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Abstract

Life on earth is only possible through the enormous capabilities of proteins and their as-
semblies. Which function a certain protein fulfills is encoded in its amino acid sequence,
which gives rise to a defined structure. However, this structure is not static. The thermal
energy of the surrounding medium forces the molecule into different conformations. It can
be assumed that in most cases these movements play an important role for a protein’s
function. Therefore, it is crucial to gain high-resolution 3D information of those move-
ments. For small proteins, Nuclear Magnetic Resonance (NMR) Experiments can provide
this information in good detail. For larger proteins and protein complexes single particle
Electron cryo Microscopy (cryo EM) is the method of choice, which is used in this thesis.
However, analysing the complete conformational landscape is not yet routine for cryo

EM. Therefore, several methodological developments were made with this thesis.

Since the most crucial prerequisite for any structural analysis is an intact and homoge-
neous sample, the development of a method, finding stabilizing conditions was the first
aim. The new method called ProteoPlexr uses a newly developed extended theoretical
framework on the existing fluorescence-based stability screen called Thermofluor. There-
with, Thermofluor data obtained from large multidomain proteins and protein complexes
can be analyzed. In total, stabilizing conditions could be found for more than 80 complexes
from all branches of life. Additionally, the usefulness of ProteoPlex towards assembly and

disassembly experiments was demonstrated.

Furthermore, two strategies were employed to decrease the number of adopted conforma-
tions by decreased temperature. Firstly, a crosslinking strategy at -10 °C was successfully
used. Secondly, the fermentation of the thermophile fungus Chaetomium thermophilum
was established, and the native purification of thermophile protein complexes was suc-

cessfully demonstrated.

To analyze conformational dynamics in practice three model systems were chosen: the
120 kDa single-chain nuclear export factor chromosome region maintenance factor 1
(CRM1), the 3-5 MDa bacterial pyruvate dehydrogenase complex (PDHc) and the icosa-
hedral, 1.5 MDa Acetylcholine binding protein (AchBP) from the snail Biomphalaria
glabrata.

CRM1 is with 120 kDa rather small for electron microscopic analysis. Nevertheless, it was
demonstrated for Chaetomium thermophilum CRMI1, that the apo protein cycles between

an open superhelical and a closed ring-shaped conformation. Hereby, the full energy

xiii
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landscape of this movement could be described. The energy landscape is in general flat,
and CRM1 can change freely between the open and closed conformation. Furthermore, a

C-terminal helix is responsible for a slight enthalpic stabilisation of the closed state.

The E.coli PDHc could be purified in large quantities from native source. Literature
describes the overall structure to be of octahedral symmetry with a cubic core made of
the E2 component surrounded by a cubic shell made of the E1 and E3 component. This
symmetry could only be partially confirmed. While the core indeed seems to be cubic, no
overall cubic model could be obtained. However, also no high-resolution structure could
be calculated. It can be hypothesized that the overall structure is very flexible and thus
structural investigation is largely hindered. Nonetheless, crystals could be obtained which

could lead to structural insights into the complex in the future.

For the AChBP, a 3.6 A resolution structure could be calculated and two conformational
substates could be identified. The different states reveal significant differences in loop
regions, subunit interfaces and even in -strands. Here, it is the first time that such small

fluctuations could be visualized by cryo EM.

In summary, this thesis provides new techniques and approaches towards the elucidation

of the conformational landscape of large proteins and protein complexes.

Keywords: cryo-electron microscopy, single particle image processing, structural dynam-

ics of protein complexes



Chapter 1

Introduction

1.1 Molecular Machines

Machines take me by surprise with great frequency.

— Alan Turing

Modern human life would not be imaginable without a plethora of machines and tools.
As soon as one gets up in the morning the first machine is used - be it a coffee machine

or an electric toothbrush.

Machines are ubiquitous for us since a couple of centuries. Nature, however, masters them
already for millions of years. Especially in nanotechnological machines, Nature excels us
in an almost inimitable way. Every single cell is packed with biological nanomachines
(termed molecular machines or protein complezes). As in a factory these machines work
together to establish a goal (see figure 1.1) such as building a certain molecule or reacting
to a certain stimulus [1]. Astonishingly, they are built only from a few different materials,

mostly of proteins, or proteins in combination with ribonucleic acid chains.

Already the variety of tasks those machines can fulfil is fascinating. Cellular machines
can precisely break and form chemical bonds, detect and collect single photons, transport
molecules or even vesicles for micrometers and even build and destruct such machines.
Some of the most studied machines are involved in the life cycle of a protein, which
is illustrated in figure 1.1. First, a machine called the RNA-polymerase copies a gene
from the DNA into a transportable form, the mRNA. This mRNA is then translated
into a polypeptide chain on the ribosome. Directly after protein synthesis another set of
machines -the chaperones (called e.g. GroEL, HSP60) assist the polypeptide chain to find
its three-dimensional structure. At the very end of the life cycle, the protein is finally

degraded by a machine called the proteasome.

How these machines accomplish this seems to be an incomprehensible and daunting task

on first sight. However, the effort of understanding them is necessary to ever fully un-
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Figure 1.1: The Cell as a Factory. Like in a medieval household (left) several machines are used to
keep a hypothetical simplified cell going (right). Depicted are the RNA-polymerase (blue/green) which
translates the DNA (orange) into mRNA (pink). The mRNA is translated into a protein (white) by
the ribosome (yellow/blue). Finally, the protein is folded by a chaperone (purple/pink). The energy
and metabolites used for that are produced by many metabolic enzyme complexes. Here, the Pyruvate
Dehydrogenase complex (yellow/green), the Fatty Acid Synthetase (green) and the F-ATPase (pur-
ple/yellow /red) are depicted.

derstand cells or organisms. Actually, in many ways they can be understood as their

macroscopic human-made counterparts.

It seems natural to approach an understanding of a cellular machine as an engineer would
analyze a human-made machine. He would first look for modules of distinct function like
a power supply, mechanical parts, electronic parts or thermal parts of which any machine
is made of. Those components are commonly built in a way enabling their independent
use in different machines with completely different purposes. Thus, it should be an easy
task to understand the full machine after the components or modules are identified. In
a car, for instance, there is the engine which produces mechanical movement, the gear
unit transferring this movement to the wheels and electronic parts controlling the whole

process.

Similar features can be seen in protein machines [62]. The 26 S proteasome, for instance,
can be analyzed in the same manner. This protein complex degrades unwanted proteins.
Therefore, it is built out of three parts: a destruction chamber - the 20 S core particle,
catalyzing the degradation itself, ubiquitin binding proteins recognizing the target and
a AAA+-ATPase unfolding the target protein [51]. Following the engineer’s approach,
one should be able to understand how those parts work together to fulfil the complexes

function. Moreover, those or very similar parts are used in other machines. For instance,
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a homologue of the mentioned ATPase is used to rescue ribosomes from stalled protein

chains [118] while another one disassembles proteins needed for vesicle fusion [79].

However, this is not the entire story. The 26S proteasome, for instance, has many more
components and modules, but for only few the function is known [51]. On top of that
the modularity is not common to all such machines. In any way, the next logical step in
the understanding of the machine needs to be the understanding of the components of
the module and how they act together to fulfil the module’s function. At some point, it
will be very difficult to understand the significance of a certain part of the modules or
the machines in an isolated form. Even if one sees all the parts of a car motor, it is hard

to imagine how the full machine looks like and even harder how it functions (Fig. 1.2).

M oo d e
"”"i" v rrvaen)

Figure 1.2: Parts of a human and nature built machine. Left: The parts of a human-built
automotive engine in a disassembled and in an assembled state are shown. Right: In comparison, the
parts of a cellular machine — the ribsome are shown in a disassembled representation and an assembled
representation. Taking a random part from either of them and trying to understand it on its own is a
daunting task. Also, guessing its function for the whole machine will not be possible without detailed
knowledge about the architecture of the full machine. (Images with permission taken from BMW Group
(left) and [194] (right))

The same holds true for most of Nature’s machines. Key to a modest understanding

can, therefore, only be the investigation of the full machine. This approach however
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is technically quite challenging and cannot be done in a straightforward manner using
routine methods. As human-built machines, molecular machines are built from several
different parts. In most cases, they are complexes of 10 or more different biomolecular
chains (mostly proteins) [62], which hold together by rather weak forces and have to
be handled with great care. Since this is a prerequisite for any analysis, this thesis is
regarded, first of all, to the development of new methods to handle such machines with

best possible care.

It is also very necessary to investigate a machine while it is in action. Only looking on a
picture or a static model of a motor like in figure 1.2 will only give vague clues about its
function. However, seeing it moving will quickly lead to an understanding of its purpose
as well as the significance of its individual parts. However, do all biological machines
need to move? For many complexes, it is rather clear that they have to move. Motor
proteins like kinesin for instance have to move cargoes from point A to B, ribosomes
move along an mRNA chain shifting tRNAs through their interior, proteasomes have
to unfold proteins and translocate them into their interior, GroEL has to do that in
the opposite direction. For complexes such as storage proteins like myoglobin [50], which
binds oxygen in muscle cells or enzymes like dihydrofolate reductase [18] which catalyzes
the exchange of single atoms, this does not seem to be obviously necessary but many
studies still propose significant and necessary movements in them. As described in detail
in the next section (1.2), the chemical nature and the physical environment will induce
movements in any given protein or protein complex. Thus, being a general feature of
molecular machines, the present thesis is an attempt to analyze the movements within

them experimentally and, therefore, contribute to their understanding.

1.2 Conformational Dynamics

Everything that living things do can be understood in terms of the
jigglings and wigglings of atoms.
— Richard Feynmann, Lectures on Physics

1.2.1 What are Conformational Dynamics?

Biological textbooks and many schemes in the modern scientific papers illustrate most
proteins and protein complexes as static and solid, almost stone-like objects, only moving
as complete units via diffusion through space. As pointed out in the previous sections, this
does not reflect the reality. Intrinsic movements determine a proteins structure and shape

right from the start of its life time. As soon as a linear polypeptide chain is produced by
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the ribosome it starts folding into a defined three-dimensional structure. This, however, is
not a stable structure but rather a continuum of different states. In principle, every part
of a protein can move. Thus to circumvent confusion I will use the term "conformational
dynamics" for any change in atomic coordinates of a given molecule over time. However, it
has to be noted that the characteristic time and length scales for different conformational
movements span over many orders of magnitudes and are consequently quite different in
their physical nature [38, 112]. The tiniest relevant movements are bond vibrations that
displace atomic nuclei only for a few picometers within the time frame of picoseconds.
On the other end of the scale, there are the displacements of large protein domains or
subunits for several nanometers that takes mostly milliseconds or even seconds of time.

A comprehensive overview over the different time scales is given in figure 1.3.

molecular tumbling

larger domain motions
side chain rotation
global folding
bondVibration secondary stfliétlire formation
loop motions
fs ps ns us ms S ks >

ligand binding /enzymatic reactions

active transport
channel gating
translation

Figure 1.3: Time Scales of Protein Dynamics and their Processes. A comprehensive overview
of the time scales of individual intrinsic movements is shown in orange. The time scales of important
biological processes are depicted in yellow. The figure is based on [38, ]

However, how relevant are those movements? First experimental evidence that even small
thermal movements are relevant to a proteins function are given by Rasmussen et al. in
1992 [164]. They showed that at a certain temperature, where non-harmonic movements
are diminished, the pancreatic enzyme RNase A does not work anymore, while it is still
structurally intact. Similar studies were made for protein complexes like the ribosome that
slows down translation below a certain temperature while keeping an intact structure [66].
What can be learned from this is, that dynamics of higher energy are needed to enable a
protein to perform its function. Figure 1.3 shows that the time scales of biological rele-
vant processes like enzymatic catalysis or translation mainly correlate with large domain
movements. This makes them the most interesting movements for functional analysis of
protein complexes. However, one has to keep in mind that those larger movements are,

of course, based on many tiny steps on shorter length and time scales.



6 1 | Introduction

Again biological literature minimizes the multitude of different conformational dynamics
often to "conformational changes" meaning the transition from one compact folded state
to only one or a few others. Moreover, transitions are regularly described as fast, and
direct transitions termed "power strokes'. Apart from the tremendous simplifications in
many textbooks, scientific literature describes examples for the continuous movements of

proteins relevant to their function.

Figure 1.4: Three Examples for Protein Dynamics. (a) The relevant dynamics of the 70 S ribo-
some are shown. Its largest movement is the rotation of the small subunit relative to the large one. This
movement is called ratcheting. The second largest movement is the so-called head swivelling which is the
rotation of the small subunits head domain perpendicular to the ratcheting rotation. These movements

are supposed to cause translocation of the tRNAs and thus elongation of the emerging protein chain.

Schemes with permission taken from [52] (b) The main conformational change seen for the F-type AT-

Pase is illustrated. Blue membrane anchored part can rotate relatively to the red part and thus cause
conformational changes in the red head domain. This leads to ATP production. However, it is known
that this process can work backwards as well (c¢) Structural overlay of two conformational states of
DHFR (PDB structures 1rx2 and 1rx6 from [18]) shows two key intermediates of DHFR dynamics only
slight movements of loops are necessary to catalyse the reaction. The overall structure does not change
significantly.

Figure 1.4 illustrates a few of the most prominent examples. Besides motor proteins such
as myosin, kinesin or dynamin, the ribosome and the F-Type ATPase are conformationally
well characterized examples: Both are central to all life on earth. During translation the
ribosome moves over a mRNA template, decoding its information into a newly synthesized
polypeptide chain. Three obvious and directed movements have to be undergone: The
displacement of the mRNA into the ribosome, the movement of tRNAs as carriers of the
amino acids through the ribosome and the pushing of the newly synthesized chain out
of the ribosome. These movements can be very well correlated with two more abstract
movements, which look unrelated at first sight: Firstly, the small and the large subunit
of the ribosome can rotate against each other in a process called ratcheting. Secondly,
the head domain of the small subunit can swivel. Many studies directly correlate these

conformational movements to the previously mentioned functional movements.|132]

The second well studied example - the F-type ATPase produces ATP powered by a
proton gradient. A constant flow of protons through membrane part of the molecule
rotates its soluble part. A rigid stator domain thereby forces the moving parts into new

conformations and enables therewith the formation of ATP from ADP.[135]
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The last example that needs to be mentioned here is the Dihydrofolate reductase (DHFR).
This enzyme catalyses the reaction from folic acid to dihydrofolic acid or from dihydrofolic
acid to tetrahydrofolic acid. In contrast to the previous two examples, a movement of any
kind does not seem to be obviously required for this redox reaction. Further, the structural
studies suggest that there are no large domain movements occurring. However, as seen
in many recent studies, the tiny fluctuations occurring in the nanosecond to microsecond
time scale seem to be concerted and act on the catalytic cycle of the enzyme[212]. These

fluctuations seem to be even evolutionarily conserved.

Those three examples show that there is a broad relevance in the conformational dynamics
of proteins and protein complexes for their function. Therefore, the fourth dimension
necessarily needs to be added to the static molecular description often found in biology
textbooks. An understanding of the nature of conformational dynamics requires a physical

framework as outlined in the next section.

1.2.2 Physics of Conformational Dynamics

Almost everyone has experienced a tempest. Wind blows from seemingly every direction
and pushes the unfortunate person from one direction to another. Especially if the person
carries an umbrella, the storm might even be able to push arms independently from the

body in some direction.

Protein complexes experience a similar environment. In the microscopic world gravity
and inertia do not play any role but the Brownian motions induced by the surrounding
medium and thus Stokes’ law dictate the behaviour of the molecular complexes (see
table 1.1). Coulomb forces that are negligible at the meter scale are the significant force
given the nature of the medium [204]. At this point and onwards the analogies with the
macroscopic world are not sufficient anymore to understand the functioning of molecular

machines.

Table 1.1: Physical Parameters in the Microscopic World. The physical parameters defining the
microscopy environment are exemplified for a 70 S ribosome at a temperature of 310 K. Numbers are

mostly analogues to [132]. g is the gravitation acceleration of 9.81 73 and 7 the viscosity of the medium.
radius r 9 - 107 ?m = 9nm
mass m 2.7M Da = 4.4810~2' kg = 4.5ag
density o 1.67-1;
cmy
gravitational force (F = mg) 4.4 - 107N = 44zN
frictional coefficient (y = 67nr) 1.63 - 10*10% = 1263sz
diffusion coefficient (D = ’%T) 2.63 - 107 11m
average velocity (v = \/%) 1.667

frictional force (F' = yv) 270pN




8 1 | Introduction

Solutions of complex polymers, as which cells can be considered to some extent, can be
described as neither liquid nor solid. This behavior is caused by the fact that biopolymers
are mesoscopic, meaning they are far larger than the atomic scale but still too small for a
macroscopic description. To describe these solutions accurately, classical mechanics and
physics are not sufficient. Therefore, a new field of Physics, the Soft Matter Physics,

founded by Pierre Gilles de Gennes!, is necessary to describe them.

While soft matter physics is a complex field, only a few relevant features of soft matter
objects have to be stated here: The forces between individual structural parts are weak
and thus enthalpic contributions are comparably low. Entropic effects, however, are strong
due to a large number of degrees of freedom. Therefore, an intricate balance between these
contributions strongly influences the free energy [118]. Thus, the structures underlie big
thermal fluctuations and exhibit stochastic trajectories. Moreover, due to the constant
temperature within most cells (within reasonable time scales) the machines have to have

isothermal engines that operate far from their thermal equilibrium. [112]

With these properties in mind, one can start to build up a general understanding of the
movements of such machines. After the scales of the interesting motions were defined
(see figure 1.3), one has to raise the question that effects drive such a motion. The
average answer of most biology or even biochemistry textbooks is ATP. The release of the
energy stored within the phosphodiester bond between the §- and ~y-phosphates should
be a major driving force for most biological processes and thus for many conformational

changes.

At any temperature, the surrounding medium has an average kinetic energy of kgT
which is at room temperature about 4 - 1072! J. This can very well be compared with
a strong tempest, considering that the most used energy source by proteins is ATP-
hydrolysis, which releases only 5 - 1072° J. This is only an order of magnitude higher
than the thermal noise. This effect becomes more drastic considering the power ATP
cleavage can produce. A typical ATPase cleaves 100-1000 ATP molecules per second
yielding 1071¢ to 107" W. With relaxation times of 107? s the thermal power exceeds
this with about 1078 W by more than eight orders of magnitude [9]. Therefore, it is clear
that ATP hydrolysis alone can hardly be the driving force for most relevant structural
changes. Moreover, there are many examples of dynamic molecules that do not even
directly interact with any nucleotide that could explain their motions. In more general
terms, it is hardly believable that any chemical source can provide enough energy to
overcome the overwhelming thermal noise. However, knowing that, how can directed

motions, as observed in experiments, be possible? A simple but still accurate description

!The Nobel Prize in Physics 1991 was awarded to Pierre-Gilles de Gennes "for discovering that
methods developed for studying order phenomena in simple systems can be generalized to more complex
forms of matter, in particular to liquid crystals and polymers".
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is necessary. A physical model, termed the energy landscape is the most accurate approach
for understanding thermal fluctuations. It is a multidimensional construct resembling in
its 3-dimensional form to a mountainous landscape. Height describes energy or occupation
probability. Valleys are states of low energy and, therefore, describe conformational states.
The mountains in between describe the energy needed to change from one conformation

to another.

This concept is well known by biologists in terms of protein folding, where the energy
landscape resembles more a canyon or simply a funnel [143]. Less known is that this
concept was already used for almost 40 years to describe the conformational dynamics
of proteins [10]. Hans Frauenfelder, the pioneer of conformational dynamics and his co-
workers, could explain myoglobin’s function and dynamics with the aid of an energy
landscape, with almost 20 years of research. They were able to explore the full landscape

including the heights of the energy barriers between the conformational states [50].

Figure 1.5 shows a principle 2-dimensional representation of such an energy landscape.
The diagram itself is a powerful tool since it holds information on thermodynamics and
kinetics of a sample. It can be constructed from all different kinds of data: either from
kinetic data describing the lifetime of a certain conformational state, respectively the
rates of the transition from one state to another or from thermodynamic data such as
the number of molecules in a certain state at a given time point: The free energy change

AAG?® in units of thermal noise kgT can be calculated as:

AAG® =k - T In2t (1.1)
Po

where p; is the probability of finding the protein in conformational state i and py the
probability for finding it in its ground state corresponding to the state with the highest
occupancy [15]. The probabilities can then either be expressed through the absolute
numbers of molecules in a given state or their mean occupancy times. However, one
always has to keep in mind that a certain energy landscape is only true for a certain set
of conditions (being pressure, solvent and temperature) while those are still the primary
determinants of the landscape, and the molecules behaviour in it [23]. They determine
how well and in which time scale a molecule can overcome a certain energy barrier.
Therefore, those factors are, of course, also major experimental tools to shape and change

the landscape to simplify the system for analysis.

Having constructed such a complex abstract model, what can be learned from it? First
of all, in contrast to the energy landscape in protein folding, the conformational land-
scapes of molecular machines have a rather flat surface with a somewhat rough structure

(212, 88, 52]. This means only a few energy equivalents of the thermal noise (described
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Free Energy G

Conformational Coordinate

Figure 1.5: Schematic of an Energy Landscape. The cross-section through a typical energy land-
scape is shown. A hierarchical representation of the energy levels (tiers) was chosen as suggested by
Fraunfelder [6]. In Tier 0 high energy is needed to overcome the energy barrier from state A to B. There-
fore, these transitions are seldom and only occur on a us to ms time scale. In higher tiers energy barriers
become smaller as well as the necessary time scales.

by kgT) are needed to drive the machine from one point on the surface to another. Thus,
thermal energy itself is sufficient to make the molecules move. Following this idea, the
molecular machine will perform a random walk over its energy surface becoming ulti-

mately a Brownian machine.

As pointed out, a rich physical framework is available to understand the dynamics and the
functions of molecular machines. Still there are a number of open questions such as: What
is the role of chemical energy in the storm of thermal noise? Are there design principles
of molecular machines forcing them towards a certain dynamic behaviour encoded in
the structure? Can dynamics be predicted? Are some dynamics just meaningless random

movements?
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Surely this thesis seeks answers to these questions but so did many studies before. Of
course, no finite answers can be given but at least more details contributing to the bigger
picture can be revealed. New methods will be developed and established for an easier

approach to better understand the dynamics of large macromolecular complexes.

1.2.3 Methods to analyse Conformational Dynamics

To get a full insight into the mode of action of a given molecular machine one would
like to have the entire energy landscape of the machine at certain conditions. Ideally
that means to gain structural as well as kinetic data at high resolution. One would
like to follow experimentally (1) a single molecule (2) in full atomic detail (3) on at least
microsecond time scale. This, however, is and most likely will be impossible. Nevertheless,
the combination of several different methods can come close to that ideal case. In the
following, I will shortly introduce the principal methods used to analyse conformational
dynamics until now. Figure 1.6 points out the most relevant time scales for most of the

methods presented in the following paragraphs.

molecildifimbling
larger d@iigin motions
bond ¥iFation
secondarySifligire formation
loop fiiBtions
fs ps ns us ms s ks

Figure 1.6: Time Scales of Protein Dynamics and their Processes. A comprehensive overview of
the time scales of individual intrinsic movements is shown in red. The time scales accessible to important
methods are depicted in blue. The figure is based on [38, 142].

1.2.3.1 MD Simulation

Actually, there is a method matching the above mentioned three criteria very well. With
Molecular Dynamics (MD)-simulations one can really look at any movement of a given

particle in full atomic detail on a femtosecond time scale [99]. The method’s development
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started in the seventies and earned the Nobel prize for chemistry in 20132. A structural
model of the molecule, mostly gained by experimental means is used. Movements of indi-
vidual atoms are principally calculated by applying Newtonian mechanics to every atom
of the molecule and the surrounding medium. This can give detailed insights into the
dynamics of a molecule in an experimentally inaccessible timescale. However, reaching
the experimentally accessible timescale of micro- to milliseconds is still computationally
demanding to an extent, that it is hardly achieved by any study. An experimental proof
for the correctness of the used models and insights is still missing to a large extent.
Nevertheless, MD-simulations give valuable insights into protein dynamics that are oth-
erwise hardly accessible experimentally. The flow of individual water molecules through
an aquaporin molecule [73] or the path of tRNAs moving through the ribosome [172] in

atomic detail was elucidated.

1.2.3.2 Spectroscopy

Classical dynamics of proteins were studied by spectroscopy. The interaction of light
with molecules can provide much information about them. The number of possibilities is

vast:
1. IR-spectroscopy can provide information on the vibrational movements of atoms.
2. CD-spectroscopy can give insights into the secondary structure of a protein.

3. UV-Vis spectroscopy and fluorescence will report about the changes and distances

in light absorbing regions of a protein.

4. With light scattering the diffusion time and derived from that the size and move-

ment speed of a particle can be analysed.

All of the mentioned techniques, however, have one problem in common. They need to
combine signals from billions of molecules and thus average all the individual molecules
no matter in which state they are. Even within a molecule it is hardly possible to localize
a certain effect. Nevertheless, these methods provide valuable information and good first
approximations on the dynamics of molecular machines. Many studies employed synchro-
nisation of the molecules as solution for the mentioned problems. For example, molecules
could either be triggered by temperature jumps or the addition of their binding partners
or substrates. Still dynamics on very small timescales will average out, but the overall
dynamics can be readily investigated in this way. Moreover, specific regions of a protein

can be labelled to confer resolution in space. [35]

2The 2013 Nobel in chemistry was awarded to Martin Karplus, Michael Levitt and Arieh Warshel
"for the development of multi scale models for complex chemical systems"
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1.2.3.3 Single Molecule Approaches

Real insights into the dynamics of a molecule on small time scales can hardly be gained
by the previously described batch methods. Molecule dynamics needed to be rather syn-
chronized to see detailed dynamic properties. In the 1990s, this obstacle was overcome
with two conceptionally very similar but technically very different approaches named
single molecule detection and single molecule manipulation. With better light sources
and detectors it is now possible to detect a single fluorophor bound to a single molecule
in an ultra small volume. With the aid of techniques like Foerster Resonance Energy
Transfer (FRET) the temporal change of a certain distance within a molecule can be
measured[97]. Another branch of development even led to the possibility of moving and
manipulating single molecules. This is possible in Atomic Force Microscope (AFM) as
well as in optical or magnetic trap experiments. Optical or magnetic traps are experi-
mental set-ups that can precisely move and track micrometer-sized spheres. By binding a
few molecules onto the surface of those spheres their movement can be tracked, and force
can be applied to them. This lead to beautiful insights into the dynamics of molecular
machines like polymerases or ribosomes [29, 53]. The AFM, on the other hand, is an
instrument utilizing a tiny lever arm (termed cantilever) on which a fine tip is mounted.
This tip, which is only a few atoms in diameter can be used to scan a surface to visualize
the molecules on it (imaging mode) or can bind a molecule and displace it or apply a
force on it (force mode). In force mode, the force applied between tip and surface through
the molecule can be precisely measured in a microsecond time scale. In imaging mode, it
became recently possible through high speed AFM to continuously scan a molecule on a

millisecond time scale and follow its overall dynamics [101].

1.2.3.4 Structural Methods

While the previously named methods give only sparse information on the atomic coordi-
nates of a molecule, structural methods rarely have a good time resolution. An overview

of the technical limits of the three major structural methods is given in table 1.2.

Table 1.2: Overview about the three main Methods of Structural Biology.

NMR X-ray crystallography cryo EM
accessible size range mostly < 100 kDa mostly < 200 kDa mostly > 500 kDa
sample requirement > 5 mg at least several mg a few ug
achievable resolution not applicable for molecular 2

machines ~ 3 A

time scales of dynamics us to days rarely possible possible at most
seconds to minutes
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1.2.3.5 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) gains structural information through the magnetic
properties of a molecule’s nuclei (nuclei with an odd number of nuclear particles). [102]
The sample is brought into a strong magnetic field (normally several Tesla), which aligns
the spin of certain nuclei with the field direction. Through a radio wave pulse, the mag-
netic moment of the nuclei is rotated. After the pulse, the nuclei relax back to the aligned
state and will thus emit the previously absorbed energy as radio wave. How much energy is
absorbed, strongly depends on the chemical environment of the nuclei. With sophisticated
series of radio wave pulses, distance measurements between individual atoms are possible
and also dynamics can thus be measured. This makes NMR a valuable tool since it can
show a protein’s dynamics through time scales of nanoseconds up to days in A-resolution
[93]. Even though NMR, brought great insights into the dynamics of many small proteins
like ubiquitin [113] or DHFR [18], the investigation of larger assemblies can hardly be per-
formed. Larger molecules have more nuclei, and one needs to resolve more spectral peaks
from each other to gain good insights into the structure. Moreover, larger molecules have
larger rotational correlation times, broadening the peaks even more. However, smart la-
belling made NMR studies of larger assemblies such as ribosomes [31, 92] at least partly
possible. Still, the analysis of full assemblies will remain technically challenging if not

impossible for many years.

1.2.3.6 X-ray Crystallography

X-ray Crystallography is by far the oldest of the structural investigation methods 3. For
this methods, proteins have to form crystals which is an intricate, barely understood
process requiring a high number of empirical trials to find the right conditions. Those
crystals diffract X-rays significantly, which leads to characteristic diffraction patterns.
Thus, structural information has to be gained from the diffraction pattern. Only the
amplitudes of interfering X-ray waves and not the corresponding phases can be recorded
from such a diffraction experiment. The phases have to be determined separately via
different approaches. Until today, crystallography yields the highest resolution for proteins
but has its limits. For large macromolecular machines as they are analysed in this thesis
only a few examples have yielded reliable structures - mostly ribosomes, polymerases and
viruses were solved reaching resolutions up to 3 A[133]. Moreover, dynamics can hardly
be acquired since experimenters rely mostly on luck to find the same protein crystallizing
in different conformations. In very rare cases the molecules are still functional in their

crystalline state, which gives the possibility for time resolved crystallography[77]

30f note: This year(2014)is named the year of crystallography by the UNESCO.
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1.2.3.7 Single Particle Electron Cryo-Microscopy

Structural investigation of biomolecules using electron microscopes is considered the
youngest among all structural techniques. [115] In the most commonly used single particle
approach projection images of individual molecules or complexes are recorded in a trans-
mission electron microscope (TEM). These can be combined computationally to yield a
3D structural model. The technique will be explained in great detail in the next section
(1.3). In contrast to the other structural investigation methods, cryo EM is a true single
molecule method. The signals from individual particles can be easily distinguished and
thus different conformational states can in principal be separated into different structural
models. However, molecules need to be frozen or embedded to withstand the vacuum of
an operating TEM. This almost fully diminishes any possibility for time resolution that
has to be mostly gained from other methods. Still the possibility to investigate the com-
plete structural landscape of a large protein complex by directly counting the molecules

in a certain state is so attractive that this is the main method used in this thesis.

