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Abstract

We are constantly exposed to radiation in some form or another from our
environment. High frequency electromagnetic radiation, including
ultraviolet light and X-rays, cause damage to living organisms due to
ionization events. Microwaves are known to cause heating and may also
induce non-thermal effects in living organisms. It is therefore important
to distinguish between thermal and non-thermal effects of microwave
radiation and provide evidence for their biological effect. In this thesis we
use light scattering to show that microwaves have a non-thermal
functional effect on a protein complex called microtubules, which are
biological nanotubes that stretch for several microns in length in
eukaryotic cells. We also use X-ray scattering to measure whether or not
microwaves cause a structural perturbation to microtubules in solution.
Finally, this thesis examines the potential of coherent diffractive imaging
at an X-ray free electron laser for single-particle imaging of biological
fibres, including microtubules.
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Chapter 1

Introduction

1.1 Electromagneticradiation

Electromagnetic radiation (EM) is a form of energy emitted into
space by natural sources such as the sun. Electromagnetic radiation
encompasses a broad spectrum of frequencies including infrared light,
radio waves to ultraviolet light and X-rays to gamma rays. Some of this
radiation emitted mostly by the sun reaches our atmosphere while most
of the harmful radiations such as ultraviolet rays are prevented from
reaching the atmosphere by the ozone layer. As all types of radiation
travel in waves we can measure their wavelength and hence the type
of radiation.

Electromagnetic radiation encompasses a broad range of frequencies
(Figure 1.1) but electromagnetic radiation in the gigahertz frequency
range lies between the super high frequency band (3-30 GHz) and the
far infrared band (20 THz to 300 GHz). For the purpose of this thesis
most of the work has been done with a frequency of 20 GHz. In the
literature several names are employed to describe the same parts of
the EM spectrum but for coherence and simplicity, from hereon |
refer to the electromagnetic spectrum concerning this frequency as
microwaves.
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Figure 1.1: Electromagnetic spectrum (Adapted from http://www.space-
exploratorium.com/electromagnetic-spectrum.htm)

The energy of GHz photons is several orders of magnitude below that
required to ionize or remove valence electrons from biological
molecules, which is typically in the order of several electron volts (eVs).
Hence these “G-rays” or gigahertz waves are referred to as non-
ionizing radiation. It is important to distinguish between ionizing and
non-ionizing radiation because these different domains have different
effects on biomolecules. The fundamental difference between ionizing
and non-ionizing radiation is that the ionizing radiation carries
photons with enough energy to cause ionization effects on water and
biomolecules. In contrast non-ionizing radiation does not destroy
interatomic bonds and therefore do not lead to chemical
transformations.

In 1975, Herbert Frohlich proposed that energy in cells was not
thermalized but instead stored in molecular vibration modes. He
hypothesized that coherent dipole vibrations generate an
electromagnetic field that is used for long-range interactions®. Fréhlich
was farsighted in his approach, in that he proposed that biomolecules
possess metastable states with high dipole moment. These molecules
with high dipole moments could be stabilized by deformations and
through displacement of counter ions. There is a possibility that such a
molecule will be lifted to its metastable state on application of
electric fields?3. This hypothesis is known as the Fréhlich’s hypothesis.
Subsequent to this prediction several studies have been conducted
over the years claiming to either prove or disprove this hypothesis
which has been a subject of intense debate.

Radiation in the regime between 30 and 300GHz is used as a non-
invasive complimentary medicine against a variety of diseases such as
gastric and duodenal ulcers, coronary artery disease, chronic non-
specific pulmonary diseases, traumatism and tumors*®. In most of



these studies the most commonly used frequencies in therapy are
35, 42.2, 53.6, 61.2 and 78GHz!*,

One interesting application has been the use of low-intensity
electromagnetic waves in pain therapy. Clinical trials on the effect of
millimeter wave therapy have shown that there are detectable signs of
pain relief after several minutes of exposure and lasted for several
days®. In this study the characteristic feature of the pain-relief effect
was due to the immediate onset of analgesia upon application of
millimeter waves®. Other studies have shown the influence of
millimeter waves on the immune system where trials were
performed on patients whose immune system was affected®!?
However the side effects of such a treatment is still a concern as the
claim of several authors that the frequencies of 45.2, 53.5 and 61.2
GHz possess therapeutic effects is not verified by sufficient data®*3.

Apart from being used in medical applications, these millimeter
waves are being used in traffic and military applications and also have
expanding applications in the high resolution and high speed wireless
technology®!*. Due to the increasing usage of this frequency domain
in a wide variety of applications, investigations into the biological
effect of this radiation have gained more interest.

1.2 Why study the effect of electric fields?

Oscillating electric fields at certain frequencies, especially in the
range of 30 and 300 GHz are known to cause an increase in cell
temperature, thereby hindering or influencing biological processes such
as cell growth. Apart from the temperature related changes, there is
thought to be a second kind of biological effect on exposure to electric
fields although the literature is contradictory at this point >/,

To test the non-thermal effect on biological subjects several
experiments have been performed, in particular between the
megahertz to terahertz frequencies since they are used in a wide range
of industrial and domestic applications®%. In a very early study
conducted by Devyatkov in 1974, he showed that low- intensity
radiation between 39-46 GHz when applied on yeast culture promoted
the growth of the colony?’. In this study he concluded that the
effect of millimeter wave radiation was frequency dependent as well
as on the time of exposure and most importantly it was claimed that
the applied power had a weak effect. Another study showed
suppressive effects in Escherichia coli when the culture was exposed
to millimeter waves for 1 hour each day for several days?2. Similar
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suppression effects were observed in other bacteria such as
Clostridium sporogenesis and Clostridium histoliticum and showed a
decrease in size and alterations in metabolism?®. These results have
been disputed by researchers in other laboratories.

A more recent study (2013) to verify the Frohlich theory, was
performed to evaluate the effect of terahertz radiation in human cells
where the cells were exposed to time periods of upto 6 hours and
multiple 3 hour periods and evaluated over several days. The results
showed that human epithelial cells and embryonic stem cells were
unaffected by terahertz radiation?. By contrast in another study by
Bock et al”®> on mouse stem cells which were subjected to long-term
(> 9h) exposure at 10 THz it resulted in altered levels of gene
expression which eventually led to cellular reprogramming.

Both the recent results and those collected in the early part of the
70’s both show the inconclusive nature of the research. This could be
due to several factors associated with the choice of
measurement techniques, choice of organism, molecular composition
of the cell and on the parameters of the electromagnetic field itself.

1.3 Possible interaction of electric fields with
proteins in solution

Proteins are biological macromolecules comprised of one or more
polypeptides. They play many critical roles and are required for the
structure, function and regulation of different cells and tissues in the
body. Their biological activity sometimes depends on their
conformational state. Changes in protein conformation may affect their
function and several downstream processes such as signaling
pathways, recognition of different molecules, cell proliferation etc.
Several factors can affect or alter the conformational state of a
protein, such as changes in the temperature, pH or conductivity
(measure of a solutions ability to conduct electricity). This may cause
the protein to lose its native conformation and unfold the polypeptide
chain. Since protein function is tied to its structure (although there are
recent reports of disordered proteins with function??’) protein
unfolding has debilitating effects on several cell functions.

Electric fields could interact with biological matter through several
means. They may act on atoms, ions, molecules, water, proteins,
membranes and cells. These may be stand-alone interactions or
combined effects. The extent and mechanisms by which electric fields
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initiate these interactions and the energy required to affect biological
processes is a subject of intense debate and speculation®*,

An electromagnetic field acting on any particle or point in space and
time can be described by two vectors E and B. These vectors are
defined as the measurable strength of the electric field and magnetic
flux density respectively. The force acting on a charged particle due to
an electric field is called Coulomb force; while the force due to
magnetic flux acting only on moving charges particles is called
Lorentz force. When two oppositely charged particles, positive and
negative, are separated by a small distance it results in an electric
dipole. Similarly, a magnetic dipole arises due to the movement of
charges in a closed loop. All these forces may act or influence the
arrangement of charged particles.

A system consists of a specific number of positively charged protons
and negatively charged electrons. The charge separation within this
system results in an electric dipole moment. When an external
electric field is applied to a charged particle, the dipoles experience
a torque resulting in rotation. This rotation of dipoles expends energy
which produces heat due to friction with other atoms. Hence,
dipoles align with external fields thereby resulting in the alignment of
molecules.

Proteins contain distinct magnetic and electric dipole moments
which interact with external fields. Externally applied fields could act
on the charges held by a protein®!. There are theoretical predictions
and experimental results showing changes in protein confirmation3>*3
when an external field is applied. Studies on B- lactoglobulin protein
by Bohr et al.,** have shown that alternating electric fields at 2.45GHz
enhances the kinetics of the folding process of globular proteins and
they claim that it is a non- thermal effect. It was postulated that the
cause of this effect could be excitation of collective intrinsic modes in
the protein. It was also shown by Copty et al.,*>% that the effect of
microwaves on the fluorescence of green fluorescent protein was far
greater than could be explained solely by heating. A study by Porcelli
et al*’., on enzymes shows non-thermal irreversible inactivation after
exposure to 10.4 GHz microwave radiation. There are also reports of
electric field slowing down refolding in myoglobin due to microwave
exposure®. Studies that claim low-intensity electric fields can induce
non-thermal heat shock response in Caenorhabditis elegans were
retracted!®3® due to power loss within the Transverse Electromagnetic
(TEM) cell resulting in warmer temperatures than the controls?°.



1.4 Cytoskeleton

The cytoskeleton is an important component of cells universally
present in prokaryotes, eukaryotes and archaea (Figure 1.2). It
provides structure to the cell and helps maintain its shape and internal
organization while also providing mechanical support to the cell. The
cytoskeleton contributes to the cellular architecture and transport
system by governing large-scale cell organization and providing
communication lines extending throughout the cell. Apart from its role
in transporting different cellular components, the cytoskeleton is
involved in many cell-signaling pathways, uptake of extracellular
material, cellular migration and plays a vital role in segregating
chromosomes during cell division. However, role and structure of
cytoskeleton can vary greatly depending on the organism, cell type and
cell cycle stage.

Figure 1.2: Microtubules of an eukaryotic cell labelled with GFP (green);
nucleus is stained blue (Adapted from
http://lifeofplant.blogspot.se/2011/05/cytoskeleton.html)

The cytoskeleton is comprised of a network of several different
components working together to perform a wide variety of tasks in
the cell. These components comprise three different filamentous
macromolecular protein structures namely microtubules,
microfilaments and intermediate filaments. Microfilaments, the
narrowest of the three filaments, are fine thread-like fibers mainly
composed of actin. Actin is the most abundant cellular protein; it is
essential in endocytosis, cellular motility and also responsible for
contraction in muscle cells. Intermediate filaments are usually strong
and rope-like structures which work in tandem with microtubules
providing tensile strength to these delicate structures. Microtubules,
the thickest type of the cytoskeletal fibers, are the focus of this thesis
and are described below.



1.4.1 Microtubule structure and function

Microtubules are rigid hollow fibers, approximately 25nm in diameter
and can grow as long as 50 um. They are composed of a globular
protein called tubulin. Microtubules are polymers, the repeating
subunit being a dimer of a- and B- tubulin proteins. While distinct
these tubulin proteins nevertheless have extremely similar tertiary
structures and a high degree of homology across species®.
Longitudinal polymerization of tubulin dimers forms protofilaments
which in vivo usually interact laterally to form an assembly of 13
protofilaments as shown in Figure 1.3. The protofilaments are
arranged in a parallel manner and are polar structures with two
distinct ends: a fast- growing plus end and a slow- growing minus
end41—43.

