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1. Summary

Hsp90 is an evolutionally conserved and highly abundant molecular chaperone that
is essential in eukaryotes. It interacts with more than 200 clients proteins and
promotes their maturation and activation. Therefore Hsp90 is involved in almost all
physiological events such as signal transduction, cell cycle progression and
transcription regulation. Hsp90 does not act alone, but with various accessory
proteins, called co-chaperones. They regulate different aspects of Hsp90 function
such as activation or inhibition of the ATPase activity and recruitment of specific
client proteins. Different Hsp90/co-chaperone complexes have been found during
the maturation of client proteins, and the client proteins must pass through these

complexes to achieve their active conformation.

In this thesis, the complexes formed by Hsp90 and co-chaperones were
characterized and the progression of the chaperone cycle was investigated. Co-
chaperones such as Hop/Stil, Ahal, Cpré and p23/Sbal were labeled at cysteine
residues and subjected to analytical ultracentrifugation (aUC) with fluorescence
detection to examine the oligomerization states and the complex formation with
Hsp90 and other co-chaperones. With labeled Hsp90 single cysteine variants,
fluorescence resonance energy transfer (FRET) assays were established to trace
the association and disassociation kinetics of the co-chaperone interactions. In
addition, other biochemical, biophysical and in vivo methods were used to analyze
these interactions. In this work, the co-chaperone Hop/Stil was first shown to be a
monomeric protein but not a dimeric protein as previously reported. A new
asymmetric intermediate complex containing Hsp90, Hop/Stil and the peptidylprolyl
isomerase (PPlases), which is important for the progression of the chaperone cycle
was identified and investigated. Also, the mechanism of the exit of Hop/Stil from the

Hsp90 chaperone cycle was elucidated.

Another co-chaperone, Ahal, the most prominent Hsp90 ATPase activator, had
been shown to have strong influence on the function of Hsp90. It interacts with the
N- and M-domains of Hsp90 and induces the repositioning of the domain orientation.
However, the role of Ahal in the progression of the chaperone cycle remained

1
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unclear. In this work, Ahal was shown to be a new conformation-dependent co-
chaperone as it has much higher affinity to the closed conformation of Hsp90. It
completely expelled Hop/Stil from Hsp90 together with Cpré and nucleotides in the
absence of p23/Sbal. Moreover, Ahal formed a mixed complex with Cpr6 and
stimulated the ATPase activity of Hsp90 synergistically. The cooperative binding of

these three proteins was found and verified.

The human Hsp90 co-chaperones, aryl-hydrocarbon receptor interacting protein
(AIP) and aryl-hydrocarbon receptor interacting protein like-1 (AIPL1) are
homologous proteins with 49% sequence identity. Comparative studies in this thesis
indicated that both proteins do not possess PPlase activity, but that AIPL1 is an
active molecular chaperone. The unigque C-terminal proline-rich domain in AIPL1 is
essential for its chaperone activity and acts as a negative regulator for the

interaction with Hsp90.

Taken together, new experimental techniques such as aUC and FRET enabled us to
further dissect the chaperone cycle of Hsp90 and increase our understanding of the

Hsp90 machinery.
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Zusammenfassung

Hsp90 ist ein evolutiondr hoch konserviertes und weit verbreitetes molekulares
Chaperon. Es interagiert mit mehr als 200 Substratproteinen und fordert deren
Reifung und Aktivierung. Deshalb ist Hsp90 in fast allen physiologischen Vorgéngen,
wie Signaltransduktion, Zellzyklus und Transkription, involviert. Hsp90 agiert dabei
nicht alleine, sondern mit Hilfe von Co-Chaperonen. Diese regulieren
unterschiedliche Aspekte der Hsp90-Funktion, wie Aktivierung/Inhibierung der
ATPase Aktivitatt und die Rekrutierung spezifischer  Substratproteine.
Unterschiedliche Hsp90/Co-Chaperon-Komplexe konnten wahrend der Reifung von
Substratproteinen gefunden werden. Dabei missen die Substrate diese Komplexe

durchlaufen um ihre aktive Konformation zu erhalten.

In dieser Arbeit wurden die Komplexe, die Hsp90 mit den Co-Chaperonen bildet,
charakterisiert und ihr Verhalten im Chaperonzyklus untersucht. Die Co-Chaperone
wie Hop/Stil, Ahal, Cpr6 und p23/Sbal wurden dabei an Cysteinresten mit einem
Fluoreszenzfarbstoff markiert und mittels analytischer Ultrazentrifugation (aUZz)
wurde der Oligomerisierungsstatus und die Komplexbildung mit Hsp90 untersucht.
Zur Bestimmung der Assoziations- und Dissoziationskinetiken der Hsp90/Co-
chaperon-Komplexe wurde ein Fluoreszenz Resonanz Energie Transfer (FRET)
System etabliert. Zusatzlich wurden weitere biochemische, biophysikalische und in
vivo Methoden angewendet, um diese Interaktionen zu analysieren. In dieser Arbeit
konnte erstmals gezeigt werden, dass das Co-Chaperon Hop/Stil als Monomer, und
nicht wie friher beschrieben als Dimer, vorliegt. Ein neuer und fir den Verlauf des
Chaperonzyklus wichtiger assymetrischer Intermediat-Komplex bestehend aus
Hsp90, Hop/Stil und einer Peptidylprolyl-lsomerase (PPlase) wurde identifiziert und
charakterisiert. Des Weiteren wurden die Voraussetzungen fir die Verdrangung von

Hop/Stil aus dem Hsp90 Komplex aufgeklart.

Ahal, ein weiteres Co-Chaperon und der wohl bedeutendste Hsp90 ATPase
Aktivator, besitzt einen starken Einfluss auf die Hsp90 Funktion. Es interagiert mit
der N-terminalen und der Mitteldomane von Hsp90 und induziert dabei eine

Neuausrichtung der Doménen. Die Rolle von Ahal fur den Chaperonzyklus blieb
3
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jedoch unklar. In dieser Arbeit konnte gezeigt werden, dass Ahal ein neues
konformationsabhangiges Co-Chaperon ist, da es eine wesentlich hdhere Affinitat
zur geschlossenen Form von Hsp90 besitzt. Durch Ahal kommt es in Gegenwert
von Cpr6 und Nukleotid und in Abwesenheit von p23/Sbal zur vollstandigen
Verdrangung von Hop/Stil aus dem Hsp90 Komplex. Dabei bildet Ahal einen
gemischten Komplex mit Cpr6é und Hsp90 und stimuliert zusatzlich die ATPase
Aktivitat von Hsp90. Die kooperative Bindung dieser drei Proteine konnte hier

gezeigt und verifiziert werden.

Aryl-hydrocarbon receptor interacting protein (AIP) und Aryl-hydrocarbon receptor
interacting protein like-1 (AIPL1), zwei humane Hsp90 Co-Chaperone, sind
homologe Proteine und besitzen eine 49%ige Sequenzidentitat. Vergleichende
Studien in dieser Arbeit zeigen, dass beide Proteine keine PPlase Aktivitat besitzen,
jedoch AIPL1 ein aktives molekulares Chaperon ist. Die C-terminale Prolin-reiche
Domane von AIPL1 ist dabei essentiell fir die Chaperon-Aktivitat und agiert als

negativer Regulator der Hsp90 Interaktion.

Zusammengefasst ermdglichten neue Techniken wie die Kombination von
Fluoreszenzspektrorkopie und analytische Ultrazentrifugation und das FRET-System
den Chaperonzyklus von Hsp90 detaillier zu analysieren und somit das Hsp90

Chaperonnetzwerk besser zu verstehen.



Introduction Dissertation Jing Li

2. Introduction

2.1 Protein folding

Proteins are the most versatile biological molecules and essential for all organisms.
Almost all the physiological activities such as muscle movement, food digestion,
control of senses, defense against infection, are supported by various proteins.
Except intrinsically unstructured protein, which is lack of stable tertiary structure (2),
in order to perform its function, protein must be folded into a defined three-
dimensional conformation, so called native state (3). The physical process by which
an unstructured polypeptide folds into a functional tertiary structure is called protein
folding (4,5).

In 1970s, Anfinsen developed the famous hypothesis that the native conformation is
determined by the amino acid sequence based on the experiments on the
spontaneous folding of Ribonulcease A (4). In the following forty years, the extensive
studies allow us to gain a much deeper understanding on the theory of protein
folding.

The classic model of folding pathway was proposed by Levinthal in 1968, based on
his points, proteins have to fold through some directed process to reach their native
conformation (6). Folding intermediates such as molten globule state and unstable
transient states were reported during the research of protein folding, which support
this model (7-9). However, this model is challenged by the discovery of parallel
folding pathways, for example, in the folding process of lysozyme and cytochrome ¢
(9-11).

The new model which use the language of “folding funnel” and “energy landscape”
was developed based on the in vitro protein denaturation and refolding experiments
(Fig. 1) (3,12,13). This theory provides a statistical description of the free energies of
different molecular conformations. The native states locate at the bottom of the
funnel which represents the global energy minimum, while the upper edge of the
funnel represents the ensemble of unfolded states or denatured states with higher

energy. In general, this model indicates that protein folding is a process with

5
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decrease in energy and concomitant loss of entropy. In an ideal folding scenario, the
landscape lacks deep valleys and high barriers in which the polypeptide chain
smoothly reaches its native states. However, most protein fold on rough and rugged
landscapes, through which the polypeptide chain has to navigate, possibly via one or

more populated intermediates, to the native states (1,14).

Figure 1. Model of the folding funnel

The native state N located at the bottom of
the funnel in a defined state with minimal
energy, whereas the unfolded state is
characterized by an ensemble of high
energy state at the upper edge of the
funnel (1)

2.2 Protein folding in the cell

Current folding funnels, however, cannot elucidate how the polypeptide chains fold
under physiological conditions since it only describes the folding behavior of an
isolated single polypeptide chain at infinite dilution (15). In the living cells, the protein
concentration in the cytoplasm reaches values of 200 mg/ml (16). Protein-protein
interactions take place as soon as the newly synthesized polypeptide chain exits the
ribosomes (17). In addition, other macromolecules such as various forms of RNA
contribute to a more crowded environment (18). The crowded condition caused by
high concentration of low-molecular weight cosolutes termed “molecular crowding”,
which is used to describe the excluded volume effect occurred routinely in living cells
(18). Interactions among different biomolecues and the crowding effects significantly
alter the folding behavior of the polypeptide chain. Under such conditions, it is
important to prevent the aggregation and misfolding due to unspecific interaction or

6
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molecular crowding (19). It has been showed that aggregated and misfolded
proteins are associated with neurodegenerative diseases (20,21). A generalized

folding pathway is shown in Figure 2.

Disordered

aggregate
Disordered
aggregate

S =d=0=

Synthesis Unfolded Intermediate Native Oligomer

Figure 2. Protein folding pathway

Polypeptide chains (red lines) are synthesized and released from ribosome. Then they fold
to their native conformations (blue hexagon) through one or more intermediate states
(irregular shape in blue). Misfolded protein might form aggregates during the folding process.
Figure adapted from review article ‘protein folding and misfolding’ (22).

2.3 Catalyzed protein folding

Refolding experiments using denatured proteins suggest that folding events of single
domain globular polypeptides take place in second or even millisecond time scales
(9). However, some relevant covalent reactions or conformational changes during
the folding process take significantly more time, for example, the formation of correct
disulfide bonds and the cis-trans isomerization of peptidyl-prolyl bonds (23,24). The
cell has evolved folding mechanisms to speed up these rate-limiting processes in
order to slow down the accumulation of folding intermediates, and thus prevent the
aggregation during folding process (25). Protein disulfide isomerase (PDI) is the first
reported folding catalyst, which accelerates the formation of correct disulfide bonds
(26,27). In 1984, another enzyme, peptidylprolyl isomerase (PPlase) was
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demonstrated to speed up proline cis-trans isomerization (28). So far, only these two

enzymes have been found to catalyze protein folding.

PDI resides in the endoplasmic reticulum (ER), where the formation of disulfide
bonds in secretory proteins occurs (29). As one of the most abundant ER proteins,
PDI plays a significant role in accurate folding and quality control by accelerating the
formation, isomerization and breakage of disulfide bonds (27,30). Structurally, PDI is
a monomeric protein containing four catalytic and non-catalytic thioredoxin-like
domains, namely, a, b, b’ and a’. The catalytically active Cys-X-X-Cys motifs are
located in the a and a’ domains, which react with newly synthesized proteins to
confer oxidoreductase activity. The non-catalytic the b and b’ domains are

responsible for substrate recruitment (31,32).

Unlike PDI, PPlases are ubiquitously expressed proteins and their primary function
is to facilitate the cis-trans isomerization of peptide bonds N-terminal to proline (Pro)
residues (28). PPlases are curial for in vivo protein folding, as nascent proteins are
presumably all trans polypeptide chains and cis-X-Pro are frequently found in native
proteins (33). In general, PPlases are divided into four structurally unrelated classes,
the Cyclosporin A (CsA)-binding cyclophilins, the FK506-binding proteins (FKBPS),
the Parvulin-like PPlase and the newly identified protein Ser/Thr phosphatase 2A
(PP2A) activator PTPA (34). The knowledge on the exact cellular functions of
PPlase is still limited, although cyclophilins and FKBPs have been intensively
studied as the targets for the clinically used immunosuppressive drugs CsA and
FK506/Rapamycin, respectively (35,36,38). PPlase activities are inhibited when
these drugs are bound. However, the actions of these drugs do not involve the
suppression of the enzyme activity, but instead it involves the promotion of the
formation of a ternary complex with calcineurin or target of rapamycin (TOR), which
results in the inhibition of calcineurin phosphatase or TOR kinase activity,

respectively (34).
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2.4 Molecular chaperones

Besides folding catalysts, there is another group of helper proteins which play an
important role in protein folding, the molecular chaperones. The concept of
molecular chaperones was introduced by Lasky in 1978. During the study of
nucleosome assembly, a nuclear protein called nucleoplasmin was discovered which
facilitated the assembly of nucleosome but was not part of the nucleosome.
Therefore it was named “molecular chaperone” (39). 1993, R. John Ellis coined the
definition: “chaperones are proteins that assist the non-covalent folding or unfolding
and the assembly or disassembly of other macromolecular structures, but do not
occur in these structures when the structures are performing their normal biological
functions having completed the processes of folding and/or assembly (40).” In other
words, a molecular chaperone interacts, stabilizes or helps non-native proteins to
achieve their native conformation, but the chaperone itself is not present in the final
functional structure (41). Several structurally distinct families of molecular
chaperones exist in cells (Fig. 3), and many of these proteins are highly expressed
under heat or other stress conditions like oxidative stress or heavy metal exposure
(42,43). Hence the term “heat shock protein (Hsp)” has been widely used to name
molecular chaperones (44). According to their molecular weight, chaperones are
usually classified into five different families, Hsp100s, Hsp90s, Hsp70s, Hsp60s and
small heat shock proteins (sHSPs). Besides de novo folding, chaperones are also
involved in various cellular functions such as protein transport, oligomer assembly
and proteolytic degradation. Interestingly, many members of the folding catalysts
(PDIs and PPlases) also possess chaperone activity, and the chaperone activity is

independent of their enzymatic activity (45,46).
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= <:>native
protein

Hsp40/J

|

partially
\ / folded
peptide
aggregated
protein

Figure 3. Molecular chaperone networks
In higher eukaryotes, the cytosolic chaperone system is composed of the Hsp70 system

(blue), the Hsp90 System (green), sHsps (red) and CCT from the Hsp60 family (grey).
Different chaperones from a network to facilitate the correct folding and prevent protein
aggregation (47).

2.4.1 Hsp60/Chaperonin family

Chaperonins are structurally conserved large protein complexes that assist the
folding of nascent protein to its functional conformation in an ATP dependent
manner (48,49). They are divided into two different subgroups based on the
dependency on Hspl0. Group | chaperonins (also called Hsp60s) are found in
bacteria (GroEL), mitochondria (Hsp60) and chloroplasts (Cpn60). They have seven-
membered rings and functionally cooperate with Hsp10 (GroES in bacteria) proteins,
which form the lid of the folding cage (50-52). Group Il chaperonins are present in
archaea (thermosome) and the eukaryotic cytosol (TRIC, TCP-1 Ring Complex, are
also called CCT for chaperonin-containing TCP1). They have eight or nine-

membered rings and are functionally independent of Hsp10/GroES (53,54).
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The GroEL/GroES complex in E.coli is the best characterized large chaperonin
complex. GroEL consists of 14 identical subunits which forms two heptamer rings,
with a large central cavity (55). Non-native protein with a molecular size up to 60
kDa can be bound inside this central cavity. ATP triggers the binding of GroES,
which also causes a large conformational change of the chaperonin system that
leads to the formation of a cage with a highly hydrophilic, negatively-charged inner
wall (56). After ATP hydrolysis, encapsulated protein leaves the cage after the
disassociation of GroES, which is triggered by ATP binding to the opposite ring
(55,57,58).

2.4.2 Hsp100 family

The Hsp100/Clp family of chaperones is involved in various cellular activities, such
as disaggregation or destruction of misfolded proteins (59,60). It belongs to the
superfamily of AAA+ domain-containing ATPases. Bacteria contain several
Hspl100/Clp proteins including ClpA, ClpB, CIpC, ClpP and ClpX. Similar proteins
are found in plants, yeasts and mammals (61). Based on different number of
nucleotides binding sites, the Hsp100/Clp family is divided into two classes. Those
contain two nucleotides binding domains belongs to class 1, such as ClpA, ClpB,
ClpC and yeast Hsp104. Whereas ClpX belongs to the class 2, bearing only one
nucleotides binding domain (62,63). The functional forms of these AAA+ proteins are
hexameric rings with a narrow pore in the middle. The energy from ATP hydrolysis
enables the translocation and unfolding of the misfolded protein through the central

pore (64,65). The exact molecular mechanism remains to be elucidated.

2.4.3 Hsp70 family

The Hsp70 family is one the most ubiquitous and conserved classes of chaperones,
as Hsp70s exist in almost all living organisms except some archaeal species. The
sequence identity between prokaryotic Hsp70, DnaK and its eukaryotic homologues
is around 60% (66). In yeast, 14 different genes encode Hsp70 proteins (67). In
higher eukaryotes, Hsp70s are found in the cytosol, mitochondria (mtHsp70),
chloroplasts (cpHSC70) and ER (Grp78/Bip) (68-70). In mammals, there are two

isoforms of cytosolic Hsp70, constitutively expressed Hsc70 and stress-inducible
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Hsp70. Hsp70 is composed of three structural domains, a 44 kDa N-terminal
ATPase domain followed by an 18 kDa substrate binding domain (SBD) and a 10
kDa C-terminal domain (71). Clients interact with the hydrophobic pocket in the SBD
and the interaction is profoundly affected by the interaction between Hsp70 and
nucleotides. In the ATP bound-state, Hsp70 has a low affinity but fast exchange rate,
while the ADP bound-state shows high client affinity but slow exchange rates (66,72).
Moreover, the position of the C-terminal lid is different. In the ADP-bound state, the
lid moves closer to the SBD, which prevents the release of client protein (73,74).
Hsp70s facilitate not only the protein folding or refolding, but also the degradation
and translocation. To achieve these functions, Hsp70 works together with J-proteins
(Hsp40s) and nucleotide exchange factors. These co-chaperones regulate the
Hsp70 machinery by either conferring client specificity or affecting the interaction

with nucleotides (71).

The Hsp70 chaperone machine does not only act alone, but also cooperates with
other chaperones machines. For example, in the folding of nascent polypeptides,
Hsp70 interacts with the unfolded clients and then transfers the clients to the Hsp90
chaperone machinery through the adaptor protein Hop (Hsp70-Hsp90 Organizing
Protein) for the final maturation and activation (75,76). In addition, Hsp70 is also
known to be involved in the refolding of the denatured protein captured by the small
heat shock proteins (77-80).

2.4.4 Small heat shock proteins

In contrast to Hsp70s, the small heat shock protein (sHsp) family is the most poorly
conserved class of chaperones. They share a common domain of around 100 amino
acids, called a-crystallin domain, which is usually proceeded by an N-terminal region
of variable length/sequence and followed by a non-conserved C-terminal tail (77,81).
sHsps are found in all three kingdoms of life, except some pathogenic bacteria.
Functionally, sHsps bind proteins in non-native conformations and prevent their
aggregation in an ATP-independent manner (82,83). Usually sHsps collaborate with
other chaperone machineries such as the Hsp70 system to refold the bound

denatured substrate proteins (77). The detailed mechanism for the substrate transfer
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remains to be further elucidated. Although the monomer size ranges from 12 to 43
kDa, the active form of sHsps are large oligomers, often composed of 24 subunits
and activated by heat or modifications (84-87). The exact substrate binding sites
remain unclear, but several studies suggest that the N-terminal region may be
involved in the substrate interaction (87). Moreover, the N-terminal region is also
important for the chaperone function and oligomerization of sHsps. For example, the
N-terminal truncation of yeast Hsp26 and M. tuberculosis Hsp16.3 resulted in loss of
in vitro chaperone activity and their disassociation to dimers or dimers/trimers,

respectively (88-90).

2.4.5 Hsp90 family

Hsp90 is a highly conserved molecular chaperone that is essential in eukaryotes
(91,92). Comprising 1-2 % of cytosolic protein, it is one of the most abundant
proteins, even in unstressed cells (93,94). It contributes to various cellular processes
including signal transduction, protein folding, intracellular transport and protein

degradation.