1.2.3.8 Method Combinations

As must be now evident, none of the described methods alone is fully capable of deter-
mining the dynamics of a protein complex in the desired detail (see 1.2.3). Nowadays
many studies combine the mentioned methods to get greater insights into the full dy-
namics of molecular machines. Among recent successes are the description of the tRNA
movement through the ribosome with the aid of kinetic data, structural information from
cryo EM and X-ray crystallography combined with MD-simulations [17] and a structural
model of the HIV capsid through a combination of cryo EM, NMR and MD-simulation

[229].
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1.3 Single particle cryo EM as tool to analyze con-

formational dynamics

It is very easy to answer many of these fundamental biological

questions; you just look at the thing!
— Richard Feynmann

1.3.1 General workflow

Single Particle Electron Cryo Microscopy (cryo EM) is the main method used in this
thesis to analyze the structure and finally the dynamics of molecular machines. The main
advantage of this method is the high degree of directness. This means that raw data can
readily be interpreted by eye and the room for the interpretation is rather narrow. In
principle, it can even be seen as single molecule method since signals from individual

molecules can be clearly distinguished and thus be sorted very accurately.

The general workflow and the possibility to use it for conformational dynamics is outlined
in this section and will be explained in detail in the materials and methods section (see
2.4). From a very abstract point of view many similarities to biochemical purifications
can be found (see figure 1.7). Very exhaustive and excellent reviews can be found in the
textbooks of Joachim Frank and Michael F. Moody [55, 131]

1. As in any biophysical method the workflow starts with the preparation of the pu-
rified sample for the method. Electron microscopes operate under high vacuum for
which the sample has to be stabilized. In biomolecular EM the two frequently used
methods are freezing the molecules in a thin film of buffer (cryo conditions) or em-
bed and dry the sample with surrounding heavy metal stain (negative staining),

both on the carbon surface of small metal grids as support.

2. After embedding of the sample, it is introduced into a TEM and images of several
regions of the grid are taken. Each image depicts many copies of the molecule in
random orientation and distribution. The images are close to perfect parallel pro-
jections of the molecule, meaning the 3D-information is integrated into a 2D image.
These 2D images, however, have a very low Signal-to-Noise-Ratio (SNR) and due to
the high energy of the electron beam, the exposure time of the sample to electrons
is kept to a bare minimum. The orientation of a molecule on the carrier grid can be
described by six degrees of freedom: the three translations along the coordinate axes
and the three rotations around them. To determine these parameters, the images

will be subjected to exhaustive computational image processing.
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3.

10.

In a first step, the particles have to be identified (picked) within the image and an

image stack containing the individual particles is created.

Due to the low interactions of the electron beam with biological specimen, the
images have to be taken with underfocus, leading to a broad and complicated point
spread function (PSF) smearing the image information over a large area. This can

be restored in-silico in a process called CTF-correction.

The corrected particle images need to be further prepared for analysis. To increase
the SNR for initial analysis, they are down sampled (coarsed) and Fourier filtered.
Further, the images have to be normalized, since they arise from different micro-

graphs and different parts of the grid.

To further improve the SNR, individual particle images are averaged. Since the par-
ticles were randomly orientated on the grid different particle images depict different
views of the particles and have to be sorted for their orientation and properly super-
imposed. The processes necessary are called alignment and classification. Alignment
orients the particles images in a way that they superimpose a set of given refer-
ences. Classification identifies similar images and sorts them into a given number
of classes. Thus, the particle images showing the same orientation, can be averaged

to so-called class averages.

Once average images of similar orientation are calculated, a 3D-reconstruction can
be attempted. Beforehand, the orientation of the averages in space with respect
to each other (as Euler angles) has to be determined. This can be done mathe-
matically in-silico in a process called angular reconstitution or experimentally with
a technique called random conical tilt (RCT). After the angles are determined, a

3D model can be reconstructed.

Initial structures are low in resolution. To improve the structure, several refinement
cycles are performed. In every cycle, the accuracy of alignment and orientation

angle assignment is improved.

Once convergence of the refinement is reached, the model needs to be validated,
if this was not done before. Furthermore, the resolution of the structure should
be determined. The resolution describes which degree of detail can be seen in the

structure meaning how far structural features need to be apart to be distinguishable.

Finally, interpretation of the model can be attempted. To interpret the computed
3D structures, they can be segmented and structural models gained from other
methods can be fitted into the density model. Alternatively, conformational sorting

can be performed as outlined in the following section.
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Figure 1.7: Single Particle cryo EM Workflow. The general steps in single particle cryo EM
are illustrated using the Anaphase Promoting Complex (APC) as an example. (I) In the microscope
projection images are taken of the ice embedded molecules. Particles appear as dark densities in light
background which is inverted for image processing. (II) In a first image processing step, molecules have to
be selected in a process called particle picking. Here, the molecules are encircled in green. The identified
particle images are cropped from the micrograph (right). (IIla) Every particle is distorted with a point
spread function. The Fourier transformation of this is called Contrast Transfer Function (CTF) which
is depicted here. It can be seen that in certain areas of this function the contrast is negative, meaning
inverted. This is fixed during CTF correction by phase flipping (IIIb) The corrected images are filtered
to optimally prepare them for the alignment. (IV) In an initial 2D processing, images that show the
same orientation of the molecule in space are superimposed in a process called alignment and grouped
and averaged in a process called classification. (V) In the next step, for all good class averages (left)
their relative orientation in space is determined (right). After orientation they are projected back into 3D
space to calculate a first 3D model. (VI) The first 3D model is gradually improved in iterative refinement
steps. Thereby, the 3D model is projected into 2D images which are used as references for an alignment
against the full dataset. After alignment, the images are averaged with respect to the best matching
reference and a 3D model is reconstructed from the averages. The whole procedure is reiterated with
decreasing projection distance until it converges. Shown is a 7.4 A model of the APC/C (EMDB-2651).
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1.3.2 Conformational Analysis

One of the main advantages of cryo EM is that the signal obtained from individual
particles can be undoubtedly distinguished even by the human eye. Although new devel-
opments in X-ray crystallography like the Free-Electron Laser (FEL) point into the same
direction [180], cryo EM will keep being the only technique capable of that.

Unlike most single molecule methods, the complete atomic structure is encoded into the
micrograph. Due to the bad SNR and the integration of information along the z-axis
through projection the particles still have to be averaged to get a 3D-model. However,
the number of necessary particles to be averaged to get atomic detail is low (only several
10000) and "smart" averages, meaning only particles showing the same conformation
can be averaged. In principle, all conformations of a molecule within a data set could
be potentially distinguished and yield high resolution structures. Thus, sophisticated
computational sorting of individual particle images in their respective state is necessary.
This kind of analysis is relatively new to the field and as such not many robust methods
are available. Nevertheless, several published strategies already gained outstanding results

and are thus outlined in this section.

First of all, it has to be mentioned that conformational dynamics introduce new degrees of
freedom into the analysis. While for a particle existing in a single conformation five degrees
of freedom have to be determined, the conformation is an extra parameter. On top of
that, not every heterogeneity present in the data set represents a relevant conformational
state. Also, broken particles or contaminations are responsible for an unknown degree of
structural heterogeneity. They should be excluded from the analysis as much as possible

before any conformational sorting is performed.

At which stage conformational analysis itself has to come into play depends very much
on the kind of conformational dynamics present in the sample. As outlined in section
1.2.1, conformational changes of proteins take place at different time scales correlated
with different amplitudes of movements. We can, in principle, distinguish between four

different conformation types which have to be handled by different means.

1. Conformational changes strongly altering the overall shape, have to be handled
right at the start of the 3D analysis. Combining all particles in a single structure

will result in a featureless blob that does not even resemble the molecule at all.

2. The movement of large domains of a structure not altering the shape of the molecule
can be handled later during 3D analysis. The average of all particles will result in

high resolution for the static part but will smear out the flexible parts.
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3. Movements of small domains or binding of ligands, representing only a small fraction
of the mass of the structure, can be handled at a later stage of the analysis. The
average of all such particles will again result in the vanishing of the flexible part or

a smearing effect.

4. Conformational changes occurring on short time scales, like bond vibrations or low
amplitude movements of structural features are currently hard to handle. However,
averaging particles that have only small conformational differences will only slightly

reduce the gained resolution. This can be accepted for most biological questions.

The different techniques are outlined with examples in the following sections.

1.3.2.1 Biochemical and biophysical strategies

Prerequisite for any structural analysis of a biomolecule is its integrity and its composi-
tional homogeneity. This has to be assured during the whole purification procedure. To
facilitate that especially for electron microscopic analysis, the GraFiz methodology was
introduced recently [100]. Hereby, the molecule of interest is loaded on top of a density
gradient, which contains additionally a fixative gradient. Through centrifugational sedi-
mentation, the protein complex is separated from lighter broken complexes and heavier
aggregates, and covalent crosslinks assure its structural integrity for the harsh electron mi-
croscopic preparations. It has to be stated that the crosslink will not alter the molecules
structure, however, it might be possible that the occupation of certain conformations

changes.

The most used techniques to tackle conformational dynamics are not of computational but
of biochemical nature. With the aid of a chemical compound or a protein, the molecule
of interest can be trapped in a certain conformation. The advantage of this technique
is that the significance of the resulting state can be clearly linked with its function by
knowing the function of the compound or its effect. However, this is not a generic strategy.
There are certainly no compounds available to block any molecule in any given state. A
direct screening for compounds with libraries of thousands of chemicals using a complete
structural analysis is practically impossible. Thus, reasonable choices have to be taken
from the available biochemical data. The number of accessible silenced conformations
is rather small. But, even if such a state is found, hardly any compound is imaginable
silencing the dynamics of a protein complex completely. However, this approach is the
most used one in publications to date and gave great insights into snapshots of certain

conformations. Thus, a few examples are addressed in the following paragraph.

As for any single particle EM technique, most work was certainly done on the ribosome.

A vast number of different antibiotics was used to stall the ribosome in distinct states
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[221]. In this way, almost the whole set of states in the translational cycle could be locked
and investigated structurally [132]. Other successful examples come from ATPases: the
importance of ATP in our cells as energy source stimulated research and led to a large
number of different ATP-analogues that resemble different hydrolysis states. Commonly
used compounds are non-hydrolyzable analogues like ATP~yS, AMPPCP or AMPPNP,
intermediate state analogues like ADP — AlF4 or ADP — BeF3 or simply the hydrolyzed
product ADP. In this way, a molecule can be trapped in any stage of the ATP hydrolysis.
Similar results could be gained by simple point mutations like Walker-A and -B mutations.
This whole strategy was very successful in studies of motor proteins [190], chaperones [163]

or AAA+-proteins [170, 32, 192] and with GTP analogues translation factors [132].

As stated before, these lucky results are exceptions. Mostly, one has to become more
inventive to trap a molecule in a functional, relevant state. For example, the 30S protea-
some was trapped in a translocation state by using a slowly translocating GFP, resulting

in a conformation that was not seen before [124].

1.3.2.2 Computational Strategies

Ideally, one would like to calculate the full ensemble of possible structures from one
dataset without any biophysical trick to restrict the number of conformations. Only a
few studies exist so far which attempted this. For the ribosome, this was demonstrated
in 2010 [52]. The authors used a hierarchical computational sorting scheme to analyze a
dataset containing two million particles. Thereby, it was first sorted for the rotation of the
subunits against each other - the so called ratcheting. In a second step, it was classified
for different rotations of the 30S head against the body of the 30S subunit. Lastly, the
different obtained conformations were analyzed for the positions of their tRNAs. In total
more than 50 structures were obtained and sorted computationally. Even though this
study was definitely a breakthrough, no similar study was conducted since for other
molecules. The reasons for that are missing generic procedure. The hierarchical scheme
used for the ribosome could be conducted since the knowledge of the ribosome is vast
and the major movements were described before and thus could be accurately modelled.

However, many recent studies at least identify a few conformations in parallel.

Nevertheless, many methods are published, which can aid the conformational sorting.
If the conformational differences are large, meaning the overall shape of the molecule is
mostly different, the conformational sorting should occur right at the start of the 3D
structural analysis. A method called Random Conical Tilt (RCT) is used mostly for that
[162]. Hereby, the missing angular parameters (Euler angles) for the recorded particles
are determined experimentally by tilting the specimen holder in the TEM. With this,

initial structures can be calculated from a few images. However, these models are slightly
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distorted and noisy. This can be improved by 3D alignment and classification of the
models and subsequent averaging [175]. Recently, images from several conformationally
as well as compositionally heterogeneous samples were successfully sorted into distinct
structures that could be refined. For example, the dynamics of the very flexible E3 ligase
ltnl was elucidated in several conformations [122] and all intermediates of the assembly

pathway of the 30S ribosomal subunit were resolved [13].

Apart from that, a few other approaches exits to obtain different initial models for a con-
formationally heterogeneous dataset. As used in the previously stated, ribosome analysis
modelling of initial structures based on biochemical knowledge was successfully employed.
If at least the structure of one conformation is known simple simulations like Normal Mode
Analysis (NMA) can be used [96]. This predicts the thermal modes of motion based on

mechanical considerations of the molecule.

If the overall shape is not largely altered within the conformational landscape, meaning
if only a small portion of the total mass is moving or the movement amplitude is small,
conformational analysis can be postponed to a point where the refinement fails to improve
the resolution of the structure. Many methods were described and successfully employed
[116]. Most of them are based on a stochastic approach called bootstrapping. Thereby many
subsets of the dataset are chosen randomly with replacement and for every subset a 3D
model is calculated. The set of different models is analyzed statistically [156]. Thereby,
new models from different conformations can arise, which need to be validated and refined.
A more detailed overview over the available methods is given in the methods section (see
section 2.4.15).

1.4 Biological Model Systems

In this thesis, the conformational dynamics of three protein complexes are analyzed.

Firstly, the export adapter protein Chromosome Region Maintenance factor 1 (CRM1)
from the fungus Chaetomium thermophilum and its human homologue will be analyzed.
For a cryo EM analysis, this is a major challenge since it is with 120 kDa fairly below
the standard size (>500 kDa) of proteins subjected to EM analysis. Here, I suspect the

dynamics to have a dramatic impact on the achievable resolution.

Secondly, the very dynamic E.coli Pyruvate Dehydrogenase Complex (PDHc) will be
investigated. The complex is known to have very loosely attached subunits and thus is
one of the most dynamic model systems while it is with more than 5 MDa an ideal object

for single particle cryo EM, size wise.
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Lastly, the Acetyl Choline Binding Protein (AChBP) from Biomphalaria glabrata will
be analyzed. It is an icosahedral protein and refines thus very quickly to subnanometer
resolution. Relevant dynamics for this complex will be found in small amplitudes and

time scales, which were not accessed by cryo EM so far.

1.4.1 Chromosome Maintenance Factor 1

1.4.1.1 Nucleocytoplasmatic transport

A medium sized industrial is most commonly split into different departments. One de-
partment is responsible for the production, one does the logistics, and one is managing.
It is an universal principle that those departments are spatially divided, for example, to

protect some workers from noise or danger from other workplaces.

Eukaryotic cells separate their workspaces in a similar manner. The so-called compart-
mentalization is one of the main traits allowing higher life forms to exist. The reasoning
for this is twofold. Firstly, some cellular processes need a special chemical environment to
work efficiently. For example, degrading of biomolecules as occurring in lysosomes works
best in an acidic environment, while this would be harmful to most other processes. Sec-
ondly, cells build complex machines made of many different molecules, which have to be
assembled. It is crucial that an assembly of such machines is complete before the machine
is performing any task. Therefore, cells evolved in a way that the places of assembly and
function are well separated from each other. Ribosomes, for example, synthesize proteins
in the cytoplasm but are assembled in the nucleus, while spliceosomal snRNPs act in the
nucleus but are assembled in the cytoplasm. Moreover, most factors are required only at
a given moment and should be mostly hidden from their site of action, like transcription

factors.

However, these big advantages have to be met with sophisticated logistic systems trans-
porting proteins from one compartment to another. Those systems need to be directed and
tightly controlled. All membrane-enclosed compartments have their own set of transport
mechanism which can be rather distinct. The most remarkable transport is found between
the nucleus and the cytoplasm. Unlike other cases, proteins and even protein complexes
get transported in a folded and assembled state. While many pathways, purposes and
transporter molecules for nucleo-cytoplasmic-transport form a vast complexity, the main
principles are simple and shared among them. First of all, the single accessible physical
pathway leads through only one kind of channel: the nuclear pore complex (NPC). More-
over, there is only a single universal energy source: a gradient of the GTP loaded small
GTPase called Ran. [67]
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1.4.1.2 Structural Characteristics of Exportins

As stated before, all pathways in and out of the nucleus lead through the interior of the
NPC and require Ran-GTP. Since the major principle seems to be shared between all
transport complexes, it is not surprising that the different transport receptors are struc-
turally very similar. All the known transport factors, transporting proteins belong to the
p-karyopherin family (also importin f-like) and share a common architecture compris-
ing mostly of the same structural motif — the Huntingtin, elongation factor 3, protein
phosphatase 2A and TOR1 (HEAT)-repeat. The canonical HEAT-repeat is ~ 40 amino
acids long and consists of two antiparallel helices (termed A and B) connected by a short
linker sequence [5]. However, there is no consensus sequence for this motif and also overall
homology between S-karyopherin is only 15 % [39]. Two consecutive HEAT-repeats bind
each other in a parallel fashion, where the A-helix forms the outer convex and the B-helix
the inner concave surface of a superhelical arrangement (see figure 1.8). This architec-
ture leads to an intrinsic flexibility which is thought to provide enough versatility for the
receptors to bind a multitude of different cargoes [33]. These conformational dynamics
make [-karyopherin family an ideal model system for this thesis. Exemplified the confor-
mational cycle of the exportin Chromosome Region Maintenance factor 1 (CRM1) should
be analyzed. Unlike many of the other nuclear transport receptors, the set of cargoes it
can transport is large and versatile [203]. Among them are for example the large and the
small ribosomal subunit, translation factors, the signal recognition particles, Cyclin-D1,
and several mRNA as well as snRNA substrates. Cargo recognition requires a leucin-rich

nuclear export signal (NES) and mostly several adaptor proteins.

Structural insights into CRM1’s detailed architecture were made only recently [125].
Most contributions towards the structural understanding of CRM1 were made during the
time course of this work and are discussed thoroughly in later sections. However, the
first complete X-ray structure of CRM1 with cargo and Ran-GTP already revealed the
overall architecture [128]. CRM1 comprises of 21 HEAT-repeats oriented in a superhelical
fashion. As stated before, the overall homology within the -karyopherin-family is rather
low. The first three HEAT-repeats - the so-called CRM1 - Importin § etc. (CRIME)
domain, interacts with Ran. Another important element responsible for Ran binding is the
acidic loop: a B-hairpin after HEAT 9 (see figure 1.8). The cargo is bound around HEAT
11-16, where a hydrophobic cleft is formed between A-helices 11 and 12 recognizing the
cargoes nuclear export signal (NES)(see figure 1.8). In contrast to other nuclear transport
receptors CRM1 binds its substrates on the convex outer surface, not encapsulating it.
On the one hand, this seems inevitable given the large sizes of CRM1’s cargoes. On the

other hand, the cargo is in this way fully exposed to the interior of the NPC.
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Figure 1.8: Structural Features of CRM1. Left: A structural overview over CRM1’s architecture
is shown. It consists of 21 HEAT-repeats. Two of these elements are magnified. They consist of an A
(red) and a B helix (blue) which stand antiparallel to each other while consecutive HEAT-repeats stack
in a parallel fashion. Further, the acidic loop (orange) which is important for binding of Ran and the
hydrophobic cleft (green), where cargo can bind, are marked. N- and C- terminus close the ring structure
at the red line. Right: A fully assembled nuclear export complex containing CRM1 (yellow), Ran (orange)
and cargo (blue, here: snurportin).

While the question of how CRMI1 recognizes its substrates is generally agreed [130],
the full conformational cycle of CRM1 was unknown at the beginning of this thesis.
In the nucleoplasm, apo-CRM1 has to bind cargo and Ran-GTP. The ternary complex
diffuses through the NPC after which it needs to disassemble upon GTP hydrolysis in
the cytoplasm. Subsequently, apo-CRM1 diffuses back to the nucleus.

The structural changes within CRM1 and its complexes render it an attractive model
system. Additionally, it is a challenging object since its size of 120 kDa would rather
disqualify it for EM-analysis.

1.4.2 Pyruvate Dehydrogenase Complex

The Pyruvate Dehydrogenase Complex (PDHe) is one of the largest complexes in the cell

with a diameter of up to 50 nm and a mass of up to 10 MDa.

1.4.2.1 Biochemistry of the PDHc

PDHc is found in respiratory eubacteria and the mitochondrial matrix of eukaryotes. It
catalyses the irreversible reaction from pyruvate to acetyl-CoA and is, therefore, one of
the central junctions within metabolism. Acetyl-CoA serves as a rich source of metabolic

energy as well as it is a widely used precursor in lipid metabolism, where pyruvate is used
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to replenish intermediates of the tricarbonic acid cycle as well as a precursor for amino

acids and carbohydrates via glyconeogenesis |11, , 148].
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Figure 1.9: Catalytic cycle of the Pyruvate Dehydrogenase Complex. Scheme was rebuilt after
Voet, Voet, Pratt Biochemistry, 2004, [214]

The complex is a multienzyme complex consisting of three different catalytic components,
named E1, E2 and E3. In eukaryotes, the complex contains additionally the E3-binding
protein (E3BP) and a number of regulating kinases. E1 is the thiamin diphosphate (TPP)
dependent pyruvate dehydrogenase catalyzing the irreversible decarboxylation of pyruvate
and the formation of hydroxyethyl-TPP. The resulting acetyl group is transferred to
the N6-(lipoyl)lysine of E2 - the dihydrolipoyl transacetylase, which transfers it further
to Coenzyme A. The E3 component, the dihydrolipoyl dehydrogenase, regenerates the
oxidized lipoamide with a non-covalently attached FAD which is in return reduced itself

by NADH. An overview of the reaction cycle is shown in figure 1.9.

1.4.2.2 Structural Insights into the PDHc

Despite its apparent biochemical importance and the more than 60 years since its dis-
covery [107], detailed structural knowledge about the whole PDHc could not be gained.
That might be surprising taking into account that almost every biochemistry textbook
depicts a structural model of the E.coli complex (e.g. [214]). This model was created in
the 1960s, derived from electron micrographs. Lester Reed and colleagues recorded in
several studies micrographs from the fully assembled complex as well as from the core
structure [167, , , |. From visual inspection of the particles they concluded
that the E2 component forms a cubic core structure, which is encapsulated by a cubic
shell composed of E1 and E3 components. Shortly afterwards, the stoichiometry of the
individual components was determined to be E1:E2:E3 = 2:2:1, where the E1 chains
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form homodimers and the E2 chains homotrimers which are placed on the corners of the
cubic core structure [168, |. This stoichiometry led to the "edges and faces" model,
predicting the 12 E1 dimers to form the edges and the 6 E3 dimers the faces of a cubic
shell around the cubic core. This architechture was supported by two further EM studies
[16, |. The model for the overall architecture, however, got its first structural support
only almost 30 years after its proposal by the crystal structure of a truncated E2 core
from Azotobacter vilandii also showing an octahedral symmetry [123]. The quaternary
structure of the shell is still unknown. Even though the full complex yielded crystals
already in the 1970s [215], no structure was solved yet. The first published attempt of
a calculated structural model of the complete complex was made in 2005 using Electron
Cryotomography [136]. The authors propose that the cubic core is surrounded by flexibly
tethered E1 and E3 components in 11 nm distance. They conclude the whole complex is

inherently inhomogeneous and asymmetric.

The reason for the very flexible nature of the whole complex is supposed to be the mobile
linker connecting the C- and the N-terminal domains of the E2. While the C-terminal
acyltransferase domain catalyzes the reaction and forms the stably folded core the N-
terminal contains a varying number of lipoyl domains only connected by flexible alanine
and proline-rich linkers to each other and the C-terminus [197]. The shell components
are shown to be only flexibly attached to the core in a distance of several nanometers
to the core [217]. Overall the architecture of the E.coli PDHc still seems to be unclear
and many questions remain unanswered. Dynamics seem to play a significant role, since
at least the lipoyl domains have to move from the E1 to the E3 enzymes to fulfil a full
catalytic cycle. A disordered arrangement, as suggested by the most recent publications

[217, ], would be unique so far but remains unproven.
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Figure 1.10: Structural Architecture of the FE.coli PDHc. Left panel: the first structural insights
into the PDH came from micrographs like the one depicted [166]. A structural model was derived (below)
from that. The E2 component forms a cubic core (yellow) while the E1 subunits sit on the edges (red)
and the E3 (blue) on the faces of this cube. Middle panel: The available high resolution structures are
depicted. The C-terminal catalytic domain of the E2 (yellow) forms trimers which are assembled to a
cubic core structure (grey, PDB code: leaa). The N-terminal domains E3/E1 binding domain (orange,
PDB code: 2pdd) and of the three lipoyl domains (orange, PDB code: 1qjo) which are only flexibly
attached are depicted. E1 dimers (red, PDB code: 118a) and E3 dimers (blue, PDB code: 4jq9) arrange
in an unknown manner on the surface of the E2 core. Right panel: The overall architecture of the complex
as determined by cryo electron tomography, is shown [130]

Also, the architecture of the eukaryotic PDHc was studied since the 1960s. In contrast to
the F.coli model, the overall symmetry is icosahedral [9], which is also true for the PDHec
from gram negative bacteria. First hints towards this symmetry came from micrographs
depicting the human E2 core structure in the 1960s [166]. Again, a core structure is built of
E2 proteins while E1 and E3 form a shell structure. Additionally the E2 core is decorated
with multiple copies of the E2-binding protein. Structural models of the full complex were
solely gained from cryo EM experiments. The first structures of an icosahedral complex
came from Bacillus stearothermophilus. Again, the core structure could be crystallized
[94]. In following EM studies, reconstituted complexes containing E3 and E2 [127] or
E1l and E2 [126] were used exclusively. In both cases, an icosahedral E2 core complex is
surrounded by a shell of E1 respectively E3 subunits. Remarkably, a clear gap of 11 nm
is visible between the core structure and the shell. The same phenomenon was found for
the complexes purified from Bos taurus [231] and Saccharomyces cerevisiae [71]. It even
was suggested that the core structure is mobile in the interior chamber formed by the
shell [71]. While the mammalian core was solved by electron microscopy [223], the inner
architecture of the shell was not revealed yet. Only one study suggests binding sites for
the E3 on the intact core [213].

While in eukaryotes the architecture of the PDHc seems to be proven, its stoichiometry

is controversial. Originally, it was suggested that 60 E2-subunits form the core in a do-
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decahedral fashion, where 12 E3BP bind to the gaps of the structure [176]. Biophysical
analysis, however, suggests a rather shared dodecahedral core out of 48 E3 with 12 E3BP

subunits [91].

While the exact quaternary structure of both PDHc types lacks some important details,
the atomic details of the individual components are almost fully available through crystal,
EM and NMR structures (E.coli:[7, 69, 31], human: [35, 36, 223]). In both cases, however,
structural detail is still missing about the complete architecture of the E2 component.
Until now, no high-resolution structure of the complete E2 molecule is available. The
reason for that is surely the flexible N-terminus, comprising of a varying number of
independently folded lipoyl domains only flexibly linked to each other and the C-terminal
acyltransferase domain. The E1 and the E3 component are assumed to bind to a flexibly

attached binding domain as well.

1.4.3 Biomphalaria glabrata Achetyl Choline Binding protein

The first specimen that delivered atomic resolution through single particle cryo EM were
icosahedral viruses [71]. Until now the highest resolution structure found in the EMDB
is the Cytoplasmatic Polyhedrosis Virus (CPV) particle at 3.1 A [225]. While recently
reconstructions of the asymmetric ribosome reached the same resolution level [1], it is
still considerably easier to achieve high resolution with icosahedral particles. The ad-
vantages of icosahedral structures are twofold. First of all, this symmetry leads to an
enormous rigidity and stability of the structure, so that only harsh treatments lead to
disruption of the particles. Moreover, the asymmetric subunit is rather small and thus
only a 60th of the angular space has to be considered. Thus, considerably fewer particles
are needed to gain high resolution. This speeds up all calculations. Both facts contribute
to the high resolution that can be readily achieved from icosahedral particles. Therefore,
these particles make it possible to analyze small amplitudes (respectively time scale) with
little effort. The only challenge icosahedral viruses provide, is their large size. The earlier
mentioned CPV is with 70 nm diameter almost three times as big as the prokaryotic
ribosome. Therefore, large images are necessary to be able to calculate high-resolution
structures from those particles. Recently, a small icosahedral non-viral particle has been
found and analyzed by single particle cryo EM [178]. With 22 nm diameter the Acetyl
Choline Binding Protein (AChBP) has only the size of a ribosome and is, thus, ide-
ally suited for cryo EM. The protein complex is located in the hemolymphe of the snail
Biomphalaria glabrata and binds acetylcholine. While its function for the mollusk is de-
bated [193, 13], the protein is highly homologous to the soluble ligand binding domain of
the nicotinic acetylcholine receptor of higher animals. However, a remarkable number of

structures [2] of this receptor were already solved in many different states, addressing the
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most relevant biological questions. Thus, the AChBP serves here only as a model system

for high-resolution dynamics, and no biological questions will be addressed.

