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Abstract

Hsp70 proteins are molecular chaperones that stabilize unfolded proteins and are important
for preventing protein aggregation. The mitochondrial Hsp70 of yeast, Sscl, is additionally
involved in translocation of proteins into the mitochondrial matrix. The functions of proteins
are to a significant extent determined by their conformational dynamics and interactions with
other biomolecules. Single-molecule Forster Resonance Energy Transfer (smFRET) is a widely

applied and powerful method to study the conformational dynamics of proteins.

We performed smFRET measurements of Sscl in vitro, which revealed conformational dynamics
on the sub-millisecond and second timescale. Our investigations further gave new insights into
the influence of nucleotides, substrate and the cochaperones Mdj1 and Mgel on the structure and

dynamic behavior of Sscl.

While in vitro experiments allow for precise control of the buffer and available interaction partners,
the obtained conformational changes and kinetics might not be the same as in vivo. However,
smFRET experiments in living cells remain challenging because of high background, need of low
labeled sample concentrations and the challenge of getting the labeled proteins into living cells.
Here, we perform in organello smFRET measurements on Sscl inside isolated mitochondria to
get an idea about the conformation and dynamics in its natural environment while containing low

background and high signal intensities.

Our in organello experiments showed that most Ssc1 inside mitochondria is substrate-bound.
This observation implies substantial consequences for the role of Sscl as a chaperone and in
protein translocation into the matrix. Tracking of single Sscl proteins inside mitochondria further
allowed us to put mobility and conformation of Sscl into context and assign a small fraction of

substrate-free but translocase-bound Sscl.
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1. Introduction

Proteins are involved in almost all cellular processes. Their function is highly dependent on their
amino acid sequence, three-dimensional structure, conformational dynamics, and interactions
with small molecules (such as nucleotides), DNA or RNA and other proteins. The amino acid
sequence of a protein can be determined by e.g. Edman degradation or mass spectrometry.
Interactions with other molecules are reliably observed by cross-linking or pull-down assays.
There are powerful techniques to study protein structure like small-angle x-ray scattering (SAXS),
x-ray crystallography, cryo-electron microscopy (cryoEM), solution and solid-state NMR, and
single-molecule Forster resonance energy transfer (SmFRET). Each of these techniques has
their own advantages. SAXS is an easy to apply technique which gives information about
the overall size and shape of a protein. Many protein structures have been solved by x-ray
crystallography which makes use of the diffraction properties of the different atoms of a protein.
The drawback of this method is that the protein of interest needs to be crystallized. This sometimes
takes several months of screening of reaction conditions or is not possible at all. The evolving
field of time-resolved x-ray crystallography is also able to monitor the conformational changes
accompanying reaction progress (e.g. substrate binding, nucleotide exchange) over time. While
x-ray crystallography is applicable to proteins of all sizes, cryoEM can only resolve structure
of proteins larger than 50 kDa. Nonetheless, CryoEM has gained a lot of attention in the last
years demonstrated by the awarding of the Nobel prize to Jacques Dubochet, Joachim Frank and
Richard Henderson in 2017 "for developing cryo-electron microscopy for the high-resolution
structure determination of biomolecules in solution". Proteins do not need to be crystallized and
with the recent automatization of the analysis of the extremely large datasets cryoEM produces, it
is now possible to resolve structures faster than by x-ray crystallography. Proteins too small for
cryoEM can be resolved in their native state by solution NMR, which is applicable to proteins
smaller than 100 kDa. Even though the solving of new structures still takes a lot of time, NMR is
a powerful and versatile method for studying protein structure, the interactions within a protein,

and detecting dynamic areas of the protein.

A valuable technique to qualitatively and quantitatively resolve the conformational dynamics
of proteins smFRET. Dynamics can be observed in real-time and on freely diffusing proteins.

The fluorophores available have improved drastically in their photostability, allowing for longer
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measurement times without the need of photostabilizers, and in regards to their biocompatibility.
When the labeling positions are chosen wisely, the fluorophores do not interfere with the structure
and function of the protein.!!) Since fluorescence spectroscopy and microscopy are minimally
invasive, SmFRET is not limited to in vitro measurements. Thus, the structural changes of the
protein of interest can be studied in its natural environment with all of its interaction partners
present. SMFRET inside living cells still poses some challenges, like the transfer of the labeled
protein into the cell without disturbing its structure or the influence of background fluorescence
of the cell on the data quality. One way to circumvent these problems is to measure in organello,
meaning inside isolated cell organelles like mitochondria, and making use of the inherent import
machinery. The protein then gets folded inside the organelle with the help of chaperones and can

be measured in its native structure.

Nonetheless, none of these great structural methods are able to unravel all aspects of the working
mechanism of a protein on their own. If we want to know the complete mechanism of protein
function in maximal detail, data collected from different methods needs to be combined, making

use of the strengths of each method.

As already mentioned, the function of proteins is influenced by their three-dimensional structure.
Thus, correct folding and the maintenance of the protein structure are essential for cellular
homeostasis. The family of chaperone proteins (or heat shock proteins) assists proteins in de
novo folding and ensures the integrity of protein structure. A central component of the chaperone
machinery is the family of heat shock proteins of 70 kDa (Hsp70). Hsp70s are highly conserved
across species and present in all cell compartments. They are not only involved in protein
folding and stabilization, but also in degradation. When they are located in the endoplasmic
reticulum, chloroplasts or mitochondria, they also have a central function in protein translocation.
Hsp70s have two major domains, a nucleotide binding domain with ATPase activity, and a
substrate binding domain with a substrate binding groove and a lid able to close upon substrate.
The two domains are connected with a flexible linker. The function of Hsp70 involves large
structural changes as could be detected by crystallography, NMR and smFRET.!2% Even though
Hsp70s have been extensively studied, central questions remain, including how and when these
conformational changes are induced and how the information is transmitted between the two
domains. For Sscl, the mitochondrial Hsp70 of yeast, uncorrelated conformational transitions
of the lid and the two domains have been reported, which raises questions about allosteric
communication.>®l Because of the variety of functions of Hsp70s, and especially Sscl, it is also
very interesting to understand how Sscl is regulated. Many cochaperones interact with Sscl,
such as the nucleotide exchange factor Mgel and various J proteins. J proteins are associated
with different functions of Sscl. For example, Mdjl is the J protein involved in protein folding.
Here, in vitro smFRET is a valuable tool to study the influence of different factors on the structure

and conformational transitions of Sscl, including transition rates. In Chapter[2} the biophysical
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concepts relevant to this work are described. In Chapter 3] an overview the structure and function
of Hsp70s is given and Sscl and its interaction partners are described in more detail. In Chapter
Ml Sscl was studied in the presence of nucleotides, substrate and the two cochaperones Mgel
and Mdj1. Changes in the dynamic behavior based on the components added could be observed.
In vitro studies are necessary to understand the influence of each component on Ssc1. Because
of its complexity, the whole system cannot be reconstituted in vitro. To better understand the
functions and regulation of Sscl, it is necessary to study Sscl in its physiological environment in
the presence of all components involved. SmFRET measurements inside isolated mitochondria
can be a great tool for this. In Chapter [5] we establish an assay to study the conformation of Sscl
in organello. It becomes apparent that most Ssc1 inside mitochondria is substrate-bound, limiting
the availability of free Sscl for protein translocation. Tracking of single Sscl proteins inside

mitochondria further allowed us to put the mobility and conformation of Ssc1 into context.



2. Biophysical Background

In order to understand biological systems and their functions, it is important to study the involved
biomolecules. The first steps usually involve biochemical assays to gain understanding of the
composition of the system and then structural studies to unravel the structure of the core proteins
individually or within the whole complex. For all processes in cells, which are involving proteins,
compositional and/or conformational changes occur. To understand the functional mechanisms,
real-time studies of the system can help. Fluorescence is a powerful tool to study biological
mechanisms in vitro and in vivo. Fluorescence measurements are minimally invasive and can be
applied to living cells. In most cases, when positioned correctly, fluorescent labels do not disturb
the system.!!] Besides the localization of biomolecules can be localized in certain parts of the
cell with e.g. super resolution microscopy,”® interactions of two or more biomolecules can be
studied by fluorescence correlation spectroscopy.'% By using not only one, but two fluorophores,
it is not only possible to study multiple proteins simultaneously, but specific interactions between
them can be studied and even exact inter- and intramolecular distances can be determined by

single-molecule Forster Resonance Energy Transfer (smFRET).

2.1. Fluorescence

Fluorescence is the emission of light by a fluorophore within nanoseconds upon exposure to
radiation. A molecule is excited from the ground state Sy to a higher excited singlet state, e.g. the
first excited state S, by absorption of a photon purple). Once excited, the molecule
typically relaxes to the lowest vibrational sublevel of S; via internal conversion and vibrational
relaxation gray). There are several ways for the molecule to return back to the ground
state. When this happens via emission of a photon, it is called fluorescence blue).
Alternative ways are non-radiative decay gray and dashed line), e.g. by internal
conversion, or intersystem crossing (ISC) to the triplet state 77 and slow relaxation to the ground
state from there via phosphorescence yellow). While relaxation via fluorescence
commonly occurs on the timescale of nanoseconds, relaxation via the triplet state can take up to

seconds because of its spin-forbidden nature. The lifetime 7 of a fluorophore is defined as the
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Figure 2.1.: Jablonski diagram showing the basic processes involved in fluorescence. Excitation
of a fluorophore by absoprtion (purple, rate k,,) from the ground state, Sp, to the a
vibrational sublevel of the first excited state, S, followed by vibratrional relaxation
(gray). The fluorophore returns to the ground state via non-radiative decay (dashed
gray line, rate k), fluorescence (blue, rate k) or, less frequently, via inter system
crossing (ISC, rate k;,.) to the triplet state, 77, followed by phosphorescence (yellow,
rate kppog).

time it spends in the excited state before returning to the ground state. It is the inverse of the sum

of the rate constants of the relaxation pathways by fluorescence (k) and non-radiative decay
(knr)-

1
T= m 2.1)
The fluorescent lifetime of a fluorophore is heavily influenced by its surroundings. The solvent,
ions, quenchers or other fluorophores can alter the lifetime. Also the proximity to a protein or glass
surface can have an influence. Cyanine dyes are particularly well-known for their environmental
sensitivity due to the internal cis-trans isomerization. Spatial limitations, caused by the proximity
of a protein or the coverslide surface, or by increases in the viscosity of the medium, reduces the
probability of conversion into the dim cis-isomer.!'*12] This causes a fluorescence enhancement

because the cyanine dye is now more often in the highly fluorescent trans-conformation.
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2.1.1. Labeling with organic fluorophores

To study a sample using fluorescence, the sample needs to be labeled with one or more flurophores.
The most common choice of dyes for fluorescence microscopy are organic fluorophores. They
convince with their excellent photophysical properties such as high brightness and photostability.
Especially for quantitative single-molecule FRET, these properties as well as their small size are
desirable and fluorescent proteins are significantly inferior. Besides their photophysical properties,
the charge of the fluorophores is another important factor. Depending on the sample, labeling
position, and application, charged and hydrophilic or more hydrophobic fluorophores can be of
interest. There are multiple fluorophores available across the whole spectrum (IR, visible and UV)
and they should be chosen individually based on the desired properties for each experiment. /3]

In many cases, it is desirable to label the biomolecule at a specific location. Especially if the
biomolecule is a protein, selection of the labeling sites should take the orientation of the residue
of choice as well as the surrounding secondary structure into account.!’! For smFRET studies of
dynamically behaving prteins, the labeling positions are chosen so that the difference between
the conformations can be well resolved with FRET. Ideally, the distances between the labeling
positions differ to degree that leads to high FRET versus low FRET. Labeling can be easily
achieved with fluorophore derivatives containing a functional group e.g. maleimide or NHS-ester
for cysteine or N-terminal labeling, respectively. Another popular labeling strategy makes use of
the so called click chemistry.!#l These selective and bio-orthogonal reactions have the advantage
of quick reaction times and high yields and can be applied to biomolecules such as proteins
by incorporation of unnatural amino acids.!!>!% Unnatural amino acids are also the method of
choice for proteins with inherent cysteines which might interfere with labeling via cysteines. This
is the case when the inherent cysteine is in a location which is not of interest for labeling but can
not be mutated to a different amino acid. However, protein expression with unnatural amino acids
often yields less product. Hence, whenever possible, cysteines are still the most commonly used

residue for fluorophore stochastic labeling of proteins.

2.2. Forster Resonance Energy Transfer (FRET)

First correctly described by Theodor Forster, Forster resonance energy transfer (FRET) is a
non-radiative energy transfer between the excited state of a donor molecule and the
ground state of an acceptor molecule.!'”) During this process, mediated by long-range dipole-
dipole interactions the acceptor molecule ends up in the excited state and the donor molecule

returns to its ground state. The transfer efficiency depends on the extend of spectral overlap
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Figure 2.2.: Jablonski diagram of FRET between a donor and an acceptor fluorophore. Excitation
of a fluorophore by absoprtion (purple, rate &,,) from the ground state, Sp, to the a
vibrational sublevel of the first excited state, Sy, followed by vibratrional relaxation
(gray). Besides non-radiative decay (dashed gray line, rate k,,) and fluorescence
(blue, rate ky;) FRET (green, rate k7) to the acceptor fluorophore can occur. This
excites the acceptor to its first excited state, S1, and it can relax to its the ground
state, Sp, via fluorescence (orange, rate ky;) or non-radiative decay (not shown).

between the emission spectrum of the donor and the absorption spectrum of the acceptor, the
quantum yield of the donor, the relative orientation of the transition dipole moments of the two
molecules and the distance between them. The FRET efficiency E is given by the fraction of
excitations that result in energy transfer and can be calculated from the rate of energy transfer
kr and the total of the relaxation rates of the donor, including fluorescence of the donor k¢; and

non-radiative decay k.

kr kr

E = = 2.2
ket ke kr 4! @2)

The rate of transfer ky depends on 7p (the lifetime of the donor fluorophore), Ry (the Forster

radius) and R (the distance between the donor and the acceptor dye).

1 (Ro\°
kr = (R) (2.3)

From Equation [2.2]and [2.3] the strong distance dependence of E becomes apparent:
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In practice, depending on the choice of organic dye pairs used, FRET is an excellent tool to
measure distances between about 35 and 80 nm. Since a lot of proteins and nucleic acids, like DNA

or RNA, have these dimensions, FRET is well suited to study distances within biomolecules.

2.3. The power of single-molecule measurements

Fluorescence has the advantage that it can be detected with high sensitivity, and even a single
molecule can be detected. The strength of looking at a single molecule instead of the complete
entity at once is well accepted in the field of structural biology. Biological systems exhibit a
high degree of heterogeneity and biological processes are rarely synchronized. This leads to
the fact that observations on the bulk scale are averaged and often hide the true state of the
system. In contrast to ensemble measurements, single-molecule measurements allow us to see
each molecule on its own and divide them into subclasses, if they behave differently. The data
is thus non-averaged and heterogeneities are clearly visible. Each subpopulation can be looked
at in further detail. This also means that rare events can be detected, which would otherwise
go unnoticed and disappear behind the predominant population. Furthermore, reaction rates
can be determined individually by making time-resolved measurements without the necessity of
synchronizing the system. The challenge for single-molecule fluorescence measurements is to

detect single molecules in the presence of many more molecules in the solution.
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2.4. Single-molecule fluorescence microscopy

In order to detect single fluorescent molecules, the concentration of fluorophores needs to be
low enough to detect them individually. Due to the diffraction limit of light, single molecules
immobilized on a surface can only be distinguished when they are around 250-300 nm apart.
Besides the need for low concentrations, the background needs to be kept to a minimum. A good
way to achieve this is the reduction of the observation volume. Two approaches have proven to
be successful: inserting a pinhole to achieve a limited observation volume (confocal volume), or
using total internal reflection and the resulting evanescent field to only excite a limited volume.

In this thesis, both approaches are used and described in more detail below.

2.4.1. Total internal reflection fluorescence (TIRF) microscopy

In a typical epi-fluorescence microscope with widefield illumination the laser light penetrates
most of the sample in the probe chamber (Figure 2.3p). Total internal reflection fluorescence
(TIRF) microscopy reduces the background detected by spatially limiting the excitation volume.
It makes use of the fact that total internal reflection can be achieved when light hits an interface
between a medium with high refractive index (n,) and a medium with lower refractive index (n)

at an angle exceeding the critical angle, which is given by:

6c = sin”! <”1> (2.6)

np

The interface between glass and aqueous solution is such an interface. At the interface, an
evanescent field is generated, reaching up to 200 nm into the solution, limiting the excitation
volume to molecules in close proximity to the glass surface. The intensity /(z) of the evanescent
field depends on the polarization and decays exponentially from the intensity at the interface 7(0)

with the distance z the interface.

1(2) = 1(0) exp (:f) @7

When A is the wavelength of the reflected light in vacuum, the decay constant d is given by:
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TIRF microscopy can be applied to molecules immobilized on a glass surface, which can then be
observed over longer time-scales than in diffusion limited solution experiments. There are two
approaches to TIRF microscopy commonly applied. Prism-type TIRF uses a prism to generate
the evanescent field. The sample is excited through the prism and the emission is collected on
the opposite site by the objective. The probability to detect background from the reflected laser
light is low. In objective-type TIRF microscopy, the laser light is lead through the objective using
the lens to exceed the critical angle (Figure 2.3p). Since excitation and emission pathways both
go through the objective, the reflected laser light needs to be carefully filtered out. However,
since the sample is illuminated from the bottom instead of the top, and no prism is needed,
sample preparation is less demanding and the sample more accessible for manipulation during
the measurement. Typically, the strong biotin-streptavidin interaction is used for immobilization
of fluorescently-labeled biomolecules to a passivated surface (Figure 2.4p).

a probe chamber b C
HILO/
VAEM

Figure 2.3.: Widefield illumination, TIRF and HILO/VAEM. a) Widefield illumination. The
laser beam is guided through the center of the objective and resulting in a high depth
of illumination. b) Total internal reflection fluorescence. The laser beam reaches the
glass-water interface at a super-critical angle, leading to total internal reflection and
the creation of an evanescent field of 100-200 nm into the probe chamber. c¢) Highly
inclined and laminated optical sheet or variable-angle epifluorescence microscopy.
The use of subcritical angles gives rise to illumination with an optical sheet and
variable depths of illumination.

coverslide
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2.4.1.1. Highly inclined and laminated optical sheet (HILO) microscopy and variable-angle
epifluorescence microscopy (VAEM)

When the sample of interest, together with its immobilization chain extends over more than
200 nm, or when measuring inside of cells, TIRF is not well suited for excitation on a fluores-
cence microscope. An alternative is to use highly inclined and laminated optical sheet (HILO)
microscopyl® or variable-angle epifluorescence microscopy (VAEM).Il The two techniques
were developed simultaneously and only vary slightly. In both cases, highly inclined subcritical
incident angles are used in an objective-type fluorescence microscope (Figure 2.3k). Light is thus
not reflected at the surface, but refracted at a very high angle:

ny sin6; = ny sin6, 2.9

The advantage of these methods is a high signal-to-noise ratio due to reduced background
combined with a higher illumination depth than achieved by TIRF microscopy. The higher the
incident angle, the narrower the optical shield for illumination and the higher the signal-to-noise

ratio.

Figure 2.4.: An overview of a typical TIRF experiment. a) Immobilization scheme. The surface
is passivated with PEG. A low percentage of PEG molecules carry a biotin-moiety.
Biotinylated biomolecules can be immobilized with streptavidin as an adaptor. The
evanescent field exciting the fluorophores is illustrated in green. b) Typical field of
view (512x512 px) with each white dot representing a single-molecule. The inset is
a zoom-in and the scale bar is also 5 um. c) Exemplary time trace extracted from a
movie acquired with TIRF microscopy. The trace includes a blinking event of the
fluorophore.
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2.4.1.2. Data and information gained with TIRF-like microscopy

One main advantage of TIRF microscopy is the collection of hundreds of fluorescence trajectories
at the same time (Figure 2.4b), because it is a camera-based approach. Further, because of the
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detection close to the surface, immobilized molecules are used and they can be monitored over
longer time-scales until photobleaching (Figure 2.4f). Depending on the fluorophores used and if
photostabilization reagents are added, molecules can me observed for up to several minutes. In

this way, conformational dynamics on the time-scale of seconds can be detected.

2.4.2. Alternating laser excitation (ALEX) and pulsed interleaved excitation (PIE)

Photophysically induced dark states of the acceptor can be mistaken as 0 % FRET. Also, the
labeling efficiency is never 100 % and it is possible that this molecule does not carry an acceptor
dye. In order to distinguish these possibilities, it is necessary to determine the presence of a
photoactive acceptor. This can be achieved by excitation of the acceptor directly with a separate
laser line. This concept was developed by Kapanidis et al. with alternating laser excitation
(ALEX)2Y and further advanced by Miiller et al. with pulsed interleaved excitation (PIE).[2l
Here, two or more pulsed laser sources are used alternatively with sufficient delay to avoid timely
overlap of the resulting photons emitted from the excited fluorophores. Besides ensuring activity
of the acceptor dye, the second (or third) laser line can also be used to determine the stoichiometry
of the labels on a biomolecule and simplify the calculation of correction factors. Pulsed interleaved
excitation, in combination with multi-parameter fluorescence detection (MFD),2223l can also
yield other helpful information about the system, like fluorescence lifetime of the fluorophores

and anisotropies. For further details, see Hendrix, Lamb (2013 ).1241

2.4.3. Confocal fluorescence microscopy

Another way of reducing the observation volume is realized in confocal microscopy. Here, the
observation volume is reduced by implementation of a pinhole at the focal point in the image
plane of the detection path. Light coming from above or below the focal plane is not focused on
the pinhole and does thus not reach the detector. Commonly, the fluorescent signal is detected
with avalanche photodiodes (APDs). When the sample concentration is diluted down to the range
of 10-100 pM, single molecules can be detected individually. A fluorescent molecule diffusing
through the confocal volume is detected as a burst of photons on an avalanche photo diode
(APD). For this reason, this measurement method is often called burst measurement. Bursts
can be identified by defining the minimum number of photons per burst and per defined time
window. The threshold resulting from the selection criteria is represented in with
a dashed horizontal line. Identified bursts above this threshold are marked with circles in the
upper graph and shown in red in the lower graph. During analysis, bursts are further refined

by the stoichiometry of the dyes. The observation time of freely diffusing molecules is limited,



Biophysical Background 13

but if dynamics occur during this time (typically <3 ms for proteins), they can be detected and
evaluated. This is further discussed in Section[2.4.4.1
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Figure 2.5.: An overview of a burst measurement. a) Scheme of a confocal volume and freely
diffusing molecules. Bursts of photons are detected by molecules diffusing through
the confocal volume. b) Resulting time trace of these bursts of photons. Horizontal
lines demonstrate the selection criteria (minimum of 50 photons per time window of
500 ps) for the definition of a burst. Bursts are represented with circles in the upper
graph and in red in the lower graph.

2.4.4. Multi-parameter fluorescence detection (MFD)

Multi-parameter fluorescence detection (MFD) separates photons with respect to their polarization,
wavelength and arrival time. This is achieved by splitting the fluorescence signal into detection
channels by using both, polarizing, as well as dichroic beamsplitters. Further, because of
the use of pulsed lasers, time-correlated single-photon counting (TCSPC) gives access to the
fluorescent lifetimes of the fluorophores. Besides intensity and lifetime, the spectral range and
anisotropy of each fluorophore are available. In combination with pulsed interleaved excitation
(PIE), a single smFRET measurement is sufficient for an accurate FRET analysis, since this
measurement itself provides all the information required for calibration and determination of the
correction factors.!21723] Possible artifacts caused by donor or acceptor quenching, photobleaching

or blinking can be identified and eliminated.[23

2.4.41. FRET efficiency vs. donor lifetime (E-7-plots)

Conformational dynamics on the sub-millisecond to millisecond timescale can be detected

in MFD-PIE measurements. A valuable plot to identify conformational dynamics in a burst
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measurement is by plotting the FRET efficiency versus the donor lifetime (E-7-plot, [Figure 2.6).

For a static molecule, the two parameters are related:

Tp(a
Egaic =1— D) (2.10)

™D(0)

with 7p(4) and 7p() being the donor lifetime in the presence and absence of the acceptor,
respectively. FRET efficiency and donor lifetime show a linear relationship, which is represented
in the static FRET line (Figure 2.6). Taking into consideration the flexibility introduced by the
linkers used for attachment of the fluorophores results in a slight bend of the static FRET lines at
high FRET efficiencies. In the case of conformational dynamics, the resulting FRET efficiency is
averaged depending on the kinetics of the dynamics. While the intensity-based FRET efficiency
is species-averaged, the lifetime is a donor-photon-weighted average. Since the lifetime depends
only on the donor signal, less photons are detected for a high FRET state. Thus, the low FRET
state has a higher contribution to the burst-wise lifetime decay and longer lifetimes are observed,
which leads to a shift to the right from the static FRET line.[222% This shift can be described by
the dynamic FRET line, which is defined as:

T1(4) T2(A)
Tp(0) (Ti(a) + T2(a) — TD(4))

Edynamic =1- 2.11)

with Ty (4) and Ty(4) as the lifetimes of the FRET states between which the dynamics occur. The

two lifetimes can be determined by lifetime fits. Their respective locations on the static FRET
line describe the endpoints of the dynamic FRET line (Figure 2.6).

2.4.4.2. Dynamic photon distribution analysis (PDA)

The histograms obtained from the FRET measurements can be further analyzed with photon
distribution analysis (PDA) to gain information about the underlying distances and also about
the heterogeneity of the system. PDA is applied to the proximity ratio distributions and has a
higher accuracy than a direct analysis of the FRET efficiency because also statistical parameters
are accounted for. Distances of fluorophores are proposed and the theoretical proximity ratio
distribution, based on shot-noise limited signal distribution, is calculated based on them. The
resulting histogram is then compared with the experimentally obtained histogram. The process is
repeated and refined to optimize the parameters. The linear least squares method was used to

optimize the fit. The theoretical histograms take shot noise, variations due to linker mobility of
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Figure 2.6.: Exemplary E-t-plot. The FRET efficiency E is plotted versus the donor lifetime in
presence of the acceptor (7p4)). The solid black line represents the static FRET line
and the dashed blue line represents a dynamic FRET line. Populations located on
the dynamic FRET line behave dynamically.

the dyes, crosstalk, direct excitation and background into account.2?) The parameter X34 TEpOTts

on how well the theoretical histogram is in agreement with the experimental data and is ideally
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Figure 2.7.: Dynamic PDA fit of a series of proximity ratio histograms generated at different
time bins. Simualted data between a high (orange) and a low (blue) FRET state
with dynamic interconversion (yellow) with rates of k = 0.3ms ™! in both directions.
With increasing size of the time bins from 1 ms (a), to 5ms (b) and to 10 ms (C),
more averaging due to dynamic interconversion occurs.

