on
Hsp70/Hsp90 cooperation. In contrast to isolated Hsp70 and Hsp90, their tight interplay within

the Hsp70/Hsp90 chaperone machinery was shown to uniquely recover the activation of steroid
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138,147 148

receptors ", compose a functional RISC complex (RNA-induced silencing complex) *, regulate
the activity of the tumor suppressor protein p53'* or significantly enhance the kinetics of hepatitis
B virus reverse transcriptase.”” Even in context of chaperone inhibition, the system was critical for
Hsp90 ATP binding blockage indicating a distinct Hsp90 conformation that is only achieved in the
presence of all five proteins.”' Thus, the orchestrated interplay of Hsp70, Hsp40, Hsp90, Hop and

p23 appears pivotal, though its role for IDPs has not been reported so far.

1.3.1  Hsp70

In humans, the Hsp70 family encloses up to 13 isoforms'” each encoded by its specific
gene.'”” The Hsp70 variants are present in different cell compartments (cytosol, nucleus,
endoplasmic reticulum (ER) and mitochondria) and at different levels depending on cellular

needs.'*?

A Hsp70 B

lid EEVD C

substrate

SBD+lid

EEVD

©

Figure 4 The heat shock protein Hsp70.

A Domain organization of Hsp70 consisting of the nucleotide binding domain (NBD) and the substrate binding domain (SBD)
that includes a lid region.!> The C-terminal EEVD-motif is necessary for the interaction of Hsp70 with TPR-containing co-
chaperones.”2 B Assembled structure of the human Hsp70 with the NBD ADP/P; bound (PDB code 3atu; the yellow sphere
represents the Mg?*+ ion)157 and SBD-lid closed state (PDB code 4po2; bound substrate peptide is depicted in grey).1> The linker
connecting the NBD and SBD is represented with a grey dotted line. Domains are color coded as in (A). C Hsp70 adopts two major
conformations: an ATP-bound, lid open conformation, and an ADP/substrate-bound, lid closed conformation, whose interchange
is driven by ATP hydrolysis (pink diamond) and a nucleotide exchange factor (NEF).1%

Hsp70s are monomeric proteins that are composed of an N-terminally located nucleotide
binding domain (NBD) and a C-terminally located substrate binding domain (SBD) (Figure 4A)."*
Both domains are connected by a short linker region that allows allosteric changes, which are

essential for chaperone function. The NBD of Hsp70 depicts an actin-like fold (Figure 4B)."”>" It
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consists of four subdomains that frame the catalytic center.”® The SBD consists of two parts
including the polypeptide binding cavity depicted as 3-sheet sandwich and the «-helical lid region
that closes upon substrate binding.'”® In addition, cytosolic Hsp70s contain a C-terminal
EEVD-motif that is necessary for the interaction with TPR-containing co-chaperones like Hop
(Figure 4A).”

The nucleotide state of the NBD determines the conformation of the SBD, being open in
the NBD-ATP state or closed in the NBD-ADP state (Figure 4C).'" The conversion from ATP to
ADP is achieved by ATP hydrolysis that is accelerated in presence of Hsp40."" Upon ATP
hydrolysis the SBD-lid closes holding the substrate in a high affinity state.'” It is assumed that the
energy released during hydrolysis can break unfavorable bonds, thereby promoting the active form
of the substrates."'® To happen repeatedly, ADP is exchanged to ATP by means of nucleotide
exchange factors (NEFs) that engender the reopening of the SBD along with substrate release.'**
Repetitive cycles of substrate binding and ATP hydrolysis are believed to initiate or complete
protein folding dependent on substrate complexity.”*"”"'® Hsp70 only binds patticularly
hydrophobic protein segments of five amino acids in length.'” With progressive folding these
patches are buried eventually leaving scattered hydrophobic side chains in need of help.*

Hereupon, Hsp70 relies on the help of Hsp90 able to recognize broad hydrophobic regions.”

132 Hsp40

The importance of Hsp40 on the formation of the Hsp70/Hsp90 chaperone machinery is
based on its capability to stimulate the ATPase rate of Hsp70."" In fact, Hsp40 stabilizes the
Hsp70:ADP state, which in turn is the high affinity conformation for the co-chaperone Hop.""'’
Beyond, although Hsp70 can recognize substrates on its own, it has been shown how Hsp40

diversity can drive Hsp70 specificity.'

Hsp40s are categorized into three classes based on their domain architecture (class A, B
and C) (Figure 5A).”” What they all have in common is the so-called J-domain, a ~70 amino acids
long o-helical hairpin structure, wherefore the group of Hsp40s is often termed as J-domain
proteins (JDPs) (Figure 5B).'**'%’

In human class A Hsp40s (DnaJA) the J-domain is located at their N-terminus.””>""" A
flexible GF linker rich in glycines and phenylalanines connects this moiety to the two consecutive
C-terminal domains of 3-sheet conformation (CTDI and CTDII) and the dimerization domain
(DD). Class B Hsp40s (DnaJB) are constructed highly similar to members of class A, however
uniformly lack an additional zinc finger-like domain inserted in the CTDI of class A Hsp40s.""
Due to their C-terminal dimerization domain, class A and B Hsp40s exist as triangular homodimers

(Figure 5C)."” In contrast, class C Hsp40s (DnaJC) solely share the J-domain with other JDP
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members. It is located in the center of the protein sequence bordered by diverse subdomains
strongly varying in sequence and length.”>'" In general, all Hsp40s that do not fall into class A or
B are sorted into class C giving rise to their heterogeneity."” In total, the human DNA encodes for

up to ~50 different Hsp40s, of which four belong to class A and 13 to class B.*

The J-domain is the site of Hsp70 interaction essential for Hsp70 ATPase stimulation.'®
Hsp40s specifically bind the linker region connecting the NBD and SBD of Hsp70 thereby making
direct impact on allosteric rearrangements in Hsp70." For class A Hsp40s the exclusive interaction
via their J-domain is sufficient for ATPase acceleration.'* However, in the case of class B Hsp40s
a more complex two-step mechanism involving an initial Hsp40-CTDI:EEVD-Hsp70 interaction

is required, upon which Hsp70 stimulation is achieved iz the traditional Hsp40-J-domain:linker-

Hsp70 association."*'”
A Hsp40 B Jdomain
class A
=
class B \\ [ »
4
v (O D \V\/)\ N
v (O ST 5 o
A L
N .
class C ™
Yl diverse INTIR ... C ~70 amino acids

Figure 5 The co-chaperone Hsp40.

A Domain organization of different members of the Hsp40 family divided into class A, B and C; J — J-domain, G/F — domain rich
in glycines and phenylalanines, ZFLR — zinc finger-like region, CTDI and II — C-terminal domain I and II, DD — dimerization
domain, diverse — diverse subdomains of any character.13 B Cartoon representation of the ~70 amino acid long, Hsp40
characteristic J-domain (light blue) (PDB code 1hdj).!%* C Assembled structure of the human class B Hsp40 active as homodimer
(PDB code 1hdj (J-domain)!%%; 3agy (CTDI, CTDIIL, DD))!72. Domains are color coded as in (A).

Despite their importance in substrate recognition, the nature of Hsp40:substrate interactions
are still unknown.'™'” Although binding studies revealed that the substrate binding region of class
A and B Hsp40s is constrained to CTDI and CTDI"*', it yet remains elusive how or if at all
Hsp40s drive substrate selectivity.””> In any case, Hsp40s interact independently with Hsp70 and
the substrate'"* allowing the formation of ternary Hsp40:substrate:Hsp70 complexes' as the basis

for the substrate delivery from Hsp40 to Hsp70."+'"
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1.3.3  Hsp9%0

The Hsp90 protein family is comparatively small with so far four classes known including
the cytosolic stress-inducible Hsp90a, the constitutively expressed Hsp90B, the Grp94
(glucose-related protein) located in the ER and the mitochondrial TRAP1 (tumor necrosis factor

receptor-associated protein 1) (Figure 6A)."”

Hsp90s are active as homodimers (Figure 6B).”""*"'* The molecular structure of cytosolic
Hsp90 includes the N-terminal GHKL nucleotide binding domain (NTD) that is conserved in
members of the GHKL ATPase superfamily (Gyrase, Hsp90, histidine kinase, and MutL) (Figure
6C).""'" The Hsp90 N'TD differs from the corresponding NBD domain in Hsp70s based on their
distinct, so called Bergerat ATP-binding fold."® In Hsp90 this fold is composed of several 3-sheets
aligned to one another that are framed by a-helices on the left, right and on top, whereby the latter

is inserted into a flexible loop region depicting the ATP lid. '8

The Hsp90 NTD is connected to the middle domain (MD) #za a charged linker region (cl)
that allows N'TD dynamics and thus modulates the chaperone’s activity.'"*'**'® The MD is crucial
for substrate recognition'” as well as the ATPase activity of Hsp90 by interacting with the ATP
y-phosphate essential for ATP hydrolysis."™"”" The C-terminal domain (CTD) is the site of
dimerization important for Hsp90 function.”"'®" The CTD ends with a conserved MEEVD-motif,
by which they can, similar to Hsp70, recruit TPR-containing co-chaperones."”>'”” Notable, Hsp90
does not exhibit a distinct substrate binding domain."*"** Clients commonly expose broad

hydrophobic regions that occupy various, client-specific interaction sites spanned throughout
Hsp90’s NTD and MD.**'

Despite TRAP1 and Grp94 only have ~45% and ~60% sequence similarity to the cytosolic
paralogues, they exhibit high structural analogy mainly differing in length and domain
composition.” Grp94 represents the longest Hsp90 isoform'”, with an extended N-terminal
sequence and a conserved C-terminal KDEL signal peptide, whereby the latter is responsible for
the localization of Grp94 to the ER.”" Otherwise, Grp94 exhibits all four domains including the
NTD, cl, MD and CTD. TRAP1 in turn is the smallest Hsp90 member due to the absent of the cl

196

region and a shorter CTD.™ Similar to Grp94, TRAP1 contains an N-terminal signal sequence
that directs the protein to mitochondria, which is cleaved off after translocation and thus not

present in the active protein.”

All Hsp90 paralogues share their active form as homodimers, which is crucial for their
function.” As dimers, they consist of two specific ATP binding sites located in the NTD, which
have been shown to function cooperatively by lowering the dissociation rate of the opposite
nucleotide.""®'® Despite, for ATP hydrolysis it is not necessary that both NTDs are

nucleotide-bound.'®

11
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ATP hydrolysis is accomplished through large conformational rearrangements that direct the
Hsp90 dimer from an apo-extended to a closed ATP hydrolysis active form (Figure 6B)." Dimer
closure is essential for ATP hydrolysis enabling the interaction of the Hsp90 MD with the ATP
y-phosphate, without which the phosphate cannot be cleaved off.”"”" Human Hsp90s mainly
adopt the extended conformation and spend only a fraction of seconds in the ATP-bound, closed
state that is directly re-opened upon ATP hydrolysis."””'* Notable, an additional subordinate
nucleotide binding site has been proposed in the CTDs of Hsp90 that is less specific in ATP
binding (binds also GTP and UTP) and opens up only when the NTDs are occupied.'”?” So far,

however, no information is available on their function for Hsp90 chaperone activity.

A Hsp90 C NTD(ATP)
Cytosol

B-sheet layer

N MD I CTD
Mitochondrium

N NTD | MD 1€ cTD ) C

B

)
\
DVEEM MEEVD
ADP +P; ATP
DVEEM MEEVD

Figure 6 The heat shock protein Hsp90.

A Domain organization of different members of the Hsp90 family located in the cytosol, endoplasmic reticulum (ER) and
mitochondrium consisting of an N-terminal domain (NTD), a charged linker region (cl), a middle domain (MD) and a C-terminal
dimerization domain (CTD) as indicated.”! The C-terminal MEEVD-motif of cytosolic Hsp90 is necessary for the interaction with
TPR-containing co-chaperones.192193 The C-terminal KDEL-motif retains Hsp90s in the ER.*1 B Hsp90s are active as homodimers
that cycle from an open nucleotide free through a closed nucleotide bound state whose interchange is driven by ATP binding and
hydrolysis (pink diamond).!8! The substrate is considered to bind at any stage.8195 C Structure of the human Hsp90-NTD in its
ATP (green) bound state (PDB code 5fwk; the yellow sphere represents the Mg?* ion).!? The different components of its GHKL
ATPase domain are highlighted with the $-sheet layer (black) framed by the helices a1 (left, marine), a2 (right, marine) and «3-lid
(top, blue).!82 D Structure of full-length closed human cytosolic Hsp90 (PDB code 5fwk; the absent cl-region is depicted as grey
dotted line).!? For clarity, the domains of only one monomer arm are color coded as in (A).
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Consistent with their predominant open conformation'”

, human Hsp90s are exceptionally
slow in terms of ATP hydrolysis activity.'” In fact, cytosolic Hsp90 requires ~10 min to hydrolyze
one ATP molecule — this is ten times as slow as bacterial Hsp90."” However, eukaryotic Hsp90
can compensate for the rather low intrinsic ATPase activity by means of the vast network of
co-chaperones.”” ™" These bind and stabilize distinct conformations of Hsp90 guiding the
chaperone from the open to the closed conformation.'®" Thereby, co-chaperones can accelerate
the ATPase activity of Hsp90 (e.g. Ahal)*"*** or inhibit ATP hydrolysis (e.g. Hop and p23)*”>*" to
await the substrate to bind. The Hsp90 cycle of ATP binding and hydrolysis are thought to be
essential for substrate folding.”” However, it is not yet clear whether folding takes place bound to
Hsp90 (similar to chaperonins) (see chapter 1.2.1) or after release from Hsp90 (similar to Hsp70s)™”
(see chapter 1.3.1) or how Hsp90’s ATP hydrolysis driven conformational changes achieve

substrate folding at all.!¢

With regard to intrinsically disordered clients, Hsp90 can beyond act as holdase — an
exceptional function that is independent on ATP hydrolysis.” The holding activity of Hsp90 is
suggested to prevent protein aggregation and is thus particularly important for the chaperoning of
IDPs.***'? So far the holdase activity of Hsp90 has been described independent on the presence of
Hsp70 and co-chaperones.” It therefore remains to be investigated what role the Hsp70/Hsp90
chaperone machinery as well as Hsp90 ATPase activity bears upon IDP chaperoning.

1.3.4 Hop

A unique role is attributed to the co-chaperone Hop (Hsp organizing protein), which can
simultaneously bind to both Hsp70 and Hsp90.""”"" Hop favors the Hsp70-ADP state, i.e.
substrate bound form.'"” Thereby, Hop may initiate Hsp70/Hsp90 chaperone machinery assembly
preferentially in the presence of substrates. In contrast, on the side of Hsp90, Hop interacts with

the apo state with no effect on the ATP affinity for Hsp90."

Hop belongs to the group of tetratricopeptide repeat domain (TPR) containing co-
chaperones (Figure 7A).** TPR domains are constructed by a minimum of three TPR motifs, each

of which depicting a helix-turn-helix structure made up of ~34 amino acids (Figure 7B).*"

Hop
contains three of such TPR domains separated by two aspartate-proline rich (DP) segments
arranged as TPR1-DP1-TPR2A-TPR2B-DP2 multi-domain protein.®” Although no structure of
full-length Hop is reported so far, it is assumed to be a highly dynamic protein without interdomain
contacts.'”” Merely the linker region connecting the TPR2A-2B domains is suggested to be

207

particularly rigid and holds both domains in a fixed orientation to one another (Figure 7C).”" Hop

associates viz its TPR domains with the EEVD-motifs at the C-termini of Hsp70 and Hsp90."">"”
In this way, it acts as an adaptor bridging both chaperone systems.”'" Interaction studies revealed

the TPR1 domain as the main interaction site for Hsp70, whereas the interaction with Hsp90 is

13
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preserved for the TPR2A domain."”>**'* However, despite its interaction with both Hsp70 and
Hsp90, Hop is solely reported to inhibit the ATPase activity of Hsp90 retaining the chaperone in
an extended, hydrolysis inactive state.”**”” While doing so, Hop is assumed to preorganize Hsp90’s
NTDs in their ATP-bound form holding Hsp90 in a V-shaped conformation.”” In association with

Hsp90, Hop’s DP segments and especially DP2 were shown to be important for client activation

in vivo.”"" Hence, altogether, Hop acts as a joint to link Hsp70 and Hsp90''"'*] concurrently

b

regulates Hsp90 ATPase activity”” and beyond, possesses impact on substrate modulation.””

Notable, to date there are conflicting evidences for both monomeric and dimeric human Hop.*">*'®
Since the corresponding dimerization interface is however located within Hop’s TPR2A domain®'’,
it remains unclear to what extent a dimeric Hop might interact with Hsp90 and/or the

Hsp70/Hsp90 chaperone machinery.

A Hop C
DP1 DP2 Q“Q\
n @Rt [ TereA T Ter2E [ [ - — 2
\‘1\( C
558
B 1PRmotif §3

r ‘ W)

< : »S ld/i'”(er P
m ) p 7
R %) o

~34 amino acids

Figure 7 The co-chaperone Hop.

A Domain organization of Hop including three tetratricopeptide repeat (TPR) domains (TPR1, TPR2A and TPR2B) and two DP
domains (DP1 and DP2) rich in aspartates and prolines.2?”” B Cartoon representation of the ~34 amino acid long TPR motif (PDB
code Telw). Three of such make up a TPR domain.?!3 C Assembled structure of Hop depicted as dynamic molecule with the rigid
linker as sole stiff connector (PDB code lelw (TPR1), 2llv (yeast DP1), 3uq3 (yeast TPR2A-2B), 2llw (yeast DP2).193207 In addition,
the structure of human TPR2A is deposited in the PDB (PDB code 1elr).’93 Domains are color coded as in (A). The main interaction
site with Hsp70 (TPR1) and Hsp90 (TPR2A) are indicated.?0”

135 p23

p23 is best-known as an Hsp90 co-chaperone that, similarly to Hop, inhibits the chaperone’s
ATPase activity.”*'® It preferably interacts with the closed, ATP-bound state of Hsp90*>****
contacting both monomers at the NTD and MD region.”***** Yet it remains unclear whether
Hsp90 inhibition is achieved by p23 blocking Hsp90 interdomain contacts necessary for ATP
hydrolysis'** or by preventing the dissociation of ADP and Pi after hydrolysis.*”!

p23 is active as a monomer.”” Human p23 consists of a single domain that forms a globular
core arranged as two opposing B-sheet layers.” The last approximately 35 C-terminal residues are
of unstructured character depicting a disordered, highly acidic tail (Figure 8A, B).*** In the absence
of interaction partners the tail is suggested to stabilize the p23 core and partly adopt a-helical
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conformation.” Intriguingly, the adaptation of secondary structure is lost upon Hsp90 binding™’,
though regained in the presence of a substrate, where the p23 tail and in particular the reformed

a-helix possesses essential impact for client interaction bound to Hsp90.***

A p23 B C a-crystalline subunit (sHsp)

>

Figure 8 The co-chaperone p23.

A Domain organization of human p23 consisting of an N-terminal globular domain and a C-terminal tail 2!8 B Assembled structure
of p23 including the protein core made up of two opposing 8-sheet layers (PDB code 1ejf)223 and the unstructured C-terminal tail 225
In the apo state, the tail region possesses a-helical propensity to stabilize the p23 core.??> The same a-helix is used to interact with
substrates bound to Hsp90.48 Domains are color coded as in (A). C Cartoon representation of the a-crystalline subunit of sHsps
(PDB code 2wj7)?%7, which is structurally related to the p23 core.

122,205,221,228
. but

Much has already been learned about the p23 function for Hsp90 regulation
little is known about its additional intrinsic, i.e. Hsp90 independent, ability to interact with
non-native substrates.”” > In this process, p23 plays a role in the prevention of protein aggregation
related to sHsps. The relationship is based on the structural similarity of the hydrophobic core of
p23 and the crystalline subunit of sHsps (Figure 8C).>* Thereby, the p23’s globular domain might
be particulatly important for the holding of unfolded, intrinsically disordered proteins.”*” For
substrate binding however, full-length p23 has been found to be required including the C-terminal

:148,223,2242
taﬂ48, 3,224,234

, whereby the individual domains were self-insufficient to bind the substrate. It is thus
likely to be the interplay between the C-terminal tail and the core essential for p23 activity.””* So
far, these assumptions are however mainly based on speculation and experimental evidence for the

function of p23 in IDP holding is yet to be demonstrated.

1.3.6 A structural model of the Hsp70/Hsp90 chaperone machinery

With regard to the Hsp70/Hsp90 chaperone machinery, the determination and analysis of
individual intermediate complexes has already provided deep insights into the synergistic interplay
of Hsp70, Hsp40, Hsp90, Hop and p23.7*!"%1%215 At the outset of this study several reports
describing the synergistic interplay between Hsp70 and Hsp90 were revealing though highly diverse
and inconsistent.'*>*'%** Most recently the full Hsp70/Hsp90 chaperone machinery cycle has

been demonstrated with the highest resolution to date for the Hsp-substrate paragon, the
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glucocorticoid receptor (GR)*"*

, giving substantial progress in the understanding of the underlying
molecular mechanisms that enable the cooperation of Hsp70 and Hsp90 chaperone systems. On
this basis, the Hsp70/Hsp90 chaperone machinery assembles in stages during which different
sub-complexes are established (Figure 9). Their sequential buildup is launched with Hsp70 that

traps the substrate »ia hydrophobic interactions."

Hsp40 assists in substrate binding able to
capture Hsp70 clients and stabilize the substrate:Hsp70 interaction.'”* Hop setves as an adaptor
between the two chaperones able to bind simultaneously to both Hsp70 and Hsp90.*'" In this way
the  synergistic interplay  for  Hsp70/Hsp90  cooperation is  established iz
substrate:Hsp70:Hop:Hsp90 complexes to which Hsp40 is no longer bound.” Lastly, p23 is
described to stabilize the Hsp90:substrate interaction™ contributing to the formation of
Hsp90:substrate:p23 complexes finalizing the substrate transfer onto Hsp90 through the release of
Hsp70 and Hop.*"""*>*" Along this line, the simultaneous binding of Hsp90 to p23 and Hop has
been precluded in several previous studies, since both co-chaperones prefer different

conformations of Hsp90."*'"*%

Hsp40:substrate:Hsp70 substrate:Hsp70:Hop:Hsp90 Hsp90:substrate:p23 folded substrate

BT o

S|

Figure 9 The Hsp70/Hsp90 chaperone machinery in protein folding.

The substrate is trapped by Hsp70 with the help of Hsp40.1'4 Hop bridges Hsp70 and Hsp90 to form the
substrate:Hsp70:Hop:Hsp90 complex.#’” p23 binding is accompanied with the release of Hsp70 and Hop yielding a stable
Hsp90:substrate:p23 complex.8 The illustration was created based on the most recent model from Wang et al.#7 with 3.57 A and
2.56 A of resolution for the substrate:Hsp70:Hop:Hsp90 and Hsp90:substrate:p23 complex, respectively.

The model in Figure 9 presents the cooperative work of Hsp70 and Hsp90 that promotes
protein folding. Thus, the Hsp70/Hsp90 chaperone machinery represents a pathway that actively
protects proteins against misfolding and aggregation. On the other side, there are numerous
diseases caused by protein aggregation initiated by the misfolding of the very specific type of IDPs
(see chapter 1.5).**** Even though for different IDPs the direct interaction with the individual
Hsp70 and Hsp90 has been demonstrated®*****, yet, there is no data available on whether both
Hsps likewise work together for IDP chaperoning. Along this line, it remains unknown whether a

Hsp70/Hsp90 chaperone machinery:IDP interaction might counteract IDP misfolding.
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1.4 Intrinsically disordered proteins

Intrinsically disordered proteins (IDPs) are distinguished from globular, folded proteins, as
they inherently lack a stable native structure (Figure 10).** Their disordered character is intrinsic,
i.e. sequence-dependent with an amino acid chain of low complexity and only few hydrophobic
residues.”**** IDPs are highly dynamic proteins that, when unbound, tumble around many different
conformations (Figure 3).* The capability of IDPs to interchange between different conformations

gives rise to a complex network of interactions.”

Although it is a common feature of IDPs to be
disordered in the apo (i.e. unbound) state, they can adopt distinct secondary structures in

association with an interaction partner.21

Intrinsically
disordered proteins
(IDPs)

Folded proteins Partially folded
proteins

Figure 10 The proteome includes folded, partially folded and intrinsically disordered proteins.
PDB code from left to right: 1fe3, 2mxn, 2lmO0, 6xry.2#7-250

Disordered proteins and regions appear all over the cell signifying their functional diversity
and indispensability.” > IDPs are substantially important being highly sensitive for subtle
environmental changes, which include changes in pH, temperature or ionic strength.****
Especially the regions that are not involved in the interaction and remain constantly unbound can
259

sense external changes to regulate the protein’s binding behavior.™ However, despite their

indispensability, IDPs carry great drawback, as due to their disordered nature the risk for protein

260

misfolding and aggregation is particularly high (Figure 3).

1.5 IDP-associated proteinopathies

Proteinopathies are diseases characterized by protein aggregation.”' The event of protein
aggregation is typically initiated by the formation of abnormal protein structures with high potential
for self-attachment.”” In the case of IDPs, distinct regions can adopt B-sheet conformation

facilitating their stacking and eventually generating insoluble fibrillar aggregates.”” The large
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number of IDP-associated proteinopathies exemplifies how diverse the pathologic consequences
of protein aggregation can be (Table 1).***° Hereby, the diseases are classified according to

disease-specific proteins that undergo fibrillation.

The biggest group encompasses the tauopathies with the intrinsically disordered protein Tau
as pathologic marker.”**** Tau itself demonstrates the classic conception of an IDP being naturally
unstructured, possessing high conformational plasticity, thereby being able to associate with
versatile  interaction  partners and  thus  fulfilling  vital  biological  function

84,242,254,257,26

(see chapter 1.6). ? On the other hand, it is found in numerous diseases deposited in

insoluble protein aggregates, in which many copies of Tau have accumulated (Table 1).%+*%

Among all tauopathies, the Alzheimer’s disease is the most prevalent form with Tau forming
insoluble protein deposits in the patients’ brains.””” Worldwide approximately 40 million people are
suffering from Alzheimer’s disease, the most common cause of dementia”*" Affected people
first express behavioral problems, the most prominent of which is subtle, though steadily increasing
forgetfulness.”” Descending memory accompanies with confusion, itritability and depression,
followed by the gradual impairment of cognitive skills. Ultimately, the loss of basic bodily functions
may lead to death.”™

Table 1 Examples for proteinopathies associated with IDP aggregation.264-266

Disease ﬁiﬁfgﬁ;ﬁi il?sﬁril fr ZO(;iieng;;i;}; Class of proteinopathy
Alzheimer’s disease X?;lyloi d-8 X?;l;};?ctl};};is
Amyotrophic lateral sclerosis ,I;[é%_ 43 FUS-proteinopathy
Argyrophilic grain dementia Tau Tauopathy
Corticobasal degeneration Tau Tauopathy
Dementia pugilistica Tau Tauopathy

Diffuse NFT with calcification Tau Tauopathy
Fronto-temporal dementia E%uS E%lls(igigginopathy
Lewy body disease a-synuclein Synucleinopathy
Multiple system atrophy a-synuclein Synucleinopathy
Parkinson’s disease a-synuclein Synucleinopathy
Pick’s disease Tau Tauopathy
Progressive subcortical gliosis Tau Tauopathy
Progressive supranuclear palsy Tau Tauopathy

Tangle only dementia Tau Tauopathy
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Tau as a central player has driven research to reveal considerable knowledge about its
physiological and pathological role, thus allowing to understand the link between Tau aggregation

on a cellular level and cognitive impairments on the holistic level.

1.6 The IDP Tau

Tau is an IDP being naturally disordered in its native state.””*>*"°

The protein sequence
includes the classic characteristics to resist protein folding presenting a high number of prolines
and glycines (known as helix-breaker) and only a few hydrophobic residues (Table A 2). It is
encoded by a single gene, wherefrom six different isoforms of Tau are expressed throughout the
central nervous system (CNS) generated via alternative splicing.””” The longest isoform of Tau
(2N4R) consists of 441 amino acids in length posing two N-terminal inserts (N1, N2), a proline

rich region (P1, P2) and four repeat domains (R1-R4 plus R’) (Figure 11A).*

1.6.1 Tau physiology

The intrinsically disordered amino acid chain of Tau can be roughly divided into two
modules: the N-terminally located ‘projection domain’ and the microtubule binding region (MTBR)

that is involved in the interaction of Tau with microtubules (Figure 11A).7%*"

A T
projection domain au MTBR
(v [[ne ) = C
B
p soluble Tau MT disintegration
r >
cell A
body -

MT stabilization /
polymerization

S —
v

axon

e

synapses phosphorylated Tau

Figure 11 Biological role of the intrinsically disordered protein Tau.

A Domain organization of the longest isoform of Tau (2N4R) including two N-terminal inserts N1 and N2, two proline rich
segments P1 and P2 and the repeat region R1-R4 and R‘2?* Tau interacts v its microtubule binding region (MTBR) with
microtubules.?8” B Ir vivo Tau is primarily located in the axons of neurons where it serves for microtubule stabilization and
polymerization.281.283.284 Upon phosphorylation Tau dissociates from microtubules.288
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Microtubuli are part of the cytoskeleton and thus responsible for cell stability. They are
conceivable as vast rail network responsible for the active protein transport through the cell.”®
Upon binding, Tau does not only stabilize microtubules but also acts as spacer arm inside of
microtubule bundles.”"*** In neuronal cells, Tau is primarily localized in the axons*” and, due to

284

its ability to promote microtubule assembly”, it does not only play a key role in axonal transport™”

but also in the outgrowth of axons™, both fundamentally important for the formation of synaptic

conjunctions, i.e. neuronal communication (Figure 11B).**

Post-translational modifications of Tan

In vive, Tau function is regulated by post-translational modifications among which
phosphorylation, acetylation, N-acetyl glucosaminylation, glycosylation, methylation as well as
truncation have been directly linked to Tau pathology.”*** Notably, in most cases it was suggested
that the site and excess of the modification might be detrimental rather than the modification as

such.?*

The regulation of Tau by means of phosphorylation is particularly delicate.”” On the one
hand, Tau phosphorylation is vital provoking the detachment of Tau from microtubules, which is
important for the dynamic assembly and disassembly of microtubule structures as well as for the
movement of transporters along microtubuli (Figure 11B).*® In great measure however,
phosphorylation correlates with Tau pathology, as hyperphosphorylated Tau deposits into large
helical filaments.”**"** Along this line, different kinases were found to introduce specific
phosphorylation patterns on Tau.** In specific, phosphorylation clusters in the MTBR flanking
regions targeted by serine/threonine kinases are commonly observed in Alzheimet’s disease and
other tauopathies and thus of high therapeutic interest.”” The direct link between Tau
hyperphosphorylation and Tau toxicity has been approached from various perspectives including
the dislocation from neuronal axons™, altered degradation®, enhanced aggregation® or varied

binding to interaction partners'”', yet, however, remains a matter of debate.

Besides, Tau acetylation at lysine residues in the MTBR and the MTBR flanking regions has
been found in association with altered Tau protein turnover. Dependent on the acetylation site,

Tau degradation was inhibited or facilitated directly correlating with increased or decreased Tau

297-299

levels, respectively. Other post-translational modifications of Tau including N-acetyl

glucosaminylation, glycosylation and methylation are correlated with Tau pathology by blocking or

»$% or by stabilizing the structure of Tau aggregates.”

facilitating the phosphorylation of Tau
Beyond, non-enzymatic modifications such as isomerization are suggested to promote Tau
aggregation.”” Lastly, the truncation of Tau has been proposed to foster Tau pathology with the

truncated constructs eventually having increased aggregation potential.*>*
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1.6.2  Tau pathophysiology

Tau pathology is associated with the aggregation of hyperphosphorylated Tau.”' The process
of Tau aggregation has been extensively studied in the last decades, so far however yielding only
models of the aggregation pathway. Most recent representations include the nucleation-elongation
mechanism™* facilitated by the adoption of an abnormal conformation that initially leads to the
formation of Tau oligomers.**>"*" As it is usually the case for all types of IDP-interactions
(see chapter 1.4), the self-association of Tau molecules is likewise associated with changes in
secondary structure.”” Extensive Tau oligomerization eventually depicts long stretches of 3-sheet

conformation that circulatly twist to paired helical filaments termed as neurofibrillary tangles.””

G
)

increasing cognitive impairment

- e
_ £ ol /-
dendrites O ;“ pc
\ [ ] . .
}
H
axon °
| { L ]
* - L
[ [
. [ ]
]
- [ ]
synapse _\] \]
\ \

e soluble Tau
1\ aggregated Tau

Figure 12 Neurodegeneration is associated with the deposition of insoluble protein aggregates in the patients‘ brains.
The proposed model of the progress in Alzheimer‘s disease is illustrated. A The healthy brain depicts well outgrown neurons with
physiological Tau production and secretion. B-D Increasing Tau levels engender the formation of Tau aggregates. The accumulation
of such insoluble Tau deposits causes neuronal cell death accompanied with the loss of synaptic connections. At advanced stages,
more and more areas of the brain are affected, which increasingly impair the patient's cognitive skills. The illustration was created
in the style of a report from Sato et al.316

On a molecular level, the repeat region which is physiologically involved in the interaction
with microtubules, equally features the core of Tau fibrils.”*>* The core is surrounded by the highly

flexible, unbound termini of Tau conceivable as ‘fuzzy coat’ that is suggested to be important for

the stabilization of Tau fibrils.”**"
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Different Tau strains have been assigned to different tauopathies according to the Tau
isoform that undergoes aggregation. Eventually, the number of repeat domains (4R as shown in
Figure 11 and 3R lacking the R2 domain) classifies the diseases into 4R (e.g. progressive
supranuclear palsy), 3R (e.g. Pick’s disease) and 4R+3R tauopathies (e.g. Alzheimer’s disease).”
The sequestration of Tau molecules into these insoluble structures engenders Tau toxicity
considered on the basis on both loss-of-function”' and gain-of-function principles’*" with
decreasing amounts of soluble Tau and increasingly toxic Tau oligomers, respectively. In either
case, the aggregation of Tau causes microtubule disintegration due to decreasing stabilization by
Tau.’"* The ultimate collapse of the cytoskeleton disrupts the active transport of molecules, impairs

axonal stability and thus evokes synaptic dysfunction.’”

With the progression of the disease Tau fibrils expand inside and outside of neurons affecting
mote and more areas of the brain (Figure 12).”'° Along this line, the concept of Tau spreading has
emerged suggesting the neuron-to-neuron propagation of Tau aggregates.’’’ The prion-like
spreading hypothesis includes the ‘infection’ of originally normal Tau by abnormal states facilitating
their incorporation into Tau fibrils. In particular seeding experiments support this concept through

an accelerated aggregation profile in the presence of Tau aggregates (seeds).’”

It is known that Tau dysfunction drives neurodegeneration depriving the patient’s memory,
its independence and ultimately its life.”” However, in sporadic tauopathies, such as Alzheimer’s

disease, the underlying mechanism that triggers Tau pathology is not known.”*

1.6.3 The chaperoning of Tau

The central question of which system prevents Tau aberration in healthy people draws back
the attention to the cell’s defense system of molecular chaperones. Being aware of the particularly
high risk to aggregate, the cell has to be cautious especially with IDPs.** In these cases, the
capability of protein holding by Hsp70 and Hsp90 becomes all the more essential to protect the

protein from undesired interactions."”***’

Indeed, consistent with the chaperoning of IDPs in general, Tau has been evidenced as a
substrate of both Hsp70 and Hsp90.**** In agreement with Hsp70 acting prior to Hsp90
(see chapter 1.3), binding studies revealed a slightly higher affinity of Tau for Hsp70
(Kp = 2.9 uM)*™' than for Hsp90 (Kp = 4.8 uM).* Based on interaction studies with the individual
chaperones, both Hsps interact with residues located in Tau’s repeat region. Consistent with the
commonly known substrate binding behavior of Hsp70 and Hsp90 (see chapter 1.3.1 and 1.3.3),
Hsp70 targets two short patches flanking Tau’s R2 domain*?, whereas the binding of Hsp90
involves a broad region including the whole MTBR of Tau.** On the side of the chaperones, yet

there are no structural data available on the Hsp70:Tau complex. In contrast, the Hsp90:Tau
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interaction has revealed an extended binding site on Hsp90 spanning from the MD throughout the
NTD.* Compated to globular proteins the interaction of Hsp90 with Tau as intrinsically
disordered substrate was found to be independent on the nucleotide state of Hsp90** and

accordingly did not affect Hsp90’s ATPase rate.''

With regard to the large number of eukaryotic co-chaperones (see chapter 1.2.2), various
Hsp:Tau:co-chaperone complexes have been studied in order to draw conclusions about their
function and relation to Tau aggregation. The involvement of the FKBP51 (FK506 binding protein
51 kDa) PPIase was found to promote Tau aggregation®* suggested to be caused by an increased
cis-trans isomerization of proline residues in Tau facilitated on Hsp90 that acts as a scaffolding
element.”" In contrast, the co-chaperone, E3-ubiquitin ligase CHIP (carboxyl terminus of
Hsc70-interacting protein) is involved in the ubiquitination of Tau tagging the proteins bound to

295,323

Hsp70 or Hsp90 for proteasomal degradation (see chapter 1.1.3).

Although other co-chaperone functions in relation to Tau remain to be investigated, the
interaction with both Hsp70 and Hsp90 has been directly linked to Tau chaperoning. Both
chaperones have been proven to promote Tau function by assisting Tau’s association with and

polymerization of microtubules™, as well as induce Tau degradation.”>** Beyond, the

interaction with Hsp70 is involved in the disaggregation of Tau aggregates.”” Hence, Tau is not
simply left to its own devices but is controlled and regulated by both Hsp70 and Hsp90. However,
with respect to their synergistic function as part of the Hsp70/Hsp90 chaperone machinery, yet it
is unclear, whether Hsp70 and Hsp90 act separately, successively or even simultaneously on Tau —

let alone if or how they act on IDPs to prevent protein aggregation at all.
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1.7 Aim of this thesis

On the one hand, the cell holds a gigantic network of molecular chaperones that maintain
proteostasis through an orchestrated interplay (see chapter 1.1 and 1.2). In particular, the
collaboration of Hsp70 and Hsp90 in the Hsp70/Hsp90 chaperone machinery fosters the protein's
native state and thus actively combats protein misfolding and aggregation (see chapter 1.3). On the
other hand, there are multiple diseases caused by protein aggregation involving the displacement
of intrinsically disordered proteins (IDPs) into insoluble deposits (see chapter 1.4 and 1.5). Since
no data on the direct interaction of the Hsp70/Hsp90 chaperone machinery with IDPs are available
to date, it is not known whether the Hsp cooperation fails during disease, or whether it is of no

use to IDPs at all.

