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Abstract

Hsp90 is a molecular chaperone which can be found in most organisms with high
cellular concentrations. It is a dimer, consisting of two elongated monomers ly-
ing in parallel to each other. They contact each other via a N- and a C-terminal
dimerization site. At the N-terminal end ATP can be bound and hydrolyzed with
a very low ATPase rate, which is nevertheless essential for its function. Hsp90 was
known to undergo large conformational changes and it was supposed that while the
C-terminal dimerization site is permanently closed the N-terminal site closes upon
ATP binding and reopens after its hydrolysis. Moreover small proteins - so called
cochaperones - are known to bind to Hsp90 and modulate its function. To resolve the
conformational dynamics and especially the mechanochemical cycle of Hsp90 from
yeast and bacteria single molecule two, three and four color FRET were used in this
work, which allowed to follow the conformational changes and the ATP turnover
of Hsp90 in real time on single molecule level. Surprisingly and contrary to exist-
ing models Hsp90 shows rich conformational dynamics, also in the absence of ATP
at both dimerization sites. Moreover it turned out that binding of nucleotides on
the N-terminus influences the C-terminal dynamics; binding of ATP and even more
ADP leads to a C-terminal opening. Furthermore the N-and C-terminal dynamics
are anticorrelated. Three color single molecule FRET showed that surprisingly ATP
can be bound in the open and closed state of Hsp90. The ATP binding and release
rates are much faster than ATP hydrolysis. Thus Hsp90 shows N- and C-terminal
dynamics and ATP binding with no preference to a certain state. Hsp90 thus does
not have a successive conformational cycle, but it is thermally driven through a
network of states. ATP hydrolysis is the only irreversible process that drives the
reaction cycle slowly forward. Moreover the cochaperone Sbhal could be shown to
shift this conformational network towards the ATP bound closed state. Surprisingly
the bacterial Hsp90 (Htpg) has a strikingly different mechano-chemical cycle. For
HtpG binding of ATP leads to closed stated via a mechanical ratchet mechanism.

In contrast the C-terminal dimerization site is mostly closed. Thus the Hsp90 ma-



chinery developed from a nucleotide controlled mechanical ratchet mechanism to a
mainly randomly fluctuating system. Due to those findings the picture of Hsp90 has
to be massively revised. Moreover the resolved mechanochemical cycles of yHsp90
and HtpG will be the fundament for all further investigations of Hsp90 mechanistics

and function.
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Introduction






1. Struggles in the life of a cell

Proteins are essential tools in the living cell. They convert energy, catalyse anabolic
and catabolic reactions, transport cargo and regulate the cell and its metabolisms.
Thus correct protein folding and function are crucial for the survival of the cell
and the whole organism. Unfortunately organisms are exposed to a wide range
of environmental stress like oxygen depletion, mechanical stress, toxic stress and
especially heat, leading to unfolding, misfolding and aggregation of proteins. To
protect the cell from those harmful or even lethal consequences of stress, a group of
proteins is produced upon stress which keeps up the cell integrity. Proteins which
are up-regulated during heat stress are called heat shock proteins [1]. Most of those
heat shock proteins belong to the protein family of chaperones [2]. These proteins
have the ability to temporarily interact with other mis- or unfolded proteins and
stabilize them, stop their aggregation or support their refolding. Thus they protect
the cell from heat death and keep the organism alive under heat shock. One of those

chaperones is the heat shock protein 90 (Hsp90), which is investigated in this work.
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C-domain | M—domainl N-domain

Figure 1.1.: Structure of Hsp90. The crystal structure of yHsp90 in complex with
Sbal and AMP-PNP (PDB entry: 2CGE, [3]) shown at 0° and 90° rotation. The
two monomers are shown in blue and green. The two bound Sbal are shown as
red cartoon, the two bound AMP-PNPs are shown as violet spheres. PDB entry
is 2CGO.



2. Hsp90

Contrary to other heat shock proteins Hsp90 is a very common protein in the cell
also under physiological conditions (1-2 % of total cell mass) [4, 5] . Anyway under
heat stress there is a massively increased expression. Hsp90 can be found in eukary-
otic and prokayotic cells. Different cellular compartments have different subtypes,
like Grp94 in the endoplasmatic reticulum [6] or TRAP1-in the mitochondrium [7].
Although this big variety exists, there is a pronounced homology between the dif-
ferent subtypes. In this work I will focus on the eukariotic yeast Hsp90 (yHsp90)
and the bacterial Hsp90 (HtpG) from Escherichia coli.

2.1. The structure and mechanistics of Hsp90

Hsp90 is a dimer and consists of two elongated chain-like monomers which lie in par-
allel [3, 8]. The dimer is quite stable with a dissociation constant in the nanomolar
region [9, 10, 11, 12, 13]. Each monomer consists of three domains, the N- , middle-
and C-domain. The N-domain can bind and hydrolyze ATP, although with a very
slow ATPase rate of around one ATP per 1-2min [14, 10]. The middle domain is
supposed to interact with substrates [15, 16], whereas the C-terminal domain con-
tains the dimerization site [8, 10, 17]. The ATP turnover plays an essential role in
the function of the protein [18]. Thus a knock-out of the ATPase function is lethal
at least for eukaryotes under heat stress [19, 20]. ATP is bound in the N-terminal
domain with a weak affinity in the uM range [14, 21]. Moreover it is bound in a very
special kinked way, which is typical for the small family of GHKL ATPases, which
Hsp90 belongs to [3, 21, 22, 23, 24]. The adenine and the ribose of the ATP are
buried inside the protein, whereas the phosphate groups point outwards. Anyway
this special way of ATP binding makes it possible to develope very specific AT Pase
inhibitors for Hsp90 [25]. To hydrolyze the ATP Hsp90 has to be cross-activated by

the other monomer by going into a N-terminally closed state [14], beside that also
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interactions with the middle domain seem to be necessary for the cleavage of ATP
[21, 12]. It could be shown that Hsp90 exists in a N-terminal V-like open and closed
state [26, 27]. Since N-terminal closing is necessary for the ATP cleavage [14], the
general picture up to now was, that ATP turnover drives the N-terminal opening
and closing of Hsp90 (Fig.2.1) [28, 26]. In this model the binding of ATP leads
to N-terminal dimerization; contacts between the N- and middle domain lead to an
even more compact dimer and ATP hydrolysis. After cleavage of the ATP the Hsp90
dimer re-opens. This model was supported by the 2006 obtained crystal structure
of yHsp90 in the presence of the ATP analog AMP-PNP and the cochaperone Sbal
showing a closed structure of Hsp90 (Fig. 1.1) [3] . Anyway the conformational cycle
was not directly observed and the role of the ATPase function remained enigmatic.
Resolving the mechanochemial cycle of Hsp90 was one of the main goals of this

work.



2.2 Hsp90 is influenced by posttranslational modifications and cochaperons

N-terminal

domain

C-terminal
ADP. domain

Figure 2.1.: Supposed Hsp90 cycle. This cycle or similar ideas can be found in a
lot of puplications. Anyway this cycle was never directly measured. Figure taken
from [29]

2.2. Hsp90 is influenced by posttranslational

modifications and cochaperons

The function of Hsp90 is modified by a lot of factors. Thus it can be modified by
posttranslational modifications like phosphorylation [30, 31}, acetylation [32, 33] and
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nitrosylation [34, 35]. Moreover in the cell Hsp90 does not work as isolated protein,
but in cooperation with a number of small proteins, that can bind to multiple binding
sites of Hsp90 [16]. Those so called cochaperones are able to modify the structure
and function of Hsp90. Some examples are the cochaperone Sbal [36], which is
known to slow down the ATPase rate and enhances substrate release [37], Stil, that
connects Hsp90 and Hsp70 [38, 39] and Ahal that massively accelerates the ATPase
turnover [40] .The exact role and also the mechanistic of those cochaperones are only
weakly understood. In this work also the influence of cochaperones on the function

of Hsp90 has been investigated.

2.3. Hsp90 has multiple functions in the cell

Even though there is only little known about the mechanistics of Hsp90, its function
- the chaperoning of substrates - is even less understood. The natural function of
chaperones is to bind denatured and misfolded proteins to prevent them from ag-
gregation and to support their refolding. Since this is normally a rather unspecific
process, it is represented by a weak binding affinity. In contrast Hsp90 is known to
bind rather strong to some proteins, which allowed the identification of a number
of substrates [41]. Those substrates are often proteins involved in cell cycle regula-
tion, cell proliferation and signal transduction (an actual list of substrates can be
found at http://www.picard.ch/downloads/Hsp90interactors.pdf). Some substrates
are known to bind in a native conformation under physiological conditions, which
makes Hsp90 directly affect gene activation and signal transduction in the cell [42].
Since cell regulation shows massive malfunction in cancer cells Hsp90 became an
interesting cancer drug target [43, 44, 25]. Thus Hsp90 obviously has a twofold
chaperone function: Protecting proteins from denaturation and aggregation during

heat shock, but also affecting proteins under physiological conditions.

10



3. How can the complex dynamics of
Hsp90 be revealed?

Investigating enzymatic reactions with bulk methods has a long tradition and led to
many insights into the dynamics of proteins. Although the observed physical param-
eter like UV/Vis or IR absorption, fluorescence or circular dichroism may vary the
principle remains the same. A sample of protein is prepared in a cuvette where the
added protein stays in a macroscopic equilibrium. The equilibrium is than disturbed
mostly by addition of nucleotides or other binding partner less often by tempera-
ture or pressure changes and the relaxation into equilibrium is observed. With the
help of stopped and continuous flow devices mixing the different compounds can
be done very quickly (millisecond range) and thus a very high time resolution can
be obtained. Anyway all these techniques have a common problem which hinders
revealing detailed mechanistic information. They just lead to average values: Av-
erage concerning the underlying states as well as the kinetics. This is already true
for rather simple systems (Fig.3.1), but even more, when there is no additional in-
formation about the underlying mechanism and the system is complex, which is for
biological systems in general the case. Another problem of bulk measurements is
that it is not in general possible to derive causalities of coupled processes with bulk
measurements. For example both a binding partner that induces a conformational
change (power stroke) or a binding partner that stabilizes a specific state which is
reached by thermal fluctuations (mechanical ratchet), will cause the same result in a
bulk measurement. But knowledge of those causalities is exactly what is necessary to
reconstruct the mechanistics of enzymes. Observing the kinetics of single molecules
instead of an ensemble of molecules overcomes exactly those problems. One of the
most powerful single molecule techniques is the single molecule Forster resonance
energy transfer (FRET) microscopy [45]. It allows to directly follow the movement
of single molecules in real time even under macroscopic equilibrium conditions and

thus real rates for the observed transitions can be obtained and even complex kinetic

11
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systems can be uncovered. Moreover single molecule multicolor FRET allows the
observation of several processes at the same time and especially its causal relation.
Therefore single molecule FRET offers an unique chance to reveal such complex

mechanistics as expected for Hsp90.

In this work single molecule two, three and four color FRET was used to investi-
gate the conformational dynamics and the mechanistics of Hsp90. Furthermore the
interaction of Hsp90 with nucleotides and cochaperones was investigated. Moreover
multicolor FRET made it possible to directly observe the coupling between differ-
ent molecular processes and its causal order. Since this is not possible with any
other technique new insights into the the dynamics of Hsp90 and protein function in

general could be obtained, which leads to a massive revision of the picture of Hsp90.

12
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bulk single molecule
A+B Kt
o < + > 5
s | P(A) p(B)
FRET value ) @
k.
| 1/(k,+k)
: 1/ k., | 1k
A(0) ~1-exp[ - (k, +k )] Pas(t)=1-exp(-k,, 1)

Figure 3.1.: Comparison of bulk and single molecule FRET measurements. For a
simple two state model a bulk measurement will result in only one FRET value,
which is equal to the average value of the two species’ FRET signals. Thus
the bulk measurement results in a FRET value of one non-existing state. In
single molecule measurements a distribution of the FRET values will be obtained
and the two states can be separated. Kinetic measurements in bulk are usually
done by disturbing the equilibrium (e.g. adding of a binding partner); afterward
the relaxation into the equilibrium is observed and the obtained kinetic fitted
with exponential equations leading to “rate constants”. Anyway already for the
here shown very simple example a mixture of rates will be obtained in a bulk
experiment - as can be found in every physical chemistry textbook [46]. Thus in
the end bulk measurements can in general give no explicit answer about reaction
kinetics. This is already true for the here shown very simple system, but usually
biological systems are way more complex.

13
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4. Molecular Biology, Protein

Expression and Purification

4.1. Molecular biology

To keep the Hsp90 monomers in close proximity during the single-molecule ex-
periments, I inserted a coiled-coil motif of the kinesin neck region of Drosophila
melanogaster (DmKHC, [47]) to the C-terminus of yHsp90, for HtpG this was done
by the group of Matthias Mayer, EMBL, Heidelberg. The coiled coil prevents the
Hsp90 dimer from dissociation even at the very low concentrations. This construct
shows the same ATPase activity, Sbal binding, and N-terminal kinetics as the wild
type [48]. In addition, such fused yHsp90 are viable in yeast [49, 50]. A similar
construct with a N-terminal coiled coil was obtained from the lab of Dan Bolon,
University of Massachusetts Medical School, Worcester, but this construct shows
a significantly higher ATPase rate (Fig. A.1). Thus the measurements of the C-
terminal dynamics were done without coiled-coil, but in vesicles instead (described
below sec.7.2.2))

Cysteine point mutations were created with the QuickChange Multi Site-Directed
Mutagenesis Kit (Agilent Technologies) or Finnzymes Site directed mutagenesis kit

(Finnzymes) respectively. Both were used as described by the supplier.

A summary of the in this work used mutants is given in Tab.4.1.

17



Chapter 4 Molecular Biology, Protein Expression and Purification

Protein \ Mutation ‘
yHsp90 61 Cys , C-term coiled coil
385 Cys, C-term coiled coil
560 Cys
A8, 560 Cys
A24, 560 Cys
N-term coiled coil, 560 Cys
HtpG 61 Cys, C-term coiled coil
341 Cys, C-term coiled coil
61 Cys, 341 Cys, C-term coiled coil
521 Cys
| Shal | 66 TAG |

Table 4.1.: List of mutants used in this work. TAG is the amber stop codon and
is used for insertion of artificial amino acids.A means N-terminal deletion. See
sec. 5.2 for detalils.

4.2. Protein expression and purification

4.2.1. Expression of yHsp90 and HtpG

yHsp90 and HtpG mutants were all expressed either in BL21 codon + or BL21Star
cells (both Life Technologies) in LBy medium or TB medium. All yHsp90 mutants
were cloned into a pET28 vector with T7 expression system . The HtpG was cloned
into a pBAD vector with an araBAD promotor. The bacterial cultures were grown
to an ODggg of 0.5 in LBy or to ODgg of 2 in TB. The induction was done either with
ImM IPTG (T7 system) or 0.01% L-Arabinose (araBAD system). The expression
was performed either at 37°C over 3-5h or over night at 30°C. The expression of the

unnatural amino acid containing proteins is described below (sec.4.2.2.1).

4.2.2. Expression of Hsp90 and cochaperone mutants containing

unnatural amino acids (UAA)

Details about the incorporation of unnatural aminoacids are given below (sec. 5.2).

18



4.2 Protein expression and purification

4.2.2.1. Expression of p23 66pAcF

To allow HisTag purification without having the HisTag on the final protein prod-
uct, a construct was synthesized with Sbal having a HisTag at the N-terminal end
whereas between the Sbal and the HisTag is a SUMO sequence which can be specif-
ically cut off by the protease Senp. Since the Senp cuts directly at the end of the
SUMO sequence no additional amino acids are left and Shal is obtained, that has
exactly the same sequence as the wild type form. The Sbal gene was cloned into
a pET28 vector and a TAG amber stop codon was introduced by site directed mu-
tagenesis as described above. The Sbal/pet28 vector was co-transformed with the
pAcF pEVOL vector, which contains the artificial tRNA and the artificial aminacyl-
tRNA-syntethase (aaRS) under araBAD promotor control. Thus the Sbal and the
aaRS expression can be induced independently. As expression cells BL21 Star was
used. For the expression cells were grown to a OD of 3 at 37°C with high shaking
speed (250 rpm, 2inch shaking orbit or 310 rpm, linch shaking orbit). Then they
were cooled down to 30°C and after 1 h 10mM pAcF and 0.02% arabinose were
added. After one additional hour 1mM IPTG was added to start Sbal expression.

The cells were incubated at least 18h .

4.2.3. Purification of yHsp90 and Sbal

The obtained cells were lysed by sonification (Branson W-250D, Emerson Industrial
Automation) or a cell disruptor (40kpsi TS-series, Constant Systems Ltd.) in soni
buffer (50mM sodiumphosphate, 200mM NaCl, pH 7.8) with 20mM imidazol. The
cell lysate was centrifuged with 39800xg (Avanti J-E, Beckmann Coulter with a JA-
17 rotor). The supernatant was applied to a NINTA column (HisPrep FF 16/10,
GE Lifesciences). The bound protein was eluted with soni buffer containing 500mM
imidazol. The elution was dialyzed against buffer A (40mM hepes, 50mM NaCl,
pH 7.5) and applied to a SepharoseQ HP (GE Lifesciences) column. After protein
binding the protein was eluted with a gradient up to 70% buffer B (80mM hepes,
1M NaCl, pH 7.5). The protein containing fractions were pooled and applied to a
Superdex 200 HiLoad 16/600 column.

19
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4.2.4. Purification of HtpG

The HtpG constructs with the N- and M-domain cysteine mutations and a C-
terminal coiled coil structure contained no HisTag, but a StrepTagll C-terminal
of the coiled coil instead. Thus a StrepTag (IBA) column was used for the first
purification step. In contrast the HtpG constructs with a cysteine at position 521
contained no coiled coil but a N-terminal HisTag. These constructs were purified as
described for yHsp90 (sec. 4.2.3)

20



5. Protein labeling

5.1. Labeling of cysteines

yHsp90 and HtpG both do not contain natural cysteines thus introducing cysteines
via site directed mutagenesis and labeling via maleimide chemistry allows specific
covalent attachment of dyes. For the labeling process the protein was used at a con-
centration of around 50pM and 5-10mM tris(2-carboxyethyl)phosphine (TCEP) were
added. After incubation for 1h at RT the TCEP was removed and buffer exchanged
by washing the protein in a Viva Spin 500 concentrator (GE Lifesciences) with PBS,
pH 6.7. The slightly lowered pH avoids unwanted reaction of the maleimide with
amino groups. The protein was washed at least 3 times by removing >90% of the
buffer volume by centrifugation at 10000rpm at a 5424 centrifuge with F-45-18-
11 rotor (Eppendorf) and refilling it with PBS buffer. The remaining protein was
concentrated to around 50pM and dye was added with 3-fold excess. After 2h of
incubation at RT the non-bound dye was removed either by gel filtration with two
gel spin columns (Illustra MicroSpin G-50, GE Lifesciences) according to suppliers
protocol or by dialysis against 10mM hepes, 10mM KCI, pH 7.5 for two days (Zel-
luTrans/Roth Mini-Dialyzer MWCO 12000, Roth). The dialysis has the advantage
that virtually no protein is lost. After the labeling homodimers were obtained with a
degree of labeling of around 75-100%. To form heterodimer monomer exchange was
done as described below (sec.5.3). Since the HtpG mutants were pretty sensitive
to aggregation, the two FRET dyes were added simultaneously both with 1.5-fold
excess. The labeling process itself is probabilistic thus about 50% are heterodimers
whereas the other 50% are homodimers. Anyway homodimers do not show a FRET

signal and do not disturb the measurement.

21



Chapter 5 Protein labeling

5.2. Labeling of artificial amino acids

Contrary to yHsp90 and HtpG cochaperones have natural cysteines, which makes
a labeling with maleimide chemistry impossible - at least without removing the
natural cysteines. Furthermore with cysteine maleimide chemistry only one dye can
be attached to one protein chain in a specific way. To overcome this limitations I
used here the possibility to introduce unnatural amino acids (UAA) into proteins
[51, 52, 53]. The unnatural amino acid bears a certain reactive group which allows
specific labeling. In general those systems work as follows: For protein synthesis in
vivo mRNA is produced from DNA and bound by the ribosome where tRNA bearing
an amino acid temporarly binds the complementary region of the DNA. The amino
acids are connected to form a polypeptide chain. Thus for the introduction of an
unnatural amino acid a new tRNA is necessary that binds to a codon which is not
coding a natural amino acid (TAG in this case) and the new tRNA must also not
bind to natural codons (orthogonal tRNA). Furthermore the enzyme loading the
amino acid to the tRNA (aminoacyl-tRNA-synthetase) must specifically load the
artificial amino acid to the artificial tRNA without any cross reaction with natural
tRNA or natural amino acids. Such a system was developed by the Schultz lab
in the past and has already been used for protein labeling, although for small and
good soluble proteins [54, 55, 56]. Indeed it turned out that these systems are pretty
difficult to handle, especially for large proteins like Hsp90. Expression for Shal is
described in sec.4.2.2.1.

In this work an UAA system was used that allows incorporation of para- acetylpheny-
lalanine (pAcF) (Fig.5.1). Unfortunately optimal labeling conditions are very harm-
ful for our proteins (low pH, high temperatures, high concentrations)[54, 55]. There-
fore the labeling was done under moderate conditions resulting in a lowered degree
of labeling (DOL).

5.2.1. Labeling of Sbal 66pAcF

The labeling of the inserted keto group was done with hydroxylamine derivated
dyes [55]. Doing this there are two major problems. First the labeling conditions
are potentially harmful for the protein and have to be optimized for every protein.