1.5 Aim of the work

The aim of this work is to investigate the conformational dynamics of large proteins
and their complexes. To achieve that, several methodological developments have to be
performed. Initially, it is always important to make sure that the protein complex of
interest is correctly folded and assembled. To assure this, soft purification methods will
be applied. Moreover, a high throughput screen based on the Thermofluor method [110]
will be developed. This is a fluorescence screen employed for a long time to measure
the stability of a given single domain protein. Here, the methodology will be extended
to protein complexes. Additionally, it is helpful to restrict the complex’s conformational
flexibility to the necessary minimum. Therefore, modifications of the established GraFix

methodology [100] will be developed.

Once strategies for the purification and stabilization of complexes were found, three
model systems will be analysed towards their conformational dynamics, utilizing cryo EM:
Firstly, the nuclear export receptor CRM1 will be investigated. While the cargo bound
structure was recently established, the conformation of the apo-CRM1 remained unclear.
It is one aim to identify the states the protein samples and construct its conformational
energy landscape. This will give answers to the remaining question how CRM1 achieves
cooperative binding to its cargo and Ran-GTP [39]. Secondly, the pyruvate dehydrogenase
complex from Fscherichia coli serves as an example for a highly dynamic complex. As
explained earlier, the overall architecture of the PDHc is heavily debated and recently
thought to be rather unordered. This will be a challenging investigation since no bona
fide methods exist for the analysis of complexes with extreme shape shifts. Lastly, small
amplitude respectively small time scale dynamics shall be investigated. As a test object,
the Biomphalaria glabrata Acetyl Choline Binding Protein will be used, which already
previously refined to 6 A. It is very likely that this restriction in resolution derives from
local dynamics of the protein. Thus, sorting for these minor differences in the protein

structure will be necessary to reach atomic resolution.

In summary, the three examples and the described biochemical methods should contribute
to a generally deployable workflow to investigate the dynamics of any given large (>100

kDa) protein complex.
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Materials and Methods

2.1 Materials

2.1.1 Software

Table 2.1: Software used in this thesis is listed.

Software Source Citation
Amira 4.1 TGS Europe, Merignac Cedx, France [196]
coweyes custom made at Stark lab, Gottingen [28, 82]
Eman 2 http://blake.bcm.edu/emanwiki/EMAN2 | [202]
Imagic Image Science, Berlin, Germany [211]
imageJ http://imagej.nih.gov/ij/ [187]
johnHenry custom made at Stark lab, Gottingen [28]
Phython 2.7 https://www.python.org/downloads/

Relion 1.2 http://www2.mrc-1lmb.cam.ac.uk/relion ]

Simple PRIME
UCSF Chimera
Xmipp 3.1

simple.stanford.edu
http://www.cgl.ucsf.edu/chimera/
http://xmipp.cnb.csic.es

2.1.2 Special Equipment

Table 2.2: Machines and special equipment used in this thesis are listed

Chemical Manufacturer
Akta Prime GE Healthcare
Balances Sartorius
Blender Waring
Centrifugal Mill ZM 200 Retsch

Centrifuge Avanti
Centrifuge WX Ultra 90
Copper EM grids
Gradient Master ip

Beckman Coulter
Sorvall
Plano

Biocomp
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Incubator Multitron Pro Shaker Infors HT
Liquid Handler StarLET Hammilton
Mortar RM200 Retsch

Orbital Shaker RS0S20

Photometer Lambda Bio X

Plate Sealer ALPS 3000

Pipetting Robot Microlab Star LET
Quantifoil grid R3.5/1 Cu 200 mesh
rt-PCR machine CFX connect
Rotor TH660

Rotor SW40

Rotor SW32

TEM CM200 FEG

TEM Titan Krios

Vitrobot

Pheonix Instrument
Perkin Elmer
Thermo Scientific

Hamilton

bio-rad

Sorvall

Beckmann Coulter
Beckmann Coulter
Philips

FEI Company

FEI Company

Quantifoil Micotools GmBH

2.1.3 Chemicals

Table 2.3: Chemicals used in this thesis are listed

Chemical Supplier
Agar Roth
Ampicillin Roth

Aluminium oxide

Aspartate

Bis[sulfosuccinimidyl] suberate (BS3)
Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methan (BisTris)
Bovine serum albumin (BSA)

Bradford Assay reagent

Coenzyme A (CoA)

Dextrin

Dimethylsulphoxide (DMSO)
Dinatriumhydrogen phosphate (NagHPO,)
Dipotassium phosphate (KoHPO,)
1,4-Dithiothreitol (DTT)

DNase 1

Ethanol

Ethylenediaminetetraacetic acid (EDTA)

Glucose

Sigma Aldrich
Sigma Aldrich
Thermo Scientific
Sigma Aldrich
Sigma Aldrich
BioRad

Roth

Sigma Aldrich
AppliChem
Merck

Merck

Roth

Sigma Aldrich
Merck

Merck

Merck
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Glutaraldehyde

Glutathion (reduced)

Glycerol

GSH-Sepharose
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
Imidazole

Iron(III) sulfate hydrate

Isopropanol

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
Magnesium chloride

Magnesium sulfate

Nicotinamide adenine dinucleotide (NAD)
Peptone

Polyethylene glycol (PEG) 6000

Potassium chloride

Potassiumdihydrogen phosphate (KHyPOy)
Protamin sulphate

Protease inhibitor tablet , EDTA free
RNase A

Sucrose

Sodium chloride

sodium pyruvate

SDS-PAGE running buffer

Sulfo-MBS

Thiamine pyro phosphate (TPP)

Tryptone

Urea

Yeast extract

Science Services
Sigma Aldrich
Merck

Pierce

Sigma Aldrich
Sigma Aldrich
Merck

Merck

Roth

Merck

Merck

Roth

BD

Sigma Aldrich
Merck

Merck

Sigma Aldrich
Roche

Sigma Aldrich
Merck

Merck

Merck

Roth

Thermo Scientific

Applichem
BD

Merck

BD
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2.2 Microbiological Methods

2.2.1 FEscherichia coli Cultivation

For PDHc preparation BL21*-FE.coli (life technologies) cells were cultivated in PA-5052
medium [199] omitting lactose. No antibiotic was added to the medium. As pre-culture
200 mL medium were inoculated directly from a glycerol stock of BL21* cells and grown
over night at 37 °C. For the main culture, 500 mL medium in a 2 L baffled flasks were
inoculated with this starter culture to reach an OD 600 of 0.1. The culture was shaken
with 180 rpm at 37 °C until it reached an OD 600 of 4-5 (after 5-6 hours) and harvested
20 min centrifugation at 5000 g. The cell pellets were washed with PBS(137 mM NaCl
2.7 mM KCI, 10 mM Nay,HPOy4, 10 mM KHyPO, pH 7.4) to remove left over medium

and subsequently frozen with liquid nitrogen. Cell pellets were stored at -80 °C.

2.2.2 Chaetomium thermophilum Cultivation

2.2.3 Spore Cultivation

Initially, Chaetomium thermophilum spores were provided by the group of Eduard Hurt
(ZMBH, University of Heidelberg, Germany). New spores were cultivated on rice meal
agar. 75 g wild rice (Oryza) was cooked for 2 h in 1 L. water. This was filtered and the
flowthrough was autoclaved after addition of 1.5 % (w/v) agar. 250 mL of this agar were
filled into a 1 L flask and inoculated with 1 mL spore stock solution. The flask was sealed
with parafilm and incubated at 55 °C for 4 weeks. Afterwards, the surface was scratched
with a sterile inoculating loop, 50 mL of 1 M sorbitol were added and the flask was shaken

for 20 min at 150 rpm. The resulting spore stock solution was aliquoted.

2.2.4 Mycelium Growth and Disruption

The mycelium growth was performed on CCM medium (3 g/L sucrose, 0.5 g/L NaCl,
0.65 g/L KoHPO4x3H50, 0.5 g/L MgSO4x7H50, 0.01 g/L Feo(SO4)3xH50, 5 g/L trypton,
1 g/L peptone, 1 g/L yeast extract (BD), 15 g/L dextrin (dissolved in hot water)). Every
culture contained 0.1 mg/mL ampicillin. First, a CCM agar plate was inoculated with
spores. The plate was wrapped in parafilm to prevent it from drying out and incubated
for 2 days at 50 °C. The mycel carpet from four plates was carefully removed from the
agar and cut into small pieces. 500 mLL CCM medium were inoculated with these pieces

and shaken vigorously at 50 °C for one day. The culture was blended in a Waring blender
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for 3 x 45 s. Each culture of 1 L was inoculated with 50 mL of the blended material. The
cultures were shaken vigorously for 14 h. The mycel was harvested through a sieve, dried
and washed via vacuum applied to a Buchner funnel. The dried mycel was crushed in a
mortar cooled by liquid nitrogen. To open the cells, the crushed material was finely ground
in a centrifugational mill under liquid nitrogen temperatures. The resulting powder was
stored at -80 °C.

2.3 Biochemical Methods

2.3.1 General Biochemical Methods

Purification results were mostly analyzed by SDS-PAGE. Precast polyacrylamide gradient
gels (Bio-Rad) with a percentage of 4-15% were mostly used. Gels were run in SDS Page
Buffer (Roth) at a constant voltage of 200 V until the dye front reached the lower edge

of the gel. Most commonly gels were stained with Comassie solution.

Protein concentrations were determined via the Bradford Protein assay [241]. Always, a
dilution series of bovine serum albumin was prepared and measured as references for the

unknown concentration.

2.3.2 ProteoPlex

The ProteoPlex screen was performed in 20 pl reactions in a 96-well plate (white, low-
profile, multiplate 96, Bio-Rad). Each individual 20 ul reaction was composed of 16 ul of
the macromolecular complex under study at a concentration of 0.1 — 1 uL, 2 Ll of SYPRO
orange (Life Technologies) at final concentration of 10x and 2 pL of the buffer/chemical
under investigation. Buffer substance screens at various pH values were performed with
a custom made buffer screen, where individual stock solutions were 1 M (see Table 2.4).
Small molecule ligands were also screened by a custom made additive screen (see Table
2.5). Each plate contained control wells which contained the purification buffer of the
respective protein and wells without protein. Unfolding transitions were recorded in a
CFX connect real-time PCR machine (Bio-Rad). A reader program was utilized, where
the entire plate was equilibrated to 30 °C for 2 min followed by fluorescence measurement.
Subsequently, the samples were incrementally heated in 1 °C steps, equilibration for
30 s and fluorescence measured. The temperature ramping, equilibration and fluorescence
measurement procedures were repeated 65 times and finally the sample was held at 95 °C

for 2 minutes followed by a final fluorescence measurement.
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Table 2.4: Chemicals used in the ProteoPlex buffer screen. 1 M SPG Buffer contains: 0.125
M Succinic Acid, 0.5 M NaHsPOy, 0.375 M Glycine adjusted to the appropriate pH with 10 M NaOH.
1 M MMT Buffer contains: 0.2 M DL-Malic Acid, 0.4 M MES Monohydrate, 0.4 M Tris adjusted to
the appropriate pH with either 10 M HCl or 10 M NaOH. 3) 1 M PCB Buffer contains: 0.4 M Sodium
Propionate, 0.2 M Sodium Cacodylate trihydrate, 0.4 M Bis-Tris Propane adjusted to the appropri-
ate pH with 10 M HCL) MES = (2-(N-morpholino)ethanesulfonic acid) monohydrate, Bis-Tris: Bis(2-
hydroxyethyl)amino-tris(hydroxymethyl)methane. ADA = N-(2-Acetamido)iminodiacetic acid, HEPES
= T7) 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid. Tris = 2-Amino-2-hydroxymethyl-propane-1,3-

diol
Substance pH Well ID
Succinic  acid, | 5.8, 6.2, 6.6, 7.0, 7.4, 7.8, 8.2 Al, B1, C1, D1, E1, F1, G1, H1
N(IHQPO4,
Glycine
Malic acid, | 5.8, 6.2, 6.6, 7.0, 7.4, 7.8, 8.2 A2, B2, C2, D2, E2, F2, G2, H2
MES, Tris
Propionate, 5.8,6.2, 6.6, 7.0, 74, 7.8, 8.2 A3, B3, C3, D3, E3, F3, G3, H3

Cacodylate, Bis-
Tris-Propane

Imidazole

6.2, 6.45, 6.7, 6.95, 7.2, 7.45, 7.7

A4, B4, C4, D4, B4, F4, G4, H4

HEPES

6.9,7.1,7.3,75, 7.7, 7.9, 8.1

A5, B5, C5, D5, B, 5, G5, 15

Tris

7.5, 7.75, 8.0, 8.25, 8.5, 8.75, 9.0

A5, B5, C5, D5, B, 5, G5, 15
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Table 2.5: Chemicals used in the ProteoPlex additive screen. Trace element mix = 50 y M
FeCls, 20 muM CaCls, 10 uM MnCly, 10 uM ZnSOy, 2 uM CoCls, 2 pM CuCls, 2 uM NiCls, 2 yM
NagoMoOy, 2 uM NaySeOs, 2 uM H3BOs. peptide mix = NHy — RANDOM6AA — CONH;, (hydrophobic

aa: F, A) L, M, I, W, P and V are excluded)

Id | A B C D E F G H
1 1.5 M |15 M|025 M| 0.25M 1.5 M |15 M|025 M|025 M
Na(Cl, KCl, pH | MgCls, CaCly, LiCl, pH | NH4CI, ZnCly MnCls,
pH 7.0 7.0 pH 7.0 pH 7.0 7.0 pH 7.0 pH 7.0
2 |05 M|1IMKF,|1 M|1MEKI |1 M| 1IMKsS |1 M|1 M
K2SOy, pH 7.0 KBr, pH | pH 7.0 KOAc, KNOs, KHPOy,
pH 7.0 7.0 pH 7.0 pH 7.0 pH 7.0
3 | 50% v/v | 50% w/v | 50% w/v | 50% w/v | 50% w/v | 50% w/v | 10% v/v | 10% v/v
Glyc- Sucrose, | Glucose, | Maltose, | Tre- Galac- PEG Ethylene
erol, pH | pH 7.0 pH 7.0 pH 7.0 halose, tose, pH | 400, pH | Glycol,
7.0 pH 7.0 7.0 7.0 pH 7.0
4 50 mM |50 mM |50 mM |50 mM |50 mM|50 mM|50 mM |50 mM
DTT, TCEP, reduced | Oxidized | EDTA, Ascorbic | - MESNA,
pH 7.0 pH 7.0 Glu- Glu- pH 7.0 Acid, pH | mercapto-| pH 7.0
tathion, | tathion, 7.0 ethanol,
pH 7.0 pH 7.0 pH 7.0
5 |50 mM |50 mM |50 mM |50 mM |50 mM|05ML-|05ML-|0.15
Sper- Spermi- | Pu- Taurine, | Betaine, | Arginine, | Lysine, M L-
mine, dine, pH | trescine, | pH 7.0 pH 7.0 pH 7.0 pH 7.0 Asparagineg,
pH 7.0 7.0 pH 7.0 pH 7.0
6 |0O5ML-|05ML-|{05ML-{00015M |05ML-{05 M|025ML- |05 M L-
Glutamic | Aspartic | Cysteine, | L- Proline, | Glycine, | Histidine,| Serine,
Acid, pH | Acid, pH | pH 7.0 Tyrosine, | pH 7.0 pH 7.0 pH 7.0 pH 7.0
7.0 7.0 pH 7.0
7 100 mM |10 mM |10 mM |10 mM |10 mM |10 mM |10 mM |10 mM
ATP, pH | ADP, AMP- CMP, NAD+, NADH, Biotin, Thiamin
7.0 pH 7.0 PCP, pH | GMP, pH 7.0 pH 7.0 pH 7.0 py-
7.0 TMP, rophos-
UMP phate,
pH 7.0 pH 7.0
8 50 mM |50 mM |50 mM |50 mM |50 mM |50 mM|1 mM | Trace-
Na Mal- | Na pyru- | L- Na Cit- | Na Glu- | Na Suc- | Coen- element
onate, vate, pH | Citrulline, rate, pH | tarate, cinate, zyme A, | mix, pH
pH 7.0 7.0 pH 7.0 7.0 pH 7.0 pH 7.0 pH 7.0 7.0
9 | 20% v/v | 20% v/v | 20% v/v | 20% v/v | 2% v/v|2% v/v|20% v/v |20% v/v
Methanol,| Ethanol, | Propanol,| DMSO, Phenol, Acetone, | DMF, Acetoni-
pH 7.0 pH 7.0 pH 7.0 pH 7.0 pH 7.0 pH 7.0 pH 7.0 tril, pH
7.0
10 | 100 mM | 100 mM | 100 mM | 1% w/v | 100 mM | 10% w/v | 10% w/v | 0.05%
Guani- Urea, pH | NH4SOy, | Pro- Trimethy-| PEG PEG 10 | w/v
dinium- | 7.0 pH 7.0 tamine lamine, 6000, pH | 000, pH | OGP,
chloride, Sulfate, pH 7.0 7.0 7.0 pH 7.0
pH 7.0 pH 7.0
11 [ 100 mM [ 50 mM | 50 mM | 1% w/v | 1% w/v | 1% w/v | 1% w/v | 1% w/v
ITPG, AICA, Polyvinyl | myo- tRNA, Glyco- DNA Peptide
pH 7.0 pH 7.0 Pyrroli- | Inositol, | pH 7.0 gene, pH | pieces, mix, pH
done, pH 7.0 7.0 pH 7.0 7.0
pH 7.0
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2.3.3 Purification of CRM1

Cloning, expression and purification of human and C.thermophilum CRM1 was performed
by Thomas Monecke (WG Ficner, University of Gottingen), who provided the following
protocols. The cDNA of Chaetomium thermophilum CRM1 encoding the full-length pro-
tein (amino acids 1 - 1077) was cloned by using EcoRI and Notl restriction sites into a
modified pET24d vector. The constructed GST-CRM1 fusion protein contains an inter-
jacent tobacco etch virus (TEV) protease cleavable site and was expressed in Fscherichia
coli BL21(DE3) (Merck). Transformed cells were grown in kanamycin containing 2YT
medium supplemented with 2 % (w/v) a-D-glucose at 37 °C to an OD600 of 0.6. Tem-
perature was set to 20 °C and protein expression was induced at an OD600 of 0.9 by
adding IPTG to a final concentration of 0.6 mM. Cells were harvested after 20 h of in-
duction (5,000 g, 20 min, 4 °C) and resuspended in lysis buffer (500 mM NaCl, 50 mM
Hepes/NaOH, pH 7.5, 2 mM MgCly, and 4 mM DTT). Cells were disrupted using a
Microfluidizer 110S (Microfluidics), and the clarified lysate (30,000 g, 30 min, 4 °C)
was subsequently loaded onto a GSTrap column (GE Healthcare) equilibrated with lysis
buffer. Unbound proteins were removed by washing with two column volumes of lysis
buffer, and the bound fusion protein was eluted with a buffer containing additionally
30 mM reduced glutathione. For cleavage, the GST - [TEV] - CRM1 fusion protein was
incubated with TEV protease (Invitrogen) at 4 °C overnight in a 1:100 molar ratio of
protease:fusion protein. To remove remaining contamination with DNA and/or RNA,
5 pL Benzonase (Merck) was added to the solution. The TEV-cleaved protein was fur-
ther purified by using a Superdex S200 (26/60) gel filtration column (GE Healthcare) in
a buffer containing 150 mM NaCl,20 mM Hepes/NaOH, pH 7.5, 2 mM MgCl,, and 4 mM
DTT. Fractions containing CRM1 were pooled and finally passed over another GSTrap

to remove remaining traces of GST and uncleaved fusion protein.

Human Hisg-CRM1 was expressed in Escherichia coli TG1 as described previously [75].
Cells were resuspended in lysis buffer (500 mM NaCl, 50 mM HEPES/NaOH pH 7.5,
2 mM MgCly, 30 mM imidazole and 2 mM DTT) and disrupted using a microfluidizer
110S (Microfluidics). The clarified lysate (30,000 xg, 30 min, 4 °C) was loaded onto a
HisTrap column (GE Healthcare) equilibrated with lysis buffer. Unbound proteins were
removed by washing with 2 column volumes (CV) of lysis buffer and bound Hisg-CRM1
was eluted with a linear gradient of elution buffer (0-100% in 6 CV) containing ad-
ditionally 400 mM imidazole. In order to remove C-terminal degradation products of
Hisg-CRM1 the pooled protein fractions were desalted (50 mM NaCl, 50 mM HEPES/-
NaOH pH 7.5, 2 mM MgOAc and 2 mM DTT) and loaded onto a Source 30Q) anion
exchange column equilibrated with the same buffer. Full length Hisg-CRM1 was eluted
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with a linear gradient (0-100% in 30 CV) with a high salt buffer containing 500 mM
NaCl, 50 mM HEPES/NaOH pH 7.5, 2 mM MgOAc and 2 mM DTT.

2.3.4 Purification of PDH

Preparations of the endogenous E.coli PDHc were performed as follows: 100 g of frozen
cells were slightly thawn to the consistency of pastry dough, then mixed with 50 g of
aluminium oxide and 20 mL of PDHe-buffer (50 mM imidazole, pH 6.5, 150 mM KCI, 5
mM MgCly). The cells were broken in an electrical mortar for 45 min at 4 °C. During the
last 10 min a pinch of DNase and RNase was added as well as an EDTA free protease
inhibitor tablet. The ground mixture was diluted with 200 mL. PDHc buffer and then
centrifuged for 10 min at 10000 g to remove the aluminium oxide. The supernatant was
further centrifuged for 30 min at 30000 g to pellet the cell debris. To remove nucleic acid
contaminations and ribosomes, 0.1% of protamin sulphate was added while stirring. The
mixture was centrifuged for 20 min at 30000 g and the pellet was discarded. Carefully,
6% (w/v) PEG6000 (from a 50 % stock solution) was added while stirring and incubated
for 30 min at 4 °C. After pelleting for 30 min at 15000 g, PEG6000 to a final concentration
of 9% was added and incubated for 30 min at 4 °C and then centrifuged for 30 min at
15000 g. The supernatant was discarded and the pellet was dissolved on a rotary shaker
in 2 mL of PDHc buffer. The dissolved pellet was then loaded onto six SW40 10-30%
(w/v) sucrose gradients and centrifuged for 16 h at 18000 rpm at 4 °C. The gradients were
fractionated and analyzed by SDS-PAGE. Fractions containing the PDHc were pooled
and supplemented with 10% (w/v) PEG 6000 incubated for 30 min at 4 °C and then
centrifuged for 30 min at 15000 g. The pellet was dissolved on an orbital shaker in 200
nl PDHec buffer.

2.3.5 Functional Assays of the PDH

The activity of the PDHc was monitored in a coupled assay via the absorbance signal
produced by NADH. Assays were performed in 100 mM TrisBase buffer pH 8.0. For one
assay reaction, the sample was mixed with 2 mM MgCl,, 0.2 mM TPP, 2 mM NAD and
0.2 mM CoA. The reaction was started via addition of 2 mM pyruvate and the absorbance
signal was measured at wavelength of 380 nm for 1 minute at 20 °C. The initial slope

was used to estimate the overall activity of PDH in the solution.
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2.3.6 Purification of AChBP

Purification of the Biomphalaria glabrata AChBP was performed by the group of Jiirgen
Markl (University of Mainz). The protein was over expressed in F.coli and purified via
Nickel-NTA agarose and refolded according to Saur et al.[178]. The final gel filtration was
replaced by a GraFix-gradient (cp section 2.5.1).
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2.4 Fundamental Concepts of Single Particle Elec-

tron Microscopy

Single particle cryo EM employs a number of techniques specially designed for it. The
concepts and ideas are unique in the field of biological research. Thus, the major principles

used are explained in this section.

2.4.1 The Electron Microscope

The invention of the microscope was one of the significant advances for modern biology.
By seeing tissues and single cells, biological research flourished tremendously. However,
using visible light as information carrier imposes a crucial limit - the diffraction limit.
Ernst Abbe was the first to describe this phenomenon. The maximal resolution, which

can be achieved by any kind of microscope is limited by the wavelength through:

A
d=

~ 2nsin(a)’

(2.1)

where d is the maximal resolution, meaning the distance between two structural features,
which can be distinguished, and nsin(«) the numerical aperture of the objective lens.
Thus, in the very best case, the resolution can be half of the wavelength. Typically, this
is a couple of hundred nanometer. With this resolution, the visibility of cellular structural
features is limited to organelles. The only way to overcome this challenge is to use waves
of shorter wavelengths. Louis-Victor Pierre Raymond de Broglie showed in 1924 that

every particle in principle has a wavelength \:

A= —r (2.2)

where h is the Planck constant, m the mass and v the velocity of the particle. Thus, one
needs rather big particles with high speed. Already two years later Max Knoll invented
an electromagnetic lens which could be used for an electron microscope, which he also
patented. However, the first electron microscope was built by Ernst Ruska! together with
Max Knoll in 1931 [105]. Even though its imaging capability improved tremendously in the
last 80 years the overall architecture of a modern transmission electron microscope (TEM)
resembles still the first one (see figure 2.1). In very general terms, a TEM can be compared
to a light microscope. It consists of a light (here electron) source, where an electron beam
is generated, a set of condensor lenses that insure perfect illumination of a specimen, a

specimen holder, an objective lens, which produces the first image and a set of projector

!Trivia: Ernst Ruska was unaware of the de Broglie law when building the first electron microscope.
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or intermediate lenses, which magnify the image on a detection device which digitizes the
image information. While this seems indeed to be in principle very analogous to a light

microscope, there are a few important differences, which are outlined in the following

section.

Figure 2.1: Scheme of a TEM. A LJ i

scheme of a typically used TEM is \f oun

shown with all essential components. /A\

On the right, a principal ray diagram
is shown illustrating the optical influ-
ence of the most important elements
on the beam. Left: A typical electron
microscope is shown with the most im-
portant components. Components rel- e defleror
evant for the alignment of the beam objective stigmator
within the column are labelled on the
left side while the components impor-
tant for the image formation are la-
belled on the right side of the scheme.
For every component, the color of the
label matches the color of the compo- diffraction stigmator
nent in the scheme. Right: A typical
ray diagram for the displayed micro-
scope is shown. The beam is shown as
a black outline. The figure was repro-
duced and altered with permission from
C J Russo, MRC Laboratory of Molec-
ular Biology, Introduction to Electron
Microscopy Lectures, 2014

Condensor aperture 1
Condensor lens 1

condensor stigmator

Condensor lens 2

Condensor aperture 2

>cimen

- Objective lens
Objective aperture

Selected area aperture

Intermediate lens 1

Projector lens set

2.4.1.1 The Electron Source

The most common electron source is a tungsten filament. It is heated to approximately
3000 °C, where the energy of the electron is large enough to leave the metal at a high
vacuum, applied to the whole microscope imaging system. The 'evaporated’ electrons are
accelerated by an electric field with several hundred kilovolts. A hole in the negatively
charged anode surrounded by a negatively charged cup (the Wehnelt cylinder) focuses
the electrons (see figure 2.1).

Modern electron microscopes, however, use a Field Emission Gun (FEG). Hereby, the
tungsten filament is reduced to a single pointed tungsten crystal (a few nm in diameter),

coated with zirconium dioxide. The anode is flat and produces a strong field near the tip.
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Electron beams generated in this way are both spatially and temporally more coherent

and brighter.

In any way, electrons are accelerated until their kinetic energy matches the electrical

energy of the applied electrical field (®) following;:

1
e b= §me112, (2.3)

where e is the electron’s charge and m. its mass. Combining this with de Broglie’s equation
2.2 leads to:

_h121AVV)
S V2me® T VB

Modern microscopes are operated at acceleration voltages of 100-400 kV and can thus

A (2.4)

reach subangstrom resolution. Since the electrons reach more than half the speed of light,

relativistic correction has to be applied, leading to the approximation formula [12]

12.3
= .
V® + 0.000000978D2

(2.5)

The produced beam can then be readily focused by magnetic lenses.

2.4.2 Magnetic Lenses and their Aberrations

In great contrast to light microscopy, lenses of an electron microscope are only shaped
magnetic fields and contain no matter. Due to the nature of magnetic fields, not all
imaginable lens shapes can be created by them. This leads to imperfections of the lenses

resulting in severe aberrations.

The most crucial of those are astigmatism, coma and spherical aberration (see figure 2.2).
If two waves, propagating perpendicular to each other, have different foci, one speaks of
astigmatism. If the wave front of the electron beam is not parallel to the optical axis
when hitting a lens, comatic aberration will occur. Spherical lenses as they are found in
an electron microscope are not able to focus all waves to single focal points. Waves closer
to the optical axis will have a different focal point than those away from the optical axis.
Here one speaks of spherical aberration. All of these lead to distortions of the images and
need to be avoided as much as possible. Using a technique called coma free alignment
[220], astigmatism and coma can be reduced to a minimum. This can even be improved

by using a spherical aberration corrector [76].
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Ideal Lens Spherical Aberration

Coma Astigmatism

Figure 2.2: Most Important Aberrations for a TEM. Schematically the optical definition of the
three most common aberrations are shown. The electron beam is depicted in yellow, the lens in blue and
the optical axis in black. For a perfect lens, all parts of the beam are focused in a single point. Lenses
with spherical aberration focus beam parts closer to the optical axis in a different point than those farer
away from the optical axis. In case of misalignment, the beam will hit the lens, not in a perpendicular
fashion and different parts of the beam will have different focal points. This results in coma. If waves
that are perpendicular to each other have different focal points one speaks of astigmatism. A circular
beam will thus be transformed into an elliptical one.