At the outset of this work, much has been learned about the structural and functional basis
of the Hsp70/Hsp90 cooperation, however, largely restricted to the chaperone’s role in protein

77T and activation.”’” The reason for this is that the substrate models were so far limited to

folding
foldable proteins with secondary and tertiary structure elements, whose folding state is controlled
by the tight interplay of Hsp70 and Hsp90. However, the specific group of IDPs that are
intrinsically incapable to fold get left out from these results and the insights obtained with folded

clients should be applied to IDPs with caution.

To that effect, the work of this thesis was designed to get deeper insights into the role of the
Hsp70/Hsp90 chaperone machinery:IDP interaction with the Alzheimer’s disease related,

intrinsically disordered protein Tau (see chapter 1.6) used as client model.

In specific, it was aimed to reveal which role the synergistic interplay of Hsp40, Hsp70,
Hsp90, Hop and p23 plays for Tau chaperoning, and whether Hsp70 and Hsp90 act successively,
concomitantly or after all completely independent of each other. On this basis, a stepwise approach
was anticipated generating distinct intermediate states in the machinery pathway to shed light into
the structural and functional relevance of each of the five components for the Hsp70/Hsp90

chaperone machinery mediated chaperoning of Tau.

Although there have been numerous repotts on the Hsp70/Hsp90 chaperone machinery (in
combination with foldable substrates), no consistent picture was apparent for the preassembly of

the Hsp70/Hsp90 chaperone machinery prior to substrate binding. The described complexes wete

117,130,215,216,235 207,215 117,130,215

inconclusive differing in composition , spatial arrangement and structure ,in

turn demanding an own detailed analysis along with the stepwise 7 vitro reconstitution of each

interjacent protein-protein interaction.
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2  Material and Methods

2.1 Material

In this section all consumables (Table 2), instruments (Table 3), chemicals (Table 4), enzymes
(Table 5), bacterial cells (Table 6), plasmids (Table 7) and software (Table 8) used for the

experiments and data analysis are listed.

2.1.1 Consumables

Table 2 Consumables with supplier in alphabetical order.

Consumable Supplier
0.2 = 1000 pL pipet tips Eppendorf
10 / 25 mL pipet tips Cellstar

14 mL polypropylene round-bottom-tubes FALCON
5 mL pipet tips Sarstedt

C18 column

Dr. Maisch GmbH

Dialysis hose

Spectrum Labs

Disposable cuvettes BRAND

Disposable cyclic olefin copolymer (COC) cuvettes Wyatt Technology
HilLoad 16/600 Superdex 75 pg GE Healthcare
HiLoad 26/600 Superdex 200 pg GE Healthcare
Hil.oad 26/600 Superdex 75 pg GE Healthcare
Membrane filter Merck Millipore
Mini-PROTEAN TGX Precast Protein Gel Bio-Rad Laboratories
Mono S 10/100 GL GE Healthcare
NMR tubes Shigemi Inc.

PCR clean-up Gel extraction Kit

Macherey-Nagel

PCR reaction tube

Molecular Biology Products

PD-10 column

Thermo Scientific

Pipets

Eppendorf

Plasmid DNA purification Kit

Macherey-Nagel

Reaction tubes (1.5 /2 / 5 mlL)

Star lab products

Reaction tubes (15 / 50 mL)

Cellstar

Slide-A-Lyzer dialysis cassettes

Thermo Scientific

Superdex 200 10/300 GL GE Healthcare
Syringes Braun
Ultramicro Suprasil quartz cuvettes Hellma
Vivaspin concentrators Sartorius
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Vortex Genie

Scientific Industries

2.1.2 Instruments

Table 3 Instruments with supplier in alphabetical order.

Instrument Supplier

45-T1i rotor Beckman Coulter
5424R centrifuge Eppendorf
5810R centrifuge Eppendorf
AKTAmicro GE Healthcare
AKTA Pure GE Healthcare
AKTAptrime Plus GE Healthcare
Avance 800 MHz spectrometer Bruker

Avance 800 MHz spectrometer (cryoprobe) Bruker

Avance 900 MHz spectrometer (cryoprobe) Bruker

Avanti JXN-26 centrifuge

Beckman Coulter

BioSpectrometer

Eppendorf

Cary Eclipse Fluorescence Spectrophotometer

Agilent Technologies

Duomax 1030 Gel shaker

Heidolph Instruments

DynaPro NanoStar Wyatt Technology
EmulsiFlex C3 French Press AVESTIN
FA-45-6-30 rotor Eppendorf

GelDoc™ XR+

Bio-Rad Laboratories

Gradient Master™

BioComp Instruments

Heratherm incubator

Thermo Scientific

JA 25.50 rotor

Beckman Coulter

JLA-8.1000 rotor

Beckman Coulter

KS 4000 i control incubator

IKA

MicroCal PEAQ-ITC Automated

Malvern Panalytical

Microwave

Sharp

Multitron Pro incubator

INFORS HT

NanoDrop 2000/2000c

Thermo Scientific

Optima XPNS80 ultracentrifuge

Beckman Coulter

Orbitrap Fusion Lumos Tribrid

Thermo Scientific

PCR labcycler

Sensquest

pH-meter

Mettler Toledo

PowerPac™ Basic Power Supply

Bio-Rad Laboratories

Purelab flex

Veolia

Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap

Thermo Scientific

Rotating Mixer

JP Selecta

Scales

Sartorius
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Sonicator Sonoplus

Bandelin

Sub-Cell GT Agarose Gel Electrophoresis Systems

Bio-Rad Laboratories

SW 60 Ti

Beckman Coulter

ThermoMixer comfort

Eppendorf

UltiMate 3000 UHPLC

Thermo Scientific

Water bath GFL
2.1.3 Chemicals

Table 4 Chemicals with supplier in alphabetical order.
Chemical Supplier
[2H-12C]-glucose Sigma-Aldrich
10 x CutSmart buffer New England Biolabs
10 x TG buffer Bio-Rad Laboratories
10 x TGS buffer Bio-Rad Laboratories

15N-ammonium chloride SNH4Cl

Cambridge Isotope Laboratories

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

HEPES

hydrochlotide EDC Thermo
2-(N-morpholino)ethanesulfonic acid MES Sigma-Aldrich
2-ketobutyric acid-4 ['3C],3,3-[D3] sodium salt NMR-Bio
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid Sigma-Aldrich

6 x DNA loading dye Thermo Fisher
Acrylamide 30% SERVA Electrophoresis
ﬁ;de;(t)emiifp_(gg 11)m1do) triphosphate lithium salt Sigma-Aldrich
Adenosine 5'-diphosphate sodium salt ADP Sigma-Aldrich
Adenosine 5-triphosphate disodium salt hydrate ATP | Sigma-Aldrich

Agarose Bio-Rad Laboratories
Ammonium persulfate APS Sigma-Aldrich
Ammonium sulfate (NH4)2SO4 Sigma-Aldrich
Ampicillin sodium salt Sigma-Aldrich
Bactotryptone BD

BenchMark protein ladder

Thermo Fisher

Boric acid (H3BO3)

Sigma-Aldrich

Bovine serum albumin BSA Sigma-Aldrich
Bromophenol blue sodium salt Sigma-Aldrich
Cobalt(II) chloride hexahydrate (CoClz-6H20) Cartl Roth
cOmplete™ EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich
Copper(II) chloride dihydrate (CuClz-2H20) Sigma-Aldrich
Deuterium oxide D2O Eurisotop
Disodium hydrogen phosphate (Na;HPO4) Carl Roth

Disuccinimidyl suberate DSS

Thermo Fisher
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DL-Dithiothreitol DTT Sigma-Aldrich
Ethanol ROTISOLV HPLC Gradient Grade Carl Roth
Ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N"-

tetraacetic acid EGTA Carl Roth
Ethylenediaminetetraacetic acid EDTA Sigma-Aldrich

FastGene Q-Stain

NIPPON Genetics

GeneRuler 1 kb Plus

Thermo Fisher

Glycerol Cartl Roth
Hydrochloric acid (HCI) Sigma-Aldrich
Imidazole Sigma-Aldrich

IPTG Catl Roth

Iron(II) chloride hexahydrate (FeCl3-6H,O) Merck Millipore
Isopropanol Sigma-Aldrich
Kanamycin sulfate Sigma-Aldrich

Ligase Buffer New England Biolabs
Magnesium chloride hexahydrate (MgClz-6H-O) Sigma-Aldrich
Manganese(Il) chloride tetrahydrate (MnCly*4H>O) Merck Millipore

Midori Green DNA Stain

NIPPON Genetics

N-hydroxysulfosuccinimide Sulfo-NHS

Thermo

Niacinamide Sigma-Aldrich
Nickel(II) chloride hexahydrate (NiCl,'6H2O) Thermo Fisher
Ni-NTA Agarose beads Qiagen
Phenylmethyl sulfonyl fluoride PMSF Carl Roth
Phusion Mastermix Thermo
Pierce™ BCA Protein Assay Kit Thermo Fisher
Potassium chloride KCl Sigma-Aldrich
Potassium hydroxide KOH Merck Millipore
Potassium phosphate monobasic (KH2POy) Sigma-Aldrich
Protein standard mix 15-600 kDa Sigma-Aldrich
Pyridoxine hydrochloride Sigma-Aldrich

Riboflavin

Sigma-Aldrich

Sodium chloride (NaCl)

Sigma-Aldrich

Sodium dodecyl sulfate SDS Merck Millipore
Sodium hydroxide (NaOH) Merck Millipore
Streptomycin sulfate Cartl Roth
Sucrose Merck Millipore
Tetramethylethylenediamine TEMED Thermo Fisher
Thiamine hydrochloride Sigma-Aldrich

Tris(2-carboxyethyl)phosphine hydrochloride TCEP

Sigma-Aldrich

Tris(hydroxymethyl)aminomethane

Thermo Fisher

Yeast extract

Sigma-Aldrich

Zinc chloride (ZnCly)

Honeywell Fluka

B-Mercaptoethanol 3-ME

Sigma-Aldrich
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2.14 Enzymes

Table 5 Enzymes with supplier in alphabetical order.

Enzyme Supplier
Cdk2/CyclinA2 kinase Thermo Fisher
CREB binding protein CBP acetyltransferase Enzo Biochem Inc.
DNAse I AppliChem
Lysozyme Sigma-Aldrich
MARKZ2 kinase provided by the Madelkow lab, DZNE Bonn
Nhel-HF New England Biolabs
p300 acetyltransferase Enzo Biochem Inc.
Phusion DNA Polymerase Thermo

RNAse A AppliChem

Shrimp Alkaline Phosphatase New England Biolabs
T4 DNA Ligase New England Biolabs
Thrombin protease Sigma-Aldrich

Xhol New England Biolabs

2.1.5 E. coli competent cells

Table 6 E. coli competent cells with supplier in alphabetical order.

Bacterial cells Supplier
E. coli BL.21 (DE3) Invitrogen
E. coli Rosetta2 (DE3) Novagen
E. coli X1.2 blue Agilent Technologies
2.1.6  Plasmids
Table 7 Plasmids with supplier in alphabetical order.
Plasmid Supplier
pET28a Novagen
pNG2-Tau provided by the Madelkow lab, DZNE Bonn

2.1.7 Software

Table 8 Software with developer in alphabetical order.

Software Developer
Adobe Illustrator CS5.1 Adobe Inc.
ChemDraw v19.1.1.21 PerkinElmer
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DYNAMICS

Wyatt Technology

EMBOSS Needle Pairwise Sequence Alignment tool

EMBL's Eutopean Bioinformatics Institute

EndNote X7.8

Thomson Reuters

Expasy ProtParam

Swiss Institute of Bioinformatics

Image] v1.53¢

National Institutes of Health, USA

Inkscape v0.92

Free Software Foundation, Inc.

MicroCal PEAQ-ITC Analysis software

Malvern Panalytical

Office 365 Microsoft
PyMOL™ v2.0.4 Schrodinger
SnapGene Viewer v5.2.4 GSL Biotech LLC
Sparky v1.4 NMRFAM
TopSpin Bruker

xVis Crosslink Analysis Webserver

Gene Center Munich

2.2 General methods

2.2.1  SDS page

SDS page analysis is particularly useful to identify the purity of a protein solution. For SDS
page, proteins are fully denatured (by heat and reducing agents) and given uniform charge according
to the length of their amino acid chain (by the detergent SDS). In this way, the components of a

sample are separated exclusively according to their molecular weight. The shorter the amino acid

chain the faster it moves through the gel and the further down it is located.

5 x LSB (Laemmli Sample Buffer)
156.25 mM Tris pH 6.8
5% (w/v) SDS
25 % (v/v) Glycerol
0.1 % (w/v) Bromophenol Blue
5% (v/v) B-ME

10 x TGS Running Buffer

25 mM Tris pH 8.3
250 mM Glycine
0.1 % (w/v) SDS

Sample preparation for SDS page analysis was adjusted for each analysis step.

Protein purification

In order to analyze expression yields, whole cell extracts (V = 300/ODgu) were spun down
for 1 min at 4°C with max. speed (5424R). The pellet was resuspended in 20 pl. H,O and mixed
with 5 plL of 5 x LSB. After cell lysis 3 pul. of sample were mixed with 17 ul. H>O and 5 plL of 5 x
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LSB. In the case of SEC elution fractions, 20 pL. of sample were mixed with 5 pLL of 5 x LSB. 8 uL.

of each sample were loaded on the gel.
Sucrose density gradient centrifugation
20 pL of the sample were mixed with 5 pl. of 5x LSB. 15 pL. were loaded on the gel.

SDS gels with constant acrylamide content were self-made. The pipetting scheme is listed in
Table 9. Gradient gels were purchased from Bio-Rad Laboratories (Mini-Protean TGX precast
gels). Prior to gel loading, the samples were boiled for 5 min at 95°C and spun down for 30 sec at
4°C with max. speed (5424R). 3 uL. of BenchMark Protein Ladder were loaded as protein standard
for size classification. SDS gels were run in 1 x TGS running buffer at 180 V until completion and

stained with FastGene Q Stain for at least 1 h.

Table 9 Pipetting scheme for SDS-gels.
The indicated volumes are sufficient for two gels.

separating gel stacking gel
stock solution 15 % 12 % 8 %
ddH-O 2.296 mL 3.3 mL 4.696 mL 3.4 mL
30 % Acrylamide 5mL 4 mL 2.6 mL 830 ul.
1.5 M Tris pH 8.8 2.5mL
1.5 M Tris pH 6.8 630 uL.
10 % SDS 100 pL 50 pLL
10 % APS 100 puLL 40 uL.
TEMED 4 ul. 5uL

2.2.2  Native page

In contrast to the sample analysis by SDS page (see chapter 2.2.1), native page is performed
under non-denaturing conditions and thus allows the separation of proteins in their native, i.e.
active state. Here, the proteins’ shape and charge are decisive for their running behavior in the gel.
Thereby, protein-protein interactions can be investigated — ideally giving rise to a complex band

distinct from the unbound proteins.

1 x Native Sample Buffer 10 x TG Running Buffer
62.5 mM Tris pH 6.8 25 mM Tris pH 8.3
40 % (v/v) Glycerol 192 mM Glycine

0.01 % (w/v) Bromophenol Blue
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Samples analyzed by native page were mixed 1:1 with 1 x native sample buffer. 2-3 ug were
loaded on the gel. For native page 7.5 % precast gels (Mini-Protean TGX) were used, running at

110 V for 1.5 - 2.5 h. Control lanes containing the individual proteins served for band assignment.

2.2.3  Chromatography
Immobilized metal affinity chromatography (IMAC)

His-tagged proteins were purified by affinity chromatography using nickel-charged resin
with immobilized Nickel-nitrilotriacetic acid (Ni-NTA). The resin was filled into PD-10 columns
and equilibrated with 7 c¢v of H,O and 7 cv of lysis buffer without reducing agent prior to each
run. The whole supernatant of the centrifuged cell lysate was loaded and purified with gravity flow.
Proteins were eluted with imidazole competing for Ni-binding. After each purification the resin
was washed with 7 cv of H,O and stored in 20 % EtOH at 4°C. After every third purification the
resin was stripped with 2 cv of 500 mM EDTA pH 8.5, washed with 7 cv of H>O and recharged
with 7 cv of 500 mM NiCl.

Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) was used to separate proteins according to their size
and shape. The smaller and more compact a protein is, the slower it runs through the column and
the later it elutes. SEC runs were performed on an AKTA Pure or AKTAprime Plus purification
system. Prior to any SEC run the column was equilibrated with 1 cv of H>O and 1 cv of buffer. A
maximum of half of the loop volume was used as sample volume. The sample was either filtered
or centrifuged before loading in order to remove any precipitated content out of the solution. For
storage the column was washed with 1 cv of 1 M NaOH/NaCl and 1 cv of 0.1 M HCl with 1 cv
of H,O in between each washing step and stored in 20 % EtOH at RT.

Ton exchange chromatography (IEX)

Cation exchange chromatography was used to purify proteins according to their charge based
on the principle that the negatively charged resin binds proteins with a net positive charge (cations),
i.e. any protein whose isoelectric point is above the pH of the buffer system. IEX runs were
performed on an AKTA Pure or AKTAprime Plus purification system. Prior to each run the
column was washed with 5 cv of H2O, 5 cv of buffer A and 5 cv of buffer B and equilibrated with
5 cv of buffer A. The supernatant of the centrifuged cell lysate was desalted by dialysis and filtered
before loading. Bound proteins were eluted with increasing salt concentration competing for resin
binding. For storage the column was washed with 2 cv of 2 M NaCl, 4 cv of 1 M NaOH, 2 cv of
2 M NaCl and 4 cv of H,O and stored in 20% EtOH at RT.
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Specifications for columns used in this work are listed in Table 10.

Table 10 Column specifications used for IMAC, SEC and IEX.

Column Matrix material Cv Max. pressure
IMAC PD-10 Agarose 4-12 mL -
HilLLoad 26/600 Superdex200 pg Agarose-dextran 320 mL 0.3 Mpa
SEC Superdex 200 10/300 GL. Agarose-dextran 24 mL 1.5 Mpa
HiLoad 26/600 Superdex75 pg Agarose-dextran 320 mL 0.3 Mpa
HiL.oad 16/600 Supetdex75 pg Agarose-dextran 120 mL 0.3 Mpa
IEX Mono S 10/100 GL Polystyrene/divinyl benzene 8 mL 4 Mpa

2.24 Concentration determination
Absorption measurement at 280 nm

The concentration of proteins that contain tryptophane residues in their primary sequence
was determined at RT by absorption measurement at A=280 nm using the NanoDrop 2000/2000c.

2 uL of protein solution were loaded for data acquisition. Protein concentration was calculated
. . A . .
according to the Lambert-Beer law with ¢ = %ZO, whereby A is the absorption value at A=280 nm,
€

e the protein’s extinction coefficient and d the optical path length.

Pierce™ BCA Protein Assay

Working Reagent
24.5 mL Reagent A
0.5 mL Reagent B

For proteins with low absorption at A=280 nm, protein concentration was determined based
on the bicinchonin acid (BCA) assay including two reactions. First Cu* ions are reduced to Cu”
by the peptide bonds of the proteins. Then BCA chelates the reduced Cu” ions in a 2:1 ratio that
gives the sample a purple color with an absorption maximum at A=562 nm. The extent of coloring
is directly dependent on the amount of protein in solution: the more peptide bonds, the higher the

amount of reduced Cu” ions that can be complexed.

For absorption measurements two appropriate dilutions of the protein solution were
prepared in the range of ~0 — 2 mg/mL each in 100 pL final volume. 2 mL of working reagent
were added. The samples were incubated for 30 min at 37°C followed directly by absorption
measurement at A=562 nm. In order to produce a standard curve, the same protocol was performed

in parallel with a serial dilution of bovine serum albumin (BSA) with 100 uL. of 0 — 2 mg/mIL BSA
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diluted in H>O. The standard curve was created with Excel by plotting the BSA absorption value
at A=562 nm (y-axis) against the BSA protein concentration (x-axis) giving the linear function:
y = mx + c. With y as the experimentally determined absorption values of the sample of interest,
the protein concentration was determined by solving the equation for x (taking into account the

preceding dilution factor). The final protein concentration was set as the average of both dilutions.

2.3 Protein expression and purification

As the substrate Tau is predominantly present in the cytosol’

, this study is confined to the
cytosolic isoforms Hsp70 and Hsp908, for convenience hereafter denoted as Hsp70 and Hsp90.
In accordance with various previous studies and reviews™””"'' the isoforms of Hsp70 and Hsp90

were considered as interchangeable.

The gene construct of full-length human CHIP was thankfully received from the lab of Laura
J Blair at the University of South Florida. The DNA of full-length human Hop, Hsp40, Hsp70,
Hsp90, p23, Tau and the Tau constructs K18 and K32 were already available in the lab. Gene and
protein sequences used in this work are listed in the Appendix in Table A 1 and Table A 2 including
the respective cloning vector and the used restriction sites. The corresponding vector maps are

shown in Figure A 1 and Figure A 2. Selected protein characteristics are compiled in Table 11.

Table 11 Characteristics of proteins used in this work.

Protein characteristics of recombinantly expressed CHIP, Hop, the Hop construct Hop112a, Hsp40, Hsp70, Hsp90g, p23, Tau and
the Tau constructs K18 and K32 — in alphabetical order. Specifications refer to the purified proteins in their final state (tags were
cut as indicated).327

Protein MW [kDa] Theoretical pl [mOlL*m] Amino agclllsmber ,(;fp Gic
CHIP.. 36.79 5.69 28880 322 2 8
Hop 65.09 6.78 48710 566 ) 11
Hop112ac 41.33 6.28 33810 358 5
Hsp40eu 38.38 8.66 21890 343 1 4
Hsp70cu 72.15 5.53 33350 0662 2 5
Hsp90g3 85.72 5.11 57760 747 4 6
P23cur 19.27 4.36 30480 166 5 5
Tau 45.85 8.24 7450 441
K18 13.81 9.73 1490 130 - 2
K32 21.03 10.09 2980 198
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Proteins were either self-produced (CHIP, Hop, Hop112a, Hsp40, Hsp70, unlabeled and
isotopically labeled Hsp90 (Hsp90 and Hsp90*, respectively), p23 and unlabeled Tau) or thankfully

received from the group’s technician S. Cima-Omori (isotopically labeled Tau, K18 and K32). The

expression and purification protocol of each self-produced protein is described in 2.3.4 (in

alphabetical order).

2.3.1

Stock solutions

Stock solutions were sterile filtered and stored at -20°C if not otherwise indicated.

LB medinm

10 g bactotryptone, 5 g yeast extract, 10 g NaCl solubilized in 1 L H,O, pH 7.4 (autoclaved;
stored at 4°C)

M9 minimal medinm (1 L)

100 mL 10x M9 medium, 10 mL 100x trace elements, 1 mL 1000x vitamins, 1 mM MgSOs,
4 g Glucose (*H labeled as required), 1 g NH4Cl ("N labeled as required) > sterile filter,
add 0.3 mM CaCl,

10x M9 medium (1 L): 60 g Na,HPOy, 30 g KH2POy4, 5 g NaCl (autoclaved; stored at RT)

100x trace elements (1 L): 5 g EDTA, 0.8 g FeCls, 0.05 g ZnCly, 0.01 g CuCly, 0.01 g CoCly, 0.01 g H3BO3, 1.6 mg MnCly,
pH 7.0 (stored at RT)

1000x vitamins (500 mL): 0.5 g riboflavin, 0.5 g niacinamide, 0.5 g pyridoxine monohydrate, 0.5 g thiamine

Ampicillin
DN-Ase
DTT
IPTG
Kanamycin
Lysozyme
PMSF
RNAse

100 mg/mL in H,O

1 mg/mL in 10 mM Ttis pH 7.6, 150 mM NaCl, 1 mM MgCl,, 50% glycerol
1 M in HO

1 M in H,O

30 mg/mL in H,O

100 mg/mL in 10 mM Tris pH 8.4

100 mM in Isopropanol

1 mg/mL in 10 mM Tris pH 8, 1 mM EDTA
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2.3.2  Cloning

The shorter Hop construct Hop112a was generated by insertion of a premature stop codon
through polymerase chain reaction (PCR) and was subsequently cloned into the target vector via

restriction and ligation.
PCR

The premature stop codon was introduced through PCR using the forward and reverse

primer shown in Table 12. The PCR reaction setup and cycling protocol is listed in Table 13.

Table 12 Sequences of the reverse (rvs) and forward (fwd) primer used for Hop112a amplification through PCR.
Nhel (GCTAGC) and Xhol (CTCGAG) restriction sites are highlighted in grey.

Primer Sequence 3° = 5’
Hopl 12a_fwd GAA ATGGAGCAGGTCAATGAG
Hop112a_rvs GTAC CTACAGCCGCTCTTGC

Table 13 PCR reaction setup and cycling protocol for Hop112a DNA amplification.
The Phusion Mastermix contains 0.04 U/uL Phusion High Fidelity DNA Polymerase in 2 x HF buffer including 1.5 mM MgCl,
and 400 uM of each dNTP. Full-length Hop DNA served as template.

PCR setup Cycling protocol
Component V [uL] Temperature [°C] Duration Cycles
template DNA 1 98 1.5 min 1 Initial denaturation

Primer fwd [10 uM] 2.5 98 30 sec Denaturation
Primer rvs [10 uM] 2.5 72 30 sec 35 O Annealing

Zli(/[i}tl;lrioiz 20 72 40 sec Elongation

ddH,O 14 72 10 min 1 Final Extension
total 40 pl 4 o0 1 Storage

The amplified Hop112a DNA was purified zia agarose gel electrophoresis (1.5 % gel w/v
with 0.0015 % (v/v) Midoti Green DNA Stain). 40 uL. of the PCR reaction were mixed with 8 pl.
of 6 x DNA loading dye. 5 ul. of GeneRuler 1 kb Plus was loaded for size classification. The gel
was run for 1 h at RT with 70 V. The desired band was cut out under UV-light and extracted using
the PCR clean-up Gel extraction Kit. The DNA was eluted in 30 uL. warm H,O.

Restriction and 1.igation

The purified Hop112a DNA was restricted with the restriction enzymes Nhel-HF and Xhol

using the restriction protocol shown in Table 14. The sample was incubated for 1 h at 37°C
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followed by enzyme inactivation at 65°C for 20 min. The restricted DNA was purified vz agarose
gel electrophoresis (1.5 % gel w/v with 0.0015 % (v/v) Midori Green DNA Stain). 50 pL from
restriction digest were mixed with 10 pl. of 6 x DNA loading dye. 5 uL. of GeneRuler 1 kb Plus
was loaded for size classification. The gel was run for 1 h at RT with 70V. The desired band was
cut out under UV-light and extracted using the PCR clean-up Gel extraction Kit. The DNA was
eluted in 30 pul. warm H,O.

Before ligation, the target vector pET28a (previously digested with the same restriction
enzymes) was dephosphorylated in order to prevent self-ligation. The sample was incubated for
30 min at 37°C with 1 uL. of Shrimp Alkaline Phosphatase followed by enzyme inactivation at 65°C
for 15 min. The ligation reaction of the restricted Hop112a DNA with pET28a was performed
with a vector:insert mass ratio of 1:1 as shown in Table 14. The sample was incubated for 15 min
at 37°C followed by 1 h at RT and o/n at 16°C. The next day the enzyme was inactivated at 65°C

for 10 min.

Table 14 Reaction setups for DNA restriction and ligation.

DNA restriction DNA ligation
Component V [ul] Component V [uL] m [ng]
10x CutSmart buffer 5 1:1 50
DNA  x (as much as possible) T4 DNA Ligase 1
Nhel-HF 1 Ligase buffer 1
Xhol 1
total 50 uL. total 10 pL

Plasmid amplification and sequencing

5 uL of the ligated product was transformed into 100 uL of E. c/i XI.2 blue competent cells.
After 30 min incubation on ice, the cells were permeabilized for 45 sec at 42°C, cooled down for
2 min on ice, resuspended in 900 pl. LB medium and shaken for 1 h at 37°C with 210 rpm. Bacteria
were harvested for 1 min with max. speed, resuspended in 200 ul. of the supernatant and plated
onto an LB Agar plate including 30 pg/mL of Kanamycin for selection. Cells were grown o/n at
37°C. The next day a single colony was picked and incubated o/n at 37°C shaking at 225 rpm in
5 mL LB medium including 30 pg/ml. of Kanamycin for selection.

Plasmid DNA was extracted according to the Plasmid DNA purification Kit. The DNA was
eluted in 30 pl. warm H>O. DNA concentration was measured at RT by absorption measurement
at A=280 nm using the NanoDrop 2000/2000c. 15 uL including 1089 ng of plasmid were sent to
Seqlab Goettingen to verify the DNA sequence. Results were analyzed with the EMBOSS Needle

Pairwise Sequence Alignment tool.”
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2.3.3 'Transformation and o/n culture

1 uL. of the recombinant vector was added to 50 uL. of E. co/i competent cells”. After 30 min
incubation on ice, the cells were permeabilized for 45 sec at 42°C, cooled down for 2 min on ice,
resuspended in 450 ul. LB medium and shaken for 1 h at 37°C with 210 rpm. 200 uL of the
transformed cells were plated onto an LB Agar plate including the respective antibiotic agent for

selection”. Cells were grown either o/n at 37°C or o/w at 25°C.

For 1 L protein expression, a single colony was picked and incubated in 25 mL LB medium
containing the respective antibiotic agent for selection”. Bacteria were enriched while shaking o/n
at 37°C with 210 rpm.

2.3.4 Purification protocols

The protocols were either established by myself, with students supervised by me or received from

colleagues as indicated on top of each section in

* see individual production protocols for specifications in chapter 2.3.4.
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2.3.4.1 CHIP

Lysis buffer 20 mM Tris pH 8.0 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 500 mM Imidazole
5 mM B-ME 5 mM B-ME

Thrombin buffer 20 mM Tris pH 8.0 SEC buffer 25 mM HEPES pH 7.4
100 mM KCl 100 mM KCl
5 mM B-ME 5 mM MgCl,

1 mM TCEP

CHIP was overexpressed in 2 x 1 L LB medium (30 pg/mlL Kanamycin) shaking o/n at 20°C
with 110 rpmin E. co// BL21(DE3) induced at ODgo = 0.6 with 0.1 mM IPTG. Cells were harvested
for 25 min at 4°C with 7500 rpm (JLLA-8.1000 rotor), resuspended in up to 40 mL lysis buffer plus
1 uM PMSF and 1 tablet of protease inhibitor (w/o EDTA), flash-frozen in liquid nitrogen and
stored o/n at -20 °C. The next day the bacteria were thawed in hot tap water and lysed by sonication
on ice (5 min in total with 20 sec pulses interrupted by 10 sec breaks, 50 % amplitude). Cell debris
was spun down for 30 min at 4°C with 10000 g (5424R centrifuge).

The supernatant including the Hiss-tagged CHIP was further purified by IMAC with gravity
flow. Therefore, 12 mL equilibrated Ni-NTA Agarose beads were gently shaken with the lysed
supernatant of 1 L protein expression for 30 min at 4°C. Unspecifically bound proteins wete
washed off with 5 cv of lysis buffer. The remaining proteins including the Hise-tagged CHIP were
eluted with 2 cv of elution buffer. After o/n dialysis in thrombin buffer at 4°C (dialysis hose:
3.5 kDa cutoff) possible precipitations were spun down for 30 min at 4°C with 9000 rpm
(FA-45-6-30). The protein solution was concentrated down to 5.5 mL (concentrator pores: 10 kDa
cutoff; FA-45-6-30) followed by Hiss-tag cleavage with 74 NIH units of thrombin protease per
1 mg protein gently shaking o/n at 4°C. The next day the sample was filtered (pore size: 0.45 um)
in order to remove any precipitated contents out of the solution. 5.5 mL of sample were purified
via SEC (SD75 26/600, 10 mL loop, 1 mL/min). Peak fractions were pooled and concentrated up
to ~250 uM (concentrator pores: 5kDa cutoff; FA-45-6-30). Protein concentration was
determined by absorption measurement at A = 280 nm. Aliquots of 20 uLL were flash-frozen in

liquid nitrogen and stored at -80 °C.

An exemplary purification analysis of human CHIP is presented in Figure A 3.
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2.3.4.2 Hop

Lysis buffer 20 mM Tris pH 8.0 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 500 mM Imidazole
3 mM 3-ME 3 mM B-ME

SEC buffer 25 mM HEPES pH 7.4
100 mM KCl
5 mM MgCl»
1 mM TCEP

Hop was overexpressed in 1 L LB medium (30 pg/ml. Kanamycin) shaking o/n at 20°C
with 110 rpm in E. /i Rosetta2 (DE3) induced at ODgo = 0.7 with 0.1 mM IPTG. Cells were
harvested for 25 min at 4°C with 7500 rpm (JLLA-8.1000 rotor), resuspended in up to 20 mL lysis
buffer plus 1 uM PMSF and 1 tablet of protease inhibitor (w/o EDTA), flash-frozen in liquid
nitrogen and stored for one week at -20 °C. For cell lysis bacteria were thawed in hot tap water and
fresh 3 mM 3-ME were added as reducing agent. After sonication on ice (5 min in total with 20 sec
pulses interrupted by 10 sec breaks, 40 % amplitude) cell debris was spun down for 30 min at 4°C
with 22000 rpm (JA 25.50).

The supernatant including the Hiss-tagged Hop was further purified by IMAC with gravity
flow. Therefore, 4 mL equilibrated Ni-NTA Agarose beads were gently shaken with the lysed
supernatant of 1 L protein expression for 30 min at 4°C. Unspecifically bound proteins were
washed off with 5 cv of lysis buffer. The remaining proteins including the Hise-tagged Hop were

eluted with 2 cv of elution buffer.

After o/n dialysis in SEC buffer at 4°C (dialysis hose: 8-10 kDa cutoff) the protein solution
was concentrated down to 10 mL (concentrator pores: 30 kDa cutoff; FA-45-6-30) and centrifuged
for 15 min at 4°C with 8000 rpm (FA-45-6-30) in order to remove any precipitated contents out
of the solution. Two runs of SEC were performed with each 5 mL of sample (SD75 26/600, 10 mL
loop, 2 mL/min). Peak fractions were pooled and concentrated up to ~250 uM (concentrator
pores: 10 kDa cutoff; FA-45-6-30). Protein concentration was determined by absorption

measurement at A = 280 nm. Aliquots of 25 ul. were flash-frozen in liquid nitrogen and stored
at -80 °C.

An exemplary purification analysis of human Hop is presented in Figure A 4.
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2.3.4.3 Hopll2a

Lysis buffer 20 mM Tris pH 8.0 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 500 mM Imidazole
3 mM B-ME 3 mM B-ME

Thrombin buffer 25 mM Tris pH 8.0 SEC buffer 25 mM HEPES pH 7.4
100 mM NaCl 150 mM NaCl
3 mM B-ME 1 mM DTT

Hop112a was overexpressed in 2 x 1 L LB medium (30 pg/mI Kanamycin) shaking o/n at
20°C with 110 tpm in E. co/i Rosetta2 (DE3) induced at ODgo = 0.7 with 0.1 mM IPTG. Cells
were harvested for 25 min at 4°C with 7500 rpm (JLA-8.1000 rotor), resuspended in up to 40 mL
lysis buffer plus 1 uM PMSF and 1 tablet of protease inhibitor (w/o EDTA), flash-frozen in liquid
nitrogen and stored at -80 °C. For cell lysis bacteria were thawed in hot tap water and fresh 3 mM
B-ME were added as reducing agent. After sonication on ice (5 min with 30 % amplitude, 2 min
50%, 2 min 55%, each with 20 sec pulses interrupted by 10 sec breaks) cell debris was spun down
for 30 min at 4°C with 22000 rpm (JA 25.50).

The supernatant including the His¢-tagged Hopl12a was further purified by IMAC with
gravity flow. Therefore, 8 mL equilibrated Ni-NTA Agarose beads were gently shaken with the
lysed supernatant of 1 L protein expression for 30 min at 4°C. Unspecifically bound proteins wete
washed off with 10 cv of lysis buffer. The remaining proteins including the Hiss-tagged Hop112a
were eluted with 2 cv of elution buffer. After o/n dialysis in thrombin buffer at 4°C (dialysis hose:
8-10 kDa cutoff) the Hise-tag was cleaved off with 148 NIH units of thrombin protease per 1 mg
protein gently shaking o/n at 25°C. The next day thrombin protease was inactivated with 500 pM
PMSF. After o/n dialysis in SEC buffer at 4°C (dialysis hose: 0.5-1 kDa cutoff), the sample was
concentrated down to 5 mL (concentrator pores: 10 kDa cutoff; FA-45-6-30), centrifuged for
15 min at 4°C with 8000 tpm (FA-45-6-30) in order to remove any precipitated contents out of the
solution and purified vz« SEC (SD75 26/600, 10 mL loop, 2 mI./min). Peak fractions were pooled
and dialyzed o/n in storage buffer (25 mM HEPES pH 7.4/ 100 mM KCl/ 5 mM MgCl,/ 1 mM
TCEP) at 4°C (dialysis hose: 0.5-1 kDa cutoff). The next day the protein solution was concentrated
up to ~220 uM (concentrator pores: 10 kDa cutoff; FA-45-6-30). Protein concentration was
determined by absorption measurement at A = 280 nm. Aliquots of 50 uLL were flash-frozen in

liquid nitrogen and stored at -80 °C.

An exemplary purification analysis of the Hop112a construct is presented in Figure A 5.
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2.3.4.4 Hsp40

Lysis buffer 10 mM HEPES pH 7.5 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 500 mM Imidazole
6 mM B-ME 6 mM B-ME

Thrombin buffer 20 mM Tris pH 8.0 SEC buffer 25 mM HEPES pH 7.4
100 mM NaCl 100 mM KCl
6 mM B-ME 5 mM MgCl,

1 mM TCEP

Hsp40 was overexpressed in 1 L LB medium (30 pg/ml. Kanamycin) shaking o/n at 20°C
with 110 rpm in E. /i Rosetta2 (DE3) induced at ODgo = 0.7 with 0.1 mM IPTG. Cells were
harvested for 30 min at 4°C with 7500 rpm (JLLA-8.1000 rotor), resuspended in up to 20 mL lysis
buffer plus 1 uM PMSF and 1 tablet of protease inhibitor (w/o EDTA), flash-frozen in liquid
nitrogen and stored at -80 °C. For cell lysis bacteria were thawed in hot tap water and fresh 6 mM
B-ME were added as reducing agent. After sonication on ice (2 x 5 min in total with 20 sec pulses
interrupted by 10 sec breaks, 45 % amplitude) cell debris was spun down for 30 min at 4°C with
22000 rpm (JA 25.50).