Hsp90a and Hsp90B are the two major isoforms in the cytoplasm of mammalian
cells. Hsp90a is the major form which is inducible under stress conditions, while
Hsp90B is constitutively expressed (94,95). Hsp90 analogues also exist in other
cellular compartments such as Grp94 in the endoplasmic reticulum, Trap-1 in the
mitochondrial matrix (96-98). Interestingly, no Hsp90 gene has been found in archea
and only one Hsp90 gene is present in bacteria, called HtpG (99-101). In yeast,
there are also two Hsp90 isoforms in the cytosol, Hsc82 and Hsp82, of which Hsp82

is up-regulated up to 20 times under heat shock stress (91,94)

2.5 Hsp90 chaperone machinery

2.5.1 Structure and conformational dynamics of Hsp90

Hsp90 is composed of three flexibly linked domains, an N-terminal ATP binding
domain (N-domain), a middle domain which regulates the ATPase activity (M-

domain) and a C-terminal dimerization domain (C-domain) (Fig. 4) (102). Except the
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charged linker region located between the N-terminal domain and middle domain,
this domain organization is conserved from bacteria to man (75,94). As a member of
the gyrase—Hsp90-histidine kinase—-MutL (GHKL) family, the N-terminal domain
associated closely to trap ATP (103). The ATP binding sites of Hsp90 is rather
unique with Bergerat-fold characteristics. Structurally, it consists of a a- and B-
sandwich motif (Fig.4c). Hsp90 ATPase inhibitors, such as geldanamycin and
radicicol, are targeted to this region (104). Another interesting feature of the ATP
binding region is that several conserved amino acid residues in the N-domain
comprise a ‘lid’ (residues 100-121) that close over the nucleotide binding pocket in
the ATP bound state but is open during the ADP-bound state (Fig.4c) (105). The
middle domain of Hsp90 is involved in the ATP hydrolysis, as it contains crucial
catalytical residues for forming the composite ATPase sites. Moreover, the middle
domain contributes to the interaction sites for client proteins and some co-
chaperones (106-108). Structurally, M-domain consists of a large afa segment
connecting to a small afa segment via several short a-helices (102). The C-terminal
domain consists of a curved a-helix, a three-stranded B-sheet, a three-helix coil and
an extended disordered arm (102). A helix-strand segment (residues 587-610) is
involved in the dimerization of Hsp90, and the conserved MEEVD motif in the
disordered region serves as the docking sites for the interaction with co-chaperones
which containing a tetratricopeptide repeat (TPR) clamp (Fig.6a) (109-111).
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Hsp90 ( ATPase ICRI Middle domain ][ C-domain ]—MEEVD

Figure 4. Crystal structures of Hsp90 in the open or closed states

The N-terminal domain is depicted in orange, the M-domain in yellow and the C-terminal
domain in green. a. Structure of bacterial Hsp90 (HtpG) in the nucleotide-free state (PDB
210Q). b. Structure of yeast Hsp90 in the nucleotide binding state (PDB 2CG9). c. Structure
of Hsp90 N-domain complex with ADP (red), the ATP lid is colored in cyan (PDB 1AH®6). d.
Schematic domain organization of eukaryotic Hsp90.

ATP hydrolysis is required for Hsp90 to perform its function (112,113). However,
Hsp90 is a weak ATPase and turnover rates are very low, with 1 min™ for yeast
Hsp90 and 0.1 min™ for human Hsp90 (114,115). Structural studies revealed that

Hsp90 adopts a number of structurally distinct conformations, which are mainly

induced by nucleotide binding and represent different function states of Hsp90
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(100,116). In the apo state, Hsp90 adopts a V shape conformation, termed “open
conformation”. ATP binding trigger a series of conformation changes including
repositioning of the N-terminal lid region and a dramatically change in the N-M
domain orientation. Finally Hsp90 reaches a more compact conformation, termed
“closed conformation” in which the N-domains are dimerized (100,102). Recent
biophysical studies using ensemble and single molecule FRET assays allowed to
further dissect the ATP-induced conformational changes (Fig. 5) (117,118). After fast
ATP binging, Hsp90 slowly reaches the first intermediate state (11), in which the ATP
lid is closed but the N-domains are still open. Then the N-terminal dimerization leads
to the formation of the second intermediate state (I12), in which the M-domain
repositions and interacts with N-domain. Then Hsp90 reaches a fully closed state in
which ATP hydrolysis occurs. After ATP is hydrolyzed, the N- domains disassociate,

release ADP, Pi and Hsp90 returns to the open conformation again (117).

open ATP-bound
ND lid ATP
CR 1'000 ki
D . N
N
D V
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ADP,P,
'im k, (ATP) <
k, (ATPyS)

L 2

Figure 5. Conformational cycle of Hsp90

After ATP binding, conformational changes occur in the N-domain involving the movement
of the ATP lid (I11). The N-domain dimerization leads to the formation of I2 and the
repositioning of the N-M-domain orientation finally leading to the fully closed state of Hsp90,
where ATP hydrolysis takes place (117).
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Interestingly, nucleotide binding is not the only determinant for the conformational
change. Recent structural studies show that the interaction with client protein also
leads to a partially closed conformation of bacterial Hsp90. At the same time, the
presence of the clients stimulates the ATPase activity, which has been observed for
both human and bacteria Hsp90 (119,120). However, the detailed mechanism is still
not well understood. Nevertheless, these results suggest that there may be a
dynamic equilibrium between the different conformations of Hsp90 and this
conformational plasticity is functionally important since it may allow Hsp90 to adapt
to different client proteins. Moreover, the conformational cycle of Hsp90 is also

regulated through the interaction with different co-chaperones.

2.5.2 Hsp90 co-chaperones

Hsp90 interacts with a large number of different co-chaperones dynamically. To date,
more than 20 co-chapreones have already been identified in eukaryotic cells (75).
They regulate the function of Hsp90 in different ways such as inhibition and
activation of the ATPase of Hsp90 as well as recruitment of specific client proteins to
the cycle (111,121). The TPR co-chaperones which recognize the C-terminal
MEEVD motif in Hsp90 through a highly conserved clamp domain is a prominent
example here. Structurally, TPR domain consists of degenerated 34-amino acid
repeats forming two anti-parallels a helices separated by a turn. The helix-turn-helix
motifs stack upon each other to form a superhelical groove, which interacts with TPR
acceptor modules (Fig. 6a) (109). Those co-chaperones include Hop (yeast
homologue Stil), the protein phosphatase PP5 (yeast homologue Pptl), and
members of PPlase family, like Fkbp52, Fkbp51 and Cyp40 (yeast homologous
Cpr6/Cpr7) (122-127).

Hop/Stil binds and stabilizes the open states of Hsp90 and thus inhibits the ATPase
activity of Hsp90 (111,128,129). The presence of three TPR domains allows for its
simultaneously binding to Hsp70 and Hsp90, which leads to the facilitation of client
protein transfer (130). Previous biochemical studies show that the TPR1 and TPR2A
domain binds to the EEVD containing C-terminal end of Hsp70 and Hsp90 (Figure 6),

respectively (109,131). The exact role of TPR2B domain is as yet unknown, which
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may also contribute to the interaction with Hsp90. Besides TPR domains, two linker
regions were found in Stil/Hop: One between the TPR1 and TPR2A domains, called
DP1, and the other one, called DP2, which is located in the C-terminal part of
Stil/Hop (Fig. 6b). However, the exact function of these two linker domains is not

clear.

Hop/Stil is indispensable for maintaining the hormone binding activity of the
glucocorticoid receptor (GR) and progesterone receptor (PR) based on the
reconstitution studies (132,133). Recent results indicate that Hop/Stil has an
influence on many different Hsp90 clients. For example, Lin and co-workers
suggests that in Drosophila Hop/Stil is important for phenotypic stability and this
involves a complex of Hop/Stil with Hsp90 and the protein Piwi (134). S-nitrosylation
or knockdown of Hop contributes to the maturation of a mutant form of the cystic
fibrosis transmembrane conductance regulator (CFTR) (135), qualifying it as a new

target for the treatment of cystic fibrosis.

Figure 6. Interactions between Hsp90 and Hop/Stil

a. Crystal structure of Hop TPR2A domain (pink) complex with Hsp90 MEEVD peptide
(green) (PDB 3ESK)

b. Hop/Stil binds to the C-terminal MEEVD motif of Hsp90 through its TPR2A domain,
additional binding sites in the M-domain may exist.

In contrast to Hop/Stil, p23/Sbhal binds specifically to the closed conformation of
Hsp90 (136,137). This small acidic protein contains an unstructured C-terminal tail,
which is important for its intrinsic chaperone activity (138,139). p23/Sbhal was
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identified as a component in steroid receptors complex together with Hsp90 and a
PPlase (140). It facilitates the maturation of client proteins by stabilizing the closed
conformation of Hsp90 (141). As a result, the ATP hydrolysis, which is indispensable
for the release of the client protein (112,113), is partially inhibited in the presence of
p23/Sbal (142,143). Co-crystallization studies revealed that the contact sites are
prominently located in the N-domain of Hsp90 (Fig. 7), but also with minor M-domain
interaction (102). In vivo analysis in mice showed that p23 is necessary for perinatal
survival, as the development of lungs functions is substantially impaired in p23/Shal
knockout mouse embryos (144,145).

Figure 7. Interactions between Hsp90
and p23/shal

p23/Shal associates with the N-domain of
Hsp90, with minor contact in the M-domain.

Cdc37 is another co-chaperone which inhibits the ATPase activity of Hsp90
(146,147). Originally, Cdc37 was identified in S.cerevisiae as a gene essential for
cell cycle progression (148,149). During the investigation of the oncoprotein v-Src,
Cdc37 was found as part of the Hsp90-kinase complex (150,151). Further work in
different organisms showed that Cdc37 is specific for chaperoning kinases (152). It
interacts with kinases through its N-terminal domain and binds to the N-domain of
Hsp90 via its C-terminal parts (Fig. 8). The ATPase arrest is mediated by the
insertion of the Cdc37 R167 side chain into the nucleotide binding pocket of Hsp90.
This directly inhibits the binding of ATP (102). Furthermore, the binding of the Hsp90
lid segment prevents its closing of the ATP binding site and blocks the access of
catalytic residue of the Hsp90 M-domain to the ATP binding pocket. Finally, Cdc37
holds the N-domain in an open state and precludes its dimerization (153).
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Figure 8. Interactions between Hsp90
and Cdc37

Cdc37 interacts through its C-domain
with the N-domain of Hsp90.

Unlike the co-chaperones discussed above, Ahal is so far the most potent ATPase
activator of Hsp90. Biochemical and structural studies revealed that Ahal binds the
M-domain of Hsp90 (154,155). Recent experiment based on nuclear magnetic
resonance (NMR) and mass spectrometry further suggests that the C-terminal
domain of Ahal interacts with the dimerized N-domain of Hsp90 (Fig. 9) (107,156).
Retzlaff and co-workers further showed that one Ahal molecule is sufficient to
stimulate the ATPase activity of one Hsp90 dimer (107). Binding of Ahal induces an
Hsp90 domain orientation, where the N-domains are in a closed state, which
accelerates the progression of the ATPase cycle (107,117). FRET measurements
show that the presence of Ahal enables Hsp90 to bypass the I1 state and to directly
reach the 12 state in the ATPase cycle (117). Functional analysis indicated that both
Ahal and its homologue Hchl are not essential in yeast (157). Nevertheless, the
activation of specific clients such as v-Src and hormone receptors is severely
affected in the double knockout cells (155). Interestingly, Ahal seems to play an
important role in the quality control pathway of the CFTR. Down-regulation of Ahal

could rescue the phenotype caused by misfolded CFTR (158).
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Figure 9. Interactions between Hsp90
and Ahal

Binding sites for Ahal are located in the
N- and the M-domain of Hsp90.
Association with  Ahal induces a
partially closed conformation of Hsp90.

Studies of steroid hormone receptor (SHR) complexes led to the identification of
another subset of Hsp90 co-chaperones, the TPR-containing PPlases, such as
Fkbp52, Fkbp51 and Cyp40 in mammals (123,125,159-161) and Cpr6, Cpr7 in yeast
(162). These proteins contain a PPlase domain(s), which catalyzes the
interconversion of the cis-trans isomerization of peptide bonds prior to proline
residues (163), and a TPR domain(s) for the interaction with the C-terminal end of
Hsp90 (Fig. 10). Most of these large PPlases show independent chaperone activity
(123,164,165). However, the function of PPlases in SHR complexes is not well
understood. They may be selected by specific client proteins. For example, Cyp40 is
most abundant in estrogen receptor (ER) complexes (166) and Fkbp52 mediates
potentiation of GR but not ER (127). Notably, TPR-containing PPlases are not only
restricted to chaperoning SHRs but also influence the function of other proteins. For
example, AIP was shown to be a negative regulator of PPAR a (Peroxisome
proliferator-activated receptor family member, regulation of enzymes involved in fatty
acid metabolism) (167). It also activates the AhR (Aryl-hydrocarbon Receptor, a
transcription factor that belongs to the bHLH/PAS (basic helix-loop-helix/Per-Arnt-
Sim) family) signaling pathway by preventing nucleo-cytoplasmic shuttling of the
unliganded receptor (168-171). Fkbp38 affects neuronal apoptosis by inhibiting the
anti-apoptotic function of Bcl-2 (172), and its isoform Fkbp8 plays a positive role in
the RNA replication of Hepatitis C virus (173).
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Figure 10. Interactions between
Hsp90 and PPlase

Large PPlases bind to the C-terminal
MEEVD motif of Hsp90 through their
TPR domains

Pp5/Pptl is special among the co-chaperones as it is a protein phosphatase which
associates with Hsp90 through its N-terminal TPR domain (Fig. 11). Binding to
Hsp90 results in the abrogation of the intrinsic inhibition of Pp5/Pptl (174). In yeast,
Pptl specifically dephosphorylates Hsp90 and Cdc37 (175,176). This influences the
maturation of client proteins. In Pptl knockout strains, the activity of Hsp90-specific
clients is significantly reduced, which implies that the tight regulation of the Hsp90

phosphorylation state is necessary for the efficient processing of client proteins (175).

Figure 11. Interactions between
Hsp90 and PPlase

Pp5/Pptl is known to interact with the
C-terminal MEEVD motif of Hsp90
through its TPR domain

Sgtl is a co-chaperone required for innate immunity in plants and animals (177). It
interacts with the N-domain of Hsp90 through its CS domain, which is structurally
similar to p23/Sbal (Figure 7) (178,179). However, the binding surfaces are different
and Sgtl has no inherent Hsp90 ATPase regulatory activity (179). Interestingly,
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although Sgtl also contains a TPR domain, it is not involved in the interaction with
Hsp90 (180). Functionally, Hsp90 and Sgtl form a ternary complex with the co-
chaperone Rarl (Fig. 12), which acts as a core modulator in plant immunity (181).
Recent co-crystallization studies provide a structural basis for the assembly of the
Hsp90-Sgtl-Rarl protein complex. Rarl interacts with Hsp90 through the C-terminal
lobe of its CHORD domain (cysteine and histidine-rich domain), opposite to the
Sgtl-interacting region (182). This complex may be involved in the recruitment and
activation of NLRs (nucleotide-binding leucine-rich repeat receptors) (181).

Figure 12. Interactions between Hsp90
and Sgtl/Rarl

Sgtl, Rarl and Hsp90 form a ternary
complex. Sgtl binds to the N-domain of
Hsp90 via its CS domain. The binding
surface is different from that of p23/Sbhal.
The CHORD2 domain mediates the
interaction with the N-domain of Hsp90 (The
exact position of CHORD1 domain in the
ternary complex is unknown, as indicated by
the two positions in the cartoon).

Another ternary assembly, the Hsp90-Tahl1-Pihl complex, was recently discovered
in chromatin remodeling and small nuclear RNP maturation. Tahl interacts with
Hsp90 through its TPR domain (Fig. 13) and its C-terminal region binds Pihl, an
unstable non-TPR co-chaperone of Hsp90. The Hsp90-Tahl complex stabilizes Pihl
in vivo and prevents its aggregation in vitro (183). Recent biochemical work points
out that the Tah1-Pih1 heterodimer binds to Hsp90 with similar affinity as Tah1 alone
and inhibits the ATPase activity of Hsp90 suggesting that the Pihl-Tahl complex

may act as a ‘client adaptor’ recruiting specific clients to the Hsp90 machinery (184).
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Figure 13. Interactions between Hsp90
and Tah1/Pih1l

Tahl binds to the C-terminal MEEVD motif of
Hsp90 through its TPR domain. Pihl
interacts with the M-domain of Hsp90 and
the C-domain of Tahl.

Tah1

The above examples provide a glimpse on the gearings of the Hsp90 co-chaperone
system. For some co-chaperones we have obtained a quite detailed picture on their
structures and functions, for others we are beginning to understand their
contributions to the Hsp90 system. Co-chaperones are also involved in other
physiological processes not discussed here (Table 1), such as
mitochondrial/chloroplast protein import (Tom70/Toc64) (185,186), nuclear migration
(NudC) (187) and melanoma progression (TTC4) (188), Hsp90/Hsp70-dependent
protein degradation (CHIP) (189,190). Thus, the picture will be expanding in the

coming years.
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Table 1. Summary of Hsp90 co-chaperones.

Co-chaperones

Function

TPR co-chaperones

Mammals Yeast Plant
protein Gene
(human)

Hop STIP1 Stil Hop Scaffold for Hsp90/Hsp70 interaction;
involved in client protein maturation;
inhibition of Hsp90 ATPase

Fkbp52 | FKBP4 None AT5G48570* | Peptidy-prolyl-isomerase; chaperone;
involved in client protein maturation

Fkbp51 | FKBP5 None ROF1 Peptidy-prolyl-isomerase; chaperone;
involved in client protein maturation

Cyp40 | PPID Cpr6/ SON Peptidy-prolyl-isomerase; chaperone;

Cpr7 involved in client protein maturation

AIP AIP None None Complex with AhR (aryl hydrocarbon
receptor), PPARa (peroxisome
proliferator-activated receptor a), Hbx
(Hepatitis B virus X protein)

CHIP STUB1 None CHIP Ubiquitin ligase, tagging protein for
degradation

PP5 PPP5C Pptl PP5.2 Phosphatase

Tpr2 DNAJC7 | None ATP58IPK* Tpr2 recognizes both Hsp70 and Hsp90
through its TPR domains. It may
mediates the retrograde transfer of
substrates from Hsp90 onto Hsp70

Sgtl SUGT1 Sgtl SGT1B Forms complex with Hsp90 and
CHORD proteins; involved in the
function of NLR receptors in plant and
animal innate immunity

Unc45 | UNC45B | She4 None Assembly of myosin fibers
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Ttcd TTC4 Cnsl AT1G04130* | Nuclear transport protein; putative tumor
suppressor involved in the
transformation of melanocytes
Tom70 | TOMM70 | Tom70p | None Mitochondrial protein import
A

None None Toc64 Chloroplast protein import

Tahl RPAP3/ | Tahl AT1G56440* | Forms complex with Pihl and Hsp90
FLJ2190
8

Non-TPR co-chaperones

Ahal AHSA1l Ahal AT3G12050* | Stimulates ATPase activity; induces
conformation changes in Hsp90

p23 PTGES3 | Shal AT3G03773* | Involved in client protein maturation;
inhibition of Hsp90 ATPase; chaperone

Cdc37 | CDC37 Cdc37 None Kinase-specific co-chaperone; inhibition
of Hsp90 ATPase, chaperone

Chpl/ | CHORD | None Rarl Forms complex with Hsp90 and Sgt1;

Melusin | C1 involved in the function of NLR
receptors in plant and animal innate
immunity

NudC NUDC NudC AT4G27890* | CHORD domain-containing chaperone;

dynein-associated nuclear migration
protein; plays multiple roles in mitosis

and cytokinesis

*Several homologues are uncharacterized in plants. The listed gene names are for

Arabidopsis thaliana.
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2.5.3 The chaperone cycle of Hsp90

During the maturation of the client protein such as steroid hormone receptors (SHRS)
and kinases, Hsp90 functions in concert with a large well-defined set of co-
chaperones (Table 1), which are essential to drive the cycle of Hsp90-client protein
interactions (122-126,191). Co-chaperones such as Hop/Stil and PPlase have
strong influences on the activation of the SHRs, most of which strictly depend on the
interaction with the Hsp90 machinery (127,192). Research on the assembly of
Hsp90 with SHRs has already shown that several distinct complexes could be
formed during the maturation processes (Fig. 14) (140,160,193,194). According to
reconstitution experiments, the assembly of SHRs is a chronological progression
through three complexes with different co-chaperone compositions (160). Hsp70 and
Hsp40 were identified as the partners in the ‘early complex’. After association with
Hsp90, the ‘intermediate complex' is formed (160). Hop/Stil is an important
component in this process, it serves as an adaptor protein between Hsp70 and
Hsp90 (128,130). In addition to the Hop/Stil-Hsp90 complex, a third complex which
contains a PPlase and the co-chaperone p23 has also been found to be the part of
the cycle at a later stage (140-142,160,195,196), termed as ‘late complex’. Notably,

similar heterocomplexes can be found from yeast to mammals.

This model provides us a first picture that how Hsp90 cooperates with different co-
chaperones to assist the folding of its client proteins. However, the detailed
mechanism remains to be further elucidated. For example, Hop has to leave from
Hsp90 and be replaced by p23 and a PPlase to form the late complex, but the
regulation of the progression of these complexes stays unclear. Moreover, more
than 20 co-chaperones have been identified to regulate Hsp90 functions but only a
few of them has been described in the current model of the chaperone cycle. What
are the roles of other co-chaperones in the chaperone cycle? How do they work with
these well studied co-chaperones? To address these questions, further research is

required to explore the detail mechanism of the chaperone cycle.
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late complex intermediate complex

Figure 14. Chaperone cycle of Hsp90

Hsp70 forms an early complex with client protein. Hop/Stil binds to the open conformation
of Hsp90 and acts as the attachment site for Hsp70 bound to client protein. For simplicity,
Hsp70 is depicted to enter the cycle together with client protein after Hop/Stil is bound to
Hsp90. It is reasonable to assume that this can also occur in complex with Hop/Stil.
Hop/Stil facilitates the transfer of the client protein from Hsp70 to Hsp90 and the
intermediate complex was formed. Hsp90 converts to the closed conformation after binding
of ATP and binding of p23. PPlase binds to Hsp90 and forms the late complex with p23.
After hydrolysis of ATP, p23 and the folded client are released from Hsp90.
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2.5.4 Regulation of Hsp90 cycle by posttranslational modifications

Extensive research on Hsp90 has revealed post-translational modifications as
another level of regulation. Different post-translational modifications such as
phosphorylation, acetylation, nitrosylation and methylation tightly control the function

of Hsp90 and thus influence the maturation of the client proteins.
Phosphorylation

Phosphorylation is the most frequently detected posttranslational modification of
Hsp90. A number of different tyrosine or serine phosphorylation sites have been
identified and investigated for their impact on Hsp90’s chaperone function (197).
Also, client activation is tightly regulated by the phosphorylation states of Hsp90. For
example, only phosphorylated Hsp90 stimulates the activity of Hsp90 client protein
heme-regulated inhibitor kinase (HRI); dephosphorylation eliminated the ability of
Hsp90 to activate this client protein (198). Interestingly, hyperphosphorylation also
leads to a decreased Hsp90 activity. Buchner and co-workers showed that protein
phosphatase Pptl dephosphorylates Hsp90 and Pptl deletion in yeast compromise
the client activation (175). Therefore the phosphorylation states of Hsp90 must be

precisely regulated in order to maintain the proper function of Hsp90.