2.4.3 Electron Detection

Originally, images of an electron microscope were detected using photographic films.
Those directly detect the electrons through the reduction of silver ions to silver grains
on the surface of the micrograph. Moreover, they cover a large area of the specimen
and thus many particles can be seen per film. However, for later computer-assisted image
processing, they have to be developed and scanned to digitize them, which is a work inten-
sive and time-consuming task. Thus, charge coupled device (CCD)-cameras are nowadays
more frequently used. Moreover, even a binned CCD can perform better than film in terms
of electrons required to gain a particular contrast in the obtained image [174]. Since high
energy electrons readily damage the device, certainly a conversion of the electron beam
into a light beam via a scintillator is needed. This conversion, however, introduces ex-
tra noise. This challenge was recently overcome by the advance of the direct detection

device (DDD) [50]. For example CMOS chips are hardened against electron radiation.
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They produce images with an improved SNR due to a better DQE [125]. Moreover, they
are fast devices and can in principle count single electrons and record multiple frames

of an image. These frames were successfully used to correct for drift of the specimen

[11, 180].

2.4.4 Short Excursion into Fourier Space

At this point, an important mathematical principle has to be explained. Fourier trans-
formations are a valuable tool to describe the diffraction patterns. Further, they are very

helpful for image processing. [23]

The Fourier Transformation is a linear coordinate transformation, translating real space
information like time t and distance d into reciprocal space information like temporal or
spatial frequency k. In principle any given continuous and periodic function f(x) can be

transformed back and forth with the equations:

F(k) = /_ O:O Fl@)ed ™ de & f(z) = / T (k) g (2.6)

—0o0

As any sequence of values can be understood as a function, any such sequence can be
transformed. Images can thus be transformed as well. The most meaningful way to do
so is the 2D Fourier transform, which first transforms every line of pixels into frequency
space and afterwards every column of pixels of the onetime transformed image. Of note
is, that the Fourier space representation consists of a real image describing amplitudes
of the transformation and an imaginary part, describing phases that can not sufficiently
be depicted in a single image. The value of the transformation lies in its representation.
Small distances anywhere in the real space image correspond to high spatial frequencies,
which are depicted near the edge of the image and large distances correspond to low
spatial frequencies located in the center of the transformed image. Thus, the amount of

detail in an image can be easily changed by simple filters (see figure 2.3).

Moreover, a few properties of the Fourier transform are valuable for image processing

they will be outlined through the further description of the workflow.

2.4.5 Image Formation

The image is formed through the direct interaction of the electrons with matter. An
electron penetrating a specimen can either go through it unchanged, be deflected or
absorbed. When they collide or nearly collide with a nucleus, they transfer energy to
the specimen (inelastic scattering). This energy transfer can result in knock-on of nuclei,

specimen ionization, X-ray emission, formation of free radicals or secondary electron
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Figure 2.3: Use of Fourier Filters. Here a picture of Jean Baptiste Joseph Fourier was Fourier
transformed and different masks (black parts of the mask will be masked out, white parts remain) were
applied on the transformed image. Subsequently, the image was transformed back. Masking the outer
part of the Fourier transformed image leads to removal of high spatial frequencies, meaning image details.
Masking out the center part will remove low spatial frequencies that define the overall shape.

scattering. All of them will damage the specimen and contribute to the noise in the
image. Due to those effects, the specimen cannot withstand high dosage of electrons
and thus the resulting SNR is low. Inelastically scattered electrons will be removed from
the beam or are scattered to high angles and can be removed by an objective aperture.
They contribute to the so-called amplitude contrast. Further devices, called energy filters,
can be added to the microscope column to remove low energy electrons to increase that
contrast. Electrons can also be deflected by the specimen without losing energy (elastic
scattering). Those electrons will contribute to the contrast in the image and do not harm
the molecules and are thus favored interactions. However, inelastic scattering can by no
means be avoided and is even three times more frequent than elastic scattering [33].
Moreover, the deflection angles of elastically scattered electrons are relatively small. So
they do not contribute to the amplitude contrast. Still, the path length of the electron
wave through the specimen is altered, resulting in a phase shift. Since the density of
the biomolecular specimen (1.33 —Z3 for protein respectively 1.84 -5 for nucleic acid) is
slightly larger than the one of the surrounding ice (0.92 -%5), the phase shift is stronger in
the specimen than in the ice and thus location dependent [131]. The incident wave Wy is

modified as it travels through the specimen (The derivation follows in principle [55]). The
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density and thus the Coulomb potential ®(x,y, z) distribution can be described. Thus,
the exiting wave contains this information in the form:

O(x,y) = /t/2 O(z,y,2)dz, (2.7)

—t/2

where t is the specimen thickness. The value of the integrated Coulomb potential is at

least proportional to the phase shift applied on the exiting wave V., :

MeA

U, — Pelod(@y) ith —
(2.0) = Boe™ D, with o = "

(2.8)

For biological specimen, which contain only small nuclei, ®(x,y) is small. They are called

weak phase objects. Thus, using Euler’s formula?, this leads to:

\Ile$<x7y) ~ \110(1 + ZO‘@(CL’,y)) (29)

One can approximate the exiting wave as the sum of the incident wave altered by the

perpendicular scattering wave. The intensity distribution I(x,y) can be estimated as:

I(x,y) = Va(r,y) - Vea(r,y) =1+ (c®(z,9))? (2.10)

where U, (7, y) is the complex conjugate of W, (x,y). Since ®(x,y) << 1 the contrast is
practically not detectable. By introducing an additional phase shift of 90°, the exit wave
is described by:

Uer(z,y) = Wo(l — 0®(2,y)) (2.11)

leading to an intensity distribution of:
I(z,y) = Vea(,y) - Veu(w,y) = 1 =209 (z,y), (2.12)

which is now linearly dependent on the phase shift. In phase contrast light microscopy,
such a phase shift is introduced through a phase plate. Development of a similar device
for electron microscopy is ongoing since more than 60 years [137] and has still not led
to a satisfying solution. The main problem is that most ideas for phase plates need to

introduce devices in the column, which will quickly get contaminated or charged.

Alternatively, one could use the imperfections of the electron lenses to introduce a phase
shift. In reality, the recorded image is not the direct mapping of the Coulomb densities.

The imaging properties of the microscope and the noisy nature of the signal lead to signal

2Euler’s formula: e = cos(x) + i sin(z)
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degradation via the convolution of the exiting wave with a point spread function (PSF)

to the observed wave Ug,s(x,y):

Wops (2, y) = Veu (2, y) K PSF (2, y) (2.13)

Thus, every density point in the object is smeared out over a greater area in the image.
A more convenient way to describe this is the use of Fourier transformations, where

convolutions become multiplications.

F(\Pobs('x7y)) = F(\Ileac(xvy)) ’ F(PSF((ZL‘,y)) = F(\I{em(xvy)) ’ PhCTF(ﬁ) ’ E(é)a
(2.14)

where the Fourier transform of the PSF is called the phase contrast transfer function
(PhCTF) and E is an envelope function describing the decay of the signal in higher
spatial frequency ranges and R the Fourier space coordinates (the spatial frequencies).
The PhCTF itself can be approximated as:

. e . 1 - 1 .
PRCTF(R) = e @ with ~(B) = —2r <2A)\R2—4C’SA3R4), (2.15)

where 7 is the introduced additional phase shift, A the wavelength of the electrons, A the
defocus and Cj the spherical aberration constant [185]. Thus, defocusing the beam will
lead to an extra phase shift and a phase contrast image with visible amplitudes can be

recorded.

2.4.6 Image Restoration

While defocusing leads to better contrast, the resulting images are heavily degraded as
figure 2.4 suggests. The contrast oscillates for different spatial frequencies between positive
and negative contrast. Of course, in an ideal image, the contrast should be transferred
equally for every spatial frequency. To provide valuable information, the image has to
be restored in a process called CTF-correction. Easiest would be to divide the Fourier
transform of the image by a PhCTF (cp. equation 2.14). However, at certain frequencies
the PhCTF becomes 0, and thus division is not defined at these spots. Therefore, mostly
an heuristic multi-step procedure is used. First, the PhCTF has to be determined. The
squared Fourier transformation of the image called power spectrum depicts a ring pattern
- the Thon rings. These can be approximated numerically to estimate the parameters
of the PhCTF (Cs, A\, A and the astigmatism) and the envelope function. With these

parameters, a PhCTF can be modelled, and the zero crossings of it can be determined.
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+2 um

Figure 2.4: Effect of Defocus. The Anaphase promoting complex is shown in negative stain at different
focus values. Upper row shows a micrograph at the given focus value. Positive values represent overfocus,
negative values underfocus. In the lower row, the power spectrum of the respective micrograph is shown.
The higher the focus, the closer are the Thon rings.

In a step called phase flipping, the Fourier transformed image is multiplied with the sign
of the modelled PhCTF:

F(yestored(,y)) = F(Vops(,y)) - sgn(PhCTF(R)) (2.16)

In this way, all image parts with negative contrast are removed. However, there are still
the roots of the PhCTF, meaning frequencies, where all information is lost. Those can
only be restored by averaging images taken at different defoci and thus different PhCTFs
with different roots. Lastly, the decaying envelope function has to be removed from the
data. In an ideal image, the amplitude as every spatial frequency of the signal should
be equally high. Easiest, this amplitudes can be restored by multiplying with a B-factor-
decay curve of the form e_%, with d being the real space coordinate. In an alternative
approach, amplitudes could also be gained through solution X-ray scattering experiment

[59] or theoretical scattering curves [169].

The image restoration procedures are diverse and different software packages use different

approaches [151].

2.4.7 Image Processing Basics

In order to provide a consistent overview over the image processing workflow, a few
mathematical remarks regarding images need to be made. Images can be described math-

ematically in different ways: first and most easily an image I containing n pixels can be
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described as set of all its grey values p;. On this very simple basis, set statistics can be

used. The mean p and standard deviation o}, of p can be determined:

piEp n—1 PiEP

pzin Up:$ ! > (pi — p)? (2.17)

and the grey values can be normalized using to a new mean Pyey and standard-deviation

Op,new -

Drorm = (p — Peurrent + pnew> " Opnew (218)

Up,current

Even though this kind of notation is easy to handle, the spatial relationship between the
individual pixels is lost in this way. In the simplest way this can be achieved by treating

the set of grey values as a sequence s of grey values that is formally a relation:

s:A{l,..,n}—p

(2.19)
1> S;
An equivalent notation would be a vectorial notation:
S1
= 52
§= ) (2.20)
Sn

Thus, the position of each pixel is unique within the sequence, and the spatial information
is decoded and can be treated with mathematical procedures. This notation is especially
useful for pixel-wise statistical and algebraic treatments like the image averaging. Since
the spatial relationship between two pixels is important for rotation or translation of
the image, exact coordinates of each pixel are required. Therefore, every pixel p; can be

notated as three-dimensional vector p;:

T;

- Yi

bi = 2.21
. (221)
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and the whole image can be summarized as Matrix I:

1 1 0 m
T 0

=R (2.22)
Tn Yo 0 pp

With these notations in principle, all kinds of mathematical treatments of images used

in the further explanation can be described.

2.4.8 Image Preprocessing

Once microscopic images, called micrographs, are generated, individual particles need to
be identified and extracted from the images. This step, called particle picking, is often
tedious, and time-consuming, but still needs special care and accuracy since it prepares
the raw data for every following step. Due to the low SNR, particles are barely visible and
often artefacts on the grid like ethane or ice crystals can be easily confused as particles.
Only a few years ago, picking was done manually. Nowadays, a large number of software
packages are available. Those use template matching algorithms [33], image statistics
[216], machine learning [114] or combinations of those [230] to identify the particles. None
of those performs perfectly on every data set, but all have their advantages [232]. Thus,

additional steps to remove artefacts or false positives from the data set are required.

Once the particle images are extracted, they are preprocessed to enhance the weak SNR.
For the first few image processing steps, the images are down-sampled (coarsed), Fourier

filtered to remove gradients as well as noise and normalized.

2.4.9 Alignment and Classification

Once the data is collected and preprocessed, the goal is to reconstruct the 3D volume
of the molecule. During sample preparation, the molecules are distributed in different
orientations on the surface of the grid. The molecules thereby have 6 degrees of freedom to
orient themselves on the grid: The three translations (x,y,z) along and the three rotations,
called Euler angles («, 3,7), around the coordinate axes are sufficient to describe any
orientation of a molecule on the grid. Since the TEM produces projections along the z-
axis, the information in z direction is integrated in the dataset. To be able to reconstruct a
volume of the molecule, the theoretical molecule has to be set to the origin of coordinates.
For this, all remaining five parameters (x- and y- shift, «—, 5 — and y—rotation) have to

be determined for each particle image. The previously described picking procedure should
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already have roughly determined translational parameters. Thus, only minor shifts of a
few pixels are still necessary. The determination of the missing parameters needs various

computational image processing steps to be iteratively repeated.

Alignment Classification

Figure 2.5: Alignment and Classification. The principle of alignment and classification is demon-
strated on the example of real data from the Anaphase Promoting Complex. Alignment orients the
particle images according to references, so that they superimpose best with the reference. Therefore,
translation and rotation of the images is necessary. Here, only the rotation is shown, visualized as red ar-
rows. After alignment, the images are grouped into similar appearing images via classification. Here, the
images are sorted into three groups. Subsequently images of the same class are averaged. The averages
can then be used as references for a new iteration of alignment.

Before beginning the angular parameter determination, the molecules have to be sorted
according to their orientation by a procedure called classification. To facilitate this, parti-
cle images representing the same orientation have to be superimposed using an alignment
procedure. Both of them are demonstrated in figure 2.5 and will be outlined further in

the following sections.

2.4.9.1 Alignment

To superimpose (align) two particle images, three of the five degrees of freedom have to
be determined: the x- and y-shift and the a—rotation called in-plane rotation. The easiest
way to apply such a transformation to an image is the use of an affine transformation
with the matrix T:

cosa —sina  Ax

stina cosa Ay
0 0 1
0 0 0

T = (2.23)

- o O O
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The aim is to optimize the parameters o, Ax and Ay in such a way that the distance
between a reference image I,y and the transformed image I; = I - T" is minimal. Com-
monly, the distance is calculated as the Cross Correlation Coefficient (CCC) between the
reference image s,ef and the transformed image s, using the sequence representation (see

formula 2.20) as:

n Z?:l Srefi © Sti — Z?:l Srefi Z?:l St,i

CcoC =
\/(” > S%ef,i — (X Sref,z‘)Q) \/(n 2t 3%,1‘ — (X St,z‘)2>

(2.24)

This measure is especially advantageous since it simplifies many different calculation steps
to only a few. The CCC is simply just a value of the Cross Correlation Function (CCF),

which is the convolution of the particle image with the mirrored reference image:

CCF(35) = f(5)%kg(=5) = FTH(F(f(5)) - F(9(=5))), (2.25)

which is easily calculated as the multiplication of the Fourier transformed images. The
resulting function will peak at coordinates corresponding to the shift to be applied. In a

similar manner, the rotational parameters can be determined.

However, there are numerous different approaches described in the literature of how the
actual alignment is calculated. Some are exhaustive, meaning all possible alignment pa-
rameter combinations are tried, some use an invariant transformation to simplify the
search [08]. Today, the best results can be gained from an exhaustive alignment with
resampling to polar coordinates [173]. After successful alignment, the three transforma-
tion parameter of the best fitting orientation is applied to each image. Also, a Maximum
Likelihood (ML) approach could be used, and every possible orientation will be weighted
with its probability. The final resulting aligned image is then the weighted average of all
possible transformations of the original image. Even though this procedure is very com-

putational demanding, it provides excellent results and is thus heavily used [189].

Since it is not a good idea to align a noisy image to another one [131], the question of
the origin of the reference image remains. The easiest way is to gain it from an already
previously solved model. However, this is often not available and even dangerous due to
model bias. At this point, it is important to mention that alignments are very sensible to
model bias. Many studies have shown, that alignments can reproduce any given reference
just by aligning pure random noise [209, 85, , , 19]. Figure 2.6 illustrates this

behaviour.

Thus, one has to choose references very carefully. The best approach is to derive a ref-
erence from the data set itself. At least, the reference should have roughly the size of

the molecule and be rather noise free. In a procedure termed originally alignment via
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result average projections and 3D model

Reference model A

Figure 2.6: Demonstration of Model Bias. To demonstrate the effect of model bias 20000 images
containing only random noise were created in-silico. Those were aligned against an APC/C model and
a 70S ribosome mode. The resulting 2D sums and the calculated 3D models are shown on the right. It
can be seen that aligned noise is sufficient to reproduce any arbitrary model perfectly.

classification®, all particle images are averaged, resulting in a circle with a diameter of
the particles size [17]. The data is then translationally aligned to this average. This is
sufficient to center the particle images in the image frame and therefore reduces the trans-
lational degree of freedom to a minimum. The aligned images are classified (see section
2.4.9.2) and with a sufficiently large data set, a few resulting class averages will be good
enough to serve as better references for a subsequent round of alignment. Since now,
several reference are available, a procedure called multi reference alignment (MRA) is
used. Here, the best alignment parameters are searched for every combination of particle
image and reference. In the easiest case, the images are then assigned to the reference,
they superimposed best. Alternatively, a maximum likelihood approach could be used to
assign the images to all possible references with a weight proportional to the probability

of this assignment [183].

2.4.9.2 Classification

While alignment orients the particles in the 2-dimensional image frame, it also has a
certain capacity for sorting the images in different classes, if multiple references are given.
However, depending on the SNR of the images this procedure can be very much biased
towards the set of given references and no class other than already given by the set of

references will occur.

To find the images that represent the same projection angle of the molecule, one needs
to classify the images in a rather unbiased statistical procedure, coming from the Mul-
tivariate Statistical Analysis methods. This approach was suggested by van Heel and

Co-workers [21] and is outlined here again. When describing the images (consisting of

3In many reviews this procedure is referred to as reference-free alignment.
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n pixels) as vectors with n dimensions, similarity can be directly expressed as the dis-
tance between these vectors. However, the direct calculation and classification of those
distances in datasets with usually more than 20000 images with each at least 10000 pix-
els is a computationally almost unbearable task. Moreover, the data consists to a large
extent of random noise, which holds no information and should not be the basis of any
similarity measure. Thus, the images should be reduced to only a few data points, which
describe only the signal in the data best. This is done best by a principal component anal-
ysis (PCA). This analysis searches for new coordinate axis of the n-dimensional space,
which describes the biggest variances in it best. Thus, the images can be described as a
linear combination of those variances. The standard approach to calculate such variances

is via an eigenvector-eigenvalue problem.

In this case, the problem will be formulated as

Dv; = v, (2.26)

where v; are the eigenvectors that fulfil the equation to a certain eigenvalue \. D is a
matrix, where each element dy; describes the covariance of the grey value xi of the pixel
on position k with the grey value x; on position 1 throughout a dataset containing m
images with n pixels. Every element dj; of this covariance matrix can be thus calculated

as:
m

dkl == Z(.Tk] — fk)(xlj — .fl) (227)

j=1

The solution to equation 2.26 can be gained through diagonalization of the matrix D. How-

ever, stochastic algorithms will lead quickly to a good result and are thus favoured.

The analysis results in at most n eigenvectors, which are all orthogonal to each other.
Thus, they are defining a new coordinate system. This in turn describes the information
in the data much better since the eigenvectors point hierarchically into the direction of
the highest variances. The higher a corresponding eigenvalue, the more significant the
described variance is for the data. Now the data can be described as a linear combination

of those eigenvectors:

$; = a10] + agvy + - - + a, vy, (2.28)

with the linear factors a,. In praxis only a few eigenvectors are used and thus only a
few parameters a, are necessary to describe an image sufficiently. Mostly, the similari-
ties and differences between the images can be sufficiently described with less than 100

eigenvectors. This enormous data reduction will also remove most of the noise from the
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transformed images. Of note: the eigenvectors are themselves vectors of the dimension of
the image vectors and thus can be understood as images (eigenimages) themselves (see
figure 2.7). Since they describe the biggest variances in the data set, they are important

tools in an EM analysis and have to be evaluated carefully.

Eigenimages original images transformed images

Figure 2.7: Exemplified Principal Component Analysis. A Principal Component Analysis was
performed for 1000 particles images of the Anaphase Promoting Complex. The first few eigenimages as
shown. It can be seen, that while the first ones represent the molecule’s shape very well, the later ones
appear to be much noisier. With the shown eigenimages 16 exemplified original particle images were
transformed in the eigenspace. The resulting images much better represent the molecule and are noise
free. However, their information content is reduced tremendously.

Once the data reduction is complete, the compressed data can be classified. There are
several different classification algorithms available. The most common are hierarchical

clustering and k-means clustering [51].

In hierarchical ascendant clustering, each image represents a single class, and all interclass
distances are calculated. The two classes with the smallest distance are merged, and its
intra-class variance is calculated. The algorithm progresses by merging classes with small
interclass distances while keeping the intra-class variance minimal. Once a given number
of classes are formed, the algorithm stops. The whole algorithm can also be fulfilled in
the opposite direction by starting from one class containing all images and successively
splitting it (hierarchical descendant clustering). Starting from many classes, will have the
advantage that outliers stay alone in their own class, whereas the starting from one class
will result in a more uniform class size and thus uniform SNRs among the classes. Thus,

both approaches find useful applications during image processing.

While the described approaches are deterministic, meaning with the same set of images
and parameters, the classes will always be the same, the k-means approach is stochastic.
Here k random points in the hyperspace are chosen. All the images get assigned to the
point nearest to them. Once this is done, the center of the classes is calculated. Now again,
the images are assigned to the nearest class center, and the whole process is iterated. After
a few iterations, the class center position will converge. However, the procedure is mostly

dependent on the initial seeds and can result in rather heterogeneous classes. To overcome
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this problem, the method can be either repeated a couple of times and only the classes

which reoccur are used or it can be combined with a maximum likelihood approach.

The distance metric between the particles is one of the most important parameters. Most
commonly the direct Fuclidean distance between the points in hyperspace is chosen.

However, there are also x* or modulation distances in use [55].

The resulting class averages, meaning the average image of all class members, derived
by either method are evaluated, and good ones are used as references for a new round
of alignment and classification. The number of particles per class will be successively
decreased, and the procedure is reiterated until stable class averages with good SNRs are

obtained.

2.4.10 Model Building

The resulting stable class averages should now represent all the different projection di-
rections of the molecule present in the data set. They should be mass centered, and thus,
the translational degrees of freedom are determined. For the model, only the rotational
degrees of freedom need to be defined. In principle, three different main approaches and
a few newly described ones exist. They are called projection matching, angular reconsti-

tution and random conical tilt (RCT). In the following sections they are outlined.

2.4.10.1 Projection Matching

Projection matching is the most simple, but also the most biased method to determine
the angles of particles images [154]. Similar to crystallographic molecular replacement
methods, a model of the investigated molecule or a homologue is already known. This
model is projected in-silico to create reference images for an alignment. During alignment,
each experimental image gets assigned to the best matching reference and its correspond-
ing projection angles. While this is a fast and easy method to determine the angles, it is
heavily biased as the alignment itself is (see 2.4.9.1) and cannot be used, unless the model
was correctly validated. Nevertheless, projection matching is used for the later refinement
of the structure since the angular accuracy for a correct model is the highest among all
methods.

2.4.10.2 Angular Reconstitution

Mostly, no initial model is available and thus the projection angles have to be derived

directly from the data itself. A purely mathematical approach, needing no extra informa-
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tion besides the data set itself is called angular reconstitution. It is based on the Fourier

slice theorem, which says [22, 23]:

Theorem 1. The Fourier transform of a parallel 2D projection of a 3D object equals
a central section through the Fourier transformation of the 3D object. It follows: If two
projections are derived from the same 3D object, their 2D Fourier Transformations

will share at least one central section through the center of the transformed image.

Apart from highly symmetrical objects, with only two projections the angle between those
projections cannot be determined. But already a set of three projections gives rise to three

common lines, which is sufficient to determine the angular orientations.

While equal line sections are hard to determine in Fourier space, a real space analogous
theorem, the common lines theorem, was developed [208]. If one transforms the common
line from Fourier space back into Real space, they represent 1D projections of the original
2D projections. Since they are equal in Fourier space, they also have to be equal in real
space. One can thus derive that two 2D projections from the same 3D object will share

at least one 1D projection.

With this, one only needs to find this common line. To do so, Radon transformations,
also called sinograms, are calculated. These are the set of all possible 1D projections of
a given 2D image. In a second step, all combinations of 1D projections are compared for

similarity and thus the Euler angles are determined.

In a common line, the image information is condensed to only a few pixels. Thus, only
a few parameters can be used to compare them pairwise. A recently suggested voting
algorithm solves this problem by performing a consistency check with all the projection

images [191].

2.4.10.3 Random Conical Tilt

Ideally one would like to gain angular information through an experiment. The only
possible approach to do so is to take several images of the same particle from differ-
ent directions. This can be achieved by tilting the specimen holder in the TEM by a
defined angle. The angle between the two projections then corresponds directly to the
experimental rotation angle applied to the EM specimen holder. From the locations of
corresponding particles in the tilted and non-tilted image this holder rotation can be
even calculated and thus be verified. The distances between two particles will change
following geometrical rotation operations and can thus be calculated [161]. The caveat
of this method is, that the sample has to be exposed to the electron beam more than
once. To minimize the radiation damage only a pair of images from the same particles are

recorded: in a method called random conical tilt (RCT), one image at no tilt and one at a
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high tilt angle (typically 45 -60 °). The particle images are selected while keeping the pair
relation. Consequently, the untilted images are preprocessed and several iterations of 2D
processing involving alignments and classifications are performed until convergence. A
class average contains about 40-100 images which are averaged to only one image. Due to
a random in-plane rotation in the untilted image, the corresponding tilted images orient
all around the circumference of a cone. With this, from each class average, a 3D model
can be calculated. However, these 3D models lack information in certain directions, de-
scribable as a missing cone in Fourier space and are thus distorted in an direction in real
space. To minimize this effect, several RCT-volumes could be averaged after 3D alignment
and classification [175]. Nevertheless, they can be used as initial models for a refinement
of the whole data set. Alternatively, recently a modification of RCT called Orthogonal
Tilt was developed [117]. Hereby, both images are tilted one +45° and one —45°. The
total rotation is thus 90°, which does not lead to a missing cone. However this method
requires an even distribution of different orientations of the particles on the grid. More-
over, tilting the image is technically challenging. Tilting often leads to charging of the
specimen’s surface resulting in blurring of the image under cryo conditions. In negative
staining, dark stain rims around the particles can arise in the tilt images if they are not
sufficiently embedded in stain. Thus, one should always be careful with tilt methods and

their results.

2.4.11 Reconstruction

Once all the missing orientational parameters are determined, a 3D model can be calcu-
lated. Again many different reconstruction methods exist, which all come to very similar

results [152].

The task of reconstruction is to calculate a discrete density distribution of a molecule in
3D from 2D projections. This volume is commonly represented by a 3D-array of the N
x N x N grey values called voxels, and the 2D projections are 2D-arrays of N x N grey

values.

In principal the reconstruction can be calculated in real space or in Fourier space. Real-
space methods can be subdivided in backprojection methods and algebraic methods. Alge-
braic methods are based on the fact that the numerical representation of a projection can
be described as linear equation system. The searched volume is a discrete array of N x N
x N 3D-pixels (voxels). One pixel of a projection of this volume in a given direction is the
weighted sum of the grey values of the voxels, intersecting with a normal vector on that
pixel. Each pixel of every projection can thus be represented as one linear equation. A
dataset giving rise to M projections can be translated in MxN? equations. One searches

for N3 unknowns. Thus at least N projections are needed to find one algebraic solution.
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However, in reality, projections are not consistent with each other, because of the noise.
Exact algebraic solutions are at least impracticable. The available algebraic methods try
thus only to optimize iteratively the difference between measured and calculated projec-

tions, without actually attempting to solve the equations. [152]

A simpler and thus faster approach is the back projection. Each projection is hereby
simply smeared out into 3D space along its normal vector. The grey value of a given pixel
in a given projection is added to the grey value of each voxel that intersects with the
normal vector of the pixel. This will result in smeared out details and a surrounding halo.
This, however, can be simply corrected by a filter function, which is convoluted with the
original projections. Which filter should be used, depends on the symmetry, the noise

level, the number of projections and on the size of the volume. [30]

The Fourier space reconstruction is one of the first applied techniques [11]. It is based
on the Central Section Theorem (cp. section 2.4.10.2). Projections of a 3D object in
real space are central sections of the Fourier space representation of the object. Thus,
a Fourier volume can be simply assembled from the projections knowing their angular
relation, which can be readily translated into real space with all the problems related to

the required interpolations in Fourier space.

2.4.12 Refinement

All of the methods described here will yield only a first estimate of the unknown ori-
entation parameters and an initial low resolution 3D model. There are several reasons
for that: First of all, reference-free alignment and classification will hardly yield class
averages depicting all possible orientations of the molecule. Furthermore, the images are
downsampled and filtered initially to increase the SNR to facilitate a first reconstruction.
Thus, structural features of a first model are rough. To get a better resolved structure,
the initial model is refined. This is mostly done through a projection matching approach
(cp. section 2.4.10.1). Hereby, equally spaced projections are calculated from the initial
model. These are used as references for an alignment. Images aligning to the same projec-
tion are averaged and the projection angles are assigned to the average. A new structure
is calculated, which will show more structural details. This process is iterated while the

angular grid of projection angles is decreased and the initial filters are relaxed.

This procedure can be well automated and several software packages are available. The
most prominent ones are Frealign [70] and Relion [131]. Relion, which will be used during
this thesis, follows a maximum likelihood strategy combined with employing an empirical

Bayesian approach.
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2.4.13 Resolution Assessment

After successful refinement, a well-resolved structure should be achieved. To be able to
interpret a structure accurately, it is important to know, what can be deduced from it
and to what level of resolution. The resolution in general describes the minimal distance
of two object details in the model, which can be discerned significantly from each other
by the method of choice. The intuitive way to determine the resolution is to investigate
directly the structure towards which chemical and structural features can be identified

(cp. Figure 2.8).

Figure 2.8: What Detail can be seen at which Resolution? Here, the atomic model of a CRM1-
Ran(GTP)-snurportin complex (pdb: 3gjx) was filtered to different resolutions. At 20 A only the overall
shape is visible. Individual domains can be recognized starting from 12 A. At around 9 A long a-helices
become visible as sausage like structures while all of those should become clearly recognizable at 7 A.
At 5 A B - sheets get separated. Starting from 4 A bulky side chains are visible, while at 2 A all side
chains should be visible.