B-tubulin o-tubulin

Figure 1.3: Structure of a microtubule (The cell, Fourth Edition, Figure 12.42) © 2006 ASM
Press and Sinauer Associates, Inc

1.4.2 Microtubule Dynamics

Tubulin dimers can polymerize and depolymerize in favorable
conditions®. Therefore, microtubules can undergo rapid cycles of
assembly and disassembly as shown in Figure 1.4. Guanosine 5’-
triphosphate (GTP) has been shown to regulate microtubule
polymerization. While both a and B tubulin monomers can bind GTP
but only GTP bound to B-tubulin is hydrolyzed to GDP shortly after
assembly. GTP hydrolysis on the tip of a microtubule reduces the
binding affinity of tubulin to new dimers and increases tubulin
dissociation rate resulting in depolymerization. This dynamic behavior
in which tubulin dimers bound to GDP are rapidly lost from the

7



minus end and replaced by new tubulin dimers with GTP to the plus
end contributes to one dynamic feature of microtubules known as
treadmilling. This can be modified in vivo by proteins that bind and
either stabilize or destabilize either end. The second and defining
dynamic feature of microtubules is called ‘dynamic instability’ and is a
result of a special property of the microtubule plus end, first reported
by Tim Mitchison and Marc Kirschner in 19842, When a tubulin subunit
is incorporated to the plus end, GTP is eventually hydrolysed. This
hydrolysis is thought to change the tubulins structure such that lateral
interactions with neighboring protofilaments are less favored, resulting
in strain in the microtubule lattice. However, a stabilizing region of GTP
tubulin remains at the plus end, known as a microtubule cap, which
prevents depolymerization. This cap is stochastically lost in individual
microtubules, resulting in a rapid depolymerization event known as a
‘catastrophe.” Because of this property, shrinking microtubules can
exist in a population of microtubules that are mostly in a growing phase.
Dynamic instability can also be modified by proteins that interact with
microtubules. Furthermore, numerous drugs bind tubulin and modify its
assembly properties. This interference can stop the cell’s cycle which

eventually results in apoptosis.
Tubulin '

polymerization ’
Tubulin . \

depolymerization “
Microtubule “ Tubulin
dimer

Figure 1.4: Tubulin polymerization and depolymerization

1.5 Synchrotron and XFEL radiation

To study microtubules, you need powerful sources of X-rays. Electrons
travelling close to the speed of light can emit synchrotron radiation
when their direction of motion is changed by a magnetic field.
Utilizing synchrotron radiation requires particle accelerators that can
both accelerate the electrons close to the speed of light and use large
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magnets to change their direction. A circular ‘ring’ design allows X-rays
to be generated at each shift in direction and every time the electrons
circled this ring. Since the electrons are ‘stored’ within this ring it is
called the storage ring. The first generation synchrotron facilities were
developed in the 1960’s. Since then technological developments in X-
ray generation increased the intensity and brilliance of these sources
enabling biomolecules to be studied in atomistic detail.

In the second generation synchrotron sources, radiation was
produced by both bending magnets and high magnetic devices
known as wigglers. Further advancements in technology and
optimization of these magnets or wigglers saw them placed in
straight sections of a storage ring. The resulting increased brilliance
resulted in the third generation and current synchrotron sources such
as the European Synchrotron Radiation Facility (ESRF) in Grenoble,
Advanced Photon Source (APS) in Chicago and the Swiss Light Source
in Villigen. MAXIV Laboratory in Lund, Sweden is the next version of
synchrotrons and so is a 3.5 generation facility. Along with the
development of the light sources, advancements in detector
technology have made it possible to obtain faster read-out times
and better image resolution.

Part of the work described in this thesis (PAPER Ill and PAPER lI)
involves work carried out at Swiss Light Source and MAX I
(decommissioned) in Lund which is now wupgraded to a 3.5
generation facility which will be one of the brightest sources of its
kind. The work carried out in this thesis required the use of such X-ray
sources due to their high flux and brilliance.

To image a polymer like microtubule which is used in this thesis, the
quality of the light source is also important as well as getting as much
light as possible on the sample per unit area and time.
Furthermore, a stable X-ray source is crucial to obtain accurate data
in difference WAXS experiments and it is possible because of the
availability of synchrotron sources.

Another focus of this thesis requires the use of fourth generation light
sources called X-ray Free Electron lasers (XFELs). XFEL's are a billion
times brighter than synchrotrons and also have different properties.
XFEL’s can provide coherent femtosecond pulses that contain 10'*-10*2
photons per pulse focused to ~1um spot size.



X-FEL’s enable us to take atomic scale motion picture of a chemical
reaction in time scale of a few femtoseconds (1 fs=10° sec) or to
unravel the complex molecular structure of a single protein or
virus. The extreme peak brilliance coupled with the short pules
lasting just few tens of hundreds of femtoseconds in duration enables
us to visualize ultrafast protein structural dynamics on the
femtosecond-to-picosecond time scales. Furthermore, a major goal of
XFEL is to produce atomic level resolution of single particles,
although no structure has yet been determined. Another important
breakthrough accompanying XFEL development are the advancements
in detector technology. The Cornell-SLAC Pixel array detector (CSPAD)
is an integrated hybrid pixel array detector at the coherent X-ray
imaging (CXI) beamline at LCLS****. The CSPAD detector has been used
in many experiments involving serial femtosecond crystallography and
time resolved solution scattering®®!. The European XFEL which is
expected to be commissioned in early 2018 will have a repetition rate
of 27 kHz>? and to capture this train of pulses, detectors like the
Adaptive Gain Integrating Pixel Detector (AGIPD) for single particle
imaging and the Large Pixel Detector (LPD) for Femtosecond-X-ray
experiments have been developed which will have a repetition rate of
4.5 MHz®. These advancements in XFEL technology creates new
opportunities in not only life science but also in other branches of
science from material physics to study the extreme states of matter
such as plasma to chemists studying the dynamics of bond
breakage>*>.

One problem associated with XFEL radiation is that the energy is so
high that the X-ray dose delivered to a protein sample from a single
shot will destroy the sample before an entire dataset can be
collected or a series of meaningful rotations performed to obtain
interpretable data. However, before the crystal explodes, it will
produce a meaningful diffraction pattern. Neutze et al., in 2000
performed molecular dynamics simulations to demonstrate there was
a lag time on the order of femtoseconds after initial X- ray dose
before the protein structure has time to respond and reflect the
radiation damage®®. This is called “diffraction before destruction” and
forms the basis for structural biology experiments at an XFELY.

Small- and wide-angle X-ray scattering (SAXS and WAXS) are two
powerful techniques that are used to study the structural dynamics of
proteins in solution. Both SAXS and WAXS are used to measure non-
crystalline samples, thereby alleviating the need to have a protein
crystal which can sometimes take years to obtain. SAXS provides
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structural information in the small angle (~0.3-4°) region of the
scattering pattern providing information in the low resolution (10A —
250A) directly related to the shape and size of the molecule. SAXS
experiments typically require relatively small amounts of protein
sample but require a homogeneous dilute solution in a near
physiological buffer. SAXS makes it possible to investigate large
protein complexes and intermolecular interactions including
assembly in real time®’. There have been major improvements in
data collection routines, modern detectors offering better signal-to-
noise ratio and also the possibility to perform time-resolved studies®.
Data analysis has vastly improved with user friendly software packages
available for structural reconstruction from the one dimensional SAXS
profile®®1,

WAXS, similarly to SAXS, produces a diffuse scattering pattern but at
wider angles (~3 - 20°). However the WAXS regime scatters X- rays to
a much smaller extent than the SAXS regime and hence requires high
concentrations of protein sample. The distance from the sample to the
detector is shorter and therefore the diffraction maxima at larger
angles are observed. With the advent of third generation X-ray
sources which are capable of providing high energy X-ray beam has led
to solving structures to high resolution (~2.5A)%2 in combination with
other techniques. WAXS is a complimentary technique to
crystallography and NMR and can be used indirectly to test structural
models, identification of structural similarities and possibly identify
novel folds within proteins®.

11



1.6 Scope of the thesis

In this thesis, | have used light to study the effect of microwaves on
tubulin polymerization and X-ray scattering to study if there are any
structural effects on microtubules on exposure to microwaves. |
have also used X-FEL radiation to perform coherent diffractive imaging
on fibers and filaments.

In Chapter 2 | introduce the methodology of the different techniques
used in this thesis.

In Chapters 3-6 will form the core of the thesis where | describe in detail
about the different results obtained through this work.

Chapter 3 describes the measurements done to show the effect of
microwaves on the growth of microtubules using light scattering.

Chapter 4 describes the adaption of a crystallography beamline to
perform difference WAXS measurements.

Chapter 5 describes our efforts in understanding the structural
perturbations on microtubules on exposure to microwaves using X-
ray scattering. Chapter 6 describes X-ray imaging of microtubules and
other filamentous systems at an X-ray Free Electron Source.

Chapter 7 aims to provide a summary and conclude the results of the
work described in the thesis and provides future perspectives on the
work to be carried out.
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Chapter 2
METHODOLOGY

2.1 Purification of tubulin from native sources

Solution scattering experiments in synchrotrons and XFEL's consume
large amounts of purified protein ranging from milligrams to grams. In
order to produce such large quantities of protein a robust purification
protocol that gives high yields is required. Most of the proteins targeted
for structural biology studies are expressed in very small quantities in
the native host system, thereby necessitating overexpression in
different expression systems such as E.coli, yeast or mammalian cells.
However, tubulin can be efficiently produced and purified directly from
animal brain tissue. The purification protocol involves repeated
cycles of temperature-dependent tubulin polymerization—
depolymerization to obtain functional tubulin dimers®*%. The
tubulin purification protocol used to carry out the work in this thesis
involves a slight modification to the protocols of Borisy et al.,% and
Howard et al.®® which required the use of a MES-based buffer to
better depolymerize tubulin and high- molarity PIPES buffer for the
polymerization step®. The use of high-molarity PIPES results in
efficient assembly of microtubules  while also preventing
contaminating proteins such as MAP’s from attaching to microtubules.
For each batch of tubulin purification 1kg of bovine or porcine brains
were used, corresponding to 5- 10 brains.

Brains

Calf and Porcine brains (Figure 2.1A) were collected from a local
slaughterhouse, preserved in ice-cold PBS (20 mM Na-phosphate, 150
mM NaCl, pH 7.2) before use and used as soon as practically possible.

Tubulin preparation

Figure 2.2 shows schematically the tubulin purification protocol.
Brains which were preserved in PBS-ice for the duration of transport
are cut into small pieces, weighed and transferred to a blender (Figure
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2.1). Cold (+4°C) depolymerization buffer (DB) was added at a ratio of
1lliter/kg of brain tissue. The mixture was homogenized two to three
times for a duration of approximately 30 seconds (Figure 2.1B). The
homogenates were then centrifuged in a Beckman JLA 8.1 rotor at
7000 rpm at 4°C for 20 min. The supernatants were pooled (~0.5 |
from 1 kg brain) and subjected to another round of centrifugation in a
Beckman JA 14 rotor at 14,000 rpm at 4°C for 80 minutes to remove
the remaining tissue debris. The supernatants from this centrifugation
step were again pooled and supplemented with an equal volume of
warm 37°C high-molarity PIPES buffer (HMPB), ATP (1.5 mM final)
and GTP (0.5 mM) final. ATP is included in this step to remove the
motor proteins and other microtubule-associated proteins (MAPs)
which dissociate from microtubules in an ATP-dependent manner®®’,
Along with the addition of HMPB buffer and nucleotides and an
equal volume of pre-warmed 37°C glycerol was added to the solution.
The mixture was rapidly brought to 30°C by swirling under hot tap
water and then incubated in a water bath at 37°C for 1 h. The
polymerized tubulin was then centrifuged in a Ti 45 Beckman rotor at
151,000g (44,000 rpm) for 30 min at 37°C. The resulting microtubule
pellets were resuspended in 100ml cold depolymerization buffer and
left for 30 min on ice. The depolymerized tubulin was then centrifuged
in a Ti 45 Beckman rotor at 70,000g (30,000 rpm) for 30 min at 4°C
which is the first cold spin. The supernatant from this centrifugation
step is mixed with an equal volume of HMPB supplemented with ATP
and GTP, followed by the addition of glycerol as described above. The
mixture was incubated in a 37°C water bath for 30 min and the
polymerized tubulin was pelleted in a Ti 45 Beckman rotor at
151,000g (44,000 rpm). Following centrifugation, the microtubule
pellets were resuspended in 6-7 ml of ice cold General Tubulin buffer
and then incubated for 10 min on ice. After this depolymerization
step the tubulin in centrifuged in a Ti 70 Beckman rotor at 104,000 g
(50,000 rpm) for 30 min at 4°C, which is the second cold spin. The
tubulin supernatant was collected and snap-frozen in different sized
(200 pl, 500 pl or 1000 pl) aliquots in liquid nitrogen.