A number of different kinases can phosphorylate Hsp90, such as Double-stranded
DNA protein kinase, c-Src kinase, Protein kinase A (PKA), CK2 protein kinase and
Swe1"e®! kinase (199-202). Interestingly, many of them are at the same time Hsp90
client proteins. This indicates that the change of phosphorylation states of Hsp90

may influence the folding and activation of certain groups of client proteins.
Acetylation

Acetylation is a revisable modification mediated by opposing actions by
acetyltransferase and deacetylase (203). Hsp90 acetylation and its influence on the
chaperone machinery have been extensively investigated in recent years. In the
case of Hsp90, p300 was reported to be the acetyltransferase and HDACG6 acts as a
deacetylase which removes the acetyl group from the protein (204,205). The work

by Yao and co-workers showed the direct interaction between HDAC6 and Hsp90,
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which is important for regulating Hsp90 activity. Deacetylation of Hsp90 drives the
formation of Hsp90 chaperone complexes and the maturation of the client protein
GR. Hsp90 can be acetylated at different sites (206). A study from Necker's lab
pointed out that K294, an acetylation site in the M-domain, strongly influences the
binding between Hsp90 and its client protein. In general, acetylation weakens
Hsp90-client interaction and thus Hsp90 fails to support the activation of the client
protein (207).

Nitrosylation

S-nitrosyltaion is a reversible covalent modification of reactive cysteine thiols in
proteins by nitric oxide (NO) (208,209). Hsp90 is also a target of S-nitrosylation
medited by NO produced by its client protein, endothelial nitric oxide synthase
(eNOS) (210,211). S-nitrosylation was reported as a negative regulator which
inhibits the ATPase activity of Hsp90 (210). In addition, the activation of its client
protein, eNOS, was also reduced. The authors propose a model in which Hsp90 acts
as an NO sensor. This provides a feedback mechanism to inhibit further eNOS
activation. To further investigate how S-nitrosylation regulate the function of Hsp90,
Retzlaff and colleagues examined a number of different mutants and found that the
nitrosylation on a C-terminal Cysteine residue led to a ATP-incompetent state in
which the N-terminal domains are kept in the open conformation (211). The result
indicates nitrosylatrion has a profound impact on the inter-domain communication in
the Hsp90 dimer.

2.5.5 Hsp90 client protein recognition

In the past decades, more than 200 client proteins have been identified which show
Hsp90 dependence (see http://www.picard.ch/downloads/Hsp90interactors.pdf).
Early work on Hsp90 clients mainly focused on two classes: protein kinases and
nuclear receptors (194,212). Besides those well-studied clients, many others related
to e.g. viral infection, innate immunity and RNA modification have been discovered
in recent years (183,213,214). To date, Hsp90 clients involve almost all physiological

events such as signal transduction, cell cycle progression and transcriptional
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regulation. The interaction with the Hsp90 machinery enables their correct folding,

activation, transport and even degradation (185,215-217).

Hsfl is the central player controlling the heat stress response. Under heat shock
conditions it upregulates several hundred genes including Hsp90. Interestingly, the
activation of Hsfl is dependent on Hsp90 (218,219). Under normal condition, Hsfl is
kept in an inactive monomeric form through the transient interaction with Hsp90.
During stress, Hsfl is released from Hsp90 due to the competitive binding of
unfolded protein. Upon dissociation from Hsp90, Hsfl homotrimerizes, undergoes
phosphorylation and translocates to the nucleus. Thus, Hsp90 functions as an Hsfl

regulator monitoring the cellular stress response (220).

Recent studies in plants and mammals revealed that Hsp90 is vital to stabilize NLR
(nucleotide-binding domain and leucine-rich repeat containing) proteins, which are
conserved immune sensors to recognize pathogens (214,221). Accumulating
evidence indicates that Hsp90 and its co-chaperones Sgtl, Rarl are involved in the

maturation of these proteins (181,222).

Hsp90 is also known to chaperone nuclear proteins. The telomere protein system is
a well-studied example. Freeman and co-workers found that Hsp90 facilitates
telomere DNA maintenance by mediating the switch between its capping and
extending structure (223). Latest studies show that the assembly of small nucleolar
ribonucleoproteins and RNA polymerase as well requires Hsp90. The R2TP complex
(consisting of Tahl, Pihl and the AAA+ ATPase Rvbl and Rvb2) is the client-

specific co-chaperone system involved in RNA processing (183,224).

Interestingly, also viral proteins are Hsp90-dependent. Viral proteins, such as
Picornavirus capsid proteins, hepatitis B virus (HBV) core proteins and hepatitis C
virus (HCV) nonstructural protein NS3 have been identified as clients of Hsp90 as
their folding and assembly requires the Hsp90 machinery (225-227). As well, Hsp90
was shown to facilitate the translocation of some toxins, such as diphtheria toxin and
binary actin-ADP-ribosylating toxin (228,229). In consequence, inhibition of Hsp90

prevents cellular uptake and thus protects cells from intoxication.
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A long standing open question is the molecular basis of client recognition by Hsp90.
To date, no common sequence or motif has been identified among the numerous
client proteins. The aC-4 loop in the kinase domain was found to be an important
region for the association with Hsp90 (230,231). However, it is not the only
determinant for the interaction, since other regions near the kinase domain also
have an influence on the binding to Hsp90 (232,233). Probably the association with
Hsp90 is determined by the conformation or stability of the client protein instead of
the primary structure. Prominent examples here are the Src kinases. Hsp90 is able
to stably associate with viral Src kinase (v-Src), but it only transiently interacts with
its normal cellular counterpart (c-Src) (234), although they are almost identical (95%
sequence identity). Despite this high level of sequence identity, c-Src is more
resistant to chemical and heat denaturation and v-Src is prone to aggregation (234).
Moreover, also co-chaperones can contribute to the process of client selection and
recognition. For example, Cdc37 seems to be a co-chaperone specific for kinases,
while Sgtl plays an important role in the processing of NLR proteins as discussed
above.

Another challenging task is the structural analysis of the interaction of Hsp90 with
client proteins, as most of them are highly unstable and aggregation-prone. The EM
reconstruction of the Hsp90-Cdc37-Cdk4 complex provided a first view of a client-
loaded Hsp90 complex. The model suggests that clients bind in an asymmetric
manner to one N- and M-domain of Hsp90 (154). Recent structural studies using a
model client protein showed that the Hsp90 M-domain preferentially binds a locally
structured region in the intrinsically unfolded model protein (119). Binding induces a
partially closed conformation of Hsp90 and enhances the ATPase activity (119,120).

The conformations of Hsp90-bound clients are yet to be answered, as the present
results on this issue are controversial. Studies using the model client citrate
synthase indicated that Hsp90 interacts with structured intermediates (235). This is
consistent with the notion derived from the experiments with SHRs (193) and also
the structure of a kinase in the cryo EM kinase complex (154). However, in the case

of p53, the results from different groups are controversial. Biochemical experiments
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suggest that p53 interacts with Hsp90 in a rather folded state (236,237). However,
recent results imply that p53 may be destabilized by Hsp90 (238), and NMR-based
approaches suggested that for heat-treated p53, Hsp90 bind the largely unfolded
protein (239). Park et al. proposed that Hsp90 domains induce a molten globule
state in p53 (240). In contrast, Hagn et al. reported a native like structure of bound
p53 (241). Further analysis will be required to resolve this conundrum and to

determine the folding states of different Hsp90-bound client proteins

2.5.6 Hsp90 and protein degradation

Although in general Hsp90 stabilizes and promotes the correct folding of its client
proteins, Hsp90 is also found to facilitate protein degradation. Several reports have
shown that Hsp90 is required for the degradation of ER membrane proteins such as
cytochrome p450 2E1, mutant CFTRAF508 and Apolipoprotein B (242-244). Another
aspect which supports the idea that Hsp90 may be involved in the ubiquitin-
proteasome pathway is the discovery of a protein called C-terminal of Hsp70-
interacting protein (CHIP) (189). As an E3 ubiquitin ligase, CHIP can ubiquitinate
unfolded proteins. It also interacts with the C-terminus of Hsp70 and Hsp90 through
its TPR domain (190,245). The CHIP knockdown is known to stabilize some Hsp90
clients while the overexpression promotes their degradation (246-248). Interestingly,
more E3 ligases have been found to be associated with Hsp90 such as Ubrl and
Cul5 involved in the quality control or degradation of different client proteins
(249,250). However, the detailed mechanism such as the selection of different

ligases remains to be further elucidated.

2.5.7 Hsp90, inhibitors and human diseases

As many proteins which control cell survival, proliferation and apoptosis are client
proteins of Hsp90, Hsp90 function is closely related to human health. A number of
reports have suggested that Hsp90 plays a crucial role in the progression of
malignant diseases (251-254). For example, the expression of Hsp90 is two to
tenfold higher in tumor cells than in the normal cells. Therefore targeting Hsp90 is

considered to be a promising strategy for curing cancer. So far, many small
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molecules have been identified as Hsp90 inhibitors, some of which exhibit excellent

antitumor activities and have entered clinical trials.

Geldanamycin (GA), a benzoquinone ansamycin antibiotic (Fig. 15a), which is the
first discovered Hsp90 inhibitor, as it competitively binds to the ATP binding sites in
the N-terminal domain of Hsp90 and thus prevents ATP binding and the
conformational change of Hsp90 (255,256). GA exhibits potent antitumor effects,
however, due to the poor solubility and high toxicity GA cannot be used as a drug
candidate (257). A number of different derivatives have been synthesized including
17-AAG, which is more hydrophilic and already show some success in the preclinical
studies (258,259).

Radicicol is another commonly used Hsp90 inhibitor, which is a 14-membered
macrolide originally isolated from Monosporium bonorden (Fig. 15b) (260). Similar to
GA, Radicicol also acts as a nucleotide-mimicking compound and occupies the ATP
binding pocket of Hsp90 but with a much higher affinity than ATP (260). Also, in vitro
studies have shown that radicicol shows potent anti-proliferation effects. However, in
vivo studies demonstrate that radicicol does not show anti-tumor activities which
probably due to low stability and biological activity. For example, the inhibitory
effects of radicicol against tyrosine kinases are eliminated by reducing agents such
as DTT (261).

Besides these two, many new inhibitors are found and synthesized. For example,
radanamycin amide (radamide) was designed based on the co-crystallization
structures of the GA/Hsp90 N-domain and the Radiciol/Hsp90 N-domain (256,262).
This chimeric compound contains both radicicol’s resorcinol ring and the quinine ring
from GA. It shows potent inhibition effects of Hsp90 in a low micromolar range in
breast cancer cells (262). Novobiocin, a coumarin antibiotic was identified as an
Hsp90 inhibitor (263). Interestingly, novobiocin targets the C-terminal domain of
Hsp90 (264). More derivates with better inhibitory activity and less toxicity are
currently designed and synthesized (265).
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Figure 15. Structures of Hsp90 inhibitors: Geldanamycin (a) and Radicicol (b)

Currently, there are more than ten different Hsp90 inhibitors in various stages of
clinical development, like 17-AAG, IP1504, NVP-AUY922, STA-9090 (266). Hsp90 is
a promising target for the treatment of cancer, yet there are still several important
guestions still to be addressed. For example, what are the best clinical indications of
Hsp90 inhibition? Whether the patients will benefit from the constant inhibition of the
Hsp90 function as it is also essential for the normal cells is not clear. At present, the
task is to increase drug specificity, lower the toxicity, search for better biomarkers

and gain a deeper understanding on the Hsp90 machine machinery.
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3. Objective

The objective of this thesis is to analyze the co-chaperone interactions with Hsp90
and further elucidates the mechanism on the progression of the Hsp90 chaperone

cycle.

Hsp90 is known to interact with various different co-chaperones, which regulate the
function of Hsp90 such as inhibition or activation of ATPase activity or recruitment of
specific clients. In the early 1990s, a chaperone cycle of Hsp90 was proposed to
explain how Hsp90 facilitates the maturation of its clients based on in vitro
reconstitution experiments (160). The assembly of client proteins involves the
progression of three different complexes containing different co-chaperones, named
“early complex”, “intermediate complex” and “late complex”. The co-chaperone Hop
is one component in the intermediate complex and it is important for the client
transfer from Hsp70 to Hsp90 as it interacts with the two chaperone machineries
simultaneously. Hop was reported to be a dimeric protein and to interact with the C-
terminal MEEVD motif of Hsp90. Based on the model, dimeric Hop interacts with
dimeric Hsp90 and facilitates the clients loading from Hsp70, after which it leaves
the cycle. However, this “symmetric’ model implies that two client proteins are
transferred to the Hsp90 chaperone machinery at the same time since each Hop
monomer contains one Hsp70 interacting domain. Moreover, how Hop exits from the
Hsp90 chaperone cycle remained unclear. Another co-chaperone, Ahal, was
identified as the most prominent ATPase activator of Hsp90. Similar to Hop and
other co-chaperones, it also influences the maturation of Hsp90 client protein such
as glucocorticoid receptor (GR). However, Aha1’s role has not been addressed in
the model of chaperone cycle. How Ahal interacts or cooperates with other co-

chaperones during the progression of the chaperone cycle is also not clear.

Besides the well-established and investigated co-chaperones, there are some for
which there is only little evidence. Sequence analysis suggests aryl-hydrocarbon
receptor protein like-1 (AIPL1) is closely related to the Hsp90 co-chaperone AIP.
Both could belong to the family of large PPlase. AIPL1 shows similar domain

organization to AIP but with a unique C-terminal proline-rich region. The enzymatic
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properties, chaperone activity and the interaction with Hsp90 of this potential new
co-chaperone remain uncharacterized. Also, the role of the unique proline-rich

domain in AIPL1 is to be investigated.

To address these issues and provide new insights on the mechanism of the Hsp90
chaperone machinery, a combination of biophysical, biochemical and in vivo
methods was used. In this thesis, different FRET-based interaction assays were
established to examine the binding and release of different co-chaperones. Also,
analytical ultracentrifugation with fluorescence detection and pull-down assays were

employed to dissect the Hsp90/co-chaperone complexes.
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4. Results and discussion

4.1 Asymmetic Hsp90/co-chaperone complexes are important for

the progression of the reaction cycle

4.1.1 Co-chaperone interaction in the yeast Hsp90 cycle
4.1.1.1 TPR co-chaperone interactions with Hsp90

Stil is the yeast homologue of Hop and serves as the adaptor protein between
Hsp70 and Hsp90. It is known that Stil inhibits the ATPase activity of Hsp90, but the
detailed mechanistic aspects remain to be elucidated. Cpr6 is the yeast homologue
of Cyp40 and belongs to the PPlase family. It is known that both Stil and Cpr6
interact with Hsp90 through their TPR domains (111). We analyzed their interaction
with Hsp90 by SPR spectrometry. Hsp90 was immobilized on the surface of a CM5
sensor chip as described in the methods section, and binding of Stil or Cpr6é was
detected based on the change in resonance units (RU). The binding constant
between these TPR co-chaperones and Hsp90 can be determined by the titrations
of different concentrations of Stil or Cpr6. First we compared the binding and
release kinetics of these TPR co-chaperones by a single injection of the same
concentration of Stil or Cpr6. The sensogram revealed that Cpr6é binds to Hsp90
faster than Stil (Fig.16a). Also faster release kinetics was observed for Cpr6.
Binding constants calculated from the titrations are 55 nM for Cpr6é and 53 nM for
Stil (Fig.16b). The results indicate that Stil and Cpr6 have similar affinity for Hsp90.
However, different interaction kinetics was observed for Stil and Cpr6, which implies
that the interaction sites in Hsp90 for these two co-chaperones may be not exactly

the same.
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Figure 16. Binding of Stil and Cpr6 to Hsp90

Binding of Stil and Cpré was measured by SPR using a BiaCore X instrument. Injections of
different concentrations of Stil and Cpr6 were made onto an yHsp90-coated CM5 chip.
Binding kinetics of Stil (black) and Cpr6 (red) were measured by a single injection of 50 nM
Stil or Cpr6 (a). The Kpfor Stil (black squares) was calculated to be 53 nM, and the Kp for
Cpr6 (red circles) was calculated to be 55 nM based on the plateau values of the individual
injections (b). Sensograms of the injections are shown for Cpr6 (c) and Stil (d). Injections
were performed at concentrations from 10 nM to 400 nM for both proteins.

4.1.1.2 Characterization of Stil inhibition on Hsp90 ATPase activity

Stil is a high-affinity TPR domain—containing inhibitor of the yeast Hsp90 ATPase
activity (111,129). It inhibits the ATPase by preventing conformational changes
required for Hsp90 to adopt the ATPase-active conformation (129). To determine
whether one or two Stil molecules per Hsp90 dimer are required for inhibition, we

added increasing amounts of Stil to Hsp90 and determined the remaining ATPase
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activity. We were surprised to find that the addition of one molecule of Stil per
Hsp90 dimer completely inhibited the Hsp90 ATPase activity (Fig.17), though we
and others had previously determined that two molecules of Stil can bind
simultaneously to an Hsp90 dimer (111,129).

As a control, we used the Stil mutant R341E in the ATPase assay. Based on
previous results, this mutant affects the binding to Hsp90 as detected in an
immunoprecipitation assay (267). The result indicated that the affinity of Stil-R341E
to Hsp90 is greatly reduced.

Figure 17. Inhibition of the ATPase
activity of yeast Hsp90 by wtStil or
mutant Stil-R341E

Inhibition of the ATPase activity of yeast
Hsp90 by Stil (black) or Stil-R341E (red).
Different concentrations of Stil or Stil-
R341E were added to 4 yM Hsp90 and
the resulting ATPase activities were
measured at 30 °C. Data were analyzed
as described in the Methods section. The
binding affinity of Stil-R341E to Hsp90 is
decreased by a factor of >20.
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4.1.1.3 Interaction between Stil, Hsp90 and Cpr6

In the ATPase assay, we found one Stil molecule is able to completely inhibit the
ATPase activity of Hsp90. We wondered whether the second TPR-acceptor site of
the Stil-inhibited Hsp90 dimer can bind another TPR domain—containing protein. To
test this, we added the yeast TPR-containing co-chaperone Cpr6 and performed a
titration with Stil. Notably, we were able to saturate one site of Hsp90 with Cpr6,
and no substantial difference in Stil inhibition was observed (Fig. 18). At a high
concentration of Cpr6, however, a reduction of Stil inhibition became evident (Fig.
18). This was unexpected, as the binding constants of the two TPR proteins are
identical (see Fig. 16), in agreement with earlier studies (129). From the
substoichiometric inhibition of Hsp90 by Stil and from the finding that Cpr6 could

bind to the second Hsp90 subunit without disturbing Stil inhibition, we conclude that
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the second TPR-acceptor site in the Stil-inhibited state can be used by a different

TPR domain—containing co-chaperone.

Figure 18. Inhibition of the ATPase 100+
activity of yeast Hsp90 by Stil

Different concentrations of Stil were
added to 4 uM Hsp90 and the resulting
ATPase activities were measured at 30 °C
(black). Identical experiments were
performed in the presence of Cpr6 (red 2
MM Cpr6; turquoise 12 pM Cpr6).
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4.1.1.4 Setting up a FRET system to study Hsp90-co-chaperone interaction

The co-chaperone Stil contains three cysteines, C49, C66 and C453. C453 is
located in the TPR2B domain which potentially interacts with Hsp90 (Fig. 19). To set
up a FRET system, we labeled the cysteines in Stil with donor dye Alexa Fluor 488
maleimide. Hsp90 was labeled at an engineered cysteine residue (S385C) in the M-
domain (117) with the acceptor dye ATTO550 (*Hsp90 and *Stil denote the labeled
molecules hereatfter).

To study the interaction between Hsp90 and Stil, we measured the emission
spectra from 500 nm to 650 nm with exaction at 494 nm. Upon addition of *Hsp90 to
*Stil, we observed a concentration-dependent decrease of the donor emission and
a concomitant increase in the acceptor emission (Fig. 20). To determine the
specificity of the interaction, we added unlabeled Stil to preformed *Stil—*Hsp90
FRET complexes and recorded the changes in the FRET signal. Unlabeled Stil
disrupted the FRET and displaced the labeled *Stil fully from Hsp90 (Fig. 21). We
further tested whether labeled *Stil could also be displaced by unlabeled Cpr6. We
indeed observed displacement, but with a lower efficiency compared to the effect of

Stil (Fig. 21), implying that full displacement of Stil is difficult to achieve with Cpr6.
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Thus, the unexpected asymmetric behavior suggested by the results of ATPase-

inhibition experiments was also visible in the FRET assay.

C49 C66 C453

|| |
Hop/sti1 [ TPR1 DP1[ TPR2A I TPR2B | DP2

Figure 19. Cysteines location in Stil
C49 and C66 are located in the TPR1 domain, and C453 is located in the TPR2B domain

.0l " " | Figure 20. Titration of ATTO550-yHsp90
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Figure 21. Release of Stil from the 16
Hsp90 complex.
300 nM *yHsp90 was added to 300 nM 3 131 pnlebeled Cpro
*Stil, and the binding kinetics were 8 #
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4.1.1.5 Stil and Cpr6 form a ternary complex in vivo

To examine the composition of Stil-containing complexes in vivo, cell lysates from a
yeast Stil-deletion strain were analyzed using Stil immobilized on Ni-NTA beads
(Fig. 22). Coprecipitated Hsp90 and Hsc70 (in yeast called Ssal) were identified by
western blotting. Analysis of the stoichiometry showed that we recovered one Hsc70
protein and a Hsp90 dimer per Stil monomer. Furthermore, about 7% of the pulled-
down Stil complexes also contained Cpr6. Given that the concentration of Cpr6 is
much lower than that of Hsp90 and Stil (1.86E+04 Cpr6 Molecules/Cell, 6.76E+04
Stil Molecules/Cell, 5.77E+05 Hsp90 Molecules/Cell) (268), this represents a
notable enrichment. Thus, the coprecipitation results show that Stil and Cpr6 also
bind to the same Hsp90 dimer in a cytosolic environment. As expected, we were
unable to detect p23, an Hsp90 co-chaperone that binds specifically to the closed
conformational state of Hsp90, in the Stil pull-down assays, as Stil keeps Hsp90 in
the open state. We also could not detect Ahal, an activator of Hsp90 that binds to
the M-domain and N-domain of Hsp90 and favors the closed conformation of Hsp90
(Fig. 22).

To further validate the existence of the Stil-Hsp90-Cpr6 complex in the cytosolic
environment, we performed a pull-down experiment using the cell lysate of a yeast
Cpr6-deletion strain and His-tagged Cpr6. We detected Hsp90, Stil and Hsc70 in
the Cpré complex, consistent with our analysis of the Stil complex. p23, which is
part of the final complex together with Cpr6, was not detected, as a p23—Hsp90
interaction occurs only in the presence of 5’-adenylyl-B, y-imidodiphosphate (AMP-
PNP), as shown previously (269). A faint Ahal band can be seen, which implies the
potential existence of a Cpr6—-Hsp90-Ahal complex.
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Lysate Control Pull down Stoi. Lysate Control Pull down  Stoi.
Ssal/ 1 0.1
Hsc70
Sbal/ N/A Sbha1/ N/A
p23 p23

Figure 22. Affinity isolation of Stil-containing and Cpr6-containing complex :s from
yeast cell lysates

Ni-NTA beads complexed with His-tagged Stil or Cpré were pulled down, and western
blotting was performed with antibodies against the proteins indicated beside each row. The
first column (Lysate) shows the presence of the proteins in the lysate. Control pull-down
experiments were performed with beads to which a His-tagged Escherichia coli protein (YjiE)
was coupled. The third column (Pull-down) shows the presence of the proteins in the Stil or
Cpr6 complex. The stoichiometries (Stoi.) of the pulled-down proteins were calculated from
a dilution standard of purified proteins. The left lanes show pull-downs of His-tagged Stil.
Stil was not present in the lysate because a Stil-deletion strain was used. Right lanes show
pull-down of His-tagged Cpr6. Cpré was not present in the lysate because a Cpr6-deletion
strain was used.