Thus the protocol presented here is only valid for Sbal. Second the hydroxylamine is

22



5.2 Labeling of artificial amino acids

P
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Figure 5.1.: (A) Hydroxylamine dyes react with p-acetylphenylalanine. (B) An
artificial aminoacyl-tRNA-synthetase (red) loads the unnatural amino acid (blue
with sidechain x) onto the orthogonal tRNA. This tRNA binds to the amber stop
codon UAG and the unatural amino acid is incorporated into the polypeptide
chain. (B) taken from [53]

unstable towards impurities or even oxygen, thus the whole labeling process should
be carried out in very pure solutions and under exclusion of oxygen as far as possible.
The Sbal was transferred to the labeling buffer 50mM potassium acetate, 150mM
KCl, pH 6 with a concentration of more than 200pM by washing it three times in
a 10000MWCO vivaspin concentrator. The rotation velocity was only 10000rpm
in the air cooled 5452 Eppendorf centrifuge to avoid heating the sample to much.
Afterward TCEP was added with a final concentration of 2mM. A needle pointed
through the cap and the protein solution taken to vacuum for 10min. During that
time the dye was dissolved in degased water with a concentration of around 5-10mM.
The dye stock solution was centrifuges at max speed for 2min; the supernatant was
taken. 1mM dye and 10mM aniline were added to the protein solution and the
volume adjusted to to have a protein concentration of around 200pM. The cup
was put into a plastic bag filled with nitrogen. The sample was incubated 2d at
6°C. After that the sample was dialyzed against measurement buffer (40mM hepes,
150mM KCI1, 10mM MgCl, pH 7.4) for 3 days. Anyway normally a pretty low DOL
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Chapter 5 Protein labeling

of around 20% could be obtained.

5.3. Monomer exchange

To get heterodimers with two different labels and labeling positions the monomers
were exchanged. For the proteins not bearing a terminal coiled coil that was easily
done by mixing the monomers and incubating at 37°C for 15min . The exchange
time at 30°C is around 850s for yHsp90 (Fig. 10.8) and 150s for HtpG (Fig.12.4).
Anyway for proteins bearing a zipper two homodimers were mixed at a concentration
of 0,5nM each (monomer concentration) in measurement buffer and heated up to
47°C for 30min. In the case Atto488 was one of the used dyes 0,5mg/mlL BSA
had to be added since Atto488 is very sensitive to surface adhesion, which massively
decreases the dyes photostability. After that time the sample was cooled down to RT
for 15min and chilled on ice after that. The heterodimers were immediately aliquoted
with 10pL each aliquot and shock-frozen in liquid nitrogen. For measurements an

aliquot was thawed and used just once.

24



6. Bulk measurements

6.1. Measurement of the ATPase activity

To check whether the mutations are influencing the functionality of Hsp90 the AT-
Pase activity was measured. The measurement was done via a NADH coupled
enzymatic assay [18]. ADP produced during the ATP turnover of Hsp90 is rephos-
phorylated by pyruvatkinase (PK) with phosphoenolpyruvate (PEP). This reaction
produces pyruvate which is reduced to lactate by lactatedehydrogenase (LDH) un-
der the oxidation of NADH to NAD™. Since NADH but not NAD™ shows a strong
absorbtion at 340nm the reaction can be followed in real time in an absorbtion spec-
trometer. For the measurement a fresh premix was mixed by adding 240pnL. PEP
(100mM), 48uL, NADH (50mM), 12pL PK( 2000U/ml) and 44pL LDH (2750U /mL)
to 8656 pL measurement buffer (all chemicals from Roche). For a measurement
in a total volume of 80pL 60pL premix were used and ATP was added to a final
concentration of 2mM. Hsp90 was added to a final concentration of 2uM, if not
described otherwise. To check for background activity after the measurement 1L
of a 2mg/mL radicicol solution was added. Radicicol specifically inhibits the Hsp90
ATPase activity. All measurements were done in 40mM hepes, 150mM KCI, 10mM
MgCly pH 7.4 this buffer is called measurement buffer here.

6.2. Measurement of monomer exchange

The subunit exchange experiment was done in the measurement buffer (sec.6.1)
with Hsp90 560C or HtpG 521C, respectively. All measurements were done at 30 °C
—just as the single-molecule measurements. First the Atto550-labeled homodimers
were diluted to a concentration of 200nM for yHsp90 and 250nM for HtpG and
incubated at 30 °C for about 15 min. Then the Atto647N labeled homodimers were
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Chapter 6 Bulk measurements

added also at a concentration of 200 nM. The fluorescence has been observed over
time in a FP-6500 fluorometer (Jasco) exciting the Atto550 at 530 nm and detecting
the Atto550 at 580 nm and the Atto647N at 675 nm. If measurements were done
with nucleotides the nucleotides were added before the preincubation. To compare
the measured data with the rates obtained from the single molecule experiments the
monomer exchange process has been simulated based upon the rates obtained from

the single molecule data. The simulation is described below (sec. 6.4.1).

6.3. Stopped flow measurements of ATP binding

The Hsp90 61C C-terminal coiled coil construct was labeled with Atto550, and the
ATP was labeled with Atto 647N at the y-phosphate (obtained from Atto Tec). The
excitation was at 550nm, whereas the emission was detected from 625 to 775nm.
Both binding partners were preincubated in the stopped-flow syringes to avoid tem-
perature effects. Mixing of the two components, both with a concentration of 500nM,
led to a FRET signal and therefore an increase of the acceptor emission intensity
in time. The fluorescence vs. time signal is shown in Fig.11.7. To compare the
stopped-flow data with the rates obtained from the single-molecule measurements,
a computer simulation of the stopped-flow process using the rates from the single-
molecule measurements was done (sec. 6.4.2). The rates for opening and closing with
and without ATP bound are taken from [48] and are around 1/5 s.

6.4. Simulation of protein kinetics

6.4.1. Simulation of monomer exchange

The process of subunit exchange has been simulated by iteratively solving the un-
derlying differential equations for the rate constants and concentrations. The con-

centration of a state i at the time t+A t is given by

Ci (t + At) = Cz(t)‘i‘[klflﬂ . lel<t) -+ k’iJrLi . CZ+1<t) — ki,i+1 . Cl(t) — ki,ifl . Cl(t)]At
(6.1)
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6.4 Simulation of protein kinetics

where k; ; is the rate constant of the process depopulating state i and populating state
j. The scheme depicted in Fig. C.6 describing the subunit exchange can therefore
be represented by a set of coupled differential equations. We have seven states:
homodimer with closed N-terminus or closed C-terminus or both, heterodimer with
N-terminus closed or C-terminus closed or both, and finally a monomeric state. In
an exchange experiment two species of homodimers are added and the formation
of heterodimers is observed (sec.5.3). Accordingly, we start the simulation with
the four states without heterodimers: a monomeric, a N-terminal dimerized, a C-
terminal dimerized, and a C- and N-terminal dimerized state. The equilibrium
concentrations for these states are given by the N- and C-terminal dimerization
kinetics. To calculate an upper limit for the exchange kinetics, we took the slowest
rate constants measured for the N-terminus [48] and the C-terminus Fig. A.3 in the
absence of nucleotide, namely, 1/10 s. Finally, we assume that the probability to

form a heterodimer upon association of a dimer is 50%.

6.4.2. Simulation of the stopped flow ATP binding

measurements

Simulation of the ATP binding to Hsp90 from single molecule data was done as
follows: The concentration of free ATP is equal to the unbound Hsp90 since ATP
and Hsp90 were mixed at equal concentrations and only one ATP binding site of
Hsp90 can be occupied by ATP. The rates of the ATP binding and unbinding of the
open and closed conformations were taken from Fig.11.4. The time development
of the ATP unbound (u) and bound (b), open (o) and closed (¢) Hsp90 monomer

concentration (C) can be described with the following equation:

Cuo(t + At) = Cuo(t) + {7k5+ %cw(t) (Cuo(t) + Cuc(t)) + k5 Cho(t) — ks Cuo(t) + kG_Cuc(t)} At (6.2)

Cuuclt + At) = Cue(t) + {—k7+%C’uc(t) (Cuo(t) + Cue(t)) + kr— Che(t) + ket Cuol(t) — kG_C’uc(t)} At (6.3)

Cho(t + At) = Cpo(t) + {k5+%cuo(t) (Cuo(t) + Cuc(t)) — ks—Cho(t) — ke+Cpo(t) + kstbc(t)} At (6.4)
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Chapter 6 Bulk measurements

Che(t + At) = Che(t) + {m 5 Cuelt) (Cuo(t) + Cue®)) = k- Coa(t) + kot Cholt) — kefcbc(o} At (65)

The rate constants (k) are the inverse of the mean dwell times (t), which were taken
from Tab. B.2. The starting concentration of Hsp90 and ATP were chosen to be 500
nM like in the stopped-flow experiment. Under this condition, the concentration of
free ATP is equal to Cy(t) + Cyue(t). Because the ATP concentration in the single-
molecule measurement was 200 nM, whereas in the stopped-flow measurement it
was 500 nM, the binding rate had to be divided by 200 nM and multiplied with 500
nM (second-order reaction). Because the opening and closing rates for Hsp90 are
approximately the same, the starting concentration of the open and closed Hsp90
states without ATP were set equal (250 nM each). The time step At was set to 2
ms like in the stopped-flow measurement. The overall concentration of Hsp90 with
ATP bound—which is plotted in Fig. 11.7B —finally is

CYE(t) = Co(t) + Che(t) (6.6)

6.5. Fluorescence anisotropy measurements

Measuring the fluorescence anisotropy allows to estimate the rotational diffusion and
thus the rotational freedom of a dye. This is important for FRET measurements
since the FRET efficiency is also depending on the relative orientation of the inter-
acting dyes. Anyway in the Forster theory the dyes are assumed to have no relative
favored orientation . To check this the rotational diffusion of the single dyes is mea-
sured by fluorescence anisotropy. Fluorescence anisotropy measurements are simple
bulk fluorescence measurements, but with polarization filters in both the emission
and excitation pathways. Thus only dyes are excited which lie parallel to the po-
larization of the excitation beam. After the excitation it takes several nanoseconds
until the fluorescence photon is emitted. Since the dye rotates during that time
the emitted light is less linearly polarized. This process of losing linear polarization
is called anisotropy decay. The emission polarization filter changes between posi-

tions parallel and perpendicular to the polarization of the incoming beam and the
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6.5 Fluorescence anisotropy measurements

fluorescence is measured for both positions. The anisotropy value is obtained as:

IH_GIJ_
a =

112G, (67)

with Jjjand I, as the emission intensities with polarization parallel and perpendicular
to the excitation polarization and G a correction factor, which corrects the different

detection efficiencies for the different polarizations.

The value ranges from 0 to 0.4 where 0 means a freely rotating dye and 0.4 a
completely fixed dye (the mathematical possible value of 1 is not achieved because
of the random rotational orientation of the dyes in solution). Since upon attachment
of a dye one degree of freedom gets lost a attached dye is regarded as rotating freely

when it has an anisotropy value of 0.2 or less [57].
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7. Surface passivation and protein

fixation

Since the measured protein has to stay in the evanescent field of the TIRF setup (
for technical details see sec. 8.1 ) and thus near the surface during the measurement,
the sample has do be fixed to the surface of the measurement chamber. Anyway un-
specific contacts and binding that might influence the dynamics or even destroy the
protein have to be excluded. To achieve both the glass surface of the measurement
chamber were passivated with polyethyleneglycol (PEG) that carries to a small ex-
tent biotin. Streptavidin binds with a Kq of 101°M to this biotin. Since streptavidin
is a tetramer it offers binding sites on which other biotinylated compounds can be
bound. In detail surface fixation was either done directly by biotinylated protein

(sec.7.2.1) or by biotinylated vesicles with encapsulated protein (sec.7.2.2).

7.1. PEGylation of the measurement chambers

7.1.1. Cleaning of the microscopy quartz slides

Prior to surface passivation the quartz slides had be rigorously cleaned. After every
cleaning step the quartz slides were rinsed 5 times with ultrapure water. The detailed
procedure is as follows: The used measurement chambers were immersed in 2%
Hellmanex (Hellma) and sonicated for 15min. After that the cover slips and the
Tegaderm spacers could be easily removed. The quartz slides were again sonicated
with 2% Hellmanex for 15min. To remove fatty remnants from the surface the
quartz slides were put into ethanol and rubbed with a cloth. After another round
of sonicating in Hellmanex for 15min and water also for 15min, the quartz slides
were incubated in Piranha (H2SO4/H205= 3/1, vol/vol) for at least 3h at 60°C.

After that the slides were again sonicated with Hellmanex and water, both 15min

31



Chapter 7 Surface passivation and protein fixation

followed by another incubation for 3h at 60°C in RCA (H,O/H,05/NHs= 5/1/1,
vol/vol/vol) . Finally the slides were sonicated in 2% Hellmanex and stored in

Hellmanex until surface passivation.

7.1.2. PEGylation of the quartz slides

The whole procedure was done in the cooling room at 6°C because it turned out
that elevated temperatures especially more than 25°C drastically disturb the sur-
face passivation. Quartz slides stored in 2% Hellmanex (Hellma Analytics) were
sonicated in fresh 2% Hellmanex for 15min, rinsed 5 times with water, sonicated in
water for 15min and again rinsed 5 times with water. The cleaned slides were re-
moved from the water, the excess water was allowed to drop off and the quartz slides
were put into acetone (p.a., Sigma Aldrich) for 10min. After that the quartz slides
were placed in 200mL acetone with 1mL Vectabond. After 5-10min the slides were
removed the excess acetone allowed to drop off and swayed in at least 500mL water.
The slides covered with Vectabond were placed on petri dishes filled with water.
On the vectabond/glass surface 70pL of PEG-NHS solution (3mg Bioin PEG NHS,
80mg Metoxy-PEG-NHS dissolved in 600pL. 100mM NaHCOj3 , all polyethylengly-
cols obtained from Rapp Polymere) were dropped on the surface. The liquid layer
was covered with a cleaned (sonicated in Hellmanex and water) cover slip. Wet
clothes were placed around the petri dish with the slides on top and covered with
a styrofoam box to prevent the slides from light and drying out. The slides were
incubated over night. The next day the cover slips were removed and the slides
swayed in at least 500mL water. The passivated slides were dried with nitrogen and

stored in staining chars protected form light with aluminum foil.

7.2. Protein fixation

Proteins were fixed to the surface either directly by covalently binding biotin to the
protein or encapsulating the protein into vesicles and fixing those vesicles onto the
surface. Immobilizing proteins in vesicles has the advantage that the proteins can
still diffuse freely at high local concentrations (up to pM). Anyway since only vesicles
are chosen for the data evaluation that contain one molecule of each differently

labeled species, the exact concentration inside the vesicles is defined by the size
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7.2 Protein fixation

of the vesicles, which is varying. Thus the effective concentration is varying. Is
the protein directly fixed to the surface the concentration of the freely floating
molecules is constant for every fixed molecule. Overall vesicles are very helpful when
intermolecular interactions are studied but direct fixation allows a more precise
estimation of kinetics. Another problem using vesicles is that if ATP is used at
low concentrations (< uM) already the cleavage of few ATP molecules changes the
concentrations of ATP and ADP inside the vesicle extremely. Both types of surface

fixations where used in this study and are described below.

7.2.1. Surface fixation via biotinylation

Attachment of biotin to the protein

was done by amino reactive NHS-biotin.

Since a protein contains several amino
groups the biotinylation is not com-
pletely regioselective. Therefore there
is the risk that amino groups are mod-

ified that play a crucial role in the cat-

alytic activity of Hsp90. To avoid this,

biotinylation was done at low pH that

favors the reaction of the N-terminal

amino group, in the presence of AMP- Figure 7.1.: Fixation of Hsp90 with a
PNP that leads to the closed state of coiled coil via NHS-biotinylation. The
Hsp90 and with moderate concentration  hjotin binds to the surface via biotin
of NHS-biotin. In detail the acceptor la- neutravidin binding.

beled protein was diluted with an equal

amount of measurement buffer pH 4.2. Afterward 125-fold excess of AMP-PNP
was added and incubated for 30min at RT. An the protein concentration equimolar
amount of NHS-biotin was added to the protein solution and the solution was incu-
bated at RT for 60min. To remove non bound biotin, the protein was washed three
times with a vivaspin column. Spinning was done only at 10000rpm to avoid heating
of the sample. The biotinylated acceptor dye bearing protein was exchanged with

the donor bearing protein as described above (sec. 5.3).
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Chapter 7 Surface passivation and protein fixation

7.2.2. Surface fixation by vesicle encapsulation
7.2.2.1. Preparation of lipid stock

The lipids were bought as chloroform solution of 1,2-dipentadecanoyl-sn-glycero-3-
phosphocholine with 1% (mol : mol) 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) (both from Avanti Polar Lipids). The needed amount of lipids were
transferred into a glass vial with a hamilton syringe. The chloroform was removed in
vacuum. After that hepes buffer was added to obtain a concentration of 10mg/mL.
The immersion was frozen in liquid nitrogen and thawed at 42°C afterward, followed

by sonicating the solution for 15min. This procedure was repeated 4 times. The ob-
tained solution was diluted to a concentration of 4mg/mL and aliquoted and frozen

at -20°C.

7.2.2.2. Protein encapsulation

The homodimers of yHsp90 or
HtpG were diluted in hepes
buffer to a concentration of
200nM each monomer (that
corresponds to less than one
monomer in each vesicle in av-
erage). To reach full subunit
exchange the protein solution
were incubated at 37°C; yHsp90
15min and HtpG 25min. En-

capsulation itself was done by

Figure 7.2.: Hsp90 captured in a vesicle. The
vesicle if fixed to the surface via biotin neutra- .,  oxtruder: A device in

vidin binding. The Hsp90 is fixed on the surface, phich a buffer-lipid-emulsion
but can at the same time diffuse freely at a high ., pe pressed through a mem-

local concentration. brane with very small pore size

(200nM in this case). Pressing
the lipid mixture several times through this membrane leads to the formation of unil-
ammellar vesicle with a pretty narrow size distribution around the pore size. Since
the lipid membranes are disrupted and reform during this process, the proteins in

the solution are partially encapsulated in the vesicles. The lipid protein mixture
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7.2 Protein fixation

was pressed 31 times through the extruder. Afterward the obtained vesicle solu-
tion was diluted to concentrations of several pM (protein monomer concentration).
To remove aggregates the diluted solutions are spun down in a cooled centrifuge
at 14000rpm 15min, the supernatant is used for the measurement. For measure-
ments in the presence of high ATP concentrations (2mM), ATP was added to the
protein/lipid solution as well as to the buffer surrounding the vesicles during the

measurement.
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8. Single molecule setup TIRF and

measurements

8.1. Four-color single molecule TIRF setup
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Figure 8.1.: Scheme of the four color single molecule FRET setup. The function
is described in the text.

During this work the setup was expanded two times from a two over three to a four

color FRET setup. Here I want to describe only the latest - the four color - setup.

Four excitation lasers are used with wavelengths at 473nm (Cobolt Blues, Cobolt),
532nm (Compass 215M, Coherent), 594nm (Cobolt Mambo, Cobolt) and 635nm
(Lasiris, Stocker Yale). The laser light of the 473nm, 532nm and 594nm lasers is first
passing through clean up filters (all filters in this setup from AHF Analysetechnik)

to remove unwanted sidepeaks. Afterward the laserbeams are lead through a kepler
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Chapter 8 Single molecule setup TIRF and measurements

telescope with 50mm followed by 100mm focus width to increase the laser beam
diameter and to correct divergence of the laser beam. The second lens is slightly ro-
tated to achieve an elongated beam profile in the measurement chamber which results
in better illumination of the sample. The four laser beams are overlaid with dichroic
mirrors and brought onto an acusto-optical tunable filter (AOTF, AOTFnC-VIS-Tn,
AA Opto-Electronic), which allows intensity control and fast pulsing of the lasers.
Behind the AOTF the laserbeams are brought onto the measurement chamber via
a prism. The beam is totally reflected on the measurement chamber producing an
evanenscent field in the measurement chamber. Beyond the measurement chamber
an Apo TIRF 60x, 1.49 N.A., oil objective (Nikon) is collecting the fluorescence
light. The fluorescence light is lead into the detection pathway. In this part of the
setup only biconvex quartz glass bestform lenses (Qioptiq) are used to avoid auto
fluorescence of the glass and spheric abberations from the lenses. The whole de-
tection pathway is also built in 2inch diameter optics. First the emitted light goes
through a Kepler telescope with 100mm lenses. In the middle of the telescope a
rectangular area is cut out of the detection beam with half the size of the camera
chip. The slit here works as a kind of pinhole too and limits the Z-direction of
the detected light and decreases background. After that the light is separated via
dichroic mirrors and filtered. In every light channel there is a separate 200mm lens
that focuses the fluorescence light onto the camera. Those lenses are placed on trans-
lational stages which allow to focus every channel independently. This construction
is crucial to overcome the problem that different colors have different focal distances
and thus can not be focused on the camera chip with one shared lens. Because of
limited space for the four color detection two cameras (Andor iXon, Andor) were
used with two color channels on each camera. There is a lateral offset between the
two channels on each camera. Thus the same area of the measurement chamber
is displayed twice, but for two different colors (Fig.8.2). To block scattered laser
light of the green laser which would go directly into the green detection channel
a shutter is installed in that detection pathway. This shutter is closed when the
green laser is switched on. The measurement chamber was placed in a styrofoam
box with additional peltier elements (QC-127-1.4-8.5MD, Conrad) and a temper-
ature control (Peltier-Controller 12 V QuickCool QC-PC-C01C, Conrad) to carry
out measurements at stable temperatures. A scheme of the whole setup is shown in
Fig.8.1.
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8.1 Four-color single molecule TIRF setup

8.1.1. Software control of the setup

For measurements with this setup two cameras, mechanical shutters for each laser,
the shutter in the detection pathway and the AOTF have to be controlled precisely
and simultaneously, but sometimes with different pulse patterns. Since this was not
able with the used AndorIQ software (Andor, Belfast, UK) - contrary to suppliers
information - I added a PClexpress card with an external clock (PCle-6535, National
Instruments) to the control computer and wrote a control software in LabView
(LabView11, National Instruments). This program in combination with the PCle
card allows to generate all types of trigger patterns at multiple channels with ns
accuracy. Thus all necessary devices could be directly controlled with the LabView

software.
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8.1.2. Data analysis and theory
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Figure 8.2.: Scheme of FRET analysis shown for two colors. (A) The obtained
movies show several single molecules attached to the surface over time for donor
and acceptor dye separately. (B) From these movies the intensities over time for
single dye pairs are extracted. (C) Those fluorescence signals are converted into
FRET efficiency curves according to formula 8.17.(E) Histograming those FRET
curves allows to estimate the equilibrium FRET distributions of the observed
states. (D) Histograms of the dwell times allow to estimate transition rates for
every transition separately.