Dynamic PDA fit is a valuable tool do quantify the kinetics of dynamic samples. When conforma-
tional dynamics between two distinct states exist in a sample, different histogram representations
of the proximity ratios are possible due to dynamic mixing (Figure 2.7). The shape of the
histogram depends on the kinetics of the dynamics and the binning. For dynamics much slower
than the binning time, two distinct populations are visible, since the dynamics are rarely detected

within the time bin. The histogram looks like a static histogram with two populations. For faster
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dynamics, the probability of detecting them increases and a bridge in the averaged proximity
ratio appears between the two populations. The faster the dynamics get, the more pronounced
the bridge becomes. When the dynamics are much faster then the binning time, they occur
multiple times during a bin and only one averaged population is observed.!2®! For larger bin times,
more averaging occurs than for shorter bin times. This can be exploited for determination of the
conversion rates in dynamic PDA. By comparing histograms from the same measurement, but
with different bin sizes, conclusions can be drawn about the conversion rates. With a global fit
using different bin sizes, dynamic mixing can be differentiated from statistical noise. It is also

possible to determine the kinetic rates in the presence of further, static, populations.

2.4.5. FRET calculations and correction factors

The FRET efficiency can be calculated by the decrease in donor lifetime or donor intensity.

E=1-"2A_-1-™2 (2.12)

where Tps and Fpy are the fluorescence lifetime and intensity of the donor in the presence of the
acceptor, and 7p and Fp in the absence of the acceptor. It is also valuable to have the information
from the acceptor signal and confirm that the donor intensity changes are anticorrelated with
the acceptor intensity changes, and thereby exclude photophysics of the donor. In this case, the
proximity ratio can be calculated from donor and acceptor fluorescence intensities (Fp, Fy):

Fy

E= ——
Fx+Fp

(2.13)

To quantitatively calculate the FRET efficiency, there are several factors that need to be corrected
for. It is possible that a fraction of the donor emission is detected in the acceptor channel, which
would add to the acceptor emission. This happens because of the broad fluorescence spectra that
overlap to some extent. Optical filters in the detection path are chosen such that as much acceptor
signal as possible reaches the detector or the camera. For this reason, some crosstalk of the donor
dye is always detected in the acceptor channel. The crosstalk, ¢, can be determined out of the

calculated proximity ratio in measurements of only the donor dye.
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It is further possible that the acceptor dye gets directly excited by the laser beam used for
donor excitation rather than by FRET. This effect occurs because the absorption spectra of the
dyes also overlap to some extent and the acceptor dye also slightly absorbs at the optimized
excitation wavelength of the donor dye. The direct excitation § can be calculated in acceptor only

measurements by comparison of the fluorescence signal after excitation with both lasers.
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(2.15)

Another important correction factor is the y-factor. It corrects for the differences in the detection
efficiencies (14, Np) between the two dyes and the different quantum yields ($p,P,) of the

acceptor and donor fluorophores.

_ DPynNa
Ppnp

(2.16)

The final formula for absolute FRET efficiency is given by including all three correction factors:

crosstalk a, direct excitation 6 and the y-factor.

_ Fpa — aFpp — 8Fu
Fpa — 0Fpp — 8 Fxa + YFpp

E (2.17)

In a similar fashion, the stoichiometry S can be calculated, if ALEX or PIE are implemented for
the measurement setup. The stoichiometry is a measure of the labeling ratio of the molecule of

interest.

_ Fpa+ Fpp
Fpa +Fpp + Faa

Spa (2.18)

But also the stoichiometry is influenced by crosstalk a, direct excitation 8, the y-factor and the
additional correction factor 3, which accounts for different excitation efficiencies. It takes into

account the extinction coefficients € and incident laser power I at the excitation wavelengths
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For molecules only labeled with a donor fluorophore, the stoichiometry is close to 1. For
molecules only labeled with an acceptor fluorophore, it is close to 0. The corrected stoichiometry

can then be calculated by including all four correction factors.

Fpa — 0Fpp — 8 Fya + YFpp

— (2.20)
Fpa — Fpp — 8Fsa + YFpp + BFaa

Spa

Ideally, double-labeled molecules with a ratio of 1:1 for donor and acceptor dyes, should have a

stoichiometry of 0.5, after applying all correction factors.

2.4.5.1. Determination of the y-factor from experimental data

Depending on the method used, the data available and the dynamic behavior of the system, there

are multiple methods to determine the y-factor.

In TIRF microscopy, the correction factors can be determined molecule-by-molecule. If the
acceptor bleaches before the donor, the increase in fluorescence in intensity can be directly

compared to the decrease in intensity in the acceptor channel.

corr
— ZS}Q)A

= 221
AFop (2.21)

Here, the crosstalk and direct excitation corrected fluorescence intensity of the acceptor (F;53"

is used. However, often the acceptor fluorophores are more stable than the donor fluorophores
and traces for this kind of 7y correction are rare. For dynamic FRET traces, the y-factor can be
determined from the difference in intensity change between the donor and the acceptor channel,
every time the FRET efficiency changes. This leads to higher statistics per trace and a more

robust correction factor.

A more robust method for 7y correction, which can be applied for both burst data on a PIE-MFD
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setup and traces collected on a TIRF microscope, is using the dependency of stoichiometry and
FRET efficiency. The y-factor can be determined by a linear fit of the relation between the inverse
of the crosstalk and direct excitation corrected stoichiometry and the FRET efficiency. The slope
% and the intercept Q from the best linear fit £ = Q + XE are related to § and 7.2%

B=Q+2—1 (2.22)
Q—1
"=orr-1 (2.23)

For completeness, the ¥ factor can also be determined by using the fluorescence lifetime informa-
tion of the donor fluorophore, if available (e.g. for MFD-PIE data). In the case of a static system,
the relation between the donor lifetime and the FRET efficiency is linear, as discussed in Section

2441

2.5. From in vitro to in vivo

In vitro smFRET measurements are valuable to establish protein conformations under well-defined
conditions. Nevertheless, the conditions used usually differ strongly from in vivo conditions.
Oftentimes, components like nucleotides are added in large excess in vitro to fully saturate the
nucleotide binding pockets. But even if the concentrations used are derived from common con-
centrations within the cell, concentrations also vary within one single cell. Local concentrations
of the components influencing the protein behavior are different depending on their location in
the cell (e.g. at the membrane, in the cytosol, in organelles, in the nucleus). Many expression
patterns or ionic concentrations also depend on the cell cycle and on possible stress situations.
Furthermore more interaction partners are often present within a cell than under reconstituted in
vitro conditions. The interacting partners can strongly influence kinetics and equilibria. It is thus
a logical next step to study conformational cycles of proteins also in their natural environment in

vivo.

There are several challenges to quantitative in vivo smFRET. First, a suitable fluorophore com-
bination needs to be selected. It seems straightforward to choose fluorescent proteins, since
recombinant proteins can be easily expressed within a cell. This however, has several drawbacks.
One drawback is their poor photophysical properties, especially the low molecular brightness. A
second drawback is their size. Because of their size short distances can not be probed. Further,
the size can limit free rotation, in which case the relative dipole orientation factor k> cannot be
assumed to be 2/3 and needs to be determined in order to calculate quantitative FRET efficiencies.
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The size of the fluorescent proteins can also influence the dynamic behavior of the studied proteins.
Also, expression usually does not lead to single-molecule concentrations but rather to a high
amount of fluorescently tagged proteins. However, qualitative smFRET with fluorescent proteins
has been succesfully applied to study the interaction of proteins within cells using fluorescence
lifetime imaging microscopy (FLIM).l2Y

For quantitative in vitro FRET measurements organic fluorophores are preferred. To use the
brighter and more stable organic fluorophores for in vivo smFRET measurements, they need to
be internalized by the cell. Two possible methods are electroporation and microinjection. In
electroporation, the labeled proteins or DNA can enter the cell during transient pores generated
by applied voltage B!l The advantage is that many cells can be treated at the same time, but
proteins can only reach the cytosol and not organelles. With microinjection the location can
be chosen precisely, but only one cell can be treated at a time. So far, in vivo smFRET has
been applied to folding studies and disordered proteins.13# Both kinds of measurements do
not require the tertiary structure of proteins to stay intact during internalization. SmFRET has
also been performed at the membrane of living cells with the fluorescent dyes on the outside of
the membrane for easier access.!*>] Measurements can be carried out on a confocal microscope
or on a widefield microscope. However, on a widefield microscope, in order to see single-
molecules, TIRF needs to be applied and thus measurements need to be carried out close to
the surface. Related to this is the high fluorescent background of the cells, resulting in a low
signal-to-background ratio. Brighter dyes are needed to increase the signal intensity. Addition of
photostabilizing agents to the cell is not straight-forward since many photostabilizers are toxic.
This problem is being approached with the development and application of novel intramolecular

photostabilizers.3!

An alternative for studying proteins in organelles is in organello measurements. Here, measure-
ments are carried out inside isolated organelles, limiting the fluorescent background. Isolating
mitochondria from yeast cells is a well-established process and they survive for several hours
after extraction from the host cells and can even be frozen and re-thawed. Like the endoplasmic
reticulum (ER) or the nucleus, mitochondria are equipped with their own protein translocation
system, which can be high-jacked by addition of a targeting presequence to the protein sequence.
Rupa Banerjee succeeded in importing fluorescently labeled proteins into isolated mitochondria.
The proteins are subsequently folded inside the mitochondrial matrix and fully functional. Sm-
FRET measurements inside isolated mitochondria (in organello) are thus a good alternative to in
vivo measurements. They are more gentle to the protein of interest, allow external manipulation
and also have improved signal-to-noise ratios, because of the absence of the high fluorescent
background of the cell. This makes it possible to measure the conformation of mitochondrial
proteins in a natural environment using SmFRET and also look on the changes based on the

energetic state of the mitochondria.



3. Biochemical Background

3.1. Heat shock proteins

Correct protein structure is crucial for the functioning of living cells. Protein folding and main-
tenance of their three-dimensional structure, even under stress conditions, are thus important
processes in all cellular compartments. An imbalance in these processes leads to protein ag-
gregation can be lethal. An important family of proteins, which ensures the proper folding of
proteins, is heat shock proteins (Hsp). The name of this protein family originates from their
discovery because of the upregulation of their expression after the exposure of cells to heat stress.
Later, it was discovered, that other stressors, such as cold shock or oxidative stress, also lead to
overexpression of heat shock proteins. Furthermore, this class of proteins is not only involved
in stress response, to prevent aggregation or induce disaggregation, but also in general house-
keeping activities. These involve cellular processes like de novo protein folding, assembly or
disassembly of protein complexes, regulation of protein activity, protein translocation and protein
degradation.*®) Because they supervise the correct folding of proteins, many Hsps are commonly
also known as chaperones. Typically, Hsps are divided into six subclasses based on their size and
molecular weight (small Hsps, Hsp40s, Hsp60s, Hsp70s, Hsp90s, and Hsp100s). Small Hsps are
of different molecular weight and form oligomeric structures of 9-40 subunits (Figure 3.Tj). They
perform chaperoning activities by transitioning between different complexes.l>”! Hsp40s have the
J domain (Figure 3.1p, J domain in blue) as a common feature and hold many regulatory functions.
Besides the J domain, the proline rich region and the GF domain (glycine-phenylalanine rich
domain) are characteristic, while the C-terminal domain varies between species and functions. 2%l
Hsp60s assemble into homo-oligomeric rings (Figure 3.T¢). Two of these rings can form a
complex with a cavity in which proteins can be enclosed for folding. The cavity can be closed
by a homo-oligomeric complexes of Hsp10 on both sides.>?! Hsp60-Hsp10 complexes are often
called chaperonins. Hsp70s consist of a nucleotide binding domain, a substrate binding domain
and a 1id® (Figure 3.1d) and have diverse functions, they will be discussed in further detail
below. Hsp90s form dimers which have an open and a closed state (Figure 3.1¢) depending on
the nucleotide state.***!l They promote folding by transitioning between these states. Hsp100s

form oligomeric rings and unfold and disaggregate proteins by threading of the amino acid chain
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through the center of the ring.[@] Many of these Hsp classes also interact and work together.@
For example, Hsp40s are known to regulate the function of Hsp70. Another process is the
handover of substrates from the Hsp70 to Hsp90 or Hsp60 for further folding. But also
the cooperation of Hsp70 and Hsp100 in protein disaggregation. Especially Hsp70s play a
central role in the folding and maintenance of protein structures.

b c

Figure 3.1.: Exemplary structures of the different classes of heat shock proteins. a) 24-mer of
Hsp14 (PDB: 3VQK). Small Hsps commonly form oligomeric structures. The top
view of the ball-like structure is shown. b) The Hsp40 Dnal of T. thermophilus
(PDB: 4J80). The J domain (blue), proline rich region (yellow) and GF domain
(purple) are highly conserved. c) The human mitochondrial Hsp60-Hsp10 complex
(PDB: 6MRD). Each Hsp60 is colored differently. Two of these complexes can
form a larger complex. In the bottom view (left) the cavity can be seen. The side
view (right) shows the interaction of the Hsp10 7-mer with the Hsp60 7-mer. d)
The Hsp70 DnaK of E. coli (PDB: 2KHO).Hsp70 consists of a nucleotide binding
domain (orange), a substrate binding domain (purple) and a lid (blue). e) The closed
form of the Hsp90 dimer of S. cerevisiae (left, PDB: 2CG9) and the open form of the
Hsp90 dimer of E. coli (right, PDB: 210Q). One protein is colored in blue with the
N-terminal ATP-binding domain in pruple and the other protein is colored in yellow
with the N-terminal domain in orange. f) The hexameric complex of Hsp100 ClpB
of E. coli (PDB: 50G1). Each Hsp100 is in a different color and a small channel
remains in the center.
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3.2. Heat shock proteins of 70 kDa

The heat shock proteins of 70 kDa molecular weight are ATP-regulated molecular chaperones.
Hsp70s consist of two main domains, the substrate-binding domain (SBD) and the nucleotide-
binding domain (NBD). The domains are connected with a flexible linker. The SBD can be further
divided into a base, which contains the substrate-binding groove, and a lid, which can enclose
the substrate. Hsp70s are involved in all of the above stated house-keeping and stress-related
activities. Many Hsp70s are abundantly expressed under normal growth conditions. They are
conserved across all species and major cell compartments, e.g. cytosol, nucleus, endoplasmic
reticulum (ER), mitochondria and chloroplasts. However, some specialization depending on their
environment exists. If multiple Hsp70s exist within one compartment, they are usually involved
in different functions. Examples are DnaK and HscA in E. coli where DnaK is mainly involved
in protein folding and HscA is responsible for iron-sulfur cluster synthesis.*8) The multiple
functions of one single Hsp70 are regulated by a variety of Hsp40 cochaperones, also known as J

proteins, and nucleotide exchange factors (NEF). 43

3.2.1. The diverse functions of Hsp70s

The role of Hsp70 in protein folding

The main function of Hsp70s is folding of nascent protein chains emerging from the ribosome.
They are also involved in folding after translocation into e.g. mitochondria or the ER. To this
end, Sscl binds hydrophobic sequences in its substrate binding pocket. Proteins are translated
amino acid by amino acid and some need to be prevented from premature folding until the
whole sequence of the protein is complete. The same also applies for translocation. In many
cases, the native structure cannot be formed, when only a part of the protein chain is available.
Without intervention of Hsp70s, non-native interactions within the beginning of the amino acid
sequence can lead to misfolded proteins. By binding to multiple sequences within the protein,
Hsp70s prevent this premature folding. Many proteins can fold independently after stabilization
by Hsp70s. Proteins needing further assistance in maturation are handed over to Hsp90s or the
chaperonins Hsp60 and Hsp10. 420211
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The role of Hsp70 in protein translocation across membranes

Another essential role of some Hsp70s is the translocation of proteins across membranes. Most
proteins found in mitochondria and chloroplasts and all proteins in the ER are synthesized in
the cytosol.22l Thus, they need to be translocated into the organelles. To this end, they contain
specific sequences targeting them to the corresponding organelle. In the cytosol, Hsp70s bind
to the precursor protein to keep it in an unfolded state until translocation. Inside the organelle,
Hsp70s are associated with the translocation channel and bind to the incoming polypeptide chain.
As the only ATP-driven part of the import motor, Hsp70s provide the driving force for precursor
proteins to be translocated. The force is generated by entropic pulling.®3*# In the ER, BiP is
the Hsp70 responsible for this task; in mitochondria it is Sscl in yeast or mortalin in higher

eukaryotes. 2227l

Hsp70 preventing and solubilizing aggregates

Hsp70s prevent aggregation by binding to exposed hydrophobic stretches in proteins. In this
way, intermolecular contacts and thus the formation of large aggregates is prevented. Possible
substrates are partially unfolded proteins or proteins, which have been disaggregated and need
to be refolded. Whereas Hsp70s show some ability to solubilize aggregates, they are not able
to dissolve all aggregates completely. To this end, they need to work together with small Hsps
and Hsp100s. The protein family of Hsp100s, like bacterial ClpB or Hsp104 in yeast, forms
ring structures and is able to thread peptide chains through the central pore. This leads to
disentanglement of the aggregates. Hsp70s can activate this mechanism and also alter the surface

of the aggregates to facilitate the threading mechanism. 2028

The role of Hsp70 in iron-sulfur cluster synthesis

The prokaryotic HscA or the eukaryotic mitochondrial Hsp70 of yeast, Ssql are both involved
in iron-sulfur cluster synthesis. 82201 Both proteins are essential, and their depletion leads
to accumulation of iron, a lack of Fe/S containing enzymes and the cells are hypersensitive to
oxidative agents.l®!] Deletion of Ssql can be rescued by overexpression of Ssc1.°!l In higher
eukaryotes this specialization is lost and there is only one mitochondrial Hsp70, mortalin.[>°!
Together with the J protein Hsc20 (HscB in E. coli, Jacl in S. cerevisiae), the Hsp70s bind the
Isu scaffold.®%¢2 Tsu is the central component in iron-sulfur cluster synthesis. HscA and Ssql

ensure transfer of the iron-sulfur clusters from Isu to the final protein.
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Assembly and disassembly of protein complexes and protein regulation by Hsp70

Some Hsp70s are also involved in the assembly or disassembly of protein complexes and thus in
protein regulation. The role of Hsp70s in complex assembly is difficult to distinguish from their
role in protein folding. However, the mitochondrial Sscl is involved in complex formation of
cytochrome c oxidase (see Section [63‘64] and the cavity formation of Hsp60 and Hsp10
(see Section .[65] The role of Hsp70s in disassembly of protein complexes is best studied in
the disassembly of clathrin coats. Clathrin coats play an important role in membrane deformation
and budding of vesicles during endocytosis. After successful vesicle formation, Hsp70s bind
to clathrin. By collisions, they produce enough force to disassemble the network into clathrin
trimers.[® This is in agreement with the model of entropic pulling that is also proposed for the

solubilization of aggregates and protein translocation.

The role of Hsp70 in protein degradation

When the correct tertiary structure of proteins cannot be recovered, they need to be degraded
to avoid the formation of aggregates toxic to the cell. Protein degradation is also important for
regular cell function. Especially regulatory proteins need to be degraded shortly after fulfilling
their regulatory functions. After oxidative stress, Hsp70 binds to oxidized proteins in order
to keep them solubilized. It then transfers them to the 20S proteasome for degradation.[®’)
Hsp70s are further involved in the chaperone-assisted ubiquitin-proteasome system pathway. In
interplay with other proteins, substrates are bound by the Hsp70, ubiquitinated and transfered to
the proteasome. (Fernandez-Fernandez 2017) In mitochondria, proteins are not ubiquitinated and
the protease Pim1 instead recognizes long unstructured segments in the substrates that are to be
degraded. Mitochondrial Hsp70 stabilizes these unfolded segments until they can be transferred

to Pim1.17

3.2.2. Secondary and tertiary structure of Hsp70s

The structure of Hsp70 is important for their functions. Hsp70s are highly conserved across
species and organelles and show 53 % amino acids sequence identity across 730 Hsp70 sequences.[©%
It is thus not surprising that their tertiary structure is also highly conserved. Hsp70s consist of two
domains. Structures of isolated domains of Hsp70s and also structures of both domains are avail-
able from crystallography and NMR studies. The structures of Hsp70s can be divided into two
major domains, the N-terminal nucleotide binding domain (NBD) and the C-terminal substrate
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binding domain (SBD). The two domains are connected by a short and flexible inter-domain
linker. The highly conserved linker sequence is hydrophobic and can in some cases be bound like
a substrate by another Hsp70.

lobe 1A

Figure 3.2.: Structure of the NBD of the Hsp70 DnaK bound to ATP. a) The NBD can be divided
into two lobes or four subdomains: lobe IA (purple), lobe IB (blue), lobe I1A
(orange), and lobe IIB (yellow). A helix (gray) at the C-terminal end of lobe II
connects the two lobes. b) The ATP-binding residues are represented and highlighted
in the color respective to the colors of the subdomains in a. PDB: 4B9Q

The NBD consists of four subdomains (IA, IB, ITA, IIB; [Figure 3.2a) which form two lobes,
lobe I and lobe IL6%70 The nucleotide is bound between the two lobes, mainly coordinated by
residues of lobe II (Figure 3.2b) which contributes 13 out of the total 18 contacts. 7!

ATP or ADP are bound together with a magnesium ion and stabilized by hydrogen bonds and
van-der-Waals contacts. Nucleotide dependent changes in the arrangement of the NBD are small
compared to the structural changes in the rest of the protein. However, they fulfill important

regulatory functions and are a part of the allosteric conformational network.

The SBD comprises three subdomains: a compact 8 sandwich, an ¢-helical lid and an unstruc-

tured tail.

The -sandwich base is made up of eight anti-parallel 3-strands ). They are arranged
in two sheets of four f-strands each.B72 The loops between the -strands enable substrate
binding (Figure 3.3f). Specifically, loops L1 > and L3 4 build the channel-like substrate binding
groove. Loop L3 4 is stabilized by loop Ls ¢ and loop L1, by loop Lss. The latter is also

involved in allosteric regulation.

The lid domain consists of five o-helices, oA to aE (Figure 3.3h). The helix @A is connected to
the B-sandwich together with the first part of the long helix aB.73 In the ATP-bound structure,
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Figure 3.3.: Structure of the SBD of the Hsp70 DnaK in the substrate-bound state. The different
features of the SBD are highlighted. a) The lid is comprised of five ¢-helices.
aA (blue) and aB (orange) are in close contact with the base of the SBD and oC
(purple), aD (yellow), and «E (blue) build a compact domain at the C-terminal end
of aB. b) The base of the SBD is a f-sandwich formed by two -sheets. Each sheet
consists of four B-strands (32 (blue), B1 (yellow), B4 (orange), B5 (purple) and 33
(blue), B6 (yellow), B7 (orange), B8 (purple)). ¢) The B-strands are connected by
loops. The loops L » (blue) and L3 4 (orange) build the substrate binding pocket and
their conformation is influenced by the loops L4 5 (yellow) and Ls ¢ (purple). PDB:
2KHO

aA and aB form a continuous helix. This structural change causes opening of the lid. In both
structures, the C-terminal part of aB, together with the three helices «C, D and «E, forms a

packed domain around a hydrophobic core.l7274]

At the C-terminal end of the «-helical lid, Hsp70s have an unstructured domain of varying length.
Some Hsp70s show a conserved sequence at the C-terminal 15 amino acids.!°®! The preceding
variable sequence is between 10 and 40 amino acids long.!°3] As this region is disordered, it can
not be resolved in crystallographic studies and its exact localization is not known. The exact
function of this domain remains unclear, but it might have a function in allosteric communication
by connecting the SBD and the NBD. The C-terminal tail is possibly also involved in substrate
recognition and sensing of the aggregation state of the substrate.!°®] BiP has been shown to bind
its C-terminal sequence as a substrate in the substrate binding groove. Certain co-factors bind to
the C-terminus of Hsp70s!”), especially in the eukaryotic cytosol, where the C-terminal sequence
EEVD is highly conserved.

The complete structure of the domains (without the disordered region) of Hsp70s bound to ATP
is thought to be conserved between species. The o-helical lid and the B-sandwich base are
separated and both docked onto different regions of the NBD ).[4] The linker is bound
in a cleft between the subdomains Ia and Ib.2!

Also, when bound to ADP and substrate, the structures are similar between multiple homologues
of Hsp70. The lid closes upon the substrate binding groove in the SBD. The SBD and NBD are

separated and the linker is extended (Figure 3.4b).1>%
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Figure 3.4.: The structure of the Hsp70 DnaK in the presence of ATP or ADP and substrate.
a) Hsp70 bound to ATP. The NBD (orange) and BSBD (purple) are docked, the
interdomain linker (yellow) is barried in a hydrophobic groove of the NBD. The lid
(blue) is wide open and also in contact with the NBD. The substrate binding groove
is on the lower right of the SBD. PDB: 4B9Q b) Hsp70 bound to ADP and substrate
(which are not resolved). NBD and SBD are undocked and the interdomain linker is
extended. The lid is closed upon the substrate binding groove, which is visible as a
channel in the structure. PDB: 2KHO

However, for other conditions, e.g. ADP alone, ATP and substrate, or nucleotide free, results
from structural studies differ between different Hsp70s. This is likely due to functional
specializations of the Hsp70s. Also, Hsp70s are highly dynamic and show heterogeneous
conformations. It is possible that different conformations are favored in crystals for different
Hsp70s.

3.2.3. The substrates of Hsp70s

Hsp70s bind a large variety of substrates. Almost all hydrophobic sequences are possible
substrates. More specifically, it is usually a sequence of five hydrophobic amino acids surrounded
by two positively charged amino acids that are recognized as substrates.”8 The core of proteins
is usually stabilized by such hydrophobic sequences. Because the ions of salts interact less with
hydrophobic amino acids, the hydrophobic core stabilizes the tertiary structure of protein the
protein. While proteins are being translocated or newly translated, hydrophobic regions of the
long unfolded peptides can unspecifically interact with each other to shield themselves from the
water and ions in the cell. Such interactions lead to premature misfolding and are often difficult
to resolve. Also under heat stress, when partial unfolding or aggregation occurs, these sequences
are exposed. Under these conditions, Hsp70s can bind to the exposed hydrophobic sequences to
stabilize them until (re)folding can occur. In this way, Hsp70s are reshaping the energy landscape
of folding.IIEI While there is a large overlap of possible Hsp70 substrates between species and
cell compartments, some differences have been reported. For example, BiP, the Hsp70 of the

endoplasmic reticulum, preferably binds aromatic residues, whereas the cytosolic Hsc70 prefers
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aliphatic residues.” For the model peptide NRLLLTG bound to Dnak, it was determined that
the side chain of the central leucine binds to a small hydrophobic pocket of the binding groove of
the SBD.[23) Also, the surrounding residues are bound to the SBD and stabilized by hydrogen
bonds and hydrophobic interactions. The lid closes and binds to the peptide, preventing sliding.
If Hsp70s bind to substrates that are partially folded, the lid only closes as far as the substrate
allows. 280 Thjs enables an even larger variety of substrates. When bound to ADP, the affinity
of the Hsp70s to substrates is in the range of Kp = 0.1-1 uM. Release rates are increased up to
1000-fold in the presence of ATP leading to lower afﬁnity.

3.2.4. Allosteric regulation of Hsp70s

During the functional cycle of Hsp70s, large conformational changes take place which are
allosterically regulated. Allosteric regulation of the conformational changes of Hsp70s is highly
complex. Substrate and bound nucleotide influence the favored conformation. Peptide binding
enhances ATP hydrolysis and ATP hydrolysis increases the affinity for the substrate. The
information needs to be transferred from the substrate binding groove to the nucleotide binding
cleft and vice versa. A large number of small and large structural changes happen during
signal transduction. The o-helical lid, the interdomain linker and lobe I of the NBD have been
highlighted for allosteric communication. The allosteric regulation of Hsp70s is best studied for

DnaK of E. coli and will be discussed in further detail.

