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Abstract

Abstract

The unicellular, flagellated parasite Trypanosoma brucei is the causative agent of
human African sleeping sickness and nagana in livestock. In the last decades, it has
become an established eukaryotic model organism in the field of biology, as well as
in the interdisciplinary field of biophysics. For instance, the dense variant surface
glycoprotein (VSG) coat offers the possibility to study the dynamics of GPI-anchored
proteins in the plasma membrane of living cells. The fluidity of the VSG coat is
not only an interesting object of study for its own sake, but is critically important
for the survival of the parasite in the mammalian host. In order to maintain the
integrity of the coat, the entire VSG coat is recycled within a few minutes. This is
surprisingly fast for a purely diffusive process with the flagellar pocket (FP) as the
sole site for endo- and exocytosis. Previous studies characterising VSG dynamics
using FRAP reported diffusion coefficients that were not sufficient to to enable fast

turnover based on passive VSG randomisation on the trypanosome surface.

In this thesis, live-cell single-molecule fluorescence microscopy (SMFM) was em-
ployed to elucidate whether VSG diffusion coefficients were priorly underestimated
or whether directed forces could be involved to bias VSGs towards the entrance
of the FP. Embedding the highly motile trypanosomes in thermo-stable hydrogels
facilitated the investigation of VSG dynamics on living trypanosomes at the mam-
malian host’s temperature of 37°C. To allow for a spatial correlation of the VSG
dynamics to the FP entrance, a cell line was employed harbouring a fluorescently
labelled structure as a reference. Sequential two-colour SMFM was then established
to allow for recording and registration of the dynamic and static single-molecule

information.

In order to characterise VSG dynamics, an algorithm to obtain reliable information
from short trajectories was adapted (shortTrAn). It allowed for the quantifica-
tion of the local dynamics in two distinct scenarios: diffusion and directed motion.
The adaptation of the algorithm to the VSG data sets required the introduction
of an additional projection filter. The algorithm was further extended to take into
account the localisation errors inherent to single-particle tracking. The results of
the quantification of diffusion and directed motion were presented in maps of the
trypanosome surface, including an outline generated from a super-resolved static
structure as a reference. Information on diffusion was displayed in one map, an
ellipse plot. The colour code represented the local diffusion coefficient, while the
shape of the ellipses provided an indication of the diffusion behaviour (aniso- or
isotropic diffusion). The eccentricity of the ellipses was used to quantify deviations
from isotropic diffusion. Information on directed motion was shown in three maps:

A velocity map, representing the amplitude of the local velocities in a colour code.
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A quiver plot, illustrating the orientation of directed motion, and a third map which
indicated the relative standard error of the local velocities colour-coded. Finally, a
guideline based on random walk simulations was used to identify which of the two
motion scenarios dominated locally. Application of the guideline to the VSG dy-
namics analysed by shortTrAn yielded supermaps that showed the locally dominant

motion mode colour-coded.

I found that VSG dynamics are dominated by diffusion, but several times faster
than previously determined. The diffusion behaviour was additionally characterised
by spatial heterogeneity. Moreover, isolated regions exhibiting the characteristics
of round and elongated traps were observed on the cell surface. Additionally, VSG
dynamics were studied with respect to the entrance of the FP. VSG dynamics in
this region displayed similar characteristics compared to the remainder of the cell

surface and forces biasing VSGs into the FP were not found.

Furthermore, 1 investigated a potential interference of the attachment of the cy-
toskeleton to the plasma membrane with the dynamics of VSGs which are anchored
to the outer leaflet of the membrane. Preliminary experiments were conducted
on osmotically swollen trypanosomes and trypanosomes depleted for a microtubule-
associated protein anchoring the subpellicular microtubule cytoskeleton to the plasma
membrane. The measurements revealed a trend that detachment of the cytoskeleton
could be associated with a reduction in the VSG diffusion coefficient and a loss of
elongated traps. The latter could be an indication that these isolated regions were

caused by underlying structures associated with the cytoskeleton.

The measurements on cells with an intact cytoskeleton were complemented by ran-
dom walk simulations of VSG dynamics with the newly determined diffusion coef-
ficient on long time scales not accessible in experiments. Simulations showed that
passive VSG randomisation is fast enough to allow for a turnover of the full VSG
coat within a few minutes. According to an estimate based on the known rate
of endocytosis and the newly determined VSG diffusion coefficient, the majority
of exocytosed VSGs could escape from the FP to the cell surface without being

immediately re-endocytosed.




Zusammenfassung

Zusammenfassung

Der einzellige, begeiflelte Parasit Trypanosoma brucei ist der Erreger der huma-
nen Afrikanischen Schlafkrankheit und Nagana bei Nutztieren. In den vergangenen
Jahrzehnten hat er sich sowohl in der Biologie als auch im interdisziplinaren Bereich
der Biophysik als eukaryotischer Modellorganismus etabliert. So bietet der dichte
variant surface glycoprotein (VSG) Mantel beispielsweise die Moglichkeit, die Dy-
namik von GPI-verankerten Proteinen in der Plasmamembran von lebenden Zellen
zu untersuchen. Die Fluiditat des VSG-Mantels ist nicht nur um ihrer selbst Willen
ein interessantes Studienobjekt, sondern auch von entscheidender Bedeutung fiir das
Uberleben des Parasiten im Saugetierwirt. Damit die Integritéit des Mantel erhalten
bleibt, wird der gesamte VSG Mantel kontinuierlich innerhalb weniger Minuten aus-
getauscht. Dies ist erstaunlich schnell fiir einen rein diffusiven Prozess, bei welchem
die GeiBeltasche (GT) der einzige Ort fiir Endo- und Exozytose ist. Bisherige Stu-
dien zur Charakterisierung der VSG Dynamik mit FRAP ermittelten Diffusionsko-
effizienten, welche nicht ausreichten, um eine schnellen Austausch durch eine passive

Randomisierung der VSG auf der Trypanosomenoberfliche zu ermoglichen.

In dieser Arbeit wurde die Einzelmolekiil-Fluoreszenzmikroskopie (EMFM) an leben-
den Zellen eingesetzt, um herauszufinden, ob die VSG Diffusionskoeffizienten zuvor
unterschiatzt wurden oder ob gerichtete Krifte beteiligt sein kénnten, um VSGs
zum Eingang der GT zu leiten. Die Einbettung der hochmotilen Trypanosomen
in thermostabilen Hydrogelen erlaubte die Analyse der VSG Dynamik auf leben-
den Trypanosomen bei einer Temperatur des Séugetierwirts von 37°C. Um eine
rdumliche Korrelation der VSG Dynamik mit dem Eingang zur GT zu erméglichen,
wurde eine Zelllinie verwendet, die eine fluoreszenzmarkierte Struktur als Referenz
besafl. Anschliefend wurde die sequnezielle EMFM in zwei Farben etabliert, um
sowohl die Aufzeichnung als auch die Registrierung der dynamischen und statischen

Einzelmolekiilinformationen zu gewéhrleisten.