The supernatant including the Hisq-tagged Hsp40 was further purified by IMAC with gravity
flow. Therefore, 4 mL equilibrated Ni-NTA Agarose beads were gently shaken with the lysed
supernatant of 1 L protein expression for 30 min at 4°C. Unspecifically bound proteins were
washed off with 5 cv of lysis buffer. The remaining proteins including the Hiss-tagged Hsp40 were
eluted with 2 cv of elution buffer. After o/n dialysis in thrombin buffer at 4°C (dialysis hose:
0.5-1 kDa cutoff) possible precipitations were spun down for 20 min at 4°C with 6000 rpm
(FA-45-6-30). The Hise-tag was cleaved off with 74 NIH units of thrombin protease per 1 mg
protein gently shaking o/n at 4°C. The next day thrombin protease was inactivated with 500 uM
PMSF. After dialysis in SEC buffer (dialysis hose: 0.5-1 kDa cutoff) for two days at 4°C, the sample
was concentrated down to 5 mL (concentrator pores: 10 kDa cutoff; FA-45-6-30), filtered (pore
size: 0.2 um) in order to remove any precipitated contents out of the solution and purified za SEC
(SD75 26/600, 10 mL loop, 1.8 mL/min). Peak fractions were pooled and concentrated up
to ~250 uM (concentrator pores: 10 kDa cutoff; FA-45-6-30). Protein concentration was
determined by absorption measurement at A = 280 nm. Aliquots of 25 uLL were flash-frozen in

liquid nitrogen and stored at -80 °C.

An exemplary purification analysis of human Hsp40 is presented in Figure A 6.
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2.3.4.5 Hsp70

Lysis buffer 20 mM Tris pH 8.0 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 250 mM Imidazole
6 mM B-ME 6 mM B-ME

Thrombin buffer 20 mM Tris pH 8.0 SEC buffer 25 mM HEPES pH 7.4
150 mM NaCl 100 mM KCl
1 mM DTT 5 mM MgCl,

1 mM TCEP

Hsp70 was overexpressed in 1 L LB medium (30 pg/ml. Kanamycin) shaking for 4 h at 37°C
with 110 rpm in E. w/i Rosetta2 (DE3) induced at ODe¢w = 0.8 with 1 mM IPTG. Cells were
harvested for 25 min at 4°C with 7500 rpm (JLLA-8.1000 rotor), resuspended in up to 20 mL lysis
buffer plus 1 uM PMSF, 1 tablet of protease inhibitor (w/0 EDTA), 1 mg/mlL lysozyme, 10 pg/mL
RNAse and 10 pg/mIL DNAse, flash-frozen in liquid nitrogen and stored at -20 °C. For cell lysis
bacteria were thawed in hot tap water and fresh 6 mM B-ME were added as reducing agent. After
sonication on ice (5 min in total with 20 sec pulses interrupted by 10 sec breaks, 30 % amplitude)
cell debris was spun down for 30 min at 4°C with 22000 rpm (JA 25.50).

The supernatant including the Hisq-tagged Hsp70 was further purified by IMAC with gravity
flow. Therefore, 6 mL equilibrated Ni-NTA Agarose beads were gently shaken with the lysed
supernatant of 1 L protein expression for 30 min at 4°C. Unspecifically bound proteins were
washed off with 10 cv of lysis buffer. The remaining proteins including the Hise-tagged Hsp70
were eluted with 2 cv of elution buffer. During o/n dialysis in thrombin buffer at 4°C (dialysis
hose: 3.5-5 kDa cutoff) the Hiss-tag was cleaved off with 80 pl. of thrombin protease (stock:
74 NIH units/uL). The next day a second IMAC was performed in order to extract the cleaved
fraction only. The flow through and wash fraction (2 cv lysis buffer) were pooled and concentrated
down to 5 mL (concentrator pores: 30 kDa cutoff; FA-45-6-30). The sample was centrifuged for
20 min at 4°C with 7900 rpm (FA-45-6-30) in order to remove any precipitated contents out of the
solution and purified vz SEC (SD75 26/600, 10 mL loop, 0.75 mL/min). Peak fractions were
pooled and concentrated up to ~300 uM (concentrator pores: 30 kDa cutoff; FA-45-6-30). Protein
concentration was determined by absorption measurement at A = 280 nm. Aliquots of 25 plL were

flash-frozen in liquid nitrogen and stored at -80 °C.

An exemplary purification analysis of human Hsp70 is presented in Figure A 7.
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2.3.4.6 Hsp90

Lysis buffer 20 mM Tris pH 8.0 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 250 mM Imidazole
6 mM B-ME 6 mM B-ME

SEC buffer 10 mM HEPES pH 7.5 Storage buffer 25 mM HEPES pH 7.4
500 mM KCl 100 mM KCl
0.5 mM DTT 5 mM MgCl,

1 mM TCEP

Hsp90 was overexpressed in 2 x 1 L. LB medium (30 pg/mlL Kanamycin) shaking for 4 h at
37°C with 110 rpm in E. co/i Rosetta2 (DE3) induced at ODgg = 1.1 with 1 mM IPTG. Cells were
harvested for 25 min at 4°C with 7500 rpm (JLLA-8.1000 rotor), resuspended in up to 40 mL lysis
buffer plus 1 uM PMSF and 1 tablet of protease inhibitor (w/o EDTA), flash-frozen in liquid
nitrogen and stored at -80 °C. For cell lysis bacteria were thawed in hot tap water and fresh 6 mM
B-ME were added as reducing agent. After sonication on ice (5 min in total with 20 sec pulses
interrupted by 10 sec breaks, 60 % amplitude) cell debris was spun down for 30 min at 4°C with
22000 rpm (JA 25.50).

The supernatant including the Hise-tagged Hsp90 was further purified by IMAC with gravity
flow. Therefore, 5 mL equilibrated Ni-NTA Agarose beads were gently shaken with the lysed
supernatant of 2 L protein expression for 30 min at 4°C. Unspecifically bound proteins were
washed off with 10 cv of lysis buffer. The remaining proteins including the Hise-tagged Hsp90

were eluted with 3 cv of elution buffer.

The protein solution was concentrated down to 5 mL (concentrator pores: 30 kDa cutoff;
FA-45-6-30), centrifuged for 20 min at 4°C with 8000 rpm (FA-45-6-30) in order to remove any
precipitated contents out of the solution and purified »z SEC (SD200 26/600, 10 mL loop,
2 mL/min). Peak fractions were pooled and dialyzed o/n in storage buffer at 4°C (dialysis hose:
3.5-5 kDa cutoff). The next day the protein solution was concentrated up to ~200 uM
(concentrator pores: 30 kDa cutoff; FA-45-6-30). Protein concentration was determined by
absorption measurement at A = 280 nm. Aliquots of 25 ulL. were flash-frozen in liquid nitrogen and
stored at -80 °C.

An exemplary purification analysis of human Hsp90 is presented in Figure A 8.
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2.3.4.7 Hsp90*

For NMR experiments, Hsp90 was produced perdeuterated with selectively labeled
['H-"C]-isoleucine 3-methyl groups (Figure 13), for clarity here denoted as Hsp90*. Hsp90* was
produced in E. /i BL21(DE3) growing in M9 minimal medium (99% D.0O) including
[’H-"*C]-glucose as the sole source of carbon. The cells were allowed to stepwise adapt to the
deuterated medium, beginning with 5 mL of LB medium (30 ng/mL Kanamycin) inoculated with
a single colony shaking o/n at 37°C with 220 rpm. The next day bacterial growth was continued in
5 mL of M9 minimal medium (30 pg/mlL Kanamycin) in 100 % H,O. At saturation H,O was
gradually substituted with DO by transferring 200 pLL of the previous culture into fresh 5 mL of
M9 minimal medium (30 pg/ml Kanamycin) in 33 % D,O, 66 % D>O and 99 % D,O. Finally, the
volume was scaled up to 100 mL and then to 1 L of M9 minimal medium (30 ng/mL Kanamycin)
in 99 % D,O and bacteria were enriched at 37°C shaking with 110 rpm. One hour before induction
(ODgo = 0.6) the metabolic precursor for selective ['H-"C]- Ile &-methyl groups labeling
2-ketobutyric acid-4 [°C],3,3-[D2] sodium salt was added. At ODgw = 0.8 Hsp90* overexpression
was induced with 0.5 mM IPTG and continued o/n at 37 °C shaking with 110 rpm.

Hsp90* was purified similarly as unlabeled Hsp90 (see chapter 2.3.4.6). An exemplary

purification analysis of human Hsp90* is presented in Figure A 9.

1H-13C labeled Hsp90

13CH3

13CH,

Figure 13 Selectively TH-13C labeled Hsp90 at the Ile 3-methyl groups.

Front view of the open structure of Hsp90 shown as cartoon (N-terminal domain (NTD, light blue), middle domain (MD, light
pink) and C-terminal domain (CTD, light green)).!?! Isoleucines are highlighted in black spheres. The metabolic precursor
2-ketobutyric acid-4['3C],3,3-[D2] sodium salt was used for site specific isotope labeling.3? Zoom in shows Hsp90 isoleucines
selectively ['H, 13C] labeled at the 8-methyl groups in an otherwise fully deuterated protein.
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2.3.4.8 p23
Lysis buffer 20 mM Tris pH 8.0 Elution buffer 20 mM Tris pH 8.0
500 mM NaCl 500 mM NaCl
10 mM Imidazole 500 mM Imidazole
6 mM B-ME 6 mM B-ME
Thrombin buffer 20 mM Tris pH 8.0 SEC buffer 25 mM Tris pH 7.0
100 mM NaCl 100 mM NaCl
6 mM B-ME 1 mM DTT

p23 was overexpressed in 1 L LB medium (30 pg/ml Kanamycin) shaking o/n at 20°C with
110 rpm in E. ¢o/i Rosetta2 (DE3) induced at ODgoo = 0.6 with 0.1 mM IPTG. Cells were harvested
for 30 min at 6°C with 7500 rpm (JLA-8.1000 rotor), resuspended in up to 20 mL lysis buffer plus
1 uM PMSF and 1 tablet of protease inhibitor (w/o EDTA), flash-frozen in liquid nitrogen and
stored at -80 °C. For cell lysis bacteria were thawed in hot tap water and fresh 6 mM B-ME were
added as reducing agent. After sonication on ice (5 min with 30 % amplitude, 2 min 45%, each
with 20 sec pulses interrupted by 10 sec breaks) cell debris was spun down for 30 min at 6°C with
22000 rpm (JA 25.50).

The supernatant including the Hiss-tagged p23 was further purified by IMAC with gravity
flow. Therefore, 8 mL equilibrated Ni-NTA Agarose beads were gently shaken with the lysed
supernatant of 1 L protein expression for 30 min at 4°C. Unspecifically bound proteins were
washed off with 10 cv of lysis buffer. The remaining proteins including the His¢-tagged p23 were
eluted with 2 cv of elution buffer. The protein solution was concentrated down to 2.5 mL
(concentrator pores: 10 kDa cutoff; FA-45-6-30) followed by o/n dialysis in thrombin buffer at
4°C (dialysis hose: 3.5-5 kDa cutoff). The next day the Hiss-tag was cleaved off with 37 NIH units
of thrombin protease per 1 mg protein gently shaking for 1 h at RT. Thrombin protease was
inactivated with 500 uM PMSF. After o/n dialysis in SEC buffer at 4°C (dialysis hose: 3.5-5 kDa
cutoff), the sample was centrifuged for 20 min at 4°C with 8000 rpm (FA-45-6-30) in order to
remove any precipitated contents out of the solution and putified »a SEC (SD75 16/600, 5 mL
loop, 1.8 mL/min). Peak fractions were pooled and concentrated up to ~500 uM (concentrator
pores: 10 kDa cutoff; FA-45-6-30). The protein solution was dialyzed o/w in storage buffer (25
mM HEPES pH 7.4/ 100 mM KCl/ 5 mM MgCl,/ 1 mM TCEP) at 4°C (dialysis hose: 3.5-5 kDa
cutoff). Protein concentration was determined by absorption measurement at A = 280 nm. Aliquots

of 200 pL. were flash-frozen in liquid nitrogen and stored at -80 °C.

An exemplary purification analysis of human p23 is presented in Figure A 10.
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2349 Tau

Lysis buffer 20 mM MES pH 6.8 Dialysis buffer -~ 20 mM MES pH 6.8
1 mM EGTA 1 mM EDTA
0.2 mM MgCl, 2mM DTT
5mM DTT

Buffer A/ 20 mM MES pH 6.8 SEC buffer 25 mM HEPES pH 7.4
50 mM / | M NaCl 100 mM KCl
1 mM EDTA 5 mM MgCl,

Flash-frozen E. co/i BL21 (DE3) bacterial pellets from 6 L Tau expression stored at -80°C
were thankfully received from the group’s technician S. Cima-Omorti. For cell lysis bacteria were
thawed in hot tap water, resuspended in 180 mL ice cold lysis buffer plus 1 mM PMSF, 5 tablets
of protease inhibitor (w/o EDTA), 1 mg/mL lysozyme and 10 pg/ml DNAse and stirred for
20 min at 4°C to obtain a homogeneous solution. Cells were lysed »zz French press on ice (two
rounds for complete disruption), 500 mM NaCl were added and the lysate was boiled in a water
bath for 20 min at 98°C. After cooling down the solution for 10 min on ice, cell debris and
precipitated proteins were spun down by ultracentrifugation for 40 min at 4°C with 127000 g
(45-T1). Nucleic acids were precipitated by adding 20 mg streptomycin per 1 mL supernatant. The
sample was gently shaken for 15 min at 4°C followed by centrifugation for 30 min at 4°C with
15000 g (FA-45-6-30). Tau was extracted by ammonium sulfate precipitation with 0.361 g
(NH4)2SO, per 1 mL supernatant (again 15 min incubation at 4°C and 30 min centrifugation at 4°C
with 15000 g (FA-45-6-30)). The pellet including the Tau protein was resuspended in dialysis buffer
plus 0.1 mM PMSF and dialyzed o/n in 4 L dialysis buffer plus 0.1 mM PMSF at 4°C (dialysis
cassette: 3.5 kDa cutoff).

The next day the dialyzed sample was filtered (pore size: 0.22 pm) and further purified by
cation exchange chromatography (MonoS 10/100, 2 mI./min). Unspecifically bound proteins were
washed off with 5 cv of buffer A plus 0.1 mM PMSF. The remaining proteins including Tau were
eluted with increasing salt concentration (linear gradient 0-60% buffer B plus 0.1 mM PMSF within
15 cv). The fractions of interest were pooled and concentrated down to 5 mL (concentrator pores:
5kDa cutoff; FA-45-6-30). The sample was centrifuged for 20 min at 4°C with 9000 g
(FA-45-6-30) and putified two times vz SEC (SD75 26/600, 10 mL loop, 2 mL/min). Peak
fractions of both runs were pooled and concentrated up to ~1 M (concentrator pores: 5 kDa cutoff;
FA-45-6-30). Protein concentration was determined with the Pierce™ BCA Protein Assay Kit.

Aliquots of 20 pLL were flash-frozen in liquid nitrogen and stored at -80 °C.

An exemplary purification analysis of human Tau is presented in Figure A 11.
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Isotopically labeled Tau was produced in M9 minimal medium including "NH,Cl as the only
source of nitrogen to generate uniformly "N-labeled Tau (Figure 14). The purification protocol

corresponds to that described above for unlabeled Tau.

15N-1H labeled Tau

BNH,CI . .

Figure 14 Selectively 1’N-labeled Tau.

For NMR expetriments Tau was produced uniformly 15N-labeled. Accordingly labeled ammonium chloride was added as the only
source of nitrogen. Zoom in shows the backbone of Tau >N-labeled at the nitrogen of each peptide group (highlighted in black).
By this expression technique proline residues are invisible in 1>N-1H correlation NMR spectra as they lack the hydrogen at the
backbone nitrogen (shaded in grey).

2.4 In vitro complex reconstitution

Reaction Buffer

25 mM HEPES pH 7.4
100 mM KCI
5 mM MgCl

1 mM TCEP

If not already present as such, proteins were dialyzed o/n in 1 L reaction buffer slowly stitring
at 4°C (dialysis hose: 0.5-1 kDa cutoff). Complex formation was followed 2z titration by mixing
the proteins of interest in a molar ratio of 1:x, whereby 1 refers to 2.5-10 uM of titrant A in a final
volume of 10 uL. (applied concentrations are specified in the respective figure legends). Fach
titration point was set up as individual experiment. When indicated, the nucleotides ATP,
AMP-PNP or ADP were added in excess to a final concentration of 5 mM. For complex analyses
the proteins Hsp70, Hop, Hsp90, Tau and p23 were mixed in a molar ratio of 1:1:1:5:5 in reaction
buffer. Samples were incubated for 45 min at 25°C gently shaking with 350 rpm and analyzed by
native page (see chapter 2.2.2).

Relative band intensities were quantified using Image], whereby the mean intensity of the

band of interest was background subtracted and divided by the intensity of the reference band for

normalization. Errors represent the standard deviation from three independent experiments.
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2.5 Affinity measurements

The dissociation equilibrium constant Kp characterizes the affinity of two interaction
partners A and B for each other - the higher the affinity the stronger the interaction. Thus, by
measuring the Kp between two molecules one can estimate which interactions are more likely than
others — a highly valuable information regarding the incredible amounts of interaction partners

within a biological cell. The following estimations are described for a single site binding model.”

Affinity measurements are based on the premise that at equilibrium the rate of binding is
equal to the rate of dissociation. Along this line, the Kp for a reversible, bimolecular binding

reaction A + B = AB is defined as:

Afree' Bfrec
Kp=—7"
D AB 1
AS Agee = Ao — AB (and the same holds true for Bg..), it is sufficient to measure the
concentration of AB in order to calculate the Kp, whereby the signal one obtains upon binding
must be directly proportional to the concentration of AB. If the experimental setup further allows
to hold the concentration of A below the Kp (ideally 10 x lower) virtually all B is free at any
experimental point, implying Bg.. = By This yields the classic expression for a hyperbolic
binding curve with:
Atotal' Btotal

AB = ol ol )
Btotal+I<D

2.5.1 Chemical Assay by gel electrophoresis

Native page was used to determine the amount of complex formed as the intensity of the
complex band. Complexes were formed as described in 2.4. The affinity was measured between
the Hsp70:Hop:Hsp90 complex (molecule A) in a molar ratio of 1:1:1 and the substrate Tau
(molecule B). The concentration of A was fixed at 0.8 uM. The intensity of the complex band AB

was followed upon increasing concentrations of B ranging from 0 — 64 uM.

The intensity I of AB was quantified as described in 2.4. The normalized mean intensity of

AB (y-axis) was plotted against Bow (x-axis) at each respective titration point. Data were fitted using

Btoml

the solver function in Excel according to the equation I = I, m , whereby I, = 1 due to

total TKD

normalization. Errors represent the standard deviation from three independent experiments
(Hsp70:Hop:Hsp90:Tau) or the standard deviation of the fit (Hsp70:Hop:Hsp90:Tau+AMP-PNP)

Z(I - Iobs)2

n-

with stdv of fit = , with Lo as the detected band intensity and n as the number of data

points.
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2.5.2  Trp fluorescence

The intrinsic tryptophane (Trp) fluorescence of a protein A can likewise be used for affinity
measurements if the fluorescence intensity changes upon binding with partner B. In such cases the

change in fluorescence intensity is directly proportional to the amount of AB complex formed.

This technique was used to reproduce the affinity measurements between Hsp90
(molecule A) and Tau (molecule B) reported in literature®. Therefore, 160 ul. of Hsp90:Tau
complex were prepared as described in 2.4 in a molar ratio of 1:10 with 5 uM of Hsp90. The
binding profile was measured from back to forth with stepwise dilution of Tau by exchanging
20 pL. of Hsp90:Tau with 20 pLL of Hsp90 only. Fluorescence spectra were recorded on an Agilent
Cary Eclipse fluorescence spectrophotometer with Aeciaion = 295 nm and Aemission = 302-398 nm.
The maximum emission values within A = 340-355 nm (y-axis) were averaged from three

measurement cycles and plotted against B (x-axis) at each respective titration point. Data were

: . . . B
fitted using the solver function in Excel according to the equation F = Fmax'ﬁ, whereby
total D

Fmx = 1 due to normalization. The error represents the standard deviation of the fit with

Z(l - Iobs)2

n-

stdv of fit = , with Lo as the detected band intensity and n as the number of data points.

2.5.3 Isothermal titration calorimetry

By isothermal titration calorimetry (ITC) one determines the heat that is released or
consumed upon the interaction of two binding partners.” The raw data are plotted as the
differential power in pcal/sec needed (endothermic) or retained (exothermic) to maintain
isothermal conditions between the reference and the sample cell. The integral of each spike yields

the heat Q absorbed or evolved at each respective titration point. The final I'TC binding isotherms

. o - . . d o
are presented in the derivative format depicting the differential heat dBQ per injection in kcal/mol,

total

i.e. the change of heat (dQ) with the change of total molecule B concentration (dB,,,) in the sample

cell. The change of heat is directly proportional to the change of AB concentration (dAB) as:
dQ =dAB-AH" -V, 3

with AH" and V; as the molar binding enthalpy and the cell volume at each titration point,

respectively. Commonly, in I'TC the concentration of A is in the range of or above the Ky of the

binding reaction. Hence, a substantial amount of B exists as AB so that Bg,. is no longer equal

to B,y as introduced in 2.5. In such cases, applying Ag.. = A — AB and By = By — AB in

Eq. 1 gives the quadratic formula 0 = ax® + bx + ¢ (Eq. 4) that can be solved for AB with
b+ /b7 - dac

ABy )= — D whereby the only real root is Eq. 5, as the maximum concentration of AB is
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limited to the concentration of A, and B,. Differentiation and rearrangement yields dAB as

the change of the amount of AB complex with respect to the variation of B, (Eq. 6).

0= ABZ— (Atotal+Btotal+I<D) ‘AB + Atotal'Btotal 4
Agorat T Bro T Kp - \/ (Atotal+Btotal+I<D)2 - 4.At0tal.Btotal 5
AB =
2
Btotal I<D l
dAB — 1 I (l+ Atotal i Atotal) 2
dBtotal - 2 6
B Kp > B
1+ —total 4 D \ 4 . total
\/( Avoul Amt’f‘l) Atoral

Substituting Eq. 6 into Eq. 3 yields the classical Wiseman-isotherm used to fit the

experimentally determined differential heat from which the Kp can be determined:

[ s

dQ 4 total total . AHO -V
0
dBtotal 2 B K 2 B 7
(1 + total + D ) 4. total
Atotal Atotal Atotal

ITC is the only technique that beyond gives insights into the thermodynamic character of a
binding reaction, as the free energy AG (Eq. 8) as well as the entropy AS (Eq. 9) can further be
calculated with:

1
AGZ-R-T-In(—) 3
Kp

AG =AH-T-AS 9

where R is the universal gas constant and T is the temperature. This information yields the
driving force of a particular interaction, as an entropically driven binding reaction is of rather
hydrophobic character, whereas enthalpically driven binding reactions are based on hydrogen

bondings, salt bridges and van der Waals forces.””

Affinity measurements by ITC were performed at 25°C on a Microcal PEAQ-ITC automated
machine. Prior to each experiment, proteins were dialyzed o/n into the same buffer (25 mM
HEPES pH 7.4/ 100 mM KCl/ 5 mM MgCl,/ 1 mM TCEP; degassed) at 4°C (dialysis hose:
0.5-1 kDa cutoff). The sample cell was filled with 320 uL. of 8 uM Hsp90, the syringe contained
120 pLL of 50-80 uM Hop or Hop112a as indicated. Each binding reaction was conducted with 18
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injections a 2 pulL in 150 sec intervals — an initial 0.4 pL injection was applied to minimize artifacts
from the first injection. The latter was neglected in curve fitting. The sample cell was constantly

stirred with 750 rpm throughout the experiment.

. . . . d . .
The experimentally determined differential heat (y-axis) was plotted against the molar
total
. Biota . . . . . . Beo By i Vi .
ratio of mi (x-axis) displaying a sigmoidal saturation curve, whereby — mi = S)ro' Om’ with By, as
total total

the concentration of molecule B in the syringe, i the injection number, Vig the injection volume,
and A, and V the concentration of molecule A in the sample cell and the sample cell volume at

. . . . R . . . . S
time point 0, respectively. With the ratio of =2 on the x-axis, the inflection point of the sigmoidal

total

titration curve marks the switch from an excess of unbound molecules A to an excess of unbound
molecules B in the sample cell. Hence, assuming full activity of both interaction partners, at the
inflection point the amounts of unbound A and B are close to zero, revealing the stoichiometry of
the AB complex. Data were fitted according to Eq. 7 using the Malvern software package. Errors

represent the standard deviation from three independent experiments.

2.6 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) is a broadly used technique yielding information about
the chemical environment of atomic nuclei. These naturally randomly orientated nuclei can interact
with and align to a magnetic field Bo. If By#0 the nuclei align either with or against the magnetic
tield, whereby each nucleus precesses around By with its own frequency (larmor frequency). By
applying a radio frequency (RF) pulse to the system, the nuclei can be flipped off the alignment to

Bo. As they continue to precess, they realign to By shortly after.

In NMR one usually measures systems with a large number of nuclei giving rise to a total
magnetization. In the equilibrium state this magnetization is aligned to Bo, defined as the z-axis. By
the application of the RF pulse the magnetization is tilted towards the xy-plane (detector plane).
The magnitude of the NMR signal, the so called free induction decay (FID), observed in the
detector plane declines with nuclei realignment to Bo. As each nuclei experiences a unique chemical
environment arising from its surrounding electrons, the nuclei are shielded differently from the
magnetic field. A higher electron density results in a lower local magnetic field wherefore the
nucleus precesses with a lower frequency, i.e. at lower chemical shift. As the chemical shift varies
with changes in the chemical environment, NMR is particularly valuable to observe protein-protein
interactions giving insights into the binding site and conformational rearrangements at an atomic

level of resolution.
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Due to nucleus-specific frequency ranges, one can choose which nuclei to observe. Beyond,
nucleus-nucleus interactions (viz covalent bonding or vza space) can be selectively filtered by certain

pulse sequences.

2.6.1 Heteronuclear single quantum coherence (HSQC)

NMR Buffer (HSQOC)
25 mM HEPES pH 7.4
100 mM KCI
5 mM MgCl,

1 mM TCEP
0.02 % NaN3
5% D20

333

The ®N-"H heteronuclear single quantum coherence (HSQC) pulse sequence (Figure 15)
was used to select for covalently bound NH-groups, as they are found in peptide bonds. After
proton excitation (direct dimension), the magnetization is transferred to the nitrogen (indirect
dimension) and then back to the proton for detection. The transfer of magnetization was
accomplished #zz an INEPT element (insensitive nuclei enhancement by polarization transfer). It

refers to "N as an insensitive nuclei compared to 'H. The INEPT time length A defined the

selection for the NH-groups as AZZJ;’ whereby J ., is the coupling constant between covalently
NH

bound nitrogen-proton nuclei.

A B

B SO :
il -

Figure 15 The 1N-TH HSQC pulse sequence selects for covalently bound NH-groups.
A Simplified representation of the HSQC pulse sequence including a 'H- (direct) and '5N- (indirect) dimension.?33 90° and 180°
pulses are indicated with black and white bars, respectively. The magnetization is transferred from proton to nitrogen via an INEPT

OO0

A——-O——I

element of a defined length A=—— The second 180° pulse ("H dimension) is applied at the center of the evolution time t; to refocus
YNH

'H chemical shift evolution. A revers-INEPT element transfers the magnetization back to proton. During FID acquisition for time

t2 the nuclei are decoupled to simplify the spectrum. The blue line indicates the pathway of magnetization. B Zoom-in into a protein

backbone with the two in the "N-1H HSQC experiment observed nuclei highlighted in blue.
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Two dimensional "N-"H HSQC spectra were recorded of "N-labeled Tau (Figure 14) to get
insights into its backbone dynamics when interacting with the Hsp70/Hsp90 chaperone
machinery. Due to Tau’s dynamic nature as IDP, the frequency variations of the backbone
NH-groups are rather small leading to strong signal overlaps. Hence, to reduce thermal motions,
NMR experiments were acquired at 5°C on a Bruker Avance 900 MHz spectrometer (proton
frequency) equipped with a TCI cryogenic probe. For peak assignment transfer, 20 uM of Tau were
measured in NMR buffer (HSQC) with increasing pH from 6.8 to pH 7.4 with a step size of 0.2
on a Bruker Avance 800 MHz spectrometer (proton frequency) equipped with a T'CI cryogenic
probe. For interaction studies, 24 pM of Tau were measured in NMR buffer (HSQC) as titration
experiment with increasing amounts of Hsp70 (1:0, 1:4), Hsp90 (1:0, 1:4), Hsp70:Hop:Hsp90 in a
molar ratio of 1:1:1 (1:0, 1:0.2, 1:1, 1:2), Hsp70:Hop:Hsp90:p23 in a molar ratio of 1:1:1:5 (1:0,
1:0.2, 1:2) and p23 (1:0, 1:10).

16 dummy scans were applied for sample equilibration followed by 32 (pH titration) or 40
(protein titration) number of scans used for data acquisition with in total 2048 points in the direct

dimension and 512 points in the indirect dimension.

2.6.2  Transverse relaxation optimized spectroscopy (TROSY)

NMR Buffer (TROSY)
25 mM HEPES pD 7.6
100 mM KCl
5 mM MgCl,
1 mM TCEP
99 % DO

One of the drawbacks in NMR is that the signal intensities decline with increasing molecular
weight due to reducing transverse relaxation rates (T2). On a simplistic view it follows high
molecular weight, fast relaxation, low signal. Along this line, new pulse programs have been
optimized for large molecules with short T5, termed transverse relaxation optimized spectroscopy
(TROSY). The TROSY pulse sequence takes advantage of the different decay rates of the total
magnetization, prevents their mixing throughout the pulse sequence and thereby preserves slowly

relaxing signal components resulting in significant improvement of spectra quality.”**

In specific, the "C-'H methyl-TROSY pulse sequence (Figure 16) was used to select for
covalently bound “C-'H labeled CH-groups.”” After proton excitation, the pulse sequence
transfers magnetization from proton (direct dimension) to carbon (indirect dimension) and then

back to proton for detection. The magnetization transfer was accomplished by a 90° pulse in the

indirect dimension after time A adjusted for the selection for the CH-groups as Azzj;, whereby
CH

J ¢y is the coupling constant between covalently bound carbon-proton nuclei.
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Figure 16 The methyl-TROSY pulse sequence selects for 13C-'H labeled CH-bonds.
A Simplified representation of the methyl-TROSY pulse sequence including a 'H- (direct) and 13C- (indirect) dimension.335 90° and
180° pulses ate indicated with black and white bars, respectively. The magnetization is transferred from proton to carbon via a 90°

pulse after time AZZJL. A 180° pulse (*H dimension) is applied at the center of the evolution time t; to refocus 'H chemical shift
CH

evolution. The magnetization is transferred back to proton by another 90° pulse. During FID acquisition for time t; the nuclei are

decoupled to simplify the spectrum. The blue line indicates the pathway of magnetization. B Zoom-in into the amino acid chain

with 13C-TH-labeled isoleucine 8-methyl groups highlighted in blue in an otherwise perdeuterated protein.

Two dimensional methyl-TROSY spectra were recorded of "C-"H-labeled Hsp90 (Figure
13) to follow its dynamics dutring Tau chaperoning as part of the Hsp70/Hsp90 chaperone
machinery. In large, folded proteins, methyl groups of side chains are particularly favorable
spectroscopic targets due to their threefold symmetry with three identical 'H spins and due to the
higher flexibility of side chains compared to the protein backbone, both contributing to increased
signal intensity. Accordingly, by means of side-chain specific isotopic labeling, only the §-methyl
groups of Hsp90’s isoleucine residues were "C-labeled and thus NMR active (see chapter 2.3.4.7).

In order to suppress unfavorable sources of relaxation such as dipole-dipole interactions
caused by surrounding protons, Hsp90 was otherwise produced perdeuterated. Prior to the NMR
experiment all proteins were dialyzed in NMR buffer (TROSY) for proton deuterium exchange.
NMR experiments were acquired at 25°C on a Bruker Avance 900 MHz spectrometer (proton
frequency) equipped with a TCI cryogenic probe. 50 uM of Hsp90 were measured as titration
experiment with increasing amounts of Hop (1:0, 1:0.2, 1:0.5, 1:1), Hop112a (1:0, 1:1, 1:10), Hsp70
(1:0, 1:1), Hsp70:Hop in a molar ratio of 1:1 (1:0, 1:1), Hsp70:Hop:Tau in a molar ratio of 1:1:5
(1:0, 1:1), p23 (1:0, 1:5) and Hsp70:Hop:Tau:p23 in a molar ratio of 1:1:5:5 (1:0, 1:1).

100 dummy scans (DS) were applied for sample equilibration followed by 80 number of
scans (NS) used for data acquisition with in total 2048 points in the direct dimension and 256
points in the indirect dimension. NMR experiments in presence of AMP-PNP were acquired at
25°C on a Bruker Avance 800 MHz spectrometer (proton frequency) in NMR buffer (TROSY)
including 10 mM KCl with 32 DS and 136 NS.
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2.6.3 Data processing

Spectra were processed with TopSpin including zero-filling up to 4096 and 2048 data points
in the direct and indirect dimension, respectively. The intensity scaling factor was set at equal level
for all spectra of one titration experiment. Baselines were adjusted for both dimensions. Spectra

were analyzed with Sparky.” Data were further processed in Excel. Peak intensity ratios were
1 . . . . .

plotted as o whereby I is the peak intensity of the reference spectrum, and I the intensity of the
0

respective titration point. The intensity values from Tau-HSQC spectra were averaged over three
residues for profile smoothing assuming that three adjacent side chains of an IDP experience

similar changes upon ligand binding. Error bars were calculated from the signal to noise ratio with

I 1

2 2
error (%) = (ﬁ) + (ﬁ) , whereby SNy and SN is the signal to noise ratio of the peak in the

reference spectrum and the titration point, respectively. The weighted average chemical shift

perturbations (CSPs) were calculated according to:

CSP(Tau)= \/ (AH2+ (%)2) - CSP(Hsp90)= J (AH2+ (ATC)Z) * 1 10

2

with AH, AN and AC as the peak chemical shift in the proton, nitrogen and carbon
dimension, respectively. Different weighting factors for "N and "C were used compared to 'H
accounting for different chemical shift sensitivities.”” The CSP threshold was set to the CSP
standard deviation times 1.5.

Structures were displayed with PyMol.”
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2.7 Protein phosphorylation and acetylation

Phosphorylation Reaction Buffer Acetylation Reaction Buffer
25 mM HEPES pH 7.4 25 mM HEPES pH 7.4
100 mM KCl 100 mM KCl
5 mM MgCl, 5 mM MgCl,
1 mM TCEP 1 mM TCEP
5mM EGTA 5mM EGTA
1 mM PMSF 0.5 mM PMSF
12.5 mM ATP 20 uM Acetyl-CoA

Phosphorylation and acetylation reactions were performed in 100 pl. reaction buffer with
200 uM of protein. The protein was phosphorylated with serine/threonine protein kinases using
0.02 mg/mlL of the Cdk2/CyclinA2 kinase or 4 pmol/L of MARK2. Protein acetylation was
conducted with the acetyltransferase CREB-binding protein (CBP) or p300, each used with a final
concentration of 0.028 mg/ml.. Samples were incubated for 16 h at 30°C gently shaking at
350 rpm. The next day the enzymes were inactivated through boiling for 20 min at 95°C. Note that
the boiling step is only applicable for the modifications of IDPs, as those remain active after
heating. The denatured proteins were centrifuged for 30 min at 4°C with max. speed (5424R
centrifuge). The supernatant including the phosphorylated or acetylated protein was taken off.

Aliquots of 25 pL. were flash-frozen in liquid nitrogen and stored at -20 °C.

2.8 Dynamic light scattering

Light scattering (LS) is based on the phenomenon that upon irradiation small particles or
molecules such as proteins deflect i.e. scatter the incoming light. In solution these particles move
and tumble according to Brownian motion so that the scattered light fluctuates over time. The
record of these dynamic fluctuations is termed ‘dynamic light scattering’ (DLS). Dependent on the
speed of movement, which in turn depends on the size of the molecule, the fluctuations are
stronger or weaker: the smaller a protein, the faster it moves and the stronger the fluctuation of

the scattered light.

In DLS one measures these fluctuations at sequential time points to follow the decay of
correlation compared to time point 0.”” Small particles with fast movements loose the cotrelation
fast, whereas large particles that move slower keep the correlation for a longer time. Mathematically
this is expressed in the intensity correlation function G(t) (Eq. 11), with I(t) as the total scattering

intensity at the time point t (angle brackets denote averaged values at the respective time points).
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Using the Siegert relation the exponential decay of Eq. 11 can be fitted with Eq. 12:
G@),,, = 1O1(t+1) 11
Gy, = bHp(e™)’ "

with b as the baseline, § as an instrument’s constant and I' as the decay rate. The

experimentally determined I" is directly related to the particles diffusion coefficient with:

D=—
q2 13

whereby q = 4;—“ sin (g), with n as the refractive index of the solvent, A, the wavelength of
0

the light in vacuum and 0 the angle of the detected scattered light. Herefrom the hydrodynamic
radii R, of the proteins of interest, i.e. the radii of the proteins including their hydrate shell can be
derived via the Stokes-Einstein equation (Eq. 14):
kB'T
Ry, =
"= GarD 14

with kg as the Boltzmann constant, T the temperature and 7 the solvent viscosity. Note that
the calculated R, only corresponds to the radius of a hypothetical sphere that moves at the same

speed as the particle of interest.