However, this is subjective and not very accurate and resolutions better than 10 A need to
be reached to do that. Alternatively, if an atomic model of at least parts of the structure
is available, one could filter this to the estimated resolution and compare the result with
the reconstructed volume. But this is barely possible since usually no atomic models are
available. A better way is to derive the resolution mathematically without knowledge of

the structure at all to be as unbiased as possible.

Whether two features can be distinguished in practice mainly depends on the SNR. The
resolution could best be described by the SNR as a function of the spatial frequency.
Mostly, this is realized by the Fourier ring correlation (FRC) [179] in the 2D case or
the Fourier shell correlation (FSC) [30] in the 3D case. For this, the data set is split
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randomly in two equally large datasets which are refined independently. The two final

reconstructions are compared in shells in Fourier space:

FSC(r;) = rier F1(ry) - Fo(r) (2.29)

e B - S Fa(r) P

where F}(r;) is the structure of the first volume, the radius r; (corresponding to a certain
spatial frequency) and m the complex conjugate at the same radius. At low spatial
frequencies (inner shell radius) the correlation will be maximal, but at some point the sig-
nal will drop to almost no correlation. An ideal FSC and exemplified erroneous curves are
shown in figure 2.9. The FSC correlates with the spectral Signal-to-Noise-Ratio (SSNR)

following [150]: —
Ti

(2.30)
The actual resolution can only be estimated by applying a threshold to those functions.
A large number of different threshold criteria exists and all have a rational behind them
[153]. Most commonly spatial frequencies at which the FSC drops below 0.5 or 0.143 are
used as resolution measures [210]. A value of 0.5 would correspond to a SSNR of 1 and
at a value of 0.143 the correlation between a experimental map and a perfect reference

map correlates with the crystallographic figure-of-merit [169].

Figure 2.9: Principal Fourier Shell Correlation Curves. Left: An ideal Fourier shell correlation
curve is shown. Commonly the resolution will be determined by the spatial frequency, at which the FSC
drops below a value of 0.5 or a value of 0.143. Right: Typical erroneous FSC curves are shown. [153]

However, none of these measures was proven to perfectly correlate with the physics and
chemistry of the molecule due to several problems. The most common problem arises
from overfitting of the structure. For each image, five degrees of freedom have to be
determined. Thus, the number of parameters to be determined exceeds the number of

measured variables by far, which is called an ill-posed problem in mathematics. That is
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why iterative methods need to be used, which in turn can lead to the accumulation of
noise in the structure. This noise tends to mimic fine structural features, which can easily
be mistaken as helices or even amino acid side chains. To prevent that, the gold-standard
refinement was introduced, which recollects the original idea of splitting the data set into
random halves right from the start and independently refine these [182]. Another way of
evaluating the resolution estimate is to compare it to the actually achievable resolution.
Physically, the resolution is limited by the wavelength of the electrons, the diffraction
at the microscopic lenses and consequently their aberrations. The limit arising from the
diffraction of the wave can be ignored as it is in the range of sub angstroms. However, the
imperfections of magnetic lenses can give rise to a significant lowering of resolution. The
microscope should always be well aligned to minimize any aberrations. Nevertheless, this
becomes significant only in the very high resolution regime. The absolute mathematical
resolution limit of the calculated 3D structure is derived from the sampling of the image.
Following the Nyquist-Shannon sampling theorem, the maximum resolution of an image
sampled with a pixel size of d A will be 2d A. This can be intuitively understood through
the discrete nature of the sampling. If two structural features need to be separated, they
need to be apart by at least the distance of two pixels. The frequency f = % is called the
Nyquist-frequency. In a similar way, the angular sampling determines the final resolution.
If one samples the angular space with an angular difference of A¢, then the maximal
attainable resolution d is: A oD

d= Dst(T) =0

where D is the diameter of the projection image, and M the number of projections when

(2.31)

evenly sampled with A¢ as angular sampling step [80]. Interestingly, from this the number
of necessary projections needed to achieve a certain resolution can be derived [34]. For
instance to achieve a resolution of 3 A at least 12600 perfect projection images are required
(assuming a SNR of 0.05). Even though this is the lower estimate for the number of needed
particles, the order of magnitude should be correct. While there are studies reaching that
[11], many publications used millions of particles just to achieve sub-nanometer resolution
(e.g. [207, 8]). If more images are used than necessary, obviously, there is more room for

errors being introduced by a higher risk of overfitting.

Apart from the mentioned criteria, structural heterogeneity has a major impact on the
achievable resolution. If a part of a structure moves relative to the rest, it will smear
out and result in a lower resolution in that part and the resolution gets anisotropic. The
FSC will always estimate the resolution over the full molecule. To estimate the local
resolution better, a local FSC map can be calculated. Therefore, the FSC is calculated in
several small boxes (windows) over the full volume and the resulting resolution estimate
is assigned to the central voxel of each window [90]. Unfortunately the result of this is

very much dependent on the chosen window size. An alternative was proposed recently:
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a software called ResMap estimates the local resolution using local sinusoidal features

[110].

2.4.14 Validation

Due to the large noise content, the whole workflow starting from the image acquisition to
the final 3D model is extremely error prone. Validation at every step is thus more than
needed. However, there is so far not much done towards that. To improve the situation,
the EMDB formed a Validation Task Force [30]. Until now, the methods to validate EM
structures are sparse. The only widely applied method was introduced 2011 by Richard
Henderson. He proposed a tilt-validation strategy, where, like for RCT, pairs of tilted
and untilted images are recorded. The untilted particles are treated as usual to produce a
structure. The tilted images are aligned to the produced structure and a tilt angle based
on the model is predicted. Finally, the predicted tilt angle is plotted and compared to
the applied tilt angle. Validity would be reached if they are similar. However, as outlined
before (cp. section 2.4.10.3), tilt methods are problematic and itself produce artefacts
like stain rims or charging, which can lead to false negative results. Apart from that an
omit-map strategy is sometimes used [52]. To validate a certain structure, a significant
part of it is removed from the model and the data is refined against it. If the removed

part emerges from the data again, it can be considered to be valid.

With only two methods at hand, the future has to bring more ideas to gain trustable

results from single particle cryo EM.

2.4.15 Conformational Analysis

2.4.15.1 Detection of conformational heterogeneity

Naturally, before particle images can be sorted according to their conformations, the
conformational heterogeneity has to be detected. First indication is given by a premature
convergence of the refinement procedure at lower resolution than expected. Similarly, a
local resolution map could be calculated to identify regions of low resolution which most
probably correlate with regions of high flexibility [90, |. However, this is not a very
quantitative measure. In statistics, the measure to quantify heterogeneity in the data
is the variance. Similarly a 3D variance map will give insights into the heterogeneity.
Unfortunately, the dataset obtained by cryo EM is a 2D dataset. To calculate a 3D
variance one needs to split this data set into random parts, determine and refine 3D
structures from the sub data sets and determine the variance from this. This approach

requires a very large dataset and time intensive calculation. An alternative method uses



2.4 Fundamental Concepts of Single Particle Electron Microscopy 65

bootstrapping: many random subsets from the dataset are chosen. Hereby the same particle
can be in different subsets. Normally, a couple of thousand subsets are chosen, a volume
is reconstructed from every subset and the overall variance is calculated. By overlaying
the variance map with the original map, regions of high variance become visible and
strategies to cope with them can be developed. [155] This, however, only works when
conformational heterogeneity is localized. If the overall shape of the structure changes,
assignment of angles to different projections is not trivial and the variance would not

depict a useful density.

2.4.15.2 Analysis of large amplitude movements

Ideally, one would like to analyse the whole conformational space of a protein with only
one data set. This, in turn, will require a computational separation of particles with
different conformations. If the protein’s shape changes dramatically, the standard EM
methods will fail. Thus, particles with different conformations have to be sorted right
from the start of the analysis. To date there are only a few methods available to overcome

this challenge.

The most reliable among them is random conical tilt (RCT) [161] combined with 3D
alignment and classification [175]. In this method, the noisy RCT volumes will be aligned
to each other, classified and averaged. The advantage lies in the fact that no matter how
different the shapes of the different conformations are, the method will be able to identify
them. Only very featureless and globular structures will cause problems. This strategy
was already successfully employed on very dynamic proteins like the spliceosome [65], the
fatty acid synthetase [25], chromatin remodelling complexes [116] or the E3-ligase 1tnl

[122] or heterogeneous sample like an assembling ribosome preparation [134].

The most common alternative to generate an initial model structure is called angular re-
constitution based on common lines. In principle, it should be possible to sort the common
lines into different subsets [39], which was already demonstrated with real data [58, 78].
However, common line approaches are complicated for conformationally homogeneous
samples, due to the small amount of data the image is reduced to. Thus, no applications

for heterogeneous samples were published yet.

Apart from that, a few other algorithms delivering promising results for heterogeneous
datasets like Simple Prime [19] were published, but their validity was not proven so

far.

Alternatively, if at least a stable ground state structure is available, one can use Normal
Mode Analysis (NMA). This method is able to simulate possible conformational changes

from a single starting structure. It is assumed that this starting structure represents the
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energy minimum, and all movements are the combinations of simple harmonic oscillations
of the atoms, which are coupled through their bonds to the neighbouring atoms [205].
Due to the given geometry certain collective movements arise from the coupling. This
kind of calculations were used for crystallographic refinements [103] and fitting of atomic
coordinates [201] for a long time. However, EM-maps lack atomic coordinates. Thus, a
coarse-grained strategy employing pseudo atoms is used: the volume is approximated
as a set of small spheres that are coupled with their neighbouring spheres [111]. Thus,
from one energy minimized structure models with possible mechanic deformations can be
predicted. It has to be kept in mind here that this is a purely topological or mechanical
approach not taking any chemical or even physical forces like electrostatics, into account.
However, refining the resulting structures against the whole data set yielded biological
relevant results [20, 90]. Nevertheless, the final structures have to be validated with great

care since alignment procedures are heavily biased towards any given reference [209].

Apart from that, if prior biochemical knowledge about the conformational dynamics is
available one could use it and specifically model structural states as initial references.
Again, model bias is a large concern, and validation can not be omitted. One could
simply split the data set according to the modelled structures and refine the different
subsets either against a model omitting the changed region or depicting another state. In
both cases, the data set must reproduce the originally modelled volume to be considered
valid. This strategy was successful for the description of the ratcheting movement of the

ribosome [52].

2.4.15.3 Analysis of large domain movements

In many cases, large domains of a protein complex can move for several nanometers or
even bind and unbind while the overall structure of the complex remains almost un-
changed. A well studied example of this kind is the ratcheting of the small ribosomal
subunit. Since the ribosome is one of the favourite objects of the EM community, many
methods are developed and available to handle such problems. In most cases, references
need to be produced in some way. One could use NMA or modelling. Additionally, boot-
strapping could be used again. Resulting volumes could be directly used as references or

could be classified to give more fitting references in 3D.

In a procedure called supervised classification a set of promising references is projected
into 2D space and all images are aligned against all references. Depending on the best fit-
ting reference image the particle images are assigned to a model. In this way, a competitive
refinement can be performed, where in every refinement step all images are aligned against
all available references. These methods gave greater insights into the ribosomes dynam-

ics. To reduce reference bias during this procedure and find better convergence Maximum
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Likelihood (ML) algorithms can be used [181]. Hereby, the assignment of a particle image
to a certain reference is weighted with its probability. Even if the initial references are

identical, the resulting 3D structures converge into different conformations.

An alternative approach uses principal component analysis (PCA) which is already often
used in the regular single particle analysis, as previously discussed (see section 2.4.9.2).
Ligand occupation and size differences can be detected in such a way [18, |. Even
more complicated conformational changes for the symmetric chaperonine GroEL could
be found [37]. However, this method depends on a lot of experience in interpreting the
eigenimages, and it is not yet clear whether more complicated conformational changes

are comprehensible in this way.

2.4.15.4 Analysis of small amplitude movements

Once the overall conformational changes were sorted sufficiently, one has to take care of
the remaining small local changes. This can be done by bootstrapping. However, this time
the resulting volumes are classified with focus on the dynamic region. This means, the
stable part of the structure is masked out during analysis, resulting in models showing
different states of the flexible region while leaving the overall structure unchanged. These
models again can be refined against the whole data set. Once more, the best example is

the ribosome. The tRNA movement during the elongation cycle was analyzed in this way
[52].

Finally, the best strategy towards the analysis of conformational heterogeneous complexes
will need to employ a combination of the mentioned methods. This could be done in a
hierarchical fashion, orienting on the hierarchical nature of the energy landscape (see

figure 1.5). Tier-0 movements should be addressed firstly followed by the other tiers

[52].
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2.5 Sample Preparation for Electron Microscopy

2.5.1 GraFix

Samples were prepared for EM analysis using the GraFix methodology [100]. In short:
Sucrose density gradients in the optimal protein buffer were prepared. Additionally, the
sucrose gradient contained a glutaraldehyde gradient. Mostly, gradients contained 0-
0.1 % (v/v) glutaraldehyde. The sample was loaded on the gradient, and the centrifu-
gation conditions were chosen to have the molecule of interest sediment to 2/3 of the

gradient. Conditions for the used samples are outlined in table 2.6.

Table 2.6: GraFix conditions for the analyzed samples.

GraFix conditions for the analyzed samples. Speeds
mentioned are for a TH660 rotor (Thermo Scientific).
Sample gradient [%(w/v) sucrose| Speed [rpm| Time [h] Temperature [°C]
CtCRM1 5—25 45000 16 4
HsCRM1 525 45000 16 -10
EcPDHc 10 - 30 21000 16 4
BgAChBP 10 - 30 30000 16 4

The gradients were fractionated in 200 puL steps. The fractions were either analysed by
SDS-PAGE or dotblots. For dotblotting, 1 ul. samples of each fraction were added on
a nitrocellulose membrane (Whatman) and subsequently stained with amido black [$1].

Peak fractions were analyzed by EM.

2.5.2 Negative Staining Preparation

An approximately 2% (w/v) solution of uranyl formate was freshly prepared in double
distilled water. The solution was vigorously mixed and the insoluble precipitate was
pelleted via centrifugation in a table top centrifuge at 13000 rpm for 10-15 min. A piece
of an in-house prepared carbon film was floated on top of the protein solution for mostly
1 min. The foil was absorbed to a holey carrier carbon film on the surface of a copper grid.
Excess liquid was removed from the grid via a filter paper and the particle-adsorbed film
was brought onto the stain solution for approximately 1 min. Again, the excess liquid was

removed via a filter paper and the grid was allowed to air dry at room temperature.
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2.5.3 Vitrification

For cryo grid preparation, sucrose is removed from the GraFix fractions via a Zeba spin
desalting column. As for negative staining, a continuous thin carbon film was freshly
floated onto the sample solution for 1 minute. The foil was adsorbed to a quantifoil grid
containing a thick carbon film with a regular whole pattern. 4 uL. of water are applied to
the surface and the excess liquid was blotted in a Vitrobot apparatus at 100 % humidity
and 4 °C. Subsequently, the grid was plunge shot into a liquid ethan container and thus
the remaining thin water film with particles in it was vitrified. Grids were stored in liquid

nitrogen before imaging.

2.6 Imaging

Negative stain grids were routinely analyzed in a CM200 FEG microscope. Images were
taken at defocus values of approximately 1 pm on a twice binned CCD camera. Regu-
larly, magnifications of 88000x or 155000x were used, which correspond to a pixel size of
2.45 A /px respectively 1.85 A /px.

Cryo grids were analyzed on a Titan Krios TEM equipped with a Cs-corrector and a Fal-
con direct electron detector. Before usage, the alignment of the microscope was adjusted
and image distortions due to astigmatism, coma or spherical aberration were minimized
by alignment of the Cy-corrector. Images were recorded at a dosage of 25 electrons per A2
with pixel sizes of 2 A respectively 1.25 A. For RCT, images were taken with 0° and 45°

tilt with the same electron dose.

2.7 Image Processing

2.7.1 Micrograph Analysis and Particle Picking

Prior to particle identification, all micrographs were visually inspected. Micrographs,
showing a vast contamination, devitrification, charging or drift were discarded right away.
Particles were picked with the custom written software John Henry [28]. An approach
based on image statistics was used to initially identify particles. The resulting coordinates
were refined using local alignments of the picked images on a coarsely projected model.
Individual particles were mostly cropped with a window roughly two times the diameter

of the particle. Images for high resolution datasets were cropped in windows three to
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four times the diameter of the particle to be able to restore the delocated high resolution

information in the CTF-correction.

2.7.2 CTF-Correction

To achieve best possible image restoration, the phase flipping method described by Sander
et al. [173] was used. In brief: The particles were cropped in windows 2-4 times the
diameter of the particle. Power spectra were calculated and filtered to optimally visualise
the Thon-rings. Multivariate statistical analysis, consisting of PCA and classification,
was performed on the power spectra. The PhCTF parameters for each class average were
estimated through a curve fitting algorithm and theoretical power spectra were calculated.
These were compared to class averages by eye and class averages not corresponding to
the theoretical power spectra were excluded from further analysis. The remaining images
were individually phase flipped and the window size was removed to 1.5 times the particle

size.

2.7.3 2D-Processing

For 2D analysis, particles were down sampled to a pixel size of 4-8 A /px depending on the
initial size as well as filtered and normalized. Reference free class averages were calculated
[47] and iteratively refined. Additionally, class averages using a 2D maximum likelihood
approach [183] were calculated using Relion [181]. Images giving rise to class averages
depicting artefacts like carbon edges, stain artefacts or ethane/ice crystals were removed

from further analysis.

2.7.4 Initial Model Building

Several techniques were used to produce initial models. First of all, angular reconstitu-
tion was performed for all three model systems. To gain starting models for different
conformations, this was combined with a bootstrapping strategy: for a few thousand
times, a set of 10-20 class averages was drawn from the complete stack and a model was
calculated via angular reconstitution. The models were analyzed visually and consistent
models were used for the further analysis. In an independent approach, class averages
were subjected to Simple PRIME [19]. This produces 3D models based on an iterative
projection matching approach, without an initial model. Lastly, for the PDHc, RCT was

performed [175].
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2.7.5 Conformational Sorting

Additional, conformational sorting was performed. Mostly, bootstrapping in combination
with 3D-MSA was performed [52]: several thousand times, a subset of 10-20 images was
randomly drawn from an aligned stack of images. The angular assignment was taken from
the alignment and 3D-models were calculated. These volumes were classified using 3D-
MSA, and 3D-class averages were inspected visually and sorted for their different shapes.
Those models were used for competitive refinements termed supervised classification [60].
Alternatively 3D-maximum likelihood classification [181] was performed in Relion [181].
This unsupervised refinement produced a set of seeds and by distributing the particles
images randomly to a set of equal references and performing several rounds of competitive
refinements. Also Normal Mode Analysis (NMA) was performed to identify new confor-
mations. For EM-maps the 3DEM Loupe algorithm [111] in XMIPP [10] and for atomic
coordinate models the ElNemo server [200] was used. Resulting models were analyzed

with supervised classification.

2.7.6 Refinement and Resolution Determination

Final structures were mostly refined using Relion [181]. CRM1, however, was refined in
Coweyes using a corrim-based refinement strategy [173]. The resolution was estimated
using F'SC [30, 210] by the gold-standard approach [182].

2.7.7 Structural assessment

Structures are visualized in UCSF Chimera [159]. If available, atomic models were fitted

in this software.

To validate a structural model, a cross reference test was used. If a dataset yielded models
in two different conformations, the particles were split into corresponding stacks. The
stacks were consequently refined on the wrong model. If the final reconstruction relaxed

back to the previously gained model, the sorting was considered valid.
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Chapter 3

Results

3.1 Method Development

In this thesis, the dynamics of large proteins and protein complexes are analyzed using
three examples. To facilitate the analysis a number of technical advances had to be
made. Prerequisite for the analysis of dynamics is to assure that the protein of interest is
intact, folded and assembled. In the first part of this thesis, a high throughput screen for
stabilizing conditions was developed. Further, different cross linking strategies based on
the GraFix methodology were compared towards their stabilizing effects on the proteins
structure. Lastly, the influence of temperature is analyzed by either combining GraFix

with low temperatures or using proteins from a thermophile organism.

3.1.1 ProteoPlex

One of the major challenges to successfully work with protein complexes is their stability.
Most of them are compost of more than ten individual biomolecules [(62] which only
bind with rather low energy to each other. Therefore, in the isolated state they readily
lose their structural integrity, decompose or even aggregate. This will lead to samples
containing many different compositions of the complex, which becomes a new degree of
freedom. This complicates any structural analysis. To prevent that, a new method termed

ProteoPlex was developed in this thesis.

The basic concept is that complexes are stable for many hours or even days, weeks and
years in their natural environment - the context of a cell. Mimicking this environment as
good as possible will improve the structural integrity of any given biomolecule. However,
cells are not just "teabags' randomly filled with biomolecules. Cells provide a number
of different environments, which are far from homogeneity. Therefore, it is absolutely
impossible to find a generic in-vitro condition that is suitable for any given complex.
Thus, one needs to find a suitable condition for a given complex by screening many
different conditions. The classical way would be to purify the complex in the to-be-tested

buffer and analyze its stability by density-gradient centrifugation followed by SDS-PAGE
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analysis of the individual fractions. The high amount of sample needed and hands-on-time

limits the number of testable conditions to only a few.

Therefore, a method is needed which is very sensitive and quick. Nevertheless, it should
not need special equipment or expensive chemicals. Luckily, such a method termed Ther-
mofluor was described recently [146]. In this method protein samples in a screening buffer
are continuously heated in presence of a environment sensitive (solvatochromic) dye. Upon
unfolding of the protein, hydrophobic side chains are exposed and the dye gets hyperflu-
orescent. With increasing concentration of unfolded protein in the solution, it starts to
aggregate and the hydrophobic patches are hidden again leading to a loss of fluorescence
signal. From this experiment one can determine the melting temperature of the protein
within this buffer composition, which is determined as the inflection point of transition
phase. This is the temperature at which 50 % of the proteins are unfolded. The higher
the needed temperature, the more stable the protein. One can now easily screen hundreds
of conditions in parallel in a second generation RT-PCR machine. While this approach
has yielded good results for single chain mono-domain proteins, it was disregarded for
protein complexes in the literature [110]. However, I challenged that idea and tried to find
reasons, why results from the Thermofluor do not give sufficient information to screen

for protein complex stability.
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Figure 3.1: Schematic representation of possible unfolding scenarios. Different scenarios depicting typ-
ical fluorescence-temperature curves are shown. Each curve can be subdivided into the native phase
(blue), the unfolding phase (yellow) and the aggregation phase (pink). (A) Unfolding of a single domain
protein. During the unfolding phase, the protein rapidly unfolds leading to a fast transition from folded
to unfolded state and thus a rapid increase in fluorescence signal. This resembles the perfect curve and
is depicted as dashed grey line in every of the other scenarios. (B) If a complex is very fragile, it disas-
sembles before it unfolds and its different components give rise to step pattern in the transition. (C) If
the component’s melting point is rather similar, the step pattern fuses to a less steep transition. (D)At
full cooperativity, the complex’s unfolding curve resembles the single domain unfolding curve.

To the current understanding: single proteins yield unfolding transitions reflecting a two-
state behavior (cp figure 3.1A), it is assumed, that complexes would exhibit multiphasic
unfolding and thus uninterpretable curves (cp figure 3.1B and C). These unfolding tran-
sitions would reflect the sum of the unfolding of all individual subunits of a given macro-

molecular complex and therefore not contain any information about the stability of the
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entire complex. This is indeed true for complexes under destabilizing buffer conditions.
However, as outlined in section 3.1.1.4, it could be found for over 80 complexes that even
large macromolecular assemblies can behave as apparent two-state folders under optimal
buffer conditions. Thus, the unfolding curves of large complexes under stabilizing buffer
conditions are not simply the sum of unfolding transitions of each individual subunit. In
contrast, the dissociation of macromolecular complexes into subunits and their unfolding
appears to occur in a near concerted manner in a stable buffer environment (cp figure
3.1). The ProteoPlex transitions of such stabilized complexes show near two-state un-
folding characteristics very similar to those of single-domain proteins, which make this
method suitable for the determination of stabilizing conditions for any given protein

complex.

In a first step, a theoretical framework for the analysis of curves was established and

experimentally challenged as described in the following sections.

3.1.1.1 Theoretical Description of Thermofluor Curves Obtained from Single

Domain Proteins

The theory behind unfolding experiments was well-established by the protein folding
community. The most simple model system for the thermal unfolding is a single domain

protein. Assuming a thermal unfolding shifts the following equilibrium:

N =1, (3.1)

where N represents the native folded state and U the unfolded state of the protein. This
can be further described by:

k=0 _Ju (3.2)

[N] I
where K is the equilibrium constant, while fy resp. fy are the fractions of the two states
with fN + fU =1.

The measured signal in a Thermofluor assay is the hyperfluorescence of dye - unfolded-
protein complexes. With an excess of dye, one can assume that all unfolded protein is
bound, and the signal is directly proportional to the concentration of the unfolded state.

The measured fluorescence signal F is put together as follows:

F=fv Fo+fnv Fn+F (3.3)
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The autofluorescence Fy of the unbound dye can be neglected in the further course of the
derivation since it will be corrected for that with control experiments. The fractions of

the two protein states can than described with:

Fy—F F—Fy
— — . = — 3-4
fu Fy — Fy resp. fn Fy — Fy (3.4)
With equation 3.2 it follows:
Fv+Fy - K
= 3.5
1+ K (8:5)

The experimental set-up dictates a temperature dependence which can be included via

van’t Hoft’s equation:

—AG
FN+FU * € RT
F= —AG ) (3'6)
1+ er

with AG as free enthalpy of the reaction, R the universal gas constant and T the applied

temperature in K.

Since the unfolding is temperature induced, one has to consider the temperature depen-
dence of AG which is described with the Gibbs-Helmholtz equation:

AG = AH — TAS (3.7)

The melting point 7}, of the domain is defined as the temperature, where the fractions of

U and N are equal. Therefore, K = 1 is concluding in AG = O%. It follows directly:

AH
AS = — (3.8)
T
In good approximation, one can neglect the temperature dependence of reaction entropy

and enthalpy in the considered range concluding in:

TAH T,—T
AG =AH — = AH- " 3.9
T T (3.9)
With equation 3.6 it follows:
Fy+ Fy - e # #a
. RT Tm
o U (3.10)

1_|_€7RT Tm
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Furthermore, one has to consider that Fy and Fy; are both temperature dependent. The
temperature dependence of Fiy can be described mostly in a linear fashion, with the slope
of my. Only small interactions with the natively folded complex and the dye induce this
behavior

Fn(T)=Fno+mn - T (3.11)

But in case detergent is added, vast effects can be seen since the dye - itself being an
amphiphilic substance - can heavily interact with the detergent. This leads to large back-
ground signals, that cannot be easily removed from the data. Therefore, detergents cannot

be screened and neither can membrane protein in this approach.

Fy will decrease with growing temperature due to entropic effects. The unfolded protein
will appear at higher concentrations at higher temperatures. This results in aggregation
proteins exposed hydrophobic patches and thus release of dye, since this will increase
the entropy of the dye dramatically. In the Thermofluor assay this gets complicated,
because in this case time and temperature dependent effects of aggregation overlap. At
a given temperature, the protein will aggregate with a certain rate. This can be simply
modelled by an exponential equation since this is a first order reaction. One can assume
that dye release and aggregation depend linearly on each other so that the decrease of
signal can be described at a given temperature as a single exponential. But at the same
time temperature changes, so the rate changes also exponentially. The resulting model
has to be a hyper exponential model. But this is only applicable when the temperature
would change linearly in time but the Thermofluor experiment changes temperature in
a stepwise fashion in order to allow adjustment of the unfolding equilibrium. Since the
real model would introduce too many parameters to fit, I model it as a single exponential

with an average aggregation rate my and the parameters ay o and by o:

FU(T) = ayo - emv T + bU (312)
This finally concludes in:
F T Cemu Dby L T
po Tvotmy T+ (ave - e™ ¢ (3.13)

1+€W Tm

The obtained Thermofluor-Data can be fully fitted and described with this model. The
aim of the procedure is still to find a valid measure for protein stability at room temper-
ature which is AG extrapolated to room temperature. This can be done as follows:

AH A
d 7925w - C,(N) = ACp, (3.14)

ar dT
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where AC'p is the difference of the heat capacity of folded and unfolded domain usually
assumed to be 5.150—L— . Tt follows:

AH(T)=AH(T,,) + ACp - (T —T},) (3.15)
and:
AS(T) = AS(T,,) + ACp - (In(T) — In(T},)) (3.16)

Finally, this results combined with the Gibbs-Helmholtz-equation in:

Tn—T

AG(T) = AH CACH[Ty —~T+T - In (5)] (3.17)

This all neglects a major problem in the Thermofluor assay which is the temperature
dependence of buffers. This simply depends on the hydration enthalpy change AHj,q

with:
dinK . Athd

dTT R - T2

Therefore, the obtained AH has to be corrected for its value at the melting point as well

(3.18)

as one has to keep in mind that the measured stability is measured for the melting point

pH and not for the initial pH.

3.1.1.2 Theoretical Unfolding Behavior of a Protein Complex

Protein complexes are built of several chains of individually folded proteins. These chains
bind to each other to form the complex. Thus, the overall signal measured in a Ther-

mofluor experiment of such a complex can be described as:

F=> (fui Fui+ fn; = Fny)+ Fo, (3.19)
i=1
where n is the number of individual components, meaning the single proteins as well as

subcomplexes.