Um die VSG Dynamik zu charakterisieren, wurde ein Algorithmus zur Gewinnung
von zuverldssigen Informationen aus kurzen Trajektorien adaptiert (shortTrAn).
Dieser liefl die Quantifizierung der lokalen Dynamik anhand zweier unterschiedlicher
Szenarien zu: Diffusion und gerichtete Bewegung. Die Anpassung des Algorithmus
an die VSG Datenséitze erforderte die Einfithrung eines zusétzlichen Projektions-
filters. Dartiber hinaus wurde der Algorithmus erweitert, um die Lokalisierungs-
fehler zu berticksichtigen, die bei der Verfolgung von Einzelpartikeln unvermeid-
bar auftreten. AnschlieBend wurden die Ergebnisse der Quantifizierung von Diffu-
sion und gerichteter Bewegung in Karten prasentiert, die die Trypanosomenober-
fliche abbildeten, einschliefSlich eines Umrisses, der als Referenz aus einer hoch-
aufgelosten statischen Struktur generiert wurde. Die Informationen zur Diffusion

wurden in einer Karte, einem Ellipsenplot, dargestellt. Dabei représentierte eine




Zusammenfassung

Farbkodierung die lokalen Diffusionskoeffizienten, wihrend die Form der Ellipsen
einen Hinweis auf das Diffusionsverhalten (aniso- oder isotrope Diffusion) gab. Die
Exzentrizitat der Ellipsen wurde hierbei genutzt, um die Abweichung von isotroper
Diffusion zu quantifizieren. Die Informationen zur gerichteten Bewegung wurden in
drei Karten wiedergegeben: Eine Karte fiir die Geschwindigkeit zeigte die Ampli-
tude der lokalen Geschwindigkeiten farbkodiert. Ein Kécherplot veranschaulichte die
Richtung der Geschwindigkeit und eine dritte Karte zeigte den relativen Standard-
fehler der lokalen Geschwindigkeiten farblich kodiert an. Abschlieend wurde ein auf
Random- Walk-Simulationen basierender Leitfaden herangezogen, um zu entscheiden,
welches der beiden Szenarien lokal dominierte. Die Anwendung des Leitfadens auf
die mit shortTrAn analysierte VSG Dynamik ergab Ubersichtskarten, in denen der

lokal dominierende Bewegungsmodus farblich kodiert war.

Ich konnte zeigen, dass die VSG Dynamik von der Diffusion dominiert wird. Jedoch
war diese um ein Vielfaches schneller als bisher angenommen. Das Diffusionsverhal-
ten war zudem durch eine raumliche Heterogenitéit charakterisiert. Des Weiteren
wurden auf der Zelloberflache isolierte Regionen beobachtet, die die Eigenschaften
von runden und lénglichen Fallen aufwiesen. Zusatzlich wurde die VSG Dynamik
in Bezug auf den Eingang der GT untersucht. Die VSG Dynamik in dieser Region
wies dhnliche Kennwerte auf wie die restliche Zelloberfliche, und es konnten keine
Krafte festgestellt werden, welche die VSGs in die GT dirigieren.

Des Weiteren habe ich den potentiellen Einfluss der Verankerung des Zytoskeletts an
der Plasmamembran auf die Dynamik der VSGs untersucht, die in der d&ufleren Mem-
branschicht verankert sind. Hierzu wurden vorlaufige Experimente auf osmotisch
geschwollenen Trypanosomen und Trypanosomen durchgefiithrt, denen ein Mikro-
tubuli assoziiertes Protein fehlte, welches das subpellikulare Mikrotubuli-Zytoskelett
an der Plasmamembran verankert. Bei den Messungen wurde ein Trend festgestellt,
wonach die Ablosung des Zytoskeletts mit einer Verringerung des VSG Diffusions-
koeffizienten und dem Verlust der ldnglichen Fallen korrelieren konnte. Letzteres
konnte ein Hinweis darauf sein, dass diese isolierten Regionen durch darunter liegen-

de, mit dem Zytoskelett verbundene Strukturen verursacht wurden.

Die Messungen auf Zellen mit intaktem Zytoskelett wurden durch Random- Walk-
Simulationen von VSG Trajektorien mit dem neu ermittelten Diffusionskoeffizienten
auf langen, experimentell nicht zugénglichen Zeitskalen erginzt. Die Simulationen
zeigten, dass die passive Randomisierung der VSGs schnell genug ist, um einen
Austausch des gesamten VSG Mantels innerhalb weniger Minuten zu erméglichen.
Einer Schatzung zufolge, die auf der bekannten Endozytoserate und dem neu er-
mittelten VSG Diffusionskoeffizienten basierte, konnte der Grofiteil der exozytierten
VSGs aus der GT zur Zelloberflache gelangen, ohne unmittelbar wieder endozytiert

zu werden.
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Introduction

1 Introduction

1.1 Background on single-molecule fluorescence microscopy

1.1.1 The way from basic light microscopy to single-molecule fluorescence

microscopy

Biology, like all natural sciences, is based on observations. Observations raise ques-
tions, hypotheses are proposed to provide explanations, which are tested with exper-
iments, and finally conclusions are drawn from the results to the original observation.
In order to allow for observations on scales below the resolution of the human eye, a
lens system for magnification had to be invented: the microscope. The importance of
this new technology for natural scientists was confirmed by the famous work Micro-
graphia by Hooke in 1665 with his detailed drawings of minuscule objects. However,
it was Antony van Leeuwenhoek who systematically utilised microscopy for new dis-
coveries. At that time, his own setup consisted of only one lens, but with a very
strong resolving capacity. Thus, he was the first scientist to discover bacteria and
protozoa in water droplets, which he called animalcules (van Leeuwenhoek, 1677).
Herein, Antony van Leeuwenhoek is acknowledged as the father of microbiology.
Since then, light microscopy has evolved and become one of the most widely used
techniques in life sciences. Hereby, establishment of histological staining methods
provided an important contribution to surpassing poor contrast by altering the light

absorption capabilities of different cellular structures.