The obtained movies were cut according to the single detection channels (Fig. 8.2 A).

For the data analysis the brightest spots in the acceptor channels were searched by
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8.1 Four-color single molecule TIRF setup

a threshold criterion. Its intensity was plotted versus time together with the inten-
sity of this spot in the other detection channels. Thus an intensity versus time plot
for all detection colors was obtained. In these curves I searched for anti-correlated
intensity changes typical for FRET (Fig.8.2) B. Those curves were selected and an-
alyzed. First the background signal - the signal after complete dye bleaching - was
subtracted . Then the FRET efficiencies/partial fluorescence intensities were calcu-
lated according to sec.8.1.2.1 (Fig.8.2 C).All obtained FRET /partial fluorescence
values were plotted in histograms (Fig. 8.2) E. From this histograms it could already
be seen how many states with different FRET efficiencies exist and how strong this
states are populated. To obtain the transition rates between the different states
two approaches were used: For two color FRET the minimum between the obtained
peaks in the FRET histograms was used as threshold. Every time this threshold was
crossed by the FRET signal this was counted as transition and thus dwell times for
the single states could be obtained. Anyway this procedure is not straightforward for
multicolor FRET data since here exist at least two partial fluorescence signals, the
corresponding histograms become multidimensional. In this case Hidden-Markov
analysis was used. Moreover Hidden-Markov is much less noise sensitive than a
threshold criterion. Hidden-Markov analysis is described below (sec. 8.1.2.3).

8.1.2.1. Calculation and correction of FRET efficiencies

The FRET efficiency is defined - analog to a quantum efficiency - by the amount of
photons transferred to the acceptor divided by all photons absorbed by the donor.

kFRET
1) = 8.1
FRET kFRET + kr‘ad + knon—rad ( )

krrer is the FRET rate, whereas k,q.q+ knon—reqd are the radiative and non-radiative

decay rates of the donor.

The emission intensity of a dye is than given as the quantum efficiency @); times the

up-taken photons per time N;.
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Chapter 8 Single molecule setup TIRF and measurements

Since the acceptor can only take up photons by FRET ( cross excitation is neglected
here and correction for it is shown below) the number of photons taken up by the

acceptor in time is just given by

kFRET
Ns = Nexe 83
4 knonfrad + krad + kFRET b ( )

where N7¢ is the number of photons in time taken up by the donor via absorbtion.

Since this number is equal to

Ip 14
NEC = — 4+ — 8.4
5 =05 o (8.4)

the FRET efficiency becomes

Epppr = —94 (8.5)
Qn

by combining the equations 8.2, 8.3 and 8.4.

Taking also into account that the emitted intensity /., can not directly be measured,

but the measured intensity I,,.qs is biased by the detection efficiency of the setup €

Iimeas = 61']1' (86)

one obtains with 8.5

meas meas
IA IA

Errer = = 8.7
[gneas + %1—?}6“3 Izzeas + ,y]rbwas ( )

vy becomes a correction factor for the detector efficiency and the quantum efficiency
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of the used dyes.

_ eaQa
ep®@p

(8.8)

Within one measurement series the excitation intensity is constant. Thus equation
8.4 with equation 8.6 for two different FRET values and correspondingly different

175 and I'}°*® can be rewritten as:

meas meas meas’ mea’
‘[D ‘[A o ‘[D ‘[A

epQp  €4Qa  epQp  €4Qa

¢ = const. (8.9)

with equation 8.8 the v factor can be thus written as

B 5AQA B ]Irqneas’ _ zneas
- 5DQD - ]gbeas . ]gbeas’

(8.10)

Thus the v factors can be estimated with every two different measured FRET values
at the same laser intensity. Anyway since the quantum efficiency might be also
depending on the chemical environment the v factor is normally estimated with the

same sample used also for the measurement.

Anyway in a real measurement the emission spectra of the dyes overlap and the
emission light of the two dyes can never be perfectly separated (moreover dichroic
mirrors and filters are never perfect) - this effect is called crosstalk. Moreover since
also the absorption spectra of dyes are not a delta function the laser that excites
the donor can also to some extent excite the acceptor - this effect is called cross
excitation. Both effects crosstalk and cross excitation change the measured intensity
compared to the really emitted intensity of the dyes and thus have to be eventually
corrected. The crosstalk and cross excitation are both also influencing the ~ factor.
Thus directly estimating the ~ factor from measured intensities might lead to wrong
results. In the following is shown how data can be corrected concerning crosstalk

and cross excitation.

The crosstalk is corrected with the 3 factor, which is given as the amount of measured
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light in the acceptor channel in the presence of donor only upon donor excitation.

Izwas onlyDonor

= (8.11)

D Donor— FEzcitation

The cross excitation is corrected by the 6 factor which gives the amount of absorbed
photons of the acceptor compared to the photons absorbed by the donor at the same

laser intensity, but no interaction between acceptor and donor.

[Aneas DonorandAcceptor

6= P (8.12)
D Donor— Excitation
Since the measured intensity is given as
excitationW L Texcitation
Jmeas — 81@18@ I 8.13
meas (8.13)

Ny

with EgseitationWl aq the absorption coefficient at the excitation wavelength, Njas

the Avogadro constant and ¢*¢@tonag the excitation intensity.

combining equations 8.12, 8.13 and 8.10 one obtains for the § factor

donorW L
5 — 0

= ny (8.14)

To minimize cross excitation effects the v factors is obtained by using the change
in FRET efficiency to zero upon acceptor bleaching. After the acceptor bleaching
the intensity of the acceptor is zero and everything that is measured in the acceptor
channel is caused by crosstalk and allows estimation of the 3 factor according to
Equation 8.11 . How to obtain the ~ factor is shown in Equation 8.10 with I'" as

the intensities before and I as the intensities after bleaching. The intensity of the

44



8.1 Four-color single molecule TIRF setup

acceptor is given as

(8.15)

, , , , ]meas’ . ]meas’
IA _ ]zneas _ 6]lr)neas —5 <ITDI’L€G,S + A ﬁ D )

v

the acceptor intensity is zero after bleaching.

meas’ o ]meas’g _& [meas’ £ Imeas/
o= T Ep = BIE™ Ep — EAIi™ + 24Pl (8.16)
gD]lT)neas _ gDIg@eas i gA]Bneas

and the corrected FRET efficiency can be obtained as.

Jmeas _ B[meas Y (Imeas + Izwas—ﬁfgleas)
A D D 5

I’ITLCH.S_BIWLQ(ZS
Izneas _ Blgeas _ 5 (Igzeas + A - D ) + ,y]gbeas

Errer = (8.17)

In practice the crosstalk and cross excitation are very small in the case of two color
FRET measurement. Thus these correction factors were ignored for the here shown
two color measurements. Anyway the more colors one uses the more overlap of the
excitation and emission spectra exists and the more important this corrections get.

For the three color measurements also the crosstalk was taken in to account.

Anyway for multicolor measurements also another problems arises. The FRET
efficiency can not directly be obtained from the measured intensities. Lets assume
we have three interacting dyes D, A1, A2 with increasing absorbtion and emission
wavelengths. Lets assume that only Donor D is excited and all energy is transferred
to dye A2. In this case we don’t know if all energy is transferred form D via Al
to A2 or directly form D to A2. But concerning the FRET efficiencies in the first
case the FRET efficiency between D and Al is 1 whereas in the second it is 0 - a
big difference. Since the distance between the dyes is not depending on its relative
emission intensities but on its FRET rates one has to calculate the FRET rates
from the the measured intensities. The exact mathematical procedure is shown in

the Appendix B | anyway the results are shown also here:
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d al FRET al FRET nnf
PRk g(kraaTaEarsx — kaaTa — EarpxQal)

kd—ml - _ rad
P Qulkal r(PRESFEL — PFy + PRESFEL — PR — EEFEL 4+ 1)
(8.18)
e (PRALIEEE - PRk PRESTEQH) K,
PR Qulkal r(PRESFEL — PFy + PRESFEL — PR — EXFEL +1)
(8.19)
and
kal—)aQ — EEEE?; (8 20)
FRE = (IR - D |

where kprpr are the FRET rates between the dyes, k,.q are the radiative depopu-
lation rates of the dyes, 7 are the overall lifetimes , Q™ are the quantum efficiencies
and PF} j5/3 are the partial fluorescence intensities and E47£T is the FRET efficiency

upon excitation of Al.

8.1.2.2. Distance estimation from FRET efficiency

From the obtained FRET rates/efficiencies the distances between the dyes can be
estimated. According to Forster theory [58], that describes the FRET process as
a coupling of dipoles - the FRET rate is depending on the inverse distance to the

power of six.

1 (Rp\°
krreT = - (do) (8.21)

with kprer isthe FRET rate, 7pthe fluorescence lifetime of the donor in absence of
FRET and Ry the so called Forster distance. Hereby the FRET rate and efficiency

are coupled according to 8.1 with

R )
kpppr = — —— o (8.22)

T 1 — Erger
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8.1 Four-color single molecule TIRF setup

The Forster distance is given as:

4
L 2
RS = 128W5H4NA /f Jea(A)A*dA (8.23)

with Qg as the quantum yield in the absence of FRET, &2 the dipole orientation
factor, N4 the Avogadro constant, n the refractive index of the medium, fp(\) the
fluorescence intensity normalized to an area of one and €(\) the absorption both as

a function of the wavelength .

Thus the Forster distance is in principle a material constant of the dye. Anyway it
has to taken into account that dye properties like spectra, lifetimes and rotational
diffusion times can change upon attachment of dyes to proteins. Therefore distance
estimations from FRET should be more taken as rough estimates. A detailed esti-
mation of the Forster distance for C-terminal dynamics is given in sec. A.1. Anyway
in all other cases the Forster distances for the free dyes given by the supplier (Atto-
Tec) was used. To check whether the dye can rotate freely, anisotropy measurements

have been done for all used dye-protein combinations as described in sec. 6.5

8.1.2.3. Hidden-Markov analysis

To obtained the kinetics from the observed single molecule trajectories for the multi-
color FRET measurements Hidden-Markov-modeling (HMM) was used. In general
Hidden-Markov modeling allows to reconstruct the sequence of states underlying a
scattered signal. HMM can be applied to multidimensional data like multi-color
FRET data. In detail the Viterbi algorithm was used to reconstruct the underlying
sequence of states: The data consist of a sequence of observed values O which are
caused by an underlying sequence of states s. The Viterbi algorithm searches the
sequence of states S* that gives the maximum probability P to produces a sequence

of observables O with a given model \.

PO, S*

A) = mga:P(O, S 1A (8.24)

To achieve this a the parameter ¢ is defined as a parameter for the maximal prob-

ability to produces a sequence of observables O1,0,,... with a certain sequence of
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Chapter 8 Single molecule setup TIRF and measurements

states s1,S9,... with the last state i .

0:(i) = max P(O1,04,...,0, 51,82, 8., 8-1,8 =1 | A) (8.25)

81,525.-+ySt—1

Thus the §,(7) are only locally maximized for the state i. To get a completely
optimized sequence of states d;(i) has to be calculated iteratively for the whole

sequence of observables. The 0, (i) of the first time step is given as

51(i) == mibi(O1) (8.26)

, with 7; as the equilibrium probability to find state i (start probability) and b; the
probability to observe the O; in the presence of state i (emission probability), which

is given by the emission function 8.33.

For the following time steps the d;11(j) at time step t+1 are derived from the §;(7)

of the former time step:

0r41(7) = max {64(1)ai;} bj(Or11) (8.27)

, where a;; is the transitions probability from state i to j.

For the last step the d7(7) is chosen in such a way that the (i) - which corresponds
to the production probability - becomes maximized and thus represents the optimal

sequence of states S*:

PO ) = P(O,5" | \) = maz 6(i) (8.28)

We have now the optimal production probability P* but we want to have the optimal
sequence of states S*. This is extracted by calculating for every iteration step of

0:(7) in parallel a value 1;(7) representing the most likely state transitions for every
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8.1 Four-color single molecule TIRF setup

time step. For the first time step this is,

P1(i) =0 (8.29)

since there is now transition to backwards in time from this time step.

The remaining v (i) are calculated iteratively :

Yei1(j) = argmaz {0,(1) ai;} (8.30)
After the last iteration step the optimal sequence of states S* =(s1*,85%,...,s7*) can
be reconstructed in reverse direction ( st*, ..., so*, s1%) as

sy = argmazx or(i) (8.31)

)

and for all the other time steps:

s; = Ve (sii1) (8.32)

The Viterbi algorithm needs input values for the mean and deviation of the emission
function and guesses for the transition rates. Fortunately the values for the emission
function can be directly achieved from the measurements. Plotting the multi-color
FRET data as described above the mean of the obtained peaks and the deviation
can be directly obtained by fitting the peaks with the emission function in this case

a simple Gaussian:

1 (z — 900)2) 1 ( (y — y0)2>
p(r,y) = ——=exp | — + exp | ———— 8.33
S e (-5 Nz 2 (5:59)

The 2y and o values for the different states were estimated from the 2D histograms.
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Chapter 8 Single molecule setup TIRF and measurements

A guess for the transition rates can be obtained just by looking on which time scale
the transitions can be observed. It has to be pointed out here, that there is no
straight forward correlation between quality of the guesses and results of the HMM.
For good data even bad guesses can produce a good outcome, whereas for bad data
even good guesses might produce artificial results. The transition probabilities were
optimized until the reconstructed FRET traces matched the measured data. This

was double-checked by eye for every curve.

8.2. Single molecule measurements

8.2.1. Measurements of C-terminal dynamics

The Hsp90 was labeled at position 560C as described above. The encapsulation
was done as described above. If measurements were done with nucleotides, the
nucleotides were added both to the protein mixture prior to extruding and into the
measurement buffer surrounding the vesicles in the measurement chamber. Time

resolution was 1Hz (100ms integration, 900ms dark time).

8.2.2. Three color FRET measurements of N-terminal dynamics
and ATP binding

For the three color FRET measurements the yHsp90/HtpG was directly biotiny-
lated and fixed to the surface with neutravidin as described in sec. 7.2.1. The Hsp90
dimers were diluted in hepes buffer with 0.5mg/mL BSA to concentrations ranging
from 50pM to 500pM. After incubating the measurement chamber with 0.5mg/mL
neutravidin for 5-10min the non-bound neutravidin was flushed out with hepes buffer
followed by hepes Buffer with 0.5mg/mL BSA. Hsp90 was flushed in with increasing
concentration. When the right density on the surface was reached, the remain-
ing Hsp90 was flushed out with hepes buffer. Finally 0,.2pM vAT PAtto647N or
BADP Atto647N was flushed into the chamber. The measurements were done with
200ms integration time and frames of 220ms and 1000ms for ATP and an integration

time of 40ms and a frame time of 44ms for ADP.
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8.2 Single molecule measurements

8.2.3. HtpG measurements

The N-terminal dynamics of HtpG were studied by fixing C-terminal coiled coil,
biotinylated HtpG via neutravidin to the measurement chamber (sec.7.2.1). The
sample was illuminated 200ms every second in the case of inter-domain measure-
ments and 200ms with a 20ms delay time in the case of intramonomer measurements.
For the measurements of HtpG’s C-terminal dynamics the labeled protein was en-
capsulated in vesicles as described above for yHsp90. The C-terminal dynamics was
recorded with 200ms camera illumination and 20ms delay with green laser excitation
(532nm).
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Figure 8.3.: Extracting transition rates with Hidden-Markov analysis. From the
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(multidimensional) FRET histograms the number of states and its mean FRET
values as well as the standard deviations are obtained. From the single molecule
time traces the timescale of the transitions can be estimated. These values are
used by the Viterbi algorithm, which is calculating the most likely sequence of
states leading to the measured curve. Checking how good the reconstructed curves
fits to the measured curves allows optimization of the model parameters either
manually - as done here - or by a learning algorithm like the Baum-Welch algo-
rithm. From the obtained reconstructed sequence of states the transition rates
can be obtained from histograms of the dwell times for every states. Thus even
complex kinetics with a lot of states can be resolved with this approach, with
essentially no assumption about the underlying model.
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9. N- and C-terminal dynamics of
yHsp90

9.1. N-terminal conformational dynamics are only

weakly coupled to ATP turnover

The work on the N-terminal dynamics of yHsp90 was mainly done by my precessor
Moritz Mickler [48]. Anyway to give a complete picture I present a short overview
here. As pointed out in the introduction yHsp90 was supposed to switch between
a N-terminal open and closed state driven by ATP turnover. The common models
proposed a binding of ATP in the open state followed by succesive closure, ATP
cleavage and re-opening. This process was never shown directly and was mainly
derived from combining data from different GHKL ATPases and the fact that the
nucleotide analogue AMP-PNP leads to a permantely closed state. To check this
hypothesis of ATP induced closing the relative movement of the two monomers in
the Hsp90 dimer was observed by means of smFRET. Indeed the supposed open
and closing movement could be found, but surprisingly this movement also exists
in the absence of nucleotides. The addition of ATP and ADP slightly changed
the dynamics, but nucleotides are not essential for N-terminal movement of yHsp90.
Thus the N-terminal movements of yHsp90 are only weakly coupled to ATP turnover.
We will come back to this later and understand in more detail how nucleotide binding

and conformational changes are correlated in yHsp90.
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10. C-terminal dynamics of yHsp90

Main parts of this chapter are puplished in [59]

10.1. Single molecule FRET allows to measure the

C-terminal dimerization site separately

After finding surprisingly rich N-terminal dynamics, which are not strictly coupled
to ATP turnover, the question arises, if there is also dynamics at the C-terminal
dimerization site. This dimerization site was up to now regarded as permanently
closed, because of Hsp90’s low Ky of around 60nM. Anyway in bulk measurements
it is very difficult to observe single binding sites, when there are several binding
sites within the molecule. The measurement of dissociation or association kinetics
in bulk are always an average over all existing dimerization sites. In contrast single
molecule FRET allows to specifically extract the kinetics of one binding site and in
the case of Hsp90 to observe the C-terminal binding site separated from N-terminal

kinetics.

To directly monitor the dynamics of the C-terminal domain, a variant of yeast Hsp90
was created in which a cysteine was implemented at position 560 in the C-terminal
domain (560C). The single cysteine in one monomer was labeled with the donor
fluorophore Atto550, and in the second monomer with the acceptor fluorophore
Atto647N. The dimers were then caged in lipid vesicles that were immobilized onto
a solid substrate similar to the experiments by Cisse et al. [60] and Rhoades et
al. [61] and as described in sec.7.2.2. Functionality of the investigated constructs
was tested by an ATPase assay (Fig. A.1). Also Sbal binding experiments where
suitable (Fig. A.1). The C-terminal interaction was measured by single-molecule
fluorescence resonance energy transfer (smFRET) at 30°C in a two color TIRF

microscope analogue to the system described above (sec. 8.1).
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Chapter 10 C-terminal dynamics of yHsp90
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Figure 10.1.: Experimental setup. The Hsp90 molecules (size 5-10 nm) were caged
in lipid vesicles with a diameter of about 200 nm (not to scale). The vesicles were
immobilized via biotinylated lipids onto a solid substrate in a microfluidic cham-
ber and mounted in a prism-type TIR microscope. Single-molecule fluorescence
from the donor and acceptor were detected simultaneously by an electron multi-
plying charge coupled device camera (A). Matching time traces were overlaid (B)
and FRET efficiencies determined (C). The cumulated histogram of all FRET
efficiencies shows two states that are clearly separated by a threshold (D), which
allow us to determine the rate constants from a separation of the time trace into
open and closed states (E). For details see also sec. 8.1

C-terminal open-close dynamics on the time scale of seconds could be observed.
This is in contrast to current models of Hsp90 that assume the C-terminus to be
closed on time scales of 100 s [62, 41]. Several bulk experiments [63, 28] and the
single-molecule experiments [48] show that the N-terminal domain is very stably
dimerized in the presence of AMP-PNP (Fig. 10.2A). Surprisingly, even under these
conditions the C-terminus shows opening and closing dynamics (Fig. 10.2B) clearly
demonstrating that a N-terminal closed state does not result in a C-terminal closed
state. In contrast, addition of the cochaperone Stil keeps the C termini mainly
closed (Fig. A.2B).

The FRET efficiencies allow to estimate the distances between the fluorophores in
the C-terminally open and closed state. The anisotropy values (sec.6.5) were 0.23
for the donor and 0.18 for the acceptor dye, and the distance values should therefore
only be taken as a rough estimate. The obtained distances are in all cases around 6.4
nm for the open and 4.3 nm for the closed state. The length of the linker between

the cysteine and the fluorophore is 0.8 nm in both cases. These distances are in
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Figure 10.2.: Comparison of N- and C-terminal dynamics of Hsp90. Exemplary
fluorescence time trace of the N-terminal (A) [48] and C-terminal (B) dimerization
kinetics of Hsp90 with 2mM AMPPNP. (Top) Schematics of the various conforma-
tions. To investigate the N-terminal kinetics, a coiled coil motive was introduced
at the C-terminus to allow for longer observation times; this did not change the
dynamics [48]. (Bottom) Fluorescence signal of the donor (black trace) and the
acceptor (red trace). The N-terminus stays closed (high acceptor signal) on the
time scale of the experiment in A until the acceptor bleaches after around 100 s,
while there is kinetics at the timescale of seconds at the C-terminus.

very good agreement with the crystal structure where the distance between the two
cysteines is around 3.5 nm (in the closed state without linker). For determination of
the Forster distance see sec. A.1. As the vesicle size is 200 nm, complete dissociation
of the dimer (N- and C-terminal open) would result in a FRET efficiency of zero

and can therefore be excluded on the time scale of the experiment (Fig. A.2A).