The number of possible dependencies of the unfolding behaviour of individual components
on each other is high and difficult to predict. However, simple expressions for the extreme
behaviours can be found. An unstable complex would disassemble very rapidly or is
already disassembled. Thus, its individual components unfold independently. In this case
the measured unfolding curve is simply the superimposition of the individual unfolding

curves following equation 3.13:



3.1 Method Development 79

Z . —AH Tm,i=T

P n FN,i +mN,i . T—|— (GU,i - eMui T)+bu,: . e BT Tmi .

a —AH Tm,i—T ( . )
=1

14+ ¢ BT Tmi

This behavior is illustrated in figure 3.2 (upper panel). The opposite extreme case would
be the assumption of full cooperativity, meaning the disassembly and the unfolding of
the complex occur concertedly. This seems unlikely, however, the physical forces driving
the formation of a complex and keeping it together are the same as the ones that drive
protein folding. Thus, one can describe the disassembly of the complex via the portion of

disassembled complex (fg:5) in analogy to equation 3.5 as:

K . AHdis(Tme,dis)
dis

with Kgs=e¢  FTmdis (3.21)

where AH ;s is the dissociation enthalpy and 75, 4 the melting temperature of the com-
plex, describing the disassembly entropy. In a Thermofluor experiment f4, cannot be
measured directly. However, assuming full cooperativity, the unfolding happens concert-
edly, meaning fys is directly proportional to the measured fluorescence signal. Thus, the
signal can be described with equation 3.13, which is actually only a simplification of
equation 3.20 with n = 1. This scenario is depicted in figure 3.2 (bottom panel). This is

a simple two-state folding model as described in the previous section.

. . . Figure 3.2: Temperature—
Single Transitions Normalized Sums gy grescence unfolding curves
F F of a three-subunit complex. Left:
The single-transitions of the individual
components are depicted. Right:
ProteoPlex measurements depict a
normalized sum of three individual
curves. Upper panel: The three com-
ponents unfold independently from
T T each other at different temperatures.
F F ; The sum is a curve showing several
independent transitions. Middle Panel:
T The components unfold at similar
m1 . .
temperatures but still independent
from each other. The resulting sum
resembles a two-state unfolding curve.
Lower Panel: The components unfold
cooperatively at the same temperature.
This also results in a two-state curve,
which is steeper than in the middle
case. However, the melting temper-
ature of the shallower uncooperative
unfolding transitions results in an
apparently higher melting point T),1,
than the cooperative transition (T),2)
T T as visualized by the dotted lines.
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Everything between these two extreme cases can be arbitrarily complicated since sev-
eral different equilibria can be involved. This intermediate scenario describes a slowly
disassembling complex, which exposes some individual unfolding components. This is il-
lustrated in 3.2 (middle panel). This general case can be described as follows: the overall
signal appears as the sum of the signals from all n individual components (single proteins
and subcomplexes). Each component arises from an intricate equilibrium described with

the constant Ky, ;:

=aH Tm,i=T
- Z Fyit+my; - T+ (ay; - emvi " Do o BT [ 4(T)
e 1+ Kais(T)

(3.22)

The other two scenarios arise from this model. When all Ky, are large, meaning the
dissociation is favored, the equation can be simplified to equation 3.20. If a high level of
cooperativity exists all K5, are equal simplifying the equation to an equivalent of 3.13.
One could even model the dependence of the different equilibria on each other. However,
already with equation 3.22 the number of unknown parameters exceeds the number of
measured data points. Thus, overfitting of such a model becomes a serious problem and
there is no straight forward way to distinguish those models. This in turn is absolutely
necessary, since a complex composed of components with similar melting temperatures
following equation 3.22 can hardly be distinguished from a two-state folding model and

thus obtained parameters can be estimated wrongly.

(A) Raw Data Boltzmann Fit (B) Raw Data Boltzmann Fit

F F A F 5\
) 0
) J
/ ’ / \
0 ‘
0 4 0
N I ’ ,—
[) T
! ProteoPerfect Fit ProteoPerfect Fit
F \ \

| e

T T T T

Figure 3.3: Evaluation of ProteoPlex fits. Two exemplified data curves are shown as blue dots.
Commonly only the transition part of the data is fitted by a Boltzmann model as shown in yellow [140].
The best data approximation from ProteoPlex is shown in green. While Boltzmann data approximation
still gives acceptable results for a near two-state unfolding behavior (left), multiple transitions cannot be
approximated by a simple Boltzmann model (right). In contrast, ProteoPlex still describes the obtained
curve well. Of note: The ProteoPlex model is able to fit the whole curve and thus will obtain more
accurate parameters.

Fitting the full model (equation 3.22) is not helpful due to overfitting issues. So the data

can only approximated with the two extreme cases and at most 6 components (n = 6) can
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be considered. In practice, every dataset was fitted with equation 3.20 with n = 1 to 6.
Testing a number of cases reveals that this is sufficient and even superior to a simple

Boltzmann approximation as it was used before.

3.1.1.3 An Heuristic Approach used for Curve Interpretation

The main reason why Thermofluor is disregarded for protein complexes is the experience
that the obtained parameters do not match with results obtained by other methods. This
is mostly due to the analysis strategy. Mostly, the transition only is approximated to
estimate the melting point 7, of the whole curve, which is the inflection point of the
transition. The higher this melting point is, the higher is the unfolding entropy and thus
the protein stability. However, applying this strategy to a complex can go terribly wrong.
In a total uncooperative case as depicted in 3.2 (upper panel), several of such melting
points exist and the analysis fails. However, for the other two cases (middle and lower
panel), the melting point analysis can be formally performed and can result in misleading
results. As shown, the apparent melting point of the less stable complex can be higher
than the cooperatively unfolding complex. The reason for this is, that the superimposed
curve of the less stable protein (middle panel) is less steep and the inflection point is
reached later. However, this value is meaningless since only for the fully cooperative case
the estimated parameters have a real physical meaning. The task for a valid analysis is
therefore to distinguish these two scenarios. This is not directly possible only through
curve fitting. The more complex model (equation 3.22) will always approximate the data
better than the less complicated model (equation 3.13). A Thermofluor screen, however,
consists of many measurements of the same complex in different chemical environments.
From this whole data set, one can make deductions. As seen before, the slope is a good
parameter to distinguish the two models. The higher the slope, the more probable the co-
operative model gets. Physically in the cooperative model the slope is proportional to the
dissociation enthalpy. Theoretically, following Hess’s law, the unfolding enthalpy should
be equal for each condition, assuming no direct interaction with the surrounding medium.

From this, one can build an heuristic approach for the analysis of the curves:

1. The curves have to be tested if they are valid for analysis. Curves have to at least
show one valid transition and no more than six local maxima should be detectable.
This excludes curves with low SNR or curves obtained from wrongly pipetted ex-
periments. Further, the controls containing no protein have to be valid, meaning

here no detectable transition should be found.

2. The reference curves obtained from a buffer dye mixture are averaged and sub-

tracted from all curves. The curves are normalized, where the lowest local minimum



82 3 | Results

before the transition is set to 0 and the absolute maximum is set to 1000 arbitrary

units.

3. A number of artifacts are described in the literature [20]. Among them are air
bubbles and aggregates leading to a high negative slope at the beginning of the
curve. Also detergent can have such an effect. If the initial slope exceeds a certain

threshold, the curve is discarded from the analysis.

4. Fits are found using the approximation equation 3.20 with n = 1 to 6 on every

curve.

5. For all fits, the coefficient of determination R? is calculated. Only if this value is

below, a certain threshold the next best fitting model is chosen for further analysis.

6. The melting temperature 7T, and the enthalpy AH are extracted from the chosen
fit. Fits showing AH values in the order of magnitude of the highest measured in

the whole dataset are used for further analysis.
7. Finally, remaining curves are sorted as before by 7,,,.

Further parameters like the area below the curve can be added to this heuristic approach.
And even though this seems to be a quantitative analysis, it should be noted that it
provides only qualitative results. The values obtained have high errors and should not be

used for any biophysical interpretation apart from the stated stability.

The complete algorithm was implemented into a stand-alone software package by Jan-
Martin Kirves [104].

3.1.1.4 Proof of Principle

To test the developed analysis method, proof of principle experiments were performed
together with Dr. Ashwin Chari, who also initiated the ProteoPlex approach. A 96-
well buffer screen of several test complexes using the usual Thermofluor protocol was
performed. The data was analyzed with the described ProteoPlex approach. In parallel,
the complexes were brought to the tested buffer systems and electron micrographs were
recorded to estimate the homogeneity and dispersity of the sample. As a first test system,
the selenocysteine-tRNA-synthetase SelA, a homo-decameric protein with a weight of
500 kDa, provided by Dr. Oleg Ganychkin and Professor Markus Wahl (FU Berlin) was

used.

Figure 3.4 illustrates these experiments. In conditions, leading to polyphasic transitions
in the ProteoPlex experiment, also large aggregates could be seen in the micrographs (left

panel). Further, if the transition got less polyphasic also the visible aggregation decreased
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Figure 3.4: ProteoPlex Proof of Principle SelA. The nature of unfolding transitions is indicative of
the mono-dispersity of macromolecular complexes. Shown are unfolding transitions of tRNA synthetase
SelA at different buffer conditions (top panel) and corresponding EM micrographs at the same conditions
(bottom panel). Only single unfolding transitions reveal a mono-disperse field of particles by EM (e.g.
Imidazole pH 8.0).

(middle panel). And finally a curve fully compatible with the two-state unfolding model

(right panel, cp. equation 3.13) resulted in a monodisperse particle distribution.

Those experiments were repeated with several complexes of known structure and only in
conditions, where a real two-state behavior could be assumed the complexes showed a

monodisperse distribution on the grid.

As final proof of principle, the Biomphalaria glabrata hemoglobin (BgHb) was used. This
is a 1.5 MDa extracellular homooligomeric protein of unknown structure. The protein was
kindly provided by Vanessa Moeller and Professor Jirgen Markl (University of Mainz).
BgHb was purified by anion exchange chromatography as previously described [1 19]. Elec-
tron micrographs from the original revealed a poly-disperse sample with various degrees
of dissociated particles and aggregates. In a ProteoPlex assay, a gradual stabilization of
BgHb in Imidazole buffer from alkaline to acidic pH values was observed (Figure 3.5).
In fact, the thermal stability of BgHb was enhanced by a total of 45 K. Therefore, I
rebuffered BgHb into Imidazole at pH 5.8 and re-evaluated its aggregation state by EM.
In these conditions, EM micrographs with a mono-disperse field of particles (Figure 3.5,
middle panel) were obtained, which are clearly amenable to structural biology. Notably,
this entire procedure from the sample to EM images of intact molecules was accomplished
within 24 hours.

Taken together, these experiments indicate that the optimization of macromolecular com-

plex stability is achieved without any prior biochemical information about the sample
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Figure 3.5: ProteoPlex Proof of Principle BgHb. Analysis of Biomphalaria glabrata hemoglobin
complex (BgHb, 1.5 MDa native molecular weight) - a protein of unknown structure. Under standard
purification conditions BgHb is mostly present as aggregated particles in negatively stained EM images
(left panel, scale bar = 50 nm). The upper pane of the middle panel depicts a subset of unfolding
transitions from a ProteoPlex pH screen. The stability of BgHb is gradually increased from alkaline to
acidic imidazole buffer conditions, with a final enhanced stabilization of 45 K at pH 5.8 compared to pH
8.2. The lower pane of the middle panel reveals that interpretable unfolding transitions of the complex
only occurs in imidazole buffer, which suggests the role of imidazole additionally as a stabilizing ligand.
In imidazole pH 5.8, a monodisperse field of view with compact particles is seen (right panel, scale bar
50 nm).

under study in a completely automated workflow. Through many collaborations 86 dif-
ferent complexes could be subjected to the ProteoPlex methodology. Strikingly, all of
those complexes showed at least one condition in which an apparent two-state folding

model was evident.

3.1.1.5 Binding of Stabilizing Ligands

When one compares unfolding transitions of BgHb in other buffer systems and the optimal
pH 5.8 derived from ProteoPlex measurements, it can be noticed that only Imidazole
displayed this beneficial stabilizing effect (Figure 3.5, right panel). In an attempt to
explain the selective stabilization effect of Imidazole, I recognized that all globins contain
proximal heme-stabilizing histidines that are absent in BgHb. Thus, in addition to its
function as a pH buffer molecule, the dramatic stabilization of BgHb structure emerging
from imidazole is likely to result from its effect as a heme stabilizing ligand. Similar drastic
effects could be shown for other complexes. For instance the addition of the co-factor
thiamin diphosphate (TPP) to an E.coli Pyruvate Dehydrogenase complex preparation
resulted in an increase in melting temperature of more than 20 K and the addition of
the unhydrolyzable ATP-analogue ATP~S to the ATPase cohesin leads to an increase in
slope and melting temperature of the transition. Thus, the stabilizing interaction of small

molecules could be verified. This raised the question whether the addition of proteinaceous
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interactors could also be found. Therefore, the Anaphase promoting complex /cyclosome
(APC/C) was used as model system. Recently, the protein EMI1 was found to exert an

inhibitory activity on the complex upon binding at the center of it [57].

APC/C
apo APC/C + Cdh1 + Emi1/Skp1
— apo APC/C = = - e
S /) : L5
@ ﬁ 40
8 ‘I/‘;\’ y
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Figure 3.6: ProteoPlex for identifying stabilizing ligands. Identification of proteinaceous
stabilizing ligands. Unfolding transitions are shown (in duplicates) of the human Anaphase Promoting
Complex (APC/C) with (orange) and without (green) Cdh/EMI1/Skpl (left). Upon binding of the
protein ligands a significant temperature shift and a higher slope of the transition are seen. EM structures
with (EMDB-2354, EMI1 marked in red) and without protein ligands (EMDB-2353) are shown. EMI1
binds in a central position in the complex, contacting many subunits, which explains the observed
stabilizing. Note also that dissociated particles are only visible in the apo complex (white circles).

To verify a structural stabilization of the APC/C by EMII1, the complex was subjected
to ProteoPlex both in the presence and absence of Cdhl/EMI1/Skpl (Figure 3.6). A
stabilization of the APC/C in the presence of Cdhl/EMI1/Skpl, such that the melt-
ing point was shifted by 1.6 K, was observed. This stabilization effect was also readily
visible in EM micrographs, where broken particles were observed only in the absence
of Cdhl/EMI1/Skpl (Figure 3.6, compare middle and right panels). The stabilization
effect is also explained by recently determined 3D structures in which EMI1 is observed
to reside in a position where it bridges the platform structure with the catalytic sites
(Figure 3.6) stabilizing the relatively fragile connection between the APC/C platform
and arc-lamp domains. This illustrates, that the method is in principle suitable to find

stabilizing small molecule and proteinaceous ligands of macromolecular complexes.

However, not all interactions can be readily verified. In collaboration with the Korn-
berg Lab (Stanford,USA), a transcriptional pre-initiation complex consisting of RNA-
Polymerase II and several general transcription factors was measured with and without
a bound special transcription factor. The resulting curves superimposed perfectly and no
contribution of the ligand was seen, even though it clearly bound to the complex. How-
ever, from earlier studies it is known this factor exclusively binds peripheral to a single

subunit. For this no cooperative binding is anyways expected.
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3.1.1.6 Reconstitution and Dissociation of Complexes aided by ProteoPlex

Complexes in cells are often found in various states and compositions to adapt to certain
circumstances. For structural biology, this can be especially challenging since heteroge-
neous complex might not form crystals or are hard to interpret with other methods. Thus,
biomolecular complexes are often reconstituted in-vitro from recombinant components.
However, finding efficient reconstitution protocols remain a trial and error process requir-
ing substantial amounts of protein. On the other hand, as described above, ProteoPlex
is capable of efficiently finding stabilizing conditions for complexes with little amounts of
sample. I thus asked the question if one could utilize the present method to find suitable
conditions for the reconstitution of macromolecular complexes. A good model system for
this is the E.coli PDHc, where all three subunits (E1, E2 and E3) are available in a puri-
fied state. To determine conditions, where PDHc could be efficiently reconstituted from
individual subunits, I designed an experiment in which the concentration of E2 was kept
constant throughout the entire experiment (Figure 3.7): along the x-axis I titrated molar
equivalents of E3, while along the y-axis molar values of E1 were varied. In conditions
where polyphasic unfolding transitions were obtained, electron micrographs revealed ag-
gregated particles (Figure 3.7, left panel). In contrast, conditions which yielded single
unfolding transitions, intact particles were visualized by EM that closely resembled par-
ticles assembled in vivo (Figure 3.7, right panel). Thus, ProteoPlex can be utilized to
find efficient strategies for the reconstitution of macromolecular complexes from purified

individual subunits with minimum sample requirements.

Sometimes it is necessary to destabilize a complex. For example, if a certain integral com-
ponent should be purified. If a curve fits the model expressed in equation 3.20 with n > 4
very well and clearly distinct transitions can be seen, the measured complex will have
fallen apart. This is demonstrated again with the pyruvate dehydrogenase complex. It is
known, that this complex disassembles in core complex and individual shell components

at alkaline pH values.

Still, I ran a ProteoPlex screen over the full pH range. Strikingly, transition curves mea-
sured in alkaline condition showed two clearly separated transitions (cp figure 3.8 right
panel), while more acidic conditions resulted in two-state-like curves. One can conclude
that at least two species can be found in a PDHc sample under alkaline conditions, which
matches with the obtained micrographs showing intact core particles and disassembles

shells (cp figure 3.8 right panel).
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Figure 3.7: ProteoPlex assisted reconstitution of PDHc. Reconstitution of PDHc from its indi-
vidually purified subunits (E1, E2, E3). A constant concentration of the core E2 component was mixed
with increasing amounts of E1 along the y-axis and increasing E3 amounts along the x-axis (5, 4 and 2.5,
1.5, 1, 0.5, 0.25 and 0.125 fold molar excess of E2 subunit) and assayed with ProteoPlex. Experimental
curves (blue dots) and fits (green) from the screen (middle) show two-state unfolding behavior in the
case of a high excess of E1 over E2 and low amounts of E3 and mono-disperse, compact particles in
EM images (right panel). Whereas, low amounts of E1 and E3 in comparison to E2 yields polyphasic
transitions and aggregated particles (left panel).The scale bar corresponds to 50 nm in the EM images.

Complex stabilizing condition Complex destabilizing condition
Imidazole pH 6.5, 2 mM TPP HEPES pH 9, no cofactors

relative Fluorescence
relative Fluorescence

Temperature Temperature Figure 3.8: Destabilisation of PDH. Proteo-
5 S P St Plex analysis can lead to two-state unfolding be-
havior, revealing monodisperse intact complexes
in micrograph (scalebar = 50 nm) (left). However,
in the same measurement destabilizing conditions
(multistate behavior of the curve) are also found
(right). EM micrographs of this particles in these
conditions reveal a disassembled shell but intact
core components (scale bar = 50 nm).

3.1.1.7 Automation

ProteoPlex experiments are not easy to pipette. To perform high throughput screens
with little amounts of sample, small volumes have to be pipetted. As consequence, the
reagents to be tested and the dye are highly concentrated and need to be dispensed in low
volumes. Further, when mixing a protein containing solution, one can easily introduce air

bubbles which scatter light and result in false values.

These parameters additionally contribute to the inaccuracy in measurement plate prepa-
ration. Therefore, considerable effort was spent to develop a fully automated platform

(see figure 3.9 A), which handles all steps from sample preparation, plate sealing and the
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Figure 3.9: Automation Set-up and Reproduceability. (A) Shown is an image of the fully au-
tomated integrated ProteoPlex solution. It consists of three main parts: 1) A liquid handling robot
(Hamilton), which supplies the main platform on which all other peripheral devices are placed. 2) The
peripheral devices, which are an automated plate sealer (Thermo Scientific) and a RT-PCR machine
(BioRad). 3) A desktop computer (not shown), controls the liquid handling robot, acquisition of un-
folding transitions in the RT-PCR device and data analysis. (B) The robot was set up to pipette the
identical condition of a test protein sample in all 96 wells of the measurement plate. The resulting curves
are shown in original and in normalized form. Although enormous variations in the absolute amplitude
of unfolding transitions are seen for different wells (upper panel), upon normalization one recognizes
that all graphs superimpose well. Typical standard deviations are around 0.5 K in Tm, which is the
temperature inaccuracy of the RT-PCR device. This indicates that the pipetting errors of the liquid
handling robot are lower than detectable by this measurement method. (C) Skilled humans were asked
as well to pipette the identical condition of a test protein sample in 96 wells of the measurement plate.
While the normalized graphs seem to reasonably overlap, a clear variance is visible (note the thickness
of the curves in the beginning of the transition). Typical standard deviations are around 2 K in Ty,.

measurement of unfolding transitions in an automated manner. The developed system is
composed of a Hamilton Starlet liquid handler with 4 pipetting channels, a plate han-
dling arm, a ThermoScientific sealing- and a BioRad Connect RT-PCR device (see figure
3.9 A). The experimenter has to provide sample, storage buffer (i.e. the buffer in which
the protein of interest was purified) and a Sypro Orange dye solution diluted in storage
buffer, which are kept at 4 °C in the course of plate preparation. In a typical screen, the
machine will first pipette a 3-log dilution series of the protein and mix it with dye on a
96-well plate to determine the optimal protein concentration for screening. The plate is
then automatically sealed and placed in the RT-PCR machine, which executes the mea-
surement. Resulting unfolding transitions are automatically analyzed according to the
thermodynamic framework described above and the concentration, which corresponds to
an appropriate signal over background fluorescence, will be chosen as the protein stock
solution to be utilized for screening. Afterwards, a screen of reagents of interest, provided
in a deep well block will be pipetted and analyzed in the same way. It was increasingly
experienced that automated liquid handling is essential for reproducibility (see figure 3.9
B). Even skilled experimenters tend to introduce a variance in pipetting, which would
then falsify results (see figure 3.9 C). The resulting unfolding transitions are normalized

and analyzed as described earlier. The system will provide a suggestion for the addition
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of the respective screening solution to be included in the next round of purification. The
whole procedure takes about 3 h and is ideally re-iterated with freshly prepared sample

using yet another buffer and/or a small molecule ligand screen until convergence.

3.1.1.8 ProteoPlex and Crystallization

Throughout the explained test experiments, electron microscopy was used for validation.
A definite relationship between two-state folding curve shapes and a monodisperse dis-
tribution of particles could be seen. Thus, ProteoPlex can be used as a tool to analyze
samples towards the applicability of single particle cryo EM. However, most structural
biologist still use crystallography as the main method. Thus, correlations between Proteo-
Plex curve shapes and crystallizability were searched. The general Thermofluor approach
is known to give a good correlation between melting temperatures and crystal growth. To
validate that for ProteoPlex I searched the literature for crystallization conditions for the
tested 86 complexes. In only five cases successful crystallization was reported. However,
in those cases strikingly, the obtained ProteoPlex optimized conditions matched almost
perfectly with the published crystallization conditions (see table 3.1).

Table 3.1: Correlation between Crystallization Buffer and ProteoPlex-buffer. For six of the 86

tested complexes published crystallization conditions were found. All of those match with the optimized
result buffer obtained by ProteoPlex.

Protein Complex ProteoPlex optimized buffer Crystallization buffer Citation
EFG-70S  ribosome MES, pH 6.5 MES, pH 6.5 [61]
complex

p97 HEPES, pH 6.8 HEPES, pH 7 [42]

7S Tris, pH 8.0 Tris, pH 7-6-8.2 [228]

65 HEPES, pH 6.8 HEPES pH 7.0 [72]

8S HEPES, pH 8.0 HEPES pH 8.0 [72]
crml-Ran(GTP)- HEPES, pH 8.0 Tris pH 8.0 [128]
snurportin

To further check this correlation, crystallization trials for three of the 86 complexes with-
out known crystallization conditions were performed in the optimized buffer conditions.

Encouragingly, for all of them crystals were found after a short time (see figure 3.10).
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Figure 3.10: Crystallisation Success after ProteoPlex. Three different previously uncrystallized
protein complexes crystallized right away in the ProteoPlex result buffer.

3.1.1.9 ProteoPlex: Data Overview

To test and validate ProteoPlex 86 different complexes were analysed. An overview of all
of them can be found in the tables 3.2, 3.5, 3.3 and 3.4.

Table 3.2: Origin of optimized Samples

Organism group | Number of analysed complexes

Bacteria 10
Plantae 1
Fungi 23
Animalia 47
Archea 1
viral 2

Table 3.3: Sizes of optimized Samples

Number of Chains

Number of analysed complexes

1 (multi-domain)
2to4

5 to 8

9 to 15

more than 15

13
18
19
4

30

Table 3.4: Localization of optimized Samples

Subcellular Localisation

Number of analysed Complexes

Extracellular
Cytoplasmic
Mitochondrial
Nucleoplasmic

7
40
6
31
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Table 3.5: Function of the optimized Complexes

Function Number of analysed complexes
Metabolic enzyme 4
Scaffolding protein 3
Chaperone 7
mRNA-metabolism 25
Transcription )
Translation 6
Proteostasis 6
Subcellular transport | 20
molecular motor 4
Miscellaneous 4

Samples were obtained from all domains of life, and sub cellular localization as well
as sizes. While a small bias towards certain complexes like those involved in RNA-

metabolism can be seen, this is still a sufficient sample to make a few general remarks.
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Figure 3.11: pH Distribution of optimal Buffers. The pH distribution of optimized buffers is
plotted in orange (solid line). Further the distribution of the enlisted buffers from all relevant EMDB
and PDB entrys is shown as dotted lines. While at least one peak of the pdb entries matches our result.
There is no match with the EMDB entries.

First of all looking on the distribution of result pH-values (see figure 3.11) one notices
it to be rather broad and several Gauflian shaped peaks can be identified. Surprisingly,
these peaks are not at the neutral pH but rather slightly acidic or alkaline. To set this in
a context for comparison, surveys on the PDB and EMDB were made. While the crys-
tallization buffer pH-value distribution obtained from the PDB matches the ProteoPlex
distribution quite well, a clear pH-value peak at the neutral range can be seen for the
EMDB-pH values. Similar broad distributions are found for the buffer chemistry and the
additives. As expected there is not one generic buffer system which makes ProteoPlex a

prerequisite for a successful structural analysis of a given complex.
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3.1.2 Modifications of the GraFix methodology

Even if the most stabilizing conditions for a complex can be found using the Proteo-
Plex approach, most complexes are still fragile objects and need to be further stabilized
to withstand the adsorption to the carbon film during grid preparation or the buffer
exchange into a sugar free buffer for vitrification. To assure this the GraFix methodol-
ogy was introduced in 2008. As it was originally introduced, glycerol was used as den-
sity gradient and glutaraldehyde as cross-linking agent. For six different complexes, dif-
ferent crosslinking agents as well as different sugars as densitizing agents were used.
Figure 3.12 shows an example of such a study. Here the same preparation of the

RNA induced silencing complex (RISC) loading complex was used as test sample. The
sample was provided by Stephanie Schell (AG Ficner, University of Gottingen, Ger-
many). Here, the crosslinking agents, glutaraldehyde, N-(p-Maleimidophenyl)isocyanate
(PMPI), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC) and Succinimidyl- 4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) were tested. As seen in the mi-
crograph a homogeneous monodisperse distribition of complexes in the micrograph is best
obtained using the crosslinkers glutaraldehyde and PMPI. As shown previously [120] a
combination of PMPI and glutaraldehyde is beneficial for several RNPs. However, this
cannot be generalized for all complexes and testing available crosslinking agents is es-
sential to find the best preparation conditions. The same result was found for different
density gradient forming agents. While sucrose performs good in most cases, other sugars

may be better suited in some cases.

PMPI <~/ EDC .."" GA -~ SMCC{ib

Figure 3.12: Behavior of different crosslinkers for GraFiz. The RISC loading complex was sub-
jected to conventional GraFix using different crosslinkers: N-(-p-Maleimidophenyl)isocyanate) (PMPI),
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC), glutaraldehyde (GA) and Succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC). In all cases the peak fraction was analysed as
judged by Dot-blot. For PMPT and GA a monodisperse field of view can be seen. For EDC a few aggre-
gates are visible while SMCC produces almost only aggregates. (scalebar = 50 nm)

As shown later (see section 3.3.3), structural analysis of the stabilized PDHc was severely
impaired by classification problems. This hints towards a large heterogeneity in the
dataset. This is either explainable by many differently broken complexes or a continuum

of conformational structural states. Based on the Stark labs work on ribosome dynam-
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ics [52], it is known that lowering the temperature leads to a significant stabilization
of complexes in their thermodynamically favored conformation. However, complexes are
already analyzed routinely at 4 °C in the Stark lab. For further cooling of particles and
enrichment of ground state molecules, a new method termed cryoFix was developed (Ini-
tial experiments towards this methods were made by Florian Platzmann [160]: Solutions
with high sucrose content (> 10% (w/v)) freeze at a temperature below -10 °C, implying
complexes can be cooled down to this temperature without freezing. Unfortunately, high
sucrose content reduces the contrast of particles in the electron microscope. To overcome
this problem, GraFix was again modified. Gradients are cooled here down to -10 °C
during the run. In this way, the complex is slowly cooled to the negative temperature,
populating a ground state and is finally trapped in this state by the cross linking agent.
After centrifugation, the complex can be transferred to 4 °C, the sucrose can be removed
and electron microscopic analysis can be performed by standard procedures. This thesis

contributes to the exploration phase of this by testing several proteins as described.

3.1.3 Chaetomium thermophilum

Even though the number of different conformations in the sample can decrease signifi-
cantly using CryoFix, there can be still too many states to solve a high resolution struc-
ture. Since further cooling below -10 °C without freezing the solution is not possible,
I started working with the thermophilic organism Chaetomium thermophilum. Similar
growth rates of this fungus compared to closely related fungi let assume that dynamics of
the thermophilic proteins at 50 °C should be comparable to the ones of mesophilic organ-
isms at 30 °C. Extrapolating this to 4 °C or even -10 °C, one can assume a low number
of different conformational states for the thermophilic proteins at those temperatures.
Despite this thermal adaptation of proteins, the sequence similarity of most Chaetomium

complexes to human homologs is high.