However, further discoveries were needed to lay the foundations for today’s state
of the art fluorescence microscopy. This includes the discovery of fluorescence. It
was John Frederick William Herschel who discovered the fluorescent property of
quinine sulphate in 1845 (Herschel, 1845). George Stokes investigated this phe-
nomenon in more detail and already characterised fluorescence as the emission of
light, which results from excitation by light (Stokes, 1852). Moreover, he observed
that the absorption and the emission spectrum of a fluorophore diverged. This dif-
ference is nowadays well-known as Stokes shift. The emitted fluorescence exhibits
a longer wavelength and thus less energy than the absorbed photon. Furthermore,
he discovered a collection of fluorescent probes in the following years. The physical
background of fluorescence was explained by Alexander Jablonski in 1935, which
is illustrated by the Jablonski diagram shown in Figure 1 (Jablonski, 1935). Upon
the absorption of light (hva), the fluorophores electrons are excited from the singlet
ground state (Sp) to a higher vibrational /rotational level (0, 1, 2) of the first (S;) or

second (S2) electronic state. This is followed commonly by rapid internal conversion
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to the lowest vibrational level of S;. The subsequent return to one of the vibra-
tional energy levels of the electronic ground state is accompanied by the emission of
fluorescence (hvg). For this reason, the emission of light is accompanied by the loss
of energy and therefore the spectrum is red-shifted, which explains the Stoke shift.
The described process takes place in the regimes of several nanoseconds, which re-
sembles the typical fluorescence lifetime values of fluorophores (Lakowicz, 2010). In
addition, fluorophores in S; can undergo intersystem crossing by conversion to the
first triplet state (77), which is followed by the emission of phosphorescence (hvp).
The time scales leading to phosphorescence are several orders of magnitude greater
than that for fluorescence (Lakowicz, 2010). An example in which phosphorescence
is exploited are glow-in-the-dark toys. The discovery that emission light is shifted
into the long-wave range compared to absorption light is advantageously employed
in fluorescence microscopy to separate perturbing excitation light from emitted light

utilising dichroic mirrors.

Figure 1: Scheme of a Jablonski diagram. It illustrates the processes from light absorption
including transition in energetic and vibrational/rotational states to emission.
The absorption of light (hv4) results in the electrons of the fluorophore being
excited from the singlet ground state to a level (0, 1, 2) of the first (S1) or second
(S2) electronic state. Internal conversion followed by return to a level of the
singlet ground state leads to the emission of fluorescence (hvg). Intersystem
crossing to the triplet state (77) can occur which is then followed by the emission
of phosphorescence (hvp).

All developments up to this point have improved resolution and signal-to-noise ratio
in fluorescence microscopy, but resolution to the smallest detail still remained elusive.
This can be attributed to the physical diffraction limit of light which was described
by George Airy in 1835 and later mathematically founded by Ernst Abbe in 1873.
The diffraction limit according to Abbe is shown in Equation1 (Abbe, 1873):

g A A
 2xmxsina 2NA

(1)
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He stated that the minimal resolvable distance d of two lines in a grating depends
on the wavelength of light A divided by 2 times the refractive index n multiplied
the sine of the half-angular « of the objective. Alternatively, the nominator can
be expressed as two times the numerical aperture (N A) of the objective. The nu-
merical aperture of a modern immersion objective is typically 1.4 or higher. For
self-emitting fluorescent objects, the diffraction limit should be calculated accord-
ing to the heuristic Rayleigh criterion, which is described in Equation2 (Rayleigh,

1903):
122 A 061A

2 "NA NA 2)

The equation is derived from Rayleigh’s assumption on spatial resolution. It states

d

that two point-like emitters can be distinguished from one another if the distance
of both intensity maxima is equal to or greater than the radius of the Airy disk
(Figure2). The airy disk on the other hand is an interference pattern of a point like
source. It exhibits a local intensity maximum in the centre which is surrounded by
concentric rings of less intensity (Airy, 1835). Consequently, a resolution of 160 -
330nm can be achieved for visible light (400-800nm). However, if cellular processes
occurring at the nanometre scale were of particular interest, it was impossible to
study these until new techniques were available to circumvent the natural diffraction
limit of light.

Figure 2: Illustration of the Rayleigh criterion. A Schematic representation of an airy disk
of a point-like light source. The radius (r) of the airy disk is depicted by a cyan
line. B Intensity profile of an airy disk with the radius shown by a cyan line.
C Example of two light sources that fulfil the Rayleigh criterion as the distance
(d, magenta line) between both intensity maxima is greater than the radius of
the Airy disk (r, cyan line). Thus, the light sources can be distinguished from
each other.

The most obvious approach to improve resolution is to exploit the dependency of re-
solution on wavelength. Implementation of this principle resulted in the development
of electron microscopy. By using electron beams (A = 0.0037 nm at 100keV ') which
are significantly shorter in wavelength compared to visible light (A = 400-800nm),

structures below 1 A are potentially resolvable. Nowadays, two types of electron mi-

'Reviewed by the University of Utah, Advanced Microscopy (2011). Electron Microscopy Tutorial.
https://advanced-microscopy.utah.edu/education/electron-micro/ (accessed in Dec. 2021)
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croscopy have become the most widely used: scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). When one is interested in cellular
structures within cells, TEM is the technique of choice. For instance, to study a
protein of interest, sections of fixed preparations are required. The protein of in-
terest is labelled with gold particles so its location in the cell can be examined.
However, it is difficult to investigate a protein or even a lipid of interest whilst tak-
ing into account the surrounding molecules. In addition, preparation of specimens
is extremely elaborate and time-consuming and the protein cannot be examined in
living cells. Nevertheless, a combination of fluorescence microscopy and electron
microscopy, correlative light and electron microscopy (CLEM), permits the possibil-
ity to study the protein of interest in the complex organisation of cells. It exploits
the variety of highly specific fluorescent labelling methods in combination to the
super-resolved cellular structures. However, this technique is also limited to the

prerequisite of fixed samples.

Here, fluorescence microscopy offers a distinctive advantage, because if special cham-
bers for living cells are used, molecules can be examined in living cells. Structures
below the diffraction limit were first studied by fluorescence microscopy using struc-
tured light (Lukosz, 1966). However, it was single-molecule detection that led to
the breakthrough of super-resolution fluorescence microscopy (Moerner and Kador,
1989; Orrit and Bernard, 1990; Shera et al., 1990). For this, the principle of isolat-
ing single emitters was exploited, which was already used to study single-molecule
dynamics. Two approaches have been established that use either stochastic or de-

terministic procedures for the detection of individual molecules.

Stimulated emission depletion (STED) is considered as a deterministic method and
was developed in the 1900s (Hell and Wichmann, 1994). As an adaption of confocal
laser scanning microscopy (CLSM), a doughnut shaped depletion beam is addition-
ally used to the excitation beam to narrow the emission spot. The final obtained
fluorescence from the centre of the object is below the diffraction limit. This allows
single molecule positions to be determined down to 20 nm without requiring fitting-
based single molecule localisation. The highest resolution of up to ~1nm available
today is provided by a fluorescence microscopy method that also originates from the
Hell laboratory. MINFLUX probes the emitter with a local intensity minimum of
excitation light (Balzarotti et al., 2017).