DLS measurements wete acquired at 25°C in 4 uL. disposable COC cuvettes using a DynaPro
NanoStar instrument with a detector positioned at a 90° angle with respect to the incident light.
Samples were irradiated with a monochromatic laser with a wavelength of 662 nm (100% power,
auto-attenuation turned off). 20 uL. of 5-10 uM of sample were prepared as described in 2.4 and
2.71in 25 mM HEPES pH 7.4/ 100 mM KCl/ 5 mM MgCl,/ 1 mM TCEP. Hsp90 was transferred
to its closed conformation by incubation for 1.5 h at 40°C in 25 mM HEPES pH 7.4/ 100 mM
KCl/ 5 mM MgCl,/ 1 mM TCEP/ 5 mM AMP-PNP/ 1 M (NH.),SO; prior to mixing with Hop.
Ten cycles of data acquisition with 5 sec of acquisition time and 30 sec of spacing were set per

measurement. Errors represent the standard deviation from three measurements.

DLS data were analyzed with the DYNAMICS software package. As larger molecules scatter
light more strongly, the intensity distribution profiles were selected in search for higher oligomers
or aggregated molecules. Mass distribution profiles were chosen to investigate the proportions of
molecules relative to their mass. The individual decay rates I'; of n differently sized particles in the
sample were derived using Eq. 12, whereby the obtained intensity correlation function displays the

sum of the decay of all particles in the sample, so that e was substituted by X%, Gy(T)- e 1",
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2.9 Chemical cross-linking

DSS stock Reaction Buffer
100 mM in DMSO 25 mM HEPES pH 7.4
100 mM KCl
EDC stock 5 mM MgCl,
1 Min HO 1 mM TCEP
Sulfo-NHS stock
2Min H,O

Chemical cross-linking was used to firmly attach protein residues with one another that are
in close proximity to each other. Protein complexes were cross-linked with either disuccinimidyl
suberate (DSS) or 1-ethyl-3-(3-dimethylaminopropyl) (EDC) depicting an 11.4 A long and a
zero-length linker arm, respectively (according to the manufacturers specifications). DSS
cross-links primary amines including lysine residues and the N-terminus of proteins; EDC
cross-links primary amines with carboxylic acids, i.e. lysines and N-termini with aspartates or
glutamates (Figure 42A). To increase the efficiency of EDC coupling, the latter included a two-step
reaction with sulfo-N-hydroxysulfosuccinimide (Sulfo-NHS) used in a molar ratio of 1:2.5 for

EDC:Sulfo-NHS. All cross-linking reactions were performed in reaction buffer.

For small scale tests, in order to define the appropriate cross-linker concentration, the
complexes were prepared as described in 2.4 with 10 uM of Hsp70. After complex formation,
increasing amounts of cross-linker were added ranging from 0 — 4 mM of DSS and 1.25 — 80 mM
of EDC (with 3.125 — 200 mM Sulfo-NHS). Each cross-linker concentration point was set up as

individual experiment.

Cross-linking reactions in large scale for subsequent purification by sucrose density gradient
centrifugation (see chapter 2.10) were performed with 35uM of Hsp70 each in the
Hsp70:Hop:Hsp90 (1:1:1), Hsp70:Hop:Hsp90:Tau (1:1:1:5) and Hsp70:Hop:Hsp90:Tau:p23
(1:1:1:5:5) complex. A cross-linker concentration of 1 mM and 10 mM were used for DSS and
EDC (with 25 mM Sulfo-NHS), respectively. Samples cross-linked by DSS (EDC) were incubated
for 30 min (60 min) at 25°C gently shaking at 350 rpm. The reactions were quenched with 20 mM
Tris pH 7.4 followed by 10 min incubation at RT prior to the next analysis step.
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2.10 Sucrose density gradient centrifugation

In density gradient centrifugation proteins are sorted according to their sedimentation
behavior. The density of the gradient increases from top to bottom so that a protein continues to
settle down as long as the density of the protein is higher than the density of the solvent. Protein
separation can be achieved based on their molecular weight as large and heavy molecules travel
faster than small, light proteins. Hence, if the centrifugation is stopped at a suitable time, the

proteins will be distributed along the density gradient depending on their speed of sedimentation.

Density gradients wete prepared in 4 mL of 25 mM HEPES pH 7.4/ 100 mM KCl/ 5 mM
MgCl,/ 1 mM TCEP with 10 — 25 % sucrose. Therefore, 2 mL of each 10 % and 25 % suctose in
buffer were prepared separately, filtered and stacked bottom up with the lower density solution on
top. Gradients were mixed with the Gradient Master™ and stored for 30 min at 4°C prior to use.
50 ul. of sample with ~1 mg total protein amount were loaded per gradient. The samples were
centrifuged for 16 h at 4°C with 38000 rpm (SW 60 Ti). The next day fractions of 200 pL were
taken off from top down and analyzed by SDS page (see chapter 2.2.1).

2.11 Molecular weight determination

The molecular weight (MW) i.e. the mass of the protein complexes was determined according
to their SEC elution volume (see chapter 2.2.3). Complexes were reconstituted as described in
chapter 2.4 and cross-linked as described in chapter 2.9. Prior to SEC the samples were purified
via sucrose density gradient centrifugation as described in 2.10. 200 pL of the peak fraction from
the sucrose density gradient centrifugation were loaded onto the SEC column (SD200 10/300, 500
uL loop, 0.8 mL/min) equilibrated in 25 mM HEPES pH 7.4/ 100 mM KCl/ 5 mM MgCl,/ 1 mM
TCEP. 200 uL of 30 mg/mL protein standard mix (15-600 kDa) were used for size classification.

The corresponding reference line was created with Excel by plotting the elution volume
(y-axis) against the logarithmic of the molecular weight (x-axis) giving the linear function:
y = mx + c. With y as the experimentally determined elution volumes, the molecular weights were
determined by solving the equation for x. Error bars represent the width of the elution peaks at
half height.
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2.12 Mass spectrometry

In mass spectrometry (MS) one can detect the mass-to-charge ratio (m/z) of proteins. The
general principle relies on the acceleration of gaseous, ionized molecules whereupon they are
separated according to their m/z ratio. These presorted ionized molecules (MS1) can be further
fragmented and analyzed by a second round of MS (MS2) — in combination termed tandem mass
spectrometry (MS/MS). The sample can be priotly fractionated by liquid chromatography (LC),
which is then referred to as LC-MS/MS. By LC-MS/MS one can identify the mass of each
sequential fragment of the molecule allowing to ascertain the amino acid chain sequence, sites of

post-translational modifications or cross-linked residues.

2.12.1 Identification of phosphorylation sites by LC-MS/MS

Following Tau phosphorylation 7 vitro (see chapter 2.7), the respective phosphorylation sites
wete determined by LC-MS/MS. Sample preparation and data analysis were thankfully performed
by Dr. P. Kuan-Ting (MPI-BPC, in the group of Prof. Dr. Henning Urlaub, Department of
Bioanalytical Mass Spectrometry), hereafter emphasized in #alic. 20 pL. of 20 uM PTau were
forwarded for LC-MS/MS analysis.

The experimental procedure included o/ n protein digestion with trypsin protease followed by sample analysis
by LC-MS/MS using an UltiMate 3000 HPLC system (C18 column self-packed, 75 pm x 30 cm) coupled to
an Orbitrap Fusion Lumos Tribrid mass spectrometer. L.C-MS/MS data were analyzed nsing MaxQuant’*
searching against the human Tan sequence. Phosphopeptide intensities were normalized to the intensity sum of all

detected Tau peptides.

2.12.2 Cross-link analysis by LC-MS/MS

After complex formation (see chapter 2.4), cross-linking (see chapter 2.9) and sucrose density
gradient  centrifugation (see chapter 2.10), the cross-linked sites within the
Hsp70:Hop:Hsp90:Tau:p23 complex were identified by LC-MS/MS. The peak fractions of six or
three gradients of the same kind were pooled of samples cross-linked with DSS and EDC,
respectively. Further sample preparation for the analysis by LC-MS/MS was gratefully conducted
by Dr. M. Ninov (MPI-BPC, in the group of Prof. Dr. Henning Utrlaub, Department of

Bioanalytical Mass Spectrometry), hereafter emphasized in zzali.

The experimental procedure included o/ n protein digestion with trypsin protease followed by peptide size
exclusion chromatography (pSEC, 3.2/300 column) using an AKT Amicro system for the enrichment of the
cross-linked peptides with subsequent sample analysis by LC-MS | MS using an UltiMate 3000 UHPLC systen:
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(C18 column self-packed, 75 um x 30 em) coupled to an Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap mass
spectrometer. Raw data were analyzed nsing pLink™' searching against a customized protein database comprising
the sequences of Hsp70, Hop, Hsp90, Tau and p23. MS data were evaluated mannally and classified for

unambignons and unique detected cross-link spectrum matches (CSMs).

Unique CSMs were further filtered for a minimum of 3 detections (i.e. hits) and a minimal
confidence score of 5 % of the max. score value. CSMs that fulfilled these requirements are
hereafter denoted as ‘selected cross-links’ including intra- and intermolecular cross-links.
Intramolecular distance measurements from Ca to Ca of the respective residues were determined
within Hsp70 (PDB code: 5aqz** and 4po2"®), Hop (PDB code: lelw'” and 1eltr'”), Hsp90 (PDB
code: 5fwk'"”) and p23 (PDB code: 1¢jf*) using PyMOL.> Tau as an IDP was neglected in this
analysis round. The measured values refer exclusively to the listed structures deposited in the PDB;
interdomain cross-links including different PDB files were not taken into account. Distance plots

were generated with Excel.

Cross-link network plots were created with the xVis Crosslink Analysis Webserver.”

Intermolecular cross-links were color coded according to their confidence score using Inkscape.
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3 Results

Despite the number of studies describing the preassembly of the Hsp70/Hsp90 chaperone

117,130,207,213,216,235’ there were

machinery including the Hsp90:Hop and Hsp70:Hop:Hsp90 interaction
inconsistencies regarding the structural arrangement that needed clarification (see chapter 1.7). In
order to obtain a defined picture within the applied system, initially chaperone:co-chaperone

interactions preceding substrate binding were investigated in greater detail.

3.1 Hop stabilizes Hsp90 in a V-shaped conformation

3.1.1  In vitro reconstitution of the Hsp90:Hop complex

The interaction of Hsp90 and Hop was first studied by native page (Figure 17A) designed as
titration experiment using a constant amount of Hsp90 and varying the concentrations of Hop.
Both proteins appeared homogenous on the gel each showing a single protein band (Figure 17A,
marked with Hsp90 and Hop, respectively). An additional band emerged with increasing
concentrations of Hop along with the disappearance of unbound Hsp90, signifying complex
formation (Figure 17A, labeled as Hsp90:Hop). Simultaneously, a set of additional bands became
visible on the gel that however did not sense the presence of Hop in a concentration dependent

manner, and thus could be ascribed to impurities.
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Figure 17 In vitro reconstitution of the Hsp90:Hop complex.
A Native page analysis of Hop binding to Hsp90 in absence and presence of AMP-PNP (1.25 uM Hsp90). Increasing concentrations
of Hop reduce the amount of unbound Hsp90. B Quantitative analysis of the band intensity of free Hsp90 in (A).
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As Hop has been shown to interact in the initial states of Hsp90’s ATP-hydrolysis
cycle®** it was further tested whether the presence of AMP-PNP (which is a non-hydrolysable
ATP analog) has an effect on the Hsp90:Hop association. Taking benefit of the isolated localization
on the gel, the reduction of unbound Hsp90 was compared in presence and absence of AMP-PNP.

Quantitative analysis showed Hsp90 association in either case (Figure 17B).

3.1.2  Hop binds Hsp90’s open state with high affinity

Size exclusion chromatography (SEC) revealed that Hsp90 adopts a more compact
conformation in presence of AMP-PMP indicated by the later elution volume (Figure 18A). The
interaction of Hop with the nucleotide-free and AMP-PNP bound state of Hsp90 was confirmed
by SEC showing peak shifts to eatlier elution volumes referring to higher molecular weights in
both cases. However, the peak height of unbound Hop indicated a preference towards the
nucleotide free, open state of Hsp90. This observation was assured by SDS page analysis of the
peak fractions showing less free Hop in absence of AMP-PNP (Figure 18B).

A - 0 @ - 90 AMP-PNP B
90:Hop Hop E SEC elution fractions
Hsp90 — o v b -
m
e
Hop — s a
< =
HSp90 e - ﬁ
>
Hop —swe <
o
Rl
=
o
C D
0
90 6.78+0.15
PR o ;.
=
. 90:Hop 7.23+0.23 Hop
E 06
(<}
= 90AMP-PNP | 6.67+0.47 Hop
% 04 l
= ) 90:Hop AMP-PNP = 6.17+0.15
0,2 W\
W\ 2 Hop 5.07+0.21
0 - =L
1 10

R, [nm]

Figure 18 Hop preferentially binds the open conformation of Hsp90.

A Size exclusion chromatograms of the Hsp90cren:Hop (90:Hop; dark green) and Hsp90¢osed:Hop (90:Hop AMP-PNP; light green)
complexes. Reference elution chromatograms of Hsp90cpen (90; black), Hsp90¢losed (90 AMP-PNP; blue) and Hop are shown for
comparison. The grey square highlights the fractions analyzed by SDS page analysis in (B). B SDS page analysis (7.5 % gel) of the
elution fractions from (A) affirms less free Hop in absence of AMP-PNP. C DLS measurements of Hsp90, Hop and the Hsp90:Hop
complex in absence and presence of AMP-PNP (same color code as in (A), 5 uM each). Determined hydrodynamic radii K are

listed on the right. D Cartoon representation indicating that Hop binding neither drives an open-close nor a close-open change of
Hsp90.
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Consistent with complex formation, the hydrodynamic radius R, of the open Hsp90
increased with the addition of Hop (Figure 18C). The increased R, gave evidence for Hop not
driving an open-close change of Hsp90. The R, of the closed Hsp90 decreased in presence of Hop,
which could be ascribed to the distinct amount of unbound Hop as observed by SEC. Beyond, it
pointed out that Hop is neither driving a close-open change of Hsp90 upon binding (Figure 18D).
Due to Hop’s preference for the open state of Hsp90, the Hsp90:Hop interaction was further
characterized in the absence of AMP-PNP.
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Figure 19 A single Hop molecule binds the Hsp90 dimer with high affinity.

A Isothermal titration calorimetry (ITC) measurement of Hop binding to Hsp90 fitted to a single binding site model. Negative
controls are shown for comparison. The obtained stoichiometry (N) and dissociation constants (Kp) are listed from three
independent measurements with cg as the concentrations of Hop in the syringe. B Thermodynamic analysis of the Hsp90:Hop
association including AG (Gibbs free energy), AH (binding enthalpy) and AS (entropy times T (temperature)).

The affinity of Hop to Hsp90 was measured using isothermal titration calorimetry (ITC)
(Figure 19A). The determined Kp = 0.578 £ 0.073 uM was in agreement with previous affinity
measurements from literature.”'® The stoichiometry of N = 0.544 + 0.052 indicated an Hop:Hsp90
molar ratio of 1:2 where one Hop molecule binds to an Hsp90 dimer. In addition, thermodynamic
analysis of the Hsp90:Hop interaction revealed that Hop binding involves conformational changes
and the formation of hydrogen bonds indicated by a negative entropy (AS) and enthalpy (AH),
respectively (Figure 19B).

65



Results
3.1.3 Hop stabilizes Hsp90 in an extended conformation

Next, NMR spectroscopy was used for a structural characterization of the Hsp90:Hop
complex at an atomic level of resolution. To overcome the NMR molecular size limit due to
relaxation-dependent line broadening (see chapter 2.6.2), the advantage of site-specific isotope
labeling was taken.” On that account, Hsp90 was produced with exclusively ['H, "°C] labeled Ile-
d-methyl groups in an otherwise fully deuterated protein (Figure 13). The peak assignhment of the
isoleucine resonances was thankfully adapted from a former colleague who defined 44 out of 48
Ile-6-methyl groups (four residues located in Hsp90’s C-terminus are absent).”” Transverse
relaxation optimized spectroscopy of methyl-groups (methyl-TROSY) has been already
successfully used in the past to study Hsp90 dynamics in solution.*'*"**"** The reference spectrum
of Hsp90 alone depicted 48 signals for in total 96 isoleucines of the Hsp90 dimer signifying that
the isoleucines of both monomers are identical and thus their resonances overlapped (Figure 20A).
A control experiment, in which AMP-PNP was titrated to Hsp90 confirmed an intact Hsp90
suitable for NMR studies. In the respective 2D methyl-TROSY spectrum, signal perturbations were
only observed for residues located in Hsp90’s N-terminal domain highlighting the nucleotide

221

binding site as previously described (Figure 20).
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Figure 20 TROSY NMR of Hsp90 in presence of AMP-PNP.

A 2D BC-"H methyl-TROSY spectra of Hsp90 in absence (grey) and presence (yellow) of AMP-PNP (1:40). Perturbed residues are
labeled. B Residue-specific chemical shift perturbations (CSP; bars) and peak intensities (1-I/Io; lines) of Hsp90’s isoleucine 8-
methyl groups observed in (A). I is the signal intensity of the Hsp90 reference. Error bars were calculated based on NMR signal-
to-noise ratio. Hsp90 domains are depicted on top and represented with dotted lines (N — N-terminal domain, cl — charged linker,
M — middle domain, C — C-terminal domain). C Isoleucine residues that sensed the presence of AMP-PNP are highlighted in yellow
spheres on the structure of Hsp90 (N-terminal domain (NTD, light blue), middle domain (MD, light pink).
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Accordingly, 2D methyl-TROSY spectra of Hsp90 were recorded in the presence of Hop.
Peak broadening as well as chemical shift changes were already observed at substoichiometric
concentrations (Figure 21). Corresponding to previous findings, where Hop interacted via its
TPR2A domain with the C-terminal MEEVD peptide of Hsp90*”, major signal perturbations were
observed for residues located in Hsp90’s CTD. At an Hsp90:Hop molar ratio of 1:0.5 a distinct
amount of Hsp90:Hop complex was formed giving rise to a second set of NMR peaks. The
Hop-bound state of Hsp90 was only detected for residues located in its N-terminal and middle
domain including 120, 190, 1287 and 1334. This suggested that Hop directly interacts with the
C-terminal domain of Hsp90 engendering relaxation-dependent loss of signal. In addition, the
Hsp90-CTD:Hop interaction induces a conformational change in the chaperone’s N-terminal and
middle domain, which are not bound by Hop and thus detectable. At the endpoint of the titration,
70-80 % of the signal intensities aroused from the Hop-bound state. Passing a 50:50 distribution
of the intensities from unbound and bound state signified that Hop binding induces a symmetrical
conformational change in both Hsp90 monomers. Hence, consistent with the 2:1 ratio for
Hsp90:Hop obtained by ITC, the NMR analysis indicated an allosteric communication between
the two Hsp90 monomers induced by the binding of a single Hop molecule.
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Figure 21 TROSY NMR of Hsp90 in presence of Hop.

A 2D BC-H methyl-TROSY spectra of Hsp90 in presence of increasing concentrations of Hop (1:0.2 blue, 1:0.5 dark green, 1:1
green; black arrows mark the observed peak splitting between the free and the bound state of Hsp90 for 120, 190, 1287, 1334). The
reference spectrum of Hsp90 alone is shown for comparison (grey). B Peak intensity (1-I/Io) and chemical shift perturbation (CSP)
plots from (A). Hsp90 domains are depicted on top and represented with dotted lines within each graph.
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Isoleucine residues depicting distinct chemical shift perturbations (CSPs) including 143, 153,
1403, 1440, 1482, 1485, 1516, 1590, 1604 and 1679 were mapped on a previously generated open
structure of Hsp90 (Figure 22)."”*' Two major regions, located in the MD-CTD and MD-NTD
interface, appeared to sense the presence of Hop. Most strikingly, the perturbed isoleucine methyl
groups within the MD-CTD interface enclosed two parts of Hsp90 facing each other (marked with
green lines). Either Hop binds within this MD-CTD interface thereby blocking the closure of
Hsp90. Or Hop induces the closure of the MD-CTD interface stabilizing Hsp90 in a V-shaped
conformation, whereby additional contacts with Hop’s TPR2B domain stabilize the Hsp90:Hop
association. Either scenario would be in agreement with the function Hop inhibiting the ATPase

activity of Hsp90.*”

Figure 22 Model for the Hsp90,:Hop; complex.

Front view of the open conformation of Hsp90 shown as cartoon. (N-terminal domain (NTD, light blue), middle domain (MD,
light pink) and C-terminal domain (CTD, light green)).12! Isoleucine residues affected upon the addition of Hop are highlighted in
green spheres. NMR signal perturbations in Figure 21A can be best ascribed to a V-shaped Hsp90:Hop complex, whereby Hop
binding is directed by the interaction of Hop‘s TPR2A domain with the C-terminus of Hsp90 (Hop is shown as surface in grey).
The MD-CTD interface that is closed upon Hop binding is highlighted with green lines.
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For comparison, the same isoleucines were mapped on the closed conformation of Hsp90
(Figure 23)."” Notable, in contrast to what has been shown for the Hsp90:Ahal interaction, which
promotes Hsp90 closure™’, none of the perturbed Ile-methyl groups was located in the dimer
interface in between the two opposite NTDs giving further evidence for Hop not driving an
open-close change. Beyond, it became apparent that in the closed conformation of Hsp90 the
perturbed residues within the MD-CTD interface are embedded within the dimer interface, hence
not accessible. In combination with the preference of Hop for the open state of Hsp90 observed
by SEC and DLS (Figure 18), the increased interaction could thus be based on a broader interaction
interface for Hop when Hsp90 is open.
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Figure 23 Comparison of the Hsp90 interaction with Hop and Ahal.

A, B Side view of the closed conformation of Hsp90 (N-terminal domain (N'TD, light blue), middle domain (MD, light pink) and
C-terminal domain (CTD, light green) (PDB: 5fwk).!1? Isoleucine residues affected upon the addition of Hop (A) are highlighted in
green spheres. Ahal-perturbed isoleucines (B) are highlighted as shown in literature3#¢ (dark blue: strongly affected I/To = 0.0-0.4,
middle blue: I/Ip = 0.4-0.7, light blue: I/ = 0.7-1.0). In contrast to Ahal, Hop does not induce an open-close change of Hsp90
based on the unperturbed Hsp90 dimer interface.

3.1.4 Hop’s TPR2A-2B domains determine the affinity for the CTD and MD of Hsp90

To further specify the nature of Hop binding to Hsp90, a shorter Hop construct comprising
only TPR1, DP1 and TPR2A was produced (Figure 24A). The new construct, termed Hop112a, is
sterically unable to bind the MD-CTD interface while it is bound to the C-terminus of Hsp90 via
TPR2A. Hence, observing NMR signal perturbations of the same Hsp90 residues as with
tull-length Hop would approve the V-shaped Hsp90:Hop conformation. The analysis of complex
formation by native page signified the Hsp90:Hop112a association based on the appearance of an
additional band with increasing concentrations of Hop112a (Figure 24B). Quantitative analysis of
the intensity of the unbound Hsp90 however revealed that the Hsp90:Hop112a interaction was
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greatly reduced compared to full-length Hop, whereby the preference for the apo over the AMP-
PNP bound Hsp90 was slightly more pronounced (Figure 24C). To that effect, a ten times lower
binding affinity was measured by ITC (Kp = 3.587 £ 1.072 uM, Figure 24D). Notable,
thermodynamic analysis indicated less conformational changes upon binding compared to the
full-length Hop (Figure 19B and Figure 24D). Despite, the stoichiometry of the Hsp90:Hop112a

complex was similarly ascertained to a molar ratio of 2:1, where one Hop112a molecule binds to

an Hsp90 dimer.
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Figure 24 In vitro reconstitution of the Hsp90:Hop112a complex.

A Domain organization of Hop and Hop112a. B Native page analysis of Hop112a binding to Hsp90 in absence and presence of
AMP-PNP (1.25 uM Hsp90). C Quantitative analysis of the band intensity of free Hsp90 in (B). Reduction of Hsp90 caused by
Hop is shown for comparison. D Left: Isothermal titration calorimetry (ITC) measurement of Hop112a binding to Hsp90 fitted to
a single binding site model. Negative controls are shown for comparison. The obtained stoichiometry (N) and dissociation constants
(Kp) are listed from three independent measurements with cg: as the concentrations of Hopll2a in the syringe. Right:
thermodynamic analysis of the Hsp90:Hop112a association including AG (Gibbs free energy), AH (binding enthalpy) and AS
(entropy times T' (temperature)).
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3.1.5 The Hop:Hsp90-CTD interaction is sufficient to induce the V-shaped state

Consistent with the reduced binding affinity, ten times higher amounts of Hop112a were
required to detect similar changes in the Hsp90 2D methyl-TROSY spectrum as with full-length
Hop (Figure 25). Distinct chemical shift perturbations were detected for similar Ile-methyl groups
as for Hsp90:Hop located in the MD-CTD interface of Hsp90 (1482, 1579, 1590 and 1604). Notable,
the affected region was slightly smaller compared to the one sensed by full-length Hop. Beyond, at
the endpoint of the titration, as much as 50 % of the signal intensities of Hsp90’s NTD and middle
domain remained in the unbound state. This indicated that only one monomer arm of Hsp90 was
affected by Hop112a. This in turn was in agreement with less conformational changes presumed
from the ITC experiment (Figure 24D). Although signal perturbations of residues within Hsp90’s
NTD (143, 172) were observed likewise in presence of Hop112a, no peak splitting, i.e. distinct
resonances of the Hopll2a-bound state of Hsp90 were detected suggesting only a sparse

population of the Hsp90:Hop112a complex.
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Figure 25 TROSY NMR of Hsp90 in presence of Hop112a.

A 2D BC-H methyl-TROSY spectra of Hsp90 in presence of increasing concentrations of Hop112a (1:1 dark purple, 1:10 light
purple. The reference spectrum of Hsp90 alone is shown for comparison (grey). B Peak intensity (1-I/1g) and chemical shift
perturbation (CSP) plots from (A). Hsp90 domains are depicted on top and represented with dotted lines within each graph. C
Front view of the open conformation of Hsp90 shown as cartoon. (N-terminal domain (N'TD, light blue), middle domain (MD,
light pink) and C-terminal domain (CTD, light green)).12! Isoleucine residues affected upon the addition of Hop112a are highlighted
in purple spheres. The MD-CTD interface that is closed upon Hop112a binding is highlighted with green lines.
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Taken together, the NMR data showed that the binding of Hop to the C-terminus of Hsp90
is sufficient to induce the rearrangement of the Hsp90 arms towards the V-shaped state with
conformational changes in the chaperone’s NTD and middle domain. Beyond, the presence of
Hop’s TPR2B-DP2 domains strongly contribute to the stabilization of the Hsp90:Hop complex as
well as the allosteric communication between the two Hsp90 arms allowing a symmetrical

rearrangement upon Hop binding.

3.2 The human Hsp70/Hsp90 association decisively relies on the adaptor Hop

The association of Hsp70 with the Hsp90:Hop complex forms the Hsp70/Hsp90 chaperone
machinery — a prerequisite for successful substrate transfer from Hsp70 onto Hsp90. In line with
the structural determination of the Hsp70/Hsp90 chaperone machinery several reports (Table 15)
addressed the 7z vitro reconstitution of the Hsp70:Hop:Hsp90 complex prior to substrate
binding."""***">** The experimental procedures commonly stated protein concentrations in the
low uM range and included ATP and Hsp40 during protein incubation. However, due to variations
in the applied protein ratios as well as buffer conditions, the minimal requirements for an intact

machinery association were reinvestigated.

Table 15 Experimental protocols for the in vitro reconstitution of the Hsp70/Hsp90 chaperone machinery.
70 — Hsp70, 90a — Hsp90a, y40A — yeast Hsp40 class A, 40B — Hsp40 class B. The concentration c is specified for the Hsp90
protein used for complex reconstitution.

c [uM] | Molar ratio Buffer composition

20 mM Ttis, pH 7.5/ 50 mM KCl/ 0.05 % B-OG/
0.2 mM ATP/ 5 mM MgCl,

30 mM HEPES, pH 7.5/ 50 mM KCl/ 1 mM DTT/
0.2 mM ATP-Mg

30 mM HEPES, pH 7.5/ 50 mM KCl/ 2 mM DTT/
70:Hop:900u:y40A 130 10 1.5:1.5:1:0.2 0.4 mM ATP/ 5 mM MgCly/ 10 % Glycerol/ 0.05 %
B-OG

20 mM HEPES, pH 7.5/ 50 mM KCl/ 1 mM DTT/
5 mM MgCl,/ 1 mM ADP

70:Hop:900:y40A2!5 10 2:2:1:0.02

70:Hop:900:y40A 23 1 1:1:1:0.3

70:Hop:900:40B!7 5 2.4:2.81:.0.4

3.2.1  In vitro reconstitution of the Hsp70:Hop:Hsp90 complex

Native page was used to follow complex formation based on the appearance of an additional
band corresponding to the formed complex and/or the attenuation of the bands of the free
proteins. At an arbitrarily defined protein concentration of 5 uM, a molar ratio of 1:1:1 yielded
efficient amount of the Hsp70:Hop:Hsp90 complex along with minimal excess of unbound

130,347-349

proteins (Figure 26A). In accordance with previous studies , purified Hsp70 was present as
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multimeric sample featuring monomers and higher oligomers. With regard to chaperone function
only the monomeric fraction is suggested to be functionally active.”*** Along this line, only the
Hsp70 monomer band disappeared in presence of Hop and Hsp90 implying that single Hsp70
molecule(s) are incorporated into the Hsp70/Hsp90 chaperone machinery. Control experiments
revealed that the presence of AMP-PNP or ADP, holding the chaperones in their ATP- or ADP
state, had no effect on complex formation. Beyond, no Hsp40 was needed for the

Hsp70:Hop:Hsp90 interaction.
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Figure 26 In vitro reconstitution of the Hsp70/Hsp90 chaperone machinery.

A Native page analysis of the formation of the Hsp70:Hop:Hsp90 complex. The black arrow indicates the most suitable molar ratio
of 1:1:1 (5 uM Hsp90) resulting in efficient amount of Hsp70:Hop:Hsp90 complex along with the least amount of free proteins.
Hsp70, Hsp70 oligomers and Hsp90 are abbreviated as “70”, “70 olig.” and “90”, respectively. B Native page analysis investigating
the influence of nucleotides (1 — no nucleotide, 2 — +AMP-PNP, 3 — +ADP) and Hsp40 for individual protein-protein interactions
each at 1:1 molar ratio (25 uM each, except Hsp40 (10 uM)).

3.22  The Hsp70/Hsp90 chaperone machinery comprises two copies of Hsp70

No direct interaction between Hsp70 and Hsp90 could be observed by native page. Hop was
found to be necessary to recruit the free Hsp70 monomers and Hsp90 dimers forming the
Hsp70:Hop:Hsp90 complex (Figure 26). Although no additional band was visible for the
Hsp70:Hop complex, the interaction was attributed to the decreased free Hsp70 amount in
presence of Hop — the corresponding complex band might be overlapping with the bands of the

unbound proteins.

Analogously to the Hsp90:Hop interaction, 2D "C-"H methyl-TROSY NMR spectra were
acquired of isotopically labeled Hsp90 as part of the Hsp70/Hsp90 chaperone machinery. At an
equimolar ratio of Hsp70, Hop and Hsp90 the signals of most Ile-methyl groups of the unbound
Hsp90 were broadened beyond detection, indicating completion of the Hsp70:Hop:Hsp90
complex (Figure 27). Chemical shift perturbations were further induced for residues within Hsp90’s
N-terminal (137, 175), middle (I334, 1352) and C-terminal domain (1579, 1627, 1683) when
compared to the Hsp90:Hop interaction. This suggested that either Hsp70 displays a direct

interaction with Hsp90 after recruitment »z Hop, or Hsp70 binding to Hop induces a
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conformational change in Hsp90. In either way, Hsp70 interacts with Hsp90 once the Hsp90:Hop
complex is formed. Hsp90 signal perturbations were observed as well in presence of Hsp70 only,
however rather unspecific as compared to when Hop is present, and weak considering that no
Hsp70:Hsp90 complex was detected by native page. Notable, no precipitation was observed after
the measurement. Hence, based on the attenuation of NMR signals from Hsp90’s free state far
beyond 50%, the Hsp70:Hop action on Hsp90 likewise must occur symmetrically. Mapping the
perturbed residues on the V-shaped Hsp90:Hop structure (see chapter 3.1.3) a broad binding
pocket located within Hsp90’s NTD and MD became apparent (Figure 28A). Consistent with the
most recent structure of an Hsp70:Hop:Hsp90:GR client loading complex”, the observed signal
perturbations in Hsp90 thus could be ascertained to two Hsp70 molecules, whereby only one

Hsp70 is bound »ia Hop (Figure 28B).

Noteworthy, even as part of the Hsp70:Hop:Hsp90 complex, NMR signals belonging to
Hsp90’s charged linker region persisted, suggesting that this region remains unbound and highly
flexible (see chapter 3.5.4).
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Figure 27 TROSY NMR of Hsp90 in the Hsp70/Hsp90 chaperone machinery.

A 2D BC-H methyl-TROSY spectra of Hsp90 in presence of Hop only (grey), Hop and Hsp70 (orange), and Hsp70 only
(turquoise) — (molar ratios 1:1, 50 uM Hsp90). The reference of Hsp90 alone is shown in each spectrum in light grey for comparison.
B Residue-specific chemical shift perturbations (CSP; bars) and peak intensities (1-1/1o; lines) of Hsp90’s isoleucine 8-methyl groups
observed in (A); same color coding. Ip is the signal intensity of the Hsp90 reference. Error bars were calculated based on NMR
signal-to-noise ratio. Hsp90 domains are depicted on top of each plot and represented with dotted lines (N — N-terminal domain,
cl — charged linker, M — middle domain, C — C-terminal domain).
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Figure 28 Hsp70 binding to the Hsp90:Hop complex.

A Front view of the V-shaped Hsp90:Hop complex depicted as cartoon (NTD purple; cl grey; MD pink; CTD green) (see chapter
3.1). Affected isoleucine residues are highlighted in light green (Hsp90:Hop) and orange (Hsp90:Hop:Hsp70) and represented as
spheres. Perturbations observed in the NMR spectra in Figure 27A highlight the potential binding site of Hsp70 in Hsp90’s NTD
and MD (marked with an orange line). Hop is depicted with a grey surface. B One Hsp70 molecule binds #a its SBD to Hop‘s
TPR1 domain.!”? The second Hsp70 molecule may bind Hsp90 Hop-independent. Hsp70 is depicted with a black surface.
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3.3 The Hsp70/Hsp90 chaperone machinery interacts with the intrinsically

disordered protein Tau

3.3.1 Formation of the client-loading complex

Proceeding from an assembled Hsp70/Hsp90 chaperone machinery, it was further
investigated whether the intrinsically disordered protein (IDP) Tau does interact with the
Hsp70:Hop:Hsp90 complex. Indeed, with increasing concentrations of Tau an additional band
appeared on the native gel along with the reduction of the Hsp70:Hop:Hsp90 band — indicative
for the formation of an Hsp70:Hop:Hsp90:Tau complex (Figure 29). Similar to what is already

known for folded substrates as for example the glucocotticoid receptor (GR)**

, this was the first
evidence that a so called ‘client-loading complex’ does exist also for an IDP. Effectively, a dynamic
equilibrium between the free proteins, the Hsp70/Hsp90 chaperone machinery and the
client-loading complex could be observed, which, with an excess of Tau, could be pushed towards

the Hsp70:Hop:Hsp90:Tau complex.
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Figure 29 In vitro reconstitution of the Hsp70/Hsp90 chaperone machinery:Tau interaction.

A Native page analysis of the Hsp70:Hop:Hsp90 complex (1:1:1 molar ratio; 5 pM Hsp90) interacting with the intrinsically
disordered substrate Tau (0-50 uM). Increasing concentrations of Tau pushed the equilibrium towards the Hsp70:Hop:Hsp90:Tau
complex. Hsp70, Hsp70 oligomers and Hsp90 are abbreviated as “70”, “70 olig.” and “90”, respectively. B Quantitative analysis
of the band intensity of the Hsp70:Hop:Hsp90:Tau complex. C Cartoon representation of Tau interacting with components of the
Hsp70/Hsp90 chaperone machinety base.

Control experiments showed that Tau interacts 7z Hsp70 and Hsp90, but it does not bind
to Hop (Figure 30A). The quantification of the unbound chaperones with stepwise addition of Tau
further manifested that Tau preferably binds to Hsp70 (Figure 30B). As Hsp40 was proposed to
play a role in client binding to Hsp70"" it was further tested whether the addition of Hsp40 may
enhance the Hsp70:Tau interaction. According to native page, Hsp40 had no effect on the amount
of the Hsp70:Tau complex, though the presence of AMP-PNP appeared beneficial in either case
(Figure 30D, lanes 2). When incubating Tau with both Hsp70 and Hsp90 (without Hop) a broad
band appeared on the gel (Figure 30E, marked with a bracket on the left). Due to the simultaneous
strong reduction of free Hsp70, this band was in part attributed to an Hsp70:Tau complex. In

76



Results

addition, a minor fraction of Hsp70:Tau:Hsp90 complex potentially provoked band smearing.

Altogether, the interaction of Tau with the Hsp70/Hsp90 chaperone machinery was proven to be

independent on Hsp40 and the chaperones’ nucleotide-state (Figure 30E).
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Figure 30 Interaction of Tau with individual proteins of the Hsp70/Hsp90 chaperone machinery base.
A Native page analysis of the interaction between Tau (2.5-50 uM) and Hsp70, Hsp90 and Hop (5 uM each). Protein-protein
interactions are observed for Hsp70:Tau and Hsp90:Tau based on intensity loss of the chaperone bands along with the appearance
of a new band corresponding to the respective Tau:chaperone complex with increasing concentrations of Tau. Hsp70, Hsp70
oligomers and Hsp90 are abbreviated as “70”, “70 olig.” and “90”, respectively. B Quantitative analysis of the band intensity of the
chaperones Hsp70 and Hsp90 alone (left) and the Hsp70:Tau and Hsp90:Tau complexes (right) with increasing concentrations of
Tau. C Cartoon representation of Tau interacting with Hsp70 and Hsp90 taking into account the binding of Tau’s repeat region to
both chaperones.$+242 D, E Native page analysis showing no influence of Hsp40 and nucleotides (1 — no nucleotide, 2 — +AMP-
PNP, 3 — +ADP) on the Hsp70:Tau, Hsp70:Tau:Hsp90 and the Hsp70:Hop:Hsp90:Tau interaction (25 uM each, except Hsp40

(10 uM) and Tau (125 uM)).
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3.3.2 Tau prefers to bind the Hsp70/Hsp90 chaperone machinery over the individual

chaperones

With regard to the isolated Hsp70:Hop:Hsp90:Tau complex band, the Tau affinity towards
the Hsp70/Hsp90 chaperone machinery base was determined by quantifying the corresponding
band intensity. Compared to the Tau interaction with individual Hsp70 or Hsp90 known from
literature (and reaffirmed for Hsp90:Tau), Tau showed with a Kp = 1.31 * 0.07 uM an increased
affinity for the Hsp70:Hop:Hsp90 complex than for the individual chaperones (Figure 31). As the
addition of AMP-PNP neither had an effect on Tau’s affinity to the Hsp70:Hop:Hsp90 complex,

the following experiments were performed in the absence of nucleotides.
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Figure 31 Affinity measurements of Tau binding to the Hsp70/Hsp90 chaperone machinery.