Protein concentration

The final tubulin concentration was determined at A, using an
extinction coefficient of 115,000%%. Tubulin concentration was
measured in triplicates of different dilutions (10X, 20X and 40X) and
the final yield from 1 kg of brain tissue was ~250-300 mg. In this thesis,
for PAPER | we used commercial bovine tubulin purchased from
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Cytoskeleton and for the solution scattering measurements (PAPER Il
& PAPER V) we used in-house purified bovine and porcine tubulin.

Figure 2.1: (A) Fresh porcine brains; (B) Homogenized mixture of the brainsin a
mixer.
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Figure 2.2: Flow-chart illustrating the preparation of pure tubulin: the overall
duration of the tubulin purification is between 10 and 12h.
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2.2 Light scattering studies of microtubule
polymerization

In order to understand microtubule assembly, it is important to
understand the pathway which leads to the formation of a
microtubule from individual subunits. The focus of in-vitro studies
has been to understand the mechanism of the assembly during each
phase in the growth of a microtubule.

Microtubule assembly in-vitro can generally be described as
comprising three phases, nucleation, elongation and saturation.
During the first phase of nucleation, a new microtubule end or
oligomer is formed spontaneously from free tubulin subunits. This
initial stable part of the microtubule is called a nucleus. The nucleus
can be defined as the first polymer whose growth s
thermodynamically stable but the least stable in the entire pathway®.
If the nucleus is large enough to be stable, the polymerization of
tubulin subunits happens along one end of the nucleus resulting in
microtubule elongation. Elongation continues until the free tubulin
subunit pool is reduced to the concentration in equilibrium with
microtubules. Nucleation plays a significant role only in the earlier
part of microtubule formation, when the concentration of the free
tubulin subunits is highest®.

The microtubule, although a helical polymer, begins with a
formation of a small sheet comprising few protofilaments and
grows longer and wider until it reaches a full component of thirteen
protofilaments. This is the final stage of the polymerization process at
which points it goes from a two- dimensional polymer to an intact
helical microtubule. This model of  microtubule assembly s
widely agreed and independently verified across several labs’%"2,

A simple experiment to measure the kinetics of microtubule assembly
is to monitor changes in solution turbidity (optical density). An
increase in incident light scattering is observed as the microtubules form
with a corresponding increase in optical density. As such, a light source
emitting UV-light greater than 320 nm can be used to probe the
polymerization process. Below 320 nm the absorption of light by
protein and the buffer solution become dominant’?2. We used a UV
light source at 365 nm and applied microwaves to check if there is any
effect on tubulin polymerization which is the focus of PAPER | and is
further described in Chapter 3.
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2.3 Solution scattering at synchrotron sources

Crystallography remains the primary method of choice for solving high
resolution structures in structural biology. However, crystallizing
proteins and their complexes is both challenging and time
consuming. Solution scattering, even though a low resolution
technique, is relatively easy as it only requires purified protein
sample in solution and enables retrieving structural information of
proteins in their near physiological state.

In solution scattering the randomly oriented molecules give rise to a
diffuse diffraction pattern as shown in Figure 2.4.

Figure 2.4: A typical solution scattering image;
(inset) scattering at low angles with the beamstop
in the centre

The intensity of the X-rays can be expressed as a function of the the
scattering vector g, resulting from a photon of wavelength A, scattering
from the protein sample at an angle 26.

__ 4msin(6)

. (1)

The scattering from a protein solution is the contribution from all
atoms present in the system including the solvent. To isolate the
scattering only from the protein molecules the scattering from the
solvent must be subtracted from the total scattering profile.

The total scattering from all the components in a protein solution can be
summed up by the formulae;

F(@) =X,fje"" (2)

where F(qg) is the amplitude of the scattered wave as a function of g, fj the
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atomic form factor and rj the position vector of an atom j. The atomic
form factor fj, represents the shape of the molecule or the interference
pattern which provides direct information about the size of the molecule.
The total absolute scattering is comprised of three parts; the scattering
from protein, scattering from the bulk solvent and the scattering from
the excluded volume that the protein occupies. In experiments
involving protein solutions the majority of the scattering is from the bulk
of the solvent (including the capillary) and must be subtracted from the
total scattering as described above to obtain any meaningful information
about the protein molecules being studied.

In simple terms the scattering from the protein can be calculated with
this expression;

Sprot = Sobs - Scap - (1 - Vex) Ssolvent

where S, is the scattering from the protein sample; S., is the
scattering from the capillary; v, is the scattering from the solution
(excluded volume) occupied by the protein. Ssolvent can be calculated
by,

Ssolvent = Sbkgd - Scap

where Sy, is the scattering from the capillary filled with buffer.

In solution scattering, as opposed to diffraction from a crystal, the
individual protein molecules have different orientations which give rise
to different scattering properties. To account for the rotational average,
the scattering intensity can be explained by the Debye formula,

S(@) = NAF(@)21) = NEiSi(fi — ps v (fi — psvy) otrid (3)

@arij)

where S(g) is the total scattering from the vector g, N is the number of
the molecules in the system, rjj is the distance between the atoms i and j.
(fi - €s vj) is the difference in amplitude between the solvent and protein
atom j. The Debye formula can be used to calculate the scattering from a
known atomic structure of a protein. However, atomic coordinates for a
protein cannot be calculated from a solution scattering experiment as
several different structural fits are possible from the measured absolute
scattering. This happens to be one of the limitation of solution
scattering studies, as it works best only when working on a protein of
known structure.
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2.3.1 Small Angle X-ray Scattering

SAXS can be used to determine the radius of gyration (Rg), low
resolution molecular envelopes and the pair distribution function. Rg
gives information about the molecular weight of the protein in
solution”7%, More structural information about the oligomeric state and
complexes can be obtained by performing ab-initio shape
determinations’>’®. The pair distribution function provides information
regarding the placement of subunits and the nature of structural
movements during protein function which could be induced by ligand
binding or other changes in the sample environment. Comparing
SAXS to known crystallographic structures could give new insights about
the behavior of protein in solution, for instance, the unfolding of proteins
in solution®,

A SAXS experimental profile has three distinct regions from which
information can be retrieved; Guinier, Fourier and Porod as shown in
Figure 2.5.

Surface
A
g
o
=]
i=l
‘. q—4}r q—3
N
Guinier Porod

| i | I‘ i I;g(q)

Radius of Gyration / Cross-section Structure / Surface per Volume

Figure 2.5: Regions of SAXS profile and corresponding data obtained from

each region?

From the Guinier region information concerning the radius of gyration
(Rg) can be obtained. Rg can be calculated by fitting a line to the natural

log of the intensity as a function of the square of the scattering vector
1
g° . Several factors affect the radius of gyration such as aggregation of

molecules, polydispersity or the improper subtraction of buffer.
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In the Fourier region, information regarding the shape of the particle can
be obtained by determining the pair distribution function. The pair
distribution function tells us the distribution of the distances between
pairs of particles contained within a certain volume. In the case of
protein solution scattering it refers to the distribution of electrons
averaged over a radius. The formula below is used to obtain the
general particle shape, provided all the particles are in a similar shape.

1

p(r) = == Iy aP(q)sin(qr) dg (4)
The porod region, provides information regarding the surface, such as
the surface to volume ratio for the particles in solution Equation (6).
The porod invariant can also be determined which is independent of the
concentration and directly proportional to the molecular mass Equation

(5).
Q = J, ¢*1(9)dq (5)

where Q is the Porod invariant, | is the intensity and g is the
scattering vector.

s m(limi@q*
ST o (6)
Q

A Porod plot provides information regarding the Porod volume and also
the molecular weight of particles at high g values’””’®. The Kratky plot is
used to analyze the confirmation of proteins. It is usually used to identify
disordered states and distinguish them from globular states using the
formula (/(s).s’ versus s), where | corresponds to intensity and s
corresponds to the scattering vector’®,

2.3.2 Wide Angle X-ray Scattering

The WAXS region corresponds to scattering angles comparable to those

in crystallographic studies (q ~ 2.5A 1). The extension of the scattering
angles to higher g enables us to obtain information regarding the
secondary (alpha helices and beta sheets) and tertiary structure of the
proteins. However, as one goes higher into the WAXS regime the
intensity of the scatter is 1-3 orders of magnitude weaker than the
scattering obtained from the SAXS regime. Since the information
obtained in solution scattering is approximately linear in g, WAXS has
several times the amount of information contained in a SAXS pattern®3,
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WAXS is a powerful method when combined with crystallography since
it is possible to calculate WAXS patterns from atomic coordinates and
also to test detailed molecular models of a system. Rapid progress
has been made in developing algorithms and software for calculating
solution scattering patterns from atomic coordinates. One of the
most widely used programs for calculating solution scattering patterns
CRYSOL, has provided with the capability to perform ab-initio shape
determination’>’®7%, CRYSOL, per se, works very well and is adequate
for calculating SAXS patterns but the approximations involved
introduces errors when calculating scattering patterns at wider
angles® but works very well when the parameters involved in defining
the solvation layer and the excluded volume are allowed to vary. To
account for this, a method has been developed to calculate WAXS
patterns using explicit atomic representation of water which has been
implemented in the program called EXCESS®. As pointed out above,
although WAXS patterns calculated with CRYSOL correspond well with
experiments, this method of water representation (atomistic-water
method) correctly captures the nature of solvation around proteins
that previous methods might have missed®.

Using molecular dynamics simulations and programs described above
one can calculate scattering data to fit experimental WAXS data.
Unfortunately, since protein coordinates for a protein cannot be
calculated from scattering pattern, WAXS is mostly limited to proteins
of known structure.

2.3.3 Time-resolved Wide Angle X-ray scattering

Time-resolved wide angle X-ray scattering (TR-WAXS) is a technique
used to measure the nature and time-scale of global conformational
changes and dynamics within proteins®?®, This method was initially
developed at synchrotrons and hence the time resolution was
limited to 100 ps due to the nature of the electron bunch duration
within a ring. With the advent of XFEL’s, the duration of the X-ray
pulses is in the order of few tens of femtoseconds®. Arnlund et al.,
show that TR-WAXS can be used to visualize protein dynamics in
solution on multiphoton excitation of the photosynthetic reaction
center of B.viridis. In this study, the authors show that the
backbone carbon atoms of the protein helices in RC, increase their
internal distances on photon absorption which propagates from the
interior of the protein and is rapidly distributed to the surrounding
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solvent. This was the first experimental evidence to demonstrate that
TR- WAXS is a powerful method to capture ultrafast structural
motions that happen in the picosecond regime and possibly in
faster time scales.