The stochastic approach separates the emission patterns spatiotemporally in a dense-
ly labelled sample. For this purpose, the active-on and inactive-off state of the fluoro-
phores are exploited that can be initiated by photoconversion, photoswitching, and
photoactivation. This allows for recording isolated but diffraction limited spots.

The emitter’s localisation can then be determined using algorithms with a better
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resolution than the Abbe limit. Single emitters are collected over a period of time
and a high-resolution image of the structure is reconstructed with a resolution of
~25nm. To eventually completely resolve a structural feature, the distance between
two emitters needs to be less than half the feature size as stated by the Nyquist-
Shannon theorem (Shannon, 1949). There are two techniques, which are mainly
distinguished by the fluorophores used: Synthetic organic fluorophores are utilised
in direct stochastic optical reconstruction microscopy (ISTORM) (Heilemann et al.,
2008) and STORM (Rust et al., 2006), while fluorescent proteins are used in pho-
toactivated localisation microscopy (PALM) (Betzig et al., 2006; Hess et al., 2006).
Both techniques were developed in the early 2000s. Development of PALM is based
on the discovery of GFP (Shimomura et al., 1962), its cloning (Chalfie et al., 1994),
and characterisation (Ormé et al., 1996). Chemical modification of GFP (Patterson
and Lippincott-Schwartz, 2002) yielded a photoactivatable variant and eventually
allowed it to be used in a wide and versatile range of scenarios. Furthermore, the
intrinsic blinking behaviour of GFP at high illumination intensities (photoswitch)
can be exploited (Dickson et al., 1997; Zhou and Lin, 2013) to separate individual
GFP molecules even without the use PALM. The importance of the discovery of
GFP was acknowledged in 2008 with the award of the Nobel Prize.

1.1.2 Fluorescent labelling strategies

The progress in microscopy was accompanied by a development of new labelling
methods, which were additionally necessary to increase the accuracy of measure-
ments. In conventional fluorescence microscopy, the first fluorescent labels were
fluorophore-labelled antibodies and are still used today. An immunoglobulin G
(IgG) has a molecular weight and size of ~148kDa and 10- 15 nm. Thus, the size of
the IgG alone induces a significant label uncertainty between the fluorophore and the
protein of interest, leading to an erroneous localisation, especially in single-molecule
measurements. A good alternative for immunostaining with a reduced linkage error
are nanobodies. Nanobodies are single-domain antibodies and substantially smaller
than IgGs with ~14kDa and a size of ~2.5-4nm (Harmsen and De Haard, 2007).
When labelling intracellular structures with antibodies or nanobodies, the cells re-
quire fixation and membrane permeabilisation to access the target protein. Mi-
croscopy in living cells is therefore limited to the labelling of extracellular or mem-
brane proteins. The endogenous expression of GFP or one of its derivatives offers the
great advantage that live-cell imaging is possible and the strict 1:1 stoichiometry al-
lows for quantification of traget molecules. In addition, GFP is significantly smaller
than antibodies with ~27 kDa and the dimensions of the barrel are 4.2 nm in length
and 2.4 nm in diameter (Ormo et al., 1996). Nevertheless, the size of the fluores-

cent protein can impair the physiological function of the tagged protein (Rodriguez
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Figure 3: Reaction scheme of NHS-ester based protein labelling. The NHS group of a
fluorescent dye reacts with a primary amine of a target protein. Reaction takes
place at pH 7-9 and results in a stable, covalent bond.

et al., 2017) due to steric hindrance. That is why, synthetic, organic fluorophores are
often favoured because of their small size, increased brightness, and photostability.
Depending on their chemical properties, these can be membrane permeable and suit-
able for live-cell experiments. Different strategies can be pursued for labelling the
protein of interest with synthetic dyes. The incorporation of SNAP- (~20kDa) and
Halo-tags (~ 33 kDa), so-called protein tags, enables specific binding. An endogenous
labelling sequence expressed together with the protein of interest is combined with
an organic fluorophore having a compatible binding sequence, enabling for instance
long-time observations. The endogenous binding sequence restricts the linkage error
to a few nanometres, but can also perturb the function of the tagged protein. In
order to achieve the smallest label uncertainty, conjugated organic fluorophores are
preferentially used to label proteins. Here, small conjugated fluorophores possess a
functional group such as a maleimide or NHS (N-hydroxysuccinimide) group, which
target suitable reactive groups like primary amines or thiol groups at the protein.
The reaction of an NHS-functionalised dye with a primary amine is shown in Fig-
ure 3. This allows for direct labelling and is preferably used for in wvitro labelling in
purified protein samples. Specific labelling of a protein of interest using conjugated
fluorophores in crowded cellular environments is usually difficult and requires spe-
cific conditions, like an excessive abundance of the protein in relation to the other
cellular molecules. Labelling methods introduced here represent only a selection of
existing labelling methods and fluorophores and are reviewed in Terai and Nagano
(2013), Rodriguez et al. (2017), and Lelek et al. (2021). Selection of the appropriate
fluorophore and the associated labelling method has to be chosen specifically for

each experimental set-up and the addressed biological question.

1.1.3 Single-molecule localisation, tracking and its limitations

To investigate structures or dynamics with single-molecule microscopy, a large num-
ber of consecutive image series of diffraction limited, blurred spots are recorded.
Blurring can be characterised by the point spread function (PSF). In turn, the PSF

of each microscope describes how a single molecule emitter appears in an image
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acquired by the microscope. To extract the precise position of the emitter, the local
intensity maximum of the emitter is determined by image processing. In order to de-
termine the exact position of the intensity maximum, a sufficient number of photons
is required to achieve a good signal-to-noise ratio (Bobroff, 1986). Two categories of
noise sources exist. The first noise source is associated with the camera and includes
the dark current noise, the usually negligible read-out noise and the multiplicative
noise from stochastic amplification of photoelectrons (Quan et al., 2010; Chao et al.,
2013). The second noise source is associated with the sample, such as cell autoflu-
orescence and out-of-focus signals (Deschout et al., 2014). Additionally, the finite
number of photons limits the determination of the precise position and is leading to
Poisson noise. The precision in detection is quantified by the localisation precision
o, which can be particularly well visualised for immobile emitters. There are mul-
tiple approaches to determine o, e.g. from the error of the x- and y-position in the
Gaussian fit, from theory (Ober et al., 2004), and from the standard deviation in

the x- and y-position of an immobile emitter (Manzo and Garcia-Parajo, 2015).