A Native page analysis of Tau interacting with the Hsp70:Hop:Hsp90 complex (1:1:1 molar ratio; 0.4 uM Hsp90). Hsp70, Hsp70
oligomers and Hsp90 are abbreviated as “70” , “70 olig.” and “90”, respectively. B Normalized intensities of the Hsp90:Tau (grey;
Trp quenching) and the Hsp70:Hop:Hsp90:Tau complex in the absence (red; native gel in (A)) and the presence of AMP-PNP
(rose; native gel in Supplementary data) plotted against the Tau concentration of the respective titration point. C Tau affinities for
Hsp70, Hsp90 and the Hsp70/Hsp90 chaperone machinery base (1)32! (2)84.
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3.3.3 Tau’s repeat region is the main interaction site with the Hsp70:Hop:Hsp90 complex

NMR spectroscopy was used to monitor the Tau dynamics in presence of the Hsp70/Hsp90
chaperone machinery. 2D ""N-'H correlation spectra were recorded of uniformly "N-labeled Tau
(Figure 14) — a technique that has already been widely used to ascertain interaction sites on
Tau.*****" In order to drive residue-specific conclusion about the interaction site, the knowledge
about which peak belongs to which backbone NH-group is fundamental. The backbone
assignment of Tau was available at pH 6.8.*" The assignment was transferred by pH titration to

pH 7.4 — the buffer conditions in which all previous results were performed in (Figure 32).
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Figure 32 NMR pH titration of 1’N-labeled Tau used to transfer the backbone assignment from pH 6.8 to pH 7.4.

In line with the ascertained interaction of Tau with the Hsp70/Hsp90 chaperone machinery,
the stepwise addition of the Hsp70:Hop:Hsp90 complex resulted in changes in the Tau spectrum
signifying the interaction (Figure 33A). Sequence-specific analysis showed that a large part of Tau,
ranging from the proline-rich region P1/P2 to the flanking R’ region, was strongly broadened along
with only few chemical shift perturbations (Figure 33B, C). Because such alterations are
characteristic for residues interacting in a slow exchange regime, i.e. high affinity, the data show
that Tau’s central part including the repeat region is the main interaction site with the
Hsp70:Hop:Hsp90 complex. In comparison, chemical shift changes, which are characteristic for
fast-to-intermediate exchange and thus lower affinity, were more dominant for residues preceding
the proline rich region. The N- and C-terminal residues of Tau were not affected upon the addition

of the Hsp70:Hop:Hsp90 complex, hence remained unbound.
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Figure 33 NMR spectroscopy of Tau binding to the Hsp70:Hop:Hsp90 complex.

A 5N-"H HSQC spectra of Tau alone and with increasing amounts of the Hsp70:Hop:Hsp90 (1:1:1 molar ratio) complex. Titration
experiments of Tau with the preformed Hsp70:Hop:Hsp90 complex (termed 70Hop90) in molar ratios of 1:0.2 (purple), 1:1 (pink)
and 1:2 (red) were acquired. B, C NMR interaction profiles depicting the intensity changes (B) and the chemical shift perturbations
(C) observed in (A) (same color code as in (A)). Io is the intensity of Tau cross peaks in the absence of binding partners (grey
spectrum in A). Tau domains are marked above each plot.
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3.3.4 Tau’s P2 / R’ domains effectively contribute to the Hsp70:Hop:Hsp90:Tau interaction

As Tau’s central part was ascertained as the main interaction site with the Hsp70/Hsp90
chaperone machinery (Figure 33), it was further tested whether Tau’s repeat region alone is
sufficient to evoke binding to the Hsp70:Hop:Hsp90 complex. To this end, the Tau construct K18
was produced containing only repeats R1-R4 (Figure 34). Native page analysis revealed an
additional band that emerged with increasing concentrations of K18. Simultaneously only the band
of the free Hsp70 decreased, whereas the amount of Hsp70:Hop:Hsp90 complex remained
unchanged. This suggested that the repeat region of Tau alone does not evoke an equally strong
interaction with the Hsp70/Hsp90 chaperone machinery as full-length Tau. Following that, a
second, longer Tau construct, termed K32, which comprises the repeats R1-R4 as well as the
neighboring regions P2 and R” (Figure 34) was used. In this case a similar result was obtained as
with full-length Tau: an additional, more intense band appeared with increasing concentrations of
K32 while the band corresponding to the Hsp70:Hop:Hsp90 complex decreased. The proline-rich
region P2 and the pseudo-repeat region R’ thus contribute to a stable interaction between Tau and

the Hsp70/Hsp90 chaperone machinery.
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Figure 34 In vitro reconstitution of the interaction of the Hsp70/Hsp90 chaperone machinery with smaller Tau
constructs.

A Domain organization of Tau, K18 and K32.35! B Native page analysis of the Hsp70:Hop:Hsp90 complex interacting with K18
(left) and K32 (right) — 5 uM of Hsp90 were loaded as reference. C, D Quantitative analysis of the band intensities from (B) of the
Hsp70:K18 complex (grey bars), the Hsp70:Hop:Hsp90 complex (orange line), Hsp70 (gtrey line) and the Hsp70:Hop:Hsp90:K32
complex (red bars).
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3.4 The co-chaperone p23 stabilizes the Hsp70:Hop:Hsp90:Tau interaction

3.4.1  In vitro reconstitution of the Hsp70:Hop:Hsp90:Tau:p23 complex

To complete the list of minimal components that are reported for a functional Hsp70/Hsp90
chaperone machinery, the co-chaperone p23 was added to the Hsp70:Hop:Hsp90 and
Hsp70:Hop:Hsp90:Tau complex (Figure 35).
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Figure 35 In vitro reconstitution of the Hsp70:Hop:Hsp90:Tau:p23 complex.

A Native page analysis of the interaction between p23 and the Hsp70:Hop:Hsp90 complex in absence and presence of Tau
(70:Hop:90:Tau molar ratio of 1:1:1:5). Left panel: fixed p23 concentration at 2.5 pM; middle and right panel: fixed
Hsp70:Hop:Hsp90(:Tau) concentration at 5 pM Hsp90. Hsp70 and Hsp90 are abbreviated as “70” and “90”, respectively. B
Quantitative analysis of band intensities from (A). Left plot: band intensity of p23 with increasing amounts of the Hsp70:Hop:Hsp90
complex in the absence (+70Hop90; olive) and presence (+70Hop90Tau; yellow) of Tau; middle and right plot: band intensities of
the Hsp70:Hop:Hsp90 (orange), Hsp70:Hop:Hsp90:Tau / Hsp70:Hop:Hsp90:Tau:p23 complexes (blue) with increasing amounts
of p23. Because the bands of the 4-component Hsp70:Hop:Hsp90:Tau and 5-component Hsp70:Hop:Hsp90:Tau:p23 complexes
are very close, they were analyzed together. C Cartoon representation of the 5-component Hsp70:Hop:Hsp90:Tau:p23 interaction.
D In the presence of Tau, native page analysis demonstrates that the formation of a stable Hsp70:Hop:Hsp90:Tau:p23 complex
(mixed in a ratio of 1:1:1:5:5) is independent of the presence of the nucleotides ATP, AMP-PNP or ADP; (-) and (+) indicate the
absence and presence of p23, respectively.

In native page, increasing amounts of p23 had no effect on the level of the
Hsp70:Hop:Hsp90 complex in absence of Tau suggesting no interaction (Figure 35A, B middle
panel). In contrast, when Tau was present, the binding of p23 to the Hsp70:Hop:Hsp90:Tau
complex was observed (Figure 35A, B right panel). The corresponding complex band was located
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slightly above the band of the Hsp70:Hop:Hsp90:Tau complex. Along with the formation of the
5-component Hsp70:Hop:Hsp90:Tau:p23 complex, the concentration of the Hsp70:Hop:Hsp90
complex decreased signifying that p23 stabilizes the Hsp70/Hsp90 chaperone machinery in its
Tau-bound form. In this line, monitoring the amount of free p23, an interaction with the
Hsp70/Hsp90 chaperone machinery was only detected in the presence of Tau (Figure 35A, B left
panel). The addition of different nucleotides showed no effect on the Hsp70:Hop:Hsp90:Tau:p23
interaction (Figure 35D).

3.4.2  p23interaction is cooperatively enhanced in the presence of Tau

Interaction studies with the individual chaperones in both the absence and presence of Tau
further showed that p23 interacts with Hsp90 but not with Hsp70 (Figure 36). The interaction of
p23 with Hsp90 was cooperatively enhanced in the presence of Tau, as the amount of free Hsp90

was greatly reduced compared to the addition of p23 only.
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Figure 36 Interaction of p23 with Hsp70 and Hsp90.

A Native page analysis of the interaction between p23 and the chaperones Hsp70 and Hsp90 (5 pM each) in the absence and
presence of Tau (25 uM). B Left: quantitative analysis displays a constant amount of free Hsp70 independent of the p23
concentration precluding a direct interaction between Hsp70 and p23. Right: quantitative analysis points out the cooperative binding
of p23 to Hsp90 in the presence of Tau.

NMR experiments demonstrated the p23 binding site on Hsp90 (Figure 37). Main signal
perturbations were detected for residues in the middle domain of Hsp90 located in close proximity
to the NTD including 1295, 1361 and 1403. The perturbed residues were mapped on the closed
structure of Hsp90 as suggested from previous studies.*'®**' The residues 1361 and 1403 of each
Hsp90 monomer faced each other, which could place p23 in between the dimer interface, thereby
preventing the ATP hydrolysis of Hsp90.*” In contrast, 1295 is located at the outer side of Hsp90’s
MD, which could sense the presence of p23 due to conformational change of the NTD-MD

arrangement upon p23 binding. Consistent with the high amounts of p23 that were necessary for

83



Results

the Hsp90:p23 interaction observed by native page (Figure 30), quantification analysis of the
respective peak intensities and chemical shift perturbations were characteristic for an intermediate
exchange regime, i.e. moderate affinity (Figure 37B). In combination, this suggested that Tau acts
as an additional binding partner for p23 in the Hsp70/Hsp90 chaperone machinery decisively
increasing p23 binding,.
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Figure 37 TROSY NMR of Hsp90 in presence of p23.

A 2D BC-H methyl-TROSY spectra of Hsp90 in absence (grey) and presence of p23 (blue, molar ratio 1:5, 50 uM Hsp90). B
Residue-specific chemical shift perturbations (CSP; bars) and peak intensities (1-I/To; lines) of Hsp90’s isoleucine 8-methyl groups
observed in (A). Iy is the signal intensity of the Hsp90 reference. Error bars were calculated based on NMR signal-to-noise ratio.
Hsp90 domains are depicted on top of each plot and represented with dotted lines (N — N-terminal domain, cl — charged linker, M
— middle domain, C — C-terminal domain). C Side view of the closed conformation of Hsp90 (N-terminal domain (NTD, light
blue), middle domain (MD, light pink) and C-terminal domain (CTD, light green) (PDB: 5fwk).!1? Isoleucine residues affected upon
the addition of p23 are highlighted in blue spheres.

3.4.3 Tau’s repeat region as the major binding site within the Hsp70:Hop:Hsp90:Tau:p23

complex

Tau dynamics within the Hsp70:Hop:Hsp90:Tau:p23 complex were further followed by
NMR spectroscopy. As described before (see chapter 3.3.3), 2D "N-'H correlation spectra of
isotopically labeled Tau were recorded in the absence and the presence of the Hsp70:Hop:Hsp90
complex together with p23 (Figure 38A). A few changes in Tau’s peak positions were observed,
but most resonances did not sense the presence of p23. Quantitative analysis showed that the

residue-specific peak broadening profiles with and without p23 were highly similar (Figure 38B),
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whereas residues within the P2 domain of Tau depicted distinct chemical shift perturbations upon

the addition of p23 (Figure 38C).
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Figure 38 Influence of p23 binding to the Hsp70:Hop:Hsp90:Tau complex on Tau dynamics.

A 5N-1H HSQC spectra of Tau alone (grey) and in the presence of the Hsp70:Hop:Hsp90 complex (1:1:1) without (red) and with
a ten-fold excess of p23 (blue). B Residue-specific peak intensity changes derived from (A; same color code). Iy is the intensity of
Tau cross peaks in the absence of binding partners (grey spectrum in A). C Chemical shift changes (lines) in Tau upon addition of
Hsp70:Hop:Hsp90 and p23 with Tau:Hsp70HopHsp90:p23 molar ratios of 1:0.2:1 (purple) and 1:2:10 (blue). Peak intensity changes
(bars) are shown for comparison. Tau domains are marked above each plot.

The compatison of Tau’s interaction profile of the Hsp70/Hsp90 chaperone machinery with
the ones of Hsp70 and Hsp90 alone highlighted that not only the same binding region but also the
same residues of Tau are involved in both interactions (Figure 39A). Hsp70 binding involves four
dominant dips in the intensity profile of Tau, in presence of Hsp90 the binding region is broader
and includes five major dips. All five dips are similarly present in the interaction profile of Tau
within the Hsp70:Hop:Hsp90:Tau and the Hsp70:Hop:Hsp90:Tau:p23 complex, whereby the
presence of p23 appears to strengthen the interaction of Tau with the Hsp70/Hsp90 chaperone
machinery. Sequence-specific analysis of the five central amino acids of each dip overlapped with
previous NMR studies of the Tau:Hsp90 complex (Figure 39B)*, though included additionally
residues of the R4 and R’ region in case of the Tau:Hsp70 interaction.** Separate titrations of Tau
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with p23 alone proved that p23 can directly bind to Tau (Figure 39C). The distinct chemical shift
changes observed for the Hsp70:Hop:Hsp90:Tau:p23 interaction thus might also aroused from the
binding of p23 to Tau molecules not bound to the Hsp70/Hsp90 chaperone machinery.
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Figure 39 Comparison of Tau interaction with Hsp70, Hsp90 and the Hsp70/Hsp90 chaperone machinery.

A NMR peak intensity changes of Tau upon the addition of the Hsp70/Hsp90 chaperone machinery in presence (blue) and absence
of p23 (red) (from Figure 38B), and in presence of Hsp70 (grey) and Hsp90 (black) only. Corresponding spectra are shown in Figure
A 12. Main interaction sites are marked with brackets in the respective color code. B Key section of the Tau sequence involved in
chaperone interaction ranging from the P2 to the R’ region. The repeat region R1-R4 is highlight in bold. The five central amino
acids of each interaction dip are highlighted in black. @) are taken from the literature.84242 Binding sites are colored according to (A)
C Top: Chemical shift changes of Tau upon addition of Hsp70:Hop:Hsp90 and p23 (from Figure 38C). Bottom: NMR interaction
profile of Tau upon p23 addition (10-fold molar excess) yielding a distinct chemical shift perturbation plot with the maximum
perturbations within Tau’s P2 region. Peak intensity changes (bars) are shown for comparison. Tau domains are marked above each
plot.
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3.5 Structural insights into the 750 kDa (Hsp70::Hop1:Hsp902: Taui:p231)2 complex

3.5.1 The binding of Tau evokes the dimerization of the Hsp70/Hsp90 chaperone machinery

To gain insights into the stoichiometry of the Hsp70:Hop:Hsp90:Tau:p23 interaction,
multi-angle light scattering (MALS) analysis was anticipated to determine its molecular weight
(MW). Accurate MW determination by MALS requires the presence of a monodisperse sample, i.e.
particles of same character. As a 5-fold excess of Tau and p23 was required to shift the equilibrium
towards the Hsp70:Hop:Hsp90:Tau:p23 complex (Figure 35A), the latter needed to be purified
from the unbound proteins or potential subcomplexes achieved by sucrose density gradient

centrifugation (Figure 40A).
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Figure 40 Sucrose density gradient and size exclusion chromatography (SEC) of the Hsp70/Hsp90 chaperone machinery
in complex with Tau and p23.

A SDS-page analysis (8-16 % gradient gels; BioRad) of the Hsp70:Hop:Hsp90, Hsp70:Hop:Hsp90:Tau and
Hsp70:Hop:Hsp90:Tau:p23 complexes after sucrose density gradient purification (10-25 % sucrose). Fractions of interest are
highlighted with a grey square and used for the subsequent SEC run. B SEC analysis of the fractions highlighted in (A):
Hsp70:Hop:Hsp90 in orange, Hsp70:Hop:Hsp90:Tau in red and Hsp70:Hop:Hsp90:Tau:p23 in blue (Shodex column 30/50;
Wyatt). The elution chromatogram of Hsp90 is shown for comparison (black dashed line).

Fractions containing the proteins of interest were further analyzed by MALS. A batch
injection was unsuccessful due to the high sensibility of the instrument. In contrast, SEC-MALS,
which included a size exclusion chromatography prior to the MALS measurement, guaranteed a
stable environment yielding reliable results. However, compared to Hsp90 alone, no higher

molecular weight complex based on earlier elution volume could be observed (Figure 40B).
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Unfortunately, all proteins eluted separately in the respective elution chromatogram either
due to too high forces during the SEC run, or due to dilution effects resulting in the dissociation
of the complex. Control experiments without p23 and Tau showed the same behavior for the
Hsp70:Hop:Hsp90:Tau and the Hsp70:Hop:Hsp90 complexes (Figure 40B).

To counteract the dissociation of the individual proteins, chemical cross-linking was used to
stabilize the Hsp70:Hop:Hsp90:Tau:p23 complex. Following the same experimental procedure
additional bands appeared at higher molecular weights in the SDS page analysis of the sucrose
density gradient fractions (Figure 41A).
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Figure 41 Molecular weight determination of the Hsp70/Hsp90 chaperone machinery:Tau complexes.

A SDS-page analysis (4-15 % gradient gels; BioRad) of the cross-linked Hsp70:Hop:Hsp90, Hsp70:Hop:Hsp90:Tau and
Hsp70:Hop:Hsp90:Tau:p23 complexes after sucrose density gradient purification (10-25 % sucrose). Fractions of interest are
highlighted with a grey square and used for the subsequent SEC run. B SEC analysis of the fractions highlighted in (A):
Hsp70:Hop:Hsp90 in orange, Hsp70:Hop:Hsp90:Tau in red and Hsp70:Hop:Hsp90:Tau:p23 in blue (SD200 10/30). The clution
chromatogram of the protein standard is shown for comparison. Dashed lines mark the respective peak maxima. C Linear reference
line of the protein standard mix (grey). The logarithmic molecular weight (log MW) is plotted against the elution volume to
determine the molecular weight of the Hsp70:Hop:Hsp90, Hsp70:Hop:Hsp90:Tau and Hsp70:Hop:Hsp90:Tau:p23 complexes
(same color code as in (B)). The theoretical masses of each complex are listed for comparison.
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In the subsequent SEC chromatogram the fraction of interest showed up as one individual
peak signifying successful cross-linking reaction (Figure 41). Due to unreliable MW determination
by MALS at low protein concentrations, the complex size was estimated according to its elution
volume. On the basis of a protein standard, the determined mass of ~821 kDa was close to the
molecular weight of a dimeric (Hsp70::Hopi:Hsp902:Taui:p231). protein complex (747.6 kDa;
V.=9.5 mL), taking into account the additional mass of the DSS cross-linker (~0.37 kDa).
Without p23, the elution volume corresponded to a mass of ~739 kDa, which is best in agreement
with again a dimeric (Hsp701:Hopi:Hsp90x:Taui), protein complex (709.06 kDa; V. = 9.7 mL).
Consistent with the previously mentioned equilibrium between the Tau bound and unbound
Hsp70/Hsp90 chaperone machinery, the machinery:Tau peak depicted a shoulder at later elution
volumes that could be attributed to a co-purified Hsp70:Hop:Hsp90 complex. Indeed, for the
sample including Hsp70:Hop:Hsp90 only, a single peak at this elution volume was observed. The
much smaller elution volume of V. = 11 ml could be ascribed to a monomeric
Hsp702:Hopi:Hsp90, protein complex (380.83 kDa) with a calculated mass of ~411 kDa. Notable,
the data suggested two Hsp70 molecules bound within the Hsp70:Hop:Hsp90 complex, whereas

in the machinery:Tau complexes only one Hsp70 was attached to each machinery monomer.

Taken together, the analysis demonstrated that the addition of Tau induces the formation of
a dimeric Hsp70/Hsp90 chaperone machinery. An antiparallel orientated dimer could further allow
the Hsp70 molecule of one machinery to compete for the second binding site on Hsp90 of the

opposite machinery.

3.52 A single Tau molecule, embraced in the center of each Hsp70/Hsp90 chaperone

machinery, determines the localization of p23

The cross-linking of the Hsp70:Hop:Hsp90:Tau:p23 complex has been further studied in
more detail by mass spectrometry (in collaboration with the lab of Prof. H. Utlaub). Identifying
the residues that are involved in intra- and intermolecular cross-links could give further insights
into the spatial orientation of the proteins within the Hsp70:Hop:Hsp90:Tau:p23 complex. Two
different cross-linkers, disuccinimidyl suberate (DSS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), were tested and compared.
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Figure 42 Cross-linking reaction of the Hsp70/Hsp90 chaperone machinery:Tau complex using DSS and EDC.

A Reaction mechanism of disuccinimidyl suberate (DSS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
cross-linking primary amines, and primary amines with carboxylic acids, respectively. B SDS (top; 4-20 % gradient gel) and native
page (bottom; 7.5 % gel) analysis of the Hsp70:Hop:Hsp90:Tau:p23 complex incubated with increasing concentrations of
cross-linker. Bands of interest are marked in the native gel: Tau (a), Hsp70:Hop:Hsp90:Tau:p23 (b), Hsp70:Hop:Hsp90 (c) and
Hsp70 oligomers (d).

Cross-linker titration analyzed by SDS page revealed high molecular weight bands signifying
the successful reaction in both cases (Figure 42B). The main difference was that more p23
molecules were cross-linked by the use of EDC compared to DSS. Notable, native page analysis
of the same samples indicated that increasing concentrations of both cross-linkers concomitantly
promoted the formation of smaller sub-complexes trailing a reducing amount of the complex of
interest. Finally, a protein:DSS molar ratio in the range of 1:25 to 1:50 (i.e. 0.125 — 0.25 mM DSS
for 5 uM of Hsp90) yielded the maximum amount of Hsp70:Hop:Hsp90:Tau:p23 complex,
without detectable Hsp70:Hop:Hsp90 complex and minor amounts of side products. For EDC

the same applied with ten times the amount of cross-linker.

Following that, the Hsp70:Hop:Hsp90:Tau:p23 complex was purified zia sucrose density
gradient purification as described above. The peak fractions were pooled and measured by mass
spectrometry’. In total, 2070 and 4460 unique cross-link spectra matches (CSMs) could be
identified for DSS and EDC, respectively (Figure 43A, Table A 3, Table A 4). First, intramolecular

cross-links were analyzed on the basis of the 3D structures of the individual proteins available in

TMS experiments and cross-link analyses were gratefully conducted by Dr. M. Ninov (MPI-BPC, in the group of Prof.
Dr. Henning Urlaub, Department of Bioanalytical Mass Spectrometry).
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the PDB (Hsp90 — 5fwk; Hsp70™*P — 5aqz; Hsp70°* — 4po2; Hop™' — lelw; Hop™™** — 1elr; p23
— lejf).!"»1P819223%2 According to the lengths of the cross-linker (Figure 43B) a distance threshold
was set to 29.4 A for DSS (= 2x 6 A for the lysine side chains + 11.4 A linker arm + 6 A for
backbone flexibility) and 17 A for EDC (= 6 A for the lysine side chain + 5 A for the carboxylic
acid side chain + 6 A for backbone flexibility)*, whereby the distances were measured from Ca to
Co of the cross-linked residues. For DSS 96.08 % of the selected intramolecular cross-links
appeared below that threshold signifying reliable results (Figure 43C). In contrast, for EDC only
64.22 % were detected within the threshold manifesting a distinct amount of false-positive
cross-links. Notable, Tau was neglected in this analysis round as Tau is intrinsically disordered, i.e.
unstructured in solution. Beyond, distance measurements of p23 were not included in the DSS

analysis, as the cross-linked residues were not present in the structure deposited in the PDB.
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Figure 43 Intramolecular cross-link analysis of the Hsp70:Hop:Hsp90:Tau:p23 complex using DSS and EDC.

A Starting from 17492 identified DSS cross-links (EDC: 23286), 14126 could be unambiguously assigned (22759), whereby 2070
were unique (4460). Setting a threshold of as few as three hits and at least 5% of the maximum score, 1085 DSS cross-links were
finally selected for structural analysis (EDC: 71534). B Length of the cross-linker arm from DSS and EDC (Thermo Scientific™). C
Distance measurements of intramolecular cross-links within Hsp70, Hop, Hsp90 and p23. 96.08 % and 64.22 % of the measured
distances fell below the set threshold of 29.4 A and 17 A for DSS and EDC, respectively. The blue lines mark the thresholds without
(dark) and with (light) additional 6 A for the flexibility of the backbone 332

Based on the reliable intramolecular cross-link data, the intermolecular cross-links with DSS
were examined in more detail (Figure 44). The connections between two proteins were analyzed
and classified according to their confidence score (Figure 44B). This allowed the determination of

regions that are in close proximity within the Hsp70/Hsp90 chaperone machinery. As expected
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from the NMR experiments described above, the majority of Tau cross-links with Hsp70 and
Hsp90 were located around the repeat region (see chapter 3.3). Although Tau contacts were found
throughout the complete sequences of the chaperones, major cross-links were located in Hsp70’s
SBD close to the linker region connecting Hsp70’s NBD and SBD, and in Hsp90’s N- and
C-terminal domain. Beyond, as part of the Hsp70/Hsp90 chaperone machinery, Tau’s repeat
region showed intense cross-linking with the two termini of Hop. Altogether this suggested that
Tau is bound to the Hsp70/Hsp90 chaperone machinery in a way that all three components
(Hsp70-SBD, Hop and Hsp90 termini) are associated with the substrate.
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Figure 44 Intermolecular cross-link analysis of the Hsp70:Hop:Hsp90:Tau:p23 complex cross-linked with DSS.

A Network plot of the Hsp70:Hop:Hsp90:Tau:p23 complex including intra- (pink) and intermolecular cross-links (purple). B
Intermoleculat cross-link analysis between two proteins within the Hsp70/Hsp90 chaperone machinery:Tau complex. The contact
lines ate color coded based on their confidence score, whereby confidence correlates with darkness. Protein domains are indicated
on the bottom right. Uncross-linked regions are highlighted with a blurred pink box. C Cartoon representation of the major
intermolecular cross-links from (B) connecting Tau with Hsp70’s SBD, Hsp90’s C-terminus, both Hop termini and p23.
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The analysis of the cross-links in between Hop and Hsp70/Hsp90 further revealed that
Hop’s TPR1 domain, which is located at its N-terminus, is in close proximity to Hsp70’s SBD,
whereas Hop’s C-terminal domains TPR2B and DP2 were located next to Hsp90’s middle and
C-terminal domain. Both observations were in agreement with previous interaction studies of Hop

with the chaperones (see chapter 3.1).*”

Consistent with the Hsp70:Hop:Hsp90 binding interface
determined by NMR (see chapter 3.2), few direct cross-links between Hsp70 and Hsp90 indicated
that, within the Hsp70/Hsp90 chaperone machinery, Hsp70-NBD and -SBD are close to Hsp90’s
N-terminal and middle domain, respectively. Although p23 cross-links were detected with all
proteins, the majority of these cross-links were of low confidence, wherefore the localization of
p23 within the DSS cross-linked Hsp70/Hsp90 chaperone machinery could not be specified with
high accuracy. Most strikingly however, p23 co-localized with Tau on each protein signifying Tau
as the major interaction site for p23 in the Hsp70:Hop:Hsp90:Tau:p23 complex. Beyond, in
contrast to the Hsp90-NTD/MD:p23 interaction described in literature and reaffirmed by NMR
(Figure 37)**', high confidence cross-links with Hsp90’s CTD were detected (Figure 44), which
in combination with the dimeric model of the (Hsp70::Hopi:Hsp902Taui:p232), complex
supported the proposed antiparallel orientated dimer. Eventually, cross-links were solely found
with the globular domain of p23, signifying its relationship to sHsps in binding non-native proteins

via their B-sheet core to prevent protein aggregation.™

3.5.3 A structural model of the dimeric (Hsp70::Hopi:Hsp902Tau:p231)2 complex

The combination of molecular weight determination by SEC (see chapter 3.5.1), the
cross-link analysis by LC-MS/MS (see chapter 3.5.2) and preceding data describing the Hsp90:Hop
and Hsp70:Hop:Hsp90 interaction (see chapter 3.1 and 3.2) allowed to follow a structural model
of the Hsp70/Hsp90 chaperone machinery in association with Tau and p23 (Figure 45).
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Figure 45 Model of the dimeric (Hsp70::Hop1:Hsp902: Tau:p231)2 complex.

Cartoon representation of the Hsp70/ Hsp90 chaperone machinery interacting with Tau and p23 taking into account the positioning
of p23 determined i Tau. Protein arrangement is based on LC-MS/MS cross-link analysis as well as molecular weight
determination by SEC (Figure 41, Figure 44).
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Hop would be located at the C-terminus of Hsp90 embracing the chaperone from bottom
up. Tau could be placed top down in between the two Hsp90 monomer arms, thereby accessing
simultaneously both termini of Hop. The binding of Tau triggers the dimerization of the
Hsp70/Hsp90 chaperone machinery along with the dissociation of one Hsp70 molecule. The
remaining Hsp70 would be attached at one side of Hsp90 being associated with Hsp90’s
NTD/middle domain, Hop’s TPR1 domain and Tau’s central region. The localization of the
co-chaperone p23 could be directed by Tau and the antiparallel orientation of the
(Hsp701::Hop1:Hsp902:Taui:p231), protein complex (Figure 45).

3.5.4 Hsp90’s charged linker region tremains unbound within the Hsp70/Hsp90

chaperone machinery

NMR spectroscopy is a powerful technique to follow protein dynamics in solution, but it
reaches its limits with increasing molecular weight of the protein of interest (see chapter 2.6.2).
Consequently, strong line broadening was observed for Hsp90 as part of the at least 307 kDa large
Hsp70:Hop:Hsp90 complex compared to the unbound 171 kDa Hsp90 dimer (see chapter 3.2,
Figure 27). Methyl-TROSY spectra were also recorded of "C-"H Ile-methyl group labeled Hsp90
as part of the Hsp70:Hop:Hsp90:Tau and Hsp70:Hop:Hsp90:Tau:p23 complexes (Figure 40A).
The addition of Tau and p23 further contributed to the reduction of Hsp90 peak intensities, which

in turn signified their association generating higher molecular weight complexes.
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Figure 46 TROSY NMR of the Hsp70/Hsp90 chaperone machinery:Tau and machinery:Tau:p23 complexes.

A 2D BC-H methyl-TROSY spectra of Hsp90 in presence of the Hsp70:Hop:Hsp90:Tau and Hsp70:Hop:Hsp90:Tau:p23
complexes — (molar ratios 1:1:1:5(:5), 50 uM Hsp90). The black arrow marks the signal splitting of 1224. The reference of Hsp90
alone is shown in each spectrum in light grey for comparison. B Residue-specific peak intensities (1-1/I; lines) and chemical shift
perturbations (CSP; bars) of Hsp90’s isoleucine 8-methyl groups observed in (A and Figure 27A); same color coding. Iy is the signal
intensity of the Hsp90 reference. Error bars were calculated based on NMR signal-to-noise ratio. Hsp90 domains are depicted on
top and represented with dotted lines (N — N-terminal domain, cl — charged linker, M — middle domain, C — C-terminal domain).
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Most strikingly, in all cases only little line broadening and few chemical shift changes were
observed for the charged linker (cl) region of Hsp90 (Figure 46B). For residue 1224, which is
located in the cl region close to the NTD, peak splitting was detected upon the addition of Tau
indicating a conformational change or binding event within this region. Beyond that, the NMR
analysis demonstrated that Hsp90’s charged linker remains unbound and highly mobile within the

Hsp70/Hsp90 chaperone machinery:Tau complex.

3.6 Balance between the assembly and disassembly of the Hsp70/Hsp90

chaperone machinery

A balanced protein homeostasis precludes a dynamic equilibrium between protein
production, retention and degradation (see chapter 1.1). Proteins can be guided towards
proteasomal degradation »a a direct interaction of Hsp70 and Hsp90 with the E3-ubiquitin ligase
CHIP (carboxyl terminus of Hsc70-interacting protein).”>** CHIP is a functional counterpart of
Hop competing for the binding to Hsp70 and Hsp90 vz the TPR domain.*”™”> In this line, it was
further investigated whether the interplay of Hop and CHIP can ensure a continuous cycle of

machinery buildup and breakdown when Tau and/or p23 are present.

Native page demonstrated the disintegration of the Hsp70:Hop:Hsp90:Tau complex already
at sub-stoichiometric concentrations of CHIP (Figure 47A, D). Consistent with the competition
of CHIP and Hop for binding to Hsp70/Hsp90, the release of Hop was observed with increasing
CHIP concentrations (Figure 47E). Comparison with the native page behavior of individual
Hsp70:CHIP and Hsp90:CHIP complexes in either the presence or absence of Tau further
suggested that CHIP-mediated disintegration of the Hsp70:Hop:Hsp90:Tau complex leads to
Hsp70:CHIP, Hsp70:CHIP:Tau, Hsp90:CHIP and Hsp90:CHIP:Tau subcomplexes (Figure 47B).
The breakdown of the Tau:machinery complex was delayed in the presence of p23 (Figure 47C).
The retarding effect of p23 against CHIP-mediated disintegration is in agreement with the
stabilizing function of p23 for the Hsp70:Hop:Hsp90:Tau interaction (Figure 47B). Thus, by
interacting with either Hop or CHIP, Hsp70 and Hsp90 could maintain a dynamic equilibrium
between the assembly and disassembly of the Hsp70/Hsp90 chaperone machinery (Figure 47F).
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Figure 47 The E3-ubiquitin ligase CHIP dissociates the Hsp70/Hsp90 chaperone machinery.

A - C Native page analysis showing the dissociation of the Hsp70:Hop:Hsp90:Tau (A) and Hsp70:Hop:Hsp90:Tau:p23 (C)
complexes with increasing concentrations of CHIP while Hsp70/Hsp90:CHIP(:Tau) subcomplexes form (B). D, E Quantitative
analysis of band intensities corresponding to the Hsp70:Hop:Hsp90:Tau (in A, red) and Hsp70:Hop:Hsp90:Tau:p23 complex (in
C, blue) as well as the released Hop protein originating from the Hsp70:Hop:Hsp90:Tau and Hsp70:Hop:Hsp90:Tau:p23 complex
(same color code) . F Cartoon representation of the dynamic equilibrium between protein retention (via Hop) — additionally
promoted by p23 — and protein degradation (via CHIP) (unequal lengths of the equilibrium arrows are based on different
concentrations of Hop and CHIP i vive) 57
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3.7 The Hsp70/Hsp90 chaperone machinery likewise recognizes pathologic Tau

3.7.1 Post-translationally modified Tau as client of the Hsp70/Hsp90 chaperone machinery

In vivo, Tau has been found with various post-translational modifications that regulate Tau
function and dysfunction (Figure 48A).>*** As both phosphorylation and acetylation are linked to
pathologic Tau aggregation and neurotoxicity””*”, the role of the Hsp70/Hsp90 chaperone
machinery for pathologically modified Tau was further examined.
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Figure 48 The interaction of the Hsp70/Hsp90 chaperone machinery with phosphorylated and acetylated Tau.

A Physiological and pathological forms of Tau favored (arrowhead) or blocked (blunt end) by post-translational modifications
including phosphorylation (Phos), acetylation (Ac), ubiquitination (Ub), methylation at lysin (K) or arginine (R) residues (Met),
glycation (Glyc), nitration (Nit), sumoylation (Sumo), O-GlcNAc modification, N-glycosylation (N-Glycosyl) and truncation
(Trunc).2>4289 B SDS page analysis (8% gel) of modified Tau (PTau¢d2 — phosphorylated Tau by Cdk2, PTauMARK2 — phosphorylated
Tau by MARK2, AcTau®BP — acetylated Tau by CBP, AcTaupr30 — acetylated Tau by p300). C Hydrodynamic radii R, of unmodified,

acetylated (AcTau) and phosphorylated (PTau) Tau measured by DLS (10 uM each). D Native page analysis of the Hsp70/Hsp90
chaperone machinery interacting with modified Tau.
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Tau was phosphorylated or acetylated 2 vitro by two different kinases (Cdk2 and MARK?2)

and acetyltransferases (CBP and p300) generating distinct modification patterns on Tau.*"***>"%

Cde)

In SDS-page only the phosphorylated Tau using Cdk2 (PTau showed a shift to higher
molecular weight signifying the addition of phospho-groups (Figure 48B). Instead native page
analysis revealed that Tau was heterogeneously modified in all reactions (Figure 48D). Acetylation
ot phosphorylation did not promote Tau oligomerization or aggregation zz vitro as no large particles
corresponding to higher oligomers or aggregates where detected by DLS (Figure 48C). In
agreement with previous studies on Tau, the protein remained monomeric with hydrodynamic radii

in the range of 6.2-7.0 nm.*"*’

Native page analysis demonstrated that the Hsp70/Hsp90 chaperone machinery likewise
recognizes the post-translationally modified Tau. The amount of the Hsp70:Hop:Hsp90 complex
decreased with increasing substrate concentrations in all cases indicative for the formation of
Hsp70:Hop:Hsp90:PTau/AcTau complexes (Figure 48D). The Tau heterogeneity however
complicated the analysis of complex formation by native page due to band smearing. Only the
Hsp70:Hop:Hsp90:PTau“" complex appeared separately on the gel and thus was selected for

further analysis.