4.1.1.6 Analysis of asymmetric Hsp90 complex by analytical ultracentrifugation

To further analyze the formation of hetero-oligomeric TPR co-chaperone—Hsp90
complexes, we used aUC coupled to fluorescence detection. Stil was labeled by
Alexa Fluor 488 maleimide. As shown in the sedimentation profile, the sedimentation
was accelerated by the addition of Hsp90 (Fig. 23).
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Figure 23. Sedimentation profiles for the Sti-Hsp90 complex formation in the aUC

Binding of Hsp90 to Stil was investigated using analytical ultracentrifugation. Shown are
sedimentation profiles of *Stil (a) and *Stil-Hsp90 (b). 500 nM of *Stil were subjected to
analytical ultracentrifugation at 20 °C in 40 mM HEPES, 50 mM KCI, pH 7.5 in the absence
or presence of 1 pM yHsp90. Centrifugation was performed at 42,000 r.p.m and
fluorescence scans were performed every 90 seconds. Every 14th scan is shown.

After converting the sedimentation profile to a dc/dt plot, we could see that *Stil
sedimented with an s value of 3.9 S, which indicates that Stil, like its human
homologue Hop (270), is a monomeric protein (Table 2). After addition of Hsp90 to
*Stil, the sedimentation coefficient of *Stil increased to 7.5 S owing to complex
formation with Hsp90. We then added Cpr6 and obtained an s value of 8.2 S, which
could represents the *Stil-Hsp90—-Cpr6 complex (Fig. 24 and Table 2).

351 "Stil-Hsp90 Figure 24. aUC analysis of the Stil-
_ 301 Hsp90-Cpr6 interaction
% 2.5 Binding of Hsp90 to Stil, investigated using
=S aUC. dc/dt profiles (dc/dt represents the
S change in fluorescence signal intensity
§ 1.54 over time) are shown for 0.5 uM labeled
S 10 *Stil alone (black), for *Stil mixed with 1
o MM Hsp90 (red), and for *Stil mixed with 1
35 097 UM Hsp90 and 1 uM Cpré (blue).

0.04

o 2 4 6 8 10 12
Svedberg (S)
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To test this notion, we labeled Cpr6 (*Cpr6) and monitored the formation of *Cpr6—
Hsp90 complexes (Fig. 25) *Cpr6 sedimented with an s value of 3.4 S, and the c(s)
analysis using the UltraScan software package indicated that Cpr6 is a monomeric
protein. After addition of Hsp90, the sedimentation coefficient of *Cpr6 increased to
7.1 S owing to interaction with Hsp90. Addition of unlabeled Stil to these *Cpr6—
Hsp90 complexes resulted in a prominent shift to 8.2 S, consistent with the formation
of *Cpr6—Hsp90-Stil complexes (Fig. 25 and Table 2). Cpr6 was not found to
interact directly with Stil as analyzed by aUC (Table 2 and Fig. 26) and fluorescence
anisotropy (data not shown).

2.0
Figure 25. aUC analysis of the Stil-
Hsp90-Cpr6 interaction. e 15
Binding of Hsp90 to Cpr6, investigated %
using aUC. dc/dt profiles are shown for e 10
0.5 UM labeled *Cpr6 alone (black), for S
*Cpré mixed with 1 uM yHsp90 (red), and 1“3
for *Cpré mixed with 1 pM yHsp90 and 1 S 05
pM Stil (blue). o
O
0.0+

o 2 4 6 8 10 12 14
Svedberg (S)

As a further control, we used the Stil mutant R341E in the aUC experiment. In
contrast to Stil, Stil-R341E cannot shift either the *Stil-Hsp90 complex or the
*Cpr6—Hsp90 complex to larger s values (Table 2 and Fig. 26). Thus, the shift in the
s value is due to the binding of a second TPR protein to the same Hsp90 dimer.
Together, these data suggest that mixed complexes of Hsp90, Stil and another TPR

protein are readily formed in vivo and in vitro.
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Figure 26. Ultracentrifugation analysis of the Stil-yHsp90-Cpr6 interaction

a. Formation of Hsp90-Cpr6é complexes was investigated using analytical ultracentrifugation.
500 nM of *Cpr6 were subjected to aUC at 20 °C in 40 mM HEPES, 50 mM KCI, pH 7.5.
dc/dt profiles are shown for labeled Cpr6 alone (black) and *Cpr6 mixed with 1 uM yHsp90
(red), and the further addition of 1 uM Stil (blue) or mutant Stil-R341E (green). As a control,
*Cpr6 and Stil or the mutant Stil-R341E in the absence of Hsp90 are shown in pink or dark
yellow. s values of different experiments are shown in table 2.

b. Formation of Hsp90-Stil complexes was investigated using analytical ultracentrifugation.
500 nM of *Stil were subjected to aUC at 20 °C in 40 mM HEPES, 50 mM KCI, pH 7.5.
dc/dt profiles are shown for labeled Stil alone (black) and *Stil mixed with 1 puM yHsp90
(red), and the further addition of 1 uM Cpr6 (pink) or Ahal (dark yellow) or unlabeled Stil
(blue) or mutant Stil-R341E (green). As a control, *Stil and Cpr6 in the absence of Hsp90
are shown in dark blue. s values of different experiments are shown in table 2.

Table 2. s values for Hsp90 complexes

Species s value
*Stil 3.9
Hsp90 6.1
*Stil-Hsp90 7.5
*Stil—Hsp90—-Cpr6 8.2
*Stil-Hsp90-Stil 8.5
*Stil-Hsp90-Stil R341E 7.5
*Stil-Hsp90—-Ahal 7.5
*Stil—-Cpr6 3.9
*Cpr6 3.4
*Cpré—Hsp90 7.1
*Cpr6—Hsp90-Stil 8.2
*Cpr6—Hsp90-Stil R341E 7.1

The s-values were obtained from the aUC experiments described in Figure 25 and Figure 26
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4.1.1.7 Asymmetric complexes are disrupted by AMP-PNP and p23

The results obtained so far identify a new complex as a key intermediate in the
Hsp90 chaperone cycle. This raised the question of how the progression from this
complex to the late Hsp90-PPlase—p23 complex is regulated. As ATP binding
influences the conformational status of Hsp90, we added the non-hydrolysable ATP
analog AMP-PNP to *Stil-Hsp90—PPlase complexes and monitored its effect by
aUC. We observed a decrease in *Stil binding in these assemblies upon addition of
AMP-PNP (Fig. 27), which was not evident upon addition of ADP (data not shown).
This implies that the closing of the N-terminal domains induced by AMP-PNP
(102,117) leads to a shift in the equilibrium binding constants that disfavors the
presence of Stil in the asymmetric complexes.

It is known that nucleotides that induce the N-terminally closed state of Hsp90 are
required for binding of the co-chaperone p23 (136). We therefore sought to
understand how the addition of p23 influences the asymmetric complex, using the
aUC assay with *Stil. We added p23 and observed a further decrease of Stil in the
complexes when AMP-PNP was present (Fig. 27). In the absence of AMP-PNP, p23
did not bind; no effect on the asymmetric complexes was therefore expected, and
none was observed (Fig. 27). These data show that the asymmetric complex of the
two TPR proteins can be dissolved by the addition of cofactors characteristic of late
stages of the chaperone cycle.

Figure 27. Regulation of the
asymmetric complex by nucleotides
and p23 analyzed by aUC

*Sti1l-Hsp90-Cpr6

+p23

aUC dc/dt profiles are shown for the *Stil—
+AMP-PNP Hsp90—Cpr6 asymmetric complex in the
absence (black) or presence (blue) of
AMP-PNP, and for the asymmetric
complex with 2 pM p23 and 2 mM AMP-
PNP (dark yellow). No effect of p23 was
observed in the absence of AMP-PNP
(red).

+AMP-PNP-p23 1

dcFluorescence/dt

0 2 4 6 8 10 12 14 16
Svedberg (S)
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To analyze the transition kinetically, we performed FRET experiments in which the
influence of the non-hydrolysable ATP analog AMP-PNP and p23 on *Stil—*Hsp90
complexes was monitored. We first added Cpr6 and observed a slight decrease in
the amount of the *Stil—*Hsp90 complex (Fig. 28), whereas addition of p23 or AMP-
PNP alone had no substantial effect. An efficient displacement of Stil from Hsp90
complexes could be observed if AMP-PNP and p23 were added together (Fig. 28)

and an even more efficient one if Cpré was added together with p23 and AMP-PNP.

Figure 28. Regulation of the asymmetric
complex by nucleotides and p23 analyzed 1.84
by FRET

We added 300 nM *Hsp90 (acceptor) to 300
nM *Stil (donor), and the binding kinetics
(black) were monitored at 25 °C in standard
reaction buffer. We added Cpr6 alone (red)
Cpré and AMP-PNP (light blue), Cpré, AMP-
PNP and p23 (turquoise), or AMP-PNP and
p23 (dark blue) to the *Stil—*Hsp90 complex
to trace the kinetics of *Stil release. As
controls, AMP-PNP (pink) and p23 (dark 0O 300 600 900 1200 1500 1800 2100
yellow) were added alone. The orange arrow _

indicates the addition of nucleotide or Time (s)

protein. a.u, arbitrary units.

1.6
1.4+
124 -

1.0+

Fluorescence (a.u.)

0.8 4

When we added p23 first to *Hsp90—*Stil complexes, we saw an effect on the *Stil—
*Hsp90 complex only in the presence of AMP-PNP (Fig. 29). Again, Cpr6 was
required to displace *Stil, suggesting that the order of addition is not important for
the effects observed. Thus, the components that are found together in the late
complex displace Stil synergistically and support the closing of the N-domains.
Notably, the kinetics of Stil displacement also differed depending on the added
proteins. In particular, the slow kinetics observed after addition of AMP-PNP implies
that the AMP-PNP—induced closing reaction at the N-domains contributes greatly to
the displacement of Stil from Hsp90 complexes (Fig. 29).
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Figure 29. Effect of Cpr6, p23/Shal and AMP-PNP on the release of Stil from Hsp90

A *Stil-*Hsp90 FRET-complex was assembled either alone (black) or in the presence of p23
with AMP-PNP being absent (black) or present (pink). Without AMP-PNP, the FRET values
of *Stil-*Hsp90 in the presence or absence of p23/Sbal are identical. The initial plateau
values were lower in the presence of p23/Sbal and AMP-PNP, indicating a significant
influence of p23/AMP-PNP on the complex. 1.5 uM Cpr6 was added to the preformed
complexes in the absence (turquoise) or presence of p23/Sbal (red) at the time point
indicated in the figure. Similarly, 1.5uM Cpr6 was added to Stil-Hsp90 complexes in the
presence of p23/AMP-PNP (dark yellow). For comparison, 1.5 pM of Stil were added to
Stil-Hsp90 complexes to fully dissociate the FRET-complex (blue).

4.1.2 Asymmetric complexes are conserved in the Hsp90 cycle
4.1.2.1 Co-chaperone interaction in human Hsp90 cycle

Having observed the asymmetric PPlase—Hsp90—-Hop complex in the yeast Hsp90
cycle, we wondered whether it is conserved in the mammalian Hsp90 chaperone
system. We therefore started to characterize the interaction between TPR co-
chaperones with human Hsp90. We set up a SPR measurement to determine the
binding constants between TPR co-chaperones and Hsp90. The results show that
Hop, the human homologue of Stil, binds to Hsp90 with an affinity of 0.8 uM while
the binding constant of AlP/Xap2, a TPR containing PPlase (168), is 2.28 uM (Fig.
30).
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Figure 30. Binding of Hop and AlIP/Xap2 to Hsp90

a. Determination of the affinity of Hop to Hsp90 by SPR. The Ky of Hop to hHsp90 was
calculated to be 0.8 uM based on injections with different concentration of Hop onto a
human Hsp90-coated CM5 chip

b. Determination of the affinity of AlIP/Xap2 to Hsp90 by SPR. The Kp of AIP/Xap2 to
hHsp90 was calculated to be 2.28 uM based on injections with different concentrations of
AlIP/Xap2 onto a human Hsp90-coated CM5 chip. Sensograms of the titration are shown for
Hop (c) and for AlP/Xap2 (d). The injected protein concentrations were in the range of 100
nM to 10 uM for both proteins.

To verify the results from SPR experiments, we set up isothermal titration
calorimetry (ITC) to measure the binding between TPR co-chaperones and human
Hsp90. Binding constants calculated from the titration curves were 1.3 uM for Hop
and 2.3 pM for AIP/Xap2 (Fig. 31). Although the affinities of both AIP/Xap2 and Hop
are in the micro molar range, the binding reactions are characterized by very
different contributions of enthalpy and entropy. In the case of AlP/Xap2, the change

in enthalpy approximates to the free energy of the reaction (AG= -7.6kcal/mol; AH=-
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6.1kcal/mol), indicating that the entropic contributions to binding are very small. In
contrast, the binding of Hop to Hsp90 displays a large favorable enthalpy
contribution (AH=-18kcal/mol) offset by a large unfavorable change in entropy
(TAS=-11kcal/mol), which indicates conformational changes of one or both

components during the binding reaction.
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Figure 31. Calorimetric analysis of co-chaperone binding to Hsp90

Isothermal titration calorimetry experiments were performed at 25 °C in standard buffer. The
Hsp90 concentration was 15 puM in both experiments. Titrations were performed with 35
injections of 8 pl each and a concentration of 300 uM Hop (a) or AlIP/Xap2 (b) in the injection
syringe. The data analysis was performed with the Origin package included in the
instrument software.

4.1.2.2 Asymmetric co-chaperone complex is covserved in human hsp90 cycle

To further clarify whether the asymmetric complex of Hsp90 cofactor is conserved in
the human system, we therefore used aUC to test the ability of the human PPlases
AlIP/Xap2 and also the well-studied Fkbp51 (271) to form complexes with Hop and
human Hsp90. Using labeled PPlases (*PPlase), we observed *PPlase—Hsp90-Hop
complexes with s values larger than those of the *PPlase—Hsp90 complexes for both
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PPlases (Fig. 32a,b). In particular, for Fkbp51, the addition of Hop increased the
amount of PPlase in complexes and decreased the free PPlase (Fig. 32a). Thus, the
formation of Hsp90 complexes simultaneously containing Stil (or Hop) and a PPlase
seems to be conserved between yeast and man, and the preference for mixed

complexes seems to be more pronounced in the human system than in yeast.
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Figure 32. Asymmetric complex formation in the human hsp90 system

a. Generation of the Fkbp51-Hsp90-Hop asymmetric complex. Binding of human Hsp90p to
Fkbp51 was investigated using analytical ultracentrifugation. 1 uM of labeled Fkbp51 and 2
MM Hsp90 in standard buffer were subjected to analytical ultracentrifugation at 20 °C. dc/dt
profiles are shown for Fkbp51 with Hsp90 (black) and with further addition of Hop (red)

b. Generation of the AlP/Xap2-Hsp90-Hop asymmetric complex. Binding of human Hsp903
to AlP/Xap2 was investigated using analytical ultracentrifugation. 1 uM of labeled AlP/Xap2
and 2 uM Hsp90 in standard buffer were subjected to analytical ultracentrifugation at 20 °C.
dc/dt profiles are shown for AlP/Xap2 with Hsp90 alone (black) and with the further addition
of Hop (red)

To determine whether asymmetric complexes form more often than would be
expected by chance, we statistically simulated the complexes formed between
human Hop, AlP/Xap2 and Hsp90, assuming random association (Fig. 33a), and we
determined experimentally the amount of labeled *AlP/Xap2 in these complexes at
different Hop concentrations. In the experiments, we observed that the asymmetric
complex formed, and then, at higher concentrations of Hop, *AlP/Xap2 was
displaced by Hop at the second TPR-acceptor site (Fig. 33a, b). Notably, *AlP/Xap2

was not completely displaced, even at high concentrations of Hop. This was

53



Results Dissertation Jing Li

unexpected, as Hop binds more strongly to Hsp90 than does AlP/Xap2 (Fig. 30, 31),
and the simulation of complex formation suggested that full displacement of Hop
should be achievable (Fig. 33a). Moreover, Fkbp51 and unlabeled AIP/Xap2 were
both capable of displacing *AlP/Xap2 from these complexes in control experiments.
This demonstrates that in the human system, mixed complexes are preferentially

formed and are not generated randomly.
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Figure 33. Quantitative evaluation of Hop- AlP/Xap2-Hsp90 complex formation

a. Raw sedimentation velocity runs were evaluated by UltraScan to obtain the complexed
and free concentrations of AlP/Xap2 in the presence of Hsp90 at different concentrations of
Hop. The data for the complexed fraction of AlP/Xap2 were plotted and a simulation of the
behavior was performed for plain statistical binding. To simulate the behavior, the binding
constant for Hop was used, which best matched the initial decrease in the “complexed”
AlP/Xap2-fraction (red line).

b. Different concentrations of Hop were added to a constant AlP/Xap2-Hsp90 mixture to
monitor the formation of the asymmetric complex. dc/dt profiles are shown for labeled
AlIP/Xap2 alone (black), AIP/Xap2 with Hsp90 (red) and the addition of different
concentration of Hop (1 uM to 12 uM, various colors). Vertical lines represent the position of
the free AIP/Xap2 peak (left, 3.1 S), the position of the Xap2-Hsp90 complex (middle, 6.5 S)
and the position of the Hop-Hsp90-Xap2 peak (right, 8.3 S)

To determine whether human p23 influences the association of Hop and AlP/Xap2
with Hsp90, we added p23 to *Hop—Hsp90-AIP/Xap2 complexes in the presence of
AMP-PNP and subjected them to sedimentation-velocity experiments. We observed
a marked decrease in the amount of asymmetric complex (Fig. 34), suggesting that
Hop exits the complex when p23 and AMP-PNP are present. As in the yeast system
(see Fig. 27), the addition of AMP-PNP alone led to a smaller decrease in the

amount of Hsp90 complexes containing Hop, whereas the addition of p23 had only
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minor effects on complex composition. Thus, regulation of the progression of the co-

chaperone cycle is fully conserved between the yeast and human Hsp90 systems.
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Figure 34. Regulation of asymmetric
complex in human Hsp90 cycle

The regulation of the asymmetric
AlP/Xap2-containing complex was
investigated using aUC. 1 yM of labeled
Hop, 2 uM Hsp90B and 2 uM AIP/Xap2 in
40 mM HEPES, 50 mM KCI and 5 mM
MgCl, at pH 7.5 were subjected to aUC at
20 °C. dc/dt profiles are shown for the
AlP/Xap2-Hsp90-Hop asymmetric complex
(black) and the addition of p23 (2uM) in
absence (red) or presence of 2 mM AMP-
PNP (blue). Addition of AMP-PNP alone is
depicted in green.
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4.1.3 Discussion: the Hsp90 co-chaperone cycle

In the last decade, a large number of different co-chaperones have been identified to
be associated with Hsp90 during the chaperone cycle (75). In the cell, the
maturation of client proteins involves the succession of at least two different
complexes containing Hsp90 and specific co-chaperones (160). It implies that there
must be factors determining which co-chaperone interacts with Hsp90 at a specific
stage. It becomes clear that the conformational state of Hsp90 plays a role in this
process. For example, Hop/Stil binds and stabilizes the open conformation of
Hsp90 (128) while p23 specifically interacts with the closed conformation of Hsp90
(143,196,272). The extensive research on Hsp90/co-chaperone binary complex
provides us with a detailed mechanism on how one co-chaperone interacts with
Hsp90. However, these results still do not solve the central issue in understanding
the Hsp90 cycle as they only provide static pictures on this dynamic process. For
example, the progression from the intermediate complex to the late complex remains
unclear. During this process, the inhibitory co-chaperone Hop/Stil has to exit from
Hsp90 and is replaced by p23 and a PPlase (160). It was not clear how this can be
achieved since Hop/Stil and the large PPlase interact with Hsp90 with similar

affinity.

The results of this study suggest that one Stil molecule is sufficient to stabilize the
open conformation and inhibit the ATPase activity of the Hsp90 dimer. It is
reasonable to assume that only one Stil is bound per Hsp90 dimer given the fact
that the concentration of Stil in vivo is only around 10% of Hsp90 (268). Since Stil
only occupied one TPR binding sites, the second subunit is free to interact with
another co-chaperone. In our study, the asymmetric PPlase-Hsp90-Hop complex is
favored as shown by the comparison of complex formation with the statistical
expectations. This is probably due to the binding of the second Stil being sterically
unfavorable. Or the binding of Stil induces a conformational change in Hsp90 which
favors the binding of different TPR co-chaperones.

Several studies have addressed the composition of Hop/Stil-containg complexes by

immunoprecipitation from cell lysate (273,274). It is clear that Hsp90 and Hsp90
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were involved while p23 was absent. However, the situation was less clear for the
PPlase co-chaperones probably owing to the low abundance in the cell as only low
amount of PPlase co-chapeones was detected in our study. Interestingly, under heat
shock conditions, only three proteins in the Hsp90 chaperone machine, Hsp90, Stil
and Cpr6 were upregulated (275,276), exactly matching the asymmetric complex we
reported here. Compared to the situation where two Hop/Stil molecules were bound
to Hsp90, these complexes are more readily transformed to the late complex. To
completely expel Hop/Stil from Hsp90, the concerted action and nucleotides and
p23 is required (Fig.35). It is known that p23 interacts with the N- and M-domains of
Hsp90, and therefore it is reasonable to assume that Stil may have a second
interaction sites located in the N- or M-domain of Hsp90. The conformational
changes induced by nucleotide binding may weaken the interaction of Stil with the
second binding sites and the competition with p23 resulted in the complete release
of Stil from Hsp90.