10.2. Nucleotides influence the C-terminal dynamics

After observing surprisingly fast dynamics in the C-terminal domain, the question
arises whether this dimerization is regulated. Because Hsp90 function critically
depends on ATP binding and hydrolysis, the described experiment was repeated
under different nucleotide conditions. First, I used the natural nucleotides ATP and
ADP and compared the results to the situation without nucleotide. I compiled the

FRET efficiencies into histograms like the one depicted in Fig. 10.3 and described in
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Chapter 10 C-terminal dynamics of yHsp90

sec. 8.1.2. The area underneath the two peaks in these FRET histograms corresponds
to the occupancy of the two states: Low FRET indicates that the C-terminus is in an
open state, and high FRET indicates that the C-terminus is in a closed state. As can
be seen in Fig. 10.3, without nucleotide the C-terminal domains are about 43% open
and 57% closed. In the presence of ATP, this distribution is almost reversed, and
with ADP the equilibrium is even more shifted to the open state. These observations
are contrary to the situation at the N-terminal domain, where no strong influence
of ATP or ADP on the dimerization equilibrium was found [48, 28].

no nucleotide
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Figure 10.3.: Effect of nucleotide on the C-terminal dimerization. Relative amount
of observed FRET efficiencies between donor (orange) and acceptor molecule (red)
at the C-terminal domain for different nucleotide conditions. High FRET values
correspond to the C-terminal closed state, and low FRET values to the C-terminal
open state. The equilibrium distribution of the open and closed states was deter-
mined by a Gaussian fit. The effects of ATP analogues are shown in Fig. 10.5.

What causes these shifts in equilibrium? To answer that question I determined
the dwell-time distributions of the dimerization kinetics. The FRET efficiency at
the minimum between the two peaks in the FRET efficiency histograms - shown in
Fig. 10.3 (dotted line) - defines the separation between open and closed states. Now
each time trace is separated into parts with open and closed states (Fig.10.1E),
and the dwell times in these states are determined [48]. The distributions of these
dwell times give quantitative kinetic information. Fig.10.4 shows such integrated

dwell-time distributions in the absence (green) and in the presence of ATP (black).
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Figure 10.4.: Effect of nucleotide on C-terminal dynamics. Integrated dwell-time
distributions in the open (Left) and closed (Right) states are shown in the presence
of ATP (black) and in the absence of nucleotide (green). In all cases double
exponential fits are necessary. The rate constants and amplitudes are listed in

Fig. A.3.

Whereas the on-rate constants of the C-terminal dimerization (determined from the
time in the open state) are about the same (Fig. 10.4 Left), the off-rate constants
increase in the presence of ATP by more than a factor of 2 (Fig. 10.4 Right). Thus,
the shift to the more open conformation is mainly caused by the destabilization of
the C-terminally dimerized complex upon ATP binding and cannot be explained
by a potential N-terminal induced spatial proximity (which would affect the on-
rate constants). To investigate the effects of nucleotides in more detail, I used the
ATP analogues ATP-yS and AMP-PNP (Fig. 10.5). ATP-yS is slowly hydrolized by
Hsp90 about a factor of 7 slower than ATP [28], and AMP-PNP is not hydrolized
at all on the time scale of the experiments. In the presence of ATP-yS, the obtained
dwell times for the closed state are similar to those for ATP, which suggests that
the hydrolysis of the nucleotide does not lead to C-terminal destabilization. This is
further underlined by the at least one order of magnitude different time scales for
the dimerization and hydrolysis kinetics. AMP-PNP is known to force Hsp90 into
a permanently N-terminally closed state [48]; however, this is not the case for the
C-terminal domains. In the presence of AMP-PNP, Hsp90 still shows C-terminal
dynamics with about an equal population of the open and closed states (Fig. 10.5)
similar to the situation without nucleotide, but with slightly different open and
closed times. This observation shows that the C-terminal opening and closing takes

place even when the N-terminal domain is fixed in the closed state.
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Figure 10.5.: Effect of hydrolysis on C-terminal dimerization. FRET efficiency his-
tograms (Lower) and integrated dwell-time distributions (Upper) in the open and
closed states are shown for ATP (green), ATP-yS (red), and AMP-PNP (blue).
As the overlap between the two peaks for AMP-PNP is large, the separation of the
open and closed states is not always unambiguous, and the open and close times
for AMP-PNP should be seen only as rough estimates. The relation between the
dissociation constantK; and the relative amount of closed state o is given in the
following: Ky = % = % [O] being the number of open molecules and
[C] the number of closed molecules in equilibrium. Together these two equations
give av = KZ(L . Changing k,ss and therefore Ky by a factor of 2 results in a
population change from 43% to 59%. This is very close to the values I determined
experimentally.

10.3. Effect of N-Terminal mutations on C-Terminal

open and closed states

To address the structural basis of the observed effects, I created several N-terminal
Hsp90 mutants and investigated their effects on C-terminal dimerization. I chose
two mutants with deletions of either 8 (A8) or 24 (A24) amino acids at the very N-

terminal end. These mutants have been characterized in the past [64, 62] . A8 shows
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10.3 Effect of N-Terminal mutations on C-Terminal open and closed states

a higher ATPase rate than the wild-type protein, whereas A24 has no ATPase ac-
tivity, because those amino acids engaged in the cross stimulation of the N-terminal
domains have been removed [64]. In the third mutant, a coiled coil motif had been
fused to the N-terminal end of Hsp90 to keep the N-terminal ends in close prox-
imity (henceforth called Coil-NMC). This leads to a four times faster ATPase rate
compared to the wildtype protein (Fig.A.1). The obtained FRET histograms for
these mutants are shown in Fig. A.4. As can be seen in Fig. 10.6, the equilibrium
of the C-terminal dimerization is shifted toward a more open state for the deletion

mutants compared to the wild-type Hsp90.
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Figure 10.6.: Effect of N-terminal mutation on C-terminal dimerization. Relative
amount of observed C-terminal FRET efficiencies (%) determined from the single-
molecule experiments for the different nucleotide conditions and N-terminal muta-
tions. The equilibrium distributions are shown in Fig. 10.3, Fig. 10.5 and Fig. A .4.
Assuming a confidence interval corresponding to one standard deviation, the un-
certainty of all values is less than 5% of their value, i.e., usually around 2.5% for
the relative amount of observed FRET efficiencies.

To further understand this shift toward a more C-terminal open state, I determined
the kinetics of the A8 and A24 Hsp90 deletion mutants as well as the Coil-NMC. The
A8 and A24 mutants show a similar occurrence of open and closed states (Fig. 10.6)
and kinetics (Fig. 10.7, red and blue) in the absence of ATP. This means that already
the deletion of the first 8 amino acids destabilizes the C-terminal interaction; the
deletion of 16 more amino acids does not have an additional effect in the nucleotide-

free state. These two mutants have faster off-rate constants (shorter dwell times of
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the closed state) than the wild type (Fig. 10.7, green), whereas the on-rate constants

(equal to one over the dwell times of the open state) are quite similar to the wild

type.
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Figure 10.7.: Effect of N-terminal mutations on C-terminal dynamics. Integrated
dwell-time distributions in the open (Left) and closed (Right) states are shown for
the A8 (red), for the A24 (blue), and the wild-type Hsp90 (green) in the absence
of ATP. Further kinetic data and fit values are shown in Fig. A.3.

It is also interesting to note that both the occurrence and the kinetics of these two
mutants in the absence of nucleotides are quite similar to the wild-type protein in
the presence of ATP (Fig.10.6, Fig. A.4, Fig. 10.5). N-terminal dimerization should
keep the C-terminal domains in closer proximity and therefore cause an increase
in k,, if only geometric effects play a role. To investigate this, I compared the
kon values of the A24 mutant (which is thought to show less stable N-terminal
dimerization), the wild type without ATP (which can be closed and open), and
the A8 mutant in the presence of ATP (which is permanently closed at the N-
terminal domains) (Fig. A.4). The k,, values are the same within the experimental
uncertainty. This shows that the proximity of the N-terminal domains has little
influence on C-terminal kinetics, in contrast to the nucleotide state, which has a
strong effect. I tested if the N-terminal deletion and ATP binding cause the same
(structural) effect at the C-terminal domain or if the observed effects are additive.
Fig. 10.6 shows that both the presence of ATP and the A8 mutation cause a larger
population of the C-terminally dissociated state, suggesting a common mechanism.
On the other hand, there is still an additional effect of ATP on the A8 mutant,

because the population is even more shifted to the C-terminally open state.
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10.4. N- and C-terminal dynamics are anticorrelated

Finally, I investigated how the above-described C-terminal kinetics can explain bulk
monomer exchange experiments. The bulk monomer exchange rates of yeast Hsp90
were determined in a spectrofluorimeter with the same fluorescently labeled con-
structs used for the single-molecule experiments and result in around one exchange
per 1,000 s in the nucleotide-free state (Fig. 10.8; for a detailed description of the ex-
periment see sec. 6.2, sec. 6.4.1 and Fig. A.5). In addition, I estimated the monomer
exchange rates by kinetic simulations under the assumption that N- and C-terminal
dimerization are independent, .i.e. not coordinated (Fig. A.5 shows the underlying
reaction pathway). The data for the N-terminal dimerization kinetics are taken
from Mickler et al. [48] and for the C-terminal dimerization kinetics from above.
For determining an upper (slow) limit for the monomer exchange time from single-
molecule experiments, I took the slowest rate constants, which are around 0.1 per
second for both C-terminal and N-terminal opening and closing. The equilibrium
constants depicted by the green and red arrows in Fig. 10.8B should be identical for
uncoordinated C- and N-terminal dynamics, which makes the simulation straight-
forward (see sec. 6.4.1). The results for the simulation of such a scenario are depicted
in Fig. 10.8A (blue and violet trace). They are clearly at least an order of magnitude
faster than the bulk experimental results (green and red trace). Therefore, the rate
constants for C-terminal opening are not independent from the N-terminal dimer-
ization. The molecules stay mainly in the dimeric states; i.e. they perform many
C- or N-terminal open-close cycles before dissociation (assuming two dimerization
domains). In other words, the observed exchange rate constant cannot be explained
by an independent movement of the N- and C-terminal ends, but necessitates coop-

erativity between N- and C-terminal open and closed states.

Even more, the N-terminal dimerization has to have some anticorrelation with
the C-terminal dimerization, which then slows down the dissociation of the Hsp90
dimer. Middle-domain contact as a reason for the slow subunit can be excluded be-
cause middle and N-terminal domains show the same kinetics, thus moving as one
(Fig. A.6).The single-molecule FRET system presented here allowed us to dissect
the C-terminal open-close kinetics of Hsp90. Of particular interest is the coordina-
tion of this C-terminal kinetics with the N-terminal kinetics and particularly with

nucleotide binding at the N-terminal domain. I observed a strong influence of ATP

65



Chapter 10 C-terminal dynamics of yHsp90

>

_\
o

174
172
170
168
166
164F
162f
160}
158
156

.O
©

©
©

<
o

Fluorescence (a.u.)
o
~

<
w

AT 10 \. .' monomer
200 400 600 800 1000 1200 1400 1600 1800 ’ J-

t/s . .

Figure 10.8.: Subunit exchange experiment. (A) After mixing of differently labeled
Hsp90 homodimers in a spectrofluorimeter subunit exchange leads to an increasing
FRET signal; the donor signal (green) decreases whereas the acceptor signal (red)
increases in time. Blue dotted lines show global fit for both curves with T = 850
s. The violet and blue lines show the outcome of the simulation of the subunit
exchange assuming no correlation between the N- and C-terminal dimerization,
which results in T = 18 s. (B) Model for the N- and C-terminal opening and
closing. The molecule stays mainly in the dimeric states—see main text for details.
The reaction scheme for the bulk measurements and the exchange simulation
are shown in Fig. A.5. .Because the concentration of the monomers does not
change during the exchange process, the exchange rate should not be concentration
dependent. To check this the experiment has been carried out as described at
concentrations of 50 nM, 200 nM, 500 nM, and 1000 nM with A8Hsp90 560C
.The obtained decay times for a single exponential fit were 509 s for 50 nM, 773
s for 200 nM, 476 s for 500 nM, and 585 s for 1,000 nM. The uncertainties of this
bulk experiment are quite large (around 50%), but they are consistent with no
pronounced concentration dependence as expected for such a reaction system.

and ADP on the C-terminal dimerization equilibrium and dynamics. The binding of
ATP and ADP leads to a destabilization of the C-terminal closed state. Thus, during
the ATP hydrolysis cycle, Hsp90 is successively shifted to a more C-terminally open
conformation, and these three states can be aligned in a reaction cycle (Fig. 10.9)
in which binding and hydrolysis of ATP facilitates the opening of the C-terminal
domains. Because the C-terminal region is far away from the nucleotide binding
pocket, the observed effects can be explained only by a long distance communica-
tion through the whole protein. This is in line with molecular dynamic simulations
[65] where correlated changes between residues in the N- and C-terminal domains

after binding of ATP or ADP were found. Experimentally, Retzlaff et al. recently
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10.4 N- and C-terminal dynamics are anticorrelated

showed that point mutations at position 597 in the C-terminal domain have a pro-
nounced effect on ATP hydrolysis [35] , i.e. a communication in exactly the opposite
direction from the C- to the N-terminal domain. Similar observations were made
for C-terminal deletion mutants [66]. In addition, hydrogen exchange experiments
demonstrated ATP-induced conformational changes throughout the N- and middle
domains in yeast Hsp90 [67] and the bacterial homologue HtpG [63]. Such a coordi-
nation between the N- and C-terminal domains is surprising because of the presence
of a long flexible linker between the middle and the N-terminal domain. This linker
seems to play an important role in the regulation of Hsp90 dynamics and func-
tion [68, 69]. The N-terminal deletion mutations give further insight into structural
changes that cause the signaling from the N- to the C-terminal domains. The first
8 amino acids are known to intrinsically inhibit the ATPase activity of Hsp90 by
an interaction with the ATPase lid of the nucleotide binding pocket [64, 62]. Their
deletion should therefore abolish this inhibition and the loss of intrinsic inhibition
would then be connected to the C-terminal effects observed (Fig. A.7). This notion
is supported by the fact that ATP has a smaller effect on the A8 Hsp90 mutant
than on the wild-type C-terminal dimerization equilibrium. In fact, the C-terminal
dimerization equilibrium of the wild-type protein in the presence of ATP and the
N-terminal deletion mutants A8 and A24 in the absence of nucleotide are almost
the same (Fig.10.6). On the other hand, there is still a detectable effect of ATP on
the A8 mutant (Fig. 10.6). This is consistent with ATP binding and the deletion of
the N-terminal 8 amino acids having a common (but not identical) impact on the C-
terminal opening and closing. As both ATP and the A8 deletion shift Hsp90 toward
the N-terminally closed state, the question arises whether keeping the N-terminal
domains in close proximity results in a shift of the C-terminal dimerization equilib-
rium to the open state. The results obtained for the Coil-NMC construct tell us that
this is not the case. Although the N-terminal domains are in close proximity in this
construct, there is no effect on the C-terminal dimerization equilibrium compared to
the wild-type protein without nucleotide (Fig.10.6). Therefore, structural changes
induced by ATP binding or deletion of the N-terminal segment are necessary to shift
this equilibrium. There are a couple of reasons why previous methods have not re-
vealed a C-terminal opening and closing: (i) In bulk experiments synchronization is
required to follow such a movement; this has recently been applied to the N-terminal
movement [28], but so far not to the C-terminal movement. (ii) In bulk experiments

the dissociation is difficult to distinguish from opening, and separation of C- and
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Chapter 10 C-terminal dynamics of yHsp90

N-terminal opening is very involved (and with the published data not possible); the
same holds true for published electron microscopy data. Surprisingly, the monomer
exchange rates of Hsp90 are much slower than expected in the case of independent
C- and N-terminal dynamics (Fig. 10.8). Thus, there must be some coordination be-
tween these two processes, which manifests in an anticorrelated opening and closing
of the N- and C-terminal domains. The presence of both N-terminal and C-terminal
open dimers might allow for a reinterpretation of several ensemble studies, where
only N-terminally open and closed conformations were used to fit the experimental
data.

Figure 10.9.: Model for the nucleotide dependent C-terminal association and dis-
sociation. N-terminal domains are shown as closed here. Dark blue represents
high occupancy of the state, and medium and light blue represent a lower oc-
cupancy of the respective state. When ATP or ADP is bound, the equilibrium
between the C-terminal open and closed states is shifted toward the open state.
Additional schemes for the N-terminal mutants are shown in Fig. A.7.
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11. Mechano-chemical cycle of
yHsp90

Main parts of this chapter are published in [70].

11.1. Three color FRET allows the simultaneous
observation of ATP binding and conformational

changes

Two color FRET has revealed dynamics on the timescale of seconds on both the
N- and C-terminal ends of Hsp90. The N-terminal movements are only weakly
coupled to ATP turnover, whereas the C-terminal dynamics are clearly affected by
nucleotide binding. Anyway the exact role of ATP in the mechanistics remains
enigmatic. To get more insights into the role of ATP the simultaneous observation
of ATP binding and release and conformational changes is necessary. This can be
achieved by three color FRET measurements. Moreover those measurements allow
to reveal the causal relation between ATP turnover and conformational changes,

thus the mechanochemical cycle of yHsp90 can be observed directly.

11.2. yHsp90 binds ATP in the N-terminal open and

closed state

The yHsp90 dimers were immobilized in a microfluidic chamber of a three color
FRET setup as depicted in Fig. 11.1 which is analog to the one described (sec. 8.1).
The N-terminal open close dynamics is detected by FRET between Atto488 and
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Chapter 11 Mechano-chemical cycle of yHsp90

Atto550 dyes. In addition, ATP binding was detected by FRET between the previ-
ous dyes and an Atto647N dye attached to the gamma phosphate group of the ATP
via a hexane linker (Acceptor 2). The Atto647N-labeled nucleotide can be bound
and hydrolyzed both with wild-type affinity and velocity by Hsp90 and does not
bind to a secondary binding site (Fig. B.1, Fig. B.2). Corrected fluorescence signals
are depicted in Fig.11.1B and C, Upper. The partial fluorescence (PF) intensities
are obtained from these traces by dividing the fluorescence intensities of acceptor
1 and 2 by the total fluorescence intensity, respectively (see sec. B.1). These PFs
are shown in Fig.11.1B and C, Lower, for acceptor 1 in black and acceptor 2 in
blue. Fig.11.1B shows a low acceptor 1 signal and sometimes a high acceptor 2
signal. Thus, this curve shows ATP binding in the N-terminally open state. Sur-
prisingly, another type of curve also can be observed, which is shown in Fig. 11.1C;
here, the acceptor 1 has high fluorescence with occasional decrease in fluorescence
coincidental with a high acceptor 2 signal. This corresponds to binding of ATP in
the N-terminally closed state. For further analysis, these PF values are plotted into
two-dimensional diagrams as depicted in Fig. 11.1D . For the above-described Hsp90
system, four areas can be distinguished and assigned to the four states depicted in
Fig. 11.1D. The first area (state 1) has a high relative intensity of acceptor 1 cor-
responding to the N-terminally closed state without nucleotide bound. The second
area (state 2) with low acceptor 1 and high acceptor 2 intensity corresponds to the
N-terminally closed state with nucleotide bound and is elongated because ATP has
two optional binding sites (see also Fig.11.5). The third area (state 3) with low
acceptor 1 and low acceptor 2 intensity represents an open state without nucleotide
bound. The fourth area (state 4) finally shows also a low intensity of acceptor 1
and intermediate intensity of acceptor 2, which corresponds to an open state with

nucleotide bound.
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Figure 11.1.: Three color FRET setup and data analysis. (A) Hsp90 heterodimers,
with the donor label (green) at position 61 of one monomer and the acceptor 1
label (orange) at position 385 of the other monomer, are fixed to the surface of
a microfluidic chamber via biotin and streptavidin. ATP with the acceptor 2
label (red) at the gamma phosphate is dissolved in the buffer. The two major
types of fluorescence traces are binding and unbinding in the N-terminally open
(B) and closed (C) state. This leads to four states that can be separated in a
two-dimensional partial intensity histogram (D).
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Figure 11.2.: Assignment of the different states by three-color FRET. (A) The
three-color FRET histograms for ATP binding at 220-ms time resolution shows
mainly the open Hsp90 with ATP bound (orange) and unbound (green). (B) At
1,000-ms time resolution (200-ms illumination every 1,000 ms), mainly the closed
state with ATP bound can be observed (yellow) and unbound (purple). The states
are assigned from the one-dimensional projections. The analysis of the underlying
kinetics and alternating laser excitation confirm this assignment.
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Figure 11.3.: Two PF intensi-
ties (black and blue) with
the reconstructed curve from
Hidden-Markov analysis (pur-
ple and light blue)

This assignment of the four states was confirmed
by kinetic analysis and alternating laser exci-
tation (ALEX) [71, 72| as detailed below. I
probed the ATP binding at different time scales,
namely 220 and 1,000 ms per data point, to over-
come the limitations set by the finite lifetime
of the fluorophores (Fig.11.2) . At fast time
scales, I mainly observe transitions between state
3 and state 4, which corresponds to binding of
ATP in the open state of Hsp90. In contrast,
the data measured at 1,000ms time resolution
shows mainly transitions from state 1 to state 2

(namely, a binding of ATP in the N-terminally

closed state). Therefore, the binding and unbinding in the closed state is slower than

in the open state.Transitions in-between these types of traces are rare, but occasion-

ally take place (see Fig. B.3 for an example). The rate constants (i.e., dwell times)
are then extracted by HMM as for two color FRET [73]. This algorithm searches
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11.2 yHsp90 binds ATP in the N-terminal open and closed state

underlying (hidden) states of a scattered signal and can easily be transferred to
multidimensional data (see sec.8.1.2.3 and Fig.11.3). A measured example curve
together with the reconstructed curve are shown in Fig.11.3. The obtained dwell
time distributions are plotted in cumulative histograms [74], which are corrected for
bias caused by the different time resolutions (see sec. B.4 for details) and superim-
pose very well (Fig. 11.4A for ATP and Fig. 11.4B for ADP).
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Figure 11.4.: Binding and release kinetics of ATP and ADP. (A) The binding of
ATP was measured with a time resolution of 220 ms (blue) and 1,000 ms (red).
The obtained dwell times were corrected for the bias caused by the different time
resolutions and plotted as cumulative histograms (for details see sec. B.4); they
superimpose very well. Binding and release are faster in the open state than in
the closed state. The dwell time for the ATP free state (Upper Left) from the
graph is 6 s, which results in a corrected dwell time of 2 s taking into account
the fact that binding of ATP to the monomer not bearing the Atto488 dye does
not result in a measurable signal (for details see sec. B.4). Binding and release
of ADP (B) is more than 10 times faster than that of ATP, which resulted in a
worse signal-to-noise ratio and therefore less good data (the rates are at the limit
of the time resolution of my setups).