3.7.2  Pathologic Tau associates with the Hsp70/Hsp90 chaperone machinery similar to

normal Tau, but the interaction with Hsp90 alone is lost

In collaboration with the lab of Prof. H. Urlaub, mass spectrometry was used to detect the
sites of phosphorylation that were introduced 7 vitro by Cdk2* (Table 16). As expected, Cdk2

generated a phosphorylation pattern in Tau, which accumulated in the proline-rich region and the

C-terminus of Tau — similar to what is observed in Alzheimer’s disease (Figure 49).>***! In

particular, the phosphorylation epitopes recognized by the antibodies AT8, AT180 and PHF1,

which are used to detect phosphorylated Tau species in Alzheimer’s disease’”, were modified i
Cdk2

vitro signifying PTau™"*" as pathologically modified Tau.

+ MS experiments and P-site analysis was gratefully performed by Dr. P. Kuan-Ting (MPI-BPC, in the group of Prof.
Dr. Henning Urlaub, Department of Bioanalytical Mass Spectrometry).
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Table 16 In vitro Tau phosphorylation sites using Cdk2 kinase detected by mass spectrometry.

#Phosphorylation site Intensity Localization probability
T175 27.63 1
T181 25.30 0.999
S199 26.78 0.922
S202 22.27 0.724
T205 30.37 0.999
T205 26.78 0.999
T217 23.45 0.936
T220 23.74 0.724
T231 24.14 0.999
S235 24.14 0.969
1245 26.47 1
S262 27.20 0.971
T263 27.82 0.991
S396 24.58 1
S400 23.36 0.815
T403 25.05 0.581
S404 2413 0.911
S422 24.22 0.999
S435 21.79 0.839
T231
PTauytdk2 5235
T217 T245 5404
T181 T205 5262 S400 5422
T:Uf 1519? I { izsg 5396” ‘ TBS
N N1 N2 T “ R1 R2 R3 R4 : C
o ] w1 f T
AT AT180 PHF1

Figure 49 Phosphorylation pattern of Cdk2 kinase on Tau.
Grey arrows depict main phosphorylation sites on Tau extracted from brains of patients with Alzheimer’s disease.?”> Tau
phosphorylation sites of Cdk2 reported in literature are shown in light red.30 Red bars show phosphorylation sites of Cdk2 detected

by mass spectrometry listed in Table 16 with a minimum localization probability = 0.75. Experimentally detected phospho-Tau
antibody epitopes (AT8 (5202 and T205), AT180 (T231 and S235) and PHF1 (S396 and S404)) from paired helical filaments are
marked in black brackets.362

The PTau“* interaction with the Hsp70/Hsp90 chaperone machinery was further analyzed
in absence and presence of p23 (Figure 50A, B). Quantitative analysis showed that comparable
amounts of Hsp70:Hop:Hsp90:PTau“"* complex were formed as with unmodified Tau, and p23
likewise associated generating an Hsp70:Hop:Hsp90:PTau“**p23 complex (Figure 50C, D). In

control experiments PTau“"

showed less interaction with Hsp90 alone, whereas the binding to
Hsp70 was independent on the phosphorylation of Tau (Figure 50E, F). The decreased interaction

of PTau for Hsp90 is in agreement with previous NMR studies.””" The finding that PTau“"
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efficiently binds to the Hsp70/Hsp90 chaperone machinery, but not to Hsp90 alone, suggested
that Tau chaperoning by Hsp90 including CHIP-mediated degradation is inaccessible for
pathologically modified Tau.
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Figure 50 In vitro reconstitution of the interaction of the Hsp70/Hsp90 chaperone machinery with pathologic PTauCdk2,
A, B Native page analysis of the Hsp70:Hop:Hsp90:PTauCd2 (A) and Hsp70:Hop:Hsp90:PTauCdk2:p23 interaction (B). C, D
Quantitative analysis of the band intensities of the Hsp70:Hop:Hsp90:PTau¢d2 complex (in A) and unbound p23 (in B). E Native
page analysis of PTauCdk2 interacting with the chaperones Hsp70 and Hsp90. F Band intensities of Hsp70 and Hsp90 with increasing
concentrations of PTauCd2 (in E). For comparison, the data of the respective interactions with unmodified Tau are shown in dashed
lines.
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4 Discussion

Hsp70 and Hsp90 represent two central hubs that control a vital balance between protein
retention and degradation. In addition to their discrete functions, both chaperones can band
together synergistically acting as part of the Hsp70/Hsp90 chaperone machinery. Being part of the
intriguing complex network of chaperones and co-chaperones, the Hsp70/Hsp90 chaperone
machinery is suggested to retain proteins in the cell.”” With regard to numerous lethal diseases
including neurodegenerative disorders, where proteins accumulate beyond harmful concentrations,

the Hsp70/Hsp90 chaperone machinery thus became the central focus of proteostasis research.”*

4.1 The assembly of the Hsp70:Hop:Hsp90 complex

The core of the Hsp70/Hsp90 chaperone machinery is formed by the Hsp70:Hop:Hsp90
complex. A broad spectrum of affinity measurements has been already used to identify which
chaperone is bound first by Hop."”"?**'**3% Intriguingly, affinity measurements using the
C-terminal EEVD peptides of Hsp70 and Hsp90 (further termed Hsp70-C/Hsp90-C) revealed a
higher affinity of Hop for Hsp70-C (Kp = 3.47£0.83 uM) than for Hsp90-C (Kp = 6.43£0.17 uM),
which however could be ascribed to twice as many binding sites available for Hsp70-C (TPR1 and
TPR2B) compared to Hsp90-C (TPR2A) (Table 17, Figure 51).*” Considering the average
dissociation constants from measurements using full-length proteins, Hop in turn tends to bear a
higher affinity for Hsp90 (Kp = 0.41 pM) than for Hsp70 (Kp = 0.87 uM) (Table 17). It was further
shown that the affinity of Hop for Hsp70 is increased in the presence of Hsp90 (Kp = 0.25 uM)
indicating a distinct Hop conformation within the Hsp90:Hop complex that promotes the binding
to Hsp70."”" In contrast, the interaction of Hop with Hsp90 was not affected by Hsp70. Hence,
Hsp70:Hop and Hsp90:Hop complexes may indeed form to an equal extent, but once an
Hsp90:Hop complex is formed, Hsp70 readily associates generating the ternary Hsp70:Hop:Hsp90

complex.

Table 17 Reported affinity values of Hop for Hsp70 and Hsp90.

Hsp70 - 70, Hsp90 — 90, C-terminal peptides - 70C and 90C). Affinity values were taken from literature determined by (1) antibody
precipitation with subsequent gel quantification!, (2) ITC?216, (3) SPR214, (4) ITC3%, (5) fluorescence polarization assay>%3 and (6)
fluorescence polarization assay>6>.

Kp [pM] Kp (average) [uM]
Hop:70 1.3M 0.43£0.150 0.8710.44
Hop:70C 2.64£0.136) 4.30 3.4710.83
90Hop:70 0.25M
Hop:90 0.09M 0.69+0.04@ 0.29£0.020 0.58+0.07® 0.41+0.24
Hop:90C 6.26+0.87® 6.6© 6.4310.17

101



Discussion

Hsp70-C Hsp70-C Hsp90-C

(TPRl H ] TPR2A ({TPRZB m (TPRI UTPRZA —(rTPRZB m

Figure 51 High affinity interaction sites on Hop for the C-terminal peptides of Hsp70 and Hsp90.
The TPR1/TPR2B and TPR2A domains of Hop represent the high affinity sites for the C-terminal peptides Hsp70-C and Hsp90-C,
respectively.2”7 Domain organization of Hop is color coded as in Figure 7.

4.1.1 The Hsp90:Hop interaction

In a first step to decipher the construction of the Hsp70/Hsp90 chaperone machinery, the
Hsp90:Hop interaction was characterized in greater detail. The obtained data (Figure 19) indicated
that Hsp90 and Hop interact in a 2:1 molar ratio signifying one Hop molecule binding an Hsp90
dimer. Though this was in contrast to previous findings where Hop has been described as dimer,
and also suggested to bind as a dimer to Hsp90"*'***, the observed Hsp90:Hop: complex was in
agreement with results depicting Hop as a monomer — both as unbound protein and as part of the

117,215,344,367

Hsp90:Hop complex.

Hop is known to interact with Hsp90 in the early stages of the hydrolysis cycle®**** i.e.
with the open conformation. In line with this, Hop was found to preferably bind to the open state
of Hsp90 (Figure 18A, B). Consistent with the inhibition of Hsp90’s ATPase activity due to

206

impeded Hsp90 closure™, Hop did not promote an open-close change of Hsp90 (Figure 18C).
The combined data rather suggested that Hop induces a symmetric conformational rearrangement
stabilizing Hsp90 in a V-shaped conformation (Figure 22). In this model Hop is arranged with
respect to Hsp90 in a way that the high affinity TPR2A domain of Hop interacts with the CTD of
Hsp90.*” Thereby, Hop’s TPR2B domain contacts Hsp90’s CTD-MD junction, whereas Hop’s
TPR1 domain remains unbound, hence accessible for subsequent Hsp70 binding (Figure 52).
Notably, the Hsp90:Hop association was confined to the TPR domains of Hop. An interaction

with Hop’s DP domains was not detected so far. 2"

With regard to the orientation of Hop, the domain architecture depicted in Figure 52 is
inconsistent with a previous cryo-EM model where Hop’s TPR1 domain was placed in between
the two Hsp90 arms.*”” However, the ten-fold reduction in binding affinity upon TPR2B removal
suggested an additional interaction 27z TPR2B that stabilizes the Hsp90:Hop complex (Figure 24D).
With data of increasing resolution becoming available, the same lab recently revoked their findings
and localized the TPR2B domain close to the Hsp90 dimer interface.”’ Site-specific NMR
interaction studies between the Hsp90-MD and a TPR2A-TPR2B construct of Hop further

207

supported a direct Hsp90-MD:Hop-TPR2B interaction.
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Hsp90, Hsp90,:Hop,

Figure 52 Hop stabilizes Hsp90 in a V-shaped conformation.
The TPR2A-TPR2B domains of Hop (denoted as 2A and 2B) interact with Hsp90’s CTD and CTD-MD junction, respectively.

Although the proposed V-shaped structure differed from a previous Hsp90:Hop model,
where Hsp90 was ascertained to be in its semi-closed, ADP-bound state'"’, a V-shaped Hsp90:Hop
structure has also been proposed by low resolution cryo-EM.*" In this model the N-terminal
domains of Hsp90 were rotated inward by 90° representing the ATP-bound state. Similarly, a
conformational change in Hsp90’s NTD-MD interface was observed by NMR upon the addition
of Hop, independent on the presence of a nucleotide (Figure 21). This suggested that the binding
to the Hsp90-CTD is sufficient to transform Hsp90’s NTDs into their nucleotide-bound state.
Indeed, a cross-talk between the Hsp90 domains (NTD and CTD) has been proposed previously.”*
Consistent with these findings, the ko, and ko rates of ATP binding to Hsp90 were shown to be

increased in the presence of Hop while the overall affinity remained unchanged.”**"¢

As it was shown that only one Hop molecule interacts with the Hsp90 dimer (Figure 19), the
symmetric change induced by full-length Hop (Figure 21) further implied an allosteric
communication not only within the different Hsp90 domains, but also in between the two Hsp90
monomers. Consistent with a reduced conformational change observed by ITC in presence of
Hop112a, which lacked the C-terminal TPR2B-DP2 motif (see chapter 3.1.4), only one arm of the
Hsp90 dimer was arranged to the V-shaped state (Figure 25). Thus, the additional interaction vz
TPR2B appeared to be essential to drive the allosteric communication between the two Hsp90
arms. Taken together, the TPR2A:CTD interaction might be sufficient for the inter-domain
cross-talk necessary for the rotation of the NTD, whereas the TPR2B:CTD-MD interaction may
be required for the inter-monomer communication accounting for the V-shaped Hsp90:Hop

complex.

In context with Hsp90 ATPase measurements it has been shown that only the combined
TPR2A-2B Hop construct can inhibit the ATPase activity of Hsp90 equal to full-length Hop
suggesting that the rigid linker connecting TPR2A-2B is crucial for the function of Hop.”*"* In
combination with the acquired data showing that an additional interaction »zz Hop’s TPR2B
domain accounts for the stable Hsp90:Hop association (Figure 21 and Figure 25), the rigid linker
connecting TPR2A-2B might be essential for proper TPR2B orientation. In addition, despite the
preference towards the open conformation of Hsp90 (Figure 18), the observed interaction between

Hop and the closed state of Hsp90 might further indicate that higher order Hsp90:substrate or
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Hsp90:substrate:co-chaperone complexes exist, in which Hsp90 is closed and Hop still bound. As
there was no evidence that Hop can open up Hsp90 (Figure 18), the co-chaperone as part of the

higher-order complexes might not play an active role but may rather hold a stabilizing function.

4.1.2 'The Hsp70:Hop:Hsp90 complex

On the basis of the preassembled, V-shaped Hsp90,:Hop: complex, the interaction with
Hsp70 was further investigated. Major difficulties occurred due to the high tendency of Hsp70 to
form oligomers (see chapter 3.2.1). Hsp70 oligomerization has been reported zz vitro and in vivo and
is suggested to be related to chaperone function.”*** Along this line, the results of this work
indicated that only Hsp70 monomers associate with the Hsp90,:Hop: complex (Figure 20),
whereby Hsp70 oligomers might represent an inactive pool that could be accessed as needed. This
observation coincides with earlier findings likewise describing the integration of monomeric Hsp70

117,130,215

into the Hsp70:Hop:Hsp90 complex.

As concluded from affinity measurements (see chapter 4.1), Hop might adopt a distinct
conformation when bound to Hsp90 depicting a high affinity interaction site for Hsp70 once the
Hsp90:Hop complex is formed."”’ Indeed, the possibility that Hsp binding influences the structure
of Hop what in turn affects the binding of the other Hsp has been previously proposed.’® It has
been shown that the interaction between Hop and the C-terminal peptide of Hsp70 involves the
TPR1 and TPR2B domain of Hop, both able to individually interact with one Hsp70 molecule
(Figure 53)."""7 As described before (see chapter 4.1.1), the engagement of Hop’s TPR2B domain
however is pivotal for a stable Hsp90:Hop complex. Eventually, Hsp90 is likely to win the battle
for TPR2B binding due to its higher affinity for Hop (Table 17). As part of the Hsp90:Hop:
complex, the TPR1 domain is thus the only available binding site for Hsp70 on Hop (Figure 53).
In combination with the increased affinity of Hsp70 for Hop in presence of Hsp90 shown
previously'”’, the binding of Hsp70 to Hsp90:Hop could be based on positive cooperativity, where

the occupation of one binding site (TPR2B) makes the second one (TPR1) more attractive.

Hsp70:Hop Hsp90:Hop Hsp70:Hop:Hsp90

Hsp70-C Hsp70-C Hsp70

[TPRIH TPR2A H TPR2B H:U [TPRI[DI TPR2A H TPR2B ﬂ:ﬂ (TPRl (I:(I TPR2A H TPR2B u:u

Hsp90-C HspS0  HspS0
Figure 53 Hsp70 and Hsp90 interaction with the TPR domains of Hop.

With regard to the full-length proteins, the Hsp90:Hop interaction involves Hop’s TPR2A-TPR2B domains leaving the TPR1 as
the only remaining binding site for Hsp70.
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Intriguingly, the addition of Hop and Hsp70 symmetrically affected the Hsp90 dimer. An
additional binding site involving the NTD-MD interface of both Hsp90 arms revealed a direct
interaction between Hsp70 and Hsp90 in presence of Hop (Figure 28). It has been shown that
Hsp70 interacts via its C-terminal SBD with the TPR domains of Hop."”* Thereby the N-terminally
located Hsp70 NBD could readily associate with the NTD-MD region of Hsp90. The respective
binding pockets were located at the outside of each Hsp90 arm. Due to spatial proportions, a single
Hsp70 molecule is unlikely to be able to bind both outer sites of Hsp90 when simultaneously bound
to Hop. Hence, a second Hsp70 monomer presumably occupies the opposite binding site on
Hsp90. In this model, both Hsp70’s would frame the Hsp90 dimer from the exterior (Figure 54).
As it was proven that there is only one binding site for Hsp70 on Hop as part of the Hsp90,:Hop;
complex (Figure 53), the second Hsp70 molecule would bind independent on Hop implicating a
higher affinity conformation of Hsp90 as part of the Hsp90:Hop: or Hsp70::Hopi:Hsp90,
complex. Yet, there is no experimental evidence that the binding of one Hsp70 to Hsp90:Hop
triggers the binding of a second one. Hence, the Hop induced V-shape of Hsp90 (Figure 22) is
likely to depict a high-affinity conformation for the NBDs of two Hsp70 monomers forming an
Hsp702:Hopi:Hsp90, complex. The stoichiometry of the Hsp70/Hsp90 chaperone machinery was
turther supported by molecular weight determination which is best in accordance with a 2:1:2 molar
ratio for Hsp70:Hop:Hsp90 (Figure 41). Taken together, the results of this work support a model,
where in presence of Hop one Hsp70 molecule is bound per NTD-MD region of Hsp90.

Hsp90, Hsp90,:Hop, Hsp70,:Hop,:Hsp90,

T — RN/

Figure 54 The Hsp70:Hop:Hsp90 complex comprises two Hsp70 molecules.

One Hsp70 monomer interacts via its C-terminal SBD with the TPR1 domain of Hop. The Hsp902:Hopi complex with Hsp90’s
NTDs rotated inward (see chapter 4.1.1) presumably depicts a high affinity conformation for Hsp70-NBDs evoking the binding of
the second, Hop-independently bound Hsp70.

Indeed, at the outset of this work there has been conflicting evidence regarding the amount
of Hsp70 molecules bound to the Hsp90:Hop complex as well as their spatial orientation. Cryo-EM
data reported low resolution structures of an Hsp70::Hop1:Hsp90, complex, where a single Hsp70
was placed in between the Hsp90 dimer."""""*"* In contrast, data from mass spectrometry revealed
an antiparallel Hsp70 dimer maintained in the Hsp70/Hsp90 chaperone machinery.”” Noteworthy,
in this model, one Hsp70 molecule interacts »ia Hop and Hsp90, similarly to the observations in
this work, though directing the second Hsp70 to the same side due to dimerization. Most recently
however, a 3.8 A resolution structure obtained by cryo-EM demonstrated as suggested above two

Hsp70 monomers each associated with the outer side of Hsp90, whereby only one Hsp70 was
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bound 2z Hop."" Indeed, additional changes within the CTD of Hsp90 were observed in presence
of Hop and Hsp70 compared to Hop only (Figure 27). In combination, these could be ascertained
to the direct interaction of Hop with one Hsp70 molecule leading to small conformational changes
within the Hsp90:Hop binding interface, so that Hsp70 can be simultaneously bound to the TPR1
domain of Hop #ia its SBD and the NTD-MD region of Hsp90 zia the NBD (Figure 54).

Noteworthy, a direct though rather unspecific interaction between Hsp70 and Hsp90 could
be observed by NMR in the absence of Hop (Figure 27). With regard to the bacterial and yeast

. . . . .
PRI which were shown to associate iz vitro and in vivo

homologues of Hsp70 and Hsp90
independent of Hop, the direct interaction between the human chaperones was not entirely
unexpected. The observed Hsp70 binding site in Hsp90’s NTD-MD region in the presence of Hop
(Figure 28) converged with the one predicted for the bacterial as well as yeast proteins in the
134,370-373

absence of Hop indicating a conserved Hsp70:Hsp90 interaction site. However, reported
affinity values suggest a rather weak Hsp70:Hsp90 interaction even for bacteria and yeast
(Ko(E. coli) = 13.4 + 3.3 uM*", Kp(S. cerevisiae) = 13.3 + 4.8 uM’"™"). Hence, eukaryotic Hop, which
has more than ten-times the affinity for both chaperones (Table 17), may compensate for the weak
interaction indicating a distinct synergistic function of Hsp70 and Hsp90 within the Hsp70/Hsp90

chaperone machinery.

4.2 The Hsp70/Hsp90 chaperone machinery as a protective shell

Consistent with previous findings revealing a direct interaction between the intrinsically
disordered protein Tau and the individual chaperones Hsp70 and Hsp90™'***"™*  the results of
this work demonstrated that Tau likewise acts as a substrate of the Hsp70/Hsp90 chaperone
machinery. With regard to affinity measurements, it is suggested that Tau interacts with the
Hsp70:Hop:Hsp90 complex more strongly when compared to Hsp70 or Hsp90 alone (Figure 31).
Although Hsp70 contains a defined substrate-binding domain (SBD), yet there are no structural
data demonstrating an Hsp70-SBD:Tau interaction. However, as the interaction with the SBD and
the TPR1 domain of Hop is sustained by the C-terminal EEVD motif*”, simultaneous substrate
binding could be allocated to the SBD even within the Hsp70:Hop:Hsp90 complex. In addition,
earlier studies revealed the Tau binding to a region within the NTD and MD of Hsp90 facing the
dimer interface®, a region that is likewise accessible in the Hsp70:Hop:Hsp90 complex (Figure 28).
Hence, the increased affinity of Tau for the Hsp70/Hsp90 chaperone machinery might be lead
back to twice as much available interaction sites (Hsp70 and Hsp90), in turn suggesting that Tau is
concurrently associated with both Hsp70 and Hsp90 within the Hsp70:Hop:Hsp90:Tau complex.

According to the determined molecular weight, each Hsp70/Hsp90 chaperone machinery

monomer was attached to a single Tau molecule (Figure 41). The combination of NMR and
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cross-link analysis (Figure 23 and Figure 44) was best in agreement with Tau placed central in
between the Hsp90 arms stretched out from one side to the other, thereby contacting
simultaneously the proposed binding site in Hsp90’s NTD and MD*, both ends of Hop (TPR1
and TPR2B-DP2), as well as the SBD of Hsp70 (Figure 55). A dimeric assembly may allow
additional contacts with the opposite Tau, giving rise to additional cross-links found in between
the substrate and other regions of the Hsp70/Hsp90 chaperone machinery, which however were

of lower confidence (Figure 44).

The combined data showed that a broad sequence of Tau including the repeat domains
represents the major interaction site with each component of the Hsp70/Hsp90 chaperone
machinery (Figure 39). Intriguingly, the same regions are involved in microtubule binding
(see chapter 1.6.1).”* The phenomenon of chaperones to bind sites in substrates that are in near
proximity or involved in the ligand binding site has been previously described.”” As this was
suggested to protect labile regions against harmful interactions’”, the dimeric Hsp70/Hsp90
chaperone machinery may similarly enclose the aggregation-prone regions of Tau.”""" In contrast,
the N-terminal domains, which were not found in the core of Tau aggregates remained almost

completely unbound (Figure 39), i.e. not in need of protection.

Hsp70,:Hop,:Hsp90, (Hsp70,:Hop,:Hsp90,:Tau,),

‘ﬂ:? Tau
i/ A

Hsp70

Figure 55 Tau binding to the Hsp70/Hsp90 chaperone machinery induces its dimerization.

Upon dimerization the Hop-independently bound Hsp70 molecule falls off due to the antiparallel orientation of the
(Hsp701:Hop1:Hsp902:Tauy)2 complex. Thereby, one Tau molecule per Hsp70/Hsp90 chaperone machinery gets shielded inside
the dimer cavity.

Most strikingly, upon the addition of Tau the combined data were indicative for a
dimerization of the Hsp70/Hsp90 chaperone machinery (see chapter 3.5.1 and 3.5.3). The
accompanied release of the second Hop-independently bound Hsp70 molecule further suggested
an antiparallel oriented (Hsp70::Hopi:Hsp902:Tau), dimer, where the Hop-bound Hsp70 molecule
from the inversed monomer might occupy the second Hsp70 binding site on the opposite Hsp90
(Figure 55). In order to allow each remaining Hsp70 molecule to contact the outside of the

opposing Hsp90, it is further suggested that Hsp90 adopts a more compact V-form in the
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tetrameric state, i.e. within the Hsp70/Hsp90 chaperone machinery:Tau dimer, as compared to its

dimeric state in complex with Hsp90:Hop or Hsp70:Hop:Hsp90 (Figure 55).

Though herewith the first evidence for a dimeric Hsp70/Hsp90 chaperone machinery is
presented, a dimerized, tetrameric Hsp90 has been recently described for the mitochondrial paralog
TRAP1 (Figure 59).”%"” Consistent with the dimerization of the Hsp70/Hsp90 chaperone
machinery observed only in the presence of Tau (Figure 41), the formation of the tetrameric
TRAP1 has been as well proposed to be related to substrate binding.””” The Tau binding site on
Hsp90 was described to be permanently accessible neither covered by a lid nor buried inside a
cleft.*” Beyond, it has been demonstrated that the repeat region, which represents the core of Tau

aggregates306’307

, 1s exposed when Tau is bound to Hsp90 conceivably facilitating Tau
aggregation.378’379 In a dimeric model of two antiparallel orientated Hsp70/Hsp90 chaperone
machinery:Tau complexes however, each machinery could mutually cover the opposed substrate
binding site (Figure 55). In this context the Hsp70/Hsp90 chaperone machinery might represent a
protective shell, with subunit closure in the presence of Tau. Thereby, the bound substrate could
be shielded from other Tau molecules in turn preventing Tau aggregation. Along this line,
aggregation-prone Tau (PTau) might analogically be presetved soluble via the Hsp70/Hsp90
chaperone machinery dimer, as Hsp70/Hsp90 chaperone machinery:PTau complexes were formed

to an equal extent as with wildtype Tau (Figure 50) (see chapter 4.8).

4.3 p23 serves for Tau binding

In contrast to earlier findings suggesting that Hop and p23 are mutually exclusive in one and
130,167,238

the same complex , p23 was found to associate with the Hsp70/Hsp90 chaperone
machinery:Tau dimer generating a stable, likewise dimeric (Hsp70::Hopi:Hsp90,:Taui:p23:),
complex (Figure 35). In fact, the data indicated that along with Tau binding the Hsp70/Hsp90
chaperone machinery exists in a monomer-dimer equilibrium, which in presence of p23 is shifted
towards the dimeric state (Figure 41). In the case of Tau as substrate, p23 thus appeared to take on

a stabilizing role.

So far, p23 is believed to exclusively bind to the closed conformation of Hsp90'**** which
could indicate that within the (Hsp70::Hopi:Hsp902Tau:p231). complex, Hsp90 has continued
towards a closed state. However, since high reliable cross-links between Hop’s TPR2B domain and
Hsp90’s CTD-MD were present in the (Hsp701:Hop1:Hsp902:Taui:p231). complex (Figure 44), the
twisting of the two Hsp90 arms' suggesting to provoke Hop dislocation was yet excluded. Hence,
in presence of the substrate Tau the data favor a model where Hsp90 is in a more open

conformation. Altogether, Hsp90 is likely to retain a V-shape conformation even within the
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(Hsp70::Hop1:Hsp90xTau:p23:), complex, whereby the angular shape of the two Hsp90 arms

remains to be specified.

Although it is known that p23 as a co-chaperone stabilizes the Hsp90:client interactions'®,
so far the addition of p23 was described to induce the substrate transfer from Hsp70 onto Hsp90
along with the release of Hsp70 and Hop.**'*** However, in contrast to other Hsp90:substrate:p23
complexes, where the C-terminal tail of p23 interacts with the substrate via an o-helical

£47:222,225,226

moti , the C-terminal region of p23 seemed to be not involved in the Hsp70/Hsp90
chaperone machinery:Tau:p23 interaction (Figure 44), hence remaining freely accessible for
additional binding partners. Instead, the B-sheet core of p23 was extensively cross-linked in
particular with Tau (Figure 44). Consistent with its structural relationship to the crystalline subunit
of sHsps (Figure 8), p23 thus might contribute against Tau aggregation by stabilizing the
Hsp70/Hsp90 chaperone machinery:Tau interaction »i its globular domain.” The discrimination
of substrate holding over Hsp90 co-chaperone function of p23 might be based on affinity
differences of p23 for the substrate and Hsp90, as well as the nature of p23:substrate interaction.
Hence, if the p23:substrate interaction involves the p23 core, the substrate and Hsp90 compete for

p23 binding, which, with regard to the results of this work, is cleatly in favor of Tau.

(Hsp70,:Hop,:Hsp90,:Tau,), (Hsp70,:Hop,:Hsp90,:Tau,:p23,),

p23

Figure 56 The (Hsp70::Hop1:Hsp90,:Tauy), dimer is stabilized by p23.

The p23:Tau interaction orientates the co-chaperone to the center of the Hsp70/Hsp90 chaperone machinery. Hsp90 as part of
the (Hsp701:Hop1:Hsp902:Tauy), and (Hsp701:Hop1:Hsp902:Tau:p231)2 complex most likely depicts a smaller angled V-shaped
conformation compared to the Hsp90:Hop (Figure 52) and Hsp70:Hop:Hsp90 complex (Figure 54) to allow the Hsp70 molecules
to reach the outer side of the opposing Hsp90.

Along this line, the majority of p23 cross-links were found with Tau, positioning the
co-chaperone in between the two Hsp90 arms (Figure 44 and Figure 56). Consistent with this,
abundant p23 cross-links with Hsp90’s CTD were detected (Figure 44), opposite to the well-known
interaction site in Hsp90’s NTD-MD region.'”***"*** Nevertheless, p23 was likewise found in close
proximity to the N-terminal and middle domain of Hsp90 (Figure 44) supporting the presumed
antiparallel orientation of the dimeric Hsp70/Hsp90 chaperone machinery with the opposite p23
molecule contacting the NTD-MD region of the reversed Hsp90 (Figure 56). Intriguingly, the
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20 The observation

Hsp90:p23 interaction was described to be disturbed in the presence of ADP.
that ADP did not dissociate p23 from the Hsp70/Hsp90 chaperone machinery:Tau complex
(Figutre 35) therefore supported the model in which the interaction of p23 with the Hsp70/Hsp90

chaperone machinery:Tau complex is not directed by Hsp90 binding (Figure 56).

4.4 The alternation of Hop and CHIP controls the Hsp70/Hsp90 chaperone
machinery:Tau interaction

The absent substrate transfer induced by p23 (see chapter 4.3) raised the possibility that the
Hsp70/Hsp90 chaperone machinery might represent a deadlock creating an abnormal complex
that can no longer be disbanded. Further experiments however rather refuted this hypothesis, as it
has been demonstrated that CHIP, competing with Hop for the binding to Hsp70 and
Hsp90° " was able to dissociate the Hsp70/Hsp90 chaperone machinery:Tau complex
(see chapter 3.6, Figure 57). In fact, the same experiment supported the stabilizing role of p23,
since higher amounts of CHIP were necessary to dissolve the Hsp70/Hsp90 chaperone
machinery:Tau:p23 complex (Figure 47).

(Hsp70,:Hop,:Hsp90,:Tau,), (Hsp70,:Hop,:Hsp90,:Tau,:p23,),
(Hsp704:CHIP,),

(Hsp9O0,:CHIP.),

N
— ;’ _/‘\
\@

"*"\A

Figure 57 The co-chaperones Hop and CHIP compete for the binding to Hsp70 and Hsp90.

Hop and CHIP interact #a their TPR-domains with the C-terminal regions of Hsp70 and Hsp90, thereby allowing the dynamic
assembly and disassembly of the Hsp70/Hsp90 chaperone machinery. Hsp70:CHIP and Hsp90:CHIP complexes exist as dimers.5’
The CHIP-induced disintegration of the Hsp70/Hsp90 chaperone machinery:Tau complex was attenuated in the presence of p23
(Figure 47) indicated by the fainted arrow.

Despite the roughly comparable affinities of Hop and CHIP for Hsp70 and Hsp90 (Table
17 and Table 18), with regard to the rather low intracellular concentrations of CHIP (0.0094 uM)
compared to Hop (1.2 uM) (Table 18)”, it remains to be elucidated to which extent a dynamic
interplay between Tau retention zz Hop and Tau degradation »e CHIP is maintained by Hsp70
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and Hsp90 iz wvive. Nonetheless, the combined data enclosing Tau-induced dimerization
(see chapter 4.2), p23 stabilization (see chapter 4.3) and CHIP-mediated disintegration rather
suggested that the Hsp70/Hsp90 chaperone machinery takes over an active protective rather than

a passive harmful role.

Table 18 Top: Reported affinity values of CHIP for Hsp70 and Hsp90. Bottom: Protein amounts of Hsp70, Hsp90, Hop
and CHIP in vivo.

Hsp70 - 70, Hsp90 — 90, C-terminal peptides - 70C and 90C). Affinity values were taken from literature determined by (1) ITC380,
(2) fluorescence polarization assay3%3, (3) ITC5 and (4) ) fluorescence polarization assay365.

Affinities Kp [pM] Kp (average) [uM]
CHIP:70 0.95+0.01M

CHIP:70C 0.51+0.03@ 10 1.9¢ 1.1410.58
CHIP:90 0.38+0.04®

CHIP:90C 1.324+0.11@ 4.50) 4.94 3.57£1.6
Amounts ) 3

Hsp70 0.94£0.001 % 8.8 uM

Hsp90 0.60+0.01 % 3.8 uM

Hop 0.200.01 % 1.2 uM

CHIP 0.072£0.014 % 0.0094 uM

4.5 The Hsp70/Hsp90 chaperone machinery:Tau interaction is independent on
ATP hydrolysis

Numerous studies revealed the importance of distinct nucleotide bound states of Hsp70 and

Hsp90 for the assembly of the Hsp70/Hsp90 chaperone machinery as well as for client binding.

167
>

The nucleotide-free or ADP-bound form of Hsp70 favors the interaction with Hop
139,152,381

substrates as well as with Hsp90."”™ On the side of Hsp90, bulk experiments have

demonstrated that Hsp90’s ATP-bound form represents the high-affinity state for substrate
binding™***, though the affinity of Tau for Hsp90 was not enhanced in the presence of the ATP
analog ATPyS.* The challenge to simultaneously stabilize the ADP-state of Hsp70 and the
ATP-state of Hsp90 did not arise, as after all, any interaction that was investigated in this work
could be observed in the absence of nucleotides. For both full-length Hop and the shorter
Hopl12a construct there was even a tendency to preferentially bind apo Hsp90 than the
AMP-PNP-bound state (Figure 17 and Figure 24). Otherwise, only the direct interaction between
Hsp70:Tau positively sensed the presence of AMP-PNP (Figure 30D), whereby the effect might
be attributed to the dissociation of Hsp70 oligomers upon nucleotide binding, thereby increasing

the amount of Hsp70 monomers, i.e. Tau interaction partners.”

111



Discussion

For the formation of the (Hsp70::Hopi:Hsp90,:Taui:p231), complex no distinction was
observed among the different nucleotide states (apo, AMP-PNP- or ADP-bound) (Figure 35D).
This however posed the question, whether the ATP hydrolysis activity of both Hsp70 and Hsp90
plays any role for the chaperoning of Tau. It could very well be that for Tau as an IDP, the
interaction with the Hsp70/Hsp90 chaperone machinery might be because of protein holding
rather than protein folding, which in turn does not necessarily require energy. Hence, instead of
the event of ATP hydrolysis that is reported to complete the Hsp90 action for other substrates'®’,

additional co-chaperones such as Ahal or PPlases™**®

could, similarly to what has been shown
with CHIP (see chapter 3.6), regulate the dynamic assembly and disassembly of the Hsp70/Hsp90

chaperone machinery:Tau complex.

4.6 The role of Hsp40 for Tau binding to Hsp70

An advantageous effect of Hsp40 for the Hsp70:Hop, Hsp70:substrate and Hsp70:Hsp90
interaction is widely accepted due to its ability to convert the Hsp70-ATP state into the
Hsp70-ADP  form."'*"4P7%1738 The ascribed catalytic activity was observed at already
substoichiometric amounts of Hsp40 and is the highest in absence or at low concentrations of
ATP, but is diminished at high amounts of nucleotide.”” In this context previous studies working
on the structural characterization of the Hsp70/Hsp90 chaperone machinery consistently included

Hsp40 during protein incubation'!”?%?1>#»

, whereby Hsp40 was never present in the final complex
(Table 15). However, regarding the intensity of complex formation observed in this work, the
addition of Hsp40 had no effect on the amount of the Hsp70:Tau (Figure 30D) or
(Hsp70::Hop1:Hsp902Tauy), complexes (Figure 30E). Notably, class A Hsp40 from yeast (Ydj1)

47,130,137,215,235

was added during complex formation in previous studies , whereas in the current work

human class B Hsp40 (DnaJB4) was used.

Although possessing an additional EEVD-binding site for dual Hsp70 interaction, class B
Hsp40s lack the zinc finger-like region.'"'*'” It has been shown that Hsp40’s can interact with
unfolded substrates even in the absence of the zinc finger-like region.” But for yeast constructs it
is reported that without this region substrate delivery to Hsp70 is abolished.” Hence, while the
applied Hsp40 (Dna]JB4) exhibited no impact on the Hsp70/Hsp90 chaperone machinery:Tau
interaction, a class A paralogue could instead very well do. Since this is not yet fully verified,
additional experiments are essential. Nonetheless, this may emphasize an essential role of Hsp40’s
zinc finger-like region potentially contributing to an increased stability of the machinery:Tau

complex.
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4.7 ‘Tau chaperoning by the Hsp70/Hsp90 chaperone machinery

Based on the combined data obtained in this work together with previous results a model
for the chaperoning of Tau by the Hsp70/Hsp90 chaperone machinery was developed (Figure 58).
Initially, the Hsp90 chaperone is stabilized in a V-shape conformation prior to Tau binding forming
a stable Hsp70,:Hop1:Hsp90, complex (see chapter 4.1). Both the Hsp90 CTD-MD interaction vza
Hop’s TPR2A-TPR2B domains and the Hsp70 SBD interaction #a Hop’s TPR1 domain were
maintained within the (Hsp70::Hopi:Hsp90x:Taui:p231). complex (Figure 44). Besides, the
interaction with Tau was presumed to induce the antiparallel dimetization of the Hsp70/Hsp90
chaperone machinery triggering the release of the second Hsp70 molecule (see chapter 4.2) as well

as the association of the co-chaperone p23 (see chapter 4.3).

® §

Ahal

FKBP51
Hsp70 |\ E:gzgz Hsp70 [0
Hop [
Hspo0 [ ]
Tau .
w p22
@ ciir

®

Figure 58 Cartoon reptesentation of the Hsp70/Hsp90 chaperone machinery-mediated Tau chaperoning.