Thus, two different co-chaperones have to act in a coordinated manner together to
promote the formation of the late complex and to simultaneously displace Stil. This
stringent regulation suggests that the transition from the asymmetric Stil-complex to

the late complex is the key step in the chaperone cycle of Hsp90.
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Figure 35. Model of the Hsp90 co-chaperone cycle

Hop/Stil binds to the open conformation of Hsp90 and acts as the attachment site for Hsp70
bound to client protein. One Stil molecule bound is sufficient to inhibit the Hsp90 ATPase
activity. For simplicity, Hsc70/Ssal is depicted to enter the cycle together with client protein
after Stil is bound to Hsp90. It is reasonable to assume that this can also occur in complex
with Stil. The other TPR-acceptor site is preferentially occupied by a PPlase, leading to an
asymmetric Hsp90 complex. Hsp90 converts to the closed conformation after binding of ATP.
This reaction weakens the binding of Stil and therefore promotes its exit from the complex.
Potentially, another PPlase (dashed line) binds to form the late complex together with
Hsp90 and p23. After hydrolysis of ATP, p23 and the folded client are released from Hsp90.
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4.2 Synergistic binding of Ahal and Cpr6 to Hsp90 promotes the

progression of chaperone cycle

4.2.1 Ahal/Hchl and Cpr6 prefer the closed conformation of Hsp90

Ahal is an ATPase activator of Hsp90, which plays an important role in the
regulation of Hsp90’s function (121,277). Previous studies showed that Ahal led to
the closed conformation of Hsp90 even without nucleotides (117). To assess the role
of Ahal in the Hsp90 chaperone cycle, we first investigated the interaction between
Ahal and Hsp90 using aUC in the absence and presence of nucleotides. The dc/dt
plot clearly showed that the interaction between Ahal and Hsp90 was greatly
enhanced by adding AMP-PNP, which led to the closed conformation of Hsp90
(Fig.36).
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To determine the binding constants between Ahal and Hsp90, we performed SPR
titrations using “open” Hsp90 (in the absence of AMP-PNP) and “closed” Hsp90
(pre-incubated with AMP-PNP). Interestingly, the binding affinity increased from 1.2
MM to 160 nM when Hsp90 adopted the closed conformation (Fig.37a,b). The
change in the binding affinity implies that the binding sites may be different when
Hsp90 is in the “closed” conformation. Hch1 is a homologous protein to Ahal that
shows 36% sequence identity to the N-terminal domain of Ahal (121). We also

determined the binding constant between Hchl and Hsp90 and found that similar to
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Ahal, Hchl also showed higher affinity for the “closed” Hsp90. The binding constant
changed from 1.8 uM to 0.9 uM (Fig. 37c, d).
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Figure 37. Different affinities of Ahal and Hchl for different conformations of Hsp90

Binding of Ahal (a, b) and Hchl(c, d) was measured using SPR spectrometry. Injections of
different concentrations of open (a, c) and closed (b, d) conformations of Hsp90 (pre-
incubation with AMP-PNP) were made onto a yAhal-coated or yHchl-coated CM5 chip. For
Ahal, the Ky for open conformation of Hsp90 was calculated to be 1.2 yM, and the K for
closed conformation of Hsp90 was calculated to be 160 nM based on the plateau values of
the individual injections. For Hchl, The Kpfor open conformation of Hsp90 was calculated
to be 1.8 uM, and the Kp for closed conformation of Hsp90 was calculated to be 930 nM
based on the plateau values of the individual injections.

We also investigated the nucleotide dependency of the Cpr6 interaction with Hsp90
using aUC. The experiments showed that the interaction between Cpr6 and Hsp90
was greatly enhanced by the presence of AMP-PNP, which indicates that Cpr6

bound to the closed conformation Hsp90 with higher affinity (Fig. 38). After
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converting the sedimentation profile to a dc/dt plot, it could be seen that the *Cpr6—
Hsp90 complex sedimented with an s value of 7.1 S in the absence of AMP-PNP.
After addition of AMP-PNP, the sedimentation coefficient of *Cpr6 increased to 7.6 S
owing to conformational changes of Hsp90 (Fig. 38).
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Figure 38. Cpr6 prefers to bind the closed conformation of Hsp90

Binding of Hsp90 to Cpr6 investigated by aUC. Shown are sedimentation profiles of *Cpr6 (a)
and *Cpr6-Hsp90 (b). dc/dt profiles (c) are shown for 0.5 uM labeled *Cpr6 alone (black), for
*Cpré mixed with 1 pM Hsp90 (red), and for *Cpr6 mixed with 1 uM Hsp90 in the presence
of AMP-PNP (blue).

We also tested whether Cpr7, a close homologue of Cpr6 in yeast, has a similar

nucleotide dependency. Cpr7 was also labeled with Alexa 488 and subjected to aUC
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to examine the interaction with Hsp90. *Cpr7 sedimented with an s-value of 3.4 S,
which indicates that Cpr7 is also a monomeric protein. Upon adding Hsp90, the s-
value increased to 6.8 S owing to the formation of a *Cpr7—Hsp90 complex. In the
presence of AMP-PNP, the sedimentation coefficient increased to 7.4 S due to the
conformational change of Hsp90. However, different from Cpr6, we didn’t observe

any nucleotide dependency in the interaction between Cpr7 and Hsp90 (Fig. 39).
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4.2.2 Ahal and Cpr6 form ternary complex with Hsp90

Since both Ahal and Cpr6 preferentially bind to the closed conformation of Hsp90.
Therefore we wondered whether these two proteins could form a ternary complex
with Hsp90. To test this hypothesis, we added Cpr6 to the *Ahal—Hsp90 complex in
the absence and presence of nucleotide. In both cases, as shown in the dc/dt plot,
the shift of the sedimentation coefficient indicates that Cpr6 forms a ternary complex
with *Ahal and Hsp90 (Fig. 40a,b). Interestingly, the presence of Cpr6 increased the
binding between Ahal and Hsp90 especially when AMP-PNP is absent. Although
Cpr7 can also form a ternary complex with Hsp90 and Ahal, the affinity between
Ahal and Hsp90 remained the same in the absence and presence of Cpr7 (Fig.
40c,d). To elucidate the interaction between these three proteins, we determined the
binding constants of Ahal for the Hsp90/Cpré complex in absence and presence of
nucleotides. SPR titrations revealed that Aha1 binds to “open” Hsp90/Cpr6 complex
with the an affinity of 420 nM and with 130 nM to the “closed” Hsp90/Cpr6 complex
(Fig.41a,b). Notably, in the “open” conformation, the presence of Cpr6 increased the
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binding affinity around three-fold compared to that of Hsp90 alone (see Fig.37a),
which suggests a cooperative binding. Similarly, the presence of Cpr6 also promoted
the binding of Hchl to Hsp90 (Fig. 41 c¢,d and Fig.37c,d).
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Figure 40. Ahal froms aternary complex with Hsp90 and Cpr6 or Cpr7

Binding of Ahal and Cpr6 to Hsp90 in the absence (a) and presence (b) of AMP-PNP,
investigated by aUC. dc/dt profiles are shown for 0.5 uM labeled *Ahal mixed with 1 pM
Hsp90 (black), and for *Ahal mixed with 1 pM Hsp90 in the presence of Cpr6 (red). For
comparison, binding of Ahal and Cpr7 to Hsp90 was also investigated in the absence (c) or
presence (d) of AMP-PNP. dc/dt profiles are shown for 0.5 uM labeled *Ahal mixed with 1
MM Hsp90 (black), and for *Ahal mixed with 1 uM Hsp90 in the presence of Cpr7 (red).
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Figure 41. The binding affinity between Hchl to Hsp90 is increased by Cpr6

Binding of Ahal (a,b) or Hchl(c,d) to Hsp90 was measured in the presence of Cpr6 using
SPR spectrometry. Injections of different concentrations of open and closed conformation of
the Hsp90/Cpré complex (pre-incubation with AMP-PNP) were made onto a yAhal-coated
or yHchl-coated CM5 chip. For Ahal, the Ky for the open conformation of Hsp90/Cpr6é was
calculated to be 420 nM (a), and the Ky for the closed conformation of Hsp90/Cpr6 was
calculated to be 130 nM (b) based on the plateau values of the individual injections. For
Hchl, the Ky for the open conformation of Hsp90/Cpr6 was calculated to be 1.0 yM (c), and
the Kp for the closed conformation of Hsp90/Cpr6 was calculated to be 240 nM (d) based on
the plateau values of the individual injections.

To further verify the cooperative binding between Ahal and the Hsp90/Cpr6
complex, we set up an *Ahal—*Hsp90 FRET system. Addition of an excess amount
of unlabeled Ahal led to the release of *Ahal from Hsp90 (Fig.42a). Addition of
Cpr6 did not interrupt the binding kinetics but resulted in a new binding kinetics,
which revealed that Cpr6 binds to Hsp90 in addition to Ahal (Fig.42b). The results
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also showed that nucleotides, which led to the closed conformation of Hsp90,
enhanced the binding of Ahal as we observed in the aUC experiments. Moreover,
we observed that Cpr6 promotes the binding of Ahal to Hsp90 in the FRET system
(Fig.42c), which confirms the cooperative binding model for the Ahal—-Hsp90/Cpr6

interaction.
a b

2.8 . . . . .

3.0 AMP-PNP
~ 277 'Wé —~
: 5
8 26 8 2.8-
3 5 : 3
e labeled Ahal %

GC) 25_ é:i__ unilabele a. t % 2 6
2 %, o 264
9 i %3 7]
QL 2.4- & l‘gg‘- P o
@] B A ) )
3 H R | S 24
L 2.34 ' LRI L

221 : . . 2.2 . . . . .

0 500 1000 1500 0 500 1000 1500 2000
Time (second) Time (second)

c
3 i
8 3.0 ]
C
(0]
?
o 2.8 i
o
=)
LL

2.6 i

0 200 400 600 800 1000 1200
Time (second)

Figure 42. Cpr6 promotes Ahal/Hsp90 interaction

The effect of Cpr6 and AMP-PNP on the interaction between Ahal and Hsp90 was
investigated by FRET. We added 300 nM *Hsp90 (acceptor) to 300 nM *Ahal (donor) in the
presence of AMP-PNP (a, b), and the binding kinetics (black) were monitored at 25 °C in
standard reaction buffer. We added unlabeled Ahal (a) or unlabeled Cpr6 (b) to the *Ahal—
*Hsp90 complex to trace the kinetics change. The orange arrow indicates the addition of
protein (a,b). To compare the binding kinetics of *Ahal to different Hsp90/Co-chaperones,
we added 300 nM *Hsp90 (turquoise), 300 nM *Hsp90/Cpr6 complex (blue), 300 nM *Hsp90
in the presence of AMP-PNP (red) or 300 nM *Hsp90/Cpré complex in the presence of
AMP-PNP (black) to 300 nM *Ahal (donor), respectively (c). The binding kinetics were
monitored at 25 °C in standard reaction buffer. a.u, arbitrary units.
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4.2.3 Ahal provides additional driving forces for the progression of the Hsp90

cycle

Previous studies showed that Cpr6 could partially displace Stil from the Hsp90
complex, and therefore we tested whether Ahal also contributes to the exit of Stil.
aUC experiments showed that Ahal could also release Stil to some extent from the
Hsp90 complex, and more Stil was expelled from the complex upon adding Cpr6.
Moreover, Stil exits from Hsp90 completely when Ahal, Cpr6 and nucleotide were
present together (Fig.43a).

To analyze this transition kinetically, FRET experiments were performed to examine
the influence of Ahal on the exit of Stil in combination with other cofactors (Fig.
43b). We bound donor-labeled *Stil to acceptor-labeled *Hsp90 and then added an
excess amount of unlabeled Ahal. The decreased fluorescence signal showed that
Ahal could displace Stil from Hsp90, which confirms the notion that Ahal competes
with Stil for the interaction with Hsp90. Since previous studies have shown that the
interaction of Ahal with Hsp90 involved the N- and M-domain of Hsp90, this result
also indicates that Stil may interact with the same region besides binding to the C-
terminal MEEVD motif. An efficient displacement of Stil could be observed only
when Ahal and Cpr6 were added together. For complete release of Stil, AMP-PNP
need to be added together with Ahal and Cpr6 (Fig.43b). Taken together, the
results suggest that in the Hsp90 chaperone cycle, Stil can be released from Hsp90
before p23 binding due to the cooperative binding of Ahal and Cpr6.
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Figure 43. Ahal, Cpr6 and nucleotides release Stil from Hsp90

a. The release of Stil from the Hsp90 complex, investigated using aUC. dc/dt profiles are
shown for the *Stil-Hsp90 complex in the absence (red) of AMP-PNP. We added Ahal
alone (pink), AMP-PNP alone (blue), Ahal and Cpr6 (dark blue), Ahal and AMP-PNP
(green) or Cpr6, Ahal and AMP-PNP (purple) to the *Stil-*Hsp90 complex to follow the
release of *Stil.

b. The release of Stil from the Hsp90 complex, investigated by FRET. We added 300 nM
*Hsp90 (acceptor) to 300 nM *Stil (donor), and the binding kinetics (black) were monitored
at 25 °C in standard reaction buffer. We added Ahal alone (red), Ahal and AMP-PNP
(turquoise), Ahal and Cpr6 (dark yellow), AMP-PNP alone (dark blue) or Ahal, Cpr6 and
AMP-PNP (bright blue) to the *Stil—*Hsp90 complex to trace the kinetics of *Stil release.
The orange arrow indicates the addition of nucleotide or protein. a.u., arbitrary units.

4.2.4 Ahal and Cpr6 stimulate the ATPase activity of Hsp90

To evaluate the influence of Cpré on the ATPase activity of Hsp90, we performed
the ATPase assay in the absence and presence of Cpr6. The results indicate that
Cpr6 could stimulate the ATPase activity of Hsp90 around 1.5 fold while Cpr7 did not
influence it (Fig. 44a). Interestingly, at sub-stoichiometric concentrations, Ahal and
Cpr6 stimulated the ATPase activity synergistically.

To further investigate the mechanism of the ATPase stimulation by Ahal, we studied
the ATPase activation using different concentration of Hsp90 (Fig.44b). The result
showed that the stimulation effect is limited by the amount of Ahal, which indicates
that Ahal may not be released from Hsp90 after ATP hydrolysis.
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Figure 44. Stimulation of ATPase activity of Hsp90 by Ahal and Cpr6

a. Different co-chaperones or mixtures were added to Hsp90 to examine the activation of
the ATPase activity of yHsp90. The resulting ATPase activities were measured at 30 °C.

b. 5 uM Ahal was added to 5 uM Hsp90 dimer or to 10 uM Hsp90 dimer to examine the
activation of the ATPase activity of yHsp90. The resulting ATPase activities were measured
at 20 °C.

4.2.5 p23 releases Ahal from Hsp90

The results of the ATPase experiments imply that the exit of Ahal may require the
competition with other co-chaperones. To test this notion, we investigated the effects
of p23 and Ahal on complex formation with Hsp90 by aUC. As shown in the dc/dt
plot, p23 could completely displace Ahal from Hsp90 in the presence of AMP-PNP
(Fig. 45a). To confirm this finding, we measured the release of Ahal by p23 in the
*Ahal—*Hsp90 FRET system (Fig. 45b). The results showed that addition of p23
results in the exit of Ahal from Hsp90.
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Figure 45. p23 releases Ahal from Hsp90

a. The release of Ahal from the Hsp90 complex was investigated using aUC. dc/dt profiles
are shown for the *Ahal alone (black) or the *Ahal-Hsp90 complex in the presence of
AMP-PNP (red). We added unlabeled p23 to the *Ahal-Hsp90 complex to follow the
release of *Ahal (blue).

b. The release of Ahal from the Hsp90 complex was investigated by FRET. We added 300
nM *Hsp90 (acceptor) to 300 nM *Ahal (donor) in the presence of AMP-PNP, and the
binding kinetics (black) were monitored at 25 °C in standard reaction buffer. We added p23
(red) to the *Ahal—*Hsp90 complex to trace the kinetics of *Ahal release. The orange arrow
indicates the addition of protein. a.u., arbitrary units.
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4.2.6 Discussion: Ahal in the co-chaperone cycle of Hsp90

As the most potent ATPase activator of Hsp90 (121), Ahal exerts a strong influence
on the Hsp90 chaperone machinery. For example, Ahal induces a conformational
change in Hsp90 in the absence of nucleotides (117). It is also known that the
knockout of Ahal in yeast severely affected the maturation of several different
Hsp90 clients such as GR (277). Previous studies demonstrated that co-
chaperones such as Hop and p23 are also crucial for the activation of GR, which has
to pass through different Hsp90 co-chaperone complexes to achieve the functional
conformation (160). However, how Ahal cooperates with other co-chaperones in
chaperoning client proteins remained unclear. Thus role of Ahal in the progression

of the chaperone cycle needed to be elucidated.

Compared to other Hsp90 co-chaperones such as Stil and Cpr6, Ahal binds
weaker to Hsp90, as the binding constant is in the micro molar range. In this work,
we determined the binding constants between Ahal and different conformation of
Hsp90. A six fold increase in the binding affinity showed that Ahal strongly prefers
the closed conformation of Hsp90. This result also implies that Ahal might have
different binding sites in the open and closed conformation of Hsp90. We also
observed the synergistic binding between Ahal, Cpr6 and Hsp90, as Cpr6 promotes
more Ahal to interact with Hsp90. Moreover, these two co-chaperones stimulate the
ATPase activity of Hsp90 in a cooperative way. With the concerted action of
nucleotides, Ahal and Cpr6 could completely expel Stil from Hsp90. Interestingly, a
number of studies have shown that p23 stabilized the closed conformation of Hsp90
and contributed to the exit of Hop/Stil from the chaperone cycle (143,196,272,278).
It seems that the function of p23 might be partially substituted by Ahal at least in the
progression of the chaperone cycle. It is clear that Ahal interacts with the N- and M-
domain of Hsp90 (107,155). Therefore our results also imply that Stil may have a
second interaction site located in the N- or M-domain and the competition with Ahal
contributes to the full exit of Stil from Hsp90 (Fig. 46). Taken together, these
findings support the idea that Ahal may be involved in the late stage of the Hsp90

chaperone cycle.
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Cpré was shown to slightly activate the ATPase activity of Hsp90 in previous
research (121). However, the influence of Cpr7, a closely related TPR-containing
PPlase of Cpr6 in yeast, was unclear. In this work, we found that these two proteins
are different in many aspects such as the nucleotide dependency, stimulation of the
ATPase activity and the cooperativity with other co-chaperones. Early studies
indicated that these two co-chaperones differ in some biochemical properties (122).
For example Cpr6 has a 100-fold higher PPlase activity but much lower chaperone
activity than Cpr7. These results strongly suggest that Cpr6é and Cpr7 perform

partially overlapping but not identical tasks in the Hsp90 chaperone cycle.

To date, the stimulation mechanism of Ahal for the ATPase activity of Hsp90 is well
documented (106,107,156). In contrast, little is known on the exit of Ahal from the
Hsp90 complex. Here we tested the hypothesis that Ahal may act as a catalyst to
stimulate the ATPase activity. It may leave the complex spontaneously afterwards
and catalyze other Hsp90 molecules. This may explain how Ahal works on the
tremendous amount of Hsp90 molecules in the cell, since the cellular concentration
of Ahal is only around 3% of that of Hsp90 (268). The results obtained do not
support this idea as we observed that the stimulation of ATPase activity is strictly
limited by the amount of Ahal presents. This also indicates that the exit of Ahal may
require the competition with other cofactors. In this work, it is shown that an excess
amount of p23 could fully displace Ahal from Hsp90, which sheds light on the

mechanism of Aha1’s disassociation from the Hsp90 chaperone cycle (Fig. 46).
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Figure 46. Ahal in the Hsp90 chaperone cycle.

Hop/Stil binds to the open conformation of Hsp90 and acts as the attachment site for Hsp70
bound to client protein. One Stil molecule bound is sufficient to inhibit the Hsp90 ATPase
activity. The other TPR-acceptor site is preferentially occupied by a PPlase, leading to an
asymmetric Hsp90 complex. The synergistic interaction of Ahal weakens the binding of Stil
and therefore contributes to its exit from the chaperone cycle together with the concerted
action of nucleotides. Ahal further promotes changes in the domain orientation and
accelerates the nucleotide-induced transition of Hsp90 conformation. The binding of p23
stabilizes the closed conformation of Hsp90, expels Ahal from the chaperone cycle and
leads to the formation of the late complex including a PPlase. After hydrolysis of ATP, p23
and the folded client are released from Hsp90.
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4.3 Comparative studies of AIP/Xap2 and AIPL1

4.3.1 AIP and AIPL1 show high sequence and structural similarity but distinct

differences in the C-terminal region

Hsp90 and its co-chaperones are essential for maintaining the activatable state or
conformation of its client proteins (193,194,216). In the case of the aryl hydrocarbon
receptor (AHR), the co-chaperone AlIP/Xap2 was reported to play an important role
in the regulation of AHR activity together with Hsp90 (168). On the sequence level,
AIP is closest related to the AlP-like protein (AIPL1), which was originally identified
by genetic analysis of patients with the autosomal recessive eye disease, leber’s
congenital amaurosis (LCA) (279). LCA is the most rapid and severe form of
congenital blindness and AIPL1 mutations result in clinically severe forms of LCA
(280).