With this I approached cultivation of the fungus (with kind help of the Hurt group,
University of Heidelberg). Several trials to scale up a shaking flask cultivation up to
a fermenter scale failed initially. The first extracts revealed almost no protein, making
growth conditions optimization necessary. The most important cultivation parameters
were found to be the aeration of the culture and the fermentation time. Figure 3.13 shows
exemplified cells sections at different time points of a fermentation. With increasing time
the cells seem to degrade their cytoplasm, especially if the aeration is not sufficient. A
fermentation time of 16 h was chosen to assure intact cells. The cause for degradation of
the whole cell interior remains still unclear and needs to be further addressed in future

work.
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after 16 h growth after 40 h growth after 64 h growth

-0,

+0,

Figure 3.13: Growth Conditions of Chaetomium thermophilum. The same starter culture was
grown with no and with good aeration. Samples were taken, embedded, dissected and analyzed by electron
microscopy. The EM preparation was performed by Dr. Dietmar Riedel. The empty space visible in the
cells after long fermentation (black arrows) indicates that the cells dissolve with higher fermentation
times especially if no oxygen is given.

With this up-scaling, a total cell mass of 1.6 kg of cells was obtained from a 100 L
fermenter. Standard purification protocols for complexes from human and yeast source
could readily adapted to this new organism. With this, an attempt to purify endogenous
complexes from the fungus was possible. In a proof of principle experiment, a full cy-
toplasm extract was prepared, fractionated by PEG precipitation and density gradient
sedimentation. The results are depicted in figure 3.14. It can be seen that right away in
this initial experiment monodisperse almost pure complexes were obtained and imaged on
the micrographs. Thus, using complexes originating from this fungus could aid structural

investigation.
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Figure 3.14: Test purification of Chaetomium thermophilum complexes. A full cell extract
was prepared from 100 g of Chaetomium thermophilum cells. The extract was precipitated with 10
% of PEG6000. Subsequently, the dissolved pellet was loaded onto a 10-40 % sucrose gradient and
sedimented. The individual fractions were analyzed by SDS-PAGE (lower panel left) and by negative
stain EM. Distinct, mono disperse complexes are visible. In the last fractions (right) clearly ribosomes
are visible. A structural analysis of those resulted right away in the depicted 3D structure, which was
calculated by Wen-ti Liu (lower panel right).
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3.2 Structural and Dynamical Insights into CRM1

The first biological model system I used in this thesis for the analysis of conformational
dynamics was the nuclear export factor CRM1. With a molecular weight of 120 kDa,
CRM1 is rather small for EM analysis and therefore especially challenging.

To fulfil its task, it binds a cargo and Ran GTP in the nucleus, diffuses as complex
through the NPC, releases both upon hydrolysis of GTP in the cytoplasm and diffuses
back into the nucleus. To be able to understand this functional and conformational cy-
cle of CRM1, it is crucial to gain structural insights into the apo-state as well as the
cargo bound state. At the beginning of this thesis, several CRM1 crystal structures with
bound cargo or Ran were already solved [130]. However, there was no insight into the
structure of apo-CRM1. During the course of the work on this thesis, the lab of Ralf Fic-
ner (University of Gottingen) succeeded in crystallizing free CRM1 from the thermophile
Chaetomium thermophilum [129]. Surprisingly, the structure was very different to the
already obtained structures of yeast and human CRM1-cargo/Ran-complexes. While the
complexed CRM1 appears to adopt a closed ring structure, the newly solved apo struc-
ture shows an open superhelical shape. However, crystallization can force molecules in
unflavored conformations. Thus, Electron microscopy analysis was performed to analyze
the conformational variability of CRM1 in solution. This was also repeated with the hu-
man protein. The results of both investigations, which were already published in [129]

and [10], are summarized in the following sections.

3.2.1 Chaetomium thermophilum CRM1

C. themophilum CRM1 was expressed recombinantly in £.coli and purified by Dr. Thomas
Monecke (AG Ficner, University of Gottingen). A full ProteoPlex screen was performed
yielding conditions identical to the successful crystallization conditions (Hepes pH 8.0),
which were used for all further analysis. The protein was subjected to the standard GraFix
procedure and subsequently analyzed by negative stain EM. An exemplified micrograph

is shown in figure 3.15.

A monodisperse field of particle views was obtained allowing standard image analysis
techniques to be applied. 300 micrographs with a pixel size of 1.85 A/ px were recorded
and 31970 particles were selected. To avoid model bias reference-free class averages were
calculated via reference-free alignment using imagic and 2D maximum-likelihood classifi-
cation using relion. In figure 3.15 representative class averages are shown. Already at this
stage class averages can be found that hardly fit into a closed ring structure as the pre-

vious crystal structures suggest. To obtain a valid initial 3D model, several independent
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Figure 3.15: Chaetomium CRM1 Raw Data. Raw data and initial class averages of Chaetomium
CRMI1. Left: A representative negative stain raw micrograph is shown. Right: typical class averages
obtained from the data are depicted by standard classification and maximum likelihood classification.

strategies were used in parallel. Firstly, angular reconstitution was used in combination
with resampling techniques. Therefore, the obtained 1000 class averages were resampled
with replacement into 250 sets of 12 class averages and an angular reconstitution 3D
model was calculated. The resulting 3D models were manually inspected and sorted for
similarity. The very same class averages were also subjected to simple PRIMFE, a software
using a reference-free projection matching approach. Both strategies yielded very similar

3D models. In both cases the same two distinct conformations could be identified.

One model resembles the ring shaped, closed form as known from the cargo complexes
and the other appears to be an open superhelical, pitched structure, which matches the
newly obtained crystal structure model (cp. figure 3.16). Both models were refined until
convergence competitively against the full dataset. To assure the validity of both models,
a cross validation strategy was used. Therefore, the dataset was split into two groups
according to the best fit to one of the two models. Subsequently, images assigned to the
closed ring conformation were refined against the open superhelical model and vice versa.
In both cases the resulting model relaxed back from the wrongly assigned model to the
original model after several iterations. This way, the final models were obtained directly
from the split dataset almost without model bias and can be considered valid. Further
verification of the obtained models could be gained by fitting the previously mentioned
crystal structures into the models as shown in figure 3.16. To remove model bias, the
crystal structures were filtered to a resolution of 20 A. Both models fitted very well to

the crystal structures.
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Figure 3.16: Chaetomium thermophilum CRM1 conformations. Density models of Chaetomium
CRM1 conformations. The resulting two conformations- the compact, closed (grey) and the superhelical,
open (yellow) are shown. In both cases the atomic models taken from the PDB were fitted: for the closed
model PDB: 3gjx and for the open model: PDB: 4fgv

After the validation of the two models, a first approximation of the energy landscape can
be attempted. The distribution of the particle numbers assigned to the model allow an
estimation of the energy difference between the two conformations. 18953 particles were
assigned to the closed ring shaped model and 13017 to the superhelical model. Using
equation 1.1 one can approximate an energy difference of AG = —1.5% corresponding
to 0.7 kg'T. Thus, the energy of the surrounding medium is sufficient to shift the protein

from the one conformation to the other.

To gain a better resolution of the energy landscape, it was attempted to resolve more
conformational states. As the two independent approaches used to find the initial 3D
structures yielded the same two conformations, one can assume that no other major
conformational change takes place. This means that further conformations should only
be intermediates between the known two. To identify those, new reference models were
calculated using a normal mode analysis. This was done using both the obtained EM

structure and the crystal structure respectively as ground state model. Interestingly, in
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both cases the first non-trivial mode! describes exactly the opening movement as it can
be seen in figure 3.17. Interestingly, one of the simulated 3D models from the NMA of
the open superhelical model matches the experimentally gained closed structure almost

perfectly (cp figure 3.17 right)

Figure 3.17: Mode 7 of NMA of CRM1. Mode 7 of the normal mode analysis of CRM1 is shown.
Starting from the open CRMI crystal structure an NMA was calculated. Intermediates of the first non-
trivial mode (mode 7) are shown. On the right the superimposition simulated closed state (orange) and
the experimentally determined closed state (green) is shown.

This further indicates, that the opening and closing of the ring is an energetically favoured
movement which occurs rapidly, because the NMA modes are by default sorted with
respect to increasing energy. To identify intermediate states in the dataset, 10 equally
spaced structures from the NMA trajectory were used as references for a competitive
alignment against the full dataset. To minimize the model bias, structures were calculated
by angular reconstitution from class averages not by projection matching in the first few
iterations. The resulting structures were subjected to three further rounds of projection
matching. Five of the ten tested conformations yielded reasonable structures. Thus, the
13000 closed state particles are split in 7500 closed and 5500 almost closed particles, while
the 18000 which aligned to the open conformation were in three almost equally populated

states (see figure 3.18).

The newly found almost closed conformation of CRM1 is a compact ring structure, which
shows a small but significant gap between the N- and C-terminal regions. MD simulations
performed in the group of Helmut Grubmiiller (Max Planck Institute for biophysical

Chemistry, Gottingen, Germany) support the existence this intermediate.

In general, this more detailed analysis provides a more accurate description of the energy
landscape of conformational transitions. While the various open conformations are mostly
equally populated, meaning there is almost no energy barrier between them, the closed
conformation is slightly higher populated and therefore slightly stabilized. The free energy
difference between the open and the closed state ensemble can now be better estimated

as 0.4kgT = 0.9XL

mol *

IThe first six modes gained from an NMA describe the three possible translations and rotations of the
full molecule. They are thus called trivial since they contain no information on the molecules flexibility.
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Figure 3.18: Energy Landscape C.thermophilum CRMJ1. An approximation on the energy land-
scape of free CRM1 is shown. Ten equally spaced intermediate structures from NMA mode 7 were
produced and all particles images were refined against these models. Particles were assigned according to
the best fitting model. The number of particles in the individual substates is plotted against the state as
conformational coordinate. Further, the free energy was calculated following equation 1.1 to gain a first
estimate on the conformational landscape. For the significantly populated states calculated structures
are depicted.

Even though this energy difference is rather small, it is significant and most probably
important for CRM1’s conformational cycle. Thus, it is necessary to find the molecular
reason for this difference. In principal, it can either arise from an entropic or enthalpic
contribution or for both. Entropically the open state is much more favored since more
different conformational states can be populated. Thus, the energy difference has to be
explained by the enthalpic contribution. Most likely it is the binding energy of the two
termini to each other. The crystal structures determined by Thomas Monecke predict that
the major determinant for the two conformations is a C-terminal helix. This expands to
the NES-cleft in the open conformation, but is folded back to the terminus in the closed

conformation, most likely to facilitate binding of the termini (see figure 3.19 left).

To investigate this assumption, a variant of the protein deleting this helix was produced.
While the helix itself is invisible at the current resolution range, the energy landscape
can still be analyzed. It has to be noted that the overall quality of the sample got much
worse due to the deletion and significant aggregation of CRM1 particles was observed
in the micrographs. Nevertheless, through manual selection of the isolated particles the
full computational analysis could be performed. Here, the resulting energy landscape was
flat, meaning the particles were rather evenly distributed among all of the conformations
(see figure 3.19 right). The deletion of the helix does result in open and closed structures

that do no longer differ significantly in energy, confirming the hypothesis.
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Figure 3.19: Significance of the C-terminal helix. Left: The conformational change of the C-
terminal helix (orange) is shown in the crystal structures. In the open conformation, the helix expands
towards the acidic loop (green) and NES-cleft (blue) while it folds back to the interaction surface between
the termini in the closed conformation. Right: An representation of the energy landscape of free CRM1
with deleted C-terminus is shown. Ten equally spaced intermediate structures from the described NMA
mode 7 were produced and all particles images were refined against these models. Particles were assigned
to the model they fitted best to. The number of particles in the individual substates is plotted against the
state as reaction coordinate. Further, the free energy was calculated following equation 1.1 to gain a first
estimate on the conformational landscape. For the significantly populated states, the refined structures
are shown.

To finalize the analysis, higher order NMA modes were analyzed in the same manner.
This, however, resulted in no significantly different structures. Thus, the energy landscape
of the C. thermophilum CRM1 seems to be almost fully described by the opening and

closing movement, which seems to be purely driven by thermal energy.

3.2.2 Human CRM1

For the human CRM1 the same approach as for the C. thermophilum CRMI1 was used.
However, no good micrographs and class averages could be obtained from the standard
GraFix approach. It was assumed that the conformational flexibility could be the reason
for that. Thus, the previously described (see section 3.1.2) cryoFix method was applied.

With this approach good micrographs and class averages could be obtained (see figure
3.20 ).

For initial 3D models the same methodology as described for the C. thermophilum CRM1
was used. Again, the analysis resulted in two distinct states describing the open and closed
conformation of the protein which look very similar to the obtained C.thermophilum
structure. The only significant difference between the models from the two species is that
the center of the human CRM1 shows significant density while the fungal structures are
empty. After refinement both structures reached a resolution of about 20 A, which is

considerably lower as for the C.thermophilum. Due to the lack of atomic models for the
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Figure 3.20: Human CRM1 Raw Data Raw data and initial class averages of human CRM1. Left:

a representative negative stain raw micrograph is shown. Right: typical class averages obtained from the
data are depicted.

human protein, the X-ray models from the C.thermophilum CRM1 were fitted. Since the
HEAT-repeats are only moderately homologous between the two CRM1 the obtained
poor quality fit was not surprising. To corroborate the correctness of the results, a cross

validation experiment was performed as described for the fungal models.

closed:

Figure 3.21: Human CRM1 Conformations Density models of human CRM1 conformations. The
resulting two conformations - the compact, closed (grey) and the superhelical, open (yellow) are shown.
In both cases the atomic models taken from the PDB were fitted: for the closed model PDB: 3gjx and
for the open model: PDB: 4fgv. On the right the FSC-curves are shown for the respective model. At a
threshold of 0.5 both models have a resolution of about 20 A.

After successful validation of the models, the energy between the two states can be esti-

mated. Curiously, both models are almost equally populated with 19254 in open superhe-
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lical conformation and 22854 in the closed, compact conformation. This ratio concludes
that the energy difference between the two states is minor, suggesting that human CRM1
can freely sample its full conformational space because a significant energy barrier is

missing.

As for the C. thermophilum, the obtained models should be subdivided into sub states.
However, while NMA worked very well for the thermophile CRM1, all attempts towards
this failed for the human CRMI1. This failure is most likely due to the extra internal
mass which stiffens the model at least for the NMA analysis. Thus, the conformational
flexibility was analyzed by applying a resampling approach to the aligned particles. All

of those were refined and are shown in figure 3.22.
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Figure 3.22: 3D-MSA of human CRMJ1. Refined structures from the most abundant 3D-MSA results
are shown. It can be seen that for both states the central density is the major source of heterogeneity.

The results obtained revealed a large number of distinct structures all differing in the
structural appearance of the central density. This explains the finding of the strong central
density that was obtained. It can be speculated that different interactions of acidic loop
and C-terminal helix give rise to this density. This, however, cannot be shown at this level
of resolution. Thus, it can be concluded that both of the two main states sample a large

number of substates which would result yet again in a very flat energy landscape.
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3.3 Structure and Dynamics of the E.coli Pyruvate

Dehydrogenase Complex

The E.coli Pyruvate Dehydrogenase Complex (PDHc) was used as a model system to
analyse the conformational heterogeneity of a large macromolecular complex. With more
than 60 years [107] of research on that complex, its biochemistry is very well understood.
However, almost no structural insights into the complete complex could be gained this
far. Here, I describe the results obtained from structural investigation attempts. This
was done in collaboration with the Tittmann group (University of Gottingen). At the
beginning of this thesis, many PDHc purification protocols were already established and
documented in the literature [0, , |. Since structural investigation often needs
substantial amounts of material, an overexpression strategy was initially developed by
the Tittmann group. However, the overexpression strategy of the full E.coli operon leads
to a nonstoichiometric over abundance of the E3 component which - as shown via re-
constitution attempts - counteracts a regular assembly. To avoid assembly problems, I

started working on purification a strategy of the endogenous complex.

3.3.1 Purification of FE.coli PDH

Research on the PDHc was initiated more than 60 years ago, at a time where no recom-
binant techniques were available. Thus, protocols for a native purification are established
68, , |. However, many of those protocols could not be properly reproduced. This
is most likely due to various chemicals such as polyethylene glycol or protamine sulphate,
required for these protocols, are different in composition and purity. Because of the dif-
ficulties in the exact reproduction of the old protocols, new purification protocols were
developed, taking the old published protocols as guideline. I assumed that the natural
expression of the PDHec will in some way be related to carbon source provided in the bac-
terial medium. Thus, growth curves were analyzed for growing the bacteria in glucose,
pyruvate and acetate. Best growth and PDHc activity of extracts were found for media

containing glucose.

Having established good growth conditions, several cell breakage methods were tested.
While opening cells by sonication or french press results in reduced yields and activ-
ity, grinding of the cells with aluminium oxide provides the highest activities in the

extracts.

Since the PDHc is one of the largest complexes in the cell, a purification strategy based
on precipitation an sedimentation was chosen, because it can be expected that there are

only few possible other complexes in the cell that are of similar size. In this way, binding
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to a matrix while isolating the complex could be avoided, which has proven to damage
numerous other macromolecular complexes, studied in the Stark lab. The final optimized

purification strategy involved four steps:
1. Cell breakage with aluminium oxide using an electrical mortar.
2. Protamine sulphate precipitation to remove most of the ribosomes.
3. Fractionated PEG precipitation.
4. Sedimentation in a sucrose gradient.

The individual steps were performed at 4 °C.

gradient fraction
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Figure 3.23: PDHc Purification. Every step of the purification was shown on an SDS-PAGE gradient
gel (4-15% acrylamid). Thereby, Pps is the dissolved pellet fraction from the initial protamine sulphate
precipitation, Sps its supernatant. The dissolved pellets from the 0-3 % (P(3%)), 3-6 % (P(6%)) and
6-10 % (P(10%)) PEGG6000 precipitation step are adjacent. The dissolved 6-10 % pellet was separated
on a 10-30 % (w/v) sucrose gradient. The gradient fractions are shown. The PDHec-fractions are framed.
The respective lanes were analyzed by mass spectrometry, and identified proteins are marked on the side
of the gel.

In each step, the active fractions were pooled and used for the further steps. As shown
later, this protocol yielded nice monodisperse PDHc as judged by EM. The identity of the
complex was verified by mass spectrometry in the group of Henning Urlaub (Max Planck
Institute for biophysical Chemistry, Goettingen, Germany). The E1, E2 and E3 could
be unambiguously identified. Some preparations, however, contained phage shock protein
A (psp A) in significant amounts that co-purified very well. The micrographs showed no
extra protein apart from the complex. Thus, it is unclear whether psp A is a significant
part of the PDHc under certain condition or an artefact of the purification procedure.
The purified complexes were subjected to ProteoPlex to find optimum buffer conditions
that lead a maximum stabilization of PDHc for structural studies. As a result of the
optimization screen a slightly acidic imidazole buffer pH 6.5, containing magnesium ions
and necessarily thiamin diphosphate (TPP), was determined. Strikingly, the activity of

this optimized complex even increased by 10%.
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3.3.2 Reconstitution Trials

In parallel to the native purification of endogenous PDHc, reconstitution trial were per-
formed. The individual components were expressed and purified by Michael Tietzel re-
spectively Danilo Meyer from the Tittmann group (University of Gottingen, Germany).
Several combinations of the three components in equimolar ratios were incubated for 30
min on 4 °C and then loaded onto a GraFix gradient. The peak fractions were analyzed

with negative staining EM.
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Figure 3.24: Micrographs from PDHc Reconstitution Trials. The reconstitution of the PDHc
was attempted stepwise. Thereby, the individual components were mixed equimolar, incubated for several

hours on 4 °C and loaded on a GraFix gradients. Micrographs of the peak fractions are shown. (scale
bar = 100 nm).

For the E2, linear oligomers composed of the cubic cores were formed even under op-
timized assembly conditions. Only a small fraction of the cores seem to be monomeric
respectively at most dimeric. Thus, most of the material pelleted in the gradient. Sur-
prisingly, the addition of an excess of E1 results in the solution of those aggregates. In
the GraFix gradient, a sharp peak of protein concentration is detectable, and almost no
protein pelleted. This is in line with dynamic light scattering experiments performed by
Michael Tietzel showing the same result. In contrast, the addition of the E3 component
does not have the same effect, even though it binds at the same positions of the E2.
While a mixture of E2 and E3 only forms a small amount of complexes leaving the E2
aggregates intact, the mixture of all components in equal stoichiometry led to fewer ag-
gregates, but still not the homogeneity of an E1, E2 mixture. Thus, a more thorough
search for the right stoichiometry was performed as explained earlier in section 3.1.1.6,
using the newly developed ProteoPlex methodology. The idea was to measure the ther-
mal stability of reconstituted complexes under varying concentrations of E1 and E3 with
constant concentration of E2. The analysis suggests using a stoichiometry of E1:E2:E3
= 16:4:1 or 8:2:1. Those values are way beyond the published stoichiometry for complex
assembly, which are 2:2:1 [168] or 1:1:1 [L67] respectively. When analyzing these Proteo-
Plex optimized reconstitution mixtures on a gradient, a large excess of E1 remains on
top of the gradient, indicating that it was not incorporated into the complex. Further-

more, the complex itself appears in a monodisperse peak in the gradient, indicating a
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homogeneous assembly. If less excess of E1 is used, E2 aggregates appear as extra peak
in the gradient. Thus, one can hypothesize that the E1 acts as a chaperone for the as-
sembly additional to its catalytic function. However, analyzing the resulting particles in
negative stain EM results in a monodisperse field of view. Nevertheless, class averages
looked fuzzy and smeared out, suggesting heterogeneity. Also, the average diameter of the
reconstituted particles appears to be about 10 % smaller than the natively purified ones.
Since the reconstituted PDHec still revealed these structural differences with respect to
the endogenous material, further structural investigations were performed on the native

preparations.

3.3.3 Structural Analysis of E.coli PDH

The natively prepared samples yielded a monodisperse field of view in negative stain as
well as with cryogenic imaging conditions. An example micrograph is shown in figure 3.25.
Class averages were obtained via the classical reference-free alignment approach and the

reference free Maximum-likelihood approach (cp. figure 3.25 right).

reference free class averages

Figure 3.25: PDHc Raw Data and Initial Class Averages. Raw data and initial class averages
of E.coli PDHc are shown. Left: A representative cryo raw micrograph at a magnification of 37000x is
shown. Right: typical class averages obtained from the data are depicted. Class averages were obtained
using the classical reference free alignment (hereby the particles were down sampled by a factor of 2)
and classification approach and via a maximum likelihood (ML) classification approach.

The class averages from both methods do not show distinct, homogeneous densities, ex-
cept for a solid core density. The shell densities are smeared out and not very clear in

most of the averages. This indicates a heterogeneity of the outer shell, which can either
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be compositional or conformational. Additionally, it becomes clear that these cannot be
explained by an octahedral model. Euler angle determination and reconstruction impos-
ing octahedral symmetry clearly reveals an octahedral core surrounded by a shell of fuzzy
density in the 3D structure. This result is incompatible with a defined octahedral sym-
metry for the entire PDH complex which is, however, the current textbook model for
the 3D architecture of the E.coli PDHc. Because of these discrepancies more detailed
computational analysis was performed to identify the correct symmetry. Three different
methods were used to calculate independent initial models from class averages. Firstly,
angular reconstitution combined with resampling was used, imposing different symme-
try constraints. The D2 symmetry produced the most reliable results. The resampling
resulted in several different models. The most reliable one is shown in figure 3.26. Here
a cubic core structure is surrounded by six densities with the appearance of dimers. Ad-
ditionally, simple PRIME was used to generate another independent initial 3D model.
Here, no symmetry was applied and surprisingly the overall symmetry seemed to be D2
again, and the model resembled the angular reconstitution model very well, with the
difference, that no clear core density is recognizable. Lastly, random conical tilt was per-
formed, followed by 3D- maximum likelihood alignment of the resulting volumes. The
overall 3D structure rather resembled a cubic structure with an almost octahedral core.
However, this structure could neither explain most of the obtained class averages nor the
raw particles. This is most likely to the poor 2D classification results obtained from the
data.

angular reconstitution

Figure 3.26: Initial 3D Models of N “*!';;u 7 ‘&;oo ‘ 5%
PDHec. Three different methods were :
used to build the initial model. For an- simple PRIME

gular reconstitution class averages were
resampled and several hundred individ-

ual structures were calculated. Here a & ‘ - L
D2 symmetry was imposed. The simple 90° 90
PRIME reconstruction was obtained

from 250 chosen class averages with random conical tilt
good contrast. No symmetry was im- \

posed. 400 Random conical tilt volumes (s ‘ . \
were calculated from 18000 particle im- - > (’ _ N

90° | 90
ages. An average of those volumes is ‘

shown after 3D-ML-alignment.

All of the structures were used for refinement against the full dataset. However, none
of them proved to be sufficient to give better resolution than 30-40 A. The reason for
that can be found by analyzing the other re-sampling structures. Exemplified two different
structures are shown in figure 3.27, which differ significantly while computed reprojections

seem to be consistent with the obtained class averages. These observations indicate that
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only the core of the PDHc appears to be symmetric and stable while the outer shell
reveals a low level of symmetry (if at all) and a high degree of structural dynamics.

Moreover, the number of different structures is vast and there seems to be a continuum

of different movements on the outer shell. Since core and outer shell seem to move relative

»@w s

Conformational Change

Figure 3.27: Exemplified Confor-
mational Change of PDHec. One
exemplified detectable conformational
change of the PDHc is shown. The two
structures were obtained by resampling
of initial class averages combined with
angular reconstitution.

to each other and the outer shell is also not stable, it is very hard to calculate reliable 3D
structures by standard EM methods. Thus, an attempt was made to potentially reduce
the dynamics of the outer shell by the newly developed cryoFix method. In both cases
20000 particles were selected, mass centred and eigenimages were calculated (see figure
3.28).

Figure 3.28: Effect of CryoFix on the PDHc. The natively purified PDHc treated with standard
GraFix (a) and once with cryoFix (b). In both cases 20000 particles were picked, mass centred and
eigenimages were calculated. While the central portion of the images is symmetric in both cases, the
outer ring only gets symmetric in the -10 °C case.

The eigenimages reveal a higher degree of symmetry, indicating a more stable and sym-
metric arrangement of the outer PDHc shell upon cryo-fixation. While in the 4 °C sample
core seems to be more symmetric component, the symmetry expands over the full the
structure in the -10 °C sample. This itself is already a success for the cryoFix method,
however, the improvement at the level of 2D class averages was still not sufficient to

significantly improve the 3D structure.
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The major limitation in 3D structure determination can clearly be attributed to the outer
shell region of the complex. This can be due to fluctuations in the structure as well as to
inherent compositional differences. Structurally and functionally conformational dynam-
ics are more likely, but also compositional heterogeneity cannot be entirely excluded. The
currently available techniques for in silico purification of heterogeneous datasets are not
sufficient to achieve high-resolution structures due to a very high level of variations in
the particles. Assuming that the purified PDHc is structurally homogeneous and varies
in conformation only, crystallisation may still be possible. Setting up initial crystallisa-
tion experiments gave first crystals indeed. Different crystal forms could be reproducibly
grown. However, no diffraction pattern was obtained yet, but since the crystal forma-
tion requires a homogeneous conformation by default, this could be the way to gain a
high-resolution structure of the PDHec.
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3.4 Structure of the Biomphalaria glabrata Acetyl-

choline Binding Protein

In this section, structural changes with low amplitudes are analyzed. Since these are more
subtle than the high amplitude movements, higher resolution is required already at the
starting point of the analysis. Therefore, I chose an icosahedral object which is known
to refine quickly to sub-nanometer resolution. The Acetylcholine Binding Protein from
the snail Biomphalaria glabrata seemed to be the best model system since the building
blocks of the icosahedral molecule can be expressed recombinantly in E.coli. The fully
assembled complex is smaller than most icosahedral particles but still in an ideal size range
for electron microscopy. The sample was obtained from Jiirgen Markl’s group (University
of Mainz).
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Figure 3.29: Initial Analysis of the Biomphalaria glabrata Acetyl Cholin Binding Protein.
(a) ProteoPlex unfolding curves of the original buffer and the resulting buffer are shown. A shift of
the melting point by 4 °C can be seen. (b) Exemplified cryo-micrograph at a pixel size of 2 A per
pixel is depicted. (c) Representative class averages from the initial analysis are shown. (d) The initial
3D model obtained from the class averages in (c) is shown. Icosahedral symmetry was imposed on the
reconstruction.

In a first step the buffer was optimized using ProteoPlex (see figure 3.29 a). The original
purification buffer was Tris pH 8.0 and resulted in a melting point of 78 °C. The Pro-
teoPlex optimized buffer was BisTris pH 6.8 with a melting point of 82 °C. All melting
curves revealed an ideal steepness indicating high enthalpic stability which is most prob-
ably due to the icosahedral architecture of the complex. After buffer optimization, the
GraFix methodology was applied to stabilize the sample optimally for cryo grid prepa-
ration. Figure 3.29 shows exemplified an resulting electron micrograph (b) and reference
free class averages (c). Facilitated by the symmetry, a first 3D model was readily obtained
via angular reconstitution (cp. figure 3.29d). The structure could be refined to a resolu-
tion of 4 A with only 6000 particles of the 146000 initially recorded particle images. The

structure is shown in figure 3.30.
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Figure 3.30: Refined Model of AChBP at 4 A. The refined structure of the Acetylcholine Binding
protein is shown. The structure refined to 4 A resolution with icosahedral symmetry imposed. The
previously published atomic model (pdb: 4aod) of a penton is fitted. Further, a single asymmetric subunit
was segmented out of the volume and is shown from all sides.

The resolution was further investigated by a local resolution map which is shown in figure
3.31. The inner parts of the pentons are well resolved, reaching a resolution of almost
Nyquist frequency. In contrast, the outer parts are significantly less well resolved. At the
same position, the structure is anisotropic. One can, thus, hypothesize that the outer

parts are rather flexible.

Resolution in A
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Figure 3.31: Local Resolution
Map of AChBP. A local resolution
map was determined by calculating a
local FSC in cowEyes [104]. Since the
map was calculated with gold standard
refinement, the 0.143 threshold was
used. It can be seen that the central
part in blue reaches the Nyquist
frequency while the distal parts of the
structure are less well resolved.