A similar experiment using TR-WAXS was performed on myoglobin
where the authors demonstrated that, after photolysis of bound CO,
Mb undergoes significant structural change in the picosecond
timescale. The main observations in this study was that there was a
rapid increase in the radius of gyration which occurred within 1
picosecond following which the protein undergoes damped oscillation
with a ~3.6 ps timescale as the protein approached equilibrium®.

One important point to note is that all the above studies were
carried out with proteins that were triggered by light. In nature
though only a tiny fraction of proteins are light sensitive and therefore
it would be interesting to study the great majority of proteins which
do not react to light. The work described in this thesis lays the
foundation to trigger protein conformational changes using electric
fields.

2.4 Coherent Imaging at an XFEL

In a conventional crystallography experiment, a single crystal is
rotated through the X-ray beam and an image is taken in small
increments, the angle of rotation can be user defined so that the entire
reciprocal space can be sampled. In an SFX experiment, a stream of
tiny crystals is passed through a highly focused X-ray beam and a
diffraction image is collected whenever an X-ray pulse hits the crystal
fast enough that it outruns the X-ray induced damage. Due to the
peak brilliance coupled with the focused X-ray beam each crystal is
destroyed on impact and therefore the conventional approach of
using a single crystal does not work to sample the entire reciprocal
space. The short duration of the XFEL pulses gives the opportunity to
probe chemical reactions in the order of femtoseconds and hence
termed Serial Femtosecond Crystallography.

The emergence of X-ray Free Electron Lasers (XFEL's) offers new
possibilities to study biological filaments and the capability to perform
single-particle imaging. The Coherent X-ray Imaging (CXl) beamline at
the Linac Coherent Light Source (LCLS) was designed specifically for
the high fluence intended to capture the full incident beam to
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maximize the power density on samples of varying sizes®’. Maximizing
the number of photons incident on small targets is critical for
imaging biomolecules and single particles. Previous studies at CXI have
included a 32nm full- period resolution of a large mimivirus particle®°*
and imaging individual live cells of cyanobacteria to nanometer
resolution®®. In an experiment conducted at the LCLS in October 2013
we performed one of the first fiber diffraction experiments at the LCLS
for three different fiber systems (Escherichia coli pili, F actin and
amyloid fibrils) (PAPER IV) which is further described in Section 6.3
and another fiber system, microtubules (PAPER V) is also further
described in Section 6.5.

Sample Delivery at a XFEL

Different methods have been used to deliver the samples into the path
of the XFEL beam. One of the first among them was the Gas Dynamic
Virtual Nozzle (GDVN) developed by De Ponte et al®® at Arizona State
University which is widely used for sample delivery.

Briefly, GDVN consists of a commercial hollow-core fused silica
optical fiber as the inner capillary, as shown in Fig through which the
sample is pumped through. The inner capillary is encapsulated by an
outer glass capillary which helps to focus the outgoing liquid with
helium gas to form a liquid jet. The sample could be either a solution
or in the form of a crystal suspension. Sample delivery for structural
biology studies with GDVN has been very successful at the LCLS,
however in order to achieve a steady stream of liquid with
uninterrupted interaction with X-rays and before Rayleigh break-up
of the jet happens, the sample has to be pumped at rates typically in
the order of 10 ms?®. Such high flow rates are faster than the
repetition rates of currently operating XFEL’s and hence a majority of
the sample is wasted without being probed®. GDVN was used as the
sample delivery method for the experiments described in PAPER IV and
PAPER V. Due to large consumption of protein sample it becomes
prohibitive for scientists to purify complex proteins, especially
proteins which require extensive optimization of purification and
crystallization conditions, required by this mode of delivery.

24



Figure 2.3: View of the exit end of the miniature version of gas dynamic virtual
nozzle, photographed in operation with a water jet (arrow) emerging from the
central capillary (360 um OD, 50 um ID, tapered outer wall) to be compressed
by gas dynamic forces as the liquid stream passes with a co-flowing coaxial gas
flow through the exit channel of the outer plenum (1.2 mm OD). A PTFE sleeve
that centers the capillary within the outer housing is just out of view at the top
of the photograph. (Adapted from DePonte et al.,
https://arxiv.org/abs/0803.4181)

Recent research has focused on designing a more efficient method of
sample delivery and more importantly, a carrier medium which
resembles the protein’s natural environment. One approach to solve
this problem is to use a lipidic cubic phase (LCP) jet for sample delivery.
LCP is a liquid crystalline gel-like mesophase that mimics the native
membrane like environment®% and supports membrane protein
crystallization including G-protein coupled receptors (GPCRs), microbial
rhodopsins, ion channels, transporters, enzymes, photosynthetic
complexes and B- barrel outer membrane proteins’®. This viscous gel
like lipid mixture produces a jet which can match the pulse rate
(120 Hz at the LCLS) of the X-rays and thereby drastically reducing
the flow rate and sample consumption.
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CHAPTER 3

Effect of microwaves on the
growth of microtubules

In PAPER | we provide a direct evidence for non-thermal effect of
microwaves on the growth of microtubules using light-scattering at
365nm.

3.1 Design of the experiment

We designed a setup as shown in Figure 3.1 to monitor the
polymerization of microtubules under the influence of applied
microwaves and without the applied microwaves. All measurements
with applied microwaves were performed at a frequency of 20 GHz.
Tubulin polymerization was measured by recording the absorbance at
365 nm over time through a 1 mm quartz capillary. The entire set-up
was enclosed in an acrylic-glass box (Figure 3.2) which could be
temperature controlled by flowing hot-air into the system. The flow
of hot air could be adjusted and was kept constant over a period of
time so that the entire system was in equilibrium with the desired
temperature. Another key aspect of this set-up was to measure the
temperature of the solution in the capillary using a FLIR thermal
camera while the measurement was being recorded. This enables us to
observe the heating visually as well as providing a direct measurement
of the temperature in the capillary.

26



To AC field Sample outlet
generator l%

&
Heat source
frared
camers
C|{f-a@| |
Parallel plat Detector
uv- waveguide Spectrophotometer
light

‘ Sample inlet

Figure 3.1: A simple schematic showing the setup for the light-scattering experiments

Figure 3.2: The set-up enclosed in an acrylic-glass box

Another important and vital component of the setup is the parallel-plate
wave guide (Figure 3.3A) which is used to deliver microwaves onto a
quartz capillary containing the tubulin sample. In figure 3.3B, you can
see the heating of the solution when the AC field is on. A coaxial cable
was used to transport the 20 GHz fields through the waveguide. The
sample was pumped into the capillary at a flow rate of 10ul/min to
avoid any formation of bubbles in the measurement region. The
measurement began as soon as the sample reached the position in the
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capillary.

Figure 3.3: Experimental apparatus used to measure changes in
optical density (O.D.) of microtubule samples during exposure to 20
GHz AC fields. A) Photograph of the waveguide used to deliver 20 GHz
radiation onto a 1 mm diameter quartz capillary in which the sample
was held. The white box indicates the region shown in the next panel.
The white bar represents 2 cm. B) Infrared imaging of the sample
within a quartz capillary during exposure to 20 GHz radiation. The
region at which the sample is hottest (white) is the region from where
the O.D. measurements were taken. The white bar represents 5 mm.
C) Photograph of the microspectrophotometer used to record the
O.D. at 365 nm with time during simultaneous exposure to
microwaves. This entire setup was enclosed within a temperature
controlled box. An infrared camera (FLIR thermographic) was used to
monitor the temperature of the sample at the position at which its
0.D. was recorded.
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3.2 Sample preparation

The tubulin samples (10 mg/ml) containing GTP (2mM) were prepared
on ice and loaded onto the sample position with a syringe pump. The
tubulin samples were prepared from Iyophilized bovine tubulin
purchased from Cytoskeleton, Inc and were supplemented with either
0%, 5% or 10% glycerol and the final volume was made up to 100 ul
with buffer.

3.3 Measurements of tubulin polymerization

The tubulin polymerization measurements were carried out under two
conditions, with and without microwave fields applied. We performed
three sets of measurements with the applied 20 GHz field using
powers when no field applied, 18.2 dBM (66 mW) and 20.2 dBM (107
mW) and three different glycerol concentrations (0, 5 and 10% vol.)
while simultaneously measuring the temperature with a FLIR thermal
camera. Experiments without the application of field but only
applying heat to the corresponding temperature of the applied field
served as a control. So in total this corresponds to 27 measurement
conditions. When 20 Ghz microwave fields were applied at intensities of
18.23 dBm or 20.3 dBm, the sample was heated by 4°C and 7°C
respectively from the ambient temperature. Figure 3.4 shows the
change in turbidity (0.D) of the sample when no field (blue), 18.23
(green) and 20.3 (red) 20 GHz fields are applied. After looking at the
data visually and rejecting for bubbles and aggregates the remaining
data was used for fitting.
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Figure 3.4: Measured changes in O.D. from samples of tubulin during the
growth of microtubules and when a microwave field was applied. These data
correspond to measurements performed on samples containing 5% glycerol,
10 mg/ml tubulin concentration, and with the temperature at the sample
positon 33.5 + 0.2 °C. These data are colored according to the applied 20 GHz
microwave field strength as no field (blue), 18.2 dBm (green) and 20.3 dBm
(red).

3.4 Data fitting and modelling

The polymerization of tubulin is reminiscent of sigmoidal kinetics
characterized by distinct stages of nucleation, growth and saturation.
The data collected from several measurements were offset so that the
optical density at t=0 was set to O.D = 0 and the endpoint optical
density was normalized at O.D = 1 as shown in Figure 3.5. To this
offset and normalized data we chose to derive a power law exponent
by selecting a linear region on a log-log plot of O.D vs t between the
range 0.15 < 0.D. £ 0.5 which represents the elongation phase.
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Figure 3.5: Plot showing the O.D vrs time dependance; (A) Plot showing the
offset at t=0 and the normalization at 0.D=1; (B) A log-log plot showing the
fit region used to derive the power law exponent

To this region we then fit a power law using the equation;
0.D.(t)=A.(t/t.)>  (3.1)

where A is a constant and b is the power law exponent and t, is a
single time unit which keeps the equation dimensionless on both sides.
The ti0, time the O.D takes to reach 10% of its maximum value is also
derived from this fitting. The data used in this analysis was grouped
into three temperature domains (29-32°C, 32-35°C, 35- 37°C), three
glycerol concentrations (0%, 5% and 10%) and three applied field
strengths (No field, 18.2 dBm, 20.3 dBm). The power law exponent (b-
values), Amplitude (A) and nucleation time (t10) were extracted from
these curves and based on the obtained b- values and t;, times, data
which deviated more than 1.5 standard deviation were again visually
inspected and rejected as outliers (18 curves of 163) when it was
obvious that there were problems caused due to small bubbles within
the sample which affected the scattering curves.

The growth of microtubules was modelled as a simple multi-step
reaction with a forward and backward reaction for each step as
described in the equation below®
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where [MT|] is the concentration of microtubules containing i tubulin
dimers, [Tq4] is the concentration of the tubulin dimers, k*; is the rate of the
forward additive reaction and k7 is the rate of the backward dissociative
reaction. In this modelling, we assumed the forward (k*,) and backward(k,)
rate constant are equal for the nucleation (n) phase and an additional
forward (k*;) rate constant and backward rate constant (k7y) to describe the
growth (g) phase of a microtubule. The central idea behind this modelling is
to see how different perturbations in the rate constant affect the tio and b-
values.