Figure 3.5.: Different aspects of allosteric regulation of the Hsp70 DnaK (PDB: 4B9Q). a)
Hydrogen bond network on the interface of the SBD (purple) and NBD (orange).
The residues involved in the network are shown as sticks. The black dashed lines
indicate the hydrogen bonds formed. b) Allosteric pathway reaching from the bound
ATP (gray) to the substrate binding groove. The residues of the pathway are shown
as sticks. Residues of the SBD are shown in purple and residues of the NBD in
orange. c¢) The interdomain linker (yellow) regulates the interdomain communication
of Hsp70. It does so by binding to a hydrophobic cleft between lobe I (blue) and
lobe II (orange) of the NBD in the ATP-bound structure of Hsp70.
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The role of the NBD in allostery and specifically lobe |

The residues Asp148, Argl51, Argl67, Ile168, Asp326, Lys414, Asp481, Leud484 of DnaK form
a hydrogen bond network at the interface of the SBD and NBD (mainly lobe I) and are important
for allosteric regulatio of Hsp70s. (Figure 3.5p). Interruption of these hydrogen bonds affects
allosteric regulation to different extents.[®283] Mutations affect signal transduction differently
in both directions, suggesting slightly different pathways. One of the pathways, reaching from
the nucleotide binding pocket to the substrate binding groove, is illustrated in [Figure 3.5p. The
allosteric pathway reaching from the catalytic centre of the NBD to the SBD is made up of
residues Pro143, Phe146, Asp148, Argl51, Leud484, and Val440.821 A1l amino acids of the NBD
that are involved in this pathway, are located in lobe IA. Thus lobe IA plays an important role in
allosteric communication from the NBD to the SBD. Pro143 is closest to the last phosphate of
ATP and is a central component for signal transduction and stabilizes the ATP-bound state.!8!]
Additionally, mutations in Argl51 lead to a complete loss of allosteric communication. This

amino acid is involved in both directions of allosteric communication. 3

The role of the interdomain linker

The inderdomain linker is an important reporter on the nucleotide state of the NBD. When ADP
is bound, the linker is free and the two domains behave independently. When ATP is bound, the
linker binds to a hydrophobic cleft between the subdomains IA and ITA of the NBD (Figure 3.5¢).
This causes domain docking and fixates the catalytic residues in a position that hinders ATP
hydrolysis.®*l The docking can be reversed by binding of substrate. However, the resulting
conformation does not favor ATP hydrolysis and the binding of a J protein is needed to arrange

the catalytic residues in the optimal conformation for efficient ATP hydrolysis.[2%3]

The role of the loop L, 5 of the SBD

Besides the lobe I in the NBD and the interdomain linker, the loop L4 5 of the SBD is an essential
part for allosteric signal transduction between domains. Together with the interdomain linker, it
is necessary for bidirectional communication and arrangement of the interface between the two
domains in the ATP-bound state.[®®) The loop Ly 5 1s in close proximity to the lid )
and is probably involved in the opening and closing of the lid. It is also in close contact to the

loop L > of the substrate binding pocket.
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The role of the «-helical lid domain

Removal of the lid leads to an approximately 10-fold decrease in affinity to the substrate. Binding
and especially release rates are increased. This can also be observed when Hsp70 is in the ATP-
bound state, suggesting an effect of both the presence of the nucleotide and the lid on substrate
binding kinetics.l®”] In addition, the ATPase rate of Hsp70 is increased in mutants without the
lid indicating an influence in the stabilization of the ATP-bound state.!®8! The mobility of the
a-helical lid is further necessary for allosteric regulation. Fixation of the helix A leads to loss

of allosteric communication.®!
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3.3. Ssc1, the mitochondrial Hsp70 of Saccharomyces cerevisiae

Yeast has many Hsp70s located in all cellular compartments. Some are expressed under normal
growth conditions while others are only expressed upon temperature change (heat or cold shock)
or under other stress conditions.®Y In yeast mitochondria, three Hsp70 species are present:
Sscl (Stress Seventy subfamily C 1), Ssql (former Ssc2) and Ecm10 (also Ssc3). Ecm10, the
least abundant of the three, is not very stable and aggregates fast. It does not appear to bind to
proteins and its lid remains open. Even though it has 82 % sequence identity with Sscl, it is
not able to substitute Sscl. It does not seem to be a functional chaperone for protein folding
or translocation and its role is not entirely clear.®!! Ssq1 has an important role in Fe/S-cluster
synthesis. Cells lacking Ssql accumulate iron and show a lack of Fe/S containing enzymes. They
are also hypersensitive to oxidative agents. High excess of Sscl can compensate for missing
Ssql suggesting at least some functional overlap of these two Hsp70s.l°!) However, Ssq1 cannot
compensate for deletion of Sscl. Sscl is the most abundant of the three mitochondrial Hsp70s
in yeast. It consists of a 45kDa nucleotide binding domain (NBD) and a 25kDa substrate
binding domain (SBD). The SBD can be divided into a base consisting of 8 antiparallel 3-strands,
containing the substrate binding groove, and a lid formed by 5 «-helices, able to close upon the
substrate binding groove as described previously. Functional Sscl is necessary for cell viability
and a knockout is lethal.[*V!

Inside the mitochondrial matrix, Ssc1 has multiple functions. They can be divided into house-
keeping tasks to maintain the general function of mitochondria and stress-response related tasks
to prevent permanent malfunction of mitochondria after heat shock, cold shock or oxidative stress,
which would otherwise lead to cell death. As a classical Hsp70, Sscl is in large extent responsible
for promoting protein folding.2%°293] It mainly supports proteins by binding to hydrophobic
stretches in the peptide sequence exiting from the translocation channel or the ribosome thus
stabilizing the unfolded proteins and allowing them to fold slowly once translocation or translation
is complete. Proteins that cannot fold on their own are handed over to the Hsp60/Hsp10 system.
In this way, Sscl prevents aggregation of premature proteins. The same principle applies for
partially unfolded proteins during stress conditions or when dissolving aggregates.P%°2l Ssc1
is further involved in remodeling of complexes or complex formation, as e.g. the cytochrome
¢ oxidase.[9* Proteolytic breakdown, especially by the Pim1/LON protease, also depends on
Ssc1.2493] The most important task of Ssc1 might be to drive protein translocation of cytosolically
expressed proteins into the mitochondrial matrix.2%2%%7l Without Ssc1, protein translocation
into the matrix does not take place and many essential proteins would be missing. Even Sscl
itself needs to be imported into mitochondria since it is expressed in the cytosol. This is the main

reason why a deletion of Sscl is lethal.
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3.3.1. Stabilization of Ssc1 by Hep1

Even though Sscl itself is a chaperone, it is unable to fold on its own. Sscl requires Hepl
(Hsp70 Escort Protein 1) when being recombinantly expressed in E. coli and either Hepl or Mgel
(Mitochondrial GrpE 1) when expressed in yeast.?®711%2 Hep1, also known as Zim17 (ZInc finger
Motif protein 17) or Tim15 (Translocase of the Inner Membrane protein 15), is a heat shock
protein located in the mitochondrial matrix. It possesses two zinc-finger motifs (hence Zim17), a
characteristic feature of J proteins. However, it is only a fractured J protein and does not stimulate
ATP hydrolysis in Ssc1.l1%) Tt is essential for protein translocation, as it ensures the structural

and functional integrity of Ssc1, a central part of the protein import motor.??!

In vitro, in the absence of nucleotides or in the presence of ADP, Sscl tends to oligomerize
and aggregate after several hours. It has been reported that the ATPase domain and the interdo-
main linker are mainly responsible for this aggregation. P804 By periments with chimeric
proteins have shown that the substrate binding domain of Ssc1 is able to fold on its own and
substitution by corresponding parts of DnaK actually enable Sscl to fold even in the absence
of Hep1 and stay soluble over several hours.!'®’l The interaction site with Hepl is most likely
at the ATPase domain of Sscl. Binding of Hepl to Sscl does not compete with Mgel, so the
mechanism of action is not just masking of the aggregation-prone region.!!%% Also, a transient
interaction with Hepl seems to be sufficient for stabilization of Ssc1 because non-stoichiometric
amounts of Hep1 are sufficient to prevent aggregation of Ssc1 in the absence of ATP. However,
Hepl is not able to reverse aggregation of Ssc1. Other Hsp70s such as the cytosolic Hsc70, Bip or
Dnak, also dimerize, but likely via a different mechanism. Hep proteins seem to only be present
in mitochondria, suggesting coevolution with the aggregation propensity of the mitochondrial
Hsp70s.8] A specialized stabilizing protein emerged rather than evolution of a more stable Sscl.
This implies an important biological function of the aggregation prone regions at the ATPase
domain and the interdomain linker of the mitochondrial Hsp70. It is possible that these regions
specifically interact with proteins exclusively present in mitochondria. Interestingly, human Hep
can stimulate the ATPase rate of the human mtHsp70 and also has some chaperone function in

protein folding. However, this is not the case for the interaction of Hepl and Ssc1 in yeast.[1%]

3.3.2. Ssc1 interaction with substrates

As all other Hsp70s, Sscl does not interact with specific amino acids sequences within the
substrate protein. The substrate binding grove of Sscl, itself mostly hydrophobic, can interact
with a variety of hydrophobic amino acid sequences. Like most other Hsp70s, Ssc1 recognizes

sequences of five hydrophobic amino acids surrounded by two positively charged amino acids. If
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Sscl binds to hydrophobic segments of long unfolded peptides in order to prevent unproductive
folding, the lid can completely close upon the substrate binding groove. During the folding
process or under stress conditions, when Sscl prevents aggregation, the substrate proteins are
already partially folded. Under these conditions, the lid cannot completely close upon the
substrate and the exact position of the lid domain depends on the size of the substrate bound. !0l
However, while human mtHsp70 can bind substrates without the requirement for the lid, Sscl

can only bind substrate in the presence of its lid domain.!%

The model substrate, PS (CALLLSAPRR), binds to Sscl with a Kp of 43 nM in the absence of
nucleotides in the buffer and causes complete monomerization. This monomerization occurs
most likely because of a structural change.!'/) Like other Hsp70s, Ssc1 not only binds substrate
when bound to ATP, but also when bound to ADP. Dynamic opening and closing of the lid when
Sscl is in an ADP-bound state enables substrate to access the substrate binding groove.®2l An
open lid accelerates both binding and release rates of the substrate to the SBD of Ssc1. However,
substrate release rates are substantially higher in the ATP-bound state, as is also reflected in the
binding affinities. The dissociation constant is 100-fold higher in the presence of ATP (Kp =
20-31 uM) as compared to ADP (Kp = 0.20-0.23 um).[B92123) Because of the high substrate
release rates in the presence of ATP, it is important that substrate binding is accompanied by ATP
hydrolysis. Hydrolysis of ATP to ADP leads to strong binding of the substrate. The basal ATPase
rate of Sscl is (as for all Hsp70s) rather low. Only between 0.032 and 0.13 ATP is hydrolyzed
per Ssc1 per minute, HOIO3I04I06H108] This means hydrolysis takes over 8—30 min. A large excess
of substrate increases this rate up to 5-fold.HOUIONIO08] However, ATP hydrolysis is stimulated
more efficiently in the presence of J-proteins. The J proteins Mdj1 and Tim14 stimulate ATP
hydrolysis of Sscl around 7-fold.[e1EO3UOTIOS] Azang ef al. detected a stimulation by Mdj1 of
up to 30-fold in single-turnover experiments.*! Stimulated by J proteins the ATPase rate does
not change in the absence or presence of substrate.*1Y7] While Mgel only slightly increases
the rate of ATP hydrolysis, addition of both cochaperones, Mgel and Mdj1, leads to a 24-fold
increase of ATP hydrolysis in steady-state experiments.'’/l There is a large variation in the
measured values between the data of the different groups. This can be explained by different
buffer compositions, small temperature differences, different protein purification approaches
and different experimental setups (single-turnover vs. steady-state). The general trend is that
substrate and cochaperones accelerate the ATP hydrolysis rate by one to two orders of magnitude.
Moreover, all studies do not detect any further influence of substrate on the hydrolysis rate once

cochaperones are present.
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3.3.3. Regulation of Ssc1 in protein folding

The functions of Ssc1 are versatile and highly dependent on the presence of nucleotides (especially
the availability of ATP) and unstructured or aggregated proteins with hydrophobic sequences.
For productive regulation of the functions of Sscl, however, ATP and substrate are not enough.
Because of the different functions of Sscl it is important to regulate release and binding of the
substrate. Successfully folded proteins should not be handed over to the cell degradation system,
neither should freshly imported proteins. Some proteins might require further folding by other
components of the mitochondrial chaperone system. Also, there are certain conditions when
release of folded substrate will only lead to reaggregation and it should remain bound to Ssc1.[109
Depending on the state of the cell and the mitochondrion, certain activities of Ssc1 might be more
important than others, e.g. protein translocation vs. protein disaggregation. Taken together, the
regulation of Sscl involves many factors and must be adapted to the current needs of the cell.
Not all regulators of Sscl are known to date, but some well studied ones include the nucleotide
exchange factor Mgel (mitochondrial GtgE 1, also Ygel, yeast GtgE DUIOZIION 4pg J-domain
proteins such as Mdj1 (mitochondrial DnaJ 1)2H1121 the J protein involved in protein folding.
There are four other J-proteins present in the mitochondrial matrix of yeast: Tim14 (Translocase
of the inner mitochondrial membrane 14, also Pam18), Mdj2, Jacl (J-type accessorychaperone
1), Jid1 (J-protein Involved in protein Degradation 1), as well as the J-like protein Tim16 (also
Pam16). Tim14, Mdj2 and Tim16 are involved in protein translocation and are discussed in detail
later. Jacl interacts with Ssql and is essential for Fe-S-cluster biosynthesis. Jidlisa
membrane protein and involved in protein degradation in the ER. Its exact working mechanism
and its interactions with mitochondrial Hsp70s are not well understood. It does not appear to

interact directly with Ssc1. The major cochaperones are discussed in more detail below.

Figure 3.6.: Homology model of the interaction of Ssc1 and Mgel. The SBD of Sscl is colored
in purple, the lid in blue, the NBD in orange with the nucleotide-interacting residues
indicated in yellow. The dimeric Mgel is shown in green. Based on the structure of
GrpE and DnaK (PDB: 4ANI).
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3.3.3.1. The nucleotide exchange factor Mge1

The nucleotide exchange factor Mgel is responsible for the equilibrium between the nucleotide-
bound states of Ssc1 and thus influences the ability of Ssc1 to bind to substrate proteins. Mutations
in Mgel result in defects in protein import and subsequent protein folding.!'2) Mge1 binds to the
ADP-bound form of Ssc1, promoting nucleotide exchange to ATP and most likely also stabilizing
the structure of Sscl and thereby preventing oligomerization.”8! While Mgel promotes both
release of ADP and of ATP, Mgel is only released upon binding of ATP.LYl In this way, Mgel
shifts the equilibrium to ATP-bound Ssc1. Mgel is released from Sscl within milliseconds after
successful binding of ATP.Yl This also means that the relative concentrations of ATP and Mgel
will determine the conformation of Ssc1.l1% However, more recent studies have shown that Mgel
rather stimulates ATP binding than ADP release.”! The mechanism of this >60-fold increase in
the rate of ATP binding has not yet been unraveled. A homology model based on DnaK and GrpE
(PDB: 4ANI, [Figure 3.6), however, shows an opening of the nucleotide binding pocket when Mgel
is bound to Sscl. This possibly makes the binding pocket more accessible for ATP. The strong
binding of Ssc1 to Mgel and the dissociation of the complex by addition of high amounts of ATP
has been exploited as a gentle purification method of Ssc1, thus avoiding the use of a purification
tag on the already aggregation prone Ssc1.!1% Mgel itself is a 26 kDa elongated protein and
can only bind to Sscl as a homodimer.!'®2IH9L) Under elevated temperature, Mgel denatures
to unstructured monomers and no longer interacts with Sscl. This possibly interrupts substrate
release from Sscl, so that no proteins are released during aggregation prone conditions.! %!
Furthermore, it stops protein import into mitochondria to reduce the amount of unfolded proteins
inside the mitochondria and to enable Sscl to focus on protein stabilization and disaggregation
instead of protein import and folding. It has been speculated that Mgel behaves similarly under
cold-shock conditions.'®! It has also been reported that Mgel fails to dimerize under oxidative
stress because of the oxidation of a methionine at position 155 and cannot interact with Ssc1.l117)
Another mitochondrial protein, the methionine sulfoxide reductase Mxr2, can restore the function
of Mgel by reduction of MetO at position 155.[118] Hence, Ssc1 can be regulated directly by
cochaperones and also indirectly by proteins that modulate the functionality of the cochaperones.
Possibly, Mgel is also sensitive to other stressors and acts as as a kind of thermo and stress sensor,

regulating the main activity of Sscl.

3.3.3.2. The J protein involved in protein folding, Mdj1

The J-protein regulating the role of Sscl in protein folding is Mdj1. While depletion of Mdjl is
not affecting the import of precursor proteins, it does affect the successful folding of proteins in
the mitochondrial matrix.!?l One effect of Mdj1 binding to Sscl is acceleration of the ATP hy-
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drolysis rate of Ssc1 leading to higher substrate affinity and stable binding.[®3! Mdj1 further assists
in protection of folded proteins against aggregation and denaturation under stress conditions.!!°!
In contrast to Mgel and Ssc1, Mdj1 is essential to prevent heat-induced aggregation of luciferase
in mitochondria. This suggests that Mdj1 is not only a cochaperone of Sscl, but also acts as a
chaperone itself. Indeed, Mdj1 is known to bind to substrates of Ssc1 and thus increase the local
concentration of substrate in the proximity of Sscl. When overexpressed, Mdj1 can partially take
over the disaggregation role of Sscl. It has also been shown that Mdj1, as well as Ssc1, are needed
for proteolytic breakdown upon heat shock and thus a complex interplay between the folding
machinery and the proteolytic system must exist.®*) Mdj1 is also essential for maintaining the

integrity of mitochondrial DNA as depletion of Md;j1 leads to loss of mitochondrial DNA.!!2V

3.3.4. Regulation of Ssc1 in Protein Translocation

Only 13 of the more than 1000 mitochondrial proteins are expressed from mitochondrial DNA in
the matrix of the mitochondria. All other proteins are expressed in the cytosol and need to be
imported. Depending on the final destination of the imported proteins, they interact with different
components of the mitochondrial protein import machinery. The common entry gateway is the
translocase of the outer membrane (TOM, gray). Proteins with a cleavable presequence
(Figure 3.7|in orange) are targeted either to the inner membrane or the mitochondrial matrix.
In both cases, they interact with the presequence translocase of the inner membrane (TIM23,
blue) in a next step. The characteristic presequence is an -helically structured
sequence, positively charged on one side and containing hydrophobic residues on the other side.
This sequence is specifically recognized by the mitochondrial translocation machinery. Proteins
or peptide chains intended for translocation with a cleavable presequence are usually termed
precursor proteins until the presequence is removed by the mitochondrial processing peptidase
and they are correctly folded by the chaperone system. In presence of a membrane potential,
this sequence is translocated into the matrix through TIM23. In the case of membrane proteins,
the presequence is followed by a hydrophobic sequence serving as a stop signal, which stops
translocation and induces membrane insertion.!"2!l When the precursor protein is destined for
the mitochondrial matrix, it is further translocated through the TIM23 channel and then interacts
with the presequence translocase-asssociated motor (PAM), an essential multi-protein component

of the translocase.

PAM provides the necessary driving force for the translocation process. The central unit of
the import motor is Tim44 yellow). It anchors Sscl at the membrane and positions
Sscl so that the substrate binding groove is in close proximity to the exit of the translocation
channel of TIM23. 71081231 ggc orange) is the second essential part of PAM as it
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Figure 3.7.: Schematic of the mitochondrial presequence translocase. A precursor protein con-
taining the characteristic mitochondria-targeting presequence is recognized by the
TOM complex (gray) in the outer mitochondrial membrane and translocated through
the TOM complex to the TIM23 complex (blue), and actively imported by the
components of PAM: Tim44 (yellow), Tim14 and Tim16 (purple), Pam17 (purple),
Sscl (orange) and Mgel (yellow). Sscl can dissociate from the PAM complex for
subsequent folding of the precursor protein. MPP (blue) cleaves the presequence.

Adapted from [121]] and [[122].

binds to the peptide chain being translocated. Absence of Sscl leads to the complete shutdown
of translocation. Another essential protein for protein translocation is the already previously
mentioned nucleotide exchange factor Mgel (Figure 3.7 yellow), which induces dissociation of
Sscl from Tim44.124 Tim14 purple), also known as Pam18, is the J protein of Sscl
associated with protein translocation and is a membrane protein necessary for stimulation of ATP
hydrolysis.'23 Besides Tim14, the J-like protein Tim16 (or Pam16, purple) is also
required. Most likely it evolved from Tim14 and lost some parts of the J-domain and thus
its ability to stimulate the ATP hydrolysis of Sscl 1127) Mdj2, another J protein, is a membrane
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protein and also part of the import motor, however, its depletion does not show a phenotype and
it thus seems to not be essential.l128122] However, it does stimulate ATP hydrolysis of Sscl and is
thus a functional J protein. The last associated protein is Pam17 (Figure 3.7 purple), an integral
protein of the inner membrane, associated with Tim23. Most likely, Pam17 has a regulatory
function by organizing the interaction of Tim14 and Tim16 and increasing the stability of the
complex, but its exact role and working mechanism is not yet known.!'3% The presequence is
celeaved by MPP blue). Translocation will also be unsuccessful in the absence of
Hepl. But as previously mentioned, Hepl1 is essential for the correct folding of Ssc1 and increases
its stability. Thus, its impact on translocation of proteins is not direct, but rather based on the
integrity and function of Sscl.

3.3.4.1. The peripheral membrane protein Tim44

Tim44 is is a peripheral membrane protein exposed to the mitochondrial matrix and associated
with the TIM23 complex. It can be isolated in complex together with Sscl and the nucleotide
exchange factor Mgel.l3U No ATPase stimulation of Ssc1 by Tim44 has been reported and its
main role is to anchor Sscl to the translocase of the inner membrane (TIM23)U108], although
it has also been suggested that it might sense and interact with precursors themselves during
import. The interaction of Tim44 with Ssc1 has been extensively studied. 710812331 Tim44
does not interfere with the stimulation of ATP hydrolysis by Tim14 or peptide and thus binds
at a different binding site. It interacts with the -stranded part of the SBD of Ssc1, but not the
substrate binding site. This interaction can occur when Ssc1 is bound to ATP or ADP, but with
different affinities and the complex can only be purified together, in the absence of ATP.123
The nucleotide state of Sscl is sensed by the nucleotide-dependent conformation of the first two
helices of the lid (A and aB). Tim44 can also stably bind to the NBD of Ssc1.122l However,
while the affinities of Tim44 for both domains of Ssc1 seem to be similar, they are both required
for successful regulation of this interaction.!!>3] Tim44 is thus a conformational sensitive switch,
which binds Sscl in its ATP-bound form and releases it upon peptide binding, even without ATP
hydrolysis.!'2*) However, for stable binding of Ssc to the incoming sequence, ATP hydrolysis is

required. As mentioned Mgel can also induce release of ADP-bound Ssc1 from Tim44, 124134l

3.3.4.2. The J protein Tim14 and J-like protein Tim16

The J protein Tim14 (Pam18) and the J-like protein Tim16 (Pam16) are found as a subcomplex
within the TIM23 complex. The N-terminus of the 18 kDa protein Tim14 reaches into the

mitochondrial intermembrane space, while the J-domain is located in the matrix on the other
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end of the transmembrane segment. Tim14 stimulates ATP hydrolysis to the same amount as the
matrix J protein Mdj1 and deletion leads to disruption of protein translocation."'%) Tim14 also
seems to bind at the same location of Sscl as Mdj1 does, suggesting its specific role as a J protein
of Sscl in protein translocation. In the complex, the J domains of the two proteins interact and
both proteins show high similarities with each other. However, Tim16 is missing the signature
HPD motif (Histidine, Proline, Aspartic Acid) of J proteins within the loop between two of the
helices.!'2”] Further, the exposed surface of Tim16 is mainly neutral or negatively charged, which
is in contrast to typical J domains, which have a mainly positively charged surface, necessary for
interacting with Hsp70s. There is no consensus whether Tim16 regulates the interaction of Tim14
with Ssc1 or whether its sole role is to recruit Tim14 to the translocase.'27132] Data suggests that
a dimer of two Tim14-Tim16 dimers is formed by the interaction of the two Tim16 proteins. The
region of interaction between the two Tim16 proteins is the same as in the interaction of Tim14
with Ssc1.l127) If two Tim14-Tim16 complexes exist per translocation channel, this also opens the

possibility that two Sscl are bound and the dimer interface of Sscl has a role in protein import.

3.3.4.3. The nucleotide exchange factor Mge1 in protein translocation

Similar to its role in protein folding, Mgel acts as a nucleotide exchange factor of Sscl also
in protein translocation. Binding of Mgel to ADP-bound Sscl in the import motor complex
leads to release of Sscl from Tim44. 124134 No such release is detected in the presence of ATP.
Mgel thus increases the occupation of Tim44 with active Ssc1:ATP instead of inactive Ssc1:ADP,
which is unable to bind Tim44 and substrate simultaneously.!'*! However, pulldown experiments

also showed that Mgel is in complex with Tim44 and Ssc1 in the presence of ADP.!31]

3.3.4.4. Role of Ssc1 in protein translocation

The essential parts of the import motor were already mentioned and shortly discussed in Section
[3.3.4] Here, the role and working mechanism of Sscl in protein translocation will be discussed
further. Without functional Sscl, protein translocation into the matrix is not only impaired but
fully inhibited. This is the case also for mortalin, the human mitochondrial Hsp70. In contrast,

Bip, the Hsp70 of the ER, is not required for protein import but makes it more efficient.

Import across the inner mitochondrial membrane requires a membrane potential. As the prese-
quence has multiple positive charges, this gradient induces its translocation into the matrix. The
membrane potential is also a signal for Tim23 to open the translocation channel for the incoming

precursor protein. However, it is not enough for complete translocation. Hence, the import motor
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is needed. Interaction of Sscl with the positively charged presequence is only weak, whereas
binding to binding sites further downstream of the precursor peptide is strong and provides the
necessary driving force for successful translocation into the matrix. As long as no Sscl is bound
to an internal sequence, the precursor protein can still slide back.®”) The loose binding of Ssc1 to
the presequence is probably necessary to ensure its exposure and cleavage by the mitochondrial

processing peptidase (MPP) before subsequent folding of the protein.