AIP and its homologue AIPL1 shares 49% sequence identity (Fig.47). Both proteins
have an N-terminal Fkbp-like domain, which indicates that AIP and AIPL1 might
possess PPlase activity, like Fkbp52. Moreover, the three conserved TPR domains,
which are modules for protein protein interaction (109), may have a role in Hsp90
interaction. However, the C-terminal regions of AIP and AIPL1 are significantly
different. AIPL1 contains a unique proline-rich domain with XXPP repeats in its very
C-terminal region (Fig.47). This proline-rich region is thought to be present only in
primates and shows considerable sequence variation (281), suggesting that the

proline-rich domain might have a unique function.
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Figure 47. Domain architecture and Sequence alignment of AIP and AIPL1

a. Domain organization of AIPL1, AIP and FKbp52. AIPL1 contains one Fkbp-like domain,
followed by three TPR domains and a unique C-terminal proline-rich domain (PRD). AIP
contains one Fkbp-like domain and three TPR domains. Fkbp52 contains two Fkbp domains
and three TPR domains. The amino acid positions are indicated by numbers.

b. Sequence alignment of AIP and AIPL1 was performed by means of Clustalw software at:
http://www.ebi.ac.uk/clustalw/. * indicates identical or conserved residues in all sequences in
the alignment; :, conserved substitutions; and., semiconserved substitutions.
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We expressed AIP and AIPL1 in E.coli and purified it from the soluble fraction of the
lysate. As shown by far UV CD spectroscopy, AIP and AIPL1 have an ordered
structure with strong signals at 208 nm and 222 nm, indicative of a high a-helical
content (Fig. 48a). We used thermal transitions in order to estimate the stability of
AIP and AIPL1. The midpoint of the thermal transitions as measured by CD
spectroscopy was around 50°C for both proteins (Fig. 48b,c). To elucidate the
effects of the unique proline-rich domain on the structural features of AIPL1, we
created an AIPL1 variant lacking the proline-rich domain (AIPL1-APRD). In addition,
to further clarify the functions of proline-rich domain, a chimeric protein consisting of
wild type AIP and the proline-rich domain from AIPL1 (AIP-PRD) was constructed
and purified as well. The far UV CD spectrum of AIPL1-APRD is typical for an alpha-
helix protein with a local minimum at 222 nm and 208 nm (Fig. 48a). Next, we
compared the stability of AIPL1-APRD to that of human AIPL1 by monitoring the CD
signals of both proteins at 220 nm during constant heating. For both proteins, the CD
signal starts to decrease above 40°C and the unfolding process is completed at
around 65°C, with Tms of 45°C and 48°C for AIPL1-APRD and AIP-PRD,
respectively (Fig. 48d,e). Based on these experiments, we conclude that removal of

the proline-rich domain does not influence the thermal stability of AIPL1 significantly.
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Figure 48. Structure and stability of AIP, AIPL1, AIP-PRD and AIPL1APRD

Far UV CD spectra of AIP (black), AIPL1 (blue), AIP-PRD (turquoise) and AIPL1APRD (red)
measured at 20°C (a). To assess the stability of the different proteins, temperature-induced
unfolding experiments were performed (b-e). Temperature-induced unfolding was monitored
by far UV-CD spectroscopy at a fixed wavelength with a heating rate of 20 °C h™*. Data
were fitted to a Boltzmann function to obtain transition midpoints.
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4.3.2 AIP and AIPL1 are inactive PPlase with altered function

AIP and AIPL1 share homology to the PPlase domain of Fkbps. To test whether AIP
and AIPL1 catalyze peptidyl-prolyl isomerisation in vitro, we performed a
fluorescence-based PPlase assay (282). As a control, we used Fkbp51 and Fkbp52,
Hsp90 associated PPlases with prolyl-isomerisation activity (123). First, PPlase
activities were measured using an aminobenzoyl-Ala-Tyr-Pro-Phe-4-nitroanilide
model peptide, in agreement with previous results, Fkbp51 and Fkbp52 accelerated
the cis/trans isomerization of our model peptides (Fig. 49 a). No influence on the
isomerization of the model peptide was observed in the presence of AIP or AIPL1
(Fig. 49 a). We further investigated whether AIP or AIPL1 catalyze the isomerization
of other proline-containing peptides. However, the results indicated that both AIP
and AIPL1 are inactive PPlases (Fig. 49 b). Therefore it is reasonable to assume
that the PPlase-function of either AIP or AIPLL1 is strongly diminished compared to
the more active Fkbp51 and Fkbp52.
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Figure 49. Catalysis of cis/trans isomerisation of the model peptides aminobenzoyl-
Ala-Xaa-Pro-Phe-4-nitroanilide (Abz-Ala-Xaa-Pro-Phe-pNA) by AIP and AILP1

PPlase activity was measured using a fluorescent peptide-based method (282). 2 uM Tyr
(Xaa) peptides were use in the assays. The measurements were performed at 15°C in a
buffer containing 40 mM HEPES, 100 mM KCI, 1 mM DTT, pH 7.5 in the presence of 1uM
different proteins. As a control, the peptide in the absence of any additional components
was measured (a). To further examine the PPlase activity of AIP and AIPL1, the
isomerization of different peptides were measured in the absence (white) or presence of
1uM AIP (light grey) /AIPL1(dark grey) (b). The measurements were performed by Dr.
Gabriel Zoldak at the University of Bayreuth.
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4.3.3 AIPL1 but not AIP shows molecular chaperone activity

In addition to its PPlase activity, FKBP52 also exhibits chaperone activity (164). To
analyze whether AIP and AIPL1 interact with an unfolding protein, we performed the
well-established citrate synthase (CS) aggregation and inactivation assays (235). CS
loses its activity and aggregates rapidly when incubated at 43 °C, which can be
visualized by monitoring the turbidity of the protein solution. In these experiments,
AIP did not influence the temperature-induced aggregation of CS, even in
experiments, where AIP was added in large excess (Fig. 50a). Surprisingly, AIPL1
shows strong chaperone activity compared to AIP. A three-fold excess of AIPL1
could suppress the thermal aggregation of CS completely and for half-maximum
suppression on equal molar ratio was sufficient (Fig. 50a). SDS-PAGE analysis of
the insoluble pellet fraction and the soluble supernatant fraction following
centrifugation of the samples supports the light-scattering results (Fig. 50b). In the
presence of increasing concentrations of AIPL1, increasing amounts of CS remained
soluble at 43 °C.
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Figure 50. AIPL1 suppress the thermal aggregation of CS

a. Influence of AIP and AIPL1 on the aggregation of thermally denatured CS. 0.5 yM CS
(monomer) were incubated at 43 °C in 40 mM Hepes (pH 7.5). CS aggregation was
monitored by measuring the absorption at 360 nm in the absence of additional components
(black) or in the presence of an equal molar amount (blue), a three-fold molar excess (pink),
a fivefold molar excess (green) or a tenfold molar excess (dark yellow) of AIPL1. As a
control, a tenfold molar excess of AIP was added to CS (red).

b. AIP prevents the thermal aggregation of CS. CS (0.15 yM monomer) was incubated alone
or together with different concentration (1:1, 3:1 and 5:1) of AIPL1 at 43 °C for 30 min. The
soluble supernatant and the aggregates were subjected to SDS analysis. The orange
arrows indicate the size of CS and AIPL1. P. pellet; S. supernatant
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Next, we aimed to determine whether AIPL1 protects CS from thermal inactivation at
denatured temperature. To this end, we performed CS activity assays after different
time points of incubation at elevated temperature. The results indicate that AIPL1
slows down the thermal inactivation of CS while AIP show no effect (Fig.51).
However, after 30 minutes heat shock, the remaining activity of CS is less than 10%
of wild type protein, although CS remained in a soluble form as shown in the light
scattering experiment above (Fig. 51). To further elucidate the chaperone activity of
AIPL1, a CS refolding assay was performed to examine whether AIPL1 accelerates
the refolding of heat denatured CS. However, no significant increase of CS activity
was detected in the presence of excess amount AIPL1 (date not shown). Taken
together, AIPL1 acts as a holdase which is capable to keep the CS in a soluble
intermediate form.

100+ Figure 51. AIPL1 slows down the
thermal inactivation of a model client

protein

Inactivation kinetics of citrate synthase
(0.15 pM monomer) was recorded
following incubation at 43°C (black). The
effect of AIP (blue) and AIPL1 (red) on
the inactivation kinetics was measured in
the presence of a fivefold molar excess of
AIP or AIPL1 over CS.
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4.3.4 The Proline-rich domain is critical for the chaperone activity of AIPL1

As AIPL1 but not AIP binds specially to non-native proteins, we tested whether the
C-terminal proline-rich domain alters the behavior of AIPL1 towards non-native
proteins. In contrast to wild type AIPL1, the presence of the C-terminal truncated
mutant AIPL1-APRD did not have any influence on the aggregation behavior of CS,
even if present in huge excess (Fig. 52a). Similarly, no effects could be detected in
the inactivation assay in the presence of AIPL1-APRD (Fig. 52b), which suggests

that the C-terminal proline-rich region is required for the chaperone function of AIPL1.
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Next, we asked whether the function of the proline-rich domain could be transfered
to AIP by creating the chimeric protein AIP-PRD in which this domain was fused to
AIP. Indeed, a slight suppression of CS aggregation was achieved in the presence
of an excess of AIP-PRD (Fig. 52a). However, compared to the wild type AIPL1,
AIP-PRD showed only weak chaperone activity. In addition, AIP-PRD is not capable
to protect CS from thermal inactivation (Fig. 52b). Taken together, the C-terminal
proline-rich region is necessary, but not sufficient for the chaperone function of
AIPL1.

Since the interaction between chaperones and client protein often involves
hydrophobic interactions, we tested the presence of accessible hydrophobic patches
by the probe bis-ANS. This dye bound to AIPL1 much better than to AIP, suggesting
more hydrophobic surfaces on AIPL1 (Fig. 53). Deletion of the proline-rich domain
results in a dramatic decrease of the fluorescence intensity. This observation
parallels the results that AIPL1 exhibits more chaperone activity compared to AIPL1-
APRD.
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Figure 52. The Proline-rich domain is necessary but not sufficient for the chaperone
activity.

a. Influence of AIP-PRD (blue) and AIPL1APRD (pink) on aggregation of thermally
denatured CS. A 0.5 yM CS (monomer) sample was incubated at 43 °C in 40 mM Hepes
(pH 7.5). CS aggregation was monitored by measuring the absorption at 360 nm in the
absence of additional components (black) or in the presence of a fivefold molar excess AlP-
PRD (blue) or AIPL1APRD (pink) of AIPL1.

b. Inactivation kinetics of CS (0.15 pM monomer) (black) was recorded following incubation
at 43°C. The effect of AIP-PRD (blue) and AIPL1APRD (red) on the inactivation kinetics was
measured with fivefold molar excess of AIP-PRD or AIPL1 APRD over CS.
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4.3.5 The Proline-rich domain is a negative regulator of Hsp90 interaction

AIP was known to form a ternary complex with Hsp90 and AHR (169), and recently,
AIPL1 was shown to be part of chaperone heterocomplex together with
Hsp70/Hsp90 (283), consistent with the notion that both proteins are potential Hsp90
co-chaperones. However, the binding of either AIP or AIPL1 to Hsp90 has not been
characterized in vitro. We were interested in determining the relative affinities of
these proteins for Hsp90 by SPR. Human Hsp90 was covalently coupled to the chip
surface. In addition to AIP and AIPL1, we included the Hsp90 co-chaperone Hop in
this analysis. We found that these partner proteins bind to Hsp90 with similar
affinites between 0.9 uM and 2.6 uM (Fig. 54). Surprisingly, the Kp of AIPL1- A PRD
was increased to 0.9 uM compared to 2.6 uM for AIPL1 (Fig. 54). In addition, the Kp
of AIP-PRD drops to 6.9 uM compared to 2.3 uM for the wild type protein (Fig. 54).
Thus, the C-terminal proline-rich region influences the association with Hsp90. We
therefore propose that proline-rich domain acts as a negative regulator of Hsp90
interaction.
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Figure 54. The proline-rich domain is a negative regulator of Hsp90 interaction.

a. Determination of the affinity of AIP to Hsp90 by SPR. The Ky of AIP to hHsp90 was
calculated to be 2.28 uM based on injections with different concentration of AIP onto a
human Hsp90-coated CM5 chip

b. Determination of the affinity of AIP-PRD to Hsp90 by SPR. The Kp of AIP-PRD to hHsp90
was calculated to be 6.88 uM based on injections with different concentrations of AIP-PRD
onto a human Hsp90-coated CM5 chip.

c. Determination of the affinity of AIPL1 to Hsp90 by SPR. The Ky of AIPL1 to hHsp90 was
calculated to be 2.60 uM based on injections with different concentration of AIPL1 onto a
human Hsp90-coated CM5 chip

d. Determination of the affinity of AIPL1APRD to Hsp90 by SPR. The Ky of AIPL1APRD to
hHsp90 was calculated to be 0.89 uM based on injections with different concentrations of
AIPL1APRD onto a human Hsp90-coated CM5 chip.
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4.3.6 Discussion: Chaperone function of AIP and AIPL1

AIP and AIPL1 have highly similar primary structure but distinct biological functions.
AIP is ubiquitously expressed in almost all tissues and its mutations are associated
with familial pituitary adenomas (284,285). It has also been shown that AIP is
essential in cardiac development (286). Moreover, AIP was reported to interact and
regulate the functions of viral protein, transcription factors and nuclear receptors
(167,169,287). In contrast, AIPL1 is expressed specifically in adult rod photoreceptor
cells, where its function is essential but not well understood. The mutation of AIPL1
is related to an inherited eye disease, Leber congenital amaurosis (LCA) (288-290).
Except a unique proline-rich domain in the C-terminal of AIPL1, both proteins have
similar domain organization, an N-terminal PPlase-like domain, followed by three
consecutive TPR domains. In this study we demonstrate that both AIP and AIPL1
are inactive PPlases as they cannot catalyze the cis-trans isomerazation of proline-
containing peptide in vitro. However, AIPL1 is an active chaperone. It protects a
model client from thermal aggregation effectively. This result indicates that AIPL1
could act as a molecular chaperone for retinal protein folding. The TPR domain is a
repeat motif found in many proteins and functions as a protein-protein interaction
domain. AIP was reported to form ternary complexes containing Hsp90 and aryl-
hydrocarbon receptor (168). However, the binding affinity between AIP and Hsp90 is
unknown. In this study, we measured the binding constants between AIP or AIPL1
and Hsp90. Both proteins interact with Hsp90 in the micro molar range. This implies
that both proteins are a part of the Hsp90 chaperone machinery.

The proline-rich region is also a common module mediating protein-protein
interactions especially with signaling proteins and thus many proteins with proline-
rich motifs are important in the signaling transduction pathways, such as p53 (291).
A number of different consensus motif sequences have been described (292).
However, the pattern of the proline-rich domain in AIPL1 is novel and unique. To
examine the possible role of this unique proline-rich domain, we created a deletion
mutant and also a chimeric protein containing AIP and the proline-rich domain.
Interestingly, the unique proline-rich domain in AIPL1 is essential for the chaperone

function. It also acts as a negative regulator in the interaction with Hsp90.
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The results from this study suggest a role of AIPL1 as a molecular chaperone and a
regulatory function of the unique proline-rich domain. However, further experiments
need to be performed to uncover the physiological function of AIPL1 in vivo. For
example, it is important to identify the interacting partners specifically for the proline-
rich domain. AIPL1 may be involved in the signaling transduction pathways through
interactions mediated by this region. Also, the key question which needs to be
answered is what is the physiological client of AIPL1 as a molecular chaperone?
Studies on the physiological clients will lead to a deeper understanding of the in vivo

function of this unique retina-specific molecular chaperone.
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5. Material and methods

5.1 Material

5.1.1 Chemicals

Acrylamide solution (38% with 2%

bisacrylamide)

Roth, Karlsruhe, Germany

Adenosyl-imidodiphosphate (AMP-PNP)

Roche, Mannheim, Germany

Adenosin-5"-diphosphate (ADP), disodium salt

Roche, Mannheim, Germany

Adenosin-5"-triphosphate (ATP), disodium salt

Roche, Mannheim, Germany

Agarose, ultra-pure

Roth, Karlsruhe, Germany

Albumin from bovine serum

Sigma, St. Louis, USA

Ammoniumperoxodisulfate (APS)

Roche, Mannheim, Germany

Ammoniumsulfate

Merck, Darmstadt, Germany

Ampicillin

Roth, Karlsruhe, Germany

Bacto Peptone

Difco, Detroit, USA

Bacto Tryptone

Difco, Detroit, USA

Bromphenol blue S

Serva, Heidelberg, Germany

Coomassie Brilliant Blue G-250

Serva, Heidelberg, Germany

Coomassie Protein Assay Reagent

Pierce, Rockford, USA

Dithiothreitol

Roth, Karlsruhe, Germany

ECL+plus Western Blotting Detection System

Amersham, Uppsala,

Sweden

Ethanol, p.a.

Roth, Karlsruhe, Germany

Ethidiumbromide

Sigma, St. Louis, USA

Glycerine, 99%

ICN, Irvine, USA

Guanidinium hydrochloride, p.a.

ICN, Irvine, USA

Kanamycin

Roth, Karlsruhe, Germany

2-Mercaptoethanol, pure

Sigma, St. Louis, USA

N-(2-Hydroxyethyl)-piperazine-N'-2-ethansulfonic

ICN, Irvine, USA
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acid (Hepes)

N,N,N',N'-Tetramethylethylendiamin (TEMED) Roth, Karlsruhe, Germany

Protease inhibitor mix G Serva, Heidelberg, Germany
Protease inhibitor mix HP Serva, Heidelberg, Germany
Sodiumdodecylsulfate (SDS) Roth, Karlsruhe, Germany
Tris-(hydroxymethyl)-aminomethan (Tris) ICN, Irvine, USA

Titriplex (EDTA) Serva, Heidelberg, Germany

Isopropyl B-D-1-thiogalactopyranoside (IPTG) Merck, Darmstadt, Germany

All other chemicals were purchased from the company Merck (Darmstadt, Germany)
and were of grade p.a. if not stated otherwise. For the preparation of buffers double

distillated water was used.

5.1.2 Fluorophors

Name EXmax EMmax € Origin
(hnm)  (nm)  (M'cm™)
Alexa Fluor 488 maleimide 490 520 71,000 Invitrogen
(Carlsbad, USA)
ATTO488-maleimid 501 523 90,000 ATTO-TEC
(Siegen, Germany)
ATTO550-maleimid 554 576 120,000 ATTO-TEC

(Siegen, Germany)

5-iodoacetamidoflurescein 494 518 78,000 Invitrogen,
(Karlsruhe,Germany)
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5.1.3 Size and molecular mass standard kits

BiaCore amine coupling kit

BiaCore Inc., Uppsala, Sweden

1 kb DNA ladder molecular weight

standard

New England Biolabs,
Beverly, USA

1 kb DNA ladder molecular weight
standard

Peglab, Erlangen, Germany

Calibration proteins for HPLC

Serva, Heidelberg, Germany

Wizard® Plus SV Mini-Preps DNA

purification kit

Promega, Madison, USA

High Pure PCR Product Purification Kit

Promega, Madison, USA

High-Range-molecular weight marker
(HMW for SDS-PAGE)

BioRad, Miuinchen, Germany

Low-Range-molecular weight marker

(LMW for SDS-PAGE)

BioRad, Munchen, Germany

Rainbow marker for SDS-PAGE

Amersham, Uppsala,Sweden

5.1.4 Protein and antibodies

Alkaline phosphatase

Roche, Mannheim, Germany

Citrate Synthase from pig heart

Roche, Mannheim, Germany

Monoclonal IgG-POD conjugate
against rabbit-lgG (sheep)

Sigma, St. Louis, USA

Polyclonal serum against Stil (rabbit)

Dr. J. Pineda Antibody
Service, Berlin, Germany

Polyclonal serum against Ahal (rabbit)

Dr. J. Pineda Antibody
Service, Berlin, Germany

Polyclonal serum against Hsp90 (rabbit)

Dr. J. Pineda Antibody

Service, Berlin, Germany

Polyclonal serum against Ssal (rabbit)

Dr. J. Pineda Antibody
Service, Berlin, Germany

Polyclonal serum against Shal

Dr. J. Pineda Antibody
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Service, Berlin, Germany

Pwo-DNA polymerase

Roche, Mannheim, Germany

Pfu-DNA polymerase

Roche, Mannheim, Germany

Restriction enzymes

Promega, Madison, USA

T4-Ligase

Promega, Madison, USA

5.1.5 Chromatographic material

Amylose-Resin (15 ml)

New England BioLabs, (Hitchin, UK)

Ni-NTA (5 ml)

GE Healthcare, (Freiburg Germany)

Resource-Q (6 ml)

GE Healthcare, (Freiburg Germany)

Superdex 75 Prep Grade (320 ml)

GE Healthcare, (Freiburg Germany)

Superdex 200 Prep Grade (320 ml)

GE Healthcare, (Freiburg Germany)

5.1.6 Miscellaneous material

Amicon-Ultrafiltration Membrane
YM10/30/100

Millipore (Bedford, USA)

Centricon 10/30/100- microconcentrators

Millipore (Bedford, USA)

Dialysis tubes Spectra/Por (6-8 kDa)

Spectrum (Houston, USA)

Cuvettes 1.5 ml

Zefa (Munich, Germany)

Cuvettes

Starna GmbH (Pfungstadt, Germany)

Filterpaper

Whatman (Maidstone, England)

Immobilon-P(PVDF)-Membrane

Millipore (Bedford, USA)

pH-Indicator paper

Roth (Karlsruhe, Germany)

Polyacrylamide gels (10-20 % Tricine)

Novex (Frankfurt, Germany)

Sterile filter 0.2um

Zefa, Munchen, Germany

X-ray films X-OMAT AR

Eastman Kodak, Rochester, USA
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5.1.7 Equipment

Balance
Analysis balance BP 121 S
Halfmicro balance BL 310

Sartorius, Gottingen, Germany

Sartorius, Géttingen, Germany

Centrifuges

Avanti J 25 with JA-10 and JA-25.50
rotors

Beckman XL-I analytical ultracentrifuge
Eppendorf table-top centrifuge 5415 C
Rotina 46 R coolable centrifuge
Universal 32 R coolable centrifuge

Beckman, Wien, Austria

Beckman, Wien, Austria
Eppendorf, Hamburg, Germany
Hettich, Tuttlingen, Germany
Hettich, Tuttlingen, Germany

Chromatographic machines
Akta FPLC machine

FP-1520 fluorescence detector
GradiFrac system

HighLoad system

LG-980-02S gradient unit
PU-1580 HPLC Pump

Super loop 150 ml

UV-1575 UV-VIS detector

Amersham, Uppsala, Sweden
Jasco, Gro3-Umstadt, Germany
Amersham, Uppsala, Sweden
Amersham, Uppsala, Sweden
Jasco, Gro3-Umstadt, Germany
Jasco, Gro3-Umstadt, Germany
Amersham, Uppsala, Sweden

Jasco, Gro3-Umstadt, Germany

Fluorescence detection devices

AVIV-FIS fluorescence detection system

AVIV Biomedical, Lakewood, USA

Gelelectrophoresis and blotting devices

Fast Blot B44 apparatus

Hoefer Mighty Small 1l gelelectrophoresis

unit
RHU10X

Biometra, Gottingen, Germany
Amersham, Uppsala,Sweden

Roth, Karlsruhe, Germany
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Microcalorimeter
VP-ITC MicroCalorimeter

MicroCal Inc., Northampton, USA

spectrophotometer

Varian Cary 50 Bio UV-Vis-
Spectrophotometer

Varian Cary 100 Bio UV-Vis-
Spectrophotometer

Jasco J715 including PTC 343 Peltier
temperature device

Spectrofluorometer: Fluoromax I, Il and IlI
(with autopolarizers) with temperature

adjustable cuvette holder

Varian, Palo Alto, USA

Varian, Palo Alto, USA

Jasco, Gro3-Umstadt, Germany

Spex: Edison, USA

Surface plasmon resonance instrument

BiaCore X

BiaCore, Uppsala, Sweden

Voltage sources
LKB-GPS 200/400
EPS 3500, 301 und 1001

Amersham, Uppsala, Sweden

Amersham, Uppsala, Sweden

Additional equipment

Air circulation incubator

Cell disruption machine Basic Z
Culture shaker Certomat S

Digital thermometer with thermosensor
Eppendorf thermomixer

Icemachine

Magnetic stirrer Heidolph MR 2000
Metal thermo block TB 1

pH-meter

New Brunswick Scientific,

Nurtingen, Germany

Constant Systems, Warwick, England
Braun Biotech, Melsungen, Germany
Keithley, Cleveland, USA

Eppendorf, Hamburg, Germany
Ziegra, Isernhagen, Germany
Heidolph, Kelheim, Germany
Biometra, Gottingen, Germany
WTW, Weilheim, Germany
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Thermocycler Primus

Test tube roller

Sonic cell disruption device Sonifier B-12
Sonic water bath Sonsorex RK 100H
Varioklav steam autoclave EP-Z

Water bath Haake F6-K

MWG, Ebersberg, Germa
Heidolph, Kelheim, Germany
Branson, Danbury, USA
Bandelin, Berlin, Germany

H+P, OberschleiRheim, Germany

Haake, Karlsruhe, Germany

5.1.8 Computer software
Adobe Photoshop CS5
Adobe lllustrator CS5
Adobe Acrobat Reader 7.0
Biacore X Control Software

Borwin

ClustalW

ImageJ 1.42

Microsoft Office 2007
ProtParamTool
ProtScale Tool
OligoCalculator 3.26
Origin 8.0

Reference Manager 12
Sedview

UCSF Chimera 1.4.1.