We find that the equilibrium dissociation constant Ky for ATP binding is little less
than 1 pM for both the N-terminally open and closed states, whereas the kinetics
(on- and off-rate constants) are different. After finding this unexpected ATP binding
behavior, I repeated the described measurements with beta phosphate-labeled ADP
. ADP binds in the open and closed states, but the binding kinetics is more than a
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factor of 10 faster (Fig. 11.4 and example curves Fig. B.4). The fast off-rate constant
for ADP points toward a short-lived ADP bound state in vivo.

11.3. The N-terminal ATP binding sites show strong
negative cooperativity even in the N-terminal

open state

Hsp90 is a homodimer; therefore, in principle, two identical ATP binding sites exist.
On the other hand, dimerization might induce some asymmetry in the Hsp90 dimer
[9]. Thus, the question arises if both binding sites can bind ATP independently or
if there is some cooperativity. For the closed conformation, the answer is clear but
surprising. Binding of a second ATP would result in an increase in the high acceptor
2 signal, which was never observed (>100 traces). Thus, only one ATP binds in the
closed conformation. In the open state, the situation is more difficult. If an ATP
binds to the monomer that does not have the donor but the acceptor 1 dye (orange),
only little energy transfer from donor over acceptor 1 to acceptor 2 (ATP, red) would
take place. Such a small shift of the PF can easily be overseen, because it is close to
the noise level. To overcome this limitation I used alternating excitation of the donor
(green) and acceptor 1 (orange) dyes and repeated the above measurements. Now,
three PF intensities are obtained simultaneously: two upon donor excitation (which
are the same as in Fig. 11.1 above) and one additional upon acceptor 1 excitation
(showing the binding of ATP to the monomer labeled with Atto550 dye). Example
curves for the ATP binding in the N-terminally closed and open states are shown
in Fig. 11.5C and D and Fig. 11.5E, respectively. In Fig.11.5C, both the acceptor
2 signal upon blue excitation (blue) and green excitation (red) increase because all
three dyes are in close vicinity (i.e., Hsp90 is in the closed state during the ATP
binding). In the open state of Hsp90, two types of curves are obtained: one showing
ATP binding to the monomer with the Atto488 dye (Fig. 11.5E) and the other one
binding to the monomer labeled with Atto550 (Fig.11.5D). The three PF signals
can be plotted in a 3D histogram. For simplification, the projections into 2D in
various directions are shown and ATP binding in the closed (Fig. 11.5, Left column)

and open (Fig.11.5, Right column) state are separated.
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Figure 11.5.: Coordination of nucleotide binding and conformational changes. The
donor and acceptor 1 dyes were alternatingly excited, which allows one to distin-
guish three FRET efficiencies. They can be plotted in three dimensions. Projec-
tions onto the acceptor 1-acceptor 2 (A and B) and the ALEX (acceptor 2 upon
green excitation)—acceptor 2 plane (F and G) are shown. (C) Example curve for
ATP binding to the N-terminally closed state (red is the acceptor 2 upon green
excitation). (D and E) Example curves in the open state with ATP bound at the
monomer with the green (D) and orange (E) dye, respectively. Schematics of the
various states that can be distinguished upon blue (H) and green (I) excitation.
(J) Calculated distances from the fluorescence intensities between the dyes.
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Fig. 11.5A and B show projections onto the acceptor 1 and acceptor 2 plane. As
expected, I observe the same areas, transitions, and states as in Fig. 11.1D, but now
we have in addition the projection onto the ALEX (acceptor 2 upon green excitation )
and acceptor 2 plane (Fig. 11.5F and G). Here, state 3 clearly separates into the two
different states 3a and 3b, which could not be distinguished before without ALEX.
They represent the N-terminal open state without ATP and with ATP bound to
the monomer that bears the Acceptor 1 dye, respectively. On the other hand,
state 4 should split into two different states (4a and 4b) if two ATPs could bind at
the same time in the N-terminal open state (the center of area 4b is given by the
vectorial sum of 3b and 4a, the cases where only one ATP is bound). If the two
binding sites would bind ATP independently, two ATPs bound at the same time in
around 6% of the time would be observed. These 6% are obtained by squaring the
probability of having one ATP bound to a Hsp90 monomer (sec. B.3). This value
is obtained from Hidden-Markov analysis. An error can therefore not directly be
estimated, but 10% is definitely more than enough (in particular with the small
errors of the fits in Fig. 11.4). The 6 % would translate into more than 100(£10%)
data points somewhere around the center of area 4b (for the ATP concentration of
200nM used here). From the more than 2,000 data points, only around 10 lie in the
area 4b. These data points even lie at the edge of that area, which makes scattering
from the other states quite likely and marks our estimate as an upper limit for the
amount of double-bound ATP. It can therefore be concluded that only very rarely
(or even never) two ATPs are bound at the same time in the open state (<1%) and
that the N-terminal nucleotide binding sites thus show negative cooperativity. In
other words, they have to communicate not only in the closed, but also in the open
conformation. This in turn requires a communication through the whole protein
via the C-terminal dimerization interface. Although my measurements show strong
negative cooperativity, I have to mention that at higher ATP concentrations binding
of two ATPs is not unlikely. The Kg; for the first ATP binding in the open state is
around 0.2pM, whereas the K4 for the binding of the second ATP is larger than 10
nM (the procedure is explained in sec. B.5). This K4 has to be regarded as lower
limit because the amount of data points in area 4b is an upper limit, as pointed out

above.
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11.4. The N-Terminus is likely more extended than

given by the crystal structure

An analysis of the various flu-
orescence intensities allows a
good estimate of the distances
inbetween the dyes (this anal-
ysis is summarized in sec. B.2).
From the above measurements,
we have two independent mea-
surements of the distance be-
tween donor and acceptor 1 in
the closed and three indepen-
dent measurements in the open
state. The obtained mean dis-
tances are 4.2nm for the closed
and 6.7nm for the open state,
which fit well with the esti-
mated distances from the crys-
tal structure of 4.2nm for the
closed and around 7.0nm for the

open state (Protein Data Bank

Figure 11.6.: Interdye distances according to the
crystal structure in angstrom. According to the
crystal structure, the distance between the ATP
and the Atto488 dye on the Hsp90 is around 2.3
nm (A). The distance between the ATP and the
Atto550 dye on the Hsp90 is around 4.6 nm (B).
The obtained distances from the FRET mea-
surements are between 5.3 and 6.3 nm. Thus,
the N terminus is in solution much more ex-

tended than in its crystallized form.

ID codes 2CGE and 2CG9) [3] (Fig.11.5J) and suggest an uncertainty of around
0.5nm. Surprisingly, the four determined distances to the labeled ATP are around
6nm (Tab.B.1 and Fig.11.5J), which is twice as much as expected (Fig.11.6) and

points toward a more extended N-terminus than given by the crystal structure. This

holds true for the N-terminally open and closed states. A little larger distance could
be explained by the linker between the dye and the ATP, but even if the hexane

linker between dye and ATP were completely extended, this would only account for

less than Inm and not for the observed 3nm. Although still unexpected, this larger

extension of the N-terminus of Hsp90 in solution is consistent with cryo-EM studies

75, 76).
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11.5. yHsp90 does not have a successive
conformational cycle but is thermally driven

through a network of states

The three color single-molecule FRET setup has allowed observation of ATP and
ADP binding and the underlying N-terminal conformational state of Hsp90 at the
same time at the single-molecule level. Surprisingly, nucleotide binding does not
cause an open-close transition of the Hsp90 N-terminus and N-terminally open or
closed states are both able to bind nucleotides, although with different kinetics. Be-
cause all the transition rates of the N-terminal movement under various nucleotide
conditions and the nucleotide binding under various conformational conditions have
been directly measured (Tab.B.2), the whole mechanochemical cycle of Hsp90 can
be reconstructed (Fig.11.7A). Hsp90 in the absence of cochaperones and substrate
proteins does not show a strict succession of states as previously assumed, but con-
formational transitions and nucleotide binding are driven by thermal fluctuations
and therefore appear randomly. Because of this complexity, bulk measurements
could not measure and assign the various rate constants to the different conforma-
tional states. They only show a mixture of all the rate constants and can therefore
not accurately describe the mechanochemical cycle. In contrast, our single-molecule
results can reproduce the bulk stopped-flow measurements as shown in Fig. 11.7B,
without the need of any fit parameter (see sec.6.4.2). Our data results in a K, for
ATP binding of little less than 1, both for the open and the closed states. Bulk
experiments have not yet been able to measure K, for ATP binding for the full
length Hsp90, but for the isolated N-terminal domain. Interestingly, these values
vary between 10uM [64] and more than 100 pM [14] and are therefore higher than for
the full-length Hsp90. This hints toward the middle and C-terminal domains being
essential for correct ATP binding as already supposed by Weikl et al. [21] . Further-
more, the fact that ATP binds with around the same affinity to the N-terminally
open and closed conformations and thus stabilizes both conformations in the same
extent explains why no shift of the N-terminal conformational equilibrium occurs
upon ATP addition as shown recently [48] . Further, I find that the two ATP binding
sites show negative cooperativity. This asymmetric behavior is quite surprising, but
it explains several past results. Thus, only one monomer must be able to bind ATP

to reach full wild-type ATPase activity, whereas the second monomer is only neces-
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11.5 yHsp90 does not have a successive conformational cycle but is thermally
driven through a network of states

sary for cross-activation [9]. Moreover, recent studies show an asymmetric binding
of cochaperones [77] . To facilitate this anticorrelated behavior between the two
N-termini, a long-term communication throughout the whole protein is necessary;
such a long-range communication was already observed within a single monomer
(see chapter 10) and can now be extended to the dimer. Higher ATP concentrations
are currently inaccessible with this type of single-molecule experiment; therefore, I
cannot, exclude that two ATPs bind at the same time at physiological ATP con-
centration. Nevertheless, there is no reason to believe that the anti-cooperativity
disappears at higher ATP concentrations. What does the data tell us about the
ATP hydrolysis? Previous studies introduced a long-lived (about 100 s) state prior
to hydrolysis (also called waiting state) to get their models consistent with the slow
ATPase rate. Such a state is not observed. Binding and release of ATP is much
faster than the ATP hydrolysis rate; thus, ATP is bound and released several times
before hydrolysis takes place. The slow ATPase rate can be explained by a high
free energy barrier in between the ATP bound and hydrolyzed state. ATP hydrol-
ysis itself is then an irreversible process, which is fast and specifically succeeded by
ADP release (independent of the large conformational changes). This adds certain
directionality to the - beside this - very stochastic Hsp90 dynamics. Because the
hydrolysis rate is very slow compared to all other rates, Hsp90 in the absence of
cochaperones and substrate proteins operates close to thermal equilibrium; occa-
sional ATP hydrolysis only slightly shifts it out of equilibrium. The hydrolysis step
itself happens in the closed state because N-terminal dimerization is necessary for
ATP hydrolysis [14, 78].
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Figure 11.7.: Mechanochemical cycle of yHsp90.  (A) Schematics for the
mechanochemical cycle of Hsp90, where all rate constants t; are determined
(Tab.B.2). Remarkably, yeast Hsp90 shows no stringent order of the different
conformational and nucleotide states, but the transitions between the conforma-
tional states and nucleotide binding/unbinding are dominated by thermal fluc-
tuations. The C-terminal coiled coil holds the C-terminus permanently closed,
thus in the absence of the coiled coil additionally C-terminal dynamics take place.
Fig. 12.1 takes also this dynamics into account. (B) Stopped-flow measurement
of ATP binding (red curve) and simulation of the binding process using the rate
constants obtained from the single-molecule measurements (blue curve). (Lower)
The difference between the measured and the simulated curve (F),.qs is measured
fluorescence, and Fj,, is the normalized simulated curve). As can be seen, the
single-molecule rate constants reproduce the bulk stopped flow measurement very
well considering that there is no fit parameter involved.
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11.5 yHsp90 does not have a successive conformational cycle but is thermally
driven through a network of states

Putting my results together, one has to overcome the idea of yeast Hsp90 on its
own showing a strongly directed conformational cycle, where one event is strictly
followed by another event in a mechanochemical cycle. Instead, Hsp90 exists in
a multitude of conformational states (Fig.11.7), which are accessible with thermal
fluctuations and might be regulated by cochaperones and substrate proteins. ATP
binding plays a minor role for this regulation but might be essential for the processing
of substrate proteins [79]. Such a largely stochastic picture of Hsp90 has far-reaching
functional consequences. The thermally driven large conformational changes allow
the Hsp90 dimer to switch between different functional states without the necessity
to consume energy. This enables Hsp90 to offer a variety of different substrate
binding and functional states and therefore adopt efficiently to different substrate
requirements. Furthermore, it can be easily externally regulated by cochaperones or
posttranslational modifications, because only little external energy is needed to shift
the conformational equilibrium of the protein. I speculate that the occasional energy
input by ATP hydrolysis is needed for the processing or release of cochaperone or

substrate proteins.
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12. Mechano-chemical cycle of
bacterial Hsp90

Main parts of this chapter are published in [80].

12.1. Do all members of the Hsp90 family show the

same mechanistics?

The data shown up to now have all been obtained from yeast Hsp90 (yHsp90).
They show a very dynamic picture of yHsp90 with only little influence of nucleotide
turnover. Anyway Hsp90 isoforms exist over a wide range of organisms. Thus
the question arises if the findings of yHsp90 are true for all members of the very
big Hsp90 family. As already pointed out Hsp90s are in general very homologue
concerning its amino acid sequence [81], e.g. yeast Hsp90 and its bacterial homologue
HtpG have homology of 36%, yeast and human Hsp90 have a homology of 61%
(found by using EMBOSS Needle alignment tool). But is this homology also true
for its mechanistics and function? Looking into the literature one has to doubt
that. Electron microscopy, hydrogen exchange and bulk FRET measurements on
the bacterial homologue HtpG let suggest that nucleotides have a big effect upon its
structure [26, 82]. Thus solving the mechanism of the bacterial HtpG and compare
it the eukayotic yeast Hsp90 would give a deep insight into the evolution of this
protein family. To do this I repeated the experiments described for yeast Hsp90
with the bacterial homologue HtpG. The results show indeed large differences in the

mechanistics of these two closely related proteins.
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Chapter 12 Mechano-chemical cycle of bacterial Hsp90

12.2. Nucleotides have a large impact upon the

dynamics of HtpG

To investigate the conformational dynamics and the nucleotide dependence of HtpG
the single molecule assay described for yHsp90 was used (sec. 8.1). Different HtpG
cysteine mutants are used which have cysteines either in the N-Domain (61C), the
middle domain (341C) or two cysteines within one monomer (61C, 341C) (Fig. 12.1,
left); these positions are homologue to the positions 61 and 385 used in yHsp90. All
the mutants have a C-terminal added coiled coil motif to keep the two monomers
in close proximity [48, 49] and show wild type ATPase activity (Tab.C.1). The mu-
tants with cysteine in different monomers are simultaneously labeled with Atto550
and Atto647N dyes and then biotinylated. The mutant with two cysteines in one
monomer was also simultaneously labeled with these two dyes, then the labeled
monomers were exchanged with biotinylated HtpG to get heterodimers (for detailed
protocols see material and methods section). Exemplary FRET efficiency curves
are shown in Fig. 12.1 (right). All the obtained FRET efficiencies for one experi-
mental condition are collected and plotted in histograms as shown in Fig.12.2. In
those plots the different occurring conformational species can be well distinguished
since the FRET signal is not averaged as in bulk measurements. All histograms in
Fig.12.2 have their main peaks at FRET efficiencies higher than 0.5, which means
that HtpG stays mainly in a compact, closed state. This is a clear contrast to

yHsp90, which stays more in the open state under natural nucleotide conditions
[48].
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Figure 12.1.: Schematics of HtpG constructs and FRET example traces. The left
side shows the position of the dyes and the conformational transitions investigated.
In the middle column, the fluorescence raw data are shown (red, acceptor; black,
donor), and on the right side, the obtained FRET efficiencies are depicted. (A)
Without nucleotide, the N-terminal domain is wobbly without showing discrete
state transitions. (B) With ATP, the N-terminal domain stays mainly in the
closed state (here, for about 365s until the dye bleaches). FRET efficiencies after
bleaching are not evaluated and therefore not shown. (C) With ADP, the M-
domain shows quite slow transitions between a discrete open state and a closed
state. See Fig.12.2 for a full account of all combinations of nucleotide conditions
and domains.
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Figure 12.2.: Conformational changes of HtpG domains upon addition of nu-
cleotides. Histograms of the FRET efficiencies for the various constructs and
nucleotide conditions are depicted. The y-axes show relative numbers (normal-
ized to an integral of 1), and the x-axes show the FRET efficiencies. (A-C)
Without nucleotide, the N-domain is very flexible showing no discrete state tran-
sitions, whereas the middle domains are mainly closed. (D-F) With ATP, both
dimers are quite close together and the monomers are very stiff, whereas with
ADP (G-I), two clear states (one open and one closed) exist. The schemes on
the upper row show the underlying conformational states. Dark blue is highly
occupied and light blue is rarely occupied. The number of data points in each
graph ranges from more than 4000 (N=32 molecules) (A) to almost 17,000 (N=98
molecules) (I).

In the absence of nucleotide, the N-terminal domain is more or less continuously
moving (Fig. 12.1A), without staying in the otherwise defined open or closed state.
This leads to FRET values over the whole range in the corresponding FRET his-
togram (Fig.12.2A). In contrast, the middle domains are mainly closed with rare
opening events (Fig.12.2B). The dynamics between the N-terminal and the mid-
dle domain within one monomer (Fig. 12.2C) is less pronounced. It is mainly fixed
(no large movement in between the domains), but nevertheless more flexible than
with nucleotide (Fig. 12.2F I), which can be seen from the larger width of the peak.

Altogether, in the absence of nucleotide the N-domain shows large conformational
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12.2 Nucleotides have a large impact upon the dynamics of HtpG

fluctuations, whereas the middle domain stays mainly in a closed state. In the pres-
ence of 2mM ATP, the situation changes considerably, the N- and M-domains are
now in essence permanently closed (Fig. 12.1B, Fig. 12.2D) and the monomer chains
become very rigid. This can be seen by the one sharp high FRET peak for the
N-N domain distance (Fig.12.2D) as well as for the N-M intra-monomer distance
(Fig. 12.2F). Surprisingly, the middle domain shows a few opening events, which can
be seen on the "tail" of lower FRET efficiencies in Fig. 12.2E (for an example curve
see Fig.C.2). Thus a rare "O-like" form of HtpG exists in the presence of ATP.
Altogether, ATP leads to a mainly closed conformation, with occasional flexibility
in the middle domain. In the presence of 2mM ADP binding again conformational
dynamics can be observed. In contrast to the situation without nucleotide, well
defined conformational states can be found - mainly one open and one closed state.
Rarely a third state with a FRET efficiency of around 0.5 can be observed (an ex-
ample curve is shown in Fig. C.2). Furthermore conformational transitions between
the two major populated states occur (Fig. 12.1C). These transitions are very slow
for proteins: the dwell times are around 25s and even more . Thus only a very
small amount of dwell times could be extracted and I have to restrict myself to a
qualitative discussion of the kinetics in the presence of ADP. The energy barrier
that separates those states has to be much larger than the thermal energy. In con-
trast to the situation in the absence of nucleotide, the conformational changes are
not limited to the N-terminal domain but the N- and M- domain seem to move
together. This can be seen by the fact, that the FRET histograms for both domains
(Fig. 12.2G and H) show two states approximately equally distributed and also the
obtained FRET time traces for both processes show long dwell times (Fig. 12.1C
and Fig. C.3) . These data already allow to predict a reaction cycle for HtpG. In the
nucleotide-free state random (thermally driven) movement of the N-domain occurs
(there is no other energy source present), whereas the M-domain is mainly closed.
After addition of ATP, HtpG is fixed into an overall closed and rigid state. In the
presence of ADP (i.e. after hydrolysis) HtpG can slowly switch between defined
open and closed states. On top of that, the FRET histograms allow to estimate the
distances between the dyes. These values should only be taken as estimates since
several factors impact the exact conversion from FRET efficiencies to distances - as
already mentioned [83]. Nevertheless, relative distance changes are generally reliable
and distances determined by FRET have been self-consistent and in good agreement

with crystal structures in the past [3]. The obtained distances for HtpG are given
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in Tab. C.2. The distance in between the dyes at the N-termini in the closed state is
4.9 nm without nucleotide and in the presence of ADP, whereas after ATP binding
it is round 4.3 nm and thus more compact. Without nucleotide the FRET efficiency
values reach down to something like 0.2 which corresponds to a distance of 8nm. An
extremely extended structure as described recently [84] would result in zero FRET
efficiency. If at all, such a widely open structure only rarely exists (Fig. 12.2A shows
a few data points around zero FRET efficiency) and can therefore be neglected in the
following. The closed state of the middle domain shows a distance of something like
5.5nm between the cysteines at position 341, while the cysteines at the C-terminal

position 521 are about 5.2 nm separated.