There are three proposed models of how Sscl, and the import motor in general, promotes
translocation of precursor proteins into the matrix. One is the Brownian ratched model, which
suggests that the role of Sscl is to trap the peptide and prevent it from backsliding. The peptide
chain will move inward and outward by Brownian motion until the next possible binding sequence
is exposed into the mitochondrial matrix and the next Ssc1 binds and prevents backsliding, thus
promoting inward movement over time.®®l There are two proposed pulling models in which the
import motor actively produces inward motion of the peptide chain by a conformational change
of Ssc1.2358 One of them suggests a power stroke motion where the induced conformational
change produced is large enough to pull the precursor further into the matrix so that the next
Sscl can bind.!'>!l However, no such conformational change in the right direction from the
translocation channel has been found so far. The second model, entropic pulling, suggests that
release of Sscl from the import channel increases its motional freedom. This increase in entropy
leads to inward pulling of the precursor protein. 2324130l

3.3.5. Other interacting proteins

Besides the large variety of substrates interacting with Sscl in its substrate binding groove,
and possibly with the unstructured C-terminal domain attached to the «-helical lid, and the
cochaperones interacting with Ssc1 during protein folding and protein translocation, there are
many other interaction partners of Ssc1. Most of them form very stable interactions with Sscl.
A lot of interaction partners of Sscl have not yet been identified. However, in recent years,
advances have been made in identifying and unraveling the various interaction partners of Sscl.
Sscl is involved in the ring formation of the Hsp60 chaperonin!®! and also in the assembly of
the cytochrome c oxidase.l®3% A recent crosslinking study by Makepeace et al. (2020)137)
showed further interactions of Sscl with multiple proteins: e.g. Ecm10 (Ssc3), Atp2, Atp4,
Acol, Ald4 and Cox4. While the interaction with Cox4, a part of the cytochrome c oxidase, has
already been intensively studied by Boettinger et al. (2013)!°* and will be discussed in Section
[3.3.5.3]in more detail, some of the other interactions are not yet clarified. Atp2 and Atp4 are
components of the ATP synthase and Ssc1 could possibly have a similar role in assembly of the

ATP synthase as it has in assembly of the cytochrome c oxidase. A possible interaction of Ecm10
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with Sscl could be dimer formation as part of a regulatory function, e.g. in protein translocation
together with the tetrameric Tim14-Tim16 complex. Acol is, similar to Sscl, one of the more
aggregation prone proteins of mitochondria, possibly because of oxidative modification of its
Fe/S cluster cofactor.®2!138] To prevent aggregation, Acol might thus be a substrate of Ssc1. Ald4
is a mitochondrial potassium-activated aldehyde dehydrogenase and the reason for the interaction

with Sscl is unclear.

3.3.5.1. Hsp10 and Hsp60

Proteins smaller than 50 kDa, which are not successfully folded by Ssc1 alone, are handed over
to Hsp60. Hsp60s are commonly also known as chaperonins and the best studied homologue
is GroEL from Escherichia coli.”!! They form large homooligomers consisting of two rings
of 7 subunits stacked on top of each other. In this way, they build a large cavity, which can be
closed by a complex of 7 subunits of Hsp10 (GroES in E. coli) as a kind of lid. The cavity is
mostly lined with hydrophobic amino acids, which provide an attractive environment for unfolded
proteins. After ATP hydrolysis, a structural change increases the presence of hydrophilic amino
acids in the cavity, driving folding of the enclosed protein.*’139 Ssc1 has not only been shown
to interact with Hsp60 and Hsp10 in the folding pathway of imported proteins but is also involved
in maturation of the Hsp60 rings.[°>! While Hsp10 promotes early steps of the Hsp60 complex
formation, Ssc1 binds to Hsp60 at different steps of the assembly process. Furthermore, Hsp10
and Ssc1 work together in the ring formation of Hsp60, but their interaction is lost in the presence
of ATP. Since the interaction of Ssc1 with Hsp60 and Hsp10 does not depend on the presence
of substrates and is also stable if Sscl is bound to Mgel, it is most likely not a substrate-like

interaction, but a role of Ssc1 outside of protein translocation and folding. !>

3.3.5.2. Hsp78, a member of the Hsp100 group

The mitochondrial protein Hsp78 belongs to the group of Hsp100 proteins but is missing the
N-terminal domain.*/} It seems not to be an essential protein under most growth conditions but
has been shown to interact with Sscl. A phenotype of mitochondria lacking Hsp78 was only
detected at very high temperature (42 °C) or in combination with mutations in Ssc1. Thus Hsp78
has arole in stabilizing Sscl in case of a mutation or under temperatures too high for Ssc1 to retain
its tertiary structure.!49U4 There are also indications that Hsp78 is not involved in preventing
aggregation at high temperatures but rather recovery of aggregated proteins in combination
with Ssc1.142] Other Hsp100 proteins disaggregate proteins by ATP-dependent threading of the
peptide through a channel formed by multiple Hsp100 proteins und thus disentangling it.*’)
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3.3.5.3. The role of Ssc1 in the assembly of the cytochrome ¢ oxidase

The cytochrome c oxidase (COX, also known as complex IV) is a large transmembrane complex
of the inner membrane and part of the mitochondrial respiratory chain. The three core subunits,
Cox1-3, are encoded in the mitochondrial DNA and several other subunits are encoded in
nuclear DNA. Interestingly, Sscl has been shown to form complexes with proteins of COX
from both categories and is involved in different steps of COX assembly. It plays a central
role in the formation of respiratory chain complexes. The translation of COX1/ is activated by
Mss51 (mitochondrial splicing suppressor protein 51), which forms a stable and ATP-independent
complex with Sscl. Mss51 binds, even when Sscl has been preincubated with substrate protein,
indicating a different binding site than the substrate binding groove.!®l Mss51, Ssc1 and Mdj1
form a complex during translation of Cox1 at the mitochondrial ribosome to ensure proper folding
of Cox1. Translation of the gene COX1 is regulated by complex formation of Cox1 with Mss51
to prevent it from binding to the promoter region on the mRNA. This complex contains Sscl and
Cox14 and remains assembled until incorporation of Cox1 into the COX complex.!®3] Cox4, a
subunit of COX that needs to be imported by the mitochondrial translocation system, also forms a
stable complex with Ssc1, together with Mgel. Experiments with a temperature sensitive mutant
of Sscl showed that this complex is different from the complex during protein translocation.
However, it is ATP sensitive and dissociates after binding of ATP to Ssc1. When Cox4 cannot be
integrated into COX, it remains in complex with Ssc1 and Mge1.[%¥ It is not clear where these
proteins bind to Ssc1 and what influence they have on the conformation and dynamics of Ssc1.

Taken together, a variety of proteins interact with Sscl in a in a different way than substrates and
their influence on the structure and structural dynamics of Sscl is not known for most of them.
This complicates the study of the conformational state of Sscl in vivo since it is hard to dissect
the interactions of Sscl at any given point of time. Specifically for FRET-studies of Sscl, this
means that bulk measurements are hard to interpret based on the high heterogeneity of the system,
and single-molecule measurements are also difficult to interpret because most of the interactions

are missing in in vitro studies.

3.4. Previous FRET experiments of Ssc1

In previous single-molecule FRET experiments by Mapa et al. (2010)® and Sikor et al. (2013)1)
two different FRET sensors were established to study the conformational dynamics of Ssc1.The
lid sensor (SL) reports on the extent of lid opening and has two fluorescent labels at position
448 in the B-sheet base of the SBD and at position 590 within the a-helical lid of the SBD. The
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domain sensor (SD) monitors the interdomain distance and is labeled at the same position in the
SBD (residue 448) and at position 341 in the NBD.

Mapa et al. (201 0)¥ carried out solution burst measurements on both sensors. In agreement
with the crystal structure of DnaK (PDB: 4B9Q) and the homology model of Ssc1, they observed
a high FRET state for the interdomain distance in the presence of ATP and a low FRET state
for the lid sensor. In the presence of ADP, the FRET histograms showed broad distributions for
both sensors, suggesting that Ssc1 is either heterogeneous or dynamic. Similar distributions were
detected in the presence of ATP together with the cochaperone Mdj1 at single-turnover conditions.
However, the histograms do differ from the ones recorded in the presence of ADP. Interestingly,
bulk FRET measurements suggest complete domain undocking and lid closure in the beginning
and then slow equilibration towards the already known ADP-bound conformation. This might
be explained by synchronized hydrolysis after addition of Mdjl and then non-synchronized
nucleotide exchange, leading to an average FRET value. When the model substrate PS5 is added
to ATP-bound Ssc1 in the presence of Mdj1 under single-turnover conditions, the histograms
look more defined, with a low FRET efficiency for the domain sensor and a high FRET efficiency
for the lid sensor.ll This is again in agreement with the crystal structure of DnaK in the presence
of ADP and substrate (PDB: 2KHO) and the corresponding homology model of Sscl. As both
substrate and especially Mdj1 stimulate the ATP hydrolysis rate of Ssc1, it can be assumed that
Sscl is bound to ADP and substrate in the FRET measurement as well. Measurements of release
of the Mgel from the Ssc1 complex upon addition of ATP showed a concentration dependence
of the release rate and release occuring on the millisecond time-scale. Release measurements
of Mdj1 showed that Mdj1 remains bound to Ssc1 after ATP hydrolysis with a half-life of the
complex of around 5 min. However, in presence of Mgel and/or substrate, release occurs on
faster time-scales.™ With the analysis methods available, the nature of the dynamic behavior of
Sscl could not be studied further.

Sikor et al. (2013)R! were interested in further study of the dynamic behavior of Ssc1 and did so
using single-molecule TIRF experiments. To this end, labeled Ssc1 molecules were encapsulated
in vesicles together with nucleotides and substrate. These vesicles were then immobilized on a
glass surface for FRET measurements on a TIRF microscope. In the presence of ATP, the results
were pretty similar as in the burst experiments. The lid sensor was detected in a static low FRET
state (13 % £8 %) and the domain sensor mainly in a high FRET state (91 % +4 %) with some
short explorations to an intermediate FRET state (48 % £15 %). As already expected from the
solution burst measurements, Sscl is highly dynamic in the presence of ADP. Determined with
a hidden Markov model (HMM) analysis!!#?l, 1id dynamics occurred between an intermediate
FRET state (37 % +8 %) and a high FRET state (89 % +7 %). Interestingly, the dwell time
distribution for lid closing cannot be fit by a single-exponential decay, suggesting the presence of

multiple closed states. The domain dynamics occurred between a high FRET state (81 % +3 %)



Biochemical Background 45

different from the high FRET state observed in the presence of ATP, and an intermediate FRET
state (50 % £8 %), similar to the ATP intermediate FRET state. The dynamics of the lid and
the domain sensor occured on different time-scales, suggesting that they are uncoupled. This
hypothesis was further underlined by a recent three-color FRET study by Voith von Voithenberg
et al. (2021). Here, all three labeling positions (341, 448 and 590) were used in a single protein
to study three instead of just one distance at the same time. Domain and lid motions showed little
correlation.!® Applying the HMM analysis for the interdomain dynamics, Sikor et al. (2013)
extracted dwell times for different concentrations of ADP present inside the vesicles. While
domain-docking was concentration dependent and faster with higher concentrations of ADP in
solution, domain-undocking kinetics did not change significantly. The addition of 5 uM Mgel
also did not have an effect on the rates. Addition of a large excess of phosphate (known to
increase the affinity of Sscl for ADP), however, led to faster docking and slower undocking rates.
Taken together, they conclude, that the dynamics correspond to binding and unbinding of ADP
and the intermediate FRET state is, in fact, a nucleotide-free state.’! In the presence of both
ADP and substrate, the lid sensor is in a static high FRET state (73 % %5 %), different from the
high FRET state occupied in the presence of only ADP. The domain sensor shows a static low
FRET state (26 % +6 %) resembling separated domains and an extended interdomain linker. They
further investigated the influence of Mgel on the interdomain distance of ADP- and ATP-bound
Sscl. The short explorations of the intermediate FRET state in the presence of ATP completely
disappeared and static high FRET was detected. However, dynamics in the presence of ADP were
still visible. A dwell-time analysis showed that Mge1 had no effect on the rate of ADP binding
and only a minor effect on the rate of ADP release. When ATP and substrate were added together
to Sscl, cycling of Sscl could be detected and binding or release of substrate was always from or

to a nucleotide-bound state, and not the nucleotide-free state.!



4. In vitro characterization of Ssc1

Figure 4.1.: Labeling Positions of the domain sensor and the lid sensor of Sscl. a) A homology
model of ATP-bound Ssc1 based on the structure of DnaK (PDB: 4B9Q). The NBD
(orange) and the 3-sheet containing base of the SBD (purple) are docked together,
and the a-helical lid (blue) is wide open. Residues interacting with the nucleotide
are depicted in yellow. The exposed substrate binding groove is on the right side of
the structure. Labeling positions D341C and 1448C are used for the domain sensor
and positions 1448C and D590C are used for the lid sensor. b) A homology model
of ADP- and substrate-bound Ssc1 based on the crystals structure of DnaK (PDB:
2KHO). The NBD (orange, with nucleotide binding residues in yellow) and the
SBD (purple) are separated with an extended linker and the lid (blue) closes upon
the substrate binding grove. The residues used for labeling of the domain sensor
(341, 448) and the lid sensor (448, 590) are presented in the bottom structure. The
homology models were generated using SwissModel.
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The conformational dynamics of multi-domain proteins interacting with several components,
like nucleotides, substrates and other proteins, are highly complex and not easily unraveled.
In order to better understand the working mechanism of the mitochondrial Hsp70, Sscl, the
movement of the two domains and the movement of the lid in respect to the SBD were studied in
single-molecule FRET burst experiments. Application of pulsed interleaved excitation (PIE) and
multiparameter fluorescence detection (MFD) gives rise to a multitude of information helpful to

unravel the conformational changes occurring during the chaperoning cycle of Sscl.

The labeling positions on Sscl used in this study were the same ones as used in previous
studies!?! from our group. The mutant Ssc1-D341C-1448C has been shown to reliably report on
the interdomain distance of Sscl with one cysteine in the NBD and one in the 3-sheet subdomain
of the SBD. From homology models based on the crytal and NMR structures of DnaK
a high FRET efficiency is expected for ATP-bound Ssc1 [Figure 4.Tp) and a low FRET efficiency
for substrate-bound Sscl (Figure 4.1p). Indeed, this is what has been detected previously.#5
Also, the FRET histograms of the lid (Ssc1-1448C-D590C) reflect the conformations expected
from the available structures. This mutant has one cysteine in the 3-sheet base of the SBD and
one in the o-helical lid. ATP-bound Sscl shows low FRET and thus an open lid (Figure 4.1j)
and substrate-bound Ssc1 has high FRET with the lid closed ).[4‘5] In
the NBD is colored in orange and the amino acid residues interacting with the nucleotide are
depicted in yellow. The 3-sheet containing the substrate binding-cleft is shown in purple and
the a-helical lid in blue. The unstructured C-terminal region continuing from the tip of the lid is
not represented here, as it was removed to obtain the crystal structures. The exact structure and

location of the C-terminal region under the individual conditions remains unknown.

The dye pair used for this study differs from previous studies by the use of a different acceptor
dye. The previously used red dye Atto647N is known to be very hydrophobic. While care has
been taken to exclude influences of the dye on the behavior of Sscl (functional tests like ATPase
activity and anisotropy information from smFRET measurements), it is still possible that the
dye changes the dynamic behavior of Ssc1 by interacting with the protein and stabilizing certain
conformations. Especially, interactions with the exposed hydrophobic substrate binding cleft
or the hydrophobic substrates themselves are possible. Furthermore, this dye could not be used
for the in organello measurements of this thesis (see Section[5.1.3), as it has been reported that
Atto647N sticks to membranes, especially mitochondrial membranes. 314414 Several dyes
have thus been tested and Atto647 has proven to be a good alternative. Atto647 exhibits similar
photophysical properties and is more hydrophilic than Atto647N. Also, the Forster radius of
the dye pair with Atto532 is the same as for the previous dye and FRET efficiencies are thus
expected to be very similar to the ones obtained from the previous studies. While Atto643 has
better photophysical properties, it was not available at the time when this measurement series

was started, but was used for the experiments in Section §.6]
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4.1. The influence of nucleotides and substrate on the
conformation of Ssc1i

Ssc1 interacts with substrates in an ATP-dependent manner. Therefore, we studied the influence
of the two nucleotides ATP and ADP on the conformational structure of Sscl. Since the main
functions of Sscl involve binding of a substrate in the substrate binding pocket, the influence
of substrate on the structure of Sscl was also studied. The model substrate used was P5, a 10
amino acid long peptide (CALLLSAPRR) and a part of the mitochondrial targeting sequence of
the aspartate aminotransferase from chicken.!!'’”l, The sequence consists of mostly hydrophobic
sequences that are preferentially bound by the substrate binding pocket of Sscl. It is a commonly
used model substrate for Sscl as well as DnaK and thus its binding to Sscl is well studied.
Previous studies suggest that non-hydrolyzable ATP-derivatives cause structural changes in Sscl
and cannot replace ATP.I®! For this reason, ATP was added in high excess to make sure ADP is
quickly exchanged for ATP in the case of successful hydrolysis and the majority of Sscl was
ATP-bound.

4.1.1. Ssc1 in the presence of ATP

ATP-bound Sscl shows one main population for both the domain and the lid sensor. The
domains are docked close together as can be concluded from the high FRET value of the
observed population (Figure 4.2 upper left in purple). In contrast, the lid sensor shows low
FRET, meaning the lid is wide open. The lid sensor also shows a second small population
with high FRET upper left in purple). This population likely originates from
hydrolyzed ATP (thus ADP). While ATP hydrolysis is slow (0.032—0.13 mol ATP per mol Sscl
per min)HOLOMOHI06A108] it i expected to occur over the time course of the 3h measurement.
Docked domains and an open lid were expected for ATP-bound Sscl, as this was suggested
already from the homology model based on DnaK (cf. [Figure 4.Tj) and from previous smFRET
measurements.*> The graph on the left of the lower panel of shows an E-7-Plot
of ATP-bound Sscl. While a part of Sscl lies on the static FRET line, some of Sscl shows

conformational dynamics. Similar sub-millisecond dynamics of the lid are not observed in the

E-7-plot of the lid sensor (Figure 4.2b lower left).
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Figure 4.2.: SmFRET histograms and E-7-plots of Ssc1 in the presence of nucleotide and sub-
strate. a) Top row: SmFRET histograms of the domain sensor of Ssc1 in the presence
of ATP (purple), ADP (blue), ATP and substrate (orange), and ADP and substrate
(yellow). Bottom row: E-7-Plots of the domain sensor in the presence of ATP, ADP,
ATP and substrate, and ADP and substrate. Populations on the static FRET line
(solid line) do not show dynamics while populations on the dynamic FRET line
(dashed line) do show dynamics on the millisecond or sub-millisecond timescale.
b) Top row: SmFRET histograms of the lid sensor of Sscl in the presence of ATP
(purple), ADP (blue), ATP and substrate (orange), and ADP and substrate (yellow).
Bottom row: E-7-Plots of the lid sensor in the presence of ATP, ADP, ATP and
substrate, and ADP and substrate. The solid line is the static FRET line.
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4.1.2. Ssc1 in the presence of ADP

The addition of ADP to Sscl mimics conditions post ATP hydrolysis. Both the histograms of the
domain and the lid sensor show a clear difference when Ssc1 is bound to ADP as compared to
ATP. Three distinct populations are visible in both histograms (Figure 4.2 blue histograms in a
and b). Dynamic PDAZ®] results show that half of ADP-bound Ssc1 has docked domains, which
can be detected as a high-FRET population of the domain sensor. Furthermore, a low FRET
and medium FRET population are observed. The low FRET population represents undocked
domains with an extended interdomain linker, as can also be seen in the homology model of Sscl
when bound to substrate. To further understand the origin of the intermediate FRET population,
the E-t-plot is helpful. The plot shows that this population, in fact, is a population of proteins
dynamically transitioning between conformations while diffusing through the confocal volume.
This population nicely lies on the dynamic FRET line with the high and low FRET population
as end points. The domains of Sscl bound to ADP are thus docking and undocking on the
sub-millisecond timescale, with half of the proteins remaining in the docked state for longer
periods. This finding is in agreement with previous spTIRF experiments in which Ssc1:ADP
remained in a high FRET state for seconds with shorter explorations to a lower FRET state.2! The
three populations of the FRET histogram of the lid sensor differ clearly from the very low FRET
population observed when ATP is bound. The intermediate FRET population is also found in
the presence of substrate (see section below) and can be assigned to a closed lid. The low FRET
population has an interdye distance between the open and the closed lid conformation. Such a
partially closed lid has been previously reported for Bip and DnaK.I””!®2l The third population
of ADP-bound Sscl shows a high FRET efficiency. The fraction of this population increases
over time as can be seen in the time-wise FRET histogram in [Figure 4.3p. Here, the smFRET
histogram is plotted for 30 min intervals over the 3 h measurement. The low FRET population
decreases over this time course while the high FRET population increases. Since the intermediate
FRET efficiency is already the result of the closed lid, the question of the underlying structure
of the high FRET population arises. One possibility would be a collapsed lid, which leads to
a higher proximity of the two dyes than in the closed lid conformation. Another possibility
is a dimer or oligomer of Sscl leading to an intermolecular high FRET state. Dimeric and
oligomeric species of Sscl have previously been reported in the absence of nucleotide or in the
presence of ADP only.P810%1971 1t has also been reported that Hepl, the Hsp70 escort protein,
which is necessary for de novo folding of Sscl, also stabilizes Sscl under these conditions and
prevents oligomerization.[®1%4 The addition of Hep1 to Ssc1:ADP almost completely prevents
formation of the high FRET population while overall maintaining the rest of the FRET histogram
(Figure 4.3b) . The presence of Mdj1 together with ADP-bound Sscl also reduces the high
FRET population (Figure 4.3c). Taken together, this suggests that the high FRET population
of ADP-bound Sscl originates from Sscl dimers. Since Hepl and Mdj1 bind to a mutually



In vitro characterization of Sscl 51

exclusive binding site on the NBD!!% this region is most likely the origin of dimerization and
both cochaperones shield it. In summary, the domains of ADP-bound Sscl switch between a
docked and an undocked state. The lid shows no such dynamic behavior on the same timescale.
This is in agreement with 3c-FRET experiments which suggest that the dynamics of the lid and
the domains are not correlated.®

ADP + Hep1 ADP + Mdj1
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Figure 4.3.: In-depth examination of the high FRET state of the lid sensor. a) A time series of sm
FRET histograms from the ADP-bound lid sensor of Ssc1 showing an increase of
the very high FRET population over the time course of 3 h in time blocks of 30 min.
Gaussian probability density functions are shown for each time block. b) SmFRET
histogram of ADP-bound lid sensor in the presence of Hepl. ¢) SmFRET histogram
of ADP-bound lid sensor in the presence of Mdj1.

4.1.2.1. The high FRET populations of the domain sensor for ATP- and ADP-bound Ssc1

The FRET efficiency of the high FRET population of the domain sensor for ADP-bound Sscl
slightly varies from the FRET efficiency of ATP-bound Ssc1 (Figure 4.2p). This small difference
also resulted in the need for a different dynamic FRET line for both of the measurements. The
interdomain dynamics of most remaining measurements (see below), except in the presence of
ATP and Mgel, could be represented with the dynamic FRET line used for ADP. As the labeling
position in the NBD is on the back of the ATP-binding groove, small shifts of the amino acids
interacting with the nucleotide might also influence this region. It is possible that a rotation of the
two domains in respect to each other causes this small difference in FRET efficiencies. Within the
scope of this dissertation, efforts have been made to increase this difference in order to reliably
differentiate between ATP- and ADP-bound Sscl high FRET states (see Section 4.6).

4.1.3. The influence of substrate on the conformation of Ssc1

The addition of substrate P5 to Sscl generally causes binding as Sscl has a high affinity to
hydrophobic peptide sequences. However, the release rate in the presence of ATP is also fast and

ATP hydrolysis is necessary for stable binding. The FRET efficiency of the interdomain distance
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Figure 4.4.: Time series of smFRET histograms of Sscl in the presence of substrate. a) A time
series of smFRET histograms from the domain sensor of Sscl in the presence of
ADP and substrate. The fraction of the low FRET population (substrate bound
population) increases over the time course from 0—60 min after the start of the
measurement in time blocks of 10 min. Gaussian probability density functions are
shown for each time block. b) A time series of sSmFRET histograms from the lid
sensor of Sscl in the presence of ADP and substrate. No significant change of the
histogram over the time course of 60 min is detected. c¢) A time series of sSmFRET
histograms from the domain sensor of Sscl in the presence of ATP, substrate and
Mdj1. The substrate-associated population increases during the first 60 min after the
start of the measurement in time blocks of 10 min . d) A time series of SmFRET
histograms of the domain sensor in the presence of ATP, Mdj1 and substrate. The
sample was equilibrated for 1 h at single-molecule concentrations in the absence of
substrate before the start of the measurement.

drastically decreases in the presence of substrate for both nucleotides. This is due to domain
separation. However, the FRET efficiencies of the low FRET populations are not the same for
both nucleotides (see orange and yellow histograms). While full domain separation
is expected in the presence of ADP, as known from the homology model, Ssc1 shows a more
dynamic behavior in the presence of ATP and the population is shifted to higher FRET efficiencies.
While some dynamic averaging is expected in both cases due to the length and dynamic behavior
of the interdomain linker, the low FRET population in the presence of ATP is more clearly located
on the dynamic FRET line bottom, second from right). There are two possible
explanations for the increased dynamic behavior. Either transient binding of substrate to Sscl
causes short-lived domain separation, or Ssc1 cycles through ATP hydrolysis, release of ADP and
substrate and rebinding of ATP. However, as mentioned previously, ATP hydrolysis is slow in the
absence of Mdj1. While a small population of open lid remains in the presence of ATP, binding
of the substrate seems to lead to stable lid closure in the presence of either of the nucleotides.
The smFRET histogram of the lid sensor of ADP-bound Sscl in the presence of substrate is
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dominated by one high FRET population associated with a closed lid. This shows that substrate
binding can occur even to the ADP-bound form of the Hsp70 and with very high efficiency. The
dimeric species of ADP-bound Sscl is minor in the presence of substrate since substrate binding
causes monomorization. This is either because of competition for hydrophobic surfaces of Sscl
or because of the structural change and static nature of substrate-bound Ssc1.1%7] The lid sensor

of Sscl shows almost no dynamic behavior in the presence of substrate.

Taken together, it seems that even though substrate is stably bound by the lid in the presence of
ATP, this signal is not enough to lead to stable domain undocking or ATP hydrolysis. With regard
to the allosteric communication between the domains, this means that more than one signal is
needed for the complete conformational change from open lid and docked domains to closed lid
and undocked domains. Of course, it is still possible that the information that ATP is still bound
in the nucleotide binding pocket eventually causes the lid to open up again and release substrate.
However, only little dynamic lid movement is detected and such dynamics would have to be on a

slow timescale not detectable in our burst experiments.

Unique to the four measurements of Sscl in the presence of only nucleotides and substrate (ADP
and substrate, and ATP and substrate for both domain and lid sensors) were high intensity bursts
indicating large aggregates. The occurrence of these aggregates increased with the age of the
P5 aliquots (which are stored at —80 °C) and slightly decreased when PS5 was sonicated before
the measurement. Since they were not detected in the presence of cochaperones, fluorescent
impurities of P5 can be excluded as the cause of these high intensity bursts. Since P5 is a strongly
hydrophobic peptide it is not surprising that it forms higher order oligomers in aqueous solution.
Therefore, it is likely that these high intensity bursts originate from P5 aggregates decorated
with multiple fluorescently labeled Sscl proteins. This is a typical example of multiple Sscl
working together to stabilize and dissolve aggregated proteins. However, as Sscl is only present
in pM concentrations and P5 is added at 100 uM, Sscl is not able to successfully resolve those
aggregates. In the measurements with Mdj1 present, those aggregates are a rare occurrence, most
likely due to the chaperone function of Mdjl and it being present at higher concentrations (5 uM)
than Sscl. Thus, it is able to bind P5 and dissolve the aggregates. To decrease the amount of
P5 aggregates, PS5 was sonicated before use. However, this did not completely dissolve all P5

aggregates. These large burst were filtered out from the analysis.