In recent decades, robust tracking algorithms have been developed for measuring the
dynamics of individual moving particles in consecutive image sequences, generating
trajectories from the single-molecule localisations (Schmidt et al., 1996; Manzo and
Garcia-Parajo, 2015). The rapid development of algorithms also permits the tracking
of particles with an exceptionally high diffusion coefficient (Semrau et al., 2011), in
an environment with a high particle density or with heterogeneous dynamics (Slator
et al., 2015). Fundamentally, classical tracking is based on calculating probabilities
that particle m in image ¢ is particle n in image 7 which are then maximised.
Subsequently, trajectories can be analysed in detail to study the dynamics of the
single molecules. Usually it includes the determination of a diffusion coefficient or
the velocity of a single particle or a set of particles.

The mean-squared displacement (M .S D) is regularly used to characterise the single-
molecule tracking data and to derive a diffusion coefficient. The relation of the
diffusion coefficient to the M SD is defined in 1D as follows:

MSD
oD = —2%
At 3)

with At indicating the time lag between the consecutive images. The definition of
the MSD in 1D is:

N—n

1 — 2
N_niZI(xAH At — Tiat) (4)

MSD(nAt) =

with IV denoting the number of consecutive steps at a time lag nAt, x the position
of a particle within the trajectory at a time ¢, and At the smallest time interval

resolved. The M SD is calculated for each dimension separately and by adding up
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the two-dimensional M SD can be derived. Subsequently, the M SD is determined
for each trajectory and averaged to derive the population M.SD as a function of time.
However, to obtain statistically relevant results from the MSD analysis, only the
first 10-20 % of the time lags of each trajectory should be included for the derivation
of the diffusion coefficient or a motion model, as the error in the MSD increases
with increasing time lags (Qian et al., 1991). If the M SD is plotted as a function
over time, the diffusion coefficient can be determined from the slope of the fit. If
the tracking algorithm yields a large number of long trajectories, the M.SD vs At
plot can be interpreted as a reliable indicator of the motion type (Figured4). It is
Brownian motion, if the plot results in a straight line. Is the M.SD increasing sub-
or supralinear additional contributions as confined diffusion or active transport have
to be considered. Alternatively, the distribution of the 1D steps can be employed
to conclude on the type of motion. Free diffusion can be assumed from a Gaussian

distribution.
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Figure 4: Illustration of different motion types in MSD plots. A linear plot (cyan line)
represents Brownian motion. A supralinear M SD curve (magenta line) can arise
from directed, active motion of a particle, whereas a sublinear M .S D progression
indicates restricted particle motion within a given area (yellow line).

Analogous to single-molecule localisation, tracking suffers from sampling errors due
to the single-molecule technique. These are known as the (i) static and (ii) dynamic
localisation error and affect the measured M SD (Savin and Doyle, 2005). Both
errors also will have an impact on the diffusion coefficient if it is derived from
a single MSD value instead of the slope of the fit to the MSD curve. (i) The
source of the static localisation error is the limited localisation precision o. This
error was already recognised two decades ago in the community and considered
in the calculation of the one-dimensional MSD as MSDgt corr = MSD — 20>
(Martin et al., 2002; Savin and Doyle, 2005; Backlund et al., 2015). Thus, the static
localisation error adds a constant offset to the real M SD. If the diffusion coefficient
is determined from a single M SD value, the diffusion coefficient is consequently
overestimated especially at small time lags and diffusion coefficients if it is not

corrected for (Dgar corr < D). (ii) The dynamic localisation error originates from

22



Introduction

the exposure time required to collect enough photons from a single emitter. Hence,
a moving emitter is imaged at positions averaged over the exposure time. The

dynamic localisation error can be corrected by adjusting the effective time point of

the localisation: Atgyn corr = At — %tZ‘f texp With t.,, indicating the exposure time
(Savin and Doyle, 2005; Berglund, 2010; Michalet and Berglund, 2012; Backlund
et al., 2015). In contrast to the static localisation error, the dynamic localisation
error leads to an underestimation of the diffusion coefficient, if it is not considered
properly (Dayn corr > D). Including both error corrections in the calculation of the
one-dimensional diffusion coefficient as a function of the M .SD stated by Equation 3

yields Equation 5:

MSD — 207
op = MSD =207 (5)
At — 5777 teap

Both errors have the largest impact on MSD(At = 1) and D(At = 1), as the share
of errors decreases with increasing time lags. In conclusion, the two errors have an
inverse impact on the measured M SD and diffusion coefficient. It is worth noting
that the relative contribution of both errors is unique to each experimental set-up

and thus, the errors as well as their effect must be determined for each experiment.
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1.2 Evolution of the membrane model

Microscopy has become an important tool in today’s research. It has been and still is
of crucial relevance in the study of the plasma membrane of cells. This includes the
elucidation of the structure and the composition of the plasma membrane, interac-
tions of the individual components as well as studies on the dynamics of components.
The following section provides an overview of how the view on the plasma membrane

has evolved over the last decades.

In general, plasma membranes consist of two main components, lipids and proteins.
Lipids possess a hydrophilic head with a hydrophobic tail consisting of two fatty acid
chains. In the conserved lipid bilayer, the lipids are oriented to form a hydrophobic
core with the hydrophilic heads pointing outwards. Membrane-embedded proteins
can be categorised into peripheral, lipid-anchored, and integral proteins which also
include transmembrane proteins. Both components work together to fulfil the vari-
ous functions of the membrane, which can be broken down to four basic functions:
(i) Separation by forming a semi-permeable diffusion barrier, (ii) exchange, e.g. of
metabolites and macromolecules from inside and outside the cell, (iii) integration of
cells into cell populations or higher organisations like tissues, including cell adhesion
and receptor-mediated signalling, and (iv) participation in the metabolism, such as

harvesting and conversion of cellular energy (Buehler, 2016).

Georg Quincke was the first to postulate the plasma membrane is of a lipid nature.
In 1888, he observed that a cell behaves like oil when broken into two parts and
described it as a liquid layer of fat less 100 nm thin (Quincke, 1888; Loeb, 1904).
Independently, Hans Horst Meyer and Ernest Overton reported that anesthetics
can overcome the cell barrier if they are soluble in oil and in water (Meyer, 1899,
1901; Overton, 1901). This supported the hypothesis of membranes consisting of
lipids. The origin of the assumption of a bilayer organisation was set by an exper-
iment by Evert Gorter and Francois Grendel. To this end, the scientists isolated
the membrane of erythrocytes and determined the area covered by the extract when
spread on a water surface in a Langmuir trough (Gorter and Grendel, 1925). They
calculated that the number of extracted lipids would be sufficient to cover twice
the measured area. Although their calculation contained a number of errors that
canceled each other out, they correctly concluded that the membrane consisted of a
lipid bilayer.

At the same time, the model of Gorter and Grendel could not provide answers to
the questions of surface tension, permeability and electrical resistance of cell mem-
branes, which led to scepticism. Hugh Davson and James Danielli assumed that
membrane proteins mediate the before mentioned properties in a membrane. In

1935, they proposed an extended hypothesis that the plasma membrane consists of
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a lipid bilayer covered by a thin protein layer on either side resulting in a trilaminar
architecture of the plasma membrane (Danielli and Davson, 1935).