Figure 3.8B illustrates what happens when each of the four rate constant
are varied. Scaling all four rate constants together strongly affects the rate
of nucleation (ti0) whereas the power law exponent in the growth phase
remains unperturbed (3.8B Orange circles respectively). On the other hand,
if you vary the two rate constants corresponding to the growth phase; the
forward rate constant (k*g) which is the rate at which the tubulin dimers are
added (association) and backward rate constant (ki) which is the rate at
which the tubulin dimers fall-off (dissociation), the power law exponent (b-
value) is strongly affected and only a small effect on the rate of nucleation
(ti0%) (3.8B Red and blue circle respectively). Varying the forward rate
constants (k') and backward rate constant (k') of the nucleation phase
leads to a b-value increase, as tio decreases and k*, is increased which is in
direct contrast for all three experimental observations. When k' is varied it
results in t;p being strongly affected than the b-value (3.8B Green and
purple circles respectively).
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Figure 3.6: Summary of the influence of applied microwaves on the
measured power-law (b-value) approximation. A, Plot showing the mean
measurement of b-values resulting from fitting to Eq. 1 as a function of
temperature for samples containing no glycerol. Error bars are calculated as
s/VN, where s is the standard deviation of the set of measurements and N is
the number of observations within the set. Data shown in blue were

Temperature (°C)

recorded without any applied 20 GHz field, whereas the field strength was

18.2 + 0.2 dBm and 20.3 * 0.2 dBm for data colored green and red
respectively. B, Identical representation but for data recorded from samples
containing 5 % glycerol. C, Identical representation but for data recorded

from samples containing 10 % glycerol.
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Figure 3.7: Influence of temperature, glycerol and microwave radiation on
the growth of microtubules. Plots show the mean measurement of b and t1¢

values (with the time-axis plotted on a log scale) resulting from fitting to Eq.
1, with corresponding error bars, for all 27 sets of experimental
observations. A, All 27 observations are colored with increasing temperature
(blue, 30.2 + 0.1 °C; Green, 33.5 + 0.1 °C; Red, 36.4 £ 0.1 °C). B, All 27
observations are colored with increasing glycerol concentration (blue, 0 %
glycerol; Green, 5 % + 0.5 % glycerol; Red, 10 % + 0.5 % glycerol). C, All 27
observations are colored with increasing applied 20 GHz field strength (blue,
no field; Green, 18.2 £ 0.2 dBm; Red, 20.3 + 0.2 dBm).
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Figure 3.8: Modeling the influence of temperature, glycerol and
microwave radiation on the growth of microtubules. A, The center-of-
mass and error bars calculated from b-values and log(t1o) values for each
of the sub-sets of data shown in Figure 3.7. Blue, the center of mass of
each sub-set of data colored in Fig. 3.7A sorted according to
temperature. Green, the center of mass of each sub-set of data colored
in Fig. 3.7B sorted according to glycerol concentration. Red, the center
of mass of each sub-set of data colored in Fig. 3.7C sorted according to
applied 20 GHz field strength. B, The effect of changing the rate
constants, k', k°,, k' and kb, that describe the nucleation (ti0) and
elongation (b-values) phases of microtubule growth. Orange: the
correlation between log (t10) and b-values when all rate-constants are
scaled together in discrete steps (increasing from right to left). This
equates physically to rescaling the time parameter and therefore tio
values are strongly affected but (very minor) changes in b-values arise
from numerical errors due to using discrete time steps. Blue: the
correlation between log (t10) and b-values as kg is increased (decreased)
in discrete steps (increasing from bottom to top). Green: the same
correlation but with kf, is increased (decreased) in discrete steps
(increasing from bottom to top). Red: the same correlation but with k®
is increased (decreased) in discrete steps (increasing from top to
bottom). Purple: the same correlation but with k®, is increased
(decreased) in discrete steps (increasing from left to right). C. Result of
fitting a simple kinetics model describing microtubule polymerization to
the linear correlation to the experimental data shown in A. Blue circles,
the correlation between log(ti0) and b-values when fitting against the
temperature dependent data; green circles, the same correlation when
fitting against data recorded as the glycerol concentration is changed;
red circles, the same correlation when fitting against data recorded as
the applied microwave field is changed. Solid lines are the same data
shown as solid lines in panel A.
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3.5 20 GHz microwaves accelerate the
growth of microtubules

Our results from the data fitting clearly show that the power law
exponent (b-values) tend to increase under all conditions;
increasing field conditions, increase in temperature and addition of
glycerol. This is clearly illustrated in Figure 3.6 which shows the
result of the power law fitting (b-values) to the data as a measure of
the applied field strength (No field, 18.23 dBm and 20.3 dBm). Each
of the three panels represent different glycerol concentrations (0%
glycerol, 5% glycerol, 10% glycerol). This trend does not hold for
lower temperatures and no glycerol since at these conditions the
microtubules are not stable enough for growth to proceed which
explains why there is no effect on applied electric field (Figure 3.6A).

Figure 3.7 illustrates all the 27 sets of data with each panel
representing increasing temperature (Fig 3.7A, blue to green to
red), increasing glycerol (Fig 3.7B, blue to green to red) and
increasing field strength (Fig 3.7C, blue to green to red). A general
trend is observed in all three plots with shorter t;, values and
increasing b-values as the temperature, glycerol and applied field
strength are increased. On closer inspection, one can clearly
observe that this trend is more pronounced when the field
strength is increased as compared to the increase in temperature
with the influence of glycerol somewhere in the middle.

Figure 3.8 gives another representation by averaging the 27 sub-
groups recorded at different temperatures (blue crosses), different
glycerol concentrations (orange crosses) and different field
strengths (red crosses). The change in the average time of
nucleation (to) is represented from left to right and the change in
the power law exponent (b-values) is represented vertically. While it
is clearly visible that all three perturbations influence both the t;,
and b-values, the most critical observation that can be made from
these plots is that the temperature has a strong influence on t;, but
less influence on the b-values. This is in contrast to that of the
applied field strength where you see a strong influence on the power
law exponent (b-values) as compared to the nucleation time (ty).
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This indicates that the applied field has much stronger effect on
the growth of the microtubules as compared to the effect on the
nucleation time.

3.6 Summary

From the results of the statistical analysis (t-tests (Table 1)), we can
say with high confidence that the applied microwave field has a
significant effect on the growth of the microtubule for all three t-
tests (No field - 18.2 + 0.2 dBm; 18.2 + 0.2 dBm - 20.3 £ 0.2
dBm; No field - 20.3 = 0.2 dBm) whereas the temperature has
only pronounced effect on the rate of nucleation (t;;). While an
increase in temperature (30.2 °C to 36.4 °C) also affects the b-
values, the effect of lower temperatures on the power law
dependence is not statistically significant. It is in agreement with
the fact that raising temperature increases the reaction rate of
most biological reactions and it is known that temperature
increases the nucleation rate of microtubules®. Similarly, to
temperature, increase in glycerol concentration (0 % to 5% and
5% to 10%) has more impact on the power law dependence but
not on the increase from (0% to 5%).

From our simplified model to describe the microtubule growth kinetics
(Eg. 3.2) and scaling all the four rate constants to variations in k*; or

kg, variables which strongly influence the microtubule elongation and
growth we can reproduce the experimental correlations between tio
and b-values to a good approximation. Taken together, our results
from both the experimental observations and modelling point towards
the same conclusion; that perturbations induced due to changes in
temperature, glycerol concentration and microwave field are the
result of the influence on the forward and backward reactions in the
elongationphase of a microtubule.
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Table 1: ¢-test scores for comparison of #19 and b-values.

Comparison of b-values p-value'
No field vrs.18.2 dBm <0.0001
18.2 dBm vrs. 20. 3 dBm <0.0001
No field vrs. 20.23dBm <0.0001

30.2°Cwvrs.33.5°C 0.498

33.5°Cuvrs. 36.4 °C 0.092

30.2°Cvrs. 36.4 °C 0.012

0 % vrs. 5% glycerol 0.120

5 % vrs. 10 % glycerol 0.007
0 % vrs. 10 % glycerol <0.0001
Comparison of tio-values p-value’

No field vrs.18.2 dBm 0.008

18.2 dBm vrs. 20. 3 dBm 0.551

No field vrs. 20.23dBm 0.001

30.2°Cwvrs. 33.5°C 0.004

33.5°Cuvrs. 36.4 °C 0.002
30.2°Cuwvrs. 36.4 °C <0.0001

0 % vrs. 5 % glycerol 0.004

5 % vrs. 10 % glycerol 0.080
0 % vrs. 10 % glycerol <0.0001

"Considered significant if p < 0.05
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CHAPTER 4

Adapting a crystallography
beamline to perform difference
WAXS studies

In Paper V we adapted a crystallography beamline at MAX-Il synchrotron
in Lund to perform and validate solution scattering experiments. The
experimental results obtained here could be used to prove initial proof-
of-principle concepts without the requirement of highly specialized
beamlines and further expanded in scope to perform time resolved WAXS
experiments at other synchrotron and XFEL sources.

4.1 Beamline environment

The beamline 1911-2 is a part of the MAX |l storage ring based on
superconducting wiggler’®>192 where two beamlines (1911-2 and 1911-3)
are operated for macromolecular crystallography. The 1911-2 beamline
which was used in this study is a fixed wavelength beamline (1.04 A)
equipped with a Marl65 CCD detector and a photon flux of 10
photons/sec. We adapted this beamline to perform steady state wide
angle solution scattering experiments by combining several approaches.

First we designed a flight tube (helium cone) to fit into the dimensions of
the detector (Figure 4.1A). A flight tube filled with helium is critical to
perform solution scattering experiments to reduce the beam scattering
from air and enhance data quality. While enclosing the detector in
vacuum is a better option!®% jt is expensive and time consuming to
build one. The practical option for our experimental needs was to use
helium which is a good alternative to vacuum and time resolved solution
scattering experiments have been performed in earlier studies using
helium as a medium®. Another crucial aspect of solution scattering is
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that the difference scattering could be very small and hence it is
imperative to reduce the background scattering from other sources. The
center of the helium cone had a beam stop to prevent the direct X-ray
beam hitting the detector which can be manually controlled externally.

- ‘I'_':‘ Helium Cone
A g .

Capillary
Holder

Syringe
Pump

Figure 4.1: Difference WAXS setup built on the protein crystallography
beamline 1911-2 of MaxLab. A Photograph of the setup on the beamlines
used during these experiments. The helium cone, sample holder and pumps
are indicated. B X-ray scattering from protein samples when the cone is filled
with helium and a 0.5 mm diameter beamstop is well aligned.

We used a neMESYS syringe pump to continuously pump the protein
solution so as to minimize the radiation damage between successive X-
ray shots. The syringes with sample are connected with tubing to a
quartz capillary where the X-rays interact with the protein sample. The
position of the capillary with respect to the X-rays can be precisely
controlled with a motorized XYZ stage.

4.2 Experiments to validate the setup

We performed WAXS experiments on two different protein systems to
check if our setup is sensitive to structural changes in the WAXS region.