4.2. The influence of Mdj1 and Mge1 on the conformation of Ssc1

Sscl is strongly regulated by its cochaperones. The J protein Mdj1 increases the ATPase activity
of the NBD of Ssc1 thus stabilizing substrate interaction and promoting protein folding.>3 Mdj1
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is also known to interact with substrates themselves and recruit them to Sscl. It has been reported
that Mgel acts as a stress sensor and only binds to Sscl in the absence of stress.!!”?! In this way,
nucleotide exchange and substrate release is thought to be put on hold to avoid release of folded
proteins into stress conditions where they are likely to aggregate again. As these cochaperones
have such a fundamental influence on the function of Sscl, it is important to understand the
specific impact they have on the structural conformation of Sscl and how these interactions
influence the working cycle of Ssc1. To this end, the influence of Mdj1 and Mgel on the structure
and conformational dynamics of Sscl in different nucleotide states and in the presence and

absence of substrate was studied.

4.2.1. Ssc1 in the presence of J protein Mdj1

As expected, addition of Mdj1 to ATP-bound Sscl leads to ATP hydrolysis and the smFRET
histogram of the domain sensor of Sscl left) looks almost identical to the one of
ADP-bound Ssc1. Most of the proteins are in a high FRET state with docked domains, while some
show undocked domains and some are dynamically switching between the two conformations.
The dynamic behavior can also be observed in the E-t-plot bottom left). The
lid sensor however, shows some remaining open lid conformation (low FRET population in
left). This could either be incomplete ATP-hydrolysis or rebinding of ATP owing
to its presence at very high concentration (1 mM). Spontaneous nucleotide release can happen
and ATP is more likely to be bound due to the high availability as well as the higher affinity to
Ssc1.l% The FRET population of the lid sensor assigned to oligomerized Sscl is not present
in the presence of Mdjl. Both the presence of ATP and Mdjl have previously been shown to
prevent oligomerization of Sscl.

As the main task of Mdjl1 is to stimulate the ATPase activity of Sscl, not much impact on the
FRET histograms of ADP-bound Ssc1 is expected. No influence on the FRET distribution of the
interdomain distance is observed second histogram). As already discussed, there is
a minor decrease of the very high FRET population of the lid sensor of Sscl and
Figure 4.5b second histogram in black compared to blue) due to stabilization of ADP-bound Sscl
and prevention of dimerization or even oligomerization. This suggests transient binding of Mdj1
to Sscl even when Sscl is ADP-bound. The reason for this binding is uncleared and cannot be
unraveled by these experiments. One possible explanation is that Mdj1 regularly inspects Sscl to
gather information on the nucleotide state.

The smFRET histograms of ATP-bound Sscl in the presence of substrate already looked fairly
similar to ADP-bound Ssc1 even without Mdj1 present (cf. [Figure 4.2). Thus no major changes
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Figure 4.5.: SmFRET histograms and E-7-plots of Sscl in the presence of Mdj1. a) Top row:

SmFRET histograms of the domain sensor of Sscl in the presence of Mdjl and
ATP, ADP, ATP and substrate, and ADP and substrate. The smFRET histogram of
ATP and substrate without Mdjl is overlayed in orange for comparison. Bottom
row: E-7-Plots of the domain sensor in the presence of Mdjl and ATP, ADP, ATP
and substrate, and ADP and substrate. Populations on the static FRET line (solid
line) do not show dynamics on the millisecond and sub-millisecond timescale while
populations on the dynamic FRET line (dashed line) are dynamic. b) Top row:
SmFRET histograms of the lid sensor of Sscl in the presence of Mdjl and ATP,
ADP, ATP and substrate, and ADP and substrate. The smFRET histogram in the
presence of ADP without Mdj1 is overlayed in blue for comparison. Bottom row:
E-7-Plots of the lid sensor in the presence of Mdj1 and ATP, ADP, ATP and substrate,
and ADP and substrate. The solid line is the static FRET line.

are expected. The low FRET population of the domain sensor, however, is shifted to lower FRET
efficiency compared to what is measured in the absence of Mdj1 third histogram,
black compared to orange). The population now coincides with the FRET efficiency in the
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presence of ADP and substrate, representing fully separated domains. Since Mdj1 stimulates
ATP hydrolysis, ADP is expected to be bound to the NBD, which causes conformational changes
leading to stable domain separation. This supports the assumption that allosteric communication
in Ssc1 is not only mono-directional, but signals from both the substrate binding domain (binding
of substrate) as well as the nucleotide binding domain (hydrolysis of ATP) are needed for the

structural transition to be stable with a closed lid and undocked domains.

No influence of Mdj1 on the FRET histograms of ADP-bound Ssc1 in the presence of substrate
could be observed and b, histograms on the right). This is to be expected, since
substrate is already recruited and Sscl is already in its ADP-state and no ATP hydrolysis is
necessary. It is expected that Mdj1 accelerates substrate binding. However, such a difference
could not be determined with this experimental design, since measurements were started a few
minutes after addition of Mdj1 or substrate, and thus after successful substrate binding. Since
the model substrate P5 is present in a high excess, the influence of Mdj1 on the rate of substrate
binding is likely minor.

Our data confirm the role of Mdjl in the stimulation of ATP hydrolysis. These results further
suggest that Mdj1 stimulates ATP hydrolysis not only in the presence of substrate, but also in the
absence of substrate. It has previously been shown that the substrate binding rate of ADP-bound
Sscl is higher than for ATP-bound Sscl. However, as it was expected that substrate binding
preceeds ATP hydrolysis the biological implication for ADP-bound Sscl being able to bind
substrate was unclear. The fact that stimulation of the ATPase activity also happens in the absence
of substrate suggests that there is some biological role of ADP-bound Sscl in the chaperoning
cycle. In addition, Mdj1 seems to interact, at least transiently, with Ssc1 in its ADP-bound form,
which leads to stabilization of Ssc1 and the prevention of dimer formation. The exact biological
implications of this interaction remain unclear but the transient interactions might be necessary to

detect the nucleotide-state of Sscl and the stabilization of Ssc1 could be just a byproduct.

4.2.2. Ssc1 in the presence of nucleotide exchange factor Mge1

It is known that Mgel interacts with both nucleotide states of Sscl. Thus, it is interesting to
see whether Mgel only affects the nucleotide state of Sscl or has a further influence on its
conformation and dynamics. The influence of Mgel on the SmFRET histogram of the domain
sensor of Sscl in the presence of ATP is very subtle left histogram). The dynamic
population, showing up as averaged intermediate FRET efficiency, slightly increases compared to
Sscl with only ATP in solution left histogram). This small increase in the dynamic

population is best visible in the associated E-7-plots and also appears in the summarized PDA
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Figure 4.6.: SmFRET histograms and E-7-plots of Sscl in the presence of Mgel. a) Top row:

SmFRET histograms of the domain sensor of Sscl in the presence of Mgel and
ATP, ADP, ATP and substrate, and ADP and substrate. For comparison, smFRET
histograms of ADP as well as ATP and substrate in the absence of Mgel are shown
in blue and orange, respectively. Bottom row: E-7-Plots of the domain sensor in
the presence of Mgel and ATP, ADP, ATP and substrate, and ADP and substrate.
Populations on the static FRET line (solid line) do not show dynamics on the
millisecond and/or sub-millisecond timescale while populations on the dynamic
FRET line (dashed line) are dynamic. b) Top row: SmFRET histograms of the lid
sensor of Sscl in the presence of Mgel and ATP, ADP, ATP and substrate, and ADP
and substrate. Bottom row: E-7-Plots of the lid sensor in the presence of Mgel and
ATP, ADP, ATP and substrate, and ADP and substrate. The solid line is the static
FRET line.

results in[Figure 4.9h. However, unsurprisingly, most of the proteins still show docked domains,
as the ATP in solution is able to interrupt the Ssc1:Mgel interaction quickly. In the smFRET

histograms of the lid sensor (Figure 4.2b and [Figure 4.6b left histograms) the fraction of open
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lid decreases (very low FRET) and the fraction of closed lid increases (intermediate FRET) in
the presence of Mgel (also see [Figure 4.9p). Only a minor fraction of Sscl is involved and
the biological implications of this lid closing are not immediately obvious. A possible reason
could be a structural change subsequent to Mgel binding or it is related to a previously proposed

nucleotide-free state.2)

Interactions of Mgel with ADP-bound Ssc1 are expected to be longer-lived and more clearly
visible in the smFRET histograms since reportedly, ADP is less successful in dissociating the
two proteins.!'%”] The changes in the interdomain distance distribution are only slightly visible.
In contrast to ATP-bound Sscl, the interdomain dynamics of ADP-bound Sscl decrease in

the presence of Mgel (cf. [Figure 4.9| and [Figure 4.6p second histogram; black with, blue
[146]

without Mgel). Homology models based on the interaction of DnaK and GrpE from E. coli
suggest that Mgel binds between the two domains (NBD and SBD). This provides a reasonable
explanation for suppression of the domain movement. Since the domains are docked in the
ATP-bound state of Sscl, binding of Mgel causes domain separation. Fast release of the complex
because of binding of ATP enables domain docking. This results in the increase of the dynamic
fraction of Sscl in the presence of ATP and Mgel. The change in the distribution of the lid
conformations of ADP-bound Ssc1 upon addition of Mgel is most pronounced. The size of the
intermediate FRET population with a FRET efficiency of around 0.6 does not change significantly.
However, the population with the high FRET efficiency, which was attributed to oligomeric Sscl,
decreases significantly. As already detected for the addition of Hep1 and Mdj1, the interaction
with Mgel possibly stabilizes ADP-bound Sscl and prevents oligomerization. The low FRET
population decreases to around one third of the size it was in the absence of Mgel. This partially
closed lid conformation does not seem to be favorable when bound to Mgel. Instead, a very
low FRET population, associated with a wide open lid, appears and dominates the histogram
second histogram). This open lid conformation is otherwise only detected in the
presence of ATP. However, no ATP is present in the solution because purified ADP has been used.
Mgel must thus be able to cause a strong conformational shift, opening up the lid of Sscl, even
in the absence of ATP. It is possible that this conformation has no nucleotide bound in the NBD
and is primed for fast ATP binding.

The presence of Mgel has only a minor impact on the FRET histograms of the substrate-bound
species of Sscl. The results of the dynamic PDA of the domain sensor, however, suggest that the
low FRET population of Sscl in the presence of ATP, substrate and Mgel has a higher fraction of
static, completely separated domains and less of the dynamically switching species (Figure 4.9,
and [Figure 4.6p, third histogram, black with, orange without Mgel). This is surprising since
it has been previously suggested that besides nucleotide exchange, Mgel is also involved in
substrate release, which would lead to less occupation of the low FRET population. It is possible,

that binding of Mgel inhibits domain dynamics and a high fraction of proteins measured are



In vitro characterization of Sscl 59

detected in an Mgel bound state. The discrepancy can also be attributed to the fact that, due
to the short peptide sequence of only 10 amino acids, there is no folded product, and thus the
concentration of possible substrate does not decrease over time. Thus, the fast substrate release
is triggered by Mgel and is compensated by the instant rebinding of substrate. The process
of substrate release and rebinding would need to happen faster than the domain separation to

result in this smFRET histogram. The E-7-plots of the lid sensor in the presence of substrate

appear more heterogeneous in the presence of Mgel (Figure 4.2 and [Figure 4.6|two histograms

and E-7-plots on the right). One might argue that this heterogeneity appears as dynamics, even
after species-wise calculated y-factors have been applied. Such dynamics could be induced by
possible substrate release and rebinding due to the presence of Mgel, but most molecules are in a
state with stably bound substrate. Our data show little evidence for the interaction of Mgel with
substrate-bound Sscl or influence of Mgel on the structure of Sscl when bound to substrate, and
almost no substrate release. These findings imply that there are other factors inducing substrate
release, like downstream chaperones (e.g. Hsp90 or Hsp60) or the need for a change of the
three-dimensional structure of the substrate. Such a structural change of the substrate could be

the driving force for lid opening and substrate release.

4.2.3. Ssc1 in the presence of ATP, substrate, Mdj1 and Mge1

To detect the conformational changes occurring during the full chaperoning cycle of Sscl, the
two FRET sensors were studied in the presence of ATP, substrate and both chaperones, Mdj1 and
Mgel. The cycle is now not stalled at a certain point but can actually continue and start over
again. When looking at the resulting E-7-plot (Figure 4.7|bottom left), it is immediately obvious
that the domain sensor is highly dynamic. Indeed, dynamic PDA shows that the percentage of
the dynamic population is very high (Figure 4.9n). Under these conditions, the sub-millisecond
dynamics suggest a very efficient chaperoning cycle. The population of Sscl, which is stably
bound to substrate with a closed lid, remains rather high. But it is lower than for substrate-bound
Sscl in the presence of ATP and only one of the two cochaperones. This suggests that the
presence of both, Mdjl and Mgel, leads to more substrate release and the two proteins work

cooperatively.
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Figure 4.7.: SmFRET histograms and E-7-plots of Sscl ATP, substrate, Mdj1 and Mgel. Sm-
FRET histograms (top) and E-7-plots (bottom) of the domain (left) and lid sensor
(right) of Sscl in the presence of ATP, substrate, Mdjl and Mgel. The dashed lines
indicate the position of the main population in the presence of ATP (purple), ADP
(blue) and ADP and substrate (yellow). In the E-7-plots, the solid line represents the
static FRET line and the dashed line represents a dynamic FRET line.

4.3. Dynamic photon distribution analysis of the sub-millisecond
dynamics of Ssc1

To better understand the nature of the dynamic behavior of Sscl, a dynamic photon distribution
analysis (dynamic PDA) was applied. Very interestingly, in 11 out of the 13 tested combinations
of solution additives, the dynamics occur between the same two populations of Ssc1. Only the
measurement in the presence of ATP, and ATP and Mgel the high FRET state differs. The
domains can be tightly docked (with a slight difference between ATP- and ADP-bound high
FRET) or completely extended. Dynamic PDA was fit globally to all 13 conditions. From the
E-7-plots and lifetime fits of the lifetime of the donor fluorophore in presence of the acceptor, the
start and end populations of the dynamic structural changes are known. The model contained
a static-dynamic mixture in which the two end states can be static or dynamically exchanging.
It has been previously shown that Sscl is also dynamic on longer timescales®. Molecules
appearing static in our measurements on the sub-millisecond to millisecond timescale are thus
likely dynamic on slower timescales. Two minor populations at very low and very high FRET
were added to account for "impurities". Since PDA accounts for broadening because of shot
noise and the heterogeneity of the system, it is able to fit the experimental data well when the
right model is applied. This also means that PDA is sensitive to "impurities" and they need
to be included in the model. Such occuring "impurities" are not necessarily other fluorescent
particles but can also be caused by blinking of the fluorophores and by multi-molecule events. It

is important to note that many conditions could also be fit with a static PDA model. However,
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Figure 4.8.: PDA models and exemplary PDA fits. a) Single-molecule proximity ratio histogram
and the corresponding dynamic PDA analysis for the domain sensor. Left: A scheme
of the dynamic PDA model is shown with a static-dynamic mixture between two
FRET states (P3/P1 and P4/P2). The fractions static on the millisecond timescale are
P3 (blue) and P4 (orange). Molecules with the same FRET efficiency but dynamic
are accounted for with P1 (light blue) and P2 (light orange). Molecules of the
dynamic population have an averaged FRET efficiency (between P1 and P2) and
are shown in purple. P5 (green) and P6 (yellow) account for "impurities". Right:
Dynamic PDA fit results for ATP, ADP and ADP with substrate. b) Single-molecule
proximity ratio histogram and the corresponding PDA analysis for the lid sensor.
Left: A scheme of the static PDA model is shown with 4 populations (A1-A4) and
an additional fifth population, AS (green), accounting for "impurities". Right: PDA
fit results for ATP, ADP and ADP with substrate.

for consistency, all conditions were fit with the same model. Fixing the distance for the high
FRET populations (small distance, R2 for both the sensors, see [Table A.T|and[Table A 7)) did not
lead to satisfactory PDA fit results and the fit was thus allowed to adopt values +2.5 A around

the value from the first global fit. For the domain sensor this can be explained by the different
conformations of the docked domains in the presence of ATP and ADP leading to varying FRET
values. In the case of the lid sensor, the population with varying FRET values is the closed
lid, where slight changes are also expected depending on the presence and orientation of the
substrate influencing the extent of possible lid closure. For the lid sensor, a static PDA Fit with
four populations was applied with an additional minor very high FRET population to account for

"impurities".

Exemplary PDA fits are represented in [Figure 4.8|for the three conditions ATP, ADP and ADP
with substrate for the domain sensor (top) and the lid sensor (bottom). All other PDA fits can be
found in the appendix. In the PDA histograms of the domain sensor, the end states are represented
by the blue and orange populations. The dynamically averaged population is depicted in purple.

In the case of slower dynamics, molecules not transitioning between structures while diffusing
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Figure 4.9.: Results of the PDA fit of the smFRET data. a) Analysis of the domain sensor for all
13 conditions. Left: Percentages of the low FRET (yellow), dynamic (gray), and
high FRET (purple) populations are shown. Right: Transition rates of the dynamic
population of each of the measurements. k> is on top and reports on the rate of the
transition from undocked to docked domains and kp; is on the bottom and reports
on the rate of the transition between undocked and docked domains. Conditions
in the presence of ATP are shown in purple, ADP in blue, ATP and substrate in
orange, ADP and substrate in yellow, and ATP, substrate, Mdj1 and Mgel in gray.
The error bars are based on the confidence intervals from the PDA fit. b) Analysis of
the lid sensor for all 13 conditions. Percentages of the very low (purple), low (blue),
intermediate (yellow), high FRET (black) populations are shown.

through the confocal volume, but statistically belonging to the dynamic population, are observable
as a smaller population within the static population (e.g. light blue within the blue histogram of
ADP and substrate in [Figure 4.8). Because a fit based on a static-dynamic mixture was applied,
this distinction is made in the representation of the PDA fit results and can also be seen in the
graphic representation of the fit model on the left. The amplitude of the dynamic population is set
to 1 and the amplitudes of the other populations are given in[Table A.T|and[Table A.2]in relation

to that. The small green and yellow populations in the domain sensor histograms are needed to

account for fluorescent impurities and possible multi-molecule events in the very high and very
low FRET regions. In the smFRET histograms for the lid sensor the yellow population is the
oligomeric population of Sscl, mainly appearing for ADP-bound Sscl. The green population
also accounts for impurities as for the domain sensor. Such impurities can occur in protein
measurements because of the complex purification process, labeling, and buffer components.
Their percentage with respect to the total burst events detected, however, remains low, as can
also be seen in the summary tables of the PDA fit results (Table A.T|and [Table A.2)). They were
excluded for the calculation of the percentages of the populations represented in
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4.3.1. Kinetics of the domain dynamics

The first observation is that all obtained kinetics in the dynamic PDA fits are on a similar timscale
with sub-millisecond rates. These are quite fast dynamics for detection with burst analysis and
thus appear as an averaged but separate population in the smFRET histograms instead of just a
bridge between the two populations. This is especially apparent in the histogram of the domain
sensor of ADP-bound Sscl blue histograms). The middle population appears as a
Gaussian population itself. Without the additional dynamic information from the E-7-plots, it

could have easily been mistaken for a third static conformation.

The transition rates in the presence of ATP are on a similar timescale right, purple).
In the presence of Mgel (3rd from top in [Figure 4.9)), the dynamics are slower, which can be
attributed to the already previously mentioned binding of Mgel between the two domains. The
rates in the presence of ADP are faster than in the presence of ATP. This is especially interesting
in the presence of Mdjl. Although both samples, ATP and ADP, are expected to be bound to
ADP due to ATP hydrolysis, there are differences in the rates. This is likely due to different
interactions with Mdj1 because of the different nucleotide state. It is apparent that the rates in
the presence of substrate are slower than in the absence of substrate. This highlights the two
different origins of conformational dynamics. The dynamics in the absence of substrate possibly
stem from exploration conformations. This could be related to allosteric communication to sense
conformational changes in the other domain caused by binding of substrate, ATP hydrolysis,
binding of ATP or release of ADP. During stable binding of substrate, interdomain communication

is not as important. This could be a possible reason for the slower dynamics.

A more detailed analysis of the kinetics of the interdomain dynamics shows two different types
of dynamics. One species shows slightly faster docking rates than undocking rates. This is
mainly observed in the absence of substrate. The other species shows slower domain docking
than undocking. This is especially pronounced in the presence of ATP and substrate or in the
presence of ATP, substrate, Mdjl and Mgel. These conditions are related to cycles of ATP
binding, substrate binding, possibly ATP hydrolysis, and finally substrate release.

4.4. Slow domain separation in the presence of substrate

Another interesting finding is that domain separation after addition of substrate occurs over
the time span of up to 60 min, as can be seen in the time-wise smFRET histogram of Sscl in
the presence of ADP and substrate in [Figure 4.4a. Each histogram represents a 10 min time
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window and the low FRET population slowly increases over time. Such slow dynamic behavior
cannot be observed for lid closure (Figure 4.4p), which is apparent immediately after starting the
measurement. The time between substrate addition and start of the measurement ranges from
2-5min. Thus, substrate binding is immediate independently of the nucleotide bound to Sscl,
but domain separation is a slower process. This slow domain separation can be observed for all
conditions measured in the presence of substrate and it cannot be attributed to ATP-hydrolysis
or the influence of one of the cochaperones. To exclude temperature effects, a sample of Sscl
was equilibrated in the presence of ATP and Mdj1 at room temperature for 1 h before addition of
substrate and start of the measurement. Also in this measurement, a slow domain separation over
the time course of 60 min after addition of substrate could be observed (compare and
d). This observation of immediate lid closure but delayed domain separation is another example
of non-correlated conformational changes of Ssc1. Similar observations have been made by Vogel

et al. where lid closure can be observed before ATP hydrolysis.!183] The smFRET histograms in

[Figure 4.2} [Figure 4.5|and [Figure 4.6|in the presence of substrate only include data acquired at

least 60 min after measurement start to show steady-state conformations. This is valid for both,
the domain and the lid sensor; even though no change was detected for the lid sensor, we wanted

to make sure that all protein was at equilibrium before the start of the measurement.

4.5. Proposed model of the chaperoning cycle of Ssc1

Based on the data obtained from the 13 different measurement conditions and the two different
FRET sensors (domain sensor and lid sensor), the existing model of the chaperoning cycle of
Sscl could be revised and improved. The updated model is shown in

Sscl bound to ATP in the absence cochaperones or substrate is assumed as the start and end
point of the chaperoning cycle. The NBD and SBD are docked close together while the o-helical
lid is wide open, stretched away from the substrate binding groove in the f3-sheet base of the
SBD. In this conformation, the substrate binding groove of Sscl is easily accessible and in a
high energy state, able to use the energy from ATP hydrolysis for e.g. structural changes. The
presence of substrate, specifically exposed stretches of hydrophobic amino acid sequences, leads
to immediate binding to the peptide and closure of the lid. This step does not require ATP
hydrolysis but instead is possible that the hydrophobic interactions of the substrate with the SBD
provides the energy for closing of the lid. While binding of substrate by lid closure seems to
be instant and stable on the millisecond timescale, the two domains keep moving with respect
to each other with domain undocking being faster than domain docking. Under single-turnover
conditions or in the presence of Mdjl1, Sscl is able to hydrolyse ATP and fully transition to a

conformation with undocked domains and an extended interdomain linker and the lid remaining
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tightly closed upon the bound substrate.’) ATP hydrolysis is fast in the presence of the J protein
Mdj1 and slow in the presence of only substrate. Mdjl can also induce hydrolysis of ATP to
ADP in the absence of substrate. The conformation of Sscl bound to ADP and substrate is very
stable and cannot be permanently interrupted by either Mgel or Mdj1 alone. Substrate release by
Mgel is not visible under the conditions used in these measurements because instant rebinding of
substrate occurs. Our results imply that substrate can be released in the presence of both Mdj1
and Mgel together with ATP. Further experiments with larger model substrates are necessary to
see if this hypothesis holds. It is possible that a structural change within the substrate protein is
also necessary to indicate successful folding and induce lid opening. Substrate release results
in ADP-bound Ssc1, which is highly dynamic with fast fluctuations in the interdomain distance
on the sub-millisecond timescale. This species is aggregation prone and can form long-lived
oligomers. Previous smTIRF data suggests that the protein can recover from this state>! and
return to the dynamic ADP-state of Sscl. Mgel is now able to induce ADP-release and also
causes a structural change leading to lid opening. This structural change possibly enables either
ADP-release or ATP-binding. It is further possible that the objective of the lid opening is substrate
release assuming that the substrate is folded and the substrate concentration is low enough to
prevent instant rebinding. In the next step, ATP binding causes dissolution of the Ssc1:Mgel

complex and Sscl is in its original ATP-bound state again.
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Figure 4.10.: Proposed model for the chaperone cycle of Sscl. Starting at the top: When
bound to ATP (purple), the domains of Sscl are docked and the lid is open. In
the presence of substrate (yellow), the lid closes. ATP is slowly hydrolyzed to
ADP (blue), or the the hydrolysis rate is sped up by Mdjl (orange; right internal
pathway). Mdj1 induced hydrolysis can also occur without substrate (left internal
pathway). The combination of substrate binding and ATP hydrolysis leads to full
domain separation. ADP-bound Sscl without substrate shows fast dynamics of
the domains. From this state, collapse of Sscl is most likely (black), although
seemingly reversible. Mgel (green) induces a conformational change that leads to
the release of ADP and binding of ATP.
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4.6. Variations of labeling positions of Ssc1

As discussed in Section d.1.2.1] the high FRET populations of the domain sensor of Sscl have
similar FRET values when bound to ADP or ATP. This has also been observed in previous
smTIRF experiments.”>! Based on the obtained single-molecule data, it is difficult to asses how
significant the difference in conformation of the NBD is between the ATP and ADP bound states.
It is possible that the conformational difference is small and only a few amino acids are shifted. It
is also feasible that the arrangement of the domains differs quite significantly between the two
conditions and the two labels coincidentally have the same distance. To further understand the
domain arrangement when the domains are docked, and to improve the contrast in FRET values
between the two nucleotide bound conformations, five new FRET sensors were designed. The
labeling sites on the NBD were mainly chosen further away from the label in the SBD than the
previous labeling site at position D341. In this way, an attempt was made to lower the FRET
efficiency and bring it into a more sensitive range and achieve higher resolution. It was further
taken into consideration to not label too close to the nucleotide binding pocket to not interfere

with nucleotide binding and release.

The labeling positions chosen for the new Sscl mutants are shown in[Figure 4.T1] The original
domain sensor SD (Sensor Domain) of Sscl was labeled at positions D341C and 1448C. Domain
sensor B (SD-B) is labeled at positions Q111C and 1448C. Domain sensor C (SD-C) is labeled at
positions Q327C and 1448C. Domain sensor D (SD-D) is labeled at positions E374C and 1448C.
Domain sensor E (SD-E) is labeled at positions K337C and 1448C. Domain sensor F (SD-F) is
labeled at positions S378C and 1448C.