(1) The Hsp90 dimer is predominantly present in its open conformation.!'817% (2) A single Hop molecule stabilizes Hsp90 in a
V-shaped conformation through direct interaction zza its TPR2A-2B domains. (3) Two Hsp70 molecules can bind the Hsp90:Hop
complex, whereby only one is bound by Hop’s TPR1 domain. (4) Tau binding induces the formation of an antiparallel orientated
Hsp70/Hsp90 chaperone machinety dimer among which the second, Hop-independently bound Hsp70 gets released. (5) The
association of one p23 molecule per machinery monomer is directed by Tau. (6) The (Hsp701:Hop1:Hsp902:Tau:p231)2 complex
can be dissociated by CHIP directing Tau towards degradation pathways involving Hsp70:CHIP:Tau and Hsp90:CHIP:Tau
complexes.5 (7) The (Hsp701:Hop1:Hsp902:Tau:p231)2 complex might be dissociated by additional co-chaperones (Ahal, FKBP51,
FKBP52, Cyp40 allowing another round for Hsp70/Hsp90 chaperone machinery assembly.344.385
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The antiparallel oriented Hsp90 within the Hsp70/Hsp90 chaperone machinery is proposed
to have a protective function shielding Tau from the surrounding environment (see chapter 4.2).
Consistent with this hypothesis two Hsp90 dimers of a V-shaped conformation would contact each
other upside down forming two shears that interlock (Figure 59A). In contrast, tetrameric TRAP1
was demonstrated exclusively in its closed conformation with a substrate fragment trapped in
between each dimer interface (Figure 59B, C).**" In combination, both findings could be supplied
by a model where the size of the substrate binding site on Hsp90 defines the chaperone’s
conformation: for smaller binding sites the closure of Hsp90 might be sufficient, more extended
binding sites could require the formation of an inversed Hsp90 tetramer — in either way the

conformational rearrangements are supposed to shelter the bound substrate (Figure 59A, B).

In agreement with this hypothesis, a substrate-bound closed conformation of Hsp90 was
also presented recently in a monomeric Hsp70:Hop:Hsp902:substrate complex.”” Only a short
region of the substrate was located within the Hsp90 dimer interface allowing Hsp90 closure, and
therefore might not have required dimerization. Notable, a smaller binding site does not exclude

1 377

an Hsp90 tetramer, as has been shown for TRAP Moreover, since about four different

77 it can be

configurations of the tetrameric TRAP1x:substrate; molecules were found (Figure 59C)
assumed that the propensity of Hsp90 to form tetramers can occur in many different ways,

potentially engendering conformation specific functions.

90° 90°
/\/(V\j’ N - W e

folding intermediates

parallel antiparallel orthogonal

t 9
\ \ 5 X

Figure 59 Tetrameric states of Hsp90.

A In the case of intrinsically disordered substrates such as Tau, a broad region of the substrate is bound (Figure 39)84, possibly
impeding the closure of Hsp90 and thus involving a second Hsp90 dimer for substrate shielding. B In presence of foldable proteins
only a small fragment of the substrate is bound to Hsp90 allowing the chaperone to adopt a closed conformation.*”-37 C Tetrameric
states of human TRAP1 (mitochondrial Hsp90). In addition to its predominant dimeric nature, TRAP1 was found in multiple
tetrameric states including a parallel, antiparallel and two orthogonal orientations.3””
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Remarkably, throughout the assembly of  the Hsp702:Hopi:Hsp90,,
(Hsp70::Hop1:Hsp902:Taui), and (Hsp70::Hopi:Hsp90,:Taui:p231). complexes, the charged linker
(cl) region of Hsp90 appeared highly flexible (see chapter 3.5.4). In the presence of Tau the NMR
data indicated a distinct change in this region of Hsp90, which is in close proximity to the NTD

1 and beyond, cross-link

(Figure 406). The Tau interaction site on Hsp90 did not involve Hsp90’s ¢
analysis suggested that the cl remains unbound within the (Hsp70::Hopi:Hsp902Tau:p231)2
complex (Figure 44). Taken together, the observed change in the NMR spectrum (Figure 46) might
suggest a conformational change within Hsp90’s cl upon Tau binding. Admittedly, this observation
represents solely a minor evidence for a relevance of Hsp90’s N-terminal cl region for substrate
binding. In fact, as few as one out of four isoleucines within the cl sensed the presence of Tau.
However, a recent study investigated the conformations of Hsp90’s cl in more detail and detected
changes within the same regions of the cl related to substrate binding.'"”’ In combination, despite

its unstructured character, the cl region might contribute to the binding of Tau to Hsp90, which

however would need further experimental evidence.

4.8 Pathologic Tau as substrate of the Hsp70/Hsp90 chaperone machinery

With regard to the many post-translational modifications with which Tau exists in eukaryotic
cells (see chapter 1.6.1), it was further investigated whether these may have an effect on the binding
of Tau to the Hsp70/Hsp90 chaperone machinery. Of particular interest were the binding

properties of PTau“™

— the Tau protein being phosphorylated at sites similar to those found in
Tau aggregates (Figure 49). The data showed that the pathologically modified Tau interacts with
the Hsp70/Hsp90 chaperone machinery to the same extent as normal Tau, similarly including the
association of p23 (Figure 50A-D). With this, the first indications suggesting that the Hsp70/Hsp90
chaperone machinery is likely to be involved in the physiological as well as the pathological

chaperoning of Tau are presented.

Preceding studies have demonstrated that the inhibition of Hsp90 decreases PTau levels

¢ showed no binding

in vivo.”>* Intriguingly, though the interaction iz Hsp70 persisted, PTau
with Hsp90 as observed by native page (Figure 50E, F). Hence, the inhibitory effect of Hsp90 to
reduce PTau levels is likely to target Hsp90 molecules as patt of the Hsp70/Hsp90 chaperone
machinery. Along this line, it was found that the extent of Hsp90 inhibition was the greatest in
presence of all five components of the Hsp70/Hsp90 chaperone machinery suggesting that Hsp90
within the Hsp70/Hsp90 chaperone machinery occupies a distinct conformation with high affinity
for the applied inhibitors.” In addition, it was demonstrated that the silencing of p23 gene
expression evoked the reduction of PTau amounts.”” Hence, in combination with the results of
this work, it could be that the Hsp70/Hsp90 chaperone machinery:Tau complex — additionally

stabilized by p23 — is fatally increasing PTau levels z vivo.
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Tau PTautdk2
A B
retention ; degradation retention ; degradation
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Figure 60 Balance between protein retention and degradation of normal Tau and pathologic PTauCdk2,
A, B Upon phosphorylation of Tau the interaction with Hsp90 alone is diminished shifting the balance towards protein retention
via the Hsp70/Hsp90 chaperone machinery indicated by the unequal lengths of the equilibrium arrows.

Indeed, besides the suggested active protective role of the Hsp70/Hsp90 chaperone
machinery to shield normal Tau molecules (see chapter 4.2), at the same time it was proposed to
serve for protein retention.”” A healthy cell might be able to maintain a vital proteostasis of Tau
through a variety of chaperone interactions, directing Tau as needed. In contrast, for pathologically
phosphorylated Tau (PTau) the interaction with Hsp90 is reduced or entirely lost (Figure 50E, F).
Hence, the Hsp90 mediated degradation pathway »zz Hsp90:CHIP might be no longer available
severely shifting the balance towards protein retention (Figure 60). But to what extent, if at all, the

Cdk2

interaction between the Hsp70/Hsp90 chaperone machinery and PTau™ is related to Tau

aggregation yet remains to be shown.
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5 Outlook

The results of this work present a biochemical and structural analysis of the interaction
between the Hsp70/Hsp90 chaperone machinery and the intrinsically disordered protein Tau.
Since only the interaction of Tau with the individual Hsp70 and Hsp90 has been investigated so
far (see chapter 1.6.3), these are the first data that established the collaboration of both chaperone
systems via Hop in telation to Tau binding. Herewith, the Hsp70/Hsp90 chaperone machinery
initially appears conceivable to act as a central hub to maintain Tau proteostasis, revealing new

perspectives in proteostasis research to combat Tau aggregation.

Providing the recipe of the minimal requirements necessary for the 7 vitro reconstitution of
the Hsp70/Hsp90 chaperone machinery in complex with Tau (see chapter 2.4) may setve as
fundamental basis for high-resolution structure determination. The clarification of the
three-dimensional architectures of the intermediate Hsp70:Hop:Hsp90:Tau state and the
Hsp70:Hop:Hsp90:Taw:p23 complex, as well as the subcomplexes Hsp70:CHIP:Tau and
Hsp90:CHIP:Tau will be crucial for a detailed understanding of the pathway for Tau holding and
Tau degradation, respectively. In specific, the detailed insights obtained about the binding sites and
the spatial orientation of the proteins to one another may serve as template for future structure
calculations. These include the detection of particularly highly flexible regions of Tau as well as of

Hsp90, which may not be identifiable by e.g. cryo-EM.

Taken together, this work holds the template for prospective investigations to decipher the
structure-function relationship of the Hsp70/Hsp90 chaperone machinery:Tau interaction. In this
context, the established protocol can be used to analyze in great detail how small molecules affect
the Hsp70:Hop:Hsp90:Tau:p23 complex and thus serves for target-oriented drug development
focusing specifically on the activity of the Hsp70/Hsp90 chaperone machinery. In particular, the
stimulation of pathways promoting the turnover of pathogenic Tau variants are of high interest to

counteract and reduce the aggregation process.

Notably, direct interactions with Hsp70 and Hsp90 have been reported for other intrinsically
disordered proteins as well."***”* Thus, possibly, the Hsp70/Hsp90 chaperone machinery
mediated chaperoning of Tau described here may be brought to a broader sense. Future research
directions including other IDPs such as «-Synuclein will elucidate whether the interaction with the
Hsp70/Hsp90 chaperone machinery is Tau specific, or that this in fact holds true for IDPs in

general.
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7.1 List of published items

A detailed list of the figures adopted from my first author publication is presented below.

Respective author contributions can be found on page VIIIL.

Figure in this thesis
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Figure 19 corresponds to
Figure 21 corresponds to
Figure 22 corresponds to
Figure 23 corresponds to
Figure 24B corresponds to
Figure 24C, D corresponds to
Figure 25A, B corresponds to
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Figure 25C corresponds to
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Figure in doi: 10.1002/pr0.3969

Figure S1A, B
Figure S1C, D, E
Figure 1A, B
Figure 2A, B
Figure 2C

Figure S2

Figure S3A
Figure 3B, C
Figure 3D, E
Figure S3B

This section lists additional information relevant to the Methods (see chapter 2.3) and Results

(see chapter 3.5.2), which were not included in the respective chapters for space saving.

Sequences and plasmid maps

Table A 1 Gene sequences of the proteins used in this work.

Gene sequences (3’ to 5°) and cloning specifications of human CHIP, Hop, the Hop construct Hop112a, Hsp40, Hsp70, Hsp908,
p23 and Tau— in alphabetical order; gene denotation in capital letters — respective protein terms are indicated in brackets.

Gene Sequence 3° = 5’

Cloning vector
Restriction Sites

ATGAAGGGCAAGGAGGAGAAGGAGGGCGGCGCACGGCTGGGCGCTGGCGGCGGAR
GCCCCGAGRAGAGCCCGAGCGCGCAGGAGCTCAAGGAGCAGGGCAATCGTCTGTT
CGTGGGCCGAAAGTACCCGGAGGCAGCGGCCTGCTACGGCCGCGCGATCACCCGE
AACCCGCTGGTGGCCGTGTATTACACCAACCGGGCCTTGTGCTACCTGAAGATGC
STUB1 AGCAGCACGAGCAGGCCCTGGCCGACTGCCGGCGCGCCCTGGAGCTGGACGGGCA pET28a

(CHIP) GTCTGTGAAGGCGCACTTCTTCCTGGGGCAGTGCCAGCTGGAGATGGAGAGCTAT | BamHI - FcoRI

GATGAGGCCATCGCCAATCTGCAGCGAGCTTACAGCCTGGCCARGGAGCAGCGGC

TGAACTTCGGGGACGACATCCCCAGCGCTCTTCGARTCGCGAAGARGARGCGCTG
GRACAGCATTGAGGAGCGGCGCATCCACCAGGAGAGCGAGCTGCACTCCTACCTC
TCCAGGCTCATTGCCGCGGAGCGTGAGAGGGAGCTGGARGAGT GCCAGCGARACC
ACGAGGGTGATGAGGACGACAGCCACGTCCGGGCCCAGCAGGCCTGCATTGAGGC
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CAAGCACGACAAGTACATGGCGGACATGGACGAGCTTTTTTCTCAGGTGGATGAG
AAGAGGAAGAAGCGAGACATCCCCGACTACCTGTGTGGCAAGATCAGCTTTGAGC
TGATGCGGGAGCCGTGCATCACGCCCAGTGGCATCACCTACGACCGCAAGGACAT
CGAGGAGCACCTGCAGCGTGTGGGTCATTTTGACCCCGTGACCCGGAGCCCCCTG
ACCCAGGAACAGCTCATCCCCAACTTGGCTATGAAGGAGGTTATTGACGCATTCA
TCTCTGAGAATGGCTGGGTGGAGGACTACTGA

STIP1
(Hop)

ATGGAGCAGGTCAATGAGCTGAAGGAGAAAGGCAACAAGGCCCTGAGCGTGGGTA
ACATCGATGATGCCTTACAGTGCTACTCCGAAGCTATTAAGCTGGATCCCCACAA
CCACGTGCTGTACAGCAACCGTTCTGCTGCCTATGCCAAGAAAGGAGACTACCAG
AAGGCTTATGAGGATGGCTGCAAGACTGTCGACCTAAAGCCTGACTGGGGCAAGG
GCTATTCACGAAAAGCAGCAGCTCTAGAGTTCTTAAACCGCTTTGAAGAAGCCAA
GCGAACCTATGAGGAGGGCTTAAAACACGAGGCAAATAACCCTCAACTGAAAGAG
GGTTTACAGAATATGGAGGCCAGGTTGGCAGAGAGAAAATTCATGAACCCTTTCA
ACATGCCTAATCTGTATCAGAAGTTGGAGAGTGATCCCAGGACAAGGACACTACT
CAGTGATCCTACCTACCGGGAGCTGATAGAGCAGCTACGAAACAAGCCTTCTGAC
CTGGGCACGAAACTACAAGATCCCCGGATCATGACCACTCTCAGCGTCCTCCTTG
GGGTCGATCTGGGCAGTATGGATGAGGAGGAAGAGATTGCAACACCTCCACCACC
ACCCCCTCCCAAAAAGGAGACCAAGCCAGAGCCAATGGAAGAAGATCTTCCAGAG
AATAAGAAGCAGGCACTGAAAGAAAAAGAGCTGGGGAACGATGCCTACAAGAAGA
AAGACTTTGACACAGCCTTGAAGCATTACGACAAAGCCAAGGAGCTGGACCCCAC
TAACATGACTTACATTACCAATCAAGCAGCGGTATACTTTGAAAAGGGCGACTAC
AATAAGTGCCGGGAGCTTTGTGAGAAGGCCATTGAAGTGGGGAGAGAAAACCGAG
AAGACTATCGACAGATTGCCAAAGCATATGCTCGAATTGGCAACTCCTACTTCAA
AGAAGAAAAGTACAAGGATGCCATCCATTTCTATAACAAGTCTCTGGCAGAGCAC
CGAACCCCAGATGTGCTCAAGAAATGCCAGCAGGCAGAGAAAATCCTGAAGGAGC
AAGAGCGGCTGGCCTACATAAACCCCGACCTGGCTTTGGAGGAGAAGAACAAAGG
CAACGAGTGTTTTCAGAAAGGGGACTATCCCCAGGCCATGAAGCATTATACAGAA
GCCATCAAAAGGAACCCGAAAGATGCCAAATTATACAGCAATCGAGCTGCCTGCT
ACACCAAACTCCTGGAGTTCCAGCTGGCACTCAAGGACTGTGAGGAATGTATCCA
GCTGGAGCCGACCTTCATCAAGGGTTATACACGGAAAGCCGCTGCGCTGGAAGCG
ATGAAGGACTACACCAAAGCCATGGATGTGTACCAGAAGGCGCTAGACCTGGACT
CCAGCTGTAAGGAGGCGGCAGACGGCTACCAGCGCTGTATGATGGCGCAGTACAA
CCGGCACGACAGCCCCGAAGATGTGAAGCGACGAGCCATGGCCGACCCTGAGGTG
CAGCAGATCATGAGTGACCCAGCCATGCGCCTTATCCTGGAACAGATGCAGAAGG
ACCCCCAGGCACTCAGCGAACACTTAAAGAATCCTGTAATAGCACAGAAGATCCA
GAAGCTGATGGATGTGGGTCTGATTGCAATTCGGTAG

(Hop112a)

ATGGAGCAGGTCAATGAGCTGAAGGAGAAAGGCAACAAGGCCCTGAGCGTGGGTA
ACATCGATGATGCCTTACAGTGCTACTCCGAAGCTATTAAGCTGGATCCCCACAA
CCACGTGCTGTACAGCAACCGTTCTGCTGCCTATGCCAAGAAAGGAGACTACCAG
AAGGCTTATGAGGATGGCTGCAAGACTGTCGACCTAAAGCCTGACTGGGGCAAGG
GCTATTCACGAAAAGCAGCAGCTCTAGAGTTCTTAAACCGCTTTGAAGAAGCCAA
GCGAACCTATGAGGAGGGCTTAAAACACGAGGCAAATAACCCTCAACTGAAAGAG
GGTTTACAGAATATGGAGGCCAGGTTGGCAGAGAGAAAATTCATGAACCCTTTCA
ACATGCCTAATCTGTATCAGAAGTTGGAGAGTGATCCCAGGACAAGGACACTACT
CAGTGATCCTACCTACCGGGAGCTGATAGAGCAGCTACGAAACAAGCCTTCTGAC
CTGGGCACGAAACTACAAGATCCCCGGATCATGACCACTCTCAGCGTCCTCCTTG
GGGTCGATCTGGGCAGTATGGATGAGGAGGAAGAGATTGCAACACCTCCACCACC
ACCCCCTCCCAAAAAGGAGACCAAGCCAGAGCCAATGGAAGAAGATCTTCCAGAG
AATAAGAAGCAGGCACTGAAAGAAAAAGAGCTGGGGAACGATGCCTACAAGAAGA
AAGACTTTGACACAGCCTTGAAGCATTACGACAAAGCCAAGGAGCTGGACCCCAC
TAACATGACTTACATTACCAATCAAGCAGCGGTATACTTTGAAAAGGGCGACTAC
AATAAGTGCCGGGAGCTTTGTGAGAAGGCCATTGAAGTGGGGAGAGAAAACCGAG
AAGACTATCGACAGATTGCCAAAGCATATGCTCGAATTGGCAACTCCTACTTCAA
AGAAGAAAAGTACAAGGATGCCATCCATTTCTATAACAAGTCTCTGGCAGAGCAC
CGAACCCCAGATGTGCTCAAGAAATGCCAGCAGGCAGAGAAAATCCTGAAGGAGC
AAGAGCGGCTGTAG

pET28a
Nhel - Xhol

DNAJB4
(Hsp40)

ATGGGGAAAGACTATTATTGCATTTTGGGAATTGAGAAAGGAGCTTCAGATGAAG
ATATTAAAAAGGCTTACCGAAAACAAGCCCTCAAATTTCATCCGGACAAGAACAA
ATCTCCTCAGGCAGAGGAAAAATTTAAAGAGGTCGCAGAAGCTTATGAAGTATTG
AGTGATCCTAAAAAGAGAGAAATATATGATCAGTTTGGGGAGGAAGGGTTGAAAG
GAGGAGCAGGAGGTACTGATGGACAAGGAGGTACCTTCCGGTACACCTTTCATGG
CGATCCTCATGCTACATTTGCTGCATTTTTCGGAGGGTCCAACCCCTTTGAAATT
TTCTTTGGAAGACGAATGGGTGGTGGTAGAGATTCTGAAGAAATGGAAATAGATG
GTGATCCTTTTAGTGCCTTTGGTTTCAGCATGAATGGATATCCAAGAGACAGGAA
TTCTGTGGGGCCATCCCGCCTCAAACAAGATCCTCCAGTTATTCATGAACTTAGA
GTATCACTTGAAGAGATATATAGTGGTTGTACCAAACGGATGAAGATTTCTCGAA
AAAGGCTAAACGCTGATGGAAGGAGTTACAGATCTGAGGACAAAATTCTTACCAT
TGAGATTAAAAAAGGGTGGAAAGAAGGCACCAAAATTACTTTTCCAAGAGAAGGA
GATGAAACACCAAATAGTATTCCAGCAGACATTGTTTTTATCATTAAAGACAAAG
ATCATCCAAAATTTAAAAGGGATGGATCAAATATAATTTATACTGCTAAAATTAG
TTTACGAGAGGCATTGTGTGGCTGCTCAATTAATGTACCAACACTGGATGGAAGA
AACATACCTATGTCAGTAAATGATATTGTGAAACCCGGAATGAGGAGAAGAATTA

pET28a
Nhel - Xhol
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TTGGATATGGGCTGCCATTTCCAAAAAATCCTGACCAACGTGGTGACCTTCTAAT
AGAATTTGAGGTGTCCTTCCCAGATACTATATCTTCTTCATCCAAAGAAGTACTT
AGGAAACATCTTCCTGCCTCATAG

HSPA1A
(Hsp70)

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGL
AGCCATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGAATTC
ACCGGCATGGCCAAAGCCGCGGCGATCGGCATCGACCTGGGCACCACCTACTCC
TGCGTGGGGGTGTTCCAACACGGCAAGGTGGAGATCATCGCCAACGACCAGGGC
AACCGCACCACCCCCAGCTACGTGGCCTTCACGGACACCGAGCGGCTCATCGGG
GATGCGGCCAAGAACCAGGTGGCGCTGAACCCGCAGAACACCGTGTTTGACGCG
AAGCGGCTGATCGGCCGCAAGTTCGGCGACCCGGTGGTGCAGTCGGACATGAAG
CACTGGCCTTTCCAGGTGATCAACGACGGAGACAAGCCCAAGGTGCAGGTGAGC
TACAAGGGGGAGACCAAGGCATTCTACCCCGAGGAGATCTCGTCCATGGTGCTG
ACCAAGATGAAGGAGATCGCCGAGGCGTACCTGGGCTACCCGGTGACCAACGCG
GTGATCACCGTGCCGGCCTACTTCAACGACTCGCAGCGCCAGGCCACCAAGGAT
GCGGGTGTGATCGCGGGGCTCAACGTGCTGCGGATCATCAACGAGCCCACGGCC
GCCGCCATCGCCTACGGCCTGGACAGAACGGGCAAGGGGGAGCGCAACGTGCTC
ATCTTTGACCTGGGCGGGGGCACCTTCGACGTGTCCATCCTGACGATCGACGAC
GGCATCTTCGAGGTGAAGGCCACGGCCGGGGACACCCACCTGGGTGGGGAGGAC
TTTGACAACAGGCTGGTGAACCACTTCGTGGAGGAGTTCAAGAGAAAACACAAG
AAGGACATCAGCCAGAACAAGCGAGCCGTGAGGCGGCTGCGCACCGCCTGCGAG
AGGGCCAAGAGGACCCTGTCGTCCAGCACCCAGGCCAGCCTGGAGATCGACTCC
CTGTTTGAGGGCATCGACTTCTACACGTCCATCACCAGGGCGAGGTTCGAGGAG
CTGTGTTCCGACCTGTTCCGAAGCACCCTGGAGCCCGTGGAGAAGGCTCTGCGC
GACGCCAAGCTGGACAAGGCCCAGATTCACGACCTGGTCCTGGTCGGGGGCTCC
ACCCGCATCCCCAAGGTGCAGAAGCTGCTGCAGGACTTCTTCAACGGGCGCGAC
CTGAACAAGAGCATCAACCCCGACGAGGCTGTGGCCTACGGGGCGGCGGTGCAG
GCGGCCATCCTGATGGGGGACAAGTCCGAGAACGTGCAGGACCTGCTGCTGCTG
GACGTGGCTCCCCTGTCGCTGGGGCTGGAGACGGCCGGAGGCGTGATGACTGCC
CTGATCAAGCGCAACTCCACCATCCCCACCAAGCAGACGCAGATCTTCACCACC
TACTCCGACAACCAACCCGGGGTGCTGATCCAGGTGTACGAGGGCGAGAGGGCC
ATGACGAAAGACAACAATCTGTTGGGGCGCTTCGAGCTGAGCGGCATCCCTCCG
GCCCCCAGGGGCGTGCCCCAGATCGAGGTGACCTTCGACATCGATGCCAACGGC
ATCCTGAACGTCACGGCCACGGACAAGAGCACCGGCAAGGCCAACAAGATCACC
ATCACCAACGACAAGGGCCGCCTGAGCAAGGAGGAGATCGAGCGCATGGTGCAG
GAGGCGGAGAAGTACAAAGCGGAGGACGAGGTGCAGCGCGAGAGGGTGTCAGCC
AAGAACGCCCTGGAGTCCTACGCCTTCAACATGAAGAGCGCCGTGGAGGATGAG
GGGCTCAAGGGCAAGATCAGCGAGGCGGACAAGAAGAAGGTGCTGGACAAGTGT
CAAGAGGTCATCTCGTGGCTGGACGCCAACACCTTGGCCGAGAAGGACGAGTTT
GAGCACAAGAGGAAGGAGCTGGAGCAGGTGTGTAACCCCATCATCAGCGGACTG
TACCAGGGTGCCGGTGGTCCCGGGCCTGGGGGCTTCGGGGCTCAGGGTCCCAAG
GGAGGGTCTGGGTCAGGCCCCACCATTGAGGAGGTAGATTAG

pET28a
Ndel - HindIII

HSP90AB1
(Hsp90pB)

ATGCCTGAGGAAGTGCACCATGGAGAGGAGGAGGTGGAGACTTTTGCCTTTCAGG
CAGAAATTGCCCAACTCATGTCCCTCATCATCAATACCTTCTATTCCAACAAGGA
GATTTTCCTTCGGGAGTTGATCTCTAATGCTTCTGATGCCTTGGACAAGATTCGC
TATGAGAGCCTGACAGACCCTTCGAAGTTGGACAGTGGTAAAGAGCTGAAAATTG
ACATCATCCCCAACCCTCAGGAACGTACCCTGACTTTGGTAGACACAGGCATTGG
CATGACCAAAGCTGATCTCATAAATAATTTGGGAACCATTGCCAAGTCTGGTACT
AAAGCATTCATGGAGGCTCTTCAGGCTGGTGCAGACATCTCCATGATTGGGCAGT
TTGGTGTTGGCTTTTATTCTGCCTACTTGGTGGCAGAGAAAGTGGTTGTGATCAC
AAAGCACAACGATGATGAACAGTATGCTTGGGAGTCTTCTGCTGGAGGTTCCTTC
ACTGTGCGTGCTGACCATGGTGAGCCCATTGGCAGGGGTACCAAAGTGATCCTCC
ATCTTAAAGAAGATCAGACAGAGTACCTAGAAGAGAGGCGGGTCAAAGAAGTAGT
GAAGAAGCATTCTCAGTTCATAGGCTATCCCATCACCCTTTATTTGGAGAAGGAA
CGAGAGAAGGAAATTAGTGATGATGAGGCAGAGGAAGAGAAAGGTGAGAAAGAAG
AGGAAGATAAAGATGATGAAGAAAAGCCCAAGATCGAAGATGTGGGTTCAGATGA
GGAGGATGACAGCGGTAAGGATAAGAAGAAGAAAACTAAGAAGATCAAAGAGAAA
TACATTGATCAGGAAGAACTAAACAAGACCAAGCCTATTTGGACCAGAAACCCTG
ATGACATCACCCAAGAGGAGTATGGAGAATTCTACAAGAGCCTCACTAATGACTG
GGAAGACCACTTGGCAGTCAAGCACTTTTCTGTAGAAGGTCAGTTGGAATTCAGG
GCATTGCTATTTATTCCTCGTCGGGCTCCCTTTGACCTTTTTGAGAACAAGAAGA
AAAAGAACAACATCAAACTCTATGTCCGCCGTGTGTTCATCATGGACAGCTGTGA
TGAGTTGATACCAGAGTATCTCAATTTTATCCGTGGTGTGGTTGACTCTGAGGAT
CTGCCCCTGAACATCTCCCGAGAAATGCTCCAGCAGAGCAAAATCTTGAAAGTCA
TTCGCAAAAACATTGTTAAGAAGTGCCTTGAGCTCTTCTCTGAGCTGGCAGAAGA
CAAGGAGAATTACAAGAAATTCTATGAGGCATTCTCTAAAAATCTCAAGCTTGGA
ATCCACGAAGACTCCACTAACCGCCGCCGCCTGTCTGAGCTGCTGCGCTATCATA
CCTCCCAGTCTGGAGATGAGATGACATCTCTGTCAGAGTATGTTTCTCGCATGAA
GGAGACACAGAAGTCCATCTATTACATCACTGGTGAGAGCAAAGAGCAGGTGGCC
AACTCAGCTTTTGTGGAGCGAGTGCGGAAACGGGGCTTCGAGGTGGTATATATGA
CCGAGCCCATTGACGAGTACTGTGTGCAGCAGCTCAAGGAATTTGATGGGAAGAG
CCTGGTCTCAGTTACCAAGGAGGGTCTGGAGCTGCCTGAGGATGAGGAGGAGAAG
AAGAAGATGGAAGAGAGCAAGGCAAAGTTTGAGAACCTCTGCAAGCTCATGAAAG
AAATCTTAGATAAGAAGGTTGAGAAGGTGACAATCTCCAATAGACTTGTGTCTTC
ACCTTGCTGCATTGTGACCAGCACCTACGGCTGGACAGCCAATATGGAGCGGATC

pET28a
Nhel - Notl
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ATGAAAGCCCAGGCACTTCGGGACAACTCCACCATGGGCTATATGATGGCCAAAA
AGCACCTGGAGATCAACCCTGACCACCCCATTGTGGAGACGCTGCGGCAGAAGGC
TGAGGCCGACAAGAATGATAAGGCAGTTAAGGACCTGGTGGTGCTGCTGTTTGAA
ACCGCCCTGCTATCTTCTGGCTTTTCCCTTGAGGATCCCCAGACCCACTCCAACC
GCATCTATCGCATGATCAAGCTAGGTCTAGGTATTGATGAAGATGAAGTGGCAGC
AGAGGAACCCAATGCTGCAGTTCCTGATGAGATCCCCCCTCTCGAGGGCGATGAG
GATGCGTCTCGCATGGAAGAAGTCGATTAG

PTGES3
(P23)

ATGCAGCCTGCTTCTGCAAAGTGGTACGATCGAAGGGACTATGTCTTCATTGAAT
TTTGTGTTGAAGACAGTAAGGATGTTAATGTAAATTTTGAAAAATCCAAACTTAC
ATTCAGTTGTCTCGGAGGAAGTGATAATTTTAAGCATTTAAATGAAATTGATCTT
TTTCACTGTATTGATCCAAATGATTCCAAGCATAAAAGAACGGACAGATCAATTT
TATGTTGTTTACGAAAAGGAGAATCTGGCCAGTCATGGCCAAGGTTAACAAAAGA
AAGGGCAAAGCTTAATTGGCTTAGTGTCGACTTCAATAATTGGAAAGACTGGGAA
GATGATTCAGATGAAGACATGTCTAATTTTGATCGTTTCTCTGAGATGATGAACA
ACATGGGTGGTGATGAGGATGTAGATTTACCAGAAGTAGATGGAGCAGATGATGA
TTCACAAGACAGTGATGATGAAAAAATGCCAGATCTGGAGTAG

pET28a
Nhel - Xhol

MAPT
(Tau)

ATGGCTGAGCCCCGCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACG
GGTTGGGGGACAGGAAAGATCAGGGGGGCTACACCATGCACCAAGACCAAGAGGG
TGACACGGACGCTGGCCTGAAAGAATCTCCCCTGCAGACCCCCACTGAGGACGGA
TCTGAGGAACCGGGCTCTGAAACCTCTGATGCTAAGAGCACTCCAACAGCGGAAG
ATGTGACAGCACCCTTAGTGGATGAGGGAGCTCCCGGCAAGCAGGCTGCCGCGCA
GCCCCACACGGAGATCCCAGAAGGAACCACAGCTGAAGAAGCAGGCATTGGAGAC
ACCCCCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAAGCTCGCATGGTCA
GTAAAAGCAAAGACGGGACTGGAAGCGATGACAAAAAAGCCAAGGGGGCTGATGG
TAAAACGAAGATCGCCACACCGCGGGGAGCAGCCCCTCCAGGCCAGAAGGGCCAG
GCCAACGCCACCAGGATTCCAGCAAAAACCCCGCCCGCTCCAAAGACACCACCCA
GCTCTGGTGAACCTCCAAAATCAGGGGATCGCAGCGGCTACAGCAGCCCCGGCTC
CCCAGGCACTCCCGGCAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACC
CGGGAGCCCAAGAAGGTGGCAGTGGTCCGTACTCCACCCAAGTCGCCGTCTTCCG
CCAAGAGCCGCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAAGAATGTCAA
GTCCAAGATCGGCTCCACTGAGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGTG
CAGATAATTAATAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAA
AGGATAATATCAAACACGTCCCGGGAGGCGGCAGTGTGCAAATAGTCTACAAACC
AGTTGACCTGAGCAAGGTGACCTCCAAGTGTGGCTCATTAGGCAACATCCATCAT
AAACCAGGAGGTGGCCAGGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACA
GAGTCCAGTCGAAGATTGGGTCCCTGGACAATATCACCCACGTCCCTGGCGGAGG
AAATAAAAAGATTGAAACCCACAAGCTGACCTTCCGCGAGAACGCCAAAGCCAAG
ACAGACCACGGGGCGGAGATCGTGTACAAGTCGCCAGTGGTGTCTGGGGACACGT
CTCCACGGCATCTCAGCAATGTCTCCTCCACCGGCAGCATCGACATGGTAGACTC
GCCCCAGCTCGCCACGCTAGCTGACGAGGTGTCTGCCTCCCTGGCCAAGCAGGGT
TTG

pNG2
Ndel - BamHI
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(5127) Dralll
(4999) Psil

(4426) AsiSI - Pvul

(4300) Smal
(4298) TspMI - Xmal

(4117) BspDI - ClaI
(4083) Nrul

(3772) Acul

(3640) AlwNI

(3397) BssSal

(3224) Pcil

(3108) BspQI - SapI
(3028) Tatt
(2995) Bstz171
(2969) PFIFI - Tth1111

Figure A 1 The pET28a cloning vector.
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BIpI (80)
6xHis

PaeR7I - PspXI - XhoI (158)
Eagl - NotI (166)
HindIII (173)
Sall (179)
Eco53kI (188)
SacI (190)
EcoRI (192)
BamHI (198)
17 tag
Nhel (231)
BmtI (235)
NdeI (238)
thrombin site
6xHis
NcolI (296)
RBS
Xbal (335)
T7 promoter
BgIII (401)
SgrAl (442)
SphI (598)
BStAPI (806)

Miul (1123)
BclI* (1137)
BStEII (1304)
NmeAIII (1329)
PspOMI (1330)
Apal (1334)
BssHII (1534)
EcoRV (1573)
Hpal (1629)

5369 bp

PshAI (1968)

Bgll (2187)
FspI - FspAI (2205)
PpuMI (2230)

The gene of interest was cloned into the multiple cloning site (MCS) using the restriction sites specified in Table A 1. Gene
expression is under the control of the T7-expression system, in turn regulated by the lacI repressor. pET28a encodes for kanamycin
resistance (KanR) and the repressor of primer (rop) for the regulation of plasmid replication with ‘ori’ as the origin of replication.

f1 ori — origin of replication to produce single stranded DNA; 6xHis — histidine tag; RBS — ribosomal binding site. Restriction sites
with unique 6+ cutters are shown in black. The vector map was created with SnapGene.
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(5586) Apol - EcoRI
(5515) AatIl \

(s513) Zral_  \ \
\ |
(5397) SspI O\ \‘\ /

BspDI - ClaI (24)

BamHI (165)
/ BclI* (171)

// _Nhel (214)
[/ / BmtI (218)
I BseRI (277)
/’ 7 BsrGI (317)
L/ KfIT (432)

(5073) Scal\

(4963) Pvul "

pNG2-Tau
5588 bp

(4116) AlwNI

(3700) Pcil

(3584) BspQI - SapIl
(3471) BstZ171

(3342) Pfol

HindIII (468)
BStEII (543)

Sfil (1014)
SacII (1038)

PmII (1136)

Eco53kI (1249)
SacI (1251)

BsiWI (1445)
BstBI (1474)
Ndel (1498)
Xbal (1536)

BgIII (1594)
SgrAl (1635)

SphI (1791)

Sall (1876)
PshAI (1941)

. Eagl (2164)
- Nrul (2199)
BStAPI (2276)
BfuAl - BspMI (2279)

(2681) FspAI

Figure A 2 The pNG2 cloning vector encoding the protein Tau.

Bsml (2584)

The vector was thankfully received from the lab of Eckhard Mandelkow at the DZNE Bonn with the Tau sequence cloned into
the pNG2 vector using the restriction sites Ndel and BamHI. Gene expression is controlled by the T7-expression system; RBS —
ribosomal binding site. The regulation of gene expression is ensured in E. w/ BL21(DE3), whose genomic DNA encodes for the
T7 polymerase, which in turn is under the control of the lac operon. pPNG2 encodes for ampicillin resistance (AmpR) and the
repressor of primer (rop) for the regulation of plasmid replication with ‘ori’ as the origin of replication. Restriction sites with unique

6+ cutters are shown in black. The vector map was created with SnapGene.
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Table A 2 Protein sequences of the proteins used in this work.

Protein sequences (N- to C-terminus) of recombinantly expressed human CHIP, Hop, the Hop construct Hop112a, Hsp40, Hsp70,
Hsp908, p23, Tau and the Tau constructs K18 and K32— in alphabetical order; N-terminal tags including the Hisg-sequence are
colored in grey. | marks the tag cleavage site — in the case of full-length Hop and Hsp90 the tag was not removed; Tau was expressed
without tag.