12.3. HtpG is driven by a mechanical ratchet

mechanism

How does ATP binding and hydrolysis drive these conformational changes? In
general two major types are possible, either ATP binds to the open state of HtpG
and forces it into the closed state or HtpG moves into the closed state by thermal
fluctuation where ATP binds and fixes HtpG in its closed state. The first model
is often referred to as power stroke, the second as mechanical ratchet. In order to
gain more information about the underlying mechanisms of HtpG I performed three
color FRET measurements with 1 pM labeled ATP, similar to those described for
yHsp90 in chapter 11. The HtpG was labeled at position 61 with Atto488 on one
monomer and with Atto550 on the other monomer. The ATP was labeled at the
position via a C-6 linker with Atto647N. The labeled ATP is hydrolyzed by HtpG
61C with wild type activity (Fig.C.4). A schematic representation can be seen in
Fig. 12.3C (right). These measurements show at the same time the conformational
and nucleotide binding dynamics of HtpG . Furthermore they give the causal order
of reaction steps. From the three fluorescence intensities (Fig.12.3A) two partial
efficiencies are obtained, which are represented in two dimensional FRET histograms
(Fig.12.3C). The fluorescence traces are selected by a threshold criterion in the
Atto647N detection channel (which reflects ATP binding) and subsequent manual

inspection.
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Figure 12.3.: Coordination between ATP binding and the open—close kinetics of
HtpG. (A) Fluorescence signal versus time for a three-color FRET curve (green
is Att0488 attached to one HtpG monomer at position 61C, orange is Atto550 at-
tached to the other HtpG monomer at position 61C, and red is Atto647N attached
to the ATP). The three fluorescence signals are converted into two partial fluo-
rescence signals (B) by dividing the acceptor 1 (black) and the acceptor 2 (blue)
signals by the total signal. Two types of binding curves can be observed, a fast
binding and release dynamics (B) and a quite stable binding of ATP (Fig. C.7).
The partial fluorescence intensities are plotted in 2D histograms (C) where the
closed state without (1, yellow) and with (2, magenta) ATP bound can be sepa-
rated (red square is one data point, and yellow is two or more data points for
that pixel; the overall number of data points is 2000 from N=20 molecules).
The green/brown broken circles indicate where the open state with/without ATP
would occur (see chapter 11 and Fig. 11.1). The boxes with the Hsp90 schematics
show the different possible states. The underlying colors also mark the position
of every state in the 2D histogram (D) and in the example curve (B). (D) Bulk
measurements of fluorescence labeled ATP (acceptor, red trace) binding to HtpG
(donor, black trace). The broken lines are a global fit of the data with a time con-
stant of 70+27s (the error was estimated from three independent measurements).
This slow binding process occurs because HtpG has to move into the N-terminal
closed state before ATP can bind.
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The first finding is that more than a factor of 10 less HtpG dimers on the surface
show ATP binding compared to yHsp90, which already hints towards not all confor-
mational states being binding competent. Indeed only single molecule traces similar
to the example Fig. 12.3A,B could be obtained. The high acceptor 1 signal (black)
in between the binding events in Fig. 12.3B clearly shows that ATP binding (high
acceptor 2 signal, blue) takes place only in the closed state . These curves result in
two peaks in the 2D histograms for the closed state without (yellow) and with (cyan)
ATP (Fig. 12.3C). The position and shape of the peaks is equal to those obtained for
yHsp90 (see Fig.11.1). Binding of ATP in the open state could never be observed
(among >5000 observed molecules). The open states would occur at the bottom left
of the 2D histogram. In the case of yHsp90 the open apo state was within the orange
dashed circle and the open ATP bound state in the green dashed circle (Fig. 11.1).
There is no significant number of data points for HtpG. Therefore, HtpG binds ATP
only in the N-terminally closed state and has to convert into the closed binding com-
petent state before ATP binding can take place. I cannot exclude occasional binding
of ATP to the open state at very high ATP concentration, but this is irrelevant for
the mechano-chemical cycle as the affinity is at least three orders of magnitude lower
and therefore negligible compared to the binding in the N-terminal closed state. My
data excludes models where ATP bound to the N-terminal open state forces HtpG
into the closed state (see sec. 12.5 for more details). Thus the large conformational
changes of HtpG are caused by a ratchet mechanism not a power stroke. Fig. 12.3D
shows bulk measurements of the ATP binding with 1uM labeled HtpG and 10pM
labeled ATP. The obtained curve shows an effective binding rate which is around
1/70s. To exclude artifacts caused by fluorophore physics, the measurements were
repeated with unlabeled HtpG and labeled ATP, as well as with labeled HtpG and
unlabeled ATP (same concentrations as above). Both controls did not lead to any
signal change (Fig. C.5). The effective binding rate (=1/70s) is far slower than ATP
binding to the closed state itself (~1/5s) as can be seen in Fig. 12.3 A,B. Thus ATP
binding is - as predicted by my ratchet mechanism and discussed in detail below
- limited by the transition into the closed binding competent state (with a rate of
1/70s).
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12.4 The C-terminal dimerization site is not influenced by nucleotides

12.4. The C-terminal dimerization site is not

influenced by nucleotides

For yHsp90, I found a C-terminal opening and closing at the time scale of seconds
beside the N-terminal conformational changes. The open-close equilibrium was reg-
ulated by nucleotide binding at the N-terminus, demonstrating a N-C-terminal com-
munication in yHsp90. To check if similar effects can be found in HtpG I used a
HtpG mutant without coiled coil and a cysteine in the C-terminal domain (521C) -
this mutant also showed wild type ATPase rate (Tab. C.1). The HtpG mutant was
labeled and encapsulated in lipid vesicles as described before for yHsp90 (sec. 5.1,
sec. 7.2.2).
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Figure 12.4.: Stability of the C-terminal dimerization for HtpG. (A) Single
molecule data show that the C-terminal domain is mainly closed (high FRET ef-
ficiency around 0.8) with rare opening events. No significant effect of nucleotides
can be seen. Blue circles, ADP (total of 22,000 data points); red squares, ATP
(total of 13,000 data points); green triangles, no nucleotide (total of 10,000 data
points). (B) Bulk measurements show no effect of natural nucleotides on monomer
exchange (dark curves are donor signal and bright curves are acceptor signal; yel-
low is without nucleotide, red is with 2mM ADP, and green is with 2mM ATP).
Therefore, the N-terminal conformation is not relevant for C-terminal dimerization
stability. Only the unnatural nucleotide AMP-PNP (2mM) leads to a significant
slowdown of the exchange rate (black).

A shows the FRET histograms for the C-terminal domain under various nucleotide
conditions. The C-terminus is not affected by nucleotides and stays mainly in the
closed state whereas the protein can be rarely found in the open state (some val-

ues can be seen at lower FRET efficiencies in Fig.12.4). This is in contrast to the

91



Chapter 12 Mechano-chemical cycle of bacterial Hsp90

situation in yHsp90 where rich C-terminal dynamics on the timescale of seconds
was found. Moreover, in yHsp90 I found that the N- and C-terminal dynamics are
anti-correlated resulting in a slow monomer exchange , namely with a time constant
of around 1000s, despite opening rates at the N- and C-terminus in the range of a
few seconds. To test if similar effects can be found for HtpG 1 performed monomer
exchange experiments by mixing two differently labeled HtpG species and measured
the FRET signal upon formation of heterodimers (Fig. 12.4B) as described (sec. 6.2).
For HtpG the effective mean exchange time is around Fig. 12.4 (for details see sup-
plemental text) and thus faster than in the case of yHsp90, although the C-terminal
dimerization is stronger. I repeated the measurement with 10times lower concen-
tration to exclude that the measurement is diffusion limited and indeed found the
same result (Fig. C.6). Only the non-natural nucleotide AMP-PNP led to a strong
slowdown of the exchange rate. In summary and in contrast to yHsp90, no effect
of natural nucleotides could be found on the C-terminal dynamics. Furthermore,
the N-terminal dimerization state (which is changed by nucleotides) does not in-
fluence the exchange rate, which means that even complete N-terminal closing (for
example in the presence of ATP) does not alter the exchange rate. Thus no N-C

communication of the type found in yHsp90 exists in HtpG.

12.5. Evolution of Hsp90: From mechanical ratchet

to thermal fluctuations

As mentioned above, HtpG is driven by a ratchet mechanism, while yHsp90 is dom-
inated by thermal fluctuations, which sheds a new light on the evolution of this
important heat shock protein. Fig.12.1 and Fig. 12.2 show that HtpG is very flex-
ible (and occupies many states) in the N-domain without nucleotide and becomes
rigidly closed upon binding of ATP. In the presence of ADP a very slow thermally
driven transition between a well defined open and a closed state can be found. These
results are consistent with HD exchange data, where high flexibility was observed
in the nucleotide-free state and significant stabilization in the presence of ATP, es-
pecially in the N-domain [82]. The kinetics of the HtpG mechano-chemical cycle is
further dissected with my three color FRET experiments (Fig. 12.3). A schematics
of this cycle is depicted in Fig.12.5A. and the corresponding energy landscapes is
schematized in Fig.12.5C and D. The apo HtpG (no nucleotide) has to reach the
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closed state via thermal fluctuation (1—2) in order to be able to bind ATP (2—3).
At physiological ATP concentration, the binding of ATP (2—3) is then much faster
than the N-terminal opening (2—1) and HtpG therefore stays mainly in the closed
state. Some of the ATP is then fixed and committed for hydrolysis (3—4). This
step is then rate limiting for the steady state ATPase and the similarity of the time
scales between the ATPase and the closing is coincidence. The amount of commit-
ted ATP was determined to be around 15 % from HD exchange data [82]. Such a
committed state would require the occasional transition from weakly bound ATP
to strongly bound ATP, which then awaits slow hydrolysis - indeed, I observe the
occasional long bindings of ATP in my FRET assay (Fig. C.2 for an example). Fi-
nally, HtpG is left in the ADP-bound state (4, 5), where the N and M domains
move together and thus a kind of hinge exists between the C and M domain. Indeed
an increase of flexibility upon ADP binding could also be found by HD exchange
[82]. In summary, the system proceeds in an ordinal cycle through the states 2,
3 and 4. The rate constants can here only be given as rough estimates since ei-
ther no discrete transitions (apo state) or too few transitions (ADP state, ATP
binding) could be observed for a quantitative analytics. Nevertheless, at least the
order of magnitude of the temporal transitions can be given here. ATP binding in
the open state with subsequent fast closure, altogether taking less than 100ms (the
time resolution of my setup) can also be excluded. In this case I should observe
single molecule traces where a closed state with bound ATP follows an ATP free
open state, which I never observed. This cycle is in strong contrast to the situa-
tion in yHsp90, where nucleotides can bind in the open and closed state without
directing large conformational changes. Thus, yHsp90 does not show an ordinal re-
action cycle but the protein mainly diffuses through a network of states in random
order (Fig.12.5B). Another striking difference between HtpG and yHsp90 can be
found in its different properties concerning the C-terminal domain. In HtpG the
C-terminal domain is mainly closed and unaffected by nucleotide binding at the
N-terminus, whereas in yHsp90 C-terminal dynamics was found that is influenced
by nucleotide binding. Such dynamics require N-C communication in yHsp90 caus-
ing anti-correlated N and C-terminal movement. Consequently, yHsp90 dissociates
very slowly (t~1000s) despite the fact that N and C-terminal ends open frequently.
HtpG dissociates considerably faster, even in the ATP bound (N-terminal closed)
state. This suggests that the N-termini are not entangled in the natural cycle - only

with AMP-PNP the dissociation is strongly reduced, pointing towards an entangled
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state similar to the crystal structure of yHsp90 with AMP-PNP. In the Tab.C.2 1
compare the obtained values for the distances in between various amino acids in
view of the yHsp90 crystal structure in the presence of AMP-PNP and Sbal [3].
The distance between the N-terminal cysteine in the yHsp90 crystal structure is 7.1
nm and thus bigger than the measured values for HtpG (4.3 nm). That means that
the N-terminal domain seems to be differently oriented than in the yHsp90 crys-
tal. In my opinion this can only be explained by some kind of N-terminal rotation
compared to the yHsp90 crystal structure. On the other hand the distance for the
middle domain at position 341C is 2.4 nm in the yHsp90 crystal and thus HtpG
is more extended or also rotated in the middle domain. The C-terminal cysteines
in yHsp90 have a distance of around 4.7 nm in good agreement with the measured
values. Taken together the C-terminal orientation seems to be similar in HtpG and
yHsp90, whereas the M and N-domain are differently oriented in HtpG compared to
the AMP-PNP bound yHsp90. Comparison with HtpG structures from the Agard
group are given in Tab. C.2.
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Figure 12.5.: Comparison and evolution of HtpG and yHsp90 reaction cycles. (A)
ATP causes the closure of HtpG by a mechanical ratchet mechanism. ATP binds
after N-domain closure and fixes this state (2—3). Thus, the system proceeds in
ordinal succession through the states 2, 3, and 4. The C-terminal domains are
mainly closed. (B) In contrast for yHsp90, no successive reaction cycle exists. The
protein diffuses in random order through a network of states including N- and C-
terminal opening and closing. Nucleotide turnover changes the energy landscape
of HtpG significantly (C), whereas in yHsp90 only the C-terminus is affected by
nucleotides (D). The rates are given in Tab. C.3.

What could be the advantage of the observed increased flexibility and only marginal
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control by nucleotides for yHsp90 compared to HtpG? First, a flexible protein can
adapt to different types of substrate with greater ease than a rigid one. This might
be important since the amount of different proteins which have to be protected
from aggregation upon heat shock are bigger for yeast Hsp90 compared to HtpG
[85, 86, 87, 88]. Second, HtpG was recently shown to wrap around a substrate [86].
Such an "enclosing" of substrates could be much easier for the more flexible yHsp90.
Third, more flexible chaperones (i.e. proteins with shallow energy barriers) can be
much easier controlled by cochaperones. Since the different conformational states
are separated by only shallow energy barriers also small binding energies are suffi-
cient to significantly shift the conformational equilibrium. This might on the one
hand explain why no cochaperones for HtpG are known whereas a large number of
those proteins is known for yHsp90. On the other hand it also explains why also
cochaperones with very little binding energies such as Ahal or Shal (both have
dissociation constants in the lower pM range [89, 90]) are able to control the con-
formation of yHsp90. What might in this context be the advantage of the more
pronounced C-terminal dynamics in yHsp90 compared to HtpG? My data allows
to speculate that the additional C-terminal opening in yHsp90 effectively increases
the accessible surface of the protein, providing more possibilities for client binding.
Furthermore it allows the substrate to enter from two sides the inner part of the
protein, which is thought to be the client binding region. Thus C-terminal opening
increases the modes of substrate binding and might allow processing a greater variety
of clients. Finally, the anti-correlated movement in between the N- and C-terminus
hinders yHsp90 from falling apart despite the high flexibility. This is very impor-
tant, because monomers are not functional in vivo [49]. Thus this anti-correlation
effectively increases the amount of dimer and thus the overall chaperoning efficiency
in the cell. The remaining question why did the obvious evolution from a nucleotide
regulated ordered mechanism towards a random fluctuating network of states takes
place? Why had the controlled mechanism of HtpG to be replaced by the random
fluctuation of yHsp90? As I already pointed out above the number as well as the
size of the proteins in the cell increased from bacteria to yeast. Therefore a more
effective chaperoning might be necessary. On the other hand also the cellular role
of Hsp90 seems to have changed from bacteria to yeast. Thus a knock-out of HtpG
is still viable but a knockout of yHsp90 is lethal. Also a lot of the known yHsp90
substrates are involved in cell regulation and signal transduction. Thus in eukary-

otic cells Hsp90 gets a more important role in the cellular processes, which maybe
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made an evolution towards a more sophisticated chaperone system necessary. In
summary, I observe a clear change in protein mechanism between the prokaryotic
HtpG and the eukaryotic yHsp90: yHsp90 has a higher N-terminal flexibility, a new
C-terminal dynamics and an anti-correlation between N- and C-terminal dynamics
to increase at the same time its potential to bind various substrate proteins and stay
in its functional dimeric form. Although I do not know which evolutionary pressure
lead to this type of change in the protein mechanism, my findings show that noisy
systems, which have smaller energetic differences in between their conformational
states can be favorable since they can adopt much better to changing tasks and

show a greater functionality.
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13. Molecular crowding changes the

dynamics of yHsp90
Main parts of this chapter are published in [91].

13.1. Molecular crowding changes the yHsp90

kinetics, but not the equilibrium

The mechanochemical cycle of yHsp90 was measured in vitro, that means in buffer
solution without any other proteins. Of course the situation in the living cell is mas-
sively different. Here a large number of proteins is diffusing in the cytosol which leads
to an strong decrease in viscosity and slows down the diffusion of many proteins. In
addition those proteins can unspecifically interact with each other. These effects are
often summed up with the term “molecular crowding” [92, 93]. Thus the question
arises if the dynamics of yHsp90 are different in the cell, that means under molecu-
lar crowding conditions. To simulate molecular crowding conditions the N-terminal
dynamics of yHsp90 were observed in the presence of 0.5mg/mL bovine serum al-
bumin (BSA). As described in chapter 11 the open/close transition rates decrease
massively. But also the shape of the curves changes. The FRET plateaus become
less stable and new “distance intermediates” can be found (Fig.13.1). Moreover
the transitions between N-terminally open and closed - which are normally much
faster than the time resolution of the measurements - become slower and thus less
distinct. Interestingly the open/closed equilibrium of yHsp90 does not change dras-
tically. Thus molecular crowding primarily effects the kinetics not the equilibrium.
After flushing out the BSA with pluronic F127 (BASF) fast and distinct transitions
can be again measured (Fig. 13.1 D). Interestingly the ATPase rate is not influenced
by BSA (Fig.B.5), which again shows that the ATP turnover is not strictly cou-

pled to the open and closing movement of Hsp90. This effect of molecular crowding
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underlines the flexibility of yHsp90. Already quite moderate changes in the environ-
ment lead to changes in yHsp90s dynamics as supposed by the high conformational

flexibility of yHsp90 described in the last chapters.

100



13.1 Molecular crowding changes the yHsp90 kinetics, but not the equilibrium

A

S 8000 3
© i
g 7000 2
c L
3 6000 -
(] L
e s
35000 3
=
LA L L B L R B L R |
50 100 150 200
time(s)
3 9000 =3 7500
g 8000 E g 7000
7000 S
g E g 6500
g 6000 E 2 6000
g 5000 E S 5500
& 4000 - =
1 1 Tt 1 L |
2 4 6 8 10 4 8 12
time(s) time(s)
| FEE R EEENE EEE N R RN FE RN EEE NI EE N EEE NS RN EE NN F RS NN |
— 8000 - B
=}
o 7000 - -
()
e i I
S 6000 =
(72}
d’_) E L
§ 5000 -
= J L
prrrrrrrrprrrrrrrrrprrrrrrrrrprrrrrrrrrprrrryrrrrprererrreeey
0 20 40 60 80 100 120
_ time(s)
/ \
1 —r 1 r r Tt Tt 17
0.0 0.5 1.0
FRET efficiency

Figure 13.1.: Effect of BSA on the Hsp90 dynamics. (A-D) FRET curve of a
Hsp90 heterodimer labeled with Atto550 at position 61 and Atto647N at position
385 with 0.5 mg/mL BSA. Addition of BSA leads to a slowdown of the open
closing dynamics of the Hsp90 N-terminus.(A) shows a molecule that stays in the
open state, but at around 100 s a half-closing of the dimer can be observed.(B)
and (C) show smooth transitions in contrast to the sharp transitions obtained for
ATP binding Fig. 11.1. Removal of the BSA with a 1% pluronic solution leads to a
recovery of the original N-terminal transitions (D); here, the Hsp90 61C is labeled
with Atto488 and the Hsp90 385C is labeled with Atto550. The addition of BSA
has no significant effect upon the equilibrium FRET histograms (E) compared to
the histograms obtained without BSA [48].
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14. Sbal stabilizes the ATP bound,
N-terminally closed state of
yHsp90

14.1. How do cochaperones change the Hsp90

mechanistics?

Single molecule two and three color FRET revealed drastic differences in the mechano-
chemical cycles of yHsp90 and HtpG. Whereas yHsp90 does not show a successive
ATPase cycle, but is mainly diffusing through a network of states, driven by thermal
fluctuations, HtpG shows a mechanical ratchet mechanism. Anyway there is another
big difference between yHsp90 and HtpG. yHsp90 is known to bind several proteins
that modify its function - so called cochaperones. This is not the case for HtpG.
Often also cochaperone binding itself is influenced by the nucleotide state of Hsp90,
leading to very complex dynamics [90, 36, 37, 40]. To observe those dynamics the
simultaneous observation of Hsp90, ATP binding and cochaperone binding has to be
done. This can be achieved by four color FRET. The setup for those measurements
is described in sec.8.1. One of those cochaperones is Sbal which is known to bind
to the N-terminal domain of yHsp90 and slows down the ATPase rate. Anyway it
is not known to which state of yHsp90 Sbal binds and how the binding of Shal is

influencing the yHsp90 dynamics. Both questions were addressed here.
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14.2. Sbal stabilizes ATP bound, closed state of
yHsp90
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Figure 14.1.: (A) The Hsp90 heterodimers bearing Atto488 and Atto 550 were
fixed to the surface and Sbal labeled with Atto594 and ATP labeled with
Atto647N at the gamma phosphate were flushed into the measurement cham-
ber. A four color detection allows detection the signals of all involved dyes. Two
types of curves could be found binding of ATP in the open state (B,D) and the
closed state (C,E). The ATP bound dwell time in the closed state is massively
prolonged by the presence of Shal (see also Fig.14.2). In (B) and (C) the colors
of the curves are corresponding to the color code for the different components in
(A). In (D) and (E) the black curve shows PF; (Atto 550 signal divided by all
others), the red curve shows PFy (Atto 594 signal divided by all others) and the
blue curve shows PF3 (Atto 647N signal divided by all others)
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14.2 Sbal stabilizes ATP bound, closed state of yHsp90

To investigate to which state of Hsp90 Sbal binds a four color FRET assay was de-
veloped as depicted in Fig. 14.1. Hsp90 heterodimers with the dyes Atto488 (position
61) and Atto550 (position 385 of the other monomer) - analog to the measurements
shown in chapter 11 - were fixed to the measurement chamber. Sbal labeled at
position 66 with an Atto594 dye and YATP bearing Atto647N were flushed into
the measurement chamber with a concentration of 500nM for Sbal and 200nM for
~ATP. It has to be mentioned here that the Sbal was labeled via imine formation
on the artificial amino acid p-acetylphenylalanine (as described in sec.5.2.1) which
lead to a DOL of only around 20%. Thus effectively only 100nM labeled Sbal were
in solution. The Atto488 dye was directly illuminated with the 473nm laser and all
four fluorescence intensities observed over time and partial fluorescence intensities
calculated analog to the three color measurements (Appendix B). Mainly two types
of curves could be obtained shown in Fig. 14.1: Binding of the ATP to the open state
of yHsp90 and to the closed state yHsp90. Interestingly no signal of Shal could be
observed. Therefore immediately the question arises: Does Shal bind at all? Look-
ing upon the example curve of ATP binding in the closed state one realizes that
the binding times of ATP are much longer than in the absence of Sbal (Fig.11.1).
To show this in more detail the data was plotted as histograms. Since the signal of
the Sbal attached Atto 594 dye stayed zero all the time this signal was omitted. It
does no add information but only increases noise of the partial fluorescence intensi-
ties. The two remaining partial fluorescence signals were plotted in two dimensional
histograms. This histograms are completely analogue to the ones obtained for the
three color measurements and can be directly compared to them. They are shown
in Fig. 14.2. Indeed it can be clearly seen that compared to the situation without
Sbal (Fig.14.2A) the presence of Sbal shifts the Hsp90 system to the ATP bound
closed state (state 2 in Fig. 14.2B). Although Sbal stabilizes the ATP binding in
the closed state, still binding of ATP to the open state can be observe which means
that the system is not completely shifted to the closed state (Fig. 14.2 D).
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Figure 14.2.: (A) 2D Histogram from three color measurements without Shal as
also shown in chapter 11. (B) In the presence of Sbal a clear shift towards the
closed ATP bound state (state 2) can be seen. (C) and (D) show the histograms
for the closed and open curves separately obtained in the presence of Shal.