SD-B and SD-C were expressed, purified, labeled and measured prior to the other mutants.
They were labeled with Atto532 as the donor fluorophore and Alexa fluor 647 as the acceptor
fluorophore. Alexa Fluor 647 was chosen instead of Atto647N, which was used in prior ex-
periements, because it is less hydrophobic and a potential influence of the fluorophore on the
protein conformation and dynamics is less likely. Before expression of SD-D, SD-E and SD-F,
Atto-Tec released the dye Atto643. Atto643 is less hydrophobic than Atto647N but has similar
photophysical properties such as high photostability and high brightness. Therefore, the last three
domain sensors were labeld with both, Atto643 and Alexa Fluor 647. Interestingly, although
labeled in parallel, labeling efficiencies differed between batches. The final measurements of
SD-D and SD-F were carried out with the proteins labeled with Atto532 and Atto643. SD-E
proved to be difficult to label in general and only by using Alexa647 as the acceptor, could
some labeling be achieved. The difficulties in the labeling efficiency hint towards unsuccessful
folding of the protein. All proteins were measured in the presence of ATP, ADP, and ADP and

substrate.
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SD SD-B SD-C

SD-D SD-E

Figure 4.11.: Graphical representation of the labeling positions of the new domain sensors of
Sscl. The labeling positions are shown in gray with a white outline in the ATP-
bound structure of Sscl when the NBD (orange) and the SBD (purple) are docked.
Top row: The original domain sensor SD (Sensor Domain, Ssc1-D341C-1448C),
the new domain sensors SD-B (Ssc1-Q111C-I448C) and SD-C (Ssc1-Q327C-
1448C). Bottom row: The new domain sensors SD-D (Ssc1-E374C-1448C), SD-E
(Ssc1-K337C-1448C) and SD-F (Ssc1-S378C-1448C).

4.6.1. No clear difference in high FRET species of SD-B

The Sscl domain sensor SD-B shows a high FRET efficiency when measured in the presence
of ATP (Figure 4.12)). Because of the docked domains and the chosen labeling position, this is
expected. The labeling positions were put at the same distance in the two available structures
(left and right of the histograms) as compared to SD. In the presence of ADP, SD-B also shows
a high FRET efficiency. The maximum is slightly shifted to higher FRET values, however, no
clear separation from the high FRET efficiency of ATP-bound Ssc1 SD-B is possible. When Sscl
SD-B is bound to ADP and substrate, a low FRET population appears. However, there is still a
significant high FRET population left. This suggests the presence of a high FRET "impurity",
meaning a species with docked domains or a species with impaired folding and thus appearing
as high FRET. The difference in FRET efficiency between ATP and ADP is not big enough to
clearly distinguish between the two states or draw conclusions on the exact conformations in the
different nucleotide states. Furthermore, the labeling position seems to impair folding or function

of the protein.
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Figure 4.12.: SmFRET histograms of the new domain sensors of Sscl. On the left, the labeling
positions of the mutants are shown in the ATP-bound homology model of Sscl
based on DnaK (PDB: 4B9Q). In the middle, the smFRET histograms of each of
the sensors in the presence of ATP (purple), ADP (blue) and ADP and substrate
(yellow) are shown. On the right, the labeling positions are shown in the ADP and
substrate-bound homology of Sscl based on DnaK (PDB: 2KHO).

4.6.2. SD-C does not show a high FRET species

The smFRET histograms of the Ssc1 domain sensor SD-C show only little high FRET "impurities"
caused by aggregated or not properly folded Sscl (Figure 4.12). When bound to ATP, SD-C
has an intermediate FRET efficiency of around 0.4. The fluorescent labels are placed further
apart than for the other mutants and thus this is not surprising. In the presence of ADP, this
FRET efficiency is even lower (around 0.2). While this mutant shows the aspired clear separation
between ATP and ADP FRET efficiencies, SD-C shows the same FRET efficiency in the presence
of ADP and substrate. This takes away the possibility of observing the full cycle of Sscl and thus

this mutant is also not suitable for following the full conformational cycle of Sscl.
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4.6.3. The function of SD-D is impaired

The Sscl domain sensor SD-D proved difficult to handle during expression and purification.
However, a good labeling with the fluorescent dyes Atto532 and Atto643 was achieved. The
smFRET histogram of Ssc1 SD-D in presence of ATP shows a low FRET and a high FRET
population (Figure 4.12). The same histogram is measured in presence of ADP or ADP and
substrate. The absence of a conformational change, especially between ATP and ADP with
substrate, suggests impaired function of SD-D. With the problems that occurred already during
expression, the mutations themselves likely cause this impairment and not only the fluorescent
labels.

4.6.4. Defective expression and folding of SD-E

The Sscl domain sensor SD-E yielded a low amount of labeled protein for both acceptor dyes
Atto643 and Alexa Fluor 647. After further investigation, this was because of the low expression
levels of Sscl SD-E and impurities of smaller proteins or protein fragments still present after
purification. Expression and purification was repeated, however, without success. At this
timepoint, problems in overexpression of Mgel arose. Mgel is needed for purification of Sscl,
and thus its inavailabilty also effects the availability of purified Ssc1. SmFRET histograms of
the small amount of labeled protein show high FRET in the presence of ATP and ADP together
with a small low FRET population in the presence of ADP and substrate (Figure 4.12). However,
expression and purification of this protein would need to be repeated once Mgel is available

again.

4.6.5. SD-F is a possible candidate to observe the full cycle of Ssc1

The Sscl domain sensor SD-F shows a high FRET efficiency when bound to ATP (Figure 4.12).
SD-F also shows a high FRET efficiency in the presence of ADP, however, the two high FRET
populations are clearly seperated. ADP-bound SD-F also shows some low FRET, which is
consistent with previous knowledge of multiple populated conformations of Ssc1 in the presence
of ADP. When bound to ADP and substrate, Sscl SD-F shows a low FRET efficiency and
thus separated domains. Three clearly distinguishable populations could be detected in these
measurements and can be assigned to the different conditions. However, all of these smFRET
histograms show a high degree of background impurities. Sscl SD-F would thus need to be
expressed and purified again in order to achieve higher purity. As mentioned in the previous
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section, purification of Sscl needs Mgel and Mgel could not be overexpressed at the time. Thus,

a new batch of SD-F could not be synthesized.

4.6.6. Summary

Taken together, the experiments with the different new domain sensors of Sscl showed that
mutations can have a strong impact on proper folding and function of proteins. For this reason,
SD-D and SD-E could not be evaluated further. SD-B showed a similar FRET distribution as
the original domain sensor SD-D and is thus not suited for detection of the whole cycle. While
SD-C shows a significant difference between ADP and ATP, the FRET efficiency of ADP alone
coincides with that of ADP and substrate. Therefore, SD-C is also not suitable to study the full
cycle. SD-F does show promising well-separated FRET populations, but the batch measured
is not pure enough for high-quality data analysis. In the future, SD-F should be re-expressed,
purified, labeled and measured to draw accurate conclusions. In principle this high number of
FRET sensors could be used to improve the homology models similar to Dimura et al. (2016)147)
and Hellenkamp et al. (2017).1'48) However, since most of the expressed FRET sensors show

impaired function, this was not done.



5. In organello smFRET measurements of Ssc1

In vitro measurements allow one to study the interactions with well-defined compositions. By
knowing the exact concentrations of all components involved, quantitative conclusions on affini-
ties and kinetic rates can be drawn. The interactions of two, or more, partners can be examined
in isolation from the rest of the system. In addition, large complexes can be reconstituted piece
by piece and the influence of each component can be studied individually. Moreover, conforma-
tions can be measured under various boundary conditions to explore the full possible range of

motion.

However, in vitro measurements often do not give the true picture of protein’s behavior in the
cell. Here, many interaction partners are present simultaneously. The information as to which
interaction predominates at which point in time can only be obtained from measurements in vivo
or under in vivo like conditions, such as in organello. Often, different kinetics are observed in
vivo compared to in vitro. Due to the presence of accelerators or inhibitors, and the different local
concentrations of the various components, kinetic rates may vary. In addition, if the resolution is

good, the localization of specific interactions can be observed.
With the in organello single-molecule FRET measurements of Sscl present here, we could
contribute further insights into the dynamic behavior and occupation of Sscl inside mitochondria.

Since establishing these smFRET measurements in organello was an important part of the project,

the necessary steps will be explained in more detail before discussing the results.

5.1. Stepwise realization of in organello smFRET measurements

5.1.1. Import of fluorescently labeled Ssc1 into isolated mitochondria

Rupa Banerjee, from the group of Dejana Mokranjac (LMU Biologie), achieved import of

unfolded and fluorescently labeled Sscl precursor proteins (Sscl with a targeting sequence to
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the mitochondrial matrix) into isolated mitochondria. The procedure is explained in great detail
in her doctoral thesis."*?) When the import was carried out, he concentration of added Sscl
precursor needed to be adjusted for each batch of labeled protein and isolated mitochondria to
achieve single-molecule concentrations inside the mitochondria. The remaining external precursor
was cleaved unspecifically using proteinase K treatment. This prevented smFRET signals from
unsuccessfully imported proteins. Mitochondria were washed after proteinase K treatment to
remove as much cleaved peptide as possible. After this procedure mitochondria were taken off the
ice and were able to maintain the membrane potential for at least 40 minutes. Because membrane
potential is a measure of mitochondrial function, all measurements were performed within this

40-minute period and mitochondria were discarded thereafter.

5.1.2. Specific immobilization of mitochondria

Mitochondria can be immobilized on L-Polylysine since the polymer is positively charged while
the mtiochonrial membrane is negatively charged. However, a large amount of residual cleaved
peptide carrying fluorophores also adhered to the coated surface. For this reason, we switched
to specific immobilization of mitochondria, which enables the use of PEG to passivate the glass
surface of the cover slides. Surface passivation minimizes unspecific binding of remaining
peptide and other impurities. This is particularly important for biological samples, as they
carry more co-purified fluorescent impurities than in vitro measurements and completely clean
measurement slides cannot be expected. The exact immobilization scheme we developed is
presented in [Figure 5.Tp. A small percentage of PEG molecules on the surface carry a biotin,
which is able to bind to streptavidin with pM affinity. Streptavidin has a total of four binding
pockets for biotin and can act as a linker between two molecules functionalized with a biotin. The
strong biotin-streptavidin interaction is commonly used in single-molecule microscopy. Since
it is difficult to add a biotin tag to mitochondria, we applied a secondary immobilization step
via a biotinylated antibody. We tested two different antibodies against two surface proteins of
mitochondria, ®Tom22 and oPorin. No immobilization was achieved by biotinylated aPorin
(Figure 5.1p), which can have several reasons. Either the non-specific biotinylation of oPorin
was not efficient, or the target sequence of Porin is buried in the tertiary structure or degraded
by proteinase K. However, immobilization was achieved by the use of biotinylated aTom22
(Figure 5.Tk). Isolated mitochondria are big enough to be visible in brightfield when being
illuminated by a halogen lamp from the top of the commercial microscope body. A phase contrast
picture of immobilized mitochondria is shown in the left image of [Figure 5.T. In the right image
of [Figure 5.1k, the autofluorescence of mitochondria after illumination with blue laser light is
presented. The autofluorescence of mitochondria in the focal plane can thus be used to locate the

mitochondria in our measurements and narrow down the regions of interest. The immobilization
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via biotinylated ¢Tom22 was successful and used for all further measurements.

a b

Figure 5.1.: Immobilization of isolated mitochondria for smTIRF experiments. (a) Mitochon-
dria are immobilized on the pegylated glass surface by a biotin-streptavidin-biotin
linkage via biotin-PEG-silane and a biotinylated antibody against Tom22. (b) A
microscope image after blue excitation of a sample using aPorin for immobilization.
No immobilized mitochondria are visible, and no immobilization using aPorin
was observed. (c¢) Mitochondria immobilized via aTom22 illuminated with the
microscope lamp (left) and with the blue laser (right). (d) A section of the field
of smFRET experiments in organello using HILO illumination. The image is an
overlay of fluorescence images after blue, green and red excitation. Within the white
circles are examples of collocalization of Atto532 (green), Atto647 (red) and the
autofluorescence of the mitochondria (blue, immobilized using @ Tom22).

Total internal reflection fluorescence (TIRF) microscopy did not lead to high data quality since
simultaneous disappearance of green and red fluorescence after alternating laser excitation
(ALEX) could be observed. This is due to diffusion of Ssc1 inside the matrix of the mitochondria
out of the approximately 200 nm range of the evanescent field that can be illuminated by TIRF
microscopy. Mitochondria detected by brightfield illumination or via autofluorescence using blue
excitation (Figure 5.1c) ranged from 600-1200 nm in size and likely have a similar size in the
z-direction. Hence, for the measurements here, an angle slightly lower than the critical angle for
total internal reflection was necessary. These kinds of measurements are also known as highly

and laminated optical sheet (HILO) microscopy[@] or variable angle epifluorescence microscopy
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(VAEM).!"®) This enables an increase of the excitation depth and volume while still maintaining
low background illumination. Applying HILO to our measurements allowed us to observe Sscl
inside mitochondria on longer timescales without losing the signal due to diffusion inside the

mitochondrion.

For data analysis, only double-labeled proteins colocalized with the blue autofluorescence of the
immobilized mitochondria were used. Proteins outside the mitochondrion are expected to be
cleaved by added proteinase K and do not show FRET. Colocalization with the autofluorescence
of the mitochondria further suggests the studied proteins are inside the mitochondria and we are
in fact measuring in organello. To provide higher time resolution, blue excitation was carried
out before the actual FRET measurement, followed by alternating excitation with the green and
red laser. An exemplary field of view is shown in [Figure 5.1d. The autofluorescence of the
mitochondria is colored in blue, Atto532 and Atto647 in green and red, respectively. White
spots represent a colocalization of mitochondria and a double-labeled protein (marked with white
circles in [Figure 5.1d). Time traces of such colocalized regions are extracted by the analysis
software MITRA for further data analysis. Of course, it is also possible that two single-labeled
proteins are colocalizing inside one mitochondrion, but no FRET is expected in such a case and

these time traces will be excluded from further analysis.

5.1.3. The influence of dyes

Previous spTIRF experiments of Sscl have been performed using Atto532 and Atto647N (both
ATTO-TEC GmbH) as a FRET dye pair. The first in organello measurements of Sscl were
performed with Sscl labeled with these dyes and showed that Atto647N attached to excess
peptide present outside of the mitochondria stuck to the surface of the coverslides. It has also been
reported that Atto647N tends to stick to membranes, especially those of mitochondria. 31441143
Such sticking behavior is unwanted since it does not only influence the successful import of
Sscl precursor into mitochondria, but it also increases unwanted fluorescent background by
sticking of peptide residues to the mitochondria and can hinder free diffusion of the folded protein
inside the matrix. Since Alexa647 (Thermo Fisher Scientific) has been reported to be more
hydrophilic than Atto647N the protein was next labeled with Atto532 and Alexa647. Alexa647
worked well in MFD-PIE burst measurements and reproduced the reported FRET efficiencies
orange), when the different Forster Radii are taken into account. However, Alexa647
was too sensitive to the environment inside mitochondria and photobleaching occurred in less
than a second. It is important to mention that mitochondria have a low pH, radicals are highly
abundant and photostabilization inside mitochondria is not possible without a strong influence

on the electrochemical gradient, which potentially results in nonfunctional mitochondria. As a
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cyanine dye, Alexa647 is very sensitive to radicals as well as ionic additions. As a particularly
photostable dye, we next chose CF640R (Biotium) as the acceptor dye of our FRET pair. The
dye showed amazing photophysical behavior with very high brightness and longevity in smFRET
measurements on the surface. Unfortunately, solution smFRET burst measurements showed a
big influence of CF640R on the FRET efficiency, especially for ADP-bound Sscl
purple). While measurements with Atto647N (blue) and Alexa647 (orange) showed that most of
the proteins are in a high FRET state in the presence of ADP, proteins labeled with CF640R were
almost completely captured in a low FRET state. Labeling with CF640R thus clearly influences

or even inhibits allosteric communication within Sscl.
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Figure 5.2.: Comparison of different dye pairs on Sscl. SmFRET histograms of the interdomain
distance of Sscl in presence of ADP labeled with Atto532 and Atto647N (blue),
Atto647 (yellow), Alexa647 (orange) and CF640R (purple).

Atto647, while less photostable than Atto647N, also showed promising photophysical properties
and is less hydrophobic than Atto647N. It performed well as an acceptor dye in solution burst
measurements and reproduced the FRET histogram of the protein labeled with Atto532 and
Atto647N yellow compared to blue) reasonably well. In surface immobilized in
organello smFRET measurements, Atto647 showed reasonable photobleaching times and was
thus chosen for our system. Similar conclusions were drawn by Plochowietz et al. (2014)13%
in in vivo experiments. At the time of these studies, Atto643 was not available yet and at later
time points large amounts of data were already collected using Atto647 making a switch not
worthwhile. It is likely that Atto643 would outperform Atto647 in the here presented in organello
smFRET measurements. The best choice of dyes for this type of measurement in the future would
be dyes with intramolecular photostabilizers as studied by T. Cordes and S. Blanchard.!21H153]
Such dyes are designed for exactly this application and are becoming commercially available and

more convenient to use.
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5.1.4. Single-molecule trace quality in organello

For a quantitative analysis of single-molecule FRET experiments it is essential to have a high
signal-to-noise ratio and low background. Furthermore, long observation times are beneficial
to increase the statistics. Exemplary traces of single Sscl proteins in organello are shown in
Even though the fluorophores could not be stabilized by the addition of photostabilizers
like Trolox or Cyclooctatetraene, the fluorescence traces show high signal intensity and low
background noise. Other photophysical properties, like blinking and photobleaching, are not
optimal and limit the observation times. Especially the green fluorophore, Atto532, populates
long-lived dark states and permanently bleaches in several seconds. This can be seen in the upper
panel of which shows the fluorescence of Atto532 and Atto647 after excitation at
532 nm. As an alternative, Cy3B could be used in the future, which showed higher photostability
and comparable brightness in in vivo experiments.!1>%l Nonetheless, data quality is high enough
for further FRET analysis and exemplary FRET traces are presented in the lower panels of
To exclude blinking of the acceptor dye Atto647 during collection of smFRET data,
the fluorescence of Atto647 after excitation at 647 nm is shown in the middle row of
Since almost all sSmFRET traces of in organello Ssc1 showed no dynamics, the resulting SmFRET
histograms were built on molecule-wise FRET efficiencies (Figure 5.4). This means that the
FRET efficiency is averaged over all frames per molecule and only one value is used per molecule
for the final FRET histogram.
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Figure 5.3.: Exemplary single-molecule traces of Sscl inside mitochondria. Top: Signal of
Atto532 (green) and Atto647 (purple) after green excitation; Middle: Atto647 signal
after red excitation; Bottom: Calculated FRET efficiency.

5.2. Conformational state of Ssc1 in organello

We were interested in the conformational state of Sscl inside mitochondria and the influence
of the other proteins present. Since the used mitochondria are isolated, their energy levels
can be manipulated by solution additives and can be compared to conditions used for in vitro

measurements. ATP, NADH, phosphocreatine and creatine kinase were added to energize
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mitochondria and produce high levels of available ATP. For ATP depletion experiments, apyrase
and oligomycin were added to hydrolyse the available ATP and to block the ATP synthase,
respectively. Within minutes, all ATP should be used up while no new ATP is being produced,
thus simulating an ATP-deficient environment. A condition without any additional compounds in
the buffer was not measured since the mitochondria are already in an ATP and NADH containing
buffer during the import of the labeled Sscl. Thus, it would not be possible to unravel the actual
conditions for the mitochondria during the measurements. These two conditions, ATP and ATP
depletion, can be compared to ATP and ADP in vitro with possible substrates being present
in mitochondria at all times. Two different FRET sensors have been used previously and are
well established (see Section [). The mutant Ssc1-1448C-D590C reports on the amount of lid
opening from the -sandwich base of the SBD. The interdomain distance between the NBD and
SBD is monitored by the mutant Ssc1-D341C-1448C. It is known that substrates of different
sizes result in opening of the lid to different extents. This complicates the comparison of the
data from the lid sensor to preexisting in vitro data. Since substrates inside mitochondria are
present not only as extended peptide chains, but also partially folded, the mutant reporting on
the lid distance would show a heterogeneous mixture of states. For this reason, we first carried
out in organello measurements with the domain sensor of Sscl. This mutant shows two well
defined conformations, separated domains or docked domains, and dynamic switching between

the two.

5.2.1. Conformation of Ssc1 in organello with ATP excess

The in vitro data (as presented in Section 4] and [Figure 5.4c histogram on the right) shows that
Sscl1 populates a high FRET state in the presence of ATP. This high FRET state is the result of
closely docked domains. A similar conformation was expected for the in organello data of Sscl
under ATP conditions. Instead, a broad FRET distribution is seen left histogram)
with a maximum at low FRET values. This low FRET state is associated in vitro with the
substrate-bound state and separated domains left). Besides the low FRET state, an
intermediate FRET state is populated. When measured under ATP depletion conditions, Sscl can
also be observed in a low FRET state with a small fraction of a high FRET state (Figure 5.4h
middle histogram). While the low FRET state seems to be the same for both conditions, the higher
FRET values differ. While it is convenient to assume the low FRET state of the in organello
measurements corresponds to the substrate bound state, as measured in vitro left),
there are other possibilities for the predominance of separated domains. Besides a large number
of possible substrates, there are also cochaperones and other interaction partners of Ssc1 present
in mitochondria. These interaction partners could possibly induce domain separation by binding

between the two domains. For the cochaperones Mgel and Mdj1, no such conformation changes
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could be detected in in vitro sSmFRET measurements, but the interaction with Tim44 could not yet
been studied with smFRET. Also, other less well-studied or still unidentified interaction partners
are present inside mitochondria. To unravel the origin of the observed low FRET state, we carried

out a series of control measurements.

5.2.2. Functionality studies of imported Ssc1

First, it is important ensure that Sscl is fully functional after import. To this end, we lysed
mitochondria containing imported, fluorescently labeled Ssc1 and diluted it in buffer containing
an excess of ATP. Subsequently, single-molecule burst measurements of the imported and lysed
Sscl were carried out. The obtained histogram black histogram) clearly shows
that Sscl is able to bind ATP and adopt the docked domain conformation, as seen by the high
FRET efficiency. However, a small part remains in the intermediate FRET efficiency state. This
intermediate FRET population is a dynamic population. Therefore, Ssc1 is binding and releasing
the remaining substrates in the solution and is fully active. We conclude from this measurement
that the fluorescently labeled Sscl used for the in organello measurements is fully functional

after import into isolated mitochondria.
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Figure 5.4.: In organello smFRET histograms of the domain sensor of Sscl. (a) In organello
data of Sscl under ATP (left) and ATP depletion (middle) conditions, as well as
Sscl V459F under ATP conditions. (b) In vitro smFRET histograms of Sscl and
Sscl V459F in solution after import into mitochondria, lysis of those mitochondria
and dilution in buffer with 5 mMm ATP.

5.2.3. Ssc1 is mostly substrate-bound in organello

Based on the extensive in vitro experiments (Section @), Mdj1 and Mgel could be excluded as the
reason for the low FRET population in organello. Control experiments showed that Sscl is fully
functional. Thus, it is most likely that the low FRET population indeed is substrate-bound Sscl.
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In this case, the low FRET population is expected to disappear in a mutant that is deficient in
substrate-binding. One such mutant is Ssc1-V459F, where a valine in the substrate binding pocket
is replaced by a phenylalanine.!'32] Similar mutants have been well studied for other Hsp70s like
DnaK. In organello FRET data of Ssc1-V459F under ATP conditions does indeed not show a low
FRET population but only a broad intermediate FRET population right histogram),
the same population, which was already present in WT-Ssc1 measurements. To ensure that this
mutant is also correctly folded and able to bind ATP, the same control measurement after lysis as
performed before was carried out. Ssc1-V459F was measured after import into and lysis of the
mitochondria and diluted in ATP containing buffer as a control. The resulting FRET histogram
looks exactly like in vitro measurements of Sscl in the presence of ATP and is completely
shifted to the expected high FRET state (Figure 5.4p gray histogram) with no intermediate FRET
population remaining. The data shows that Ssc1-V459F is correctly folded in organello, can still

bind ATP and is only deficient in substrate binding.

The absence of the low FRET population for Ssc1-V459F, together with the control measurements
shown in |[Figure 5.4p supports the assumption that most Sscl inside mitochondria is in the
substrate-bound state already known from in vifro measurements. The fact that Ssc1 is not in
the ATP-bound state, and thus not available for substrate binding, has considerable biological
implications. When most of the Ssc1 inside mitochondria is occupied with substrate, there is little
to none available to ensure successful translocation of precursors into the matrix. This further
raises questions about the regulation of Sscl in regards to protein translocation. How is Sscl
recruitment to the translocase of the inner membrane regulated? Which signal triggers substrate
release and starts import? Where is all this substrate coming from, why does Ssc1 stay bound to it
over longer timescales? Of course, it is possible that isolated mitochondria are stressed and thus
more proteins are in need for binding and stabilization by Sscl. In this case, the Sscl chaperone

system is clearly at its capacity limit.

5.2.4. The high FRET population under ATP depletion conditions

To unravel the meaning of the second FRET population under ATP depletion conditions, it is
helpful to look at the in vitro data of Sscl. The high FRET state of the in organello ATP depletion
measurements has a lower FRET efficiency than the high FRET states of either ATP
right) or ADP second from left) in vitro. However, Ssc1:ADP not only populates two
states resembling the docked (high FRET) and undocked (low FRET) domains, but also another
population in between. This population has been shown to be dynamic on the sub-millisecond
timescale. In Section 4] we propose that Ssc1 bound to ADP is in a stalled state and exploring

a full range of inter-domain motion. Since the ATP synthase is blocked under ATP depletion
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conditions and the ATP inside the mitochondria is used up rather quickly, it is reasonable to
assume that the observed state resembles the ADP-bound conformation of Sscl. In the in vitro
burst measurements, the dynamic population averages around a FRET value of 0.6. The time
resolution of the in organello surface measurements is lower, so further averaging with the longer
lived high FRET state around 0.8 can occur. This leads to the observed average FRET efficiency
of 0.67 and disappearance of the high FRET state. While most of the Ssc1 molecules observed are
substrate-bound, a smaller population might already have successfully aided in protein (re)folding
and thus released substrate. Since no ATP is remaining after ATP depletion, Ssc1 has to remain
in an ADP-bound state, at least until it detects another unfolded protein or peptide. Thus, our
conclusion is that the observed second FRET state under ATP depletion conditions in the in
organello measurements is resulting from dynamic ADP-bound Sscl proteins, currently not

bound to substrate.

5.2.5. The intermediate FRET population in the presence of ATP

It has been shown that Ssc1 behaves highly dynamic in the presence of ATP and substrate, and
even more so, when the two cochaperones Mdj1 and Mgel were also present in vitro (Section
M). While the domain dynamics of ADP-bound Sscl averaged around a FRET efficiency of
60 % in burst measurements, dynamics induced by ATP and substrate had a lower average FRET
efficiency because of slower domain undocking. The intermediate FRET population in the in
organello measurements is likely caused by fast release and rebinding of the same or the next
substrate. This population also has the same FRET efficiency as the remaining FRET population
of the Ssc1 mutant V459F, which might be transiently interacting with substrate but is not able to
stably bind substrate. The hypothesis that the intermediate FRET population is interacting with
substrate and this interaction introduces domain dynamics is further supported by the control
measurement of lysed mitochondria black). Here, labeled Ssc1 was imported into
mitochondria. Subsequently, the mitochondria were lysed and diluted in ATP-containing buffer.
Solution burst measurements showed a intermediate FRET population next to the high FRET
population of ATP-bound Sscl. This intermediate FRET population is a dynamic population.