The invention of electron microscopy enabled scientists to view the plasma mem-
brane in its details for the first time. Electron microscopy images showed a trilam-
inar appearance of the plasma membrane (Robertson, 1957, 1967), which J. David
Robertson interpreted as a support for the model by Danielli and Davson. However,
Stoeckenius was able to explain and illustrate how the lipid bilayer resulted in a
trilaminar appearance. He pointed out that the inner and outer areas of the lipid
membrane are stained to different intensities due to their different compositions
(Stoeckenius, 1962).

In 1972, S. Jonathan Singer and Garth Nicolson postulated a new model that recon-
ciled the key features of the previous discoveries: the fluid mosaic model (Singer and
Nicolson, 1972). It views the plasma membrane as homogenous, equilibrated lipid
bilayer in which a variety of integral, peripheral or lipid anchored proteins are ran-
domly distributed (Figure 5). This composition gives the membrane the appearance
of a mosaic. In the model, membranes are also considered as dynamic structures

and lipids as well as proteins are able to move laterally in the membrane.

Figure 5: Scheme of the fluid mosaic model introduced by Singer and Nicolson. It shows
a three-dimensional, cross-sectional view of the lipid matrix with embedded in-
tegral proteins (black stippled and/or striped). Lipids are depicted by their
circular head and two jagged lines indicating the fatty acids. Adapted and mod-
ified from Singer and Nicolson (1972).

Since the proposal, the understanding of the lipid and protein composition, their
interactions in the plasma membrane as well as the interactions with the underlying
cytoskeleton or the extracellular matrix of living cells have considerably improved.
Today we know that the membrane does not only consist of a large number of
a few lipids, but rather a large variety of a hundred different lipids. In addition,
thousands of different protein components exist that are densely packed in the mem-

brane (reviewed in Buehler (2016)). The leaflets of the membranes are not in an
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equilibrated state either, instead a trans-bilayer asymmetry is actively maintained

by transporters (van Meer et al., 2008).

The organisation as well as the dynamics of the lipids were studied, for example,
by employing artificial membranes on glass or as giant unilamellar vesicles (GUVs)
(Baumgart et al., 2003; Veatch et al., 2008). Depending on the composition and
concentration of the used lipids, a phase separation on meso- and nanoscales can be
observed. Hereby, the membrane shows two states: lipid disordered and lipid or-
dered. The latter are termed lipid rafts or lipid domains which were precisely defined
by the Keystone Symposium on Lipid Rafts and Cell Function in 2006 as follows:
“Membrane rafts are small (10-200 nm), heterogeneous, highly dynamic, sterol- and
sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts
can sometimes be stabilized to form larger platforms through protein-protein and
protein-lipid interactions.” (Pike (2006), p.1597). However, the existence of lipid
domains in living cells is controversially discussed. Biological membranes consist of
a complex mixture of lipids and therefore the estimation of the phase state is difficult.
It is implied that the domains can create a sorting or signalling platform by enrich-
ing other membrane components via their affinity to them (Simons and Van Meer,
1988; Simons and Toomre, 2000; Sezgin et al., 2017). Furthermore, some proteins
harbour lipid-binding motifs that can, for example, regulate their membrane distri-
bution. One such example is the HIV glycoprotein gp41 having cholesterol-binding
motifs (Schwarzer et al., 2014). More on the lipid-protein interaction can be found
in the reviews Lee (2003), Lee (2011), and Corradi et al. (2019).

Lateral movement of membrane components was initially postulated to be free dif-
fusion. Today, we know that membrane-associated proteins have different modi of
diffusion, including simple Brownian motion, confined diffusion and anomalous dif-
fusion. Kusumi and his colleagues showed with high-speed single particle tracking
that different modi can be observed for phospholipids and membrane-associated pro-
teins (Kusumi et al., 2011, 2012). They investigated the dynamics of transmembrane
proteins, glycosylphosphatidylinositol (GPI)-anchored proteins and phospholipids.
The components under investigation exhibited a dependency of diffusion time scales
on observation area which did not scale to the expecting simple Brownian motion.
The scientists monitored large diffusion coefficients in compartment sizes of less than
hundred nanometres, while at the micrometer scale diffusion coefficients were found
to be an order of magnitude smaller (Kusumi et al., 2011).

This observation resulted in the development of the hop diffusion model. It implies
that molecules in a compartment undergo fast diffusion, but are limited by barri-
ers. To make a transition to the next compartment, the membrane molecule has
to hop. For its explanation, the anchored picket fence model of the plasma mem-

brane was proposed by Kusumi et al. (2012) which is shown in Figure6. It states
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membrane molecules filamentous transmembrane actin
not anchored to actin actin fences coupled pickets

Figure 6: Illustration of the anchored picket fence model stated by Kusumi. A membrane
patch of 0.5x 0.5 pm is displayed. The actin fences (cytoskeleton) are depicted in
red and transmembrane actin coupled pickets in magenta. Membrane molecules
which are not anchored to the cytoskeleton are shown in grey and light grey.
Dynamics of not anchored molecules are illustrated by a black to grey and dark
green to green line, while each colour is indicating confined diffusion. Adapted
and modified from Kalappurakkal et al. (2020).

that transmembrane proteins (pickets, e.g. actin-binding proteins) are anchored by
binding to the underlying cytoskeleton (fences, e.g. cortical actin filaments). The
pattern of the cytoskeleton meshwork (fences) is then transferred to the membrane
by the transmembrane proteins (pickets), creating compartments. Membrane parti-
cles can diffuse freely in the compartment but will collide with the pickets resulting

in confined diffusion. To cross the barrier, particles can undergo hop diffusion.