Anyway comparing Fig. 14.2A and Fig. 14.2B it can be seen that in general the open
states (3 and 4) are less pronounced in the presence of Shal. Since the open curves
are because of the pretty big fluorescence background (there are 100nM labeled
Shal and 200nM labeled ATP freely floating in solution) sometimes difficult to be
detected it might be the case that open curves are overseen and the open state
are underestimated. But the observation that the yHsp90 is shifted to the more
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closed state in the presence of Sbal is also supported by bulk data. Thus increasing

concentration of Sbal in the presence of ATP-vS leads to successive closing of Hsp90
[94].
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Figure 14.3.: (A) Encapsulation of labeled ATP and Sbal in a vesicle with unla-
beled Hsp90 and the excitation of the Sbal dye shows energy transfer from Shal
to ATP (B) and therefore binding of Shal and ATP at the same time. Anyway
since the ATP is pretty soon hydrolyzed in the vesicle this measurements are not
suited to produce good statistics, but good enough to confirm the simultaneous
binding of ATP and Shal. (C,D) Distances between the p23 66 pAcF (red sphere)
and Hsp90 attached dyes (both blue spheres) at position 61C (C) and 385C (D)in
angstrom. Both distances are smaller than the Forster distances for the corre-
sponding dye pairs (5.7nm for Atto 488 and Atto 594 in (C) and 6.8nm for Atto
550 and Atto 594 in (D)).

Although a clear effect of Sbal can be measured, the binding of Sbal can not be
observed directly. The Sbal is labeled at position 66 which was chosen according
the crystal structure (Fig. 14.3C and D). The distance between this position and the
label position at the Hsp90 are 3.7nm between Sbal 66 p-AcF and Hsp90 61C and
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3.0nm between Sbal 66 pAcF and Hsp90 385C; thus clearly FRET between Hsp90
and Sbal should be detected, which is not the case. By repeating the measure-
ment with label free ATP it could also be excluded that the energy transfer to the
Atto647N at the yATP removes all the energy from the Atto 594 of the Shal and
thus quenches this dye; also in this case no Sbal signal could be detected. More-
over it was tried to measure FRET between Sbal and yATP when both are bound
to unlabeled Hsp90. Therefore labeled Shal and YyATP together with Hsp90 were
encapsulated in vesicles and the Atto594 was directly illuminated. Indeed a few
curves showing FRET from Sbal to ATP could be found (Fig. 14.3). Unfortunately
the YATP is cleaved within a few minutes and thus this measurement can’t be used
for more than a proof of principle measurement. Anyway it clearly shows Shal bind-
ing to Hsp90. These findings can only be explained when the crystal structure is
not representing the structure in free solution. This is also supported by the already
explained finding that the N-terminus of Hsp90 is more extended than shown by the

crystal structure.

Summing up it could be shown that Sbal stabilizes the closed ATP bound state
of yHsp90 and thus acts very specific upon the overall yHsp90 dynamics. This
finding is consistent with the existing data about Sbal, that show that Sbal binds
efficiently only the ATP/AMP-PNP loaded yHsp90 [90]; also the yHsp90 crystal
structure shows a closed ATP and Shal bound state. In contrast the quaternary
structure of the yHsp90/Sbal complex is not the one shown in the crystal structure,
but obviously more expanded or rearranged in solution. Altogether the technical
approach of four color FRET allowing to investigate simultaneously Hsp90 dynamics,
nucleotide turnover and cochaperone binding offers a new way to understand Hsp90

dynamics and function in more detail.
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A. Appendix A: C-terminal dynamics
of yHsp90

A.1. Calculation of the Forster distance

The Forster distance in angstrom was calculated according to

(A1)

n

C 2\ 1/6
RO:(9,780-QD ﬁ)

with x? as orientation factor set to 2/3 for freely rotating dyes, n the refractive

index of water equal to 1.33, )p the quantum efficiency of the donor, which is given

as Qp = de with 1, the measured lifetime in our system, and t,.,q the radiative

ra

lifetime of the dye. For our system Q was calculated with the assumption of a

constant 7,,q according to QQp = 7'l't7/722l't with 7, the measured fluorescence lifetime
and 7;; and Qy;; the lifetime and quantum efficiency given by AttoTec for these dyes.
The resulting Forster distance for our system is then 5.1 nm. With this the inter

dye distance is calculated as

— 1/6
R — (1EFRET> - Ry (A.2)

EFRET
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A.2. Supplementary figures and tables
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Figure A.1.: ATPase Assays. The 560C mutation does not influence the ATPase of
any of the constructs within the uncertainty of the measurement. As an example
we show in A the full-length 560C mutation with normal ATPase activity and
inhibition by Radicicol [95] (after around 13 min) and in B the Coil-NMC Hsp90
560C mutant with a higher ATPase activity than the wild-type Hsp90 protein
consistent with higher ATPase of Coil-NMC without the 560C mutation. Finally,
Sbal binding is not inhibited by the 560C mutation, which can be seen in C, where
the typical ATPase inhibition after Shal addition to A8 (560C) can be observed.
In the case of Coil-NMC and A8 (560C) the labeling process seems to lower the
ATPase activity by a factor of 2. This is likely caused by aggregation during
the labeling process because the same effect is seen upon the addition of pure
DMSO. For the single-molecule experiments, aggregation and inactive protein
is irrelevant because we select active single molecules. The ATPase assay was
done with an ATP recovering assay as described in [96] . In short the produced
ADP is recovered by pyruvate kinase in the presence of posphonenolpyruvate.
The produced pyruvate is reduced to lactate by lactate dehydrogenase whereas
NADH is oxidizied to NAD'. The oxidation of NADH leads to a spectral shift
and therefore to a change in the absorption at 340 nm with time. This can be
observed in the photometer (DU 730, Beckman Coulter). The assay was done at
37 °C. The literature values for the ATPase activity of Hsp90 lie in the range of
0.5-1.5 min~' [9, 18, 49]. Sbal is known to bind to Hsp90 and inhibit the ATPase
activity [36]. Radicicol is an ATP-mimicking inhibitor that specifically inhibits
Hsp90 and thus can be used to estimate the background ATPase activity.
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Figure A.2.: FRET efficiency histogram of non-interacting dyes and in the pres-
ence of Stil. (A) Using heterodimers with one monomer labeled with ATTO 550
at position 61 (in the N terminus) and one monomer labeled with ATTO 647N at
position 560 (in the C terminus) an average FRET efficiency of 0.03 was obtained.
This shows that the FRET efficiency of 0.2 measured in our C-terminal dynam-
ics experiments does not result from photon leakage of donor photons into the
acceptor channel or from unspecific interaction between the proteins. (B) The de-
scribed single-molecule FRET measurements of the C-terminal dimerization have
been repeated for the full length Hsp90 in the presence of 1 uM Stil (in absence
of nucleotide). In this case Hsp90 can be found mainly in the C-terminal closed
state. This is consistent with the proposed function of Stil, which likely binds to
the C-terminal domains and opens the N-terminal domains.
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Open
A, 0 A, T Chi®
A8 -0,26+0,01 0,81£0,07 -0,75+0,01 5,77+0,16 0,07
A24 -0,4140,01 1,21+0,05 -0,59+0,01 11,18+0,35 0,03
A8ATP -0,28+0,01 1,31+0,09 -0,72+0,01 11,82+0,34 0,02
Coil-NMC -0,37+0,02 0,15+0,02 -0,58+0,02 2,07+0,19 0,03
Closed
A] To A2 T2 Cl’ll2
A8 -0,83+£0,01 1,01£0,02 -0,22+0,01 8,42+0,8 0,04
A24 -0,66+0,02 0,98+0,03 -0,33+0,01 6,03+0,4 0,02
A8ATP -0,61+0,02 0,49+0,02 -0,37+0,02 3,62+0,33 0,05
Coil-NMC -0,59+0,03 0,20+0,01 -0,33+0,03 2,27+0,42 0,03
Open
Ay 0 Ay T Chi?
No -0,59+0,01 1,45+0,04 -0,43+0,01 10,40+0,61 0,06
ATP -0,25+0,01 0,79+0,05 -0,72+0,01 5,46+0,15 0,05
ADP -0,49+0,02 2,96+0,1 -0,48+0,02 12,78+0,6 0,02
YSATP -0,4740,03 1,23+0,05 -0,56+0,03 4,03+0,17 0,03
AMPPNP -0,23+0,00 0,67+0,03 -0,75+0,00 6,14+0,07 0,03
Closed
A1 To Az (C9) Chl2
No -0,40+0,01 0,85+0,03 -0,60+0,01 8,16+0,2 0,06
ATP -0,91+0,02 1,54+0,04 -0,20+0,04 20,64+10,5 0,12
ADP -0,92+0,01 1,01+0,02 -0,16+0,01 10,60+2,62 0,09
YSATP -0,9140,15 1,72+0,04 -0,13+0,23 8,04+0,00 0,08
AMPPNP -0,37+0,00 0,75+0,01 -0,62+0,00 7,37+0,09 0,02

Figure A.3.: The table shows amplitudes (4A;), decay times (1; in s), and chi-square
values (Chi?) for all measured mutants (upper part) and nucleotide conditions (No
is no nucleotide) of wild-type yeast Hsp90 (lower part). The decay times for the
open states correspond to the on-rate constants and the decay times for the closed
states to the off-rate constants.
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Figure A.4.: Effect of N-terminal mutations on C-terminal kinetics. (A) Dwell-
time distributions for C-terminal open times (k,,) are similar for the A8 Hsp90
with ATP (N-terminally permanently closed, black), A24 Hsp90 (less stable N-
terminal dimerization, blue), and wild-type Hsp90 (N-terminal open and closed
equilibrium, green). (B) Comparison of full-length Hsp90 and the deletion con-
structs: Dwell-time distributions for A8 (black), A24 (green) in the absence of
nucleotide and the full-length construct in the presence of ATP (red) are very sim-
ilar. (c-f) C-terminal FRET efficiencies for the different N-terminal mutations.
High FRET values correspond to the C-terminal closed state and low FRET values
to the C-terminal open state.
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subunit Hexchange

Figure A.5.: Reaction pathway scheme for the Hsp90 subunit exchange reaction.
The N- and C-terminal openings are regarded as independent. The rates are

obtained from Fig. A.3 and from Mickler et al. [48]. In all cases the slowest rates
have been chosen.
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Figure A.6.: Comparison of N-N domain vs N-M domain movement. The dynam-
ics of the N-terminal dynamics (red) is the same as can be observed for the N-M
domain movement (black), both in the presence of 2 mM ATP. This shows that
the N- and M- domains are quite rigidly linked and move as one unit during the
N-terminal opening process. Furthermore, this means that no permanent middle
domain interaction takes place and that our results therefore cannot be explained
by a holiday junction-like movement.
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wt/ATP A8/ATP Coil-NMC

Figure A.7.: Scheme of the mechanochemical coupling. Structural model for the
position of the N-terminal lid in the various mutants in the presence and absence
of ATP. In addition, the occupancy of the C-terminal dimerization equilibrium is
given: Dark blue represents high occupancy of the state and light blue represents
low occupancy of the state. ATP binding (not hydrolysis) leads to a release of
the N-terminal lid, which then can cross-activate the second Hsp90 monomer. In
the A8 deletion mutant, this process is mimicked [48, 97]. So binding of ATP
and deletion of the first 8 amino acids lead both to the same effect, namely, the
unbinding of the N-terminal lid. This explains why A8 mutant and wild type
with ATP also show similar C-terminal dynamics.
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B. Appendix B: Three color FRET
on yHsp90

B.1. Data evaluation

The three fluorescence colors were separated, filtered, and simultaneously recorded
on an Andor DV887 (Andor Technology) camera . The movies were analyzed with
a program based on Igor Pro 6.01 (WaveMetrics): First, the time traces of single
fluorophores were extracted from the movie with a threshold criterion; then, the
three colors were overlaid and the corrected partial fluorescence (PF) for each color

calculated as

84! (IAl - 51[D)
PF, = B.1
! Ip+v1 (Ia1 — Bilp) + 72 ({az — B2Ip) (B-1)

Y2 ([A2 - 5210)
PF; = B.2
2 Ip+v (Ia1 — Bilp) + v2 (Lag — BoIp) (B2)

Ip
PFp = =1—(PF,+ PF B.3
P Ip+v (Ia1 — Pilp) + v2 ({az — BoIp) (PE 2) (B3)
and

EFRET _ V2 (Ifx?é%m - 53]21312nm) (B.4)

ALEX — 532 532 532
YL+ e <]A2 " — B3l nm)
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PF, /5 is the PF of acceptor 1 and 2, respectively. PFp is the PF of the donor, Ip
and Iy;and I, are the donor and acceptor intensities at excitation of the donor dye,
and I532"™ andI532"™ are the intensities of acceptor 1 and 2 upon excitation of the
acceptor 1 dye, respectively. EXEEL is the PF of acceptor 2 upon direct excitation of
acceptor 1. The cross-talk from the acceptor 1 to acceptor 2 channel upon excitation
of the acceptor 1 was close to zero, and therefore we have f3= 0 in the following.
Y172 are correction factors that take the different quantum efficiencies of the dyes
and the different detection sensitivities of the setup for the three dyes into account.

These gamma factors are given as

olp _ ep@p
5IA1/2 €A1/2QA1/2

M2 = (B.5)

014172 and 61, are changes of acceptor and donor intensities upon acceptor bleaching,
ep and €412 are the detector efficiencies for each dye, and Qp and Q42 are the
quantum efficiencies of each dye. The 7, o factor here is the inverse of the ~, s, factor
introduced in sec. 8.1.2.1. The ~ factor was measured for many curves, and its values
are close to 712 = 0.7; therefore, these values have been used to correct all FRET
curves. The betas correct for the leakage of photons from the donor into the two
acceptor channels. They are estimated by dividing the intensity measured in the
acceptor 1 and acceptor 2 channels by the donor intensity in the presence of only

donor dye upon excitation with the 473-nm laser:

Pz = (B.6)

473nm

Biis around 0.126, and s is around 0.024 in our system. At the used intensities,
no cross-excitation of the dyes (e.g., direct excitation of the Atto550 with the 473-
nm laser or excitation of the Atto647N with the 532-nm laser) could be detected;
therefore, such cross-excitation is neglected in the following. The photostability of
the Atto 647N and Atto 550 dyes under the used conditions has been demonstrated
in the past [48]. Blinking of the Atto 488 can be excluded because blinking of this dye
would result in a donor signal going down to zero, which has not been observed here.

The obtained two FRET efficiencies (every single data point) are then accumulated
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into a two-dimensional histogram as shown in Fig.11.1. Because the sum of all
PFs is equal to one, the data points can only be found below the line from x,y=1,0
to x,y=0,1. To obtain the transition kinetics, Hidden-Markov modeling was used.
In detail, T used the Viterbi algorithm as described above (sec.8.1.2.3). The rates
for the transitions were then determined from these reconstructed FRET traces.We
accumulated all dwell times for a certain state and plotted the integrated dwell
times in histograms as shown in Fig.11.4. The normalized histograms are fitted
with exponentials. The amplitude information (which is lost upon normalization) is
not needed in the following as explained below. Importantly, the obtained “effective”
decay times (1/k.ry) are not exactly the inverse of the rate constant k of one state
to another, because the obtained effective rate constant k.s; is the sum of all rate
constants depopulating the starting state; for four states this can be up to three

rate constants k;. In general, the probability of having left a state until time t is

plt) = A (1= exp (~kigst) = 1

(1 = exp (=keyyt)) (B.7)

From this equation, the rate constant for a certain decay can be obtained by

k= Ak (B.8)

Fortunately, the binding and unbinding rates of the nucleotides are at least one
order of magnitude faster than the conformational changes. Therefore, there is only
one dominant pathway for the depopulation of every state and A becomes close to
one, which directly allows extracting the rate constants. The kinetics can then be
fitted with a monoexponential function. Nucleotide binding itself is in general a

second-order process described by

a-ZVGJ)
ot

= —kN,N, (B.9)

N, and Ny, are the concentration of ATP and heat shock protein 90 (Hsp90), respec-
tively. NN is the concentration of the ATP bound complex. Because the nucleotide

concentration is 200 nM and therefore much higher than the protein concentration

119



Chapter B Appendix B: Three color FRET on yHsp90

(less than 1 nM), it can be regarded as constant and B.9 simplifies to a pseudo

first-order reaction:

N,
aat“b = —kN, Ny = —kes i Ny (B.10)

B.2. Distance estimation from multicolor FRET data

For two-dye systems, the distance between the two dyes can be estimated by

1
d= Ry\| ——— B.11
TDk?FRET ( )

Ry is the Forster distance, 7p is the fluorescence lifetime in the absence of acceptor
dye, and krrpgr is the rate of energy transfer between the dyes (see alsosec. 8.1.2.2).
In the case of multicolor FRET, the single FRET efficiencies (e.g., the efficiency
of the energy transfer from one dye to another one) cannot directly be measured,
because the signal results from the sum of all energy transfers [98, 99]. The rate con-
stants therefore have to be recovered as follows. The fluorescence intensity (photons

over time) of the donor is given by

Iy = QaNy (B.12)

Ny is the number of absorbed photons per time and ()4 is the effective quantum

efficiency in the presence of FRET of the donor:

krad
_ ‘ B.13
Qd krad + knonfrad + Zk%‘RET ( )

krqq is the radiation rate of the donor, k,,,—_rq«q is the non-radiative depopulation,
and k%ppr is the FRET rate from the donor to the i-th acceptor. For the first
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acceptor (upon donor excitation), we have, accordingly,

k%ﬁaEl
[Al - QalNal - Qal ]];j TNd (B14)
%: d—

kel is the FRET rate from donor to acceptor 1, and Zkfi _, are all rates that

J
depopulate the excited state of the donor. FRET from acceptor 1 back to the donor
is very small (because of the very small overlap of the spectra) and can therefore be

neglected. For the second acceptor (upon donor excitation), we have, accordingly,

iy, h
Tas = QuaNg2 = Qq = Ng + —— N, B.15
A2 Q 2 2 Q 2 Z/{Z‘Zi_} d Zk}él% 1 ( )
J J

Inserting B.14, we get

kdaaQ kal%aQ kd%al
FRET | NPRET NPRET | N (B.16)

Skl Ykl Sk,
J Vi J

[AQ = QaQ

The first term in the bracket corresponds to direct transfer from donor to acceptor
2 and the second term corresponds to transfer from acceptor 1 to acceptor 2. From
these formulas, the expressions for PF (compare Eqgs. B.1, B.2 and B.4) can be

derived as follows:

Qur ki pbr
By
= ) (B.17)

k%‘} kal—a2 pd—al

al k.d~>a2
d+ 1 RET + 9 FRET + FRET FRET
Qa+ Qg™ + Quz | S50+ S0 550
J J J J

In

PF| =
! Ip +1Ta1 + 1o

al—
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kd‘)‘ﬂ fal—a2 kdaal
Qa2 FRjET _'_ FRJET FRjE‘T
] dea Ekalﬁ dea
A2 J J J

PFy = = B.18
BCRRCER oo T
Qut Quisif + Qo | S+ STt Sk
J J J J
and
EFRET _ Ly (B.19)

ALEX — 532 532
ML+ Ly ™™

The measured intensity 1™“* is not equal to the emitted intensity I from Eqs.B.17,
B.18 and B.19, because it has to be corrected for the efficiencies of the detection
channels ¢; (note: the «y factor is ¢; times the quantum efficiency Q, and I"™** should
already be corrected for cross-talk as shown in Eqs.B.1-B.4 but not corrected for the

7 factors):

1
[ = eI, — I, = — " (B-20)

(2

The following ratios of €; can be expressed in terms of the v factors and quantum
efficiencies Q?f of the dye in the absence of FRET (which are given by the provider
of the dyes):

nf
8 a
S _ Qﬂ; (B.21)
€al d

nf
8 a
S, Qn§ (B.22)
€a2 d
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The PF can then be written as

mea Q
Ty z%c

PFy = (B.23)
fyljmeaQal + ,.y Z’mea Qa2 + [mea

Imea gnf

,}/1 Imea Qal _I_ 72[7’”60, QaQ + ]mea

PF, = (B.24)

Because the quantum efficiencies of the used dyes are similar, we can set them equal,
which simplifies Eqs.B.23 and B.24 to