These dynamics can be caused by binding and release of remaining substrate in the lysate.

The observation of a high amount of substrate-bound Sscl suggests that substrate release is
not favored inside the mitochondria. There are multiple possible reasons for this. It has been
reported that Mgel does not interact with Sscl under certain stress conditions. Possibly, isolated
mitochondria are more stressed than mitochondria in an intact cell and Mgel is not present in
its active dimeric form, thus unable to bind to Ssc1 and induce nucleotide exchange. Substrates

inside mitochondria are longer peptides and proteins, which take more time to fold and thus are
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not released as easily as the short 10 amino acid long model substrate P5, which was used in the
in vitro experiments. And, of course, the vast amount of other proteins present in mitochondria

can have an impact on the regulation of the chaperoning cycle and function of Sscl.

5.3. Conformation of the lid sensor of Ssc1 in organello

As previously mentioned, the extent of lid opening of Sscl depends on the size and structure
of the substrate bound. For this reason, the substrate-bound structure is not well defined when
different substrates are present. Inside mitochondria, substrates can be extended peptide chains as
well as partially or fully folded proteins. After establishing that most of Sscl inside mitochondria
is substrate bound with measurements of the domain sensor, we were next interested in the state
of the lid. To this end, in organello measurements were carried out with the lid sensor under
ATP and ATP depletion conditions. For this, the precursor protein of the lid sensor, with the
mitochondrial targeting sequence, was labeled with Atto532 and Atto647.

a - C
ATP ATP depletion 0.15 ATP
0.1 ADP
2 0.1
) 0.1
8
©0.05
£ 0.05 0.05
A e T
0 0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
FRET Efficiency FRET Efficiency FRET Efficiency

Figure 5.5.: In organello smFRET histograms of the lid sensor of Sscl. (a) SmFRET histogram
of the in organello measurements of Sscl under ATP conditions. (b) SmFRET
histogram of the in organello measurements of Sscl under ATP depletion conditions.
(c) In vitro smFRET histograms of the lid sensor of Sscl in the presence of ATP
(purple), ADP (blue) and ADP and substrate (yellow).

In the presence of an excess of ATP, the lid sensor shows a broad distribution of FRET efficien-
cies (Figure 5.5h). Under ATP depletion conditions, the maximum of the smFRET efficiency
distribution is at a higher FRET value and two populations can be detected (Figure 5.5p). The
maximum of the FRET population in the presence of ATP in organello lies in between the open
lid conformation known from in vitro measurements in the presence of ATP (Figure 5.5¢ purple)
and the closed lid conformation in the presence of ADP and substrate yellow).
Thus the lid is in an intermediate open state in organello or is dynamically switching between
an open and a closed lid on a fast timescale (« 25 ms). However, in previous in vitro TIRF
experiments!®, the dynamics of the lid were slow enough to be observed. It is thus more likely
that the intermediate open state originates from partially folded substrates where the lid cannot

close completely. However, since no precursor proteins are imported during the measurements,
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this species cannot be observed here. While the FRET efficiency of the low FRET population of
the in vitro measurement of ADP blue) is similar to the conformation observed in the
presence of ATP in organello, it is unlikely that Sscl is present in an ADP but not substrate-bound
state in organello. The intermediate open lid is also present in organello when ATP is depleted
and is in nice agreement with a closed lid. This closed lid conformation is mainly adopted in the
presence of unfolded substrate yellow), but can also be adopted in the absence of
substrate blue). For both conditions, no open lid can be detected in organello. In
agreement with the data obtained from the domain sensor, this shows that Ssc1 is not present in

the ATP-only bound state, but always has substrate bound as well.

5.4. Tracking of Ssc1 paths inside mitochondria

a b

green channel

red channel

Figure 5.6.: Trajectories of tracked molecules inside mitochondria. a) Exemplary field of view
with mitochondrial autofluorescence and with tracks based on the green and red
signal of single Sscl molecules. The shift between the colors is because of minor
shifts in the detection path, which are later corrected for with camera mapping.
b) Zoom in on the tracks of a single molecule detected in the green (top) and red
(bottom) channel.

When taking a closer look at the accumulated movies, it became apparent that many of the

fluorescent spots are moving. These moving Sscl molecules are colocalized within mitochondria.
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The mitochondria themselves are stably immobilized and do not show movement. This indicates
that we are detecting the movement of Sscl inside the mitochondria. Because the different
functions of Sscl are associated with different interaction partners, an influence of the diffusion
behavior of Sscl can be expected. Especially, when bound to the TIM23 complex, a membrane
complex, Sscl is not able to diffuse freely in the matrix. In contrast, Sscl can diffuse freely
in the matrix when not bound to substrate or bound to small proteins which are not membrane
associated. It is therefore tempting to investigate whether differences in the mobility of Ssc1 are
associated with differences in the smFRET histograms. Thus, one can investigate if there are
conformational differences for Ssc1 with different diffusional behavior.
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Figure 5.7.: Mobility-dependent in organello smFRET histograms of the domain sensor of Sscl.
The smFRET histograms of the ATP (a) and ATP depletion (b) conditions extracted
with the standard algorithm are shown. SmFRET histograms of proximity ratios of
the moving molecules under c¢) ATP conditions and d) ATP depletion conditions.
Because of the minor influence of the correction factors in these experiments, FRET
efficiency and proximity ratios can be directly compared. SmFRET histograms of
the proximity ratios of the non-moving molecules under e) ATP conditions and f)
ATP depletion conditions. The number of molecules, N, comprising each histogram
is given.

To this end, single molecules were tracked applying a wavelet algorithm provided by Philipp
Messer.[134 For tracking, the ALEX signal on the red camera was used because of the highest
signal intensity. However, since we wanted to correlate the movement of Sscl with the FRET
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efficiency, the molecules were also tracked on the green camera (Figure 5.6). Colocalized tracks
were used for further analysis. The tracks from the green fluorophores were mapped onto the
red camera to extract the FRET signal from these locations. Single-molecule FRET traces were
further divided into two categories based on their diffusion behavior. This was achieved by
assessing the single-molecule tracks (Figure 5.6b) based on their diffusion behavior and also
by examining the movie of each of these molecules to verify the tracks. The molecule-wise
proximity ratios of the molecules are presented in and compared to the smFRET
histograms from the previous analysis. The total smFRET traces obtained from the tracking
analysis is less than the traces obtained from the standard method because of stricter selection
criteria (e.g. minimum trace length, correct tracking, etc.). There is a clear difference between
the smFRET histograms. The moving Ssc1 under ATP conditions (Figure 5.7c) mainly populate
low and intermediate FRET efficiencies. High FRET efficiencies (>0.6) are only populated in
the non-moving fraction of Sscl (Figure 5.7¢). Based on the FRET efficiency, these molecules
have docked domains. Because of their low mobility, it is reasonable to assume that they are
bound to the translocation complex and in the substrate-free conformation, since no protein is
being imported during the measurement. In turn, the results from the FRET-tracking analysis
also show that all mobile Ssc1 interacts with substrate, either transiently (intermediate FRET) or
stably bound (low FRET). Also under ADP depletion conditions, there is a difference between
the smFRET histograms of moving (Figure 5.7d) and non-moving Sscl. A low and
a high FRET population can be identified for the mobile fraction, while only an intermediate
FRET population can be identified for the non-moving fraction. This suggests substrate-free Sscl
in the ADP-bound state is diffusing in the matrix. There are multiple possible explanations for
the low to intermediate FRET conformations observed for non-moving Sscl. First of all, they
could be bound to large protein aggregates. They could also be bound to the translocase and a
precursor protein, which is stuck in the translocation channel from the import of labeled Sscl
into the mitochondria. Lastly, they can also be bound to one of the other proteins Sscl interacts

with, some of them also associated with the inner mitochondrial membrane.

To get an idea of the difference in diffusion coefficients between the moving and non-moving
molecules, a probability distribution of square displacements (PDSD) analysis!!>>! was carried
out. The analysis was carried out for red detection of the ALEX signal and green detection
separately (Figure 5.8)). Differences in diffusion coefficients are most likely due to differences
in localization precision between the two channels. For the category of moving molecules, the
analysis yielded diffusion coefficients in the range of 0.040-0.051 um?s~! ). For
the non-moving molecules, diffusion coefficients in the range of 0.0080-0.024 um?s~' were
calculated. In both cases, the calculated diffusion coefficients are most likely a lower boundary of
the actual diffusion coefficients. The mitochondria in the measurement define a small confined
space and the time resolution is insufficient. Nonetheless the PDSD analysis verified a difference

in mobility between the two selected species.
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Figure 5.8.: Analysis of the probability distribution of square displacements (PDSD) of the
tracked Sscl for #,,, = 0.0544s. Fits are shown in the color of the detection. Ex-
cluded datapoints are indicated with red crosses. a) PDSD of the moving fraction of
Ssc1 under ATP conditions (left two graphs) and ATP depletion conditions (right
two graphs). b) PDSD of the non-moving fraction of Sscl under ATP conditions
(left two graphs) and ATP depletion conditions (right two graphs).

Taken together, the single-molecule tracking analysis enabled us to see a correlation between
the mobility of Sscl and the FRET efficiency. We could conclude that a small fraction of
Sscl is bound to the translocase and is not substrate-bound. Furthermore, mobile Ssc1 without

substrate-bound only exists under ATP depletion conditions and thus when bound to ADP.



6. Conclusion and Outlook

Maintenance of the proteome is essential for cell survival. This also holds true for the proteome
of mitochondria. Sscl, the mitochondrial Hsp70 of yeast, ensures this by its diverse maintenance
and stress related functions. Sscl is involved in translocating cytosolically expressed proteins into
the mitochondrial matrix, in de novo protein folding, protein complex assembly and disassembly,
stabilization of proteins to prevent aggregation, dissolving of protein aggregates and protein
degradation. These diverse functions need to be timed and regulated. This is, to a large extent,
achieved by interactions with cochaperones, such as the nucleotide exchange factor Mgel and J
proteins like Mdj1 or Tim14. Furthermore, the availability of ATP and the presence of substrate
have an impact on Sscl. All these binding partners have an influence on the structure and

conformational dynamics of Sscl.

With in vitro single-molecule FRET measurements of Sscl, we were able to show that Sscl
transitions on the sub-millisecond timescale between two domain conformations, docked and
undocked domains. At the same time, the lid can adopt four distinct conformations, which are
static on the sub-millisecond timescale. The four states can be assigned to a wide open lid, a
partially closed lid, a closed lid and a collapsed lid where the dye distance is smaller than that of
the closed lid. The latter state could be assigned to dimers of Ssc1. Our experiments show that
Mdjl effectively stimulates ATP hydrolysis, even in the absence of substrate. We could show
that, besides the release of nucleotide, Mgel induces a conformational change causing opening
of the lid. This shows a possible mode of action of Mgel in release of substrate. However, in
our experiments, efficient substrate release could not be observed, most likely due to the short
model substrate used. Thus, a change in the three-dimensional structure of the substrate might
be needed as a signal for successful folding. A global kinetic analysis of the conformational
dynamics of the domain sensor of Sscl with dynamic PDA gave transitional rates on the sub-
millisecond timescale. Rates were fastest in the presence of ADP, and slowest in the presence of
substrate. This shows two different types of conformational dynamics. A kind of idle behavior
in the absence of substrate, with exploration of possible contacts that are important in allosteric
communication, and conformational dynamics that are related to substrate binding and release.
Besides fast interdomain dynamics, slow dynamics on the second timescale could be detected in

the presence of substrate. While lid closure is immediate, showing successful binding of substrate,
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complete domain separation can take up to 60 min. The presence of sub-millisecond and second
dynamics in the domain sensor and absence of similar dynamics in the lid sensor strengthen

previous reports of uncorrelated dynamics in Sscl.

With the goal of observing the complete conformational cycle of Ssc1 on a single protein, efforts
were made to increase the difference between the high FRET efficiencies of ATP- and ADP-bound
Sscl. The mutant Ssc1 SD-F might be a possible candidate.

We established in organello smnFRET measurements with specific immobilization of the mito-
chondria on a glass coverslide in order to study the conformation of Sscl in its physiological
environment. Surprisingly, Ssc1 is mostly in a substrate-bound state or transiently interacting with
substrate. Only when depleting the mitochondria of ATP, could we detect Sscl bound to ADP but
not substrate. This implies that Ssc1 inside mitochondria is highly occupied with protein folding
and the prevention of aggregation. By tracking single Ssc1 proteins inside mitochondria, the
relation between the mobility and the conformation of Ssc1 could be studied. This enabled us to
detect a small fraction of Sscl in an ATP-bound and substrate-free state, most likely bound to the
translocation complex. Together, these findings suggest that most Ssc1 inside these mitochondria
is occupied with substrate and only a small fraction is available for protein translocation. When
exposed to stress, the need for stabilization of proteins by Sscl increases which might lead to an
interruption of protein translocation.

The application of smFRET measurements in vitro enabled us to study the influence of nucleotides,
substrate and the cochaperones Mdj1 and Mgel on the conformation and dynamics of Sscl. It
would be interesting to also study the influence of other proteins interacting with Sscl, such as
the translocation associated Tim14 and Tim44, or substrate proteins.

The in organello smFRET measurements of Sscl gave important insights on the occupation of
Sscl inside mitochondria. Labeling of other components of the Hsp70 machinery, such as Tim44,
with a third color could give additional information on the regulation of Sscl. Furthermore,
it would be interesting to import precursor proteins during the measurement and move the

equilibrium from folding and stabilization of proteins to translocation.



7. Materials and Methods

7.1. Molecular biology and biochemistry

7.1.1. Materials

Chemicals used in this work were purchased from Sigma-Aldrich, Thermo Fisher Scientific, Carl
Roth GmbH, Qiagen, New England Biolabs and ATTO-TEC.

7.1.1.1. Buffers and solutions

Buffers and solutions were prepared with Milli-Q water and are listed in[lable 7.1
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Table 7.1.: Media, buffers and solutions.

name

components

LB medium (1 L volume)

15.5 g Luria broth base, Miller

LB agar

LB medium
15gL~" agar-agar

1x TAE (Tris-acetate-EDTA) buffer

100 mM Tris-HCI pH 8.5
1 mM EDTA
0.1 % (v/V) acetic acid

1x running buffer for SDS-PAGE
(1L total volume)

2 g Tris-base pH 8.3
14.4 g glycine
1g SDS

Coomassie Brilliant Blue staining solution

0.1 % CBB R-250
10 % acetic acid
40 % methanol

Sscl expression buffer
(autoclaved)

50 mMm Tris-HCI pH 7.5
250 mM KCl
5 mMm MgCl,
5 % glycerol

Lysis buffer

100 mL Ssc1 expression buffer
100 uL. 0.2 M TCEP

100 uL 5 M imidazole

1 mL 100 mmM PMSF

Wash buffer
(25 mM imidazole)

40 mL Sscl expression buffer
40uL 0.2 M TCEP

200 uL 5 M imidazole

400 uL. 100 mM PMSF

Elution buffer A 10mL Sscl expression buffer
(10mM ATP) 10puL 0.2 M TCEP

10 L 5 M imidazole

100 uL 100 mM PMSF

389 uL. 256 mMm ATP
Elution buffer B 20mL Sscl expression buffer
(500 mM imidazole) 20uL 0.2 M TCEP

2mL 5 M imidazole
200 uL. 100 mM PMSF

Storage buffer

20 mM Hepes/KOH pH 7.4
100 mM KCl

5 mM MgCl,

5 % glycerol

0.2mM TCEP

Sscl working buffer

20 mM Tris-HC1 pH 7.5
80 mM KCl
5mM MgCl,




Materials and Methods 91

7.1.1.2. Plasmids and primers for site-directed mutagenesis

All primers were ordered from metabion.

Table 7.2.: Primers used in this work for site-directed mutagenesis.

primer name sequence (5’ to 3°)

Ssc1-341D phosphate-GAACTGTCGACCCAGTCAAGAAGG
Ssc1-341D-rev phosphate-TCTTAACTAGTGGGGCTGTCAAAGTCTC
Ssc1-327C phosphate-CTCCAGGGCTTGTTTCGAGACTT
Ssc1-327C-rev phosphate-AACTTCATGTTGATATGCTTTGGACCTG
Sscl-111C phosphate-CGCTGAAGTGTGTAGAGATATCAAGC
Sscl1-111C-rev phosphate-TCTTCGAAACGACGACCAATC

Sscl1-176C phosphate-GCTTATTTCAACTGCTCTCAAAGACAAGC
Ssc1-176C-rev phosphate-TGGGACAGTGACAACAGCATTCT
Ssc1-337C phosphate-GCCCCACTAGTTTGTAGAACTGTCG
Ssc1-337C-rev phosphate-TGTCAAAGTCTCGAATTGAGCCC
Ssc1-378C phosphate-CGAAACCGTTAAATGTTTGTTTGG
Ssc1-378C-rev phosphate-ACAACCTTAGGCATTCTGGACATACC
Ssc1-374C phosphate-GCCTAAGGTTGTCTGTACCGTTAAATCT
Ssc1-374C-rev phosphate-ATTCTGGACATACCACCGACCAA

Sscl 2-3seqfw | CACTGAAATCAACCTGCC

Sscl 2-2seqfw | GTCACTGTCCCAGCTTATT

Sscl VT seq fw | GTATTGCCACACGTTTGC

Sscl VT2 seq fw | GTTCCGTCATCGGTATCG

7.1.2. Site-directed mutagenesis

In a first step, starting from the plasmid pET-Duet-1-Hep1-Ssc1-C341-C448, C341 was mutated
back to D341 from the wildtype sequence. Then point mutations to cysteins were introduced
according to Point mutations were introduced using the Phusion Site-Directed Mu-
tagenesis Kit (Thermo Fisher Scientific). Polymerase chain reaction (PCR) amplification was
performed according to the kit protocol in a 50 uL. reaction mixture containing 1x Phusion
buffer, 200 um dNTP (each), 0.5 uM of forward and reverse primer, 40 ng plasmid template and
0.02 U/uL Phusion Hot Start II DNA Polymerase. Forward and reverse primers are listed in

The applied PCR program is shown in

PCR products were then circularized by ligation with T4 DNA ligase. For this, 5 uL of the PCR
product was combined with 0.5 uL. T4 DNA ligase and 4.5 uL. 1x Rapid Ligation Buffer for a
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Table 7.3.: Plasmids created in this work.

Plasmid Protein Name | Probe Name
pET-Duet-1-Hep1-Ssc1-C448 A#6
pET-Duet-1-Hep1-Ssc1-Stop448 C#1
pET-Duet-1-Hep1-Ssc1-C111-C448 SD-B 1#3
pET-Duet-1-Hep1-Ssc1-C111-Stop448 J#1
pET-Duet-1-Hep1-Ssc1-C327-C448 SD-C F#2
pET-Duet-1-Hep1-Ssc1-C327-Stop448 N#1
pET-Duet-1-Hep1-Sscl WT E#1 and G#1
pET-Duet-1-Hep1-Ssc1-C327 M#4
pET-Duet-1-Hep1-Ssc1-C176-C327-Stop448 | 3c-NBD O#1
pET-Duet-1-Hep1-Ssc1-C176-C327 SNBD P#3 (only in Top10 or BL21)
pET-Duet-1-Hep1-Ssc1-C374-C448 SD-D S#1
pET-Duet-1-Hep1-Ssc1-C374-Stop448 T#1
pET-Duet-1-Hep1-Ssc1-C337-C448 SD-E Q#1
pET-Duet-1-Hep1-Ssc1-C337-Stop448 R#3
pET-Duet-1-Hep1-Ssc1-C378-C448 SD-F U#1
pET-Duet-1-Hep1-Ssc1-C378-St448 Vi#l

Table 7.4.: PCR protocol used for site-directed mutagenesis.

temperature time
initial denaturation 98 °C 30s 1x
denaturation 98 °C 30s
annealing variable temperature | 30s | 25x
extension 72°C 200s
final extension 72°C 7min | 1x
hold 4°C hold

total volume of 10 uL.. The mixture was incubated at room temperature for 5 min and then stored

at —20°C.

7.1.2.1. Agarose gel electrophoresis

To verify the success of the PCR amplification, 5 uL of the PCR product was mixed with 1 uL
of 6x DNA loading dye and loaded on a 1 % agarose (in 1x TAE; 40 mM Tris-acetate, 1 mM
EDTA) gel together with a 1 kb DNA ladder. Gels were run in 1x TAE buffer at 100V for
40-50 min. The gels were then stained with SYBR Gold and imaged with UV light in a Bio-Rad

gel documentation system.
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7.1.3. Preparation of chemically competent bacteria

Chemically competent E. coli cells were prepared from BL21 Al cells and TOP10 cells. Two
sterilized solutions of 100 mM MgCl, and 100 mM CaCl, were prepared. First, a preculture of
10 mL was grown overnight. The next day, 5 mL of the preculture were used to inoculate 500 mL
of LB medium. Cells were grown at 37 °C for 1-2 h until an ODgq of 0.6 was reached. They were
put on ice for 30 min and then transferred into a precooled centrifuge bottle and centrifuged for
35 min with 2000 g at 4 °C. The supernatant was discarded and cells were gently resuspended in
200 mL MgCl, solution (100 mM). The cells were split into 8 small, precooled centrifuge bottles
(50 mL volume) and centrifuged for 15 min at 2000 g and 4 °C. The supernatant was discarded,
cells were gently resuspended in 12.5 mL CaCl, solution (100 mM) and each two bottle were
combined. Cells were kept on ice for 20 min and then centrifuged for 15 min at 2000 g and 4 °C.
The supernatant was again discarded and the cells were resuspended in 250 uL CaCl, solution
(100 mM, with 15 % glycerol). Aliquots of 100 pL. were transferred into precooled cryo vials and
stored at —80 °C

7.1.4. Transformation in E. coli

For transformation of plasmid DNA into E. coli, approximately 50 uL of chemically competent
E. coli cells (TOP10 for plasmid preparation, BL21 Al for recombinant protein expression)
were thawed on ice. After addition of 1-2 uL of ligation product or purified plasmid DNA,
transformation mixtures were incubated on ice for 30 min. Cell wall recovery was induced by
a 45s heat shock at 42 °C. Cells were then stored on ice. In the next step, ] mL LB medium
was added and cells were incubated and shaken (350 rpm) at 37 °C for 1h. To increase the
concentration, cells were centrifuged at 2000 rpm for 2 min and 900 uL of supernatant were
removed. The cells were resuspended carefully in the remaining 100 uL. of LB medium. For
positive selection, cells were then plated on LB agar plates containing ampicillin and incubated
overnight at 37 °C. Only cells containing the plasmid, and thus the encoded antibiotic resistance,

were able to grow and form colonies.

7.1.5. Plasmid isolation

After incubation on ampicillin-containing LB agar plates, four colonies were picked per plate
and each was inoculated in 3 mL LB medium (100 ug mL™") and cultured overnight at 37 °C. Of
these cultures, 500 uL were combined with 160 uL of sterile glycerol and stored at —80 °C as
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bacterial glycerol stocks. From the remaining bacterial cultures, plasmid DNA was isolated using
either a QIAprep Spin Miniprep Kit (Qiagen) or a Monarch Plasmid Miniprep Kit (New England
Biolabs). Eluted plasmid DNA was quantified by measuring the absorption at 260 nm using a
NanoDrop spectrophotometer.

7.1.6. Next generation sequencing

Next generation sequencing of the obtained plasmid DNA was performed by GATC Biotech
(SUPREMERUN tube Barcode). Samples of 20 uL plasmid DNA (30-100 ng uL ") and 20 uL
sequencing primer (10 pmol uL.!) were prepared and send to GATC.

7.1.7. Protein expression

Hepl is needed for the correct folding and stability of Sscl. Thus, recombinant Ssc1 proteins
were coexpressed with histidine-tagged Hepl. After transformation of purified plasmid DNA
in E. coli BL21AI cells (Section[7.1.4), colonies from plates were grown in 25 mL LB medium
(100 ug mL~! ampicillin) overnight at 37 °C. The precultures were then used to inoculate 0.5—-1L
of LB medium (100 ugmL~" ampicillin) and cultured at 37°C. At an ODg of around 0.5,
protein expression was induced with 1 mM IPTG and 0.2 % arabinose. Expression was carried

out at roughly 26 °C (lowest temperature achievable in the incubator) overnight.

7.1.8. Protein purification

Cells from the overnight expression were harvested by centrifugation at 4000 rpm for 20 min
at room temperature. After resuspension in 5—10 mL lysis buffer, they were pelleted again by
centrifugation at 4000 rpm as a washing step. Cells were then resuspended in 8—10 mL lysis
buffer and disrupted by sonication with 5x 30 pulses (duty cycle 50 %, output control 3) on ice.
Soluble proteins were separated from cell debris by centrifuging for 30 min at 12 000 rpm and

4 °C. Purification was then carried out separately for Mgel and Sscl.
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7.1.8.1. Purification of Mge1

Mgel was expressed with a His-Tag. For purification of Mgel, 3—-5 mL NiNTA superflow beads
were washed with water and equilibrated with lysis buffer. Mgel supernatant was added to
the NiNTA beads and incubated while rotating for 1h at 4 °C. The beads where then washed
twice with 10 mL lysis buffer, once with 10 mL wash buffer and again with 10 mL lysis buffer
by centrifuging the beads for 7 min at 5000 rpm. Each supernatant was collected for SDS-PAGE.
When Mgel was used to purify Sscl on the same day, then the flow-through of the Ssc1 expression
was now added to the Mgel-NiNTA. Otherwise, the beads were then loaded onto a gravity flow
columns and washed with 5 mL of Ssc1 expression buffer (10 mm Imidazole, 2 mmol dm™> ATP).
Mgel was then eluted with 10 mL elution buffer (500 mM Imidazole). The remaining NiNTA
beads were washed with water and then stored in EtOH at 4 °C. From each fraction, 9 uL were
collected for SDS-PAGE. The buffer of the remaining eluted fractions was exchanged to storage
buffer using Corning 10 kDa spin centrifugal filters. Mgel was then stored at —80 °C.

7.1.8.2. Purification of Ssc1

NiNTA superflow beads were washed with water and equilibrated with lysis buffer. The Ssc1-
Hepl-expression supernatant was added to 3—5 mL. NiNTA superflow beads to remove his-tagged
Hepl by binding to the beads. The mixture was incubated and rotated for 2h at 4 °C. The
beads were then loaded onto a gravity-flow column and the flow-through was collected. Taking
advantage of the strong affinity of Sscl to the nucleotide exchange factor Mgel, the flow-through
was then added to the washed Mgel-NiNTA beads. The beads were rotated during incubation for
1h at 4 °C. During this time, Hep1-NiNTA was washed with 10 mL wash buffer and Hep1 was
then eluted with 10 mL elution buffer (500 mM Imidazole). The remaining NiNTA beads were
washed with water and then stored in EtOH at 4 °C. The incubated Ssc1-Mgel-NiNTA beads
were added to a gravity-flow column and washed with 15 mL lysis buffer. They were then washed
with 20 mL wash buffer and Sscl was eluted with 10 mL elution buffer A. Mgel was then eluted
with 10 mL elution buffer B. NiNTA beads were washed with water and then stored in EtOH at
4 °C. For each fraction, 9 uL. was collected for SDS-PAGE. The buffer of the remaining eluted
fractions (Hepl, Sscl, Mgel) was exchanged to storage buffer using Corning 10kDa (Hepl,
Mgel) or 30 kDa (Sscl) spin centrifugal filters. The proteins were then stored at —80 °C. Ideally,

Sscl was labeled with organic fluorophores right after purification and prior to freezing.
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7.1.9. SDS gel electrophoresis

The quality of purification was assessed using SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis). Samples of 9 uL. were collected from the flow-through, wash and elution
fractions and each were combined with 9 uL 2x SDS loading buffer and denatured at 100 °C.
Appropriate volumes were loaded onto a 12 % SDS-PAGE gel together with a
PageRuler prestained protein ladder. Gels were run in 1x running buffer at 100 V for the stacking
gel and 150V for the separating gel for approximately 45—60 min. The gels were then stained

with Coomassie Brilliant Blue to visualize the protein bands.