Ultrascan

Adobe Inc., San Jose, USA

Adobe Inc., San Jose, USA

Adobe Inc., San Jose, USA

Biacore, Uppsala, Sweden

Jasco, Gro3-Umstadt, Germany

Swiss EMBnet,
http://www.ch.embnet.org/software/Clus
talw.html

National Institutes of Health, USA
Microsoft, Unterschleil3heim, Germany
ExPasy, http://expasy.hcuge.ch/
ExPasy , http://expasy.hcuge.ch/
Northwestern University, Chicago
OriginLab Corp.,Northampton, USA
ISI, Philadelphia, USA

Hayes DB and Stafford WF, 2010
Resource for Biocomputing,
Visualization, and Informatics at the
University of California, San Francisco,
USA

Dr. Borries Demeler, The Univ. of Texas

Health Science Center, Texas, USA
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5.2 Organisms and cultivation

5.2.1 Strains
E.coli Strain Geno-/Phenotype Origin/Company
E. coli DH10B F-araD 139A(ara leu) Berthesda Research

7697AlacX74 galU galK mcrA
A(mrr- hsdRMS- mcrBC) rpsL
decR 380 AlacZ AM15 endAl
nupG recAl

Laboratories,
Berthesda, USA

E. coli XL1 Blue A(mcrA) 183 A (mcrCB-hsdSMRmrr)
173 endAl supE44 thi-1
recAl gyrA96 relAl lac[F proAB
laclgZAM15 Tn10 (Tetr)] Su-

Stratagene, La Jolla,
USA

E. coliBL21 F- ompT hsdSB (rB-mB-)
(DE3) Codon Plus gal endA The [argU ileY leuwW
CamR

Stratagene, La Jolla,
USA

E. coli One-Shot  F- ompT hsdSB (rB-mB-)gal dcm
BL21 Star (DE3) rnel31 (DE3)

Invitrogen, Groningen,

Netherlands

S. cerevisiae strains  Strain/genotype

Acc. No. (Euroscarf)

Origin/Company

Y00000 (wild-type) BY4741; MATa; his3A1; Euroscarf, Frankfurt,
leu2A0; met15A0; ura3A0 Germany
Y01803 (sti1A) BY4741; Mat a; his3A1; Euroscarf, Frankfurt,

leu2A0; metl5A0; ura3A0;
YORO027w::kanMX4

Germany

Y04165 (cpr6A) BY4741; Mat a; his3A1;
leu2A0; metl5A0; ura3A0;
YLR216c::kanMX4

Euroscarf, Frankfurt,

Germany
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5.2.2 Media and antibiotics

The following media were used for growth of E.coli:
LBo 20 g/l LB-powder

LBy plates 20 g/l LB-powder, 15 g Bacto-Agar

Antibiotic concentrations used for growth of E. coli:

Ampicillin 100 pg/ml
Kanamycin 35 pg/ml
Chloramphenicol 50ug/ml

Following media were used for growth of yeast strains:
YPD Yeast Extract 59

Bacto Pepton 10g

Glucose 20 g

H,O ad 11
YPD plates YPD

Bacto Agar 209

5.2.3 Growth and storage of E. coli

Streaked cultures of E. coli on agar plates were incubated at 37 °C overnight and
kept at 4 °C in the fridge for short-time storage. Growth of E. coli liquid cultures in LB
media was performed upon addition of the according antibiotic in order to select for
the respective plasmid. Small volumes were inoculated with a single colony from the
plate, larger volumes with an overnight culture. Volumes up to 10 ml were incubated
in a test tube roller, volumes larger than 10 ml were incubated in a culture shaker.

Growth of E. coli was monitored photometrically at a wavelength of 600 nm. An

ODsoo~ 1 roughly represents 8 x 102 cells. For long-term storage of bacterial strains,
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700 pl of an exponentially growing culture were mixed with 300 pl of 50% sterile

glycerol, shock-frozen in liquid nitrogen and stored at -80 °C.
5.2.4 Growth and storage of yeast cells

Streaked cultures of S. cerevisiae were incubated on YPD or CSM plates at 30 °C
for two to three days. Growth in liquid cultures was performed in test tube rollers for
small volumes and for large volumes in a culture shaker at 30 °C. Small volumes
were inoculated with single colonies and large volumes were inoculated with
stationary overnight cultures. Growth of cells was monitored photometrically at a

wavelength of 600 nm. An ODgg Of one roughly equates to 2x107 cells.

For short-time storage, yeast cells were kept on the respective plates or in
respective liquid medium at 4 °C. For long-term storage, 700 pl of an exponentially
growing liquid culture was mixed with 300 pl of 50 % sterile glycerol and stored at -
80 °C.

5.3 Methods in molecular biology

5.3.1 Plasmids and constructs

For the purification of recombinant proteins the expression vector pET28a and
pPET28b was used. The vector exhibits a kanamycin resistance and allows the
expression of a Hisg-tag at the N- or C-terminus of the protein. The expression of the
recombinant protein is under the control of a lac-promotor. The constructs were
sequenced at GATC (Konstanz, Germany) with T7 and pET-RP primers prior to
purification. In this thesis, the following constructs were generated/used and

expressed:
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Protein Gene name Description

1 | yHsp90 HSP82 Yeast Hsp90 and its single cysteine mutants
yHsp90(S385C)
yHsp90(S61C)

2 | hHsp90 HSP90AB1 Human Hsp90

3 | Hop STIP1 Human Hsc70/Hsp90 - organizing protein,

binds to the open conformation of Hsp90 and
inhibits the ATPase activity

4 | Fkbp51 FKBP4 TPR-containing PPlase, chaperoene
Fkbp52 FKBP5 TPR-containing PPlase, chaperoene
6 | AlIP/Xap2 AIP Complex with AhR (aryl hydrocarbon

receptor), PPARa (peroxisome proliferator-

activated receptor a), Hbx (Hepatitis B virus

X protein)
AIP-PRD AIP with proline rich domain from AIPL1
7 | AIPL1 AIPL1 AIP like protein 1, 49% sequence identity to
AlIP
AIPL1APRD AIPL1 with deletion of proline rich domain
8 |p23 PTGES3 Inhibitor of Hsp90 ATPase
9 |[Stil STI1 Yeast homologue of Hop
10 | Cpr6 CPR6 TPR-containing PPlase
11 | Cpr7 CPR7 Homologue of Cpr6, TPR-containing PPlase
12 | Ahal AHAl ATPase activator of Hsp90
13 | Hchl HCH1 Homologue of Ahal
14 | Sbal SBAl Yeast p23 homologue and its single cysteine
Sbal(S2C) mutant
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5.3.2 Molecular biological solutions
TAE (50x): Tris/Acetate pH 8,0 2M
EDTA pH 8,0 50 mM
Gel loading buffer (10x): Glycerin 50% (v/v)
EDTA pH 8,0 10 mM

Bromphenole blue

Xylencyanole

0,2% (wi/v)
0,2% (w/v)

1% Agarose solution: Agarose 1lg
TAE (1x%) 100 ml
Ethidiumbromide solution 1 ul

dNTP-Mix dATP 10 mM
dGTP 10 mM
dCTP 10 mM
dTTP 10 mM

Solution A 1 M CaCl2 100 ml
2.8 M MnCI2 25 ml
H,O 862 ml
sterile filtered

Solution A - Glycerin Glycerin (87%) 69 ml
Solution A 331 ml

For the growth microorganisms and for molecular biological work sterile hollow-ware

and solutions were used all the time. If not stated otherwise, work was performed at

room temperature.

5.3.3 Preparation of plasmid DNA from E. coli

Plasmid DNA for analytical and preparative purposes was prepped and purified from

4 ml overnight cultures with the Wizard® Plus SV Mini-Prep kit according to the

protocol of the manufacturer (Promega, Madison, USA).
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5.3.4 Separation of DNA by agarose gel electrophoresis

The analytical and preparative separation of DNA was performed in 1% (w/v)
agarose gels which contained 0.4 pg/ml ethidium bromide. Electrophoresis was
carried out in 1x TAE running buffer with a constant voltage of 120 V. After approx.
25 min gelelectrophoresis was stopped and DNA was detected with a Bio Doc I
system. 1 kb or 100 bp DNA-ladder (Peglab, Erlangen, Germany) was used as

molecular weight standard.
5.3.5 DNA isolation from agarose gels

DNA bands were excised from the gel with a scalpel and the DNA was extracted
from the agarose piece using the PCR Product Purification kit (Promega, Madison,

USA) according to the manufacturer’s protocol. Purified DNA was stored at -20 °C.
5.3.6 Purification of PCR products and plasmids

PCR products and plasmids were purified with the PCR Product Purification kit
(Promega, Madison, USA) according to the manufacturer’s protocol. Purified DNA

was stored at -20 °C.
5.3.7 DNA sequencing analysis

Plasmid was sequenced prior to further use. For sequencing, 15 ul DNA derived
from a standard mini-prep were mixed with 15 ul of sterile H,O 44 (concentration 30
ng/pl to 100 ng/ul) in an Eppendorfd cup and sent to GATC Biotech (Konstanz,

Germany).
5.3.8 Transformation of E. coli

For the transformation of E. coli the respective strains were made chemically
competent. Briefly, 2 ml of sterile 1 M MgCl, were added to a fresh, exponentially
growing 100 ml culture of E. coli (ODgyo ~ 0.5-0.8) and incubated for further 10 min
at 37 °C. Subsequently, the culture was chilled on ice for 60 min and centrifuged
with 4500 g at 4 °C for 5 minutes. The cell was resuspended in 20 ml Solution A and
incubated on ice for further 60 min. After an additional centrifugation step at 4 °C for

five minutes, the sediment was resuspended in 2 ml of Solution A-glycerol and
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divided into 100 ul aliquots. Aliquots were either directly transformed with plasmid
DNA or frozen in liquid nitrogen and stored at -80 °C until further use.

For transformation, 100 ul of competent cells were incubated with the transforming
DNA (usually 0.5-1.0 ul of Mini-prepped plasmid DNA or 10 pl of a typical ligation
reaction, respectively) and incubated on ice for 15 min. Afterwards, the cells were
heat-shocked at 42 °C for 60 sec, cooled on ice for 2 min and incubated at 37 °C for
40 min in a shaking incubator after addition of 800 ul of LBy media. Cells were
centrifuged at 1000 g for 3 min, the supernatant was discarded and the cell pellet
was resuspended in the remaining media. Subsequently, the suspension was plated

on the respective selection plates.
5.3.9 PCR amplification

PCR was used to selectively amplify coding regions of plasmids for further
subcloning of the DNA fragments into other plasmids. To reduce the error rate in the
PCR reaction, proof-reading polymerase, such as Pwo or Pfu polymerase, were
used. The melting temperature of the primers was designed to be similar for both
primers and was between 65 and 72 °C. The calculation of the melting temperature
was performed by the internet-based program Oligo Calculator. For selective cloning,
restrictions sites for restriction enzymes were attached at the ends of the primers. In

general, PCR amplification reactions were carried out using the following standard

mixture:
Template DNA 1 ul (ca. 50 ng)
10 x reaction buffer 10 ul
dNTP-mix 2 ul
Primer (50 pmol/ul) 1 ul each
Polymerase (5 U/ul) 0.5 ul
H20 yq 85 ul

If PCR amplification was not successful, the so-called hot start method was carried

out. In this case, the polymerase is added to the reaction mixture after the
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temperature has reached 95 °C. This procedure prevents the formation of unspecific
amplification products and increases the PCR vyield.

The amplification was carried out in a Primus thermocycler (MWG Biotech,
Ebersberg, Germany). The settings were adjusted according to the length of the
desired PCR product and the type of polymerase. Principially, 35 cycles of the

following program were operated:

Denaturation 95°C30s
Annealing 45-55°C 30s
Synthesis 68 °C (or 72 °C) 1 min per 1 kb of product

5.3.10 DNA digestion by restriction endonucleases

Restriction digests were performed both for analytical control of a plasmid and for
preparative extraction of cutted DNA fragments. Depending on the purpose different
volume were chosen. For an analytical digest, 1 ul of 10 x reaction buffer and 0.5 pl
of one or two restriction enzyme(s) were added to 8 ul of plasmid DNA from a typical
Mini prep and incubated at 37 °C for three hours. Subsequently, the digest was
verified by agarose gel electrophoresis. For the preparative digest of DNA, 24ul of
water, 5 pl of 10 x reaction buffer and 1 ul of one or two restriction enzymes were
added to 20 pl of a typical plasmid Mini prep or purified PCR-DNA and the mixture
incubated for three hours at 37 °C. Subsequently, DNA fragment was analyzed by
agarose gel electrophoresis and purified with the Promega PCR Product Purification
kit.

5.3.11 Dephosphorylation of DNA ends

In order to prevent self-ligation, digested vectors were treated with shrimp alkaline
phosphatase after the restriction digest. For this purpose 5 pl of alkaline
phosphatase (0.5 U) and 5 ul of 10 x reaction buffer were added to 40 pl of digested
vector and the mixture incubated at 37 °C for one hour. Afterwards, the plasmid was
purified by agarose gel electrophoresis and the Promega PCR product purification
kit.
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5.3.12 Ligation of DNA fragments

Generally, 600 ng of fragment DNA was ligated with 200 ng of vector DNA. For this
purpose, the respective volume of DNA were mixed with 2 pl of 10 x ligation buffer, 2
ul of T4 DNA ligase (approx. 2 U) and incubated at 4 °C over-night.

5.4 Preparative methods

5.4.1 Expression kinetics

Expression kinetics was performed with new E. coli expression construct before
large scale expression for optimizing the culture conditions. 250 pl of LB media with
the respective antibiotic were inoculated with 1 ml of an overnight culture in
stationary phase and incubated at different temperatures. The IPTG concentration
was held constant at 1 mM because it was observed that changing the IPTG
concentrations had only minor effects on solubility of the target proteins. Every hour
1 ml samples were taken and the ODgoo was determined. For expression analysis
the pellet of a 1 ml sample was resuspended in 100 pl 1x Laemmli buffer x ODggo.
This allowed evaluation if there is an expression of target protein independent of the
cell density at any time point. At the end of the expression kinetics, the remaining
cells were centrifuged and the pellet resuspended in lysis buffer. Subsequently, the
cells were lysed in a Basic Z model cell disruption system (Constant Systems,
Warwick, UK) at a pressure of 1.8 kbar and centrifuged at 18,000 r.p.m. for 45 min.
A sample was taken from the supernatant, the supernatant discarded, the pellet
resuspended in the same volume of lysis buffer and a sample taken from the
resuspended pellet. Both samples were mixed with 4x Laemmli buffer and loaded on
an SDS-PAGE gel together with the other samples. This procedure allowed

estimation of how much of the expressed protein was soluble.
5.4.2 Growth and storage of E.coli cells

E. coli strain BL21 (DE3) Codon Plus was used to express protein. For a large
expression, a flask of 100 ml of an overnight culture were mixed with four flasks of 2
| of fresh LB media containing the respective antibiotic. The flasks were shaken at
37 °C till an ODggo of 0.6 to 0.8 and induced with 1 mM IPTG. Cells were grown for
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an additional 5-6 hours at 37 °C or overnight at 30 °C. Cells were harvested by

centrifugation with 6000 r.p.m. at 8 °C for 10 min.
5.4.3 Cell disruption

In order to access the recombinantly produced proteins, cells had to be lysed. The
pellets of the harvested E. coli or S. cerevisiae cells were resuspended in lysis buffer.
Lysis buffer usually was Buffer 1 of the first chromatography step including a small
amount of DNAse | and Serva HP protease inhibitor mix. The resuspended cells
were lysed in a Basic Z model cell disruption system (Constant Systems, Warwick,
England) at a pressure of 1.8 kbar (E.coli) or 2.6 kbar (S. cerevisiae). In this system,
the cell suspension is accelerated with high pressure through a cone against a metal
plate. The shearing forces that develop at the exit point of the cone and the intensive
turbulence at the metal plate destroys the cell integrity. To clear the lysate it was
centrifuged at 8 °C and 18.000 r.p.m. for 45 min.

5.5 Methods in protein purification

The following chromatographic methods were applied for protein purification in this

work. The quality of purification was controlled with SDS-PAGE after each step.
5.5.1 Affinity chromatography

Affinity chromatography is suitable to purify a particular protein from a mixed sample.
It is based on a specific and reversible interaction of a molecule to a matrix-bound
binding partner. The interaction with the ligand is used to selectively bind the target
molecule from a complex mixture. The elution of the target molecule is either
achieved by competitive displacement or by a conformational change induced by the
change of pH. The Ni-affinity chromatography used in this work is based on an
interaction between a nickel matrix and a Hisg-tag (six histadine amino acids) that is
fused to the protein of interest. The Ni*-ion is bound to an agarose bead by
chelation using nitroloacetic acid (NTA) beads. Elution is achieved by increasing the
concentration of imidazole in the running buffer which competes with the Hisg-tag for
binding to the Ni-NTA matrix.
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5.5.2 lon exchange chromatography

lon exchange chromatography is a popular method for the purification of proteins or
other charged molecules. The principle is based on the attraction of oppositely
charged particles. In cation exchange chromatography, the positively charged
molecules are attracted to a negatively charged matrix. On the contrary, in anion
exchange chromatography, negatively charged molecules are attracted to a
positively charged matrix. Proteins have either a positive or negative net charge
depending on their side-chains as well as the carboxyl- and amino-termini. This
characteristic enables them to bind to an oppositely charged carrier material. Elution
of a bound protein occurs by a gradually increase in ionic strength of the running
buffer. Thereby electrostatic interactions between the protein and the column
material are weakened and bound proteins dissociate from the matrix. Proteins carry
a net positive charge below the isoelectric point and a negative charge above it.
Therefore both the column material and the running buffer are chosen in

dependence of the amino acid composition of the protein.
5.5.3 Gel filtration chromatography

Proteins can be separated from each other by their hydrodynamic radius with gel
filtration chromatography. The matrix of these columns is composed of a three-
dimensional network of defined pore size. Proteins that have a larger diameter than
the pore size are not capable to penetrate the pores of the material and hence elute
with the void volume of the column. However, smaller particles can penetrate the
pores and therefore have a larger way to travel and elute later compared to bigger
molecules. Consequently, the separation range of a gel filtration column is
determined by the pore size of the carrier material. Generally, buffers with higher
ionic strength are used as running buffers to suppress unspecific ionic interactions
between proteins and the matrix. In this work, precast columns of the type Superdex
75 Prep Grade and Superdex 200 Prep Grade were used depending on the required

separation range.

102



Material and methods Dissertation Jing Li

5.5.4 Concentration of proteins

To concentrate protein solutions with less than 15 ml volume Millipore Ultra-15
concentrators were used. The solution was concentrated by centrifugation at 3500
r.p.m and 4 °C until the desired concentration was reached. In principle, the protein
solution is pressed through a membrane with a defined pore size and molecular
weight cut-off and the proteins are concentrated above the membrane. Depending
on the size of the proteins, 10 kDa or 30 kDa molecular weight cut-offs were used in
this work. For larger volumina Amicon cells were used that press protein solutions
through filters with a defined molecular weight cut-off with nitrogen gas pressure at 3

bar. Essentially, the same cut-offs like with the Ultra-15 devices were used.
5.5.5 Protein dialysis

To change the buffer composition the protein was dialyzed in a dialysis bag against
the 100-1000-fold of the original volume at a temperature of 4 °C. Alternatively, the
protein solution was buffered in new buffer with a HiPrep Desalting column

(Amersham, Uppsala, Sweden).
5.5.6 Standard purification of His6-tagged proteins

Solutions
Buffer 1. 40 mM Sodium phosphate, pH 7,5

200 mM KClI

5 mM Imidazole
Buffer 2: 40 mM Sodium phosphate, pH 7,5

200 mM KCI

300 mM Imidazole
Buffer 3: 40 mM HEPES, pH7.5, 20mM KCI,(1mM DTT)
Buffer 4. 40 mM HEPES, pH7.5, 1M KCI,(ImM DTT)
Buffer 5: 40 mM HEPES, pH 7.5, 150 mM KCI,(2mM DTT)
Buffer 6: 40 mM HEPES, pH 7.5, 50mM KCI,(1mM DTT)

Procedure

100 ml overnight culture was used to inoculate eight liters of LB media (four 2 |
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flasks) and the respective antibiotic to maintain the expression plasmid. Generally,
cultures were grown to an ODggo of 0.5-0.7 at 30 °C and induced with 1 mM IPTG.
Subsequently, cells were grown over-night and harvested the next day. Cells were
centrifuged at 6000 rpm at 8 °C for 10 min and resuspended in Buffer 1 containing a
DNase | and Serva HP Protease Inhibitor Mix. Cell was lysed in a disruption system
with a pressure of 1.8 kbar. The soluble fraction was isolated by centrifugation at
18.000 rpm and 8 °C for 45 min. The supernatant was loaded on a His-trap FF
column (1.5 ml/min) which was pre-equilibrated using Buffer 1. 7 % Buffer 2 were
applied to wash away the unspecific bindings. The protein was eluted by a step
gradient to 100% buffer 2. The eluted protein was dialyzed against the binding buffer
for the IEC (buffer 3). After overnight dialysis, the protein was load onto a Rescource
Q or Rescource S column which was pre-equilibrated using Buffer 3. Protein was
eluted in a linear salt gradient which consisted of a mixture of buffer 3 and 4. The
desired protein was collected, concentrated and loaded onto a gel filtration column
(Superdex 75 Prep Grade or Superdex200 Prep Grade depends on the size of
protein) which was pre-equilibrated by buffer 5. The protein of interest was eluted,
collected and dialyzed against buffer 6. The dialyzed protein was concentrated and

frozen to aliquots in liquid nitrogen and stored at -80 °C.
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5.6 Methods in protein analytics

5.6.1 Solutions in protein chemistry

Running buffer (10x) Tris 0.25M
Glycin 2M
SDS 1% (w/v)
5x-Laemmli loading buffer SDS 10% (w/v)
Glycerin 50% (wi/v)
Tris 300 mM
Bromphenol blue 0.05% (w/v)
2-Mercaptoethnal 5% (v/v)
Transfer buffer Glycine 369
Tris 7.69
Menthanol 500ml
SDS 0.3% (w/v)
H,O ad 2.5 |
PBS(-T) NaCl 5.84 ¢
Na,HPO4 115¢g
NaH,PO4 29649
H,O ad 11
(Tween-20 1 ml)

5.6.2 SDS-polyacrylamide electrophoresis

Discontinuous SDS-Polyacrylamide gelelectrophoresis (SDS-PAGE) was carried out

in a buffer system to analyze protein extracts and cell lysates. The separation occurs
on vertical 7 x 9 x 0.075 cm SDS-PAGE gels in a SDS-PAGE electrophoresis

chamber at a constant current of 30 mA per gel for 60 min. Before loading on the gel,

16 pl of the protein solution was mixed with 4 pyl 5x Laemmli loading buffer and

heated at 95 °C for 3 min. To estimate the molecular weight of the proteins, either

LMW marker or HMW marker was loaded on the gel depending on the size of the

target protein. In the case of a subsequent Western-Blot, a prestained marker was
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used instead.
5.6.3 Coomassie staining of SDS gels

Gels were stained using a modified protocol first described by Fairbanks and others
to visualize proteins after SDS-PAGE. SDS polyacrylamide gels were stained in
Fairbanks Solution A and then destained in Fairbanks Solution D. By heating up the
solutions the incubation times could be shortened considerably. Staining was
performed for 5 min, destaining was carried out for 45 min. The detection limit of this
method is approx. 50 ng of the respective protein.