,yl Imea
PF, = B.25
1 ,yl IgrlLea _l_ ,yzlmea _I_ IZZ’L@CL ( )
Imea
PF, = gk (B.26)

fyl gfiea _|’_ ,)/2[77160, _|’_ I(?inea

These are the values plotted in the histograms shown in Fig.11.1 and Fig. 12.3 and
the values given in Eqs. B.1 and B.2, if the crosstalk correction is taken into account.
This can be done in an analogue way for Eq. B.19 (acceptor 2 signal upon acceptor
1 excitation). We can now substitute %:kfl/al/ﬂ_) = Sjer/azig 3 Egs. B.17 and B.18

Qd/al/aZ
and get
kd—»al
PF, = Qu B (B.27)
1 .
Qd+Qa FRETQD +Qa ( FRETQD + k%lz?;gic?al kF?Z%jZQD)
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and

kd kol kd

rad rad rad

Q <k%‘RETQD + k%ﬁ;ﬁ@,ﬂ kF?zaElTQD>
a2

PF, = (B.28)

kal kd

rad rad

Qu+ Qur FRETQD + Ou (k%z%%czn 4 HRiR Qa m%%)

Reformulation of Eq. B.13 utilizing Q™ (the quantum efficiency in the absence of
FRET) yields

1 krad + knon rad Zk]FRET 1 Z‘k%‘RET

1 - i _ i B.29
Q krad * krad an T k'rad ( )
and we get, therefore,
1
Qd = k d—al kd%aZ (B30)
+ FRET + FRET
an krad krad
and
1
Qal = 1 k.al—»aQ (B31)
Lo
Qalf krad

Because no FRET processes depopulate acceptor 2, Q.o = QZ{ and, therefore,

_ d—al 7.al al—a2 al d—)al
PFy = (KepErkraaQal )/k Ot kL ki Qul + Qu k’ krrer (B.32)
nfid—a2 j.al d—a2 j.0l1—=a2nf a1—>a2 d—al ’
+ QaQ kerErkrag + Qua kFRETkFRET al T Qa FRET kFRET
. d—a2 7.0l d—a2 7.al—a2 nf al—a2 f d—al
PFy = (kprErkras + kFRETkFRET + ke rpr Qui krper)Qa /
al al—a2 al d—)al d—>a2 al
ke akiag + kmdkFRET Q k krrpr + Q ke rETkrad (B.33)
d—>a2 al—a2 al—a?2 d—al
+QY kerETkERET {+qQy FRET kFRET
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The ALEX-FRET signal allows the direct estimation of the FRET efficiency between

acceptor 1 and acceptor 2:

[532nm k,al%aZ
EFRET _ Y21 42 _ FRET (B.34)
ALEX — 532nm 532nm ~ L.al—a2 1 ’
VL3 + e LA kErer + r—

where 7, is the fluorescence decay time of acceptor 1 (radiative and non-radiative).
The equation system consisting of Eqs.B.32 -B.34 can now be solved for the FRET
rates, which are needed to determine the distances inbetween the fluorophores ac-

cording to Eq. B.11. The results are

d al FRET al FRET nnf
PFk (kr aTalarEx — KrgaTa — EALEXQal)

k,d—)al - rad\"Vra a
T QU ke m( PRESFEY — PFy + PRESEL — PPy — BETEL 4 1)
(B.35)
pd—a2 (Pngf;deEﬂ%g; — Pk ma + PFlEEEEE;QZ{) ki
Y Qukr( PRESFEL — PRy + PRESEE — PRy — BYFEL + 1)
(B.36)
and
ka1—>a2 — Eﬁfgg (B 37)
FRET = (ERREL — 1)r, '

Eqs.B.35-B.37 depend only on PFy,PF, and ELEEL  which can be directly read
from the maxima in Fig. 11.5), and on parameters given by the provider of the dyes
(Atto-Tec). This general treatment is not limited to a three-color case but can be
extended to any number of dyes. The values for the quantum efficiencies Q and
fluorescence decay times k,.q are given by the supplier (Atto-Tec). A summary of
the maxima of PF;,PF, and E4{EEL and the corresponding distances is given in
Fig.11.6. Because there is some uncertainty in the used values for the quantum

efficiency, radiative lifetime, and the x factor ; the values of the distances should
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be only taken as rough estimates. Nevertheless, we can estimate an uncertainty,
because every distance has been measured independently at least two times, which
results in an uncertainty between 0.5 and 1 nm. The values for the distance between
donor and acceptor 1 in open and closed conformation are in good agreement with
the distances obtained from the crystal structure. I measured the distance between
the C,, atoms in the structures (Protein Data Bank ID codes 2CGE and 2CG9) with
Pymol 0.99r¢6 (DeLano Scientific) and obtained values of about 7.0 nm in the open
state and 4.2 nm in the closed state. In contrast, the distance to the bound ATP
is in all cases more than 5 nm. In the crystal structure, this distance is between
2 and 4 nm (Fig.11.6). To exclude a quenching upon binding of ATP to labeled
Hsp90, the spectra of labeled Hsp90 was measured before and after adding Hsp90
61C labeled with Atto488 or Hsp90 385C labeled with Atto550, respectively. No
decrease of the fluorescence larger than the expected effect caused by dilution was
observed (e.g., no contact quenching occurs). If the binding of labeled ATP would
change the properties of the donor or acceptor 1 dye, this would also result in a shift

of the donor or acceptor 1 distance, which cannot be observed.

B.3. Estimation of the probability of having two
ATPs bound to the Hsp90 dimer

The measured mean dwell time for the Hsp90 dimer in the open state with ATP
bound to the monomer bearing the Atto488 dye is 7= 2 s. The measured mean
dwell time of finding the Hsp90 dimer without ATP or with ATP at the monomer

bearing the Atto550 dye 7= 6 s. Thus, the probability of having ATP bound to

2s
2s5+6s

finding Hsp90 with two ATPs bound is 6% (the square of the probability of binding

to one monomer).

one monomer is 25% ( ), and assuming independent binding the probability of

B.4. Correction of the mean dwell time for Hsp90
without bound ATP

Because the Atto488 dye is only attached to one monomer, binding of labeled ATP

to the other monomer is not recognized. Therefore, the measured dwell time 7,,,
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B.4 Correction of the mean dwell time for Hsp90 without bound ATP

for the open ATP free state is a mixture of the ATP free open state and Hsp90
with ATP bound to the monomer not having the Atto488. In my measurement, I
obtained for 7,,,= 6 s and for the mean dwell time of ATP bound to the monomer
with Atto488 7,= 2 s. The mean dwell time for the open ATP free state of Hsp90 7,
can be obtained as follows. Alternating laser excitation showed that the state with
two ATPs bound at the same time is at least extremely rare and can be neglected
in the following estimate. Thus, only Hsp90 without ATP and Hsp90 with ATP
bound to the monomer with Atto488 (1) or to the other monomer (2) exist. They

are connected as follows:

To

Hsp90 e ATP, = Hsp90 = Hsp90 e ATP, (B.38)
Th

Having observed ATP release, the system is in the ATP free state and again binds
ATP at the monomer with the Atto488 after 7,,,= 6 s, which means it returns to
state Hsp90 ¢ ATP;. The rates of binding ATP to one or the other monomer are
the same, if both binding sites are empty. Thus, starting in ATP free Hsp90 the
probability of returning into the state Hsp90 o ATP; is 0.5 but with twofold rate
because two processes with the same rate are depopulating the ATP free state. The
fraction that binds ATP at the other monomer Hsp90 ¢ ATP, has to react back
to the ATP free state where again 0.5 probability exists that it reacts to Hsp90 e

ATP,. This consideration leads to the mathematical row:

T = iosN (N7, + (N = 1)7) (B.39)

N=1

For N — oo, this sum converges to

Tmu = Tu + 2Tb (B40)
and thus
Ty =28 (B.41)
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Solving the underlying differential equations leads to the same result (not shown
here).

B.5. Estimation of the dissociation constant for a
second ATP binding

The Ky of the first ATP bound to one monomer of Hsp90 can be expressed as

Cp CATP
Ky = B.42
a“ Cm1 + Cma2 + C2 ( )

Cmo 1s the concentration of Hsp90 having ATP bound to monomer 2, and ¢, is the
concentration of Hsp90 having no ATP bound at all. ¢,,; is the concentration of
Hsp90 with ATP bound to monomer 1, ¢y is the concentration of Hsp90 with two
ATPs bound, and c47p is the concentration of free ATP, which is equal to the initial
ATP concentration because its concentration is much higher than that for Hsp90.
We showed that the concentration of two ATPs bound at the same time is very

small compared to the other concentration, therefore K, becomes

Cn CATP _ DnCarpP

Kdl — —
Cm1+ Cm2+C Pm1+ DPm2

(B.43)

The probability of finding Hsp90 with one ATP bound is 25%, and thus the prob-
ability of finding Hsp90 without ATP is 50% at an ATP concentration of 200 nM.
The Ky is therefore 0.2 uM, as also obtained from the rates and detailed in the

main text. The K4 of the binding of a second ATP can be expressed as

Ky — (Cm1 + Cm2) carp _ (Pm1 + Pm2) carp (B.44)

&) D2

The probability of finding Hsp90 with one ATP bound p,,; is again 25%. The
probability of finding a twofold bound Hsp90 p, is less than 1%; therefore, Kg=

10 yM. It has to be mentioned that this is an estimate for a lower limit; very likely
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the real Ky is much higher (because the amount of Hsp90 with two ATPs bound is

overestimated from the data in the main text).

B.6. Correction of the bias caused by different

measurement time resolutions

A FRET event (e.g., a dwell time of a specific state) can only be observed when
the dwell time is longer than the inverse sampling rate and shorter than the length
of the fluorescence trace before one dye bleaches. Thus, the measured traces at
different time resolutions have different weighting of the data. In order to overcome
this bias, the measured FRET distributions have to be correctly weighted as follows.
The probability of observing an event with the dwell time T is given by

Pm(T) = po(T)p(T)p(T, T) (B.45)

where p,,,(T) is the probability that the dwell time with the length T can be measured
(e.g., observed), p,(T) is the probability that the dwell time T occurs (independent
if it is observed or not), p(7') is the probability that the curve has at least the length
of the dwell time, and p(T,T¢) is the probability that the event with the time T
can be fully observed within the curves, having at least the length of the dwell time
(i.e., that the transitions into a certain state and out of this state both lie within
the measured fluorescence trace). Thus, the probability of the real occurrence of the

dwell time T can be easily estimated by:

(D)
Poll) = L0y T 7Y

(B.46)

The probability distribution p(T“) can be obtained from a histogram of the length
of all curves used for the analysis as follows. Let p;(T; + AT) be the probability of
finding a curve with the length T (it is quite useful to set AT to the binning time

of the measurement), which is represented in an ordinary histogram of the length of
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all traces T ; then, p(T°) is given as

p(T¢) = i pi(T; + AT) (B.47)

T,=T¢

Thus, p(T¢) is approaching one for short T¢ as expected. Note that usually ex-
tremely short traces are not used for analysis; thus p(T¢) will reach 1 before T¢ is
zero. The probability p(T,T¢) can be obtained as follows. For one trace of length
T, the probability of fully observing an event with the length T (i.e., the proba-
bility p(T,T¢) that both transitions into the certain state and out of the state lie
within the interval T) is just given by the number of possibilities to place the event
with the length T in the curve in a way that both transitions are inside the interval
T¢ divided by the number of possibilities to have at least one transition of the event

inside the interval T¢ :

T —T —2)

rrey- L —T=2 B.48

p ( ) ) (TC + T — 2) ( )
In order to correct the bias, the probability that the event with the length T can be
observed within the measured curves of length T or longer has to be calculated.

This is just given by the weighted sum of Eq. B.46 from T, to infinity:

io(;pi(TC +AT)TC - T - 2)
p(T,T9) =5 (B.49)
Tchi(TC + AT (TC +T —2)

Because the data is automatically binned because of the fixed measuring frequency,
we can use a sum (over the bins) instead of the integral (over time). With Eqs. B.49
and B.46 and the histograms of the curve lengths and the dwell times, the corrected
dwell times can be calculated. Note that for long dwell times T, which also means
long curves T¢, the error of this correction becomes bigger because only few dwell
times T and curves 7¢ exist in that region. This correction has been applied to the
standard histograms, and then the values were integrated to obtain the cumulative

histograms shown in Fig. 11.4.
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B.7. Supplementary figures and tables
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Figure B.1.: Measurement of the binding of labeled ATPs by fluorescence
anisotropy. Three different types of labeled ATPs (A-C) have been tested for
Hsp90 binding by fluorescence anisotropy (D-F). The fluorescence anisotropy mea-
surements were done with a Jasco Spectrofluorimeter with additional polarization
filters as described (sec.6.5). All measurements were done in 40 mM Hepes, 150
mM KCI, 10 mM MgCl2, pH 7,5 at 30 °C. After measuring the anisotropy of
the labeled free ATP, Hsp90 was added. Binding should increase the anisotropy,
because the rotational diffusion is slowed down. Finally, an excess of unlabeled
ATP should again reduce the anisotropy, because it outcompetes the labeled ATP.
This behavior could only be observed for the gamma-labeled ATP (F), which was
used for all further studies. (G) To make sure that the labeled ATP binds into the
native ATP binding pocket, an outcompete assay has been done. Anisotropy was
measured in a solution with 0.5 uM gamma-labeled ATP and 1 uM Hsp90. Upon
the addition of native ATP the labeled ATP is outcompeted and the anisotropy
drops. Fitting the obtained data (red) with a hyperbolic function (blue) shows
that at 0.5 uM native ATP the half maximal anisotropy value is reached, which
means that native and labeled ATP bind with the same affinity into the same
binding pocket.
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Figure B.2.: ATPase measurements with labeled ATP. The red curve shows the
hydrolysis of labeled ATP incubated with wtHsp90. The ATP turnover decreases
with time, which is caused by the hydrolysis of ATP and therefore increasing
amount of ADP. The blue curve shows the same measurement in the presence of
Radicicol (a competitive ATPase inhibitor) as a measure for background activity.
As a control, the black curve shows the ATPase measurement with A24 Hsp90
(a mutant that cannot hydrolyze ATP). To obtain the ATPase rate for labeled
ATP, the red curve was fitted in the range between 0 and 4 min with a linear
fit, and the background activity of the blue curve was subtracted. The obtained
ATPase rate is around 0.7min~!, which is equal to the wild-type ATPase rate,
which is between 0.5 and 1min~! [64]. ATPase measurements with the y-labeled
ATP were done as described in sec. 6.1.
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Figure B.3.: N-terminal dynamics during ATP binding. A) Hsp90 starts in the
open state (high donor signal, green) without ATP bound. At around 10 and 20
s, two ATP binding events are observed (high acceptor 2, red). Then, at around
65 s, Hsp90 closes (high acceptor 1 signal, orange). Finally, ATP binds to the
closed state at around 100 s (high acceptor 2, red). Those transitions are very
rarely observed because BSA is added that slows down N-terminal dynamics.

N-terminally closed N-terminally open
Distance State 1 State 2 State 3a State 3b State 4a
D-A1 4.3 nm 4.1 nm 7.2 nm 6.4 nm 6.6 Nnm
D-A2 — 5.9 nm — — 53 nm
A1-A2 — 6.0 nm — 6.3 nm —

Table B.1.: The inter-dye distances calculated from the single-molecule fluores-
cence as shown above. A dash indicates either a state where no ATP is bound
(state 1, state 3a) or negligible energy transfer.
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Figure B.4.: Exemplary trace for ADP binding to the open state at around 1.3 s.
Measurements were done with a time resolution of 44 ms and an integration time
of 40 ms. This is at the limit of our camera; therefore, the signal-to-noise ratio is
not as good as for ATP.

714 724 734 T4 754 T6+ 74
0.22s ~4 s 0.04 s ~4 s 2s ~4 s 116 s
1= T T3_ Ta— Tg5_ Te— 77—
0.13s ~4s 0.19s ~4 s 25 ~4 s 3.6s

Table B.2.: The dwell times for the nucleotide binding and unbinding and N-
terminal opening and closing as shown in Fig.11.7 (main text). The values are
for 200 nM ATP and ADP, respectively.
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Figure B.5.: ATPase activity in the presence of BSA. We measured the ATP
turnover in the presence of 0, 0.5, and 5 mg/mL BSA (Upper). The obtained
krat values (after background correction) are given in the table (Lower)—they are
all in the range of literature values. The ATPase assay was done as described
above (sec.6.1). The single-molecule measurements in the main text were done

with 0.5 mg/mL BSA.
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C. Appendix C:
Mechanochemical-cycle of HtpG

C.1. Supplementary figures and tables
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Figure C.1.: Example for a fluorescence (left) and FRET efficiency (right) trace of
the 341C mutant in the presence of ATP to demonstrate two of the rare opening
events (between 40s and 65s). Most obtained curves do not show such opening
events.
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Figure C.2.: Example for a fluorescence (left) and FRET efficiency (right) trace
showing the rare occurrence of FRET values around 0.5 (after 125s) for the 61C
mutant in the presence of ADP. The decrease of both fluorescence intensities at
the beginning of the curve is caused by continuous bleaching of the background.
As can be seen this effect does not influence the FRET efficiency.
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Figure C.3.: Example for a fluorescence (left) and FRET efficiency (right) trace
for the 61C mutant in the presence of ADP. These curves show similar behavior
to the curves of the 341C mutants in the presence of ADP (Fig. 12.1C, main text),
namely opening and closing on the timescale of tens of seconds in between two
defined states.

Mutant Keat
HipG 61C 0.46 min”’
C-Zip
HtpG 341C 0.67 min™
C-Zip
HtpG 61C 0.50 min -1
341C C-Zip
HipG 521C 0.72 min”’

Table C.1.: ATPase activity of different mutants at 30°C. All mutants show a Kca;
of around 0.5 min™, which is equal to the wild type activity within the error of
the measurement.

138



C.1 Supplementary figures and tables

1.80-
- 2 »

;.\ i {Q~~.Q~
© ] = \\\~v-~“-“~\f-~Vh-
~ - L 5
c 1.75- %4
9 -
"é'_ -
o -
8 -

T T T
2 4 6 8 10 12 14

time (min)

Figure C.4.: Hydrolysis of ATP labeled at the y-position with Atto 647N via a
C6-linker. The red curve shows the hydrolysis of ATP by 2uM HtpG 61C whereas
the black curve shows background ATPase after the inhibition of HtpG with
radicicol. The initial slopes were fitted, from the difference of the slopes the k¢
of the ATPase could be calculated with 0.68 min™! which is equal to the wild type
ATPase rate within the error of the measurement.
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Figure C.5.: (A) 10uM ATP mixed at t=0 with 1uM labeled HtpG (C61, Atto550).
(B) 1uM unlabeled HtpG (C61) mixed at t=0 with 10uM labeled ATP (yATP,
Atto 647N).
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Figure C.6.: Monomer exchange at a concentration of 250 nM for each monomer
(black/grey) and 25 nM for each monomer (green). The exchange curves su-
perimpose within the uncertainty of the measurement and therefore show that
no significant concentration dependence exists and thus that the reaction is not
diffusion limited.
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Figure C.7.: Example trace for long time ATP binding. ATP binds at around 135s
and stays until bleaching of the dye occurs.
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apo ATP ADP yHsp90 210Q 210P SAX structure
AMPPNP (apo) (ADP) at high pH

61-61 4.9 nm 4.3 nm 4.9 nm hf 7.1 nm 10.9 nm 6.3 nm 13.8nm
7.0 nm If

341-341 | 5.5nm 5.6 nm 5.3 nm hf 2.4 nm 6.2 nm 3.7 nm 7.8nm
7.7 nm If

2x¢ 4.7 nm 4.9 nm 5.0 nm 3.9 nm 33 nm 2.2nm 3.9 nm

521 5.2 nm 5.2 nm 5.1 nm 4.7 nm 4.8 nm 5.0 nm 4.3 nm

Table C.2.: Calculated distances between dyes at the two N-domains (61-61), M-
domains (341-341), within one monomer (2xc) and in the C-domains (521) derived
from the FRET histograms (Fig. 12.2, main text) with a Forster radius of 6.5 nm.
The distances are given in the apo, ATP and ADP state and for comparison the
measured distances from the yHsp90:AMP-PNP crystal structure, as well as the
suggested crystal structures for HtpG:ADP (2I0P) and the suggested structure
of apo HtpG (2I10Q) are given. Finally, a solution SAXS based modeled structure
of HtpG at high pH from the Agard group is given. If: low FRET peak. hf: high
FRET peak.

yHsp90
T1+ To+ T3+ T4+ Ts+ To+ T7+ Tg+ To+ T10+
~1s ~2s  =ls 3.6s 26x10°  =3s 8x107  =3s 2s ~3s
Ms Ms
T1- To- T3- T4- Ts- T6- T7- Tg- To- T10-
~2s ~2s =3s 23x10° 0.22s ~3s 0.19s =3s 8x107  =3s
Ms Ms
HtpG
T+ T+ T3 T4+
>1s >10°Ms 100s >10s
T1- U™ T4-
>1s >1s >10s

Table C.3.: Mean dwell times of yHsp90 and HtpG according to Fig.12.5, main
text. They were obtained from the originally double exponential curves by mul-
tiplying the values at half maximum with In2 (to make these times comparable
to the times given for HtpG, this also explaines the small differences to Tab. B.2,
where the half maximum times are given). The values for HtpG are only esti-
mates for the lower limit, because the kinetic processes are usually too slow to
obtain full dwell time distributions. Therefore these values represent the fastest
transitions that could be found for a certain process. T3 is the mean hydrolysis
time (from bulk experiments). Ms is mol per liter times second (second order
binding reaction).
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mutant/dye 61C Atto550 341C Atto550  521C Atto 550
anisotropy 0,19 0,18 0,17

Table C.4.: Anisotropy values for the utilized dye positions. The anisotropies are
all below 0.2 and thus the dyes can be regarded as freely rotating [57]. The
anisotropy values were only measured for the Atto 550 dye since free rotation of
one dye is sufficient to assume a k? of 2/3 in a FRET assay.
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