Table 7.5.: Preparation of 12 % SDS-PAGE gels.

separating gel | stacking gel
H,O 3.75mL 2.9 mL
1.5M Tris-SDS 2.8 mL -
0.5M Tris-SDS - 1.2mL
30 % Acrylamide 4. 7mL 0.8 mL
TEMED 13 L 6 uL
APS 20 % 45 ulL 30 ul

7.1.10. Labeling of proteins with organic fluorophores

Ssc1 SD and SL, as well as Ssc1 for in organello measurements, was labeled by Rupa Banerjee.!'*]

For all other Ssc1 double-cysteine mutants, stochastic labeling of the cysteines was performed
by adding a 2-5 x excess of Atto532 maleimide and Alexa Fluor 647 or Atto643 maleimide.
Dyes were premixed, protein was added (to yield 50 uM) and the volume adjusted to 50 uL
with Sscl working buffer. The reaction mixture was incubated for 1-2 h shaking (350 rpm) at
room temperature. Dye excess was removed using a PD MiniTrap G-25 column and subsequent
concentration with a Sartorius Vivaspin 30 kDa centrifugal filter. Labeled Sscl was frozen in

storage buffer and stored at —80 °C.
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7.1.11. Import of labeled Ssc1 into isolated mitochondria

7.1.11.1. Purification and labeling of presequence-containing Ssc1

Expression, purification and labeling of presequence-containing Sscl is described in detail in
the doctoral thesis of Rupa Banerjee.l'*?l Proteins were labeled with Atto532 (Atto-Tec) as
the donor fluorophore and Atto647N, (Atto-Tec), Alexa Fluor647 (Thermo Fisher Scientific),
CF640R (Biotium) and Atto647 (Atto-Tec) as acceptor fluorophores. For the final in organello
measurements, Atto647 was used as the acceptor dye and was added in 10-fold excess for labeling
while Atto532 was added in 2-fold excess. Proteins were stored at —80 °C in 50 mM Tris-HCI pH

7.0, 3M urea until import into mitochondria.

7.1.11.2. Import of presequence-containing Ssc1 into isolated mitochondira

The import of presequence-containing and fluorescently labeled Sscl into isolated mitochondria
is described in detail in the doctoral thesis of Rupa Banerjee.!*)) For different batches of
isolated mitochondria and labeled protein, different dilutions were tested to achieve single
double-labeled proteins inside mitochondria. Proteinase K was added after the import was
stopped to digest any remaining labeled proteins outside of the mitochondria. Cleavage of
labeled proteins prevents FRET signals from proteins located outside the mitochondria during
subsequent single-molecule FRET measurements. Mitochondria were then centrifuged and
washed to remove excess of labeled proteins and stored on ice until immobilization for the
smFRET experiments. Immobilization for in organello sm FRET experiments is described in
Section Fluorescence quenching of DiSCs(5) dye was used to determine the membrane
potential of the isolated mitochondria. The analysis of the fluorescence recovery showed that the
mitochondria were able to maintain the membrane potential for a minimum of 40 min after the
import procedure. For this reason, smFRET measurements were carried out up until 40 min after

start of the immobilization at room temperature.
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7.2. Biophysical and analysis methods

7.2.1. MFD-PIE measurements

7.2.1.1. 2-color MFD-PIE microscope

., Sample
coverslide —~
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Figure 7.1.: Schematic of the 2-color confocal MFD-PIE microscope. The two pulsed lasers are
combined in a single-mode fiber and alternatingly excite the sample. Fluorescence
signal of the sample is collected by the objective and guided to the detection pathway
by a dichroic mirror (DM). The signal is focused onto a pinhole (P) by a lens (L)
and separated based on its polarization by a polarizing beam splitter (PBS). The
signal is further separated by dichroic mirrors based on its wavelength, spectrally
selected by emission filters (EF) and focused by lenses onto avalanche photodiodes
(APD) for detection.

Measurements of freely diffusing samples labeled with Atto532 and/or either Alexa Fluor 647,
CF640R, Atto647N or Atto647 were measured on a custom-built!”?! dual-color confocal micro-
scope with pulsed-interleaved excitation (PIE)2%21l and multi-parameter fluorescence detection
(MFD).22l The power of the two lasers with the wavelengths 532 nm (PicoTA Toptica) and
640 nm (PicoQuant LDH-D-C-640) measured before the objective was 100 uW.
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7.2.1.2. Calibration, preparation of the sample chamber, and sample dilution

Each day, PBS and measurement buffer were measured to determine the instrument response
function (IRF) and the scatter component of the FRET measurements. Furthermore, a dye sample
of Atto532 and Atto655 was measured to ensure good alignment of the detection pathway and to
determine the brightness and the confocal volume. For the smFRET measurements, droplets of
20 uL BSA (1 mgmL~!, New England Biolabs) were put in 8-well or 4-well Labtek I slides and
incubated for 10 min to passivate the surface. Next, the BSA solution was removed and replaced
by 20 uL of the sample of interest in its measurement buffer. The concentration of fluorescently
labeled Sscl for burst measurements was 10-50 pM, depending on the sample quality, so that
around 5 bursts of photons occurred in 1 s. Nucleotides ATP and purified ADP were added at final
concentration of 1 mM, model substrate PS5 (CALLLSAPRR) at 100 uM and the cochaperones
Mdjl and Mgel at 5 uM. Burst measurements lasted for 3-5 h.

7.2.2. Burst selection and data analysis

Data acquired on the confocal MFD-PIE microscope were analyzed with the the open-source
software PAM (PIE Analysis with Matlab).l1>%! Single bursts were selected by an all-photon
burst search applying a sliding time window of 500 s, a minimum burst size of 100 photons and
20 photons per time window. Burst selection was further refined with the ALEX-2CDE filter.[!37]
The correction factors for direct excitation, crosstalk and y were determined using photon counts
based on an approach from Coullomb et al.!>%) The static FRET line was determined based on a
single-exponential fit of the lifetime of the donor fluorophore from the donor-only population
present in the sample. The dynamic FRET line was determined based on a double-exponential fit
of the lifetime of the donor fluorophore from the dynamic population. For the E-7-plots of the lid
sensor Y was determined population-wise by taking different acceptor lifetimes into account. This
can be done based on the relationship between the y-factor, the detection efficiencies (14, 1p)

and the quantum yields (®p, P,) of the acceptor and donor fluorophores

_ Dana
Dpnp

(7.1)

and the relationship of the natural lifetime 7, of a fluorophore with the measured lifetime 7 and

the quantum yield.
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T, = (7.2)

T
@
For the two measurements of the domain sensor of Sscl in the presence of substrate and either
ATP or ADP, two individual measurements were combined for the resulting smFRET histograms
since statistics were low due to aggregation of P5. Multiple Ssc1 proteins bind trying to resolve
these aggregates leading to high intensities and security shutdown of the APDs. For this reason,
P5 was sonicated before measurements and the aggregates in the solution were spun down with
a table top centrifuge and the supernatant was measured on the MFD-PIE setup. However,
because of the aggregates, less protein remained diffusing freely in the solution, leading to lower

statistics.

For the measurements of the domain sensor, where P5 was added as a substrate, it became
apparent that changes in FRET efficiency were occurring for up to an hour. When we are
interested in equilibrium measurements, we only used data collected after 60 min. Although the
lid sensor did not show such slow FRET changes after addition of substrate, we also did not use
the first 60 min of the measurements to be on the consistent.

7.2.2.1. Dynamic photon distribution analysis (PDA)

To determine a FRET efficiency, all photons collected within a given timebin are used. When
the protein undergoes a conformational change within a time bin, an averaged signal will be
calculated. Hence, a dynamic population will cause a bridge between the two end conformations
it dynamically switches between. Due to the shot-noise limited Gaussian shape of many of the
dynamic populations of the measurements in this thesis, it was assumed that the dynamics are
on a timescale much faster than the diffusion time. Because the end populations are still visible
in most cases, this suggests a static-dynamic mixture. For this reason, a 2-state system with a
static-dynamic mixture was applied for dynamic PDA, with two additional static populations to
account for "impurities”. Since dynamic PDA includes parameters accounting for shot-noise,
and other statistical parameters, all data points are included in the fit. For this reason, possible
"impurities" need to be included in the model. Further, one can use the different averaging
caused by the dynamics, from histograms with different time bin to fit the transition rates. This
is possible, because PDA accounts for noise and the heterogeneity of the system. Histograms
with time bins of 0.7, 1.0, 1.5 and 2 ms were exported to PDAFit. Due to the complexity of the
model chosen and the global fit of the data, the fit proces was divided into 4 steps. Because the
domains of Sscl transitions between two well-defined structures, the measurements with ATP or

ADP and P5 were analyzed first, to obtain the position of the end populations. In the next step,
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the 1 ms dataset of all 13 measurements of the domain sensor were globally fitted. This was done
to get a first idea of the distances, populations widths and amplitudes. Time constants were left
free in this step. It became clear, that the high FRET can not be fit with on global value, so a
window of +2.5 A was added in the next step. Next, the four histograms with different bin sizes
were fit globally to obtain the transtition rates. This was done individually for the 13 different
conditions. Here, a range of 5 A was given for each of the distances for better accuracy, since
the rates change slightly depending on the exact distance. All values were fit globally in this
step. Next, the distances of the 1 ms datasets of all 13 conditions were fitted globally again. The
transition rates obtained from the previous step were fixed for each condition. This step yielded
the final distances and widths of the populations. In a last step, the final transition rates were
obtained by fitting again the four histograms with different bin sizes of each condition globally,
with everything but the transition rates and amplitudes fixed. Error bars of the transition rates are

based on confidence intervals from the fit.

The static lid data was fit globally for all 13 conditions with 5 static populations. Four of these
populations (except the very low FRET population) and all five the population widths were fit
globally based on a dataset with 1 ms bin width.

7.2.3. HILO measurements

7.2.3.1. Single-molecule objective-type TIRF/HILO microscope

Single-molecule total internal reflection fluorescence (TIRF) measurements were carried out
on a custom-built three-color objective-type TIRF microscope with alternating laser excitation
(ALEX).[1%] The incident angle of the laser beam can be alternated by moving a motorized stage
on which the mirrors are mounted that direct the beam into the microscope body. This changes
the location at which the beam enters the 60x oil immersion objective (Apo TIRF 60x/1.49 Oil,
Nikon, Diisseldorf, Germany) and thus the angle at the glass water interface. The laser lines at
491 nm (Cobolt Calypso, SO0 mW, Solna, Sweden), 532 nm (Cobolt Samba, 100 mW), 561 nm
(Calypso Jive, 50 mW) and 647 nm (Cobolt MLD, 120 mW) are coupled into a single-mode
fiber (optimized for 532/647 nm, OZ Optics, Carp, Canada) with dichroic mirrors. In this work
only the laser lines 491 nm, 532 nm and 647 nm were used. An acousto-optical tunable filter
(AOTFnC.400-650-PV-TN, Pegasus Optik, Wallenhorst, Germany) between the lasers and the
fiber is used for millisecond ALEX. The laser beam is collimated and expanded after the fiber exit
and directed to the two mirrors on the motorized stage, that direct the laser into the microscope
body.
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Figure 7.2.: Schematic of the single-molecule TIRF microscope. The lasers are combined
by dichroic mirrors (DM), and coupled into a single-mode fiber after passing an
acousto-optical tunable filter (AOTF). At the exit of the fiber, the beam is collimated
and expanded. A second lens (L) focuses the beam on the backfocal plane of the
objective and the TIRF angle can be adjusted with the mirrors (M) on a motorized
stage. Fluorescence signal separated from the excitation pathway with a dichroic
mirror and guided to the cameras. The signal passes two notch filters (NF) to
remove remaining excitation light. The signal is split according to wavelength
using dichroic mirrors, spectrally defined with emission filters (EF) and focused on
electron multiplying charge coupled device (EMCCD) cameras. The cameras and
the AOTF are synchronized with an field-programmable gated array (FPGA).

The collected fluorescence signal is separated from excitation light by a dichroic mirror (z532/633rpc,
AHF Analysentechnik, Diisseldorf, Germany) and guided to the side port of the microscope body.
Remaining excitation light is filtered out by a 488/647 (AHF) and a 532/10 notch filter (AHF).
The signal is then split by a long-pass dichroic mirror (630DCLP, AHF). The blue/green emission
can be split again by an optional second long-pass dichroic mirror (S60DCXR, AHF). However,
the autofluorescence signal of the mitochondria could be detected on the green camera and thus
the third camera was not necessary. The fluorescence signal is focused onto electron multiplying
charge coupled device (EMCCD) cameras (Andor iXON, Andor Technology, Belfast, UK) with
achromatic lenses. An HQ 705/100 emission filter (AHF) is used in front of the red camera and
an HQ 595/50 emission filter (AHF) in front of the green camera to clean up the emission light.
Cameras and AOTF are synchronized by a field-programmable gated array (FPGA, cRIO-9073,
National Instruments, Austin, TX, USA).
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7.2.3.2. Cleaning and surface passivation of glass coverslides for TIRF microscopy

Glass coverslides (Marienfeld, High Precision Microscope Cover Glasses, 24 mm x 60 mm,
(170 £ 5) um, No. 1.5H) were cleaned with Acetone (HPLC grade) and in a second step with pure
Ethanol in a sonication bath. After drying, the surface was coated over night at 55 °C in a solution
of 50 mL toluene with 5-10v% PEG-Silane (ABCR, 3-[Methoxy(polyethyleneoxy)propyl]-
trimethoxysilane, 90 %, 6—9 PE—units) and 3-5 mg Silane-PEG-Biotin (Nanocs, 3400 Da). On
the next day, slides were washed in pure Ethanol twice for 3 min, rinsed twice with milliQ water
and dried with compressed air. Slides were either used right away (Section or stored

under vacuum.

7.2.3.3. Assembly and preparation of probe chambers for in organello smTIRF
microscopy

A piece cut from a red silicon sheet (2.4 mm thickness) with a hole (8 mm diameter) in the middle
was put on the washed and dried coverslide and fixated with a coat of epoxy glue around the
edges. The hole acts as the probe chamber. The probe chamber was incubated with 100 uL of
0.2 mg mL~! streptavidin (Sigma-Aldrich, from Streptomyces avidinii) for 15 min. Afterwards,
the chamber was washed with PBS three times to remove unbound streptavidin. In the next step,
biotinylated antibody (0¢Tom22, or aPorin) was added to the chamber and incubated for at least
15 min and washed with PBS three times to remove left over antibody and then washed once with
SI buffer.

The prepared batch of mitochondria (see Section [7.1.11]) was taken off the ice, diluted in 100 pL.
SI buffer and added to the chamber. After 10 min of incubation at room temperature, the chamber
was washed with SI buffer 3—4 times. In the last washing step the buffer with additives respective
to the measurement condition, either ATP or ATP depletion, was added on top. The sample
was measured immediately for approximately 25 min. After 40 min had elapsed since taking the

mitochondria off the ice, the measurements were stopped and the sample was discarded.

7.2.3.4. Single-molecule in organello HILO measurements

For the in organello measurements, the blue laser line was used at maximum power before
the objective, which corresponds to 18 mW to excite the autofluorescence of the mitochondria.
After excitation for 50 frames using the blue laser, the sample was excited alternately with green
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(532nm) and red (647 nm) laser light at 30 mW and 20 mW, respectively. The timescale of
ALEX was either 25 ms or 50 ms with an additional 2.2 ms for frame transfer. 600 frames were
collected per color adding up to a total of 1250 frames including blue excitation for mitochondria

localization.

7.2.4. Trace analysis

The acquired movies were analyzed with a home-written Matlab based software (Mitra). In a
first step, a map between the locations of the two cameras was created for each measurement
day based on an image of a zero mode wave guide. The 50 frames with blue laser excitation
were used to localize the mitochondria and every pixel above a certain intensity was marked.
This was necessary because mitochondria are larger than the diffraction limit and have different
shapes and sizes. The program is generally designed to choose the brightest pixel or the center of
mass as the location of the object. Since mitochondria autofluorescence is used as a criterion for
selection of double-labeled proteins, the whole mitochondrion needs to be taken into account. The
intensity threshold varied depending on the coverslide background and possible bright fluorescent
impurities. Furthermore, it depended on the state of the optical setup and possible brightness
gradients in the field of view. Typically it was set between 0.2 and 0.25 of the maximum brightness
of the 50 frames. The subsequent 1200 ALEX frames were used to look for colocalization with
dual-labeled proteins. Green excitation and green detection was used for detection of green
fluorophores and red excitation and red detection for detection of red fluorophores. Here, a
mask was applied for detection of single fluorophores in the sum image. Intensity in a radius
of 2 pixels around the central pixel was averaged for the fluorescence signal of the fluorophore.
The background was calculated per molecule as an average of the pixel intensity in a circular
ring around the detected fluorescent signal, with a radius of 4 pixels from the central pixel and
subtracted from the intensity. Traces were exported for signals overlapping in the green and red
detection channels as well as with mitochondrial localization determined using blue excitation.
After trace extraction, traces were sorted manually into categories for FRET and for correction
factor calculations. Crosstalk was calculated from suitable traces and the peak position of a
Gaussian fit to the narrow distribution of this parameter was applied for all other traces, where
crosstalk could not be calculated directly. Direct excitation was calculated and also exhibited a
narrow distribution. However, consistent with the previous camera-based smFRET experiments
of Sscl, it was not included in the data correction. Gamma was determined by a linear fit of the
relation between the inverse of the stoichiometry and the FRET efficiency (see Section[2.4.5.1)) of
all molecules used for FRET analysis.!*?) Careful data examination and application of different
methods for gamma determination and fitting resulted in this being the most robust method based

on the sometimes low statistics per day and the overall data quality (especially short trace lengths).
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FRET was calculated based on the formulas described in the introduction (Formulas 2.12 through
2.23). SmFRET histograms shown are molecule-wise (i.e. averaged over all frames detected
for an individual molecule), since dynamics that could be distinguished from noise were rarely

detected and averaging over the whole trace reduced the influence of the noise.

7.2.4.1. Tracking analysis

For tracking of single Ssc1 proteins diffusing inside mitochondira, a script written by Philipp
Messer! D410 was implemented into Mitra in Matlab. Molecules were identified in each frame
using a multiscale wavelet analysis. The image is decomposed into planes of different resolutions.
Since the fluorescent molecules were small, the planes 1 through 3 were used which are the
planes with higher resolution. A threshold was applied to differentiate signal from noise. For
green detection a threshold of 0.91 proved to be most successful and a threshold of 0.93 for
red detection. Using a nearest neighbour approach with a tolerance of up to 5 pixels detected
positions were combined into trajectories. To correlate mobility and FRET efficiency, trajectories
were not only created for the ALEX channel that should the highest intensity, but also for the
green camera. To extract FRET, trajectories detected on the green and red camera were connected
to FRET pairs by applying the mapping mask and allowing a distance of up to 4 pixels between
the average location. Because of slow blinking behavior and diffusion in z-direction, out of
the volume detectable with HILO, molecules were sometimes not detected for several frames
until appearing again. To still be detected as the same molecule, a frame skip of 50 following
frames was allowed. For signal extraction, a larger mask was applied than before, with signal
detection in a radius of 3 pixels around the center pixel. This yielded the highest quality traces.
For background calculation, a circle at 4 to 5 pixels around the center pixel was used.

The traces obtained were then further sorted based on quality and occurence of FRET. The
molecules of the traces showing FRET were then looked at in further detail to see if the trajectories
match the actual position of the particle. Traces were then categorized into moving and non-
moving molecules and, in rare cases, into a category with molecules changing their mobility

during acquisition.

Probability distribution of squared displacements (PDSD) analysis

Because of the short length of the single-molecule tracks, classic mean squared displacements
(MSD) analysis could not be performed. Instead, a probability distribution of square displace-
ments (PDSD) analysis was applied.!!>2) For this, the square displacements of the first time lag
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(tiag = 0.0544s) were used. The probabilty P(r, 7) was then fit to

P(r*,7) =1 —exp(—(r* —a) /4D7) (7.3)

to obtain the diffusion coefficient D.
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Figure A.1l.: Global dynamic PDA fits of the domain sensor of Sscl. Top: Schematic repre-

sentation of the fit model. A static-dynamic mixture between two FRET states
is assumed. This means that the low and high FRET species are partially static
(P3 and P4) but are also part of the dynamic population as P1 and P2 besides the
completely averaged species (purple). Histograms: Resulting histograms (stairs) of
the dynamic PDA fit compared to the experimental data (gray). Blue and orange
are the static species P3 and P4, respectively. Purple is the dynamically averaged
FRET species. For slower kinetics (<3 ms™") FRET efficiencies are not completely
averaged and P1 (light blue) and P2 (light orange) are visible as part of the dynamic
population. The green (P5) and yellow (P6) populations account for impurities
and have no biological relevance. The columns are from left to right: ATP, ADP,
ATP and substrate, ADP and substrate. The rows are from top to bottom: without
cochaperones, with Mdj1, with Mgel, with both cochaperones (Mdj1 and Mgel).
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Figure A.2.: Global PDA fits of the lid sensor of Sscl. Top: Schematic of the PDA fit model. 5
static populations are assumed. Al through A4 have biological, A5 accounts for
impurities. The columns are from left to right: ATP, ADP, ATP and substrate, ADP
and substrate. The rows are from top to bottom: without cochaperones, with Mdj1,
with Mgel, with both cochaperones (Mdj1 and Mgel).

Table A.1.: Results of the global dynamic Photon Distribution Analysis of the domain sensor
of Sscl. The distances R1/R3, R5 and R6, the widths o1/03, 65 and 66 were
fit globally for all conditions. The widths 02/64 were fit semi-globally, for all
conditions except ATP. Kinetic rates k12 and k21, the distance R2/R4 and amplitudes
A3, A4, A5 and A6 were fit for each condition based on 4 different bin sizes (0.7 ms,
1 ms, 1.5 ms, 2 ms) and with the global values fixed. Global fits were carried out on
the datasets with 1 ms bin time.

Domain Sensor

ATP 82 717 4.5 55 511 23 028 717 4.5 59 511 2.3 0.0064 104.4 1.0 0.0058 39.8 33

ATP Mdj1 93 717 4.5 83 486 22 059 717 4.5 1.6 486 2.2 0.030 104.4 1.0 0.022 39.8 33
ATP Mgel 51 717 4.5 2.7 49.7 22 010 717 4.5 2.0 497 2.2 0.0039 104.4 10 0.044 398 3.3
ADP 13 717 4.5 10 479 2.2 1.1 717 4.5 26 479 2.2 0.038 104.4 1.0 0.017 39.8 33
ADP Mdj1 19 717 4.5 17 49.1 2.2 1.0 717 4.5 2.7 491 2.2 0.020 104.4 1.0 0.0044 39.8 33
ADP Mgel 15 717 4.5 11 485 2.2 1.8 717 4.5 3.3 485 2.2 0.021 104.4 10 0.013 398 3.3
ATP P5 1.7 717 4.5 50 474 22 025 717 45 022 474 2.2 0.027 104.4 1.0 0.033 39.8 33
ATP P5 Mdjl 45 717 4.5 43 487 2.2 3.0 717 45 072 487 2.2 0.035 104.4 1.0 0.031 398 33
ATP P5 Mgel 21 717 4.5 34 504 2.2 16 717 45 039 504 2.2 0.045 104.4 1.0 0.0075 39.8 33
ADP P5 1.5 717 4.5 2.7 478 2.2 19 717 45 037 478 2.2 0.019 104.4 1.0 0.024 39.8 3.3
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Table A.2.: Results of the global Photon Distribution Analysis of the lid sensor of Sscl. The
distances R1, R3, R4 and RS and the widths 61, 62, 63, 04, and o5 were fit globally
based on a dataset with 1 ms bin size. The distance E2 and the amplitudes A1, A2,
A3, A4 and AS were fit per condition.

|  PopulationP1 |  Population P2 PopulationP3 |  PopulatonP4 |  PopulationP5 |
Lid |A1 Rl |o1 ’AZ R2 o2 R3 |03 A4 |Ra |oa | A5 RS |05 ’ered.
[A] [A] [A] [A] [A] [A] [A] [A] [A] [A]

ATP 0.68 915 70 014 548 33 015 705 51 0024 443 26 00067 361 1.6 3.55
ATP Mdj1 021 915 7.0 020 557 33 056 705 51 0029 443 2.6 00043 361 16 188
ATP Mgel 066 915 70 020 565 33 012 705 51 0019 443 26 00024 361 1.6 446
ADP 0019 915 70 035 560 33 041 705 51 019 443 26 0017 361 16 219
ADP Mdj1 0.042 915 7.0 025 559 33 064 705 51 0065 443 2.6 00026 361 1.6 3.78
ADP Mgel 041 915 70 033 559 33 020 705 51 0056 443 2.6 00060 361 1.6 4.67
ATP P5 022 915 70 056 558 33 013 705 51 0057 443 26 0027 361 1.6 1.99
ATP P5 Mdj1 0087 915 70 064 567 33 022 705 51 0044 443 26 00089 361 16 461
ATP P5 Mgel 021 915 70 060 569 33 012 705 51 0055 443 26 00029 361 1.6 4.39
ADP P5 0067 915 70 071 567 33 016 705 51 0051 443 26 0010 361 16 459
ADP P5 Mdj1 010 915 70 069 571 33 016 705 51 0038 443 26 00027 361 1.6 239
ADP P5 Mgel 013 915 70 064 572 33 019 705 51 0037 443 26 00027 361 16 4.8
ATPP5 Mdjl Mgel 022 915 70 048 580 33 027 705 51 0030 443 26 00014 361 16 2.70
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Figure A.3.: Time-wise FRET histograms of the domain sensor of Ssc1 to follow slow structural
changes. The first 30 or 60 min of each measurement are dissected into multiple
histograms to be able to observe slow conformational changes. The columns are
from left to right: ATP, ADP, ATP and substrate, ADP and substrate. The rows
are from top to bottom: without cochaperones, with Mdj1, with Mgel, with both
cochaperones (Mdj1 and Mgel).
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Figure A.4.: Time-wise FRET histograms of the lid sensor of Sscl to follow slow structural
changes. The first 30 or 60 min (180 min for ADP) of each measurement are dis-
sected into multiple histograms to be able to observe slow conformational changes.
The columns are from left to right: ATP, ADP, ATP and substrate, ADP and sub-
strate. The rows are from top to bottom: without cochaperones, with Mdj1, with
Mgel, with both cochaperones (Mdj1 and Mgel).
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