4.2.1 Phytochromes

In our first study we used bacteriophytochromes from Deinococcus
radioduran to see if we can capture light induced structural
changes. Briefly, phytochromes can interconvert between two states
Pr and Pfr when illuminated with light of two different wavelengths. To
trigger the conformational changes two LED sources, operating at 780
nm and 660 nm were used to switch the samples between two states
Pfr = Pr and Pr - Pfr, respectively. After rejecting for outliers, we
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then calculated the difference scattering between the two LED
exposures®”1%and compared with the difference scattering collected
earlier by Takala et al.,?” at the CSAXS beamline at the Swiss Light
source as seen in Figure 4.2. Figure 4.2A shows the difference signal (in
red) between the two states recorded at MaxLab and the associated
heating signature due to illumination (in blue). Phytochromes served as
an excellent test system due to the large difference signal observed
when the monomers move apart by ~3 nm during the Pr - Pfr
transition®”. As seen in Figure 4.2 a large oscillating difference signal
was very apparent at low angles (0.1 A* < g < 0.2 A?) in the data
collected at Maxlab and matched with data collected previously at
another synchrotron (SLS).
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Figure 4.2: A) Difference WAXS scattering signal recovered from phytochromes
(red line): DS(q) = S(q)"™ — S(q)™", after samples were illuminated with 780 nm or
660 nm light, respectively. The difference WAXS scattering recovered due to
heating (blue line): DS(q) = S(g)"® — S(g)®", where IR light of 1470 nm was used
to heat the samples without initiating the light-driven conformational change. B)
Difference WAXS signal gxDS(g) showing data recorded from phytochromes
before (red) and after (black) the influence of heating was removed from the
signal. For comparison, similar data but recorded at the cSAXS beamline of the
SLS is shown (blue).
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4.2.2 Spinachaquaporin

For our next experiment we recorded solution scattering data for a
non-photoactivated protein, wild-type spinach aquaporin (SoPIP2;1).
For SoPIP2;1, a membrane protein which regulates water transport
across the plant membrane we used photoactive calcium Ca® as a
means to trigger the structural changes in SoPIP2;11%%197 ~Although
SoPIP2;1 itself is not activated by light, the Ca®* which acts as a trigger
has to be released from its caged form with UV light for it to become
active in solution%10°,

To initiate the Ca?* triggered activation of SoPIP2;1, we used UV light at
365nm to release the caged Ca* into solution. We used a pulsed IR
laser at 1470 nm to match the heating caused by the illumination of
UV-light on the sample.
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0.005
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0.1 0.3 1 0.5
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Figure 4.3: Difference WAXS changes in SoPIP2;1 associated with the release
of caged Ca%. The experimental data gxDS(q) where DS(g) = S(q)"¥ — S(g)e™
is shown in red, where UV light of 365 nm was used to release the cage. A
prediction (blue line) based upon known crystallographic structures of the
open and closed forms of SoPIP2;1 is shown for comparison.

The experimental difference signal (Figure 4.3) shows some distinct
features in the low q region (0.1 A' < q < 0.2 A') and additional
oscillations at higher q (0.2 A* < q < 0.6 A?). As can be seen in the
Figure 4.3 the fit is not perfect probably due to the model using a
lipid bilayer instead of a detergent micelle and an incomplete model to
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the open confirmation. Additionally, the flexible N- and C-termini are
not included in the model at present and the fit is expected to improve
if they are included. The difference signal obtained from the
conformational changes in SoPIP2;1, again demonstrates the sensitivity
of this beamline to structural differences in non-light activated proteins

4.3 Summary

In PAPER Il we have demonstrated using two protein systems that the
[911-2 beamline can be wused to perform solution scattering
experiments with good reliability. Similar experiments can be performed
at other synchrotrons in underutilized beamlines to establish a proof-
of-principle concept which will enable to perform time-resolved solution
scattering experiments in other dedicated beamlines.
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Chapter 5

Microwave induced structural
perturbations in  microtubules
using solution X-ray scattering

In Paper lll, the idea was to expand the light scattering studies on the
influence of microwaves on the microtubule growth dynamics to X-ray
scattering studies of the influence of microwaves on the structure. In
Chapter 3 we showed that 20 GHz microwaves accelerate the growth
(elongation phase) of the microtubules. In this study we use SAXS and
WAXS to probe for structural changes in microtubules on exposure to
20 GHz microwaves at the cSAXS beamline of the Swiss Light Source
(SLS).

5.1 Sample preparation

Tubulin samples were pre-polymerized at a concentration of 285 uM
(corresponding to 32 mg/ml) in the presence of 2 mM GTP and 10.6
% glycerol. The samples were held in a water bath at 37°C for ~20
min to form microtubules. Once polymerized samples were kept at
37°C in an Eppendorf Thermostat inside the experimental hutch. The
sample solution was then pumped at a constant flow of 0.2 pls?
through the capillary and the X-ray beam position. This enabled the
sample to be constantly replenished. The tubulin samples exposed to X-
rays were discarded.

5.2 Exposure of microtubules to microwaves

The sample was transported through a parallel-plate waveguide
based flow-cell system which was used for light scattering studies in
Chapter 1. The sample was flown through a 1 mm quartz capillary held
in between the two waveguide plates and a coaxial cable fed the 20
GHz fields from a signal generator through the waveguide. The signal
generator was controlled with a TTL pulse and synchronized with the
detector shutter signal. The TTL signal initiated a pre-programmed
routine on the microwave device.
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5.3 Experimental set-up and data collection

During this experiment we collected both SAXS and the WAXS data
for microtubules with a Pilatus 2M detector and a Pilatus 300K
detector respectively. Both the SAXS and the WAXS detectors were
enclosed in a vacuum tube. By using this combination of both the SAXS
and WAXS detectors we were able to record the strong scattering of
microtubules in the q < 0.1 A while also simultaneously recording the
heating of the sample on the WAXS detector at q 2 1.0 AL, The Pilatus
detectors operated at an acquisition rate of 20 Hz with 50 ms X-ray
exposure for each frame and 3 ms readout time.

In this experiment we used two different exposure protocols (Figure
5.1). For the first protocol (slow switching), we exposed the sample
to the microwaves (ON) continuously for 20 seconds (400 X-ray
frames) followed by 30 second (600 X-ray frames) cool- down period
(OFF) with no microwaves. In the second protocol (fast switching) we
alternated the microwaves between ON/OFF with a 500 ms exposure
(10 X-ray frames ON) followed by 500 ms of no microwaves (10 X-ray
frames OFF). This was then followed by a 6 second cool-down period
with no microwave exposure. The switching protocol does not allow us
to turn off the signal generator completely and hence we used -
20dBm corresponding to 10 uW which we consider as OFF in these
experiments.

Figure 5.1: Difference X-ray scattering studies of microtubules. Schematic of
the two experimental protocols used in this study. Data were recorded in both
experiments using X-ray exposures of 50 ms. Blue rectangles represent ten
frames summing to 500 ms of X-ray exposure. Protocol 1 recorded X-ray
scattering data during 20 sec of microwave illumination (red rectangle, ON)
followed by 30 sec without microwave radiation (OFF). Protocol 2 alternated
between 500 ms microwave exposure (ON) and no microwave radiation (OFF)
for 10 sec, followed by 6 sec during which the sample equilibrated with ambient
temperature.
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5.4 Interpretation of difference curves

We recorded difference scattering data (4S(g) = S(¢)°™ — S(¢)°") for
both protocols (Figure 5.2). For protocol 1, the temporal dependence
of the heating and cooling cycles results in the temperature of the ON
samples being warmer than the OFF samples which is visualized by the
positive peaks AS(g) around g = 1.4 A' and 2.4 A and the trough
centered on g = 1.9 A (Figure 5.2). A key difference to be noted here is
that the pattern of peaks and troughs in the WAXS region for the
Protocol 2 is opposite to that of Protocol 1. Thus the average
temperature is a fraction of degrees warmer for the OFF when
compared to the ON. SVD analysis of WAXS data gives us an
understanding of the increases and decreases in temperature across the
data-collection cycle and is in good agreement with measurements
taken with an infrared camera to characterize the temperature change
(Figure 5.3A). For Protocol 2, you could see a jagged edge associated
with the ON/OFF cycles during the first 10 seconds when the sample
is heated followed by the 6 second cooling down period (Figure 5.3B).
This provides an explanation as to why the average temperature
during the first 10 seconds in Protocol 2 was higher during the OFF

cvcle when combared to the average temnerature during the ON cvcle.
-3
%10

0.5 1 1.5 2 25

1
q=4mnsin6/A (A )

Figure 5.2: Experimental changes in the X-ray scattering using the two
protocols. Protocol 1 (red line) caused changes in the WAXS region with

positive peaks visible around g = 1.4 A'and 2.4 A and a trough at g = 1.9

A_l that are characteristic signals for sample heating. Data recorded using
Protocol 2 (blue line) showed that similar features are visible but with the
opposite sign (representing net cooling). The inset shows that the
difference scattering in the SAXS region. Difference data recorded using
Protocol 2 are scaled 25 fold (scaled tenfold for the inset) to match the
difference scattering recorded at low angle using Protocol 1.
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Figure 5.3: A) Amplitude of the principal component following singular
value decomposition (SVD) of the difference scattering curves in the
WAXS region when using Protocol 1 (black line). For comparison the
temporal evolution of the sample heating recorded using an infrared
camera is shown (red line). B) SVD analysis of heating when using Protocol
2. The jagged nature of the rising edge in this curve is due to the 2Hz
ON/OFF cycles during the first 10 sec.

Another interesting observation is that, in the WAXS region despite
having similar features but with opposite sign when comparing Protocol 1
and Protocol 2, the difference 4AS(q) in the SAXS region show very similar
difference features but with the same sign. This is a clear indication that
the difference signal seen in the low-q region is not due to
temperature since the SAXS region would also have shown opposite
difference curves.

Taking into account the differences in amplitude of the difference
scattering between Protocol 1 and Protocol 2, Protocol 1 produces ten
times larger than that from Protocol 2. This could be due to two
possible scenarios. The first could be due to the induced effect takes
some time to build up and due to which the population of microtubules
that are affected will continue to grow during the 20 second microwave
exposure. The other scenario could be that the induced effect could take
time to reverse which could lead to a larger fraction of perturbed
microtubules still remaining in the OFF position leading to a smaller
amplitude when compared to Protocol 1. Both the scenarios can be
considered as plausible since the additional 500 ms exposure in Protocol
2 is 1/40™ of the 20 second exposure used in Protocol 1.
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By looking at Figure 5.4 we can see that the trends in the total
scattering recovered from Protocol 1 (peaks and troughs) have a strong
correspondence with the location of the peaks from the predicted
scattering of microtubules. A basic interpretation would suggest that 4% of
the microtubules simply dissolved on exposure to X-rays, although it
ignores the fact that dissolving microtubules will increase in free tubulin
subunits and hence an increase in overall X-ray scattering
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0.01 0.05 0.1
log(q)

Figure 5.4: Experimental scattering curves (red line) recorded from microtubules
after integrating the X-ray scattering images in concentric rings. Theoretical
predictions for the X-ray scattering from an extended 14 pf microtubule (grey
line) shows good agreement with these experimental data.

Another interpretation regarding the effect of microwaves on
microtubules could be real structural effects consistent with measured
X-ray scattering differences. Two possibilities of conformational disorder
have been explored as shown in Figure 5.5, assuming that the
microtubule becomes expanded (orange line) or the microtubule
becomes elongated (green line) as illustrated in Figure 5.6. Theoretical
predictions for AS(g) associated with the expansion of the diameter do
not provide a good match with the experimental data but the
prediction associated with the elongation of a microtubule provide a
good match with the experimental data for g < 0.1 A, Additionally, we
provide a difference curve between microtubules and dimers as
measured during the experiment (black line). However, more data is
needed to find out the structural perturbations behind these difference
curves.
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Figure 5.5: Changes in the X-ray scattering from microtubules upon exposure to
20 GHz radiation. A) Changes in the X-ray scattering, DS(g) = S(q)°™ — S(q)°,
resulting from Protocol 1 (red line) and Protocol 2 (blue line). Difference data
recovered using Protocol 2 are scaled tenfold for comparison with data recorded
using Protocol 1. B) Comparison of the experimental differences DS(q) recovered
using Protocol 2 (blue line) with predictions assuming different models. Orange
line, theoretical prediction when a 14 pf microtubule is assumed to expand by
0.1 %. Green line, theoretical prediction when a 14 pf microtubule is assumed to
be elongated by 0.12 %. In this model elongation is achieved by the spacing
between aB-tubulin dimers being increased, rather than the structure of af-
tubulin being distorted. Black line, experimental difference curve when the ratio
of free tubulin to microtubules is shifted to mimic the effect of microtubules
dissolving.