Other studies on the organisation of lipid-anchored proteins indicate a nanoscale or-
ganisation which often depends on the cytoskeleton (Plowman et al., 2005; Goswami
et al., 2008). However, these cannot be explained by the anchored picket fence model
alone. This resulted in the development of the active actin-membrane composite
model, which is reviewed in Kalappurakkal et al. (2020). It characterises the cell
surface as a composite of a multicomponent plasma membrane resting on a mul-
ticomponent cytoskeleton. It considers the dynamics of the cytoskeletal network
itself and accounts for the energy-consuming remodelling work, such as the corti-
cal actin-localised acto-myosin-driven processes, in maintaining the non-equilibrated
distribution of components in the cell membrane. Furthermore, it adds the possi-
bility that chemical signals are involved in regulation of the remodelling. More
generally, the membrane components can be categorised as (i) inert, (ii) passive and
(iii) active on the basis of their interaction with the cytoskeleton (Figure 7). (i) Inert
components can diffuse randomly in the membrane and do not interact with the un-
derlying cytoskeleton (Figure7A). (ii) Passive components are, for example, trans-

membrane proteins with a cytoskeletal binding domain or GPI-anchored proteins
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that affect organisation due to transbilayer interactions, also called interleaflet cou-
pling (Figure 7B). The latter can be exemplified by the study of Raghupathy et al.
(2015). They reported on the interaction of long-chain GPI-anchored proteins with
nanodomains of phosphatidylserine in the complementary leaflet in Chinese ham-
ster ovary cells, which in turn were associated with connector proteins of the actin
cytoskeleton. (iii) Active components, on the other hand, trigger a signalling cas-
cade through activation by a chemical signal, which in turn triggers the acto-myosin

machinery that acts as a template for nanoclusters (Figure 7 C).

nanocluster enriched domains
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Figure 7: Scheme of the active actin-membrane composite model. Enlarged sections dis-
play the three categories of membrane components based on the interaction with
the underlying actin cytoskeleton: inert (A), passive (B), and active (C). ABD,
actin binding domain; AP, anchored protein; GPI, glycophosphatidylinositol; i,
inner leaflet of the plasma membrane; PS, phosphatidylserine; o, outer leaflet of
the plasma membrane; TM, transmembrane; Adapted and modified from Kalap-
purakkal et al. (2020).

In addition to the contact to the interior of the cell, the membrane is also in constant
contact with the external environment, such as the extracellular matrix. Considering
that the extracellular matrix has binding sites for cell adhesion receptors or that
lectins like multivalent Galectins can guide the organisation of glycosylated proteins
(Garner and Baum, 2008; Lakshminarayan et al., 2014), it is quite likely that the
extracellular matrix and the glycocalyx of the cell also influence the organisation of
the cell membrane. Furthermore, the signal transduction pathway via receptors into

and out of the cell has a high potential to impact the local membrane organisation.

Since the introduction of the fluid mosaic model by Singer and Nicolson, we have

continuously developed our knowledge about the organisation of the cell membrane.
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Today we know that the membrane of living cells is highly organised and the inter-
actions with adjacent structures such as the cytoskeleton or the extracellular matrix
are intricate. Quoting Kalappurakkal et al. (2020) from their review: "there’s (al-

ways) more to this than meets the eye".

The cell membrane’s link to cellular processes as well as its involvement in signal
transduction makes cell membrane proteins a target for therapeutic treatment of dis-
eases in medicine. Membrane-associated proteins can also be implicated in evading
the host immune response and facilitating the survival of parasites in the host. An
example of this is the eukaryotic parasite Trypanosoma brucei, which is discussed

in more detail in the following section.
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1.3 Trypanosoma brucei

1.3.1 African trypanosomes are the causative agent of African Sleeping
sickness

Trypanosoma brucei (T. brucei) is a unicellular, eukaryotic parasite belonging to
the order of Trypanosomatida in the class Kinetoplastida (Fernandes et al., 1993).
The class is characterised by the existence of a kinetoplast, a structure containing
the mitochondrial DNA (d’Avila Levy et al., 2015). The flagellated parasites are
transmitted by the bite of the tsetse fly vector (Glossina spp.) and infect a variety
of vertebrate hosts. During their life cycle, the African trypanosomes are exclusively
extracellular. The geographic distribution of the flagellated parasite is limited by
the habitat of the tsetse fly vector to sub-Saharan Africa.

In the fly, five different stages are known to exist. After ingestion of parasites during
a blood meal, trypanosomes develop in the midgut of the tsetse fly into proliferative
procyclic forms (PCFs). In parallel with the migration in the vector from the poste-
rior midgut to the salivary glands through the proventriculus, the PCFs differenti-
ate into cell cycle arrested mesocyclic cells and subsequently into long epimastigote
forms. In the salivary glands, the long epimastigote forms divide asymmetrically,
which produces a long and a short daughter cell (Van Den Abbeele et al., 1999;
Sharma et al., 2008). The short epimastigote form attaches to the epithelium of the
glands and produces by asymmetric division mammalian-infective, cell cycle-arrested
metacyclic forms (Rotureau et al., 2012). During a blood meal this infective parasite
form is then transmitted back to the vertebrate host and establishes infection. In
the vertebrate host, in contrast, there are two forms: The slender trypomastigote,
also known as bloodstream form (BSF), and the stumpy form trypomastigote. The
BSF is the proliferative stage and is responsible for the level of parasitemia. If the
parasite population reaches a certain density, BSF trypanosomes differentiate upon
the quorum sensing factor stumpy inducing factor (SIF) into stumpy forms (Seed
and Sechelski, 1989; Reuner et al., 1997; Vassella et al., 1997). Stumpy cells are cell
cycle-arrested and die within 2-3 days after differentiation unless they are taken
up by the fly (MacGregor et al., 2011). In the fly stumpy cells can develop to pro-
cyclic forms and infect the tsetse fly. Stumpy forms were thought to be the only
mammalian host-related form to infect the tsetse fly (Fenn and Matthews, 2007).
Schuster et al. (2017) showed that also BSF trypanosomes could establish infec-
tions. During their life cycle, trypanosomes are exposed to a variety of different
environmental conditions. This includes the change in temperature from 27°C in
the vector to 37°C in the vertebrate host. In addition, the pH value of the environ-
ment changes and the available nutrients differ. To survive in the mammalian host,

the parasite switches its energy metabolism from oxidative phosphorylation in the

30



Introduction

insect vector to glycolysis in the host (reviewed in Bringaud et al. (2006); Tielens
and van Hellemond (2009)).

In the vertebrate host, the parasite causes the diseases African sleeping sickness in
humans and Nagana in livestock. Nagana is caused by the prevalent subspecies 7.
brucei brucei, T. congolense, and T. vivax (Rotureau and Van Den Abbeele, 2013).
In contrast, human African trypanosomiasis is caused by T. brucei rhodesiense, and
T. brucei gambiense, which can survive in the bloodstream of the human host. This
is due to their resistance to human trypanolytic factor (TLF), which is a combina-
tion of apolipoprotein L1 (APOL1) and a haptoglobin-related protein (HPR). TLF
circulates in the blood as innate immune effector, opposing the trypanosomes by
lysis (Perez-Morga et al., 2005; Wheeler, 2010).

Symptoms of the diseases were already recorded before the colonial period. But it
was not until 1857 that David Livingstone discovered that a bite from the tsetse
fly causes the disease Nagana (Livingstone, 1857). Another 40 years later, it was
Sir David Bruce who identified trypanosomes as causative agents in the blood of
infected animals (Bruce, 1895). His observation was honoured with the naming
Trypanosoma brucei spec. It was shortly thereafter that the bite of the tsetse fly
and an infection with trypanosomes were linked to human African trypanosomiasis
(HAT) (Dutton, 1902; Kleine, 1909).