Fairbanks solutions:
Solution A 25% (v/v) Isopropanol, 10% (v/v) technical grade acetic acid,
0.05% Coomassie Blue R

Solution D 10% technical grade acetic acid

5.6.4 Pull downs from yeast extracts

Purified Hisg-tagged Stil or Cpr6 was incubated with 10 pl Ni-Sepharose High
Performance beads (GE Healthcare, Munich, Germany) in reaction tubes at room
temperature for 30 min. Beads were spun down in a table top centrifuge at 1000 g
for 30 seconds and the supernatant was discarded. The pellet was washed twice
with binding buffer containing 40 mM HEPES, 50 mM KCI, 5 mM MgCl,, pH7.5
(standard buffer) and then incubated with 500 ul precleared lysates of a STI1 or
CPR6 deletion strain (STI1::kanMX and CPR6::kanMX, accession numbers Y01803
and Y04165 respectively, from the Euroscarf collection (293)), respectively at room
temperature for 60 min. Beads again were spun down in a centrifuge at 1000 g for
30 seconds and the unbound lysate was discarded. Subsequently, the bound
complexes were washed twice with standard buffer, twice with washing buffer
containing 40 mM NaH,PO,4, 150 mM NaCl and 50 mM imidazole and once with
washing buffer containing 0.1% Zwittergent 3-14 (Calbiochem, La Jolla, USA). The
bound complexes were eluted with 100 pl elution buffer containing 40 mM NaH,POy,,

500 mM NaCl and 300 mM imidazole. The eluted protein was separated by SDS-
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PAGE and then transferred to a PVDF membrane for immunodetection. Detection
was achieved with polyclonal antibodies directed against Stil, Cpr6, Ssal/Hsp70,
Sba1, Aha1 and Hsp90 and a secondary a-rabbit-POD antibody (GE Healthcare,
Munich, Germany). For quantification, purified proteins in different concentrations
were used as standards. Bands were scanned and quantification of the bands was
performed with Image J. Protein amounts were divided by their molecular weights in

order to obtain relative stoichiometries.
5.6.5 Immunoblotting (Western Blot)

Proteins that were separated on a gel by SDS-PAGE were electrophoretically
transferred on a PVDF or nitrocellulose membrane in a Semi-Dry blotting apparatus
(Biometra, Gottingen, Germany). First, the SDS-PAGE gel, six Whatman 3MM filter
papers and a methanol activated PVDF or nitrocellulose membrane were incubated
in transfer buffer for five minutes. Second, a stack was formed with three Whatman
3MM filter papers at the bottom, the PVDF membrane with the SDS-PAGE gel
above in the middle and three Whatman 3MM filter papers on the top. This stack
was then placed in the Semi-Dry blotting apparatus and the transfer was started with
a current of 72 mA per SDS-PAGE gel (1.5 mA/cm?) for one hour. After transfer, the
PVDF membrane was incubated in Roti-Block solution for 30 min to block unspecific
binding sites. Nitrocellulose membranes were incubated in PBS-T containing 5%
milk powder for 1 hour, respectively. The membrane was then incubated in a
solution containing the primary antibody diluted in PBS-T/1% milk powder for 60 min.
The dilution was dependent on the primary antibody and was individually different
(mainly 1:4000). After three washing steps with PBS-T for 10 minutes, the
membrane was incubated with secondary antibody for 45 minutes. The secondary
antibody was either an anti-rabbit or anti-goat peroxidase-conjugated IgG and was
diluted 1:5000 in PBS-T/1% milk powder. After three washing steps with PBS-T for
10 minutes, the antibody-enzyme conjugate was detected with an ECL detection kit
(Amersham, Uppsala, Sweden). The detection method is based on
chemoluminescence. In the presence of H,O,, peroxidase catalyzes the oxidation of

cyclic diacylhydrazineluminol which is accompanied by light emission. To start the
107



Material and methods Dissertation Jing Li

reaction, a mixture of 975 ul of Reaction Buffer 1 (ECL1) and 25 pl of Reaction
Substrate (ECL2) was added to the PVDF/nitrocellulose membrane. The membrane
was placed between two plastic foils and light emission was detected on an X-Omat

X-ray film (Kodak, Rochester, USA) by incubation up to 10 minutes.
5.6.6 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a thermodynamic technique that directly
measure the heat absorbed or released during a bimolecular interactions. The
binding constants, reaction stoichiometry, enthalpy and entropy can be obtained
from the ITC measurement. In the experiment, aliquots of a high concentration titrant
are injected in the cell containing protein solution. Upon each titration the amount of
heat absorbed or released in measured.

In this thesis, ITC experiments were used to determine the stoichiometry of the
interaction between Hsp90 and AlIP/Xap2 or Hop using a MicroCal VP-ITC (GE
Healthcare, Munich, Germany) instrument operated at 25 °C. Buffer conditions were
40 mM HEPES/KOH pH 7.5, 50 mM KCI. Protein concentrations were 20 yM Hsp90
in the reaction chamber and 200 yM AIP/Xap2 or Hop in the injection syringe. A total
of 36 injections of 8 pl were made. The intervals between the injections were six
minutes. Data analysis was performed by following the manufacturer's manual, using
the models for one binding site and for stepwise binding of two identical ligands in a

cooperative system.
5.6.7 Protein labeling

Proteins were labeled at cysteine residues using Alexa Fluor 488 maleimide
(Invitrogen, Carlsbad, USA). This dye reacts with thiol-groups to give
tioether-coupled products. Disulfide bonds were reduced by supplementing the
protein solution with a 10 fold excess of DTT. Before the labeling reaction was
started, the protein was dialyzed against the labeling buffer (40 mM Hepes, pH 7.5,
50 mM KCI) in order to remove excess DTT. In general, a threefold molar excess of
Alexa Fluor 488 was solved in 20 pl dimethyl sulfoxide (DMSO) and added drop wise
to 500 pl protein solution. The reaction was allowed to proceed for 2 hours at room

temperature or overnight at 4 °C protected from light. The reaction was quenched by
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addition of 10 mM DTT and the protein was separated from free label by
size-exclusion chromatography on a Superdex 75HR column (GE Healthcare,
Ffreiburg, Germany) in a buffer containing 40 mM Hepes, pH 7.5, 50 mM KCI, 1 mM
DTT. In this work, AlP/Xap2 was covalently lysine-coupled to the fluorescent dye
Fluorescein (Invitrogen, La Jolla, USA), by incubating with the five times molar
excess of the dye under the conditions recommended by the manufacturer. The
coupling reaction of Xap2 was quenched by the addition of 1 M Tris, pH 8.5 and the
protein was separated as described above. The concentration of the labeled protein

and the degree of labeling was determined by the following equation:

)= A, — (A, xCorrection Factor)
&

c(Protein x dilution factor

protein

_ A, .
Moles dye per mole protein = _ — x dilution factor
Enor X Protein concentration

5.6.8 Analytical ultracentrifugation

Analytical ultracentrifugation (aUC) is widely used to determine the exact molecular
mass of a protein under native conditions (294). In this work aUC was used for the
analysis of the oligomerization states as well as protein-protein interactions.

To analyze protein-protein interactions, aUC with a fluorescence detection device
(Em~520nm) was used (295,296). In the aUC experiments, the protein with lower
molecular mass was labeled at cysteine residues or lysine residues with the Alexa
Fluor 488 (Invitrogen, Carlsbad, USA) or Fluorescein (Invitrogen, La Jolla, USA) as
described before. The labeled protein was subjected to aUC in a Beckman XL-A
analytical ultracentrifuge equipped with an AVIV-FIS fluorescence detection system
(AVIV Biomedical, Lakewood, USA). Sedimentation experiments were performed in
standard 2-sector centerpieces in a Tisp 8-hole rotor at 42,000 r.p.m. Scans at an
excitation wavelength of 488 nm were recorded in 90 s intervals. The program
SEDVIEW was used for the initial evaluation of the sedimentation run.

Ultracentrifugation experiments were analyzed by converting sedimentation raw data
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into dc/dt profiles to compare the S-values. The dc/dt analysis was performed by
subtracting scans from each other and converting them into dc/dt profiles according
to the method described by Stafford (297).

5.7 Spectroscopy

For all spectroscopic analyzes recorded spectra were corrected for the respective
buffer spectra as reference. The reference buffer was either the dialysis buffer or the

gel filtration buffer at the last purification step.
5.7.1 UV absorption spectroscopy

Proteins and peptides contain several function groups which absorb light. The
peptide bond absorbs light in the far UV range (180 nm-230 nm) through its carbonyl
group. The aromatic amino acids such as tyrosine and tryptophan also absorb light
in the region between 240nm to 300nm. Besides, the disulfide bridges show an
absorbance band near 260nm. The following table summarizes important
determinants of protein absorption, their molar extinction coefficients and their

wavelengths of maximum absorption in water.

Amino acid Amax (NmM) Emax (M cm-)
Tryptophan 280 5600

Tyrosine 274 1400
Phenylalanine 257 200

Disulfide bridge 250 300

Peptide bond 190 ~7000

UV spectroscopy was used in this work to determine the protein concentration of
protein solutions. The protein concentration can be easily calculated if the molar
extinction coefficient of the protein is known and the absorption of the protein
solution at 280 nm is measured. The Lambert-Beer law gives the following

relationship:
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In the equation A is the absorbance at 280 nm, €250 nm is the molecular extinction
coefficient, d is the thickness of the cuvette and c is the concentration in mol/l. The
extinction coefficient for a certain protein can be calculated on the basis of its amino
acid composition. Program ProtParam provided by http://www.expasy.org was used

to calculate the extinction coefficient of purified proteins (298-300).
5.7.2 Fluorescence spectroscopy

Fluorescence is the emission of light by a substance that has absorbed light or other
electromagnetic radiation of a different wavelength. The occurrence of fluorescence
is a three stage process including excitation, a short excited-state life time and
fluorescence emission. In proteins, there are three amino acids with intrinsic
florescence properties, tryptophan, tyrosine and phenylalanine. Tryptophan
fluorescence is widely used in the study of protein folding. In the native folded state,
it is generally located in the core of the protein, whereas in the partially folded or
unfolded stated, it become exposed to the solvent and changes the fluorescence

properties.

FRET is the non-recitative transfer of energy from an excited fluorophore (donor) to
another fluorophore (acceptor) without emission of a photon when the two molecules
are in very close proximity (1-10 nm). The efficiency of FRET is dependent on the
inverse sixth power of the distance between the donor and acceptor fluorophore.
The dependence on the distance renders FRET measurement a useful tool to study
the protein -protein interactions. In this study, yeast Hsp90 was coupled with the
acceptor dye ATTO550 (ATTO-TEC, Siegen, Germany) at an engineered cysteine
residue in the middle domain (Cys385) or N-terminal domain (Cys61) as described
earlier. Stil or other co-chaperone was labeled with the donor dye AlexaFluor488 on
cysteine residues. Addition of ATTO550-Hsp90 (*Hsp90) to a solution of
AlexaFluor488-Stil (*Stil or other co-chaperone) resulted in a marked increase in
the acceptor fluorescence and a decrease in the donor fluorescence, implying that
efficient FRET-transfer occurred between *Stil (or *other co-chaperone) and *Hsp90.

Emission spectra from 510 nm to 650 nm were recorded using a Fluoromax 3
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spectrometer (HORIBA Jobin Yvon, Munich, Germany) at 25 °C. Binding kinetics

was monitored at the same temperature.
5.7.3 Circular dichroism (CD) spectroscopy

Circular dichroism is observed when optically active matter absorbs left and right
hand circular polarized light with different intensity. It is measured with a CD
spectropolarimeter, which is commonly used to assess the structural features of
asymmetric molecular. The optical activity of protein is the result of asymmetric
carbon atoms and/or aromatic amino acids. The complementary structural
information can be obtained from several different spectral regions, such as the
secondary structure composition and tertiary structure fingerprint. The absorption
around 240nm and below is mainly due to the peptide bond. The different secondary
structure elements in the proteins give rise to different characteristic spectra in the

far-UV (summarized below).

Secondary structure  Far UV CD

a-helix Negative band at about 222nm and a negative and

positive couple at about 208nm and 190nm

B-sheet Negative band at about 215nm and a positive band

around 198nm

Random coll Negative band at about 195nm and positive band at

around 212nm

The spectra in the region 260nm to 320 nm arise from the aromatic amino acids.
Trpytophan, Tyrsine and Phenylalanine show different characteristic wavelength
profiles (summarized below). The information gained from this region indicates the

tertiary environment around the aromatic residues.
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Amino acid Amax (NM) Enax(Mecm™)
Tryptophan 280 5700
Tyrosine 274 1400
Phenylalanine 257 200

Disulfide bond 250 300

All spectra were buffer corrected and normalized to the mean residual weight
ellipticity ©vrw according to the following equation:

® %100

MRW ~ g xcxN
aa

®

with ® as the obtained ellipticity (mdeg), d cell length (cm), ¢ concentration (mM)
and Naa number of amino acids.

The measurement parameters used in this work are summarized below:

Parameter Far UV
Wavelength (nm) 260-195
Speed (nm/min) 20
Response time (s) 4

Band width (nm) 1
Accumulation 8
Temperature 20
Cuvette thickness 0.1cm
Protein concentration 0.1 mg/ml

For determination of thermal stability, 0.1 mg/ml protein samples were heated with
20°C/h from 20°C to 80°C in a 1 mm Quartz cuvette and changes in CD signal at a
certain wavelength was observed. The midpoint of the equation was determined by

a Boltzmann fit.
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5.7.4 Surface Plasmon Resonance spectroscopy

Surface plasmon resonance (SPR) spectroscopy is a powerful tool to determine the
bimolecular interactions. SPR is based on the attenuation of reflected light when the
incoming light is reflected on the interface of about 50nm thick metal layer through a
prism, at a certain angle of incidence in total internal reflection. It is very sensitive to
the change of the reflective index of the media. On the metal layer side, the
irradiated light is totally reflected and generates the weak energy wave called
evanescent wave, and the interaction between the materials induced on the sensor-
chip surface differ the dielectric constant and influence the surface plasmon. Thus,
the change of resonance can be used to measure the interactions between different
molecules. The signal measured in resonance units (RU) is directly correlated to the
amount of protein bound. Typically 1000 RU equals to 1 ng of protein per mm?.

SPR experiments were performed with a Biacore X Instrument (Uppsala, Sweden).
A CMS5 chip was coupled with yeast Hsp90 or other proteins in a buffer containing 20
mM KH,PO,4, pH4.5 using the amine coupling reagents EDC/NHS, yielding 1500
resonance units (RU) of immobilized protein. Measurements were performed at
25 °C in standard buffer at a flow rate of 20 pl/min. 65 pl injections of different
protein concentrations were performed. Plateau values during binding reactions
were determined and plotted against the concentration of injected protein. The
corresponding curves were analyzed as suggested by the manufacturer using the
Origin software (OriginLab Corporation, Northampton, USA).

5.8 Activity assay for proteins in vitro

5.8.1 ATPase assay with an ATP-regenerating system

The Hsp90 ATPase activity was characterized using an assay that is coupled to
NADH consumption. The formed ADP is rapidly converted to ATP in the presence of
phosphoenolpyruvate, pyruvate kinase, NADH and lactate dehydrogenase.
Absorption at 340 nm is used to follow the conversion of NADH to NAD". In general,

the following premix was prepared for the reaction:
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Assay buffer (40 mM Hepes, 20 - 150 mM KCI, depending on the 8500 pl
protein; MgCl2)

100 mM phosphoenolpyruvate 240 ul
50 mM NADH 35 ul
Pyruvate kinase suspension (Roche Diagnostics) 12 pl
Lactate dehydrogenase suspension (Roche Diagnostics) 44 ul

100 pl of this premix were used for each 150 pl assay. The remaining volume was
used for addition of the ATPase, ATP, co-chaperones or HKM buffer. The assays
were conducted in a Cary 50 Bio UV/VIS spectrometer at 37 °C. Data were recorded
with an average time of 1 sec. After a stable baseline was observed, the reaction
was started by adding indicated amounts of ATP and measurements were
performed for 20-30 min. The hydrolysis rates were calculated using the differential
molar extinction coefficient of NADH and NAD" of 6200 cm™*M™ at 340 nm.

m

spez d 6200 1t
1 cmx M *C ATPase

m is the slope of the resulting lines, d is the thickness of the cuvette in cm and

Catpase IS the concentration of the respective ATPase in uM.

KM values for ATP were obtained by fitting the resulting plot with the ichaelis-

Menten Equation:

c

Vspez = Keat K
c+Kpy

In the experiments, the concentration of Hsp90 was 4 uM. Assays were measured at
30 °C (114). The Hsp90-specific ATPase activity was inhibited by adding 50 uM of
the inhibitor radicicol (Sigma, St. Louis, USA) and subtraction of the remaining
activity as background. The assays were evaluated using the Origin software
(OriginLab Corporation, Northampton, USA).
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5.8.2 Aggregation assay with citrate synthase

Citric acid synthase (CS) has a molecular mass of 49 kDa and forms homodimeres.
Unfolding takes place at temperatures above 43°C leading to a loss of activity and
later on to the aggregation of CS and thus it is usually used as a model substrate to
understand the mechanism of protein aggregation and examine the chaperone
activity (235). For the aggregation assay, 0.5 pM CS (monomer) was thermally
denatured by incubation at 43 °C in 40 mM Hepes (pH 7.5) for 45 minutes.
Aggregation of non-native CS was measured by monitoring the increase of turbidity
at 360 nm in a UV-VIS spectrophotometer equipped with a temperature control unit

using micro-cuvettes (120 pl) with a path length of 1 cm.

5.8.3 Activity assay with citrate synthase

Citrate synthase catalyzes the reaction between acetyl coenzyme A (acetyl CoA)
and oxaloacetic acid (OAA) to form citric acid. The hydrolysis of the thioester of
acetyl CoA results in the formation of CoA with athiol group (CoA-SH). The thiol
reacts with the DTNB in the reaction mixture to form 5-thio-2-nitrobenzoic acid (TNB).
This yellow product (TNB) is observed spectrophotometrically by measuring
absorbance at 412 nm.

This assay was used to analyze the impact of AIPL1 or AIP on the thermal-induced
unfolding behavior. 150 nM CS was mixed with AIPL1, AIP or their variants.
Reactions mixtures were incubated at 25 °C in the cuvettes.

50 mM TE-buffer pH 8,0 0.93 ml
10 mM DTNB (in TE-buffer pH 8,0) 0.01 mi
10 mM Oxalacetat (in 50 mM Tris/Base) 0.01 mi
5 mM Acetyl-CoA (in TE-buffer pH 8,0) 0.03 ml

Aliquots from the CS mixture incubating at 43°C were mixed with the preincubated
reaction mixture to assay the activity. The activity without incubation at 43°C was set
to 100% as native protein. The specific activity of CS can be calculated using the
extinction coefficient of the reacted DTNB of 13,600M*cm™,
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6 Abbreviations

APS
ATPase
AUC
Bip
BSA
CD

Da
DNA

€

E.coli
EDC
EDTA
FPLC
FRET

g
GdmHcl
h

Hcl
HEPES

HPLC
HR
Hsp
ITC
KDa
A

I

min

ml

Ammoniumpersulfate
ATP-Hydrolase

Analytical ultracentrifugation
Heavy Chain Binding Protein
Bovin serum albumin

Circular dichroism

Dalton

Deoxyribonucleic acid

Molar extinction coefficient
Escherichia coli
1-Ethyl-3-(dimethylaminopropyl)-cardodiimid-HCI
Ethylenediamine-tetraecetic acid

Fast Protein Liquid Chromatography

Gram
Guanidinium hydrochloride
hour
hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid
High Performance Liquid Chromatography
High Resolution
Heat Shock Proteins
Isothermal Titration Calorimetry
Kilodalton
Wavelength
Liter
Minutes
Milliliter
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mM Millimolar

UM Micromolar

MW Molekular Mass

NHS N-hydroxy-succimid

nm Nanometer

nM Nanomolar

oD Optical density

PAGE Polyacrylamide gel electrophoresis
PEP Phosphoenole pyruvate

PDI Protein disulfide isomerase

pH Potential of Hydrogen

Pl Isoelectric point

PPlase Peptidyl-Prolyl-lsomerase

RNA Ribonucleic acid

RNAase Ribonuclease

RT Room temperature

S Second

S.cerevisiae Saccharomyces cerevisiae

SDS Sodium dodecyl sulfate

SPR Surface Plasmon Resonance

TEMED N, N, N', N'-Tetramethylethylendiamine
Tris/Hcl Trihydroxymethylaminomethan Hydrochloride
rpm Rounds per minute

uv Ultraviolet

Vv Volt

viv Volume per volume

wiv Weight per volume
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