-3.03

-2.50

To resolve this structure better, resampling followed by 3D-MSA was performed to calcu-
late models of different conformations. Three different classes could be identified. Those

were competitively refined against the dataset and two of them refined well to 4.2 and



3.4 Structure of the Biomphalaria glabrata Acetylcholine Binding Protein 113

3.6 A resolution. Subsequently, the dataset was split according to which model the par-
ticle images fit best, and both sub datasets were refined against the initial low resolution

model shown in figure 3.29d. The refined structures are shown in figure 3.32.

Conformation 1

Conformation 2
4 -

Figure 3.32: Conformational Fluctuations of AChBP. The originally obtained data set was suc-
cessfully split in two distinct structures. Conformation 1 was refined to a resolution of 3.6 A, while
conformation 2 reached 4.2 A resolution. Three positions showing significant differences are magnified.

Besides loop movements, which are fast and frequently occurring fluctuations, one can
see contact changes in the beta-sheets that actually usually require substantial amounts
of energy. All those differences are independent of ligand binding since the binding pocket
is unoccupied in both structures. In conclusion, two structures with very high resolution,
which differ minimally but significantly, were obtained from noisy raw images. If indeed
these differences are fluctuation in the structure, it is the first time that such small

amplitude dynamics were visualized.



114 3 | Results




Chapter 4

Discussion

For a long time, single particle cryo EM was not able to reach the resolution of X-
ray crystallography. However, within the last ten years enormous progress was made
in improving the resolution by cryo EM. First atomic resolution models were obtained
for symmetric objects like viruses [224] and chaperons [227]. This showed that indeed
single particle cryo-EM can resolve protein side chain density. Very recently, also the first
asymmetric particle reached atomic resolution. Not surprisingly, it was the ribosome [1].
In the cryo-EM field the recent progress in obtaining high resolution is considered to be
facilitated by the development of direct electron detection devices and a correction for the
so-called beam-induced motion [111, G4]. The latter is the hypothetical effect by which
the specimen moves through melting of its surrounding ice and thus causing drift in the
image. Since the newly developed CMOS-based direct detectors record several frames
per image, it is possible now to account for this phenomenon. Moreover, those cameras
significantly improve through a better detector quantum efficiency and a better SNR.
Though, these two effects are arguably significant, it is hardly believable, that they are
the primary limiting factors. The initial atomic resolution structures did not need any
of these [224, ]. Thus, other factors must be clearly limiting. This thesis approaches
two other possibilities. As for any workflow, errors that arise at the beginning of it are
hardly to be revised later. Thus, I am convinced that sample preparation and sample
preservation is crucial before any analysis. This aspect is discussed in the light of the
gained methodological development in the following section. Once this is assured, the
major limiting factor is from my point of view the conformational heterogeneity which

will be discussed the subsequent sections.

4.1 Methodological Progress

4.1.1 ProteoPlex

Cells are complex in composition and organization. Crowding and micro environments

are a major determinants of their chemical structure. This vast complexity has to be
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reduced for any controlled laboratory experiment. Not surprisingly, almost any structural
study reduces the medium in which the molecule of interest is purified to the absolute
minimum — mostly a buffering substance, a mixture of salts, redox and crowding agents.
Importantly, due to the complexity of the cell, one single generic buffer solution, that
works best for all complexes, does not exist. Each and every molecule needs its own
optimized buffer. In crystallography this is well established. As figure 3.11 shows, the
range of pH values used for successful crystallization covers almost the entire pH range.
In contrast to this broad pH distribution for the PDB entries, the corresponding cryo EM
database (EMDB) reveals a very narrow distribution with a clean peak at pH 7.5. This
discrepancy is already surprising since both methods work best with optimally stabilized

samples.

However, how are the physiologic values? As it can be found in almost any biology
textbook [2141], pH 7.4-7.5 is considered to be physiologic. This, however, is only true for
extracellular fluids like blood. The intracellular pH is considered to be lower with values
ranging from 6.5 to 7.2 [30, 13, , ]. Moreover, in contrast to the extracellular
medium, the pH within cells is much more heterogeneous in correlation with biochemical
activities [30]. The distribution of pH values in the PDB entries even suggests two clearly
distinct peaks - one with an optimum around pH 7.5 and one with an optimum at pH
6.5 within the rather broad distribution.

From these considerations, one would expect to have a strong bias towards extra cellu-
lar protein structures in the EMDB. This, however, is not the case, but many entries
come from the same few molecules - ribosomes, viruses, chaperones, proteasomes and
polymerases. These are known to be rather stable and thus could easily withstand non-
optimal pH. Almost all other entries do not reach sub-nanometer resolution. Thus, one
could hypothesize, that most structural investigation attempts with EM were done with-
out buffer optimization. The reasons for that are twofold. First of all, while structural
integrity is a prerequisite for crystallization and screening for good conditions is manda-
tory to gain any structure, single particle EM can produce incorrect models from any
data. The software tools used do not distinguish between intact particles and broken par-
ticles. Done in a wrong way, EM methods can even generate a well-defined model from
pure noise [35]. This is surprising since the enormous power of EM is that single molecules
are distinguishable and can be judged by their appearance. However, comparing the same
molecule in different buffer conditions by EM can be difficult, because it is a tedious effort

and hardly quantifiable. Until now, no alternative method existed.

Thus, in the first part of my thesis I searched for a new suitable method to screen for
an ideal buffer condition for EM samples. This method should be fast, amenable to high
throughput, and use only cheap equipment and chemicals. Luckily, in the last decade

such a method was already developed. This method termed Thermofluor or Differential
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Scanning Fluorometry, helped to identify buffer conditions suitable for the crystallization
of many single domain proteins quickly by measuring and analysing thermal unfolding
curves of proteins in different buffer conditions.[20]. However, the literature [140] and
even the filed patent on the method [37] disregard its application on larger protein as-
semblies. The argumentation used is that the proteins within complexes will unfold more
or less independently from each other and result thus in superimposed multi-transition
curves, meaning curves with several steps visible. Such curves can be indeed obtained
for very destabilizing conditions. However, these complex multi transition curves can still
be evaluated and explained and do not need to be disregarded. Moreover, even complex
samples with many components can result in much simpler curve shapes. I even found at
least one condition that showed an apparent single transition curve in the assay for every
of the tested 86 complexes. The existence of such cases was also reported recently in the
literature [20, 63]. While single transition curves were not expected in the literature for
complex samples [110], this curve form can theoretically very well arise from cooperative
unfolding of a complex. A fully cooperative unfolding curve can even be analyzed by the
originally proposed method. However, one has to be very careful with that since this orig-
inally described analysis can be misleading. One can imagine a case, where the individual
components of a complex have similar melting temperatures. Thus, the measured signal,
which is the superimposition of the individual unfolding curves of the components of a
broken sample, can appear as single transition curve. To exclude this apparent coopera-
tivity from real cooperativity in unfolding, a new framework under the name ProteoPlex

was developed in this thesis.

Altogether 86 different complexes were tested and highly cooperative unfolding could
be found for all of them, even for the largest ones like the PDHc, the ribosome or the
spliceosome. Nevertheless, it seems very likely that this behavior is not general for any
imaginable protein complex. The antigen-antibody complexes, for instance, used as an
argument in the Thermofluor patent [$7] do certainly not unfold in a concerted manner,
which led to the stated conclusion. However, one can hypothesize that naturally occurring
complexes might have evolved to fold and thus also unfold cooperatively, since this would
guaranty a substantial stabilization. Interestingly, even complete proteomes will unfold
cooperatively [15]. This makes sense, since unfolded proteins often lead to aggregates that
are toxic for cells. In the view of an organism it is favorable rather to destroy the cell,
containing unstable and broken proteins, than to keep it alive. The same argumentation
holds true for complexes. It is better to destroy the whole complex than to have missing

parts.

Nevertheless, the most stabilizing buffer conditions for a given macromolecular complex
do not necessarily reflect the conditions of highest functional activity. One may expect a

complex to be even more active in a buffered environment that does not reflect conditions
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of highest thermodynamic stabilization. Therefore, it was surprising to find that the FE.
coli Pyruvate Dehydrogenase Complex turned out to be more active under stabilizing con-
ditions compared to standard buffer conditions. While a generalization of this statement
is impossible because for most of the complexes studied no straightforward functional
assays are available, it indicates that for this specific case the highest functional activity

and the best structural stability happen to require the same buffer conditions.

If indeed all natural occurring complexes are evolved to fold and unfold cooperatively, we
have found a generic method to identify optimal buffer conditions. The capacity of the
method itself can even be extended. As Thermofluor itself, several additional use can be
found for ProteoPlex. Within this thesis, the potential application towards screening of
stabilizing protein interactors and even a complete reconstitution was demonstrated. The
only limitations towards analyzable samples are membrane proteins. Since the dye heavily
interacts with detergents, extensive background signals emerge. Detergents, however, are
necessary to stabilize membrane proteins. Thus, membrane proteins have to be excluded

for now.

However, a few words of caution with the newly developed methods have to be made. Even
though a quantitative, thermodynamic framework is used within the interpretation of one
screen, the obtained thermodynamic constants are only very rough estimates of the real
values. Most likely, only their order of magnitude is correct. Thus, measuring of binding
constants, as it is possible for Thermofluor, will be hardly accomplishable. This can be
especially critical when pipetting the assay by hand. Therefore, in collaboration with FEI
Company (Eindhoven, The Netherlands) we developed a fully automated platform, which
performs the full screen reproducibly from the purified sample until the identification of

the optimized buffer.

From the broad statistics on pH stability optima obtained by ProteoPlex in this thesis,
one can conclude that the narrow pH range evident in the EMDB raises some questions
about sample stability in present EM structural work by the single particle method.
The strong correlation of sample pH with monodispersity and stability of complexes
in EM images indicates that single particle EM structures might benefit significantly in
resolution and accuracy upon by buffer optimization. In conclusion, by the employment of
the sample optimization workflow presented in this thesis, I envisage a substantial boost

in the functional understanding and structure determination of molecular machines.

4.1.2 DModifications of the GraFix Methodology

A complex in a buffer environment optimized for stability is likely when kept cold. How-

ever, the preparation for electron microscopy can introduce additional destabilizing forces.
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First of all, the complexes bind to a carbon film which is known to provide sufficient forces
to destroy fragile complexes [100]. Moreover, for a cryo grid preparation any sugar has
to be removed from the sample to assure good contrast. However, the required removal
of sugars is well known to destabilize complexes. To prevent this destabilization from
destroying the complex, the GraFix methodology was introduced [100]. This alone was
already a valuable tool for many studies [139, , , 27, 135]. One of the goals of this
thesis was to develop the GraFix protocol further to improve the situation also for very

dynamic complexes.

The dynamics of complexes are tremendously reduced at lower temperatures. At lower
temperatures, the thermodynamically stable complex conformations become most pop-
ulated, as it was shown for the ribosome [52]. Standard GraFix gradients are already
performed at 4 °C. However, since sucrose prevents aqueous solutions from freezing, even
lower temperatures could be used during the GraFix run. As in a standard GraF'ix a cross
linking agent is likely to trap the molecules in thermodynamically stabilized states even
if the temperature is raised again. For human CRM1 and the E.coli PDHc this method-
ology gave significant changes indeed. No good class averages could be obtained from
human CRM1 samples graFixed at 4 °C, while at -10 °C even 3D analysis was achieved.
The reason for that might be that at 4 °C CRM1 is so flexible that a vast number of
different states is found in the sample thus only a few particles from the whole dataset
can be combined to a homogeneous class. At -10 °C, however, the number of different
conformations seems to be reduced and thus they can be averaged better to homogeneous
class averages and are amenable to 3D analysis. The improvement for the PDHc, however
was only detectable in the increased symmetry of initial class averages. Still, this method

could be a valuable tool for many molecules.

4.1.3 Chaetomoium thermophilum

Another very similar concept comes from the use of thermophile organisms. Since the
doubling times of thermophile organisms are in the range of related mesophile organisms,
one can assume that also the protein dynamics are comparable at the living temperature.
Thus, a protein from an organisms living at 60 °C is expected to behave at 4 °C as
its mesophile homologue at -30 °C. This concept has worked well for many prokaryotic
complexes like the ribosome [108] or the ATP-synthetase [115] taken from thermophilic
bacteria. However, thermophile eukaryotes were missing for a long time. Only recently,
the genome of the thermophile fungus Chaetomium thermophilum was sequenced [3].
Starting from a culturing method obtained from the Hurt lab, a fermentation strategy was
developed with this thesis. At culturing conditions, the fungus dies very rapidly leaving

only cell "ghosts". What exact cell biological effect caused this, was not investigated here.
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Nevertheless, shortly cultivated cells were perfectly viable and several endogenous C.
thermophilum complexes were successfully purified from these cells. Interestingly, thermal
stability tests of C. thermophilum complexes indicated that melting temperatures were
not shifted to higher temperatures to the expected extent. Chaetomium thermophilum
enriches its cytoplasm with trehalose [95], which is known to protect organisms from harm
by very low or very high temperatures. Therefore, there seems no need for thermophile

proteins.

Despite this rather unexpected similarity of melting temperatures obtained for mesophile
and C. thermophilum complexes, the conformational dynamics of C. thermophilum com-
plexes as analyzed by EM seem to be much reduced. Such conformational stabiliza-
tions are equally important for high resolution structure determination, indicating why

Chaetomium thermophilum proteins are interesting targets for structural biology.
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4.2 Conformational Landscape of CRM1

CRM1 is one of the major nuclear export receptors in eukaryotic cells. Its cargo spectrum
is extremely versatile and ranges from whole ribosome subunits to factors that are only
a few kDa in mass. During its duty cycle, it binds the small GTPase Ran and its cargo
in the nucleus, diffuses as complex through the NPC and releases both in the cytoplasm.
The binding of Ran and cargo was shown to be highly cooperative while either of them
alone has only minor affinity for CRM1 [158]. Since the binding spots of cargo (the NES
cleft) and Ran (the terminal region) are several nanometers apart, it was not clear how the
signal of binding is transferred through the HEAT-repeat structure. To solve this problem,
an integrative structural approach, employing X-ray crystallography, small angle X-ray
scattering, molecular dynamics simulations and single particle cryo EM, was used. This
thesis describes the electron microscopic analysis of free CRM1 mostly. The main result
of the EM analysis reveals that CRM1 samples a conformational landscape between
a closed ring-shaped and an open superhelical conformation in a ratchet-like motion.
The energy landscape between different open conformations is very flat, implying that
thermal energy is sufficient to drive this conformational flexibility of CRM1. The closed
conformation is only slightly favored and shows a minor stabilization which is, however,
still easily breakable by the thermal energy of the surrounding medium. Newly [129] and
previously [128] obtained crystal structures of open and modelled closed conformations
by the Ficner group (University of Gottingen, Germany) provide structural details of
the two conformations at atomic details. As shown in figure 3.19, the C-terminal helix
of CRM1 expands to the acidic loop in the open conformation transferring a contact
between C-terminus (the binding side of Ran) of CRM1 and the NES-cleft (the cargo
binding side). To investigate the contribution of the C-terminal helix, a deletion variant
was analyzed. The removal of the C-terminal helix leads to a flat overall energy landscape,
where each conformation is almost equally populated. Thus, indeed the backfolded helix
leads to an interaction of the termini. This interaction with the acidic loop does not seem
to be required to maintain the superhelical conformation. Nevertheless, the interaction
as well as the superhelical shape itself sterically hinder the binding of Ran and alter the

NES-cleft preferably into a closed conformation.

In conclusion, to bind either of the two interaction partners, CRM1 has to adopt a closed
conformation. This, however, requires the protein to be more compact to minimize its
flexibility and consequently its entropy. Thus, binding of either of the two interaction
partners to CRM1 is energetically unfavoured. After CRM1 bound either of the ligands,
the closed conformation is stabilized and the second ligand can easily bind. It can be

concluded that the ligands bind rather by a conformational selection mechanism, than
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by an induced fit and can be described as unordered bimolecular reaction. A theoretic

model is summarized in figure 4.1.

Cytoplasm

Figure 4.1: Functional Cycle of
CRM1. The hypothetical functional
cycle of CRM1 is shown. CRM1 can
associate with either Cargo or Ran-
GTP in the nucleus. Both bind with
low affinity. Upon binding by either of
them binding of the other is facilitated.
Thereby, a binding between the acidic
loop (green) and the C-terminal helix :
plays a crucial role. For every stage

of this assembly, crystal structures are = (%Bp% @D ‘/{“ﬂ\/"
available under the listed pdb codes. d e
This figure was kindly provided by Dr. '
Thomas Monecke and Lin-Ta Hsu (Uni-

versity of Gottingen)
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By thermal sampling of the conformational space, CRM1 adopts randomly the closed
conformation. In this conformation, the C-terminal helix is displaced and the NES-cleft
is open. This favors the binding of the two ligands. Upon binding of either of them,
sterical hindering prohibits closing of the NES cleft respectively movement of the C-
terminal helix. Therefore, CRM1 is stabilized in the closed conformation and the binding
of the other ligand is favored. This complex diffuses then in the cytoplasm and both
ligands are released from CRMI1. The structural reasons for the release have yet to be

found in future studies.

All of these findings could be easily obtained from C.thermophilum CRM1, while it was
not possible to determine an energy landscape for human CRM1 by cryo EM analysis
and image processing. In case of human CRM]1 the two extreme states of the movement
were found only. Even though intermediates of those could not be found, many substates
were identified. These involve the interior of CRM1, most likely the C-terminal helix as

well as the acidic loop.

After publication of our findings, two further publications confirmed these in 2013. Dian
et al. [11] analyzed a C-terminal deletion mutant of human CRM1 more closely and were

even able to crystalize it. Their findings, however, are perfectly in line with our interpreta-
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tions of CRM1’s energy landscape. Further, Saito et al. [171] published a crystal structure
of yeast CRM1, which also agrees perfectly with the described interpretation.
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4.3 Structural Investigation on the FE.coli Pyruvate

Dehydrogenase Complex

The pyruvate dehydrogenase complex is one of the pacemaker enzymes in most living cells.
It catalyzes the reaction from pyruvate - the final product of glycolysis - to Acetyl-CoA,
an intermediate for many anabolic as well as catabolic reactions. Thus, its biochemical
significance is documented in all major textbooks [211]. In case of the E.coli PDHc, even
a quaternary structure can be found in all text books following the publication of Lester
Reed and colleagues in the 1960ies [167, , , |. According to the authors, the E2
component forms a cubic core structure which is surrounded by a cubic shell made of the
E1 and E3 component. This interpretation is purely based on the visual inspection and
interpretation of micrographs from the complex. This, however, has never been verified
with modern computational methods and no complete 3D structure is available. One
of the goals in this thesis was to determine the PDHc structure by single particle cryo
EM. Reassuringly, the calculated class averages resemble well the images obtained by
Reed et al.. However, while any kind of symmetry should facilitate the assignment of
projection angles to PDHc class averages, imposing octahedral symmetry led to a well-
defined E2 core but not to an overall symmetrical structure. The symmetrical E2 core
indeed agrees with obtained octahedral crystal structures of the E2 core [123]. However,
the shell consisting of E1/E3 is clearly not in agreement with the assumed octahedral

symmetry.

To analyze the structure of the shell, three independent initial 3D models were constructed
by different methods using the same cryo EM data. Two of them showed features of a D2
symmetry, which was not proposed before. It seems surprising that the symmetries of the
outer shell and the core do not match, since this would mean that the numbers of active
centers of the individual components do not match. However, symmetry mismatch can
also be seen in other complexes like the 26 S proteasome, where a C6 AAA-Protein binds
to a D7 core particle [206]. Moreover, in depth analysis of the EM data revealed several
possible low-symmetry modules that agree well with the EM raw data at low-resolution.
High resolution structure determination was not yet possible probably because of a very
large number of possible conformers present in the same sample. With the current EM
software these conformational fluctuations cannot yet be computationally separated. Any
high resolution PDH structure by cryo-EM will therefore require new methodological
developments related to the improvement of computational sorting of cryo EM images.
Murphy et al. [130] even suggest an hyper flexible structure with no clearly defined
shell. This seems not very likely in the light of evolution since this would slow down a

substrate channeling through the three components. The calculated reconstructions in



4.3 Structural Investigation on the F.coli Pyruvate Dehydrogenase Complex 125

this thesis always contain a fully connected shell structure which seems to be rather
flexible. It remains to be determined how this PDH shell is organized in detail. Since the
E1 and the E3 bind to the same position on the E2, there is also the possibility that
the observed heterogeneity does not come as a result of a considerable conformational
flexibility. It could also equally well explained by a more or less random assembly process
with various different stoichiometries. Assuming that this is true and each of the 24
subunit binding domains of the E2 core is bound by a random shell component (E1 or E3)
would already give rise to several thousand different possible configurations. This random
assembly however, was never seen for any other macromolecular complex so far. It would
be certainly entropically favored but give rise to inhomogeneous catalysis results which
is unlikely for such an important pacemaker enzyme. Moreover, the fact that crystals
were obtained from purified PDH speaks against this hypothesis. Complex mixtures of
PDHc in different configurations would hinder crystallization quite tremendously. Thus,
a very dynamic nature of the complex is currently the most likely explanation for the
failed attempts towards a high resolution structure by cryo EM. Nevertheless, further
structural investigations and different approaches like single molecule spectroscopy could

shed light on this puzzling molecule.
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4.4 Conformational Flexibility of the Biomphalaria
glabrata Acetylcholine binding protein.

For CRM1 tier-0 movements could be successfully analysed (cp figure 1.5). To demon-
strate that also tier-1 and 2 movements can be analysed, the icosahedral Biomphalaria
glabrata Acetylcholine Binding protein was chosen. A 6 A structure was already avail-
able at the beginning of this project [178]. To gain such high resolution, the molecule
has to be rather static and thus significant tier-0 movements can be excluded. In a first
attempt to solve the structure after sample optimization and imaging in a high-end mi-
croscope resulted already in 4 A resolution. This improvement was possible by optimized
buffer conditions using the ProteoPlex methodology in combination with stabilization
by GraFix. Of note: Often concerns about the restriction of attainable resolution are
raised on conferences (personal communication with Professor Dr. Holger Stark). Here it
was shown for the first time that atomic resolution is achievable for a grafixed sample.
However, at first 4 A resolution seemed to be a hard barrier for any refinement attempt.
Even using a lower pixel size that is required for higher resolution structures did not
help, and these structures also converged at 4 A resolution. This was a good indication
for the sample itself being the resolution limiting factor possibly because of dynamic
conformational fluctuations present in the molecules of the dataset. In an attempt to
address possible conformational fluctuations resampling techniques and 3D-MSA were
used. Thereby, three conformations could be identified. Upon refinement, two of them
converged to well defined, and distinct structures and small fluctuations became visi-
ble. Mainly loop but also [-sheet rearrangements were found. This is the first time that
such small fluctuations could be visualized by cryo EM. The more populated structure
even improved to a resolution of 3.6 A which is already a first validation for the sorting

procedure.

Unfortunately, this approach is not able to identify all possible structures and define an
energy landscape. Since it is based on stochastic resampling results emerge randomly and
not the full spectrum of movements is likely to be identified. Therefore, it is a challenge
for the future to develop better methods that are able to analyze all possible movement

parameters.



Chapter 5

Summary and Outlook

As shown in the recent literature (e.g. [1, 121]) and in this thesis, high resolution struc-
tures are obtainable by single particle cryo EM. To reach that, a fully intact sample is the
absolute prerequisite, which most likely also the biggest hurdle. However, as also seen in
this thesis, even a fully optimized sample can still impair structural analysis by confor-
mation fluctuations. To still be able to gain high resolution information the sample has
to be analyzed regarding its conformational energy landscapes comprising of all possible
conformations. This is still a demanding challenge for cryo EM. Even though many ap-
proaches exist, none of them seems to work genericly for any given problem and clearly
new developments at all steps of the single particle cryo EM workflow are necessary to

aid this analysis.

Here, especially sample optimization techniques were demonstrated to improve the qual-
ity of the obtained 3D structure. The newly developed ProteoPlex method is a great
advance for structural biology. By stabilizing the sample effectively, it can alter projects
from hopeless to promising. This technology can be improved further. For example, mem-
brane proteins can currently not be analyzed, since the dye interacts with the detergent
required for stable membrane protein preparations, resulting in a complex background
signal that cannot easily be subtracted. Further, more information can be extracted from
unfolding experiments. While monodispersity is only inferred through a ProteoPlex ana-
lysis, the technology could be extended by directly monitored during the course of the ex-
periment by adding light scattering measurements. Also, the improvements upon GraFix
can be further developed to have a complete toolkit for the stabilization of macromolec-
ular complexes. More sophisticated strategies could be used. For instance, using more
specific crosslinking agents or a complex mixture would be imaginable. Additionally, the
usefulness of the thermophile eukaryote Chaetomium thermophilum towards structural
biology was demonstrated in this thesis. However, the biology of the fungus is not entirely
understood, and even the trait that makes its proteins withstand high temperatures is
not clear. More investigations towards a deeper understanding in the fungus itself have

certainly to be made.

127
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With this work, the structural determinants of CRM1’s allosteric binding of ligands were
elucidated. However, there are still structural questions remaining. The direct interac-
tion of CRM1 with the nuclear pore components, for instance, is structurally unknown.
While the assembly of CRM1-export complexes seems to be spontaneous, the disassem-
bly is supposed to require cytoplasmic components of the Nuclear Pore Complex such as
NUP214. A structural investigation on this might give insights into the disassembly of the
complex. Moreover, CRM1 binds an enormous cargo spectrum and most of the structural
analysis was made on only a few examples. In particular for large cargoes like ribosomal
subunits the binding mode might be different and therefore represents a very attractive
target for future studies. According to the current level of understanding, CRM1 moves
cargoes similar to a tugboat through the NPC, which is hardly imaginable for larger

cargoes.

The pyruvate dehydrogenase complex is still a puzzling object especially since many open
questions could not be answered within this thesis. However, the obtained crystals might
lead to first structural insights in the near future. Additionally, the soft preparation
techniques used for the preparation of the bacterial PDHc can be readily adjusted for the
purification of eukaryotic PDHc. While its structure and overall architecture are much
better understood, also no high-resolution structure is available. In this case the proven

icosahedral symmetry may facilitate this. Also, this should be elucidated.

As the era of atomic resolution structures has begun recently for single particle cryo EM,
more structures will emerge, asking for improved tools to handle conformational flexibility.
This thesis demonstrated that slight conformational movements in the range of a few
angstroms can be resolved by cryo EM. However, to gain insights into a conformational
landscape to get physical values, a more systematic approach has to be followed. Modelling
aided by normal mode analysis worked well in the case of CRM1 at low resolution. It
should be investigated in the future whether it will also improve high-resolution structural

investigation.

In summary, single particle cryo EM has emerged as an exciting field of research. With the
new developments, it became a competitive method for crystallography and with more
technical developments ahead and the developments made in this thesis it might even
become the leading method for the structural investigation of large proteins and protein

complexes.
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Abbreviations

1D one-dimensional

2D two-dimensional

3D three-dimensional

AAA-+ ATPases Associated with various cellular Activities
AChBP Acetyl Choline Binding Protein

AFM Atomic Force Microscope

ART algebraic reconstruction technique

ADP Adenosine di phosphate

AMPPCP 5’-adenylyl (8, y-methylene)diphosphonate
AMPPNP Adenosine 5 (f3, y-imido)triphosphate
APC/C Anaphase promoting complex /cyclosome
ATP Adenosine tri phosphate

BgHb Biomphalaria glabrata hemoglobin

CCC Cross Correlation Coefficient

CCD charge coupled device

CCF Cross Correlation Function

CD Circular Dichroism

CMOS complementory metal oxide semiconductors
CoA coenzyme A

CPU central processing unit

CPV Cytoplasmatic Polyhedrosis Virus

CRIME CRM1 - Importin f3 etc.
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CRM1 Chromosome Region Maintenance factor 1
cryo EM electron cryo microscopy

CTF contrast transfer function

DDD direct detection device

DFT discrete Fourier transformation

DHFR Dihydrofolate reductase

DNA Desoxy-Ribonucleic Acid

DQE Detector Quantum Efficiency

E3BP E3-binding protein

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)
EM electron microscopy

EMDB Electron Microscopy Data Bank

ER endoplasmatic reticulum

FAD Flavin adenine dinucleotide

FEG Field Emission Gun

FEL Free-Electron Laser

FRC Fourier ring correlation

FRET Foerster Resonance Energy Transfer

FSC Fourier shell correlation

GFP green fluorescent protein

GPU graphical processing unit

GraFix Gradient Fixation

GST Gluthathion-S-transferase

GTP Guanosine tri phospate

HEAT Huntingtin, elongation factor 3, protein phosphatase 2A and TOR1
HIV Human Immunodeficiency Virus

IR Infrared

MD Molecular Dynamics



III

ML Maximum Likelihood

MRA multi-reference alignment

mRNA messenger Ribonucleic Acid

MSA multivariate statistical analysis

MTF modulation transfer function

NAD Nicotinamide adenine dinucleotide

NES nuclear export signal

NMA Normal Mode Analysis

NMR Nuclear Magnetic Resonance

NPC nuclear pore complex

PCA principal component analysis

PDB Protein Data Bank

PDHc Pyruvate Dehydrogenase Complex

PhCTF phase contrast transfer function

PMPI N-(p-Maleimidophenyl)isocyanate

PSF point spread function

psp A phage shock protein A

RCT random conical tilt

RISC RNA induced silencing complex

RNP Ribonucleo protein

RT-PCR Real time polymerase chain reaction

SART simultaneous algebraic reconstruction technique
SDS-PAGE sodium dodecyl sulfate- poly acryl amide gel electrophoresis
SIRT simultaneous iterative reconstruction technique
SMCC Succinimidyl- 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
SNR Signal-to-Noise-Ratio

snRNP small nuclear Ribonucleic Protein

SSNR spectral Signal-to-Noise-Ratio
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TEM transmission electron microscope
tRNA transfer Ribonucleic Acid
TPP thiamin diphosphate

UV-Vis Ultraviolett - visible light
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