Figure 5.6: Structural model of a microtubule illustrating the nature of the
structural perturbation examined in 5.5B. Orange double arrow, the spacing
between tubulin dimers is expanded to create a microtubule model having a
larger diameter; Green double arrow, the spacing between tubulin dimers is
expanded to create an elongated microtubule model.
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5.5 Summary

In this work we have used microwaves to induce structural
perturbations in microtubules while simultaneously recording SAXS
and WAXS data. We demonstrate that we can obtain reproducible
difference curves which hints at some sort of conformational change
happening in the microtubule. Based on initial theoretical predictions
we hypothesize that microwaves could trigger the elongation of
microtubules as visualized in the low-q region q<0.1A™
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CHAPTER®6

Coherent Diffractive Imaging of fibers
and filaments at an XFEL

In Paper IV and Paper V we performed coherent imaging using XFEL
radiation on several filament systems such as microtubules (Paper V)
and Escherichia coli pili, F-actin, amyloid fibrils and gelsolin amyloids
(Paper V). The goal was to obtain single-shot fiber diffraction
patterns while also demonstrating the flow alignment of five
different biological systems in a liquid micro-jet also known as GDVN
(Gas Dynamic Virtual Nozzle).

XFEL- based science has taken off rapidly with great strides made in
obtaining protein structures and intermediate reactions previously
inaccessible, due to the high time-resolution achievable with XFEL
pulses. One of the important goals of XFEL radiation is to study
biological molecules without the need for crystals. Fiber diffraction
has been used to study biological filaments since the early 1920’s
when Michael Polanyi used X-ray diffraction to study cellulose
and formulated the theoretical concept for fiber diffraction'%'! The
most famous demonstration of X-ray fiber diffraction was the
determination of the double helical structure of DNAM2114,

6.1 Basis of fiber diffraction

Fiber diffraction takes advantage of the one-dimensional
translational symmetry of the filaments and consequently the
diffraction intensity is between 3D crystals and single molecules. As
the sample is rotated around the fiber axis, the X-ray diffraction
pattern remains unchanged. An intrinsic feature of the polymers is
that they repeat periodically along their lengths and so the scattering
lines are confined to the layer lines of the helical polymers!®>. However,
the alignment of fibers happens only in rare cases. To circumvent
this problem several techniques have been employed to generate
the alignment of fibers to get high quality diffraction patterns. One
such method was to use oriented polycrystalline samples which are
flexible in vivo to perform fiber diffraction!®. Fiber diffraction largely
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depends on the orientation of the sample and hence some extreme
measures such as having protein concentrations as high as 100 mg/ml
have been used to generate flow orientation in a glass capillary.
There are several other factors which could influence the orientation
such as the length of the filament, ionic conditions, pH and application
of magnetic fields'”18,

6.2 Flow alignment of fibers and filaments in a
GDVN

In experiments performed at the LCLS in October 2013, we used flow
alignment through a gas dynamic virtual nozzle (GDVN). In PAPER
IVand PAPER V we used GDVN to flow align different samples.

In PAPER IV all the samples described above were prepared as sols.
A sol can be described as a colloidal solution containing a
suspension of small particles, in this case biological filaments, which
are delivered in a continuous liquid medium. In order to achieve
single shot fiber diffraction, oriented filaments prepared in sols
becomes necessary. To overcome this limitation, we employed a
GDVN to deliver the samples into the path of the X- FEL beam. In
previous studies by Popp et al., a large amount of protein (>1 g) has
been used to optimize the process of filament orientation'’®. In a
GDVN (Figure 6.1 & 6.2), helium gas flows co-axially acting as a
virtual nozzle focusing the liquid jet and when one accelerates the
flow of the fluid, the cross-section of the liquid jet is reduced. The
extended filaments flow-align due to the differential flow speeds in the
virtual nozzle.
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Figure 6.1: Flow alignment of filamentous samples in the GDVN. Top:
Schematic of the GDVN, where a suspension of filamentous samples inside a
capillary is focused into a micro-jet in the high-vacuum X-ray imaging chamber
using a virtual nozzle formed by a co-axial gas flow. Bottom: Filament systems
used in these studies. (a) Electron micrograph of F-actin filaments formed by
polymerizing G-actin with 50 mM KCl for 2 hr in the presence of gelsolin
(4,000:1).(b) Electron micrograph of type | pili that were sheared from the
surface of E. coli. (c) Electron micrograph of AgelN amyloid fibrils formed in
water after 5 days of incubation. (d) Electron micrograph showing the needle-
like appearance of the G11A aggregates.

Figure 6.2: Microjet (left) and the stream of
filamentous particles (fine red line) intersected by
the XFEL beam at the arrow
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6.3 Fiber diffraction of Actin, E.coli pili, amyloid
fibrils and G11A synuclein

Four different filament systems were studied to study the structure
of biological filaments with an XFEL. All these samples were flown
through a GDVN (Figure 6.1) resulting in a micro-jet which were
subsequently intercepted by the XFEL beam. Various aspects of the
micro-jet had to be controlled precisely so that the XFEL beam interacts
with a continuous stream of liquid.

With a future goal to achieve single particle imaging, the jet diameter was
controlled by the nozzle size, pressure of the liquid in the nozzle and the
rate of the gas flow around the nozzle. It is also important to reduce the
scatter from the jet solvent to vacuum interface and therefor the jet
diameter (4-5 um) was chosen to be larger when compared with the X-
ray diameter (0.2 or 1 um). The collimation of the liquid jet in a
GDVN happens primarily due to viscous shear forces from the gas
(helium) flow acting on the sample-laden liquid jet. This focusing or
collimation causes the filaments or the proteins in solution to
experience extensional stresses which forces the initially randomly
oriented molecules to realign along the central axis of the flow.
Additionally, due to the shear forces exerted on the liquid exiting at the
nozzle by the flowing gas, the flow of the liquid will be faster than at
the central axis. Hence, the filaments in such a flow profile will be
extended and experience a torque resulting in flow alignment.

6.3.1 Data collection and sorting

Single-shot diffraction images of the different filament samples were
collected with a CSPAD detector at 120 frames per second. The images
obtained by this mode were computationally classified to select for
filaments that were more clearly aligned. This method also allowed to
minimize the overall disorientation of the fiber diffraction patterns. The
diffraction patterns with clear alignment were identified by simply
looking at the patterns and sorting with a method called angular-
resolved intensities binning.

For actin we obtained diffraction patterns containing aligned filaments
with weak background (Figure 6.3a) were classified as small clusters and
subsequently averaged to produce a diffraction pattern as shown in
figure 6.3b. These averaged patterns gave rise to layer lines at 5.96 nm
and 5.1 nm, reflections typical of actin filaments corresponding to the
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right and left handed helices!®®. The emergence of these layer lines is
also proof that the actin filaments remained intact in the microjet within
the vacuum chamber. The alignment and the subsequent averaging
enabled us to estimate the disorientation SD to 5 degrees.

D00 PhOION intoraty avorage photon intensity
1.00 126 1.50 178 200

] 1 2 3

Figure 6.3: XFEL fiber diffraction from actin filaments colored according to
photon intensity per detector pixel. (a) A total of 52,738 patterns were
collected and 26,610 were classified as usable (small or medium cluster of
aligned filaments), the remainder containing large, non-oriented clusters of
filaments or strong background scattering. (b) An averaged XFEL fiber
diffraction from the selected images that shows the most prominent layer lines.
The 5.96 nm (order 156) and 5.1 nm (order I157) layer lines are clearly visible,
which arise from the protomer spacing in the right and left handed long and
short pitches of the actin helix, respectively. (boxes 1-3) Weaker, higher-order
layer lines are also labeled and enhanced for contrast (e.g. 2.98 nm (order 1513)
layer line, which arises from the separation of the long pitch actin strands) and
(box 4) shows detector artifacts. (c) Qualitative comparison against features
from a fiber diffraction pattern collected from capillary aligned F-actin on a
rotating anode X-ray generator.

E.coli pili (type 1 pili) showed prominent features visible at
approximately 2.4 nm and 1.16 nm layer lines along with an equatorial
line at 4.2 nm from the obtained diffraction images (Figure 6.4a) as
well as the averaged patterns (Figure 6.4b). These prominent features
represent the helical repeat, the second order of the helical repeat and
the helical radius. Comparison of the XFEL averaged fiber patterns
(Figure 6.4b) with patterns obtained from synchrotrons (Figure 6.4c)
show similarity between the two techniques and the alignment of fibers
was similar to synchrotron obtained patterns.
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Figure 6.4: XFEL fiber diffraction from E. coli type 1 pili colored according to
photon intensity per detector pixel. (a) 81,352 such patterns were either
classified as usable (containing a small cluster of aligned filaments) or unusable
(large non-oriented clusters of filaments; strong scattering from edges of
micro-jet; strong background scattering). Only the most intense, usable
patterns were selected and averaged. (b) An averaged XFEL fiber diffraction
from 11,244 images that shows the most prominent layer lines. The 2.44 nm
layer lines indicate the pitch of the helical pili. Additional reference rings (4.25,
2.6, 1.77 and 1.16 nm) shown here aid comparison with classical pattern in C.
Relevant features are boxed. (box 1) the equatorial intensity at 4.2 nm, (box 2)
the 2.44 nm layer line, and (box 3) the 1.16 nm layer line. Boxes 2 and 3 have
been enhanced for contrast. (c) Qualitative features of synchrotron-based fiber
diffraction pattern collected from capillary aligned P pili from E. coli strain Cla-
pRHUB845. The same resolution guides as in panel (b) are shown

For amyloid fibrils the best diffracting images were averaged to
produce 0.505 and 0.497 layer lines arising from b-strand stacking and
an equatorial intensity is visible at 1.1 nm (Figure 6.5b) due to b-sheet
stacking. These spacings indicate that amyloid fibrils are composed of
B-sheets across the filament axis, similar to other amyloid
structurest?122,
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Figure 6.5: XFEL fiber diffraction from AgelN amyloid fibrils colored according
to photon intensity per detector pixel. (a) Four XFEL fiber diffraction patterns
from single femtosecond pulses of photons of X-ray wavelength 2.0664 A.
66,270 such patterns were classified as either usable (small or medium cluster
of aligned filaments) or unusable (medium, large non-oriented clusters of
filaments). Only the most intense, usable patterns were selected and
averaged. (b) An averaged XFEL fiber diffraction pattern from 48,747 images
that shows the most prominent layer lines. (box 1) 0.505 and 0.497 nm
meridional layer lines arising from the amyloid fibrils’ b-strand stacking. The
strong equatorial intensity in (Boxes 2 and 3) at 1.1 nm arises from b-sheet
stacking. (Inset) An enlargement of the 0.505 and 0.497 nm meridional layer
lines.

The final filament system studied was the a-synuclein fibril, a main
component of Lewy bodies and associated with Parkinson’s disease.
Previous attempts with visible light microscopy proved to be difficult as
the maximum width of the crystals is 200 nm which is too small for
light microscopy and X-ray diffraction patterns obtained at Spring8
beamline 32XU revealed a 4.6 A reflection.

During this experiment, we were able to achieve high resolution
diffraction for the G11A sample made possible due to the
combination of the GDVN injector and the XFEL source. The diffraction
patterns obtained from this experiment varied from fiber diffraction
(Figure 6.6a) to single crystal lattice (Figure 6.6b).
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Figure 6.6: XFEL fiber diffraction from G11A aggregates. (a) An example of a
single diffraction pattern from the most fibrillar aggregates. (b) An example of a
single diffraction pattern from the most crystalline, single, G11A aggregates.
The Miller indices are indicated. (c) A maximum projection computed using all
diffraction patterns of a single run. (d) The best diffraction pattern that could
be obtained using a 1.5 In focus beam at a third-generation synchrotron and
sample mounted in a loop

Figure 6.6C shows the maximum photon count per pixel on the
CSPAD detector for all the diffraction patterns which is seen as a sharp
reflection spread to form arcs. These sharp reflections tend to enhance
the location of the bright peaks which allows us to differentiate
those from diffuse scattering indicating the fibrils are crystalline
aggregates. With enough images and appropriate sorting algorithns
in the future we will be able to obtain three- dimensional crystal
diffraction patterns.