Protein Sequence N = C

MGSSHHHHHHSSGLVPR | GSHMASMTGGQOMGRGSEFMKGKEEKEGGARLGAGGGSPEKSPSAQELKEQGNRLF
VGRKYPEAAACYGRAITRNPLVAVYYTNRALCYLKMQQOHEQALADCRRALELDGQSVKAHFFLGQCQLEMESYD
CHIP EATANLQRAYSLAKEQRLNFGDDIPSALRIAKKKRWNSIEERRIHQESELHSYLSRLIAAERERELEECQRNHE
GDEDDSHVRAQQACIEAKHDKYMADMDELFSQVDEKRKKRDIPDYLCGKISFELMREPCITPSGITYDRKDIEE
HLORVGHFDPVTRSPLTQEQLIPNLAMKEVIDAFISENGWVEDY

MGSSHHHHHHSSGLVPRGSHMASMEQVNELKEKGNKALSVGNIDDALQCYSEATIKLDPHNHVLYSNRSAAYAKK
GDYQKAYEDGCKTVDLKPDWGKGY SRKAAALEFLNRFEEAKRTYEEGLKHEANNPQLKEGLONMEARLAERKEFM
NPEFNMPNLYQKLESDPRTRTLLSDPTYRELIEQLRNKPSDLGTKLODPRIMTTLSVLLGVDLGSMDEEEEIATP
PPPPPPKKETKPEPMEEDLPENKKQALKEKELGNDAYKKKDEDTALKHYDKAKELDPTNMTYITNQAAVYFEKG
DYNKCRELCEKAIEVGRENREDYRQIAKAYARIGNSYFKEEKYKDATHFYNKSLAEHRTPDVLKKCQQAEKILK
EQERLAYINPDLALEEKNKGNECFQKGDYPQAMKHYTEAIKRNPKDAKLYSNRAACYTKLLEFQLALKDCEECI
QLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHDSPEDVKRRAMADPEV
QQIMSDPAMRLILEQMQOKDPQALSEHLKNPVIAQKIQKLMDVGLIAIR

MGSSHHHHHHSSGLVPR | GSHMASMEQVNELKEKGNKALSVGNIDDALQCYSEATIKLDPHNHVLYSNRSAAYAK
KGDYQKAYEDGCKTVDLKPDWGKGY SRKAAALEFLNRFEEAKRTYEEGLKHEANNPQLKEGLONMEARLAERKE
MNPENMPNLYQKLESDPRTRTLLSDPTYRELIEQLRNKPSDLGTKLOQDPRIMTTLSVLLGVDLGSMDEEEEIAT
PPPPPPPKKETKPEPMEEDLPENKKQALKEKELGNDAYKKKDFDTALKHYDKAKELDPTNMTYITNQAAVYFEK
GDYNKCRELCEKATEVGRENREDYRQTIAKAYARIGNSYFKEEKYKDATHFYNKSLAEHRTPDVLKKCQQAEKIL
KEQERL

Hopl112a

MGSSHHHHHHSSGLVPR | GSHMASMGKDYYCILGIEKGASDEDIKKAYRKQALKFHPDKNKSPQAEEKFKEVAE
AYEVLSDPKKREIYDQFGEEGLKGGAGGTDGQGGTFRYTFHGDPHATFAAFFGGSNPFEIFFGRRMGGGRDSEE
}{sp40 MEIDGDPFSAFGEFSMNGYPRDRNSVGPSRLKQDPPVIHELRVSLEEIYSGCTKRMKISRKRLNADGRSYRSEDK
ILTIEIKKGWKEGTKITFPREGDETPNSIPADIVFIIKDKDHPKFKRDGSNIIYTAKISLREALCGCSINVPTL
DGRNIPMSVNDIVKPGMRRRIIGYGLPFPKNPDQRGDLLIEFEVSFPDTISSSSKEVLRKHLPAS

MGSSHHHHHHSSGLVPR | GSHMASMTGGQOMGRGSEFTGMAKAAAIGIDLGTTYSCVGVFQHGKVEITANDQGN
RTTPSYVAFTDTERLIGDAAKNQVALNPONTVFDAKRLIGRKFGDPVVQSDMKHWPEFQVINDGDKPKVQVSYKG
ETKAFYPEEISSMVLTKMKEIAEAYLGYPVTNAVITVPAYFNDSQRQATKDAGVIAGLNVLRIINEPTAAATAY
GLDRTGKGERNVLIFDLGGGTFDVSILTIDDGIFEVKATAGDTHLGGEDFDNRLVNHFVEEFKRKHKKDISQNK
RAVRRLRTACERAKRTLSSSTQASLEIDSLFEGIDFYTSITRARFEELCSDLFRSTLEPVEKALRDAKLDKAQI
HDLVLVGGSTRIPKVQKLLODFEFNGRDLNKSINPDEAVAYGAAVQAAILMGDKSENVQDLLLLDVAPLSLGLET
AGGVMTALIKRNSTIPTKQTQIFTTYSDNQPGVLIQVYEGERAMTKDNNLLGRFELSGIPPAPRGVPQIEVTED
IDANGILNVTATDKSTGKANKITITNDKGRLSKEEIERMVQEAEKYKAEDEVORERVSAKNALESYAFNMKSAV
EDEGLKGKISEADKKKVLDKCQEVISWLDANTLAEKDEFEHKRKELEQVCNPIISGLYQGAGGPGPGGFGAQGP
KGGSGSGPTIEEVD

Hsp70

MGSSHHHHHHSSGLVPRGSHMASMPEEVHHGEEEVETFAFQAETIAQLMSLIINTEFYSNKEIFLRELISNASDAL
DKIRYESLTDPSKLDSGKELKIDIIPNPQERTLTLVDTGIGMTKADLINNLGTIAKSGTKAFMEALQAGADISM
IGQFGVGFYSAYLVAEKVVVITKHNDDEQYAWESSAGGSFTVRADHGEPIGRGTKVILHLKEDQTEYLEERRVK
EVVKKHSQFIGYPITLYLEKEREKEISDDEAEEEKGEKEEEDKDDEEKPKIEDVGSDEEDDSGKDKKKKTKKIK
EKYIDQEELNKTKPIWTRNPDDITQEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPRRAPFDLFENK
}{SPQOB KKKNNIKLYVRRVFIMDSCDELIPEYLNFIRGVVDSEDLPLNISREMLOQQOSKILKVIRKNIVKKCLELFSELAE
DKENYKKFYEAFSKNLKLGIHEDSTNRRRLSELLRYHTSQSGDEMTSLSEYVSRMKETQKSIYYITGESKEQVA
NSAFVERVRKRGFEVVYMTEPIDEYCVQQLKEFDGKSLVSVTKEGLELPEDEEEKKKMEESKAKFENLCKLMKE
ILDKKVEKVTISNRLVSSPCCIVTSTYGWTANMERIMKAQALRDNSTMGYMMAKKHLEINPDHPIVETLRQKAE
ADKNDKAVKDLVVLLFETALLSSGFSLEDPQTHSNRIYRMIKLGLGIDEDEVAAEEPNAAVPDEIPPLEGDEDA
SRMEEVD

MGSSHHHHHHSSGLVPR | GSHMASMQPASAKWYDRRDYVFIEFCVEDSKDVNVNFEKSKLTFSCLGGSDNFKHL
p23 NEIDLFHCIDPNDSKHKRTDRSILCCLRKGESGQSWPRLTKERAKLNWLSVDENNWKDWEDDSDEDMSNFEDRE'S
EMMNNMGGDEDVDLPEVDGADDDSQDSDDEKMPDLE

MAEPRQEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESPLOQTPTEDGSEEPGSETSDAKSTPTAED

Tau VTAPLVDEGAPGKQAAAQPHTEIPEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGK
TKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTRE
aSOfbrnlfﬁ PKKVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDN

IKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKK
IETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL
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K18 MQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLS
KVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIE

MSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLOQTAPVPMPDLKNVKSKIGSTENLKHQP
K32 GGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKL
DFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVY

Purification examples
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Figure A 3 Purification of the CHIP protein (tagged: 38.68 kDaj; cut: 36.79 kDa) viaIMAC (Ni-NTA) and SEC.

A SDS page analysis (12 % gel) of CHIP protein production and purification. 0 h — time point of IPTG induction; 20 h — time point
of cell hatrvesting; SN — supernatant after lysis by sonication; FT / W / E — flow through / wash / elution of IMAC; cut — CHIP
protein after o/n incubation with thrombin protease. B Size exclusion chromatogram of CHIP using an SD75 26/600 column
(1 mL/min). The dashed box marks the elution fractions analyzed by SDS page (12 % gel) on the right. Fractions of interest are
shaded in grey and were used for further experiments. The purification protocol is described in 2.3.4.1.

Hop

g SEC elution
SD75 26/600 M2 fractions

A!SUnm
' |
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Elution volume [mL] yield: 71 mg / 1 L expression

Figure A 4 Purification of the Hop protein (65.09 kDa) via IMAC (Ni-NTA) and SEC.
Size exclusion chromatogram of Hop using an SD75 26/600 column (2 mL/min). The dashed box matks the elution fractions

analyzed by SDS page (12 % gel) on the right. Fractions of interest are shaded in grey and were used for further experiments. The
purification protocol is described in 2.3.4.2.
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Hopl12a A & B
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Figure A 5 Purification of the Hop112a protein (tagged: 43.21 kDa; cut: 41.33 kDa) via IMAC (Ni-NTA) and SEC.

A SDS page analysis (12 % gel) of Hop112a protein production and purification. 0 h — time point of IPTG induction; 20 h — time
point of cell harvesting; SN — supernatant after lysis by sonication; P — pellet after cell lysis; FT / W / E — flow through / wash /
clution of IMAC; cut — Hop112a protein after 3 h incubation with thrombin protease. B Size exclusion chromatogram of Hop112a
using an SD75 26/600 column (2 mL/min). The dashed box marks the elution fractions analyzed by SDS page (12 % gel) on the
right. Fractions of interest are shaded in grey. The purification protocol is described in 2.3.4.3.
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Figure A 6 Purification of the Hsp40 protein (tagged: 40.26 kDa; cut: 38.38 kDa) via IMAC (Ni-NTA) and SEC.

A SDS page analysis (12 % gel) of Hsp40 protein production and purification. 0 h — time point of IPTG induction; 20 h — time
point of cell harvesting; SN — supernatant after lysis by sonication; FT'/ W / E — flow through / wash / clution of IMAC; cut —
Hsp40 protein after o/n incubation with thrombin protease. B Size exclusion chromatogram of Hsp40 using an SD75 26/600
column (1.8 mL/min). The dashed box matks the elution fractions analyzed by SDS page (12 % gel) on the right. Fractions of
interest are shaded in grey and were used for further experiments. The purification protocol is described in 2.3.4.4.
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Figure A 7 Purification of the Hsp70 protein (tagged: 74.03 kDa; cut: 72.15 kDa) via IMAC (Ni-NTA) followed by tag
cleavage, a second IMAC (Ni-NTA) and SEC.

A SDS page analysis (12 % gel) of Hsp70 protein production and purification. 0 h — time point of IPT'G induction; SN — supernatant
after lysis by sonication; FT / W / E — flow through / wash / elution of first IMAC; cut — Hsp70 protein after o/n incubation with
thrombin protease; FTcu / Weu / Ecue — flow through / wash / elution of second IMAC. B Size exclusion chromatogram of Hsp70
using an SD75 26/600 column (0.75 mL/min). The dashed box marks the elution fractions analyzed by native page (7.5 % gel) on
the right. Fractions of interest are shaded in grey and were used for further experiments. The purification protocol is described in
2.3.4.5.
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Figure A 8 Purification of the Hsp90 protein (85.72 kDa) via IMAC (Ni-NTA) and SEC.

A SDS page analysis (8 % gel) of Hsp90 protein production and purification. 0 h — time point of IPTG induction; SN — supernatant
after lysis by sonication; FT / W / E — flow through / wash / elution of IMAC. B Size exclusion chromatogtam of Hsp90 using
an SD200 26/600 column (2 mL/min). The dashed box matks the elution fractions analyzed by SDS page (8 % gel) on the right.
Fractions of interest are shaded in grey and were used for further experiments. The purification protocol is described in 2.3.4.6.
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Figure A 9 Purification of the Hsp90* protein (96.55 kDa) via IMAC (Ni-NTA) and SEC.

A SDS page analysis (8 % gel) of Hsp90* protein production and putification. 0 h — time point of IPTG induction; 20 h — time
point of cell harvesting; SN — supernatant after lysis by sonication; FT / W / E — flow through / wash / elution of IMAC. B Size
exclusion chromatogram of Hsp90* using an SD200 26/600 column (2 mL/min). The dashed box marks the elution fractions
analyzed by SDS page (8 % gel) on the right. Fractions of interest are shaded in grey and were used for further experiments.

23 &
p A Q‘-‘?f;’ _‘ﬁ\v‘ B
W SEC
o elution
£ = © .
Mol 2w 3 SD75 16/600 M © fractions
= 1 1500 P : ]
& 1100 ri ! 1
= H ! -
8 & 700 AN I p———
Y = 1
-Gyl 300 ! ' ! 1
1
- e 100 e -y T 1
= 0 20 40 60 80 100 120
Elution volume [mL] yield: 61 mg / 1 L expression

Figure A 10 Purification of the p23 protein (tagged: 21.15 kDa; cut: 19.27 kDa) viaIMAC (Ni-NTA) and SEC.

A SDS page analysis (15 % gel) of p23 procin production and purification. 0 h — time point of IPTG induction; FT / W / E — flow
through / wash / elution of IMAC; cut — p23 protein after o/n incubation with thrombin protease. B Size exclusion chromatogram
of p23 using an SD75 16/600 column (1.8 mL/min). The dashed box marks the elution fractions analyzed by SDS page (15 % gel)
on the right. Fractions of interest are shaded in grey and were used for further experiments. The purification protocol is described
in 2.3.4.8.
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Figure A 11 Purification of the Tau protein (45.85 kDa) via IEX and SEC.
A Cation exchange chromatogram of the Tau protein using a Mono S 10/100 column (2 mL/min) (top) and the corresponding
SDS page analysis (4-20 % gradient gel) of selected fractions (bottom). FT — flow through during sample application in buffer A;
W1 —wash with buffer A; E —linear elution (0-60 % buffer B); W2 — wash with buffer B; EQ — column equilibration back to buffer
A. B Size exclusion chromatogram of the Tau protein using an SD75 26/600 column (2 mL/min). The dashed box matks the
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elution fractions analyzed by SDS page (4-15 % gradient gel) shown below. Fractions of interest are shaded in grey and were used

for further experiments. The purification protocol is described in 2.3.4.9.
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Figure A 12 Tau NMR spectra in presence of Hsp90, Hsp70 and p23.
I5N-TH HSQC spectra of Tau alone (grey) and in the presence of the Hsp90 (black; 1:4), Hsp70 (dark grey; 1:4) and p23 (yellow;

1:10).
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Selected cross-links

Table A 3 Selected intra- and intermolecular cross-links within the Hsp70:Hop:Hsp90:Tau:p23 complex cross-linked
with disuccinimidyl suberate (DSS).
Threshold: minimum of 3 hits and 5% of the maximum score (= 1.1125).

Proteinl  Protein2  Posl Pos2 Hits Score Hop Hop 404 389 13 1.98

Hop Hop 411 370 28 846
Hop Hop 319 44 656 Hop Hop 429 465 9 3.22
Hop Hop 3673 13 1.66 Hop Hop 429 457 8 3.96
Hop Hop 6 1013 4.53 Hop Hop 438 457 14 427
Hop Hop 5 79 15 220 Hop Hop 452 418 12 294
Hop Hop 5 86 13 199 Hop Hop 452 429 10 330
Hop Hop 5 1017 2.50 Hop Hop 452 387 10 175
Hop Hop 9 1004 412 Hop Hop 465 509 14 335
Hop Hop 8 101 12 354 Hop Hop 469 457 51 6.11
Hop Hop % 732 322 Hop Hop 476 457 132 2261
Hop Hop 9% 101 5 1.53 Hop Hop 485 509 5 1.69
Hop Hop 101 185 15 443 Hop Hop 509 73 3 2.42
Hop Hop o1 7410 397 Hop Hop 53 553 27 248
Hop Hop ot 739 3.80 Hop Hop 53 509 25 271
Hop Hop 101509 5 1.89 Hop Hop 546 101 4 2.22
Hop Hop to1 123 3 141 Hop Hop 553 509 10 3.14
Hop Hop 101 101 12 113 Hop Hop 553 73 3 295
Hop Hop 123 101 348 21.64 Hop Hop 556 457 6 423
Hop Hop 123115 8 2.05 Hop Hop 556 509 6 2.14
Hop Hop 12375 4 2.53 Hop Hsp70 36 582 7 1.75
Hop Hop 132 101 17 447 Hop HspT0 36 1 4 381
Hop Hop 13211517 201 Hop Hsp70 36 366 4 1.64
Hop Hop 132 230 12 3.37 Hop Hsp70 55 1 6 321
Hop Hop 146 115 12 224 Hop Hsp70 73 518 11 1857
Hop Hop 146 185 5 291 Hop Hsp70 86 1 5 2.99
Hop Hop 192101 6 1.27 Hop Hsp70 101 580 13 266
Hop Hop 229 101 8 3.07 Hop Hsp70 101 582 11 282
Hop Hop 229 233 3 245 Hop Hsp70 101 518 7 1.24
Hop Hop 250 101 22 513 Hop Hsp70 101 211 6 3.10
Hop Hop 230 348 16 293 Hop Hsp70 123 1 1 262
Hop Hop 230 73 13 173 Hop Hsp70 123 278 4 1.88
Hop Hop 230 123 9 293 Hop Hsp70 132 582 5 2.54
Hop Hop 230 2528 2.25 Hop Hsp70 230 211 40 656
Hop Hop 230 324 8 1.57 Hop Hsp70 230 366 27 144
Hop Hop 230 8 6 1.68 Hop Hsp70 230 545 17 249
Hop Hop 230553 5 1.7 Hop Hsp70 230 1 9 4.69
Hop Hop 230260 3 113 Hop Hsp70 230 521 9 221
Hop Hop 233 10010 5.23 Hop Hsp70 230 582 4 1.87
Hop Hop 250 273 6 9.78 Hop Hsp70 233 589 5 1.53
Hop Hop 252 324 22 333 Hop Hsp70 340 340 22 265
Hop Hop 260 262 10 278 Hop Hsp70 348 340 31 244
Hop Hop 260 324 7 3.31 Hop Hsp70 360 346 4 271
Hop Hop 269 250 9 1.45 Hop Hsp70 404 98 10 3.05
Hop Hop 273 250 5 4.05 Hop Hsp70 509 211 13 444
Hop Hop 275 307 4 1.85 Hop Hsp70 509 528 5 133
Hop Hop 295 269 53 1085 Hop Hsp70 536 1 4 397
Hop Hop 295 262 5 1.88 Hop Hsp70 536 545 4 2.41
Hop Hop 307300 6 5.09 Hop Hsp70 553 582 6 2.46
Hop Hop 324 361 5 6.36 Hop Hsp70 553 211 5 437
Hop Hop 335361 15 934 Hop Hsp90 101 630 9 2.45
Hop Hop 335360 14 826 Hop Hsp90 101 59 6 5.83
Hop Hop 33 262 8 212 Hop Hsp90 101 425 6 2.83
Hop Hop 33 261 5 1.56 Hop Hsp90 101 309 3 1.63
Hop Hop 340 370 23 5.20 Hop Hsp90 230 504 29  3.99
Hop Hop 3404153 1.38 Hop Hsp90 230 500 12 197
Hop Hop 348 101 3 1.46 Hop Hsp90 230 554 10 259
Hop Hop 7. 415 11 319 Hop Hsp90 230 574 3 3.15
Hop Hop 367360 10 240 Hop Hsp90 230 600 3 1.52
Hop Hop 370360 8 6.16 Hop Hsp90 233 574 4 1.29
Hop Hop 37004157 3.54 Hop Hsp90 324 500 3 2.02
Hop Hop 387 418 29 681 Hop Hsp90 360 500 11 6.15
Hop Hop 387 452 12 179
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5.01
1.81
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1.29
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Appendix

Table A 4 Selected intra- and intermolecular cross-links within the Hsp70:Hop:Hsp90:Tau:p23 complex cross-linked
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimid (EDC).
Threshold: minimum of 3 hits and 5% of the maximum score (= 1.5225).

Proteinl  Protein2 Posl Pos2 Hits Score Hop Hop 348 386 3 2.10

Hop Hop 370 366 10 11.90
Hop Hop 31353 3.60 Hop Hop 370 177 3 1.75
Hop Hop 35595 345 Hop Hop 381 418 3 251
Hop Hop 3. 419 3 2.76 Hop Hop 381 370 5 2.11
Hop Hop 3 310 5 1.58 Hop Hop 381 340 8 2.09
Hop Hop 36 13 3 222 Hop Hop 81 73 7 1.67
Hop Hop 479 2.69 Hop Hop 385 389 9 2.80
Hop Hop a7 3 228 Hop Hop 385 340 6 2.00
Hop Hop 55 4425 3.74 Hop Hop 404 177 5 1.57
Hop Hop 73 16l 4 620 Hop Hop 441 457 5 1.53
Hop Hop o1 1336 3.81 Hop Hop 442 340 5 3.01
Hop Hop 9% 479 3 217 Hop Hop 442 415 23 294
Hop Hop 9% 381 6 1.78 Hop Hop 442 146 3 2.84
Hop Hop 15139 18 2.02 Hop Hop 452 486 5 2.49
Hop Hop 119 115 24 11.25 Hop Hop 452 559 4 2.21
Hop Hop 123133 7 2.04 Hop Hop 457 559 3 3.38
Hop Hop 133360 7 5.61 Hop Hop 465 559 14 513
Hop Hop 13373 8 4.24 Hop Hop 465 503 18 422
Hop Hop 133185 23 274 Hop Hop 465 507 17 332
Hop Hop 133 418 4 1.88 Hop Hop 465 532 4 2.55
Hop Hop 139115 31 1149 Hop Hop 465 506 13 247
Hop Hop 146 133 13 449 Hop Hop 469 559 14 277
Hop Hop 146 139 15 434 Hop Hop 476 177 3 3.06
Hop Hop 146 479 4 2.90 Hop Hop 500 177 8 5.27
Hop Hop 146 559 4 2.05 Hop Hop 509 133 11 499
Hop Hop 146 381 4 2.30 Hop Hop 509 4727 2.82
Hop Hop 146 106 7 217 Hop Hop 509 489 9 2.63
Hop Hop 159133 7 1.62 Hop Hop 500 532 8 2.25
Hop Hop 758 1933 Hop Hop 509 479 9 2.15
Hop Hop 185 1126 4.14 Hop Hop 509 432 3 2.02
Hop Hop 192133 6 2.67 Hop Hop 515 553 7 2.47
Hop Hop 1921777 1.95 Hop Hop 515 556 3 1.98
Hop Hop 209 348 3 315 Hop Hop 517 556 7 2.36
Hop Hop 209 9% 10 247 Hop Hop 517 553 9 1.85
Hop Hop 214 9% 3 3.48 Hop Hop 524 553 27 237
Hop Hop 215 546 3 6.31 Hop Hop 53 559 8 3.10
Hop Hop 21596 3 213 Hop Hop 53 133 8 2.69
Hop Hop 216 348 5 4.93 Hop Hop 53 177 7 234
Hop Hop 26185 7 .87 Hop Hop 536 479 17 2.09
Hop Hop 26 31 5 4.53 Hop Hop 53 503 5 1.82
Hop Hop 216 9% 9 3.50 Hop Hop 543 553 66 3.83
Hop Hop 216 324 4 250 Hop Hop 543 509 5 1.94
Hop Hop 21796 6 5.38 Hop Hop 546 479 27 17.69
Hop Hop 217 348 6 3.89 Hop Hop 546 133 4 5.25
Hop Hop 217185 7 1.94 Hop Hop 546 432 8 2.85
Hop Hop 218 348 8 6.09 Hop Hop 546 177 6 1.96
Hop Hop 218 324 4 3n Hop Hop 553 479 13 393
Hop Hop 250 17710 418 Hop Hop 553 177 5 3.48
Hop Hop 230 133 17 416 Hop Hop 553 537 3 2.03
Hop Hop 230 253 6 1.97 Hop Hop 556 479 15 331
Hop Hop 233 13310 379 Hop Hop 556 472 3 231
Hop Hop 233 253 14 325 Hop Hop 559 509 12 374
Hop Hop 233 251 13 315 Hop Hsp70 31 662 4 4.65
Hop Hop 235 25220 372 Hop Hsp70 9 660 9 2.39
Hop Hop 235 185 3 1.98 Hop Hsp70 133 211 3 3.09
Hop Hop 235 73 14 179 Hop Hsp70 133 582 3 1.89
Hop Hop 243 246 3 3.70 Hop Hsp70 146 549 4 4.42
Hop Hop 269 1773 312 Hop Hsp70 177 211 6 7.09
Hop Hop 276233 7 3.51 Hop Hsp70 216 1 6 6.12
Hop Hop 294 2625 2.67 Hop Hsp70 217 1 5 5.30
Hop Hop 340 177 12 495 Hop Hsp70 218 1 7 412
Hop Hop 340133 8 377 Hop Hsp70 235 1 14 236
Hop Hop 3481779 413 Hop Hsp70 348 339 33 19.14
Hop Hop 348 381 15 323 Hop Hsp70 348 336 48 9.2
Hop Hop 48 1336 2.38 Hop Hsp70 381 472 4 1.89
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Appendix

Hsp70  Hsp70 180 662 5 3.24 Hsp70  p23 404 1 4 3.70
Hsp70  Hsp70 207 1 4 3.93 Hsp70  p23 416 1 8 3.94
Hsp70  Hsp70 246 340 15  3.14 Hsp70  Tau 1 402 4 1.93
Hsp70  Hsp70 310 272 19 219 Hsp70  Tau 313 225 5 1.96
Hsp70  Hsp70 313 1 6 1.75 Hsp70  Tau 313 353 4 1.72
Hsp70  Hsp70 349 339 7 2.51 Hsp70  Tau 339 240 3 3.36
Hsp70  Hsp70 366 373 27 233 Hsp70  Tau 416 353 5 5.67
Hsp70 ~ Hsp70 382 662 3 2.74 Hsp70  Tau 416 274 6 2.76
Hsp70  Hsp70 404 1 29 682 Hsp70  Tau 416 267 6 2.40
Hsp70  Hsp70 404 528 7 2.53 Hsp70  Tau 416 369 4 2.34
Hsp70 ~ Hsp70 407 1 16 1036 Hsp70  Tau 416 225 7 1.85
Hsp70 ~ Hsp70 411 1 23 734 Hsp70  Tau 416 370 5 1.58
Hsp70  Hsp70 411 533 17 249 Hsp70  Tau 549 225 6 7.82
Hsp70 ~ Hsp70 411 528 12 181 Hsp70  Tau 549 280 4 6.74
Hsp70  Hsp70 416 1 30 635 Hsp70  Tau 549 370 7 5.01
Hsp70  Hsp70 416 528 38 353 Hsp70  Tau 576 240 4 8.47
Hsp70  Hsp70 444 18 4 1.70 Hsp70  Tau 577 383 6 3.51
Hsp70 ~ Hsp70 465 528 5 1.91 Hsp70  Tau 577 370 5 245
Hsp70 ~ Hsp70 527 211 3 6.82 Hsp70  Tau 504 358 4 1.66
Hsp70 ~ Hsp70 528 18 6 232 Hsp70  Tau 659 370 4 3.29
Hsp70  Hsp70 544 211 4 6.02 Hsp70  Tau 659 385 3 2.03
Hsp70 ~ Hsp70 545 18 7 1.68 Hsp70  Tau 660 281 5 2.94
Hsp70  Hsp70 547 544 13 1341 Hsp70  Tau 662 294 4 7.00
Hsp70 ~ Hsp70 549 211 4 618 Hsp70  Tau 662 281 16 678
Hsp70  Hsp70 560 662 4 450 Hsp70  Tau 662 370 15 652
Hsp70  Hsp70 571 662 4 228 Hsp70  Tau 662 225 8 5.69
Hsp70  Hsp70 575 588 9 1.81 Hsp70  Tau 662 240 7 5.43
Hsp70 ~ Hsp70 576 588 9 1478 Hsp70  Tau 662 385 7 456
Hsp70  Hsp70 576 589 8 2.69 Hsp70  Tau 662 383 7 3.87
Hsp70 ~ Hsp70 577 588 38 2972 Hsp70  Tau 662 259 11 381
Hsp70 ~ Hsp70 577 589 10 5.3 Hsp70  Tau 662 234 11 348
Hsp70 ~ Hsp70 580 662 12 3.12 Hsp70  Tau 662 174 11 292
Hsp70  Hsp70 582 662 13 3.39 Hsp70  Tau 662 375 9 2.76
Hsp70 ~ Hsp70 582 577 5 2.57 Hsp70  Tau 662 280 8 2.67
Hsp70  Hsp70 603 1 4 1.67 Hsp70  Tau 662 130 3 2.12
Hsp70  Hsp70 609 1 1 528 Hsp90  Hop 76 543 3 2.54
Hsp70  Hsp70 618 660 3 1.53 Hsp90  Hop 92 133 3 1.67
Hsp70  Hsp70 619 594 4 8.28 Hsp90  Hop 274 418 3 2.01
Hsp70 ~ Hsp70 660 580 3 3.16 Hsp90  Hop 307 398 6 1.67
Hsp70  Hsp70 662 211 4 5.78 Hsp90  Hop 317 146 4 3.99
Hsp70  Hsp70 662 588 4 5.28 Hsp90  Hop 317 509 4 345
Hsp70  Hsp70 662 369 10 456 Hsp90  Hop 31796 9 271
Hsp70  Hsp70 662 518 11 443 Hsp90  Hop 318 348 8 2.28
Hsp70  Hsp70 662 580 12 377 Hsp90  Hop 318 185 3 1.77
Hsp70  Hsp70 662 278 7 313 Hsp90  Hop 318 91 3 1.67
Hsp70 ~ Hsp70 662 582 15 295 Hsp90  Hop 318 96 13 1.63
Hsp70 ~ Hsp70 662 366 17 248 Hsp90  Hop 322 469 3 213
Hsp70  Hsp90 1 210 21 674 Hsp90  Hop 322 404 10 188
Hsp70  Hsp90 1 416 12 475 Hsp90  Hop 347 73 5 3.48
Hsp70  Hsp90 1 351 15 414 Hsp90  Hop 347 101 6 333
Hsp70  Hsp90 1 72 15 317 Hsp90  Hop 368 509 18 372
Hsp70  Hsp90 1 408 10 314 Hsp90  Hop 370 177 8 513
Hsp70  Hsp90 1 407 10 283 Hsp90  Hop 370 559 14 4.69
Hsp70  Hsp90 1 104 4 2.04 Hsp90  Hop 370 532 15 419
Hsp70  Hsp90 1 347 3 1.62 Hsp90  Hop 370 506 34 3.50
Hsp70  Hsp90 173 309 30 258 Hsp90  Hop 370 537 3 3.19
Hsp70 ~ Hsp90 180 317 3 243 Hsp90  Hop 370 503 7 3.02
Hsp70  Hsp90 234 433 6 3.25 Hsp90  Hop 370 543 15 263
Hsp70  Hsp90 407 422 5 2.10 Hsp90  Hop 370 133 6 2.24
Hsp70  Hsp90 411 422 13 181 Hsp90  Hop 370 507 8 221
Hsp70  Hsp90 416 422 28 235 Hsp90  Hop 391 546 3 1.74
Hsp70  Hsp90 533 416 5 1.86 Hsp90  Hop 395 509 18 342
Hsp70  Hsp90 544 425 4 1.96 Hsp90  Hop 416 73 5 1267
Hsp70  Hsp90 662 458 4 1.78 Hsp90  Hop 422 177 8 322
Hsp70  p23 1 29 6 5.93 Hsp90  Hop 422 559 3 1.93
Hsp70  p23 67 1 8 3.86 Hsp90  Hop 422 133 7 1.81
Hsp70  p23 246 1 5 3.02 Hsp90  Hop 434 515 3 215
Hsp70  p23 304 1 5 1.53 Hsp90  Hop 458 177 3 231
Hsp70  p23 306 1 4 1.60 Hsp90  Hop 458 506 18 227
Hsp70  p23 313 1 13 199 Hsp90  Hop 458 503 4 1.93
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Tau Hop 431 146 3 3.24 Tau Hsp90 311 318 4 2.57
Tau Hop 431 509 11 3.09 Tau Hsp90 321 318 5 3.50
Tau Hop 431 348 4 2.09 Tau Hsp90 321 275 3 3.02
Tau Hop 431 418 3 1.67 Tau Hsp90 321 210 6 1.77
Tau Hsp70 7 1 4 3.99 Tau Hsp90 331 210 6 1.92
Tau Hsp70 36 1 7 3.65 Tau Hsp90 353 318 6 2.59
Tau Hsp70 45 1 5 2.76 Tau Hsp90 353 347 4 1.75
Tau Hsp70 57 1 20 3.34 Tau Hsp90 353 217 4 1.67
Tau Hsp70 57 278 5 2.19 Tau Hsp90 369 318 7 3.24
Tau Hsp70 58 1 4 3.47 Tau Hsp90 369 104 5 2.03
Tau Hsp70 73 1 7 3.55 Tau Hsp90 369 317 4 1.55
Tau Hsp70 74 1 7 2.99 Tau Hsp90 385 210 4 3.80
Tau Hsp70 81 1 5 213 Tau Hsp90 395 317 4 3.54
Tau Hsp70 96 1 7 3.24 Tau Hsp90 430 458 3 4.45
Tau Hsp70 104 1 4 271 Tau Hsp90 430 425 4 3.82
Tau Hsp70 105 1 3 2.47 Tau Hsp90 430 370 5 2.82
Tau Hsp70 163 662 12 225 Tau Hsp90 431 425 4 5.14
Tau Hsp70 180 662 4 3.18 Tau Hsp90 431 458 6 3.47
Tau Hsp70 234 549 4 2.72 Tau Hsp90 431 422 3 1.97
Tau Hsp70 240 549 5 6.68 Tau p23 7 1 29 4.56
Tau Hsp70 254 662 12 3.42 Tau p23 9 1 6 3.20
Tau Hsp70 254 549 4 2.04 Tau p23 25 1 5 2.40
Tau Hsp70 259 577 5 2.85 Tau p23 34 1 21 2.79
Tau Hsp70 267 662 8 3.06 Tau p23 36 1 45 3.50
Tau Hsp70 267 69 3 2.42 Tau p23 38 1 16 3.26
Tau Hsp70 267 549 9 1.71 Tau p23 45 1 15 6.82
Tau Hsp70 274 662 5 2.20 Tau p23 53 1 12 4.73
Tau Hsp70 274 549 12 1.61 Tau p23 53 71 4 1.78
Tau Hsp70 281 662 5 2.79 Tau p23 53 101 6 1.57
Tau Hsp70 290 662 4 4.44 Tau p23 54 1 7 2.33
Tau Hsp70 290 660 3 2.94 Tau p23 57 1 63 10.48
Tau Hsp70 298 662 18 323 Tau p23 57 101 5 1.59
Tau Hsp70 298 481 6 1.74 Tau p23 58 1 22 6.41
Tau Hsp70 311 549 7 2.99 Tau p23 62 1 5 2.06
Tau Hsp70 311 662 22 2.94 Tau p23 73 1 12 3.20
Tau Hsp70 311 481 4 2.81 Tau p23 74 1 35 3.21
Tau Hsp70 321 662 14 2.86 Tau p23 74 101 6 2.26
Tau Hsp70 321 659 4 2.33 Tau p23 81 1 12 4.32
Tau Hsp70 321 549 6 1.55 Tau p23 81 101 3 2.07
Tau Hsp70 331 662 9 2.28 Tau p23 82 1 5 391
Tau Hsp70 353 662 9 3.84 Tau p23 82 101 6 1.86
Tau Hsp70 353 549 3 2.50 Tau p23 96 1 26 5.24
Tau Hsp70 353 67 4 1.88 Tau p23 104 1 24 7.33
Tau Hsp70 369 662 11 3.30 Tau p23 104 101 5 1.72
Tau Hsp70 369 549 7 2.81 Tau p23 110 1 11 2.08
Tau Hsp70 385 549 3 1.65 Tau p23 163 29 3 3.31
Tau Hsp70 395 662 8 4.82 Tau p23 163 32 7 2.14
Tau Hsp70 395 549 5 1.97 Tau p23 174 32 7 3.86
Tau Hsp70 421 109 4 7.43 Tau p23 180 116 3 1.86
Tau Hsp70 421 1 11 6.82 Tau p23 180 114 3 1.85
Tau Hsp70 430 1 9 9.33 Tau p23 254 32 8 3.38
Tau Hsp70 430 267 3 5.10 Tau p23 254 87 10 2.61
Tau Hsp70 431 1 6 3.03 Tau p23 259 32 5 2.67
Tau Hsp70 431 278 3 2.54 Tau p23 267 87 9 3.93
Tau Hsp90 45 209 3 2.67 Tau p23 267 28 16 1.79
Tau Hsp90 104 422 4 1.86 Tau p23 274 87 13 1.78
Tau Hsp90 163 210 6 3.01 Tau p23 281 87 9 3.73
Tau Hsp90 180 214 3 1.69 Tau p23 281 32 5 3.24
Tau Hsp90 254 210 3 3.65 Tau p23 298 114 6 4.48
Tau Hsp90 254 104 5 2.68 Tau p23 298 117 3 2.68
Tau Hsp90 254 347 3 2.65 Tau p23 298 120 7 1.85
Tau Hsp90 259 196 3 1.93 Tau p23 298 32 7 1.61
Tau Hsp90 267 210 5 2.77 Tau p23 311 114 8 3.59
Tau Hsp90 267 104 3 1.61 Tau p23 311 87 8 3.34
Tau Hsp90 274 210 7 2.84 Tau p23 311 32 10 3.16
Tau Hsp90 281 196 3 1.94 Tau p23 314 1 4 1.66
Tau Hsp90 298 176 3 5.73 Tau p23 317 87 5 2.39
Tau Hsp90 298 318 10 3.04 Tau p23 317 32 5 2.29
Tau Hsp90 298 210 4 1.68 Tau p23 321 114 5 3.13
Tau Hsp90 311 210 3 271 Tau p23 321 120 12 2.78
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Appendix

Tau Tau 431 130 5 2.02 Tau Tau 431 274 7 1.56
Tau Tau 431 294 3 1.83 Tau Tau 438 402 5 4.27
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