6.4 Summary

In Paper IV, we performed single-shot fiber diffraction of about

100 filaments using a combination of liquid micro-jet and powerful
femtosecond X-ray pulses. Using computational sorting algorithms, we
sorted the best diffraction data which upon averaging provided
improved fiber diffraction data. The results that the flow-aligned
data can be further computationally aligned to a disorientation
standard deviation of approximately 5 degrees. The combination of
single filament and XFEL fiber diffraction methods has several
advantages over classical fiber diffraction such as requiring less
protein, difficult filament alignment protocols and an exciting
possibility to obtain 3D diffraction data from single filaments.
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6.5 Imaging Microtubules at an XFEL

During the same beamtime at LCLS in October 2013, we also performed
XFEL imaging on microtubules. In Paper V we explore XFEL imaging of
microtubules using a combination of the micro-jet®®, image sorting
algorithms and merging them to obtain 2D diffraction patterns. From
the data obtained in this experiment we show that the resolution can be
extended to 2 nm. This data extending to 2 nm obtained from these 2D
diffraction images was used to reconstruct a projection image of the
microtubule.

6.5.1 Sample preparation

Tubulin samples were polymerized and stabilized using the anti-
cancer agent taxol'?3. Taxol promotes the assembly of microtubules by
reducing the critical concentration of tubulin required for
polymerization in-vitro'?*. Additionally, taxol prevents the microtubules
from disassembly under cold conditions'®>. Since the experiment was
performed at room temperature it was vital to have stable
microtubule while keeping disassembly as low as possible. The taxol-
stabilized microtubule samples were then injected into a vacuum
chamber where the sample was intercepted by a highly focused (~
200 nm focal diameter) XFEL beam. The samples were delivered using
a gas dynamic virtual nozzle®®12°,

6.5.2 Data collection

The experiment was performed at the Coherent X-ray Imaging (CXI)
experimental station* of the Linac Coherent Light Source® at the SLAC
National Accelerator laboratory. Each X-ray exposure contained
approximately 2 mJ of energy, corresponding to approximately 2 x
10*2 photons per pulse and was 33 fs in duration. The images were
collected with a CSPAD detector** at a rate of 120 Hz .
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Figure 6.7: Schematic illustration of the experimental setup. Samples of pre-
formed microtubules were injected across a focused X-ray free electron laser
(XFEL) beam. Diffraction data were recorded on a CSPAD X-ray detector which
was read out at 120 Hz, which matched the incoming repetition rate of the
XFEL. Under the experimental conditions approximately twenty microtubules
were intercepted by the X-ray beam as it passed through the microjet.

We used a protein concentration of 5 mg/ml which resulted in
approximately 20 microtubules within a ~0.06 um*® volume which
was intercepted by the XFEL beam. The microtubules were aligned
to a high degree® and the X-ray scattering from every pulse
contained scattering from approximately 20 polymers. As a result of
the alignment we were able to see diffraction spots on individual
detector images, characteristic of microtubule fibre diffraction
(Figure 6.8A).

6.5.3 Data sorting and classification

An experiment at the LCLS produces millions of diffraction
patterns which have to be carefully sorted out to obtain interpretable
data. In this particular experiment we collected almost a million
images in a single experimental shift (12 hours). The initial
processing of the data was done with the Cheetah software
package'” and based on manual inspection of images from
different collection runs 10% of those images were subjected to
further analysis. Since the microtubule polymers are present in a
buffer solution, there is a lot of background scattering from the
solution and also scattering from the edge of the jet stream!?,
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The images resulting from the background solution scattering as
well the jet scattering has to be removed before further
processing which resulted in 60 % of the images being discarded.

The next step was classifying those images according to the angle of
the equatorial diffraction line relative to the detector geometry.
The equatorial line corresponds to the perpendicular direction in a
fiber diffraction pattern. Blocks of 1000 images were divided into five
groups by class averaging'® which resulted in an averaged
diffraction pattern within each class with a layer-line visible at the
4 nm resolution (Figure 6.8B). Based on the contrast of the diffraction
spots along the 4 nm layer line, the orientation of the equatorial line
was determined which was then used as a marker to superimpose
the class averaged images. All these superimposed images were
then averaged revealing the high resolution 2 nm layer lines (Figure
6.8C). In the final step, data optimization was done with the
averaged images (with visible 2 nm layer lines) images and along with
the intense peaks which are similar to diffraction peaks, made it
possible to fit the individual peaks with a horizontal and vertical
Gaussian function (Figure 6.8D). Most of the noise arising out of the
scattering from the solution, bad pixels in the detector etc., were
removed in this step.
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Figure 6.8: Diffraction images and class averages recovered from samples of
microtubules. A, X-ray diffraction images from a single shot. B, Average of
approximately 200 images recovered by class average sorting of the X-ray
diffraction patterns using software originally developed for electron microscopy

applications’. C, Sum of the class averages after aligning each class average by
rotating about the beam centre. D, Fitted diffraction image recovered by fitting
Gaussian peaks to the features identified as diffraction peaks in C.

The next step in the process is to recover the 2D projection images of
a microtubule using the data shown in Figure 6.8 by a iterative phase
retrieval algorithm implemented in MatLab. Figure 6.9 represents the
results of this retrieval to recover the 2D projection images from each
of the images in Figure 6.8.
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Figure 6.9: Results of iterative phase retrieval assuming that the electron
density falls to zero outside of the microtubule. A, 2D projection image
recovered after Fourier transform of the image in Fig. 6.8A using a
homogeneous tube for initial phase and after 50 cycles of iterative phase
retrieval. B, 2D projection image recovered after 50 cycles of iterative phase
retrieval of the image shown in Fig 6.8B. C, 2D projection image recovered
after 100 cycles of iterative phase retrieval of the image shown in Fig 6.8C. D,
2D projection image recovered after 150 cycles of iterative phase retrieval of
the image shown in Fig 6.8D. After each imaging processing step, the resulting
image shows increasing detail. Both the average microtubule diameter of 25
nm and sub-structures of 4 nm become visible when inverting the fitted
diffraction image. White bars indicate 25 nm in the horizontal direction and 4
nm in the vertical direction. Blue represents low projection density whereas
yellow is high projection density.

From Figure 6.8 it is clear that it is possible to obtain structural
information concerning the microtubule diameter from just a single
shot of the X-ray pulse and the information content improves after
each subsequent step of image processing. Figure 6.8C represents
the outcome when all class averages are aligned and merged
together into a single image and in Figure 6.9C the borders of the
microtubule become clearly defined after Fourier inversion with a
diameter of 20 nm. The “clean” images (Figure6.8D) that were
reconstructed from Gaussian fits to the X-ray diffraction spots
visible in Figure 6.8C provides additional structural details. By
looking at Figure 6.9C and 6.9D, one can already spot the
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differences emerging from this approach. The boundary lines are
more well defined and improved, and details corresponding to the
monomer at 4 nm become visible after image reconstruction. The
dimensions obtained by this method enable us to obtain structural
information that is highly relevant biologically. The reconstructed
images of the microtubules with a peak-to-peak separation of 20
nm are representative of microtubule mixture dominated by 14
protofilaments.

6.5.4 Summary

In PAPER V we performed coherent diffracting imaging of 20
microtubules in a single shot at a XFEL. By carefully sorting the X- ray
diffraction data by adapting techniques from electron microscopy
and by applying image reconstruction algorithms we were able to
visualize structural details down to 2 nm resolution. In the future
the goal would be to extend such high resolution diffractive
imaging down to the single particle level.

It will also be interesting to study microtubule dynamic instability, a
phenomenon in which microtubules grow and shrink which is
inherent to their function and the critical role they play in several
important cellular functions®. Advancements in sample delivery
systems and improvements in XFEL technology like providing tighter
X-ray pulses it will be possible to address challenging questions in
biology.
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Chapter 7

Concluding remarks

This thesis summarizes five years of research carried out during my
PhD. The idea behind a major part of the work involved in this thesis
was to invent a biophysical method to probe conformational dynamics
in proteins using GHz frequency radiation with solution X-ray
scattering studies. To perform these studies microtubules were chosen
as the model system since they are relatively easy to purify in large
amount and give a strong X- ray scattering signal. It is also an
important system to study since they are involved in several crucial
functions within the cytoskeleton including cellular communication,
cell division among several other functions.

| began the quest towards achieving this goal by purifying proteins from
bovine and porcine brains with already established purification
protocols. The first part of the work described in this thesis (PAPER 1)
involved studying microtubule polymerization dynamics under the
influence of microwaves. We built a set-up and after several
iterations we were able to produce reliable and reproducible kinetic
curves. Once a reliable experimental set-up and measurement
protocol were established, we were able to show a functional effect
in that microwaves at 20 GHz could accelerate the growth of
microtubules. While this study lays the foundation for the effect of
microwaves, we simultaneously performed solution X-ray scattering
studies to see if microwaves induced any structural perturbations in
microtubules (PAPER IIl).

We began this journey by re-engineering an underutilized
crystallography beamline (PAPER Il) at MaxLab (Max Ill) to perform
WAXS measurements. What  we did here was to
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construct a WAXS set-up and validated the performance and reliability
of the measurements with protein systems for which there was data
available from other synchrotron sources. The system was successfully
validated and we propose to use similar set-ups to perform proof-of-
principle experiments to validate a new protein target and optimize
experimental conditions for reaction initiation.

We extended the light scattering studies to solution X-ray
scattering to probe for any structural perturbations (PAPER Ill) in
microtubules under the influence of microwaves. These experiments
were done at the Swiss Light Source (SLS) and we were able to
measure reproducible difference signal in the SAXS region which was
not due to thermal effects and the analysis of these results is ongoing.

We also performed Coherent Diffractive Imaging on fibers and
filament systems at a XFEL (PAPER IV and PAPER V) using a Gas
Dynamic Virtual Nozzle (GDVN) for sample delivery. Flow alignment of
four different biological filament systems (PAPER IV) was demonstrated
in a liquid microjet. Single-shot diffraction images of 100 filaments
permitted computational selection of the best images which upon
averaging improved the resolution of the fiber diffraction data.
Similarly, we demonstrate flow alignment of microtubules (PAPER V)
and performed an image reconstruction to obtain a projection of a
microtubule from the 2D diffraction data. From the image
reconstruction we were able to visualize structural details such as the
4 nm monomer within the microtubule. With developments in
sample injection systems?®!3%and improved detectors it will be possible
to obtain single-shot diffraction images of microtubules and other
systems at room temperature.

The effect of microwaves on biological systems has been
controversial*>®*® and to my knowledge there is no conclusive
evidence yet. The outcome of results depends on several factors
which leads to contradicting interpretations such as the choice of the
biological system, experiments performed in-vivo or in-vitro,
frequency domain and the measurement technique chosen to record
the data. While some of the results could hold water, any comparison
with each other, due to the variations mentioned above, makes it
harder to interpret the data. We, in our research were certainly biased
in choosing solution X-ray scattering as the method of choice to study
the microwave induced structural perturbations in microtubules. But
difference-WAXS/SAXS is a very well established and reliable method
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to study protein structural changes®8%8587.90105131 " 3 method to which
our lab has made significant contributions.

We have demonstrated that by using difference WAXS/SAXS we can
produce a reproducible difference signal on exposure to microwaves.
Further experiments are needed to characterize the difference signal
and assign those changes to a structural response within the
microtubule. If we can show that microwaves can trigger structural
perturbations, it can be used as a generic method to initiate
reactions in many non-light activated protein systems in biology.
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