Progression of HAT occurs in two steps: (i) an hemolymphatic stage which is fol-
lowed by (ii) a meningoencephalitic stage. (i) After transmission of trypanosomes by
the bite of the tsetse fly, the parasites spread in the blood, lymph and various tissue
spaces, causing headache, fever, joint pains and shivering. (ii) Once the parasites
cross the blood-brain barrier and reside in the brain and central nervous system, the
patient is in the second stage. Symptoms associated with the disease emerge, such
as a disturbed sleep cycle, which gave the disease its name. Eventually, the patient
falls into a coma and dies (Kennedy, 2013). Infections with T. brucei rhodesiense
have an acute and severe progression, characterised by the infection of the central
nervous system within a few weeks and leading to death after a few months (Brun
et al., 2010). Infections with 7. brucei gambiense, on the other hand, are chronic

and can last for years (Brun et al., 2010).

Vector control with combined surveillance and treatment of the disease, have reduced
annual case numbers of HAT from 25,000 reported cases in 2000 to 1,000 cases in
2018 (Franco et al., 2020). To this day, animal African trypanosomiasis is fatal
to many domesticated animals and causes $4.5 billion in damage annually to the

African economy, livestock and agricultural sectors (Kimaro and Abiola, 2021).
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1.3.2 Cell architecture and cell cycle

T. brucei brucei is the most widely studied subspecies and exhibits a high similarity

to human-infective trypanosomes.

Trypanosomes have a highly polarised cell structure in which the organelles occupy
distinct positions (Figure8). Cell shape is defined by the highly polarised micro-
tubule skeleton with the minus end facing the anterior part of the cell and the plus
end facing the posterior end (Robinson et al., 1995). The sub-pellicular corset of
microtubules is regularly spaced, linked to each other as well as to the overlying
plasma membrane (Hemphill et al., 1991). Trypanosomes in the mammalian host
are covered by a dense coat of glycosylphosphatidylinositol (GPI)-anchored variant
surface glycoproteins (VSGs), which provide a protective barrier on the plasma mem-
brane. Similar to other eukaryotes, trypanosomes possess the following organelles:
a nucleus, a single mitochondrion, a Golgi apparatus, an endoplasmic reticulum, en-
dosomes and lysosomes. Moreover, mitochondrial DNA is organised in a structure
called the kinetoplast. It is located next to the flagellar pocket (FP) at the posterior
end and is physically connected to the flagellum by the basal body. The basal body
is, for instance, involved in the segregation of the mitochondrial genome (Robinson
and Gull, 1991). The FP is a membrane invagination at the posterior end. At the
same time, it is the only site for endo- and exocytosis (Overath and Engstler, 2004)
and the exit site of the single flagellum. The flagellum extends along the longitudi-
nal axis of the cell body to the anterior end. Its exterior part is attached to the cell
body by the flagellum attachment zone and it has a free distal tip at the anterior
end (Taylor and Godfrey, 1969). The flagellum is characterised by two structures
(Gull, 1999): The paraflagellar rod (PFR), a lattice-like filament, and the axoneme.

golgi MT corset

nucleus

flagellar flagellum
pocket
posterior anterior
VSG coat
kinetoplast lysosome
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endosome
direction of swimming —————J»

Figure 8: Scheme of the cell architecture of T. brucei. It shows a bloodstream form (BSF')
trypanosome including the major organelles and their respective cellular loca-
tion. ER, endoplasmic reticulum; MT corset, microtubule corset; VSG, variant
surface glycoprotein; Adapted and modified from Griinfelder et al. (2003).
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The PFR is physically connected to the axoneme, which contains an in eukaryotes
conserved, canonical arrangement of ‘942" microtubules. For the motility the PFR
as well as the axoneme are essential (Bastin et al., 1998, 1999, 2000; McKean et al.,
2003) and lead to a helical propulsion in anterior direction (Rodriguez et al., 2009).
The flagellar beat can accelerate T. brucei to speeds of up to 42 pm/s with a tip-to-
base beat frequency of ~20Hz (Heddergott et al., 2012; Bargul et al., 2016). The
motility of the parasite is crucial for its viability (Broadhead et al., 2006), infection
of the mammalian host (Shimogawa et al., 2018), its morphogenesis (Kohl et al.,
2003), and cell division (Kohl et al., 2003; Ralston et al., 2011).

The cell cycle is precisely timed and can be characterised by the replication of
key structures and their distribution to daughter cells (Figure9). The coordinated
process starts with the duplication of the basal body, which acts as a nucleation site
for the newly synthesised flagellum (Sherwin and Gull, 1989; Lacomble et al., 2010).
The growing daughter flagellum follows precisely the old flagellum and thus transfers
the structural information from the old flagellum to the new flagellum (Moreira-Leite
et al., 2001). At the same time, the replicated mitochondrial DNA is segregated in
the S phase of the cell cycle, resulting in an elongated, v-shaped kinetoplast (1KVIN).
The division of the kinetoplast invariably precedes that of the nucleus (2K1N) and
characterises cells in the G2 phase. The nuclear DNA is replicated in the G2 phase
and separated in the M phase without disassembly of the nuclear envelope, which is
termed closed mitosis (Ogbadoyi et al., 2000). After complete separation (post M
phase), the cell has two kinetoplasts and two nuclei (2K2N). Cytokinesis is finally
initiated at the anterior end when all cell organelles have been duplicated. Cell
division is accomplished by a longitudinal binary fission in which a division furrow
is formed towards the posterior end. Following cell division, both daughter cells

have one kinetoplast and one nucleus (1K1N).
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Figure 9: Schematic representation fo the cell cycle of T. brucei. Duplication of the key or-
ganelles, kinetoplast (K) and nucleus (N) are shown in respect to the duplication
of the flagellum. Cytokinesis takes place by binary fission along the longitudinal
axis of 2K2N cells, resulting in two 1K1IN cells.
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1.3.3 Organisation and composition of the plasma membrane of bloodstream

form trypanosomes

The knowledge and view of plasma membranes has changed significantly since the
fluid mosaic model by Singer and Nicolson in 1972, as explained in Section 1.2. The
membrane is no longer considered a separate element of a cell, but is in constant
exchange with the environment. This has prompted scientists to investigate the
composition and components of T. brucei’s plasma membrane to contribute to the

knowledge of the parasite and its infection strategy.

The central element of the plasma membrane is the lipid bilayer. The lipid compo-
sition of trypanosomes is consistent with the usual range of lipids found in eukary-
otes., e.g. phospholipids, neutral lipids, and sterols (Dixon and Williamson, 1970;
Dixon et al., 1971; Venkatesan and Ormerod, 1976; Patnaik et al., 1993; Smith,
1993; Vial et al., 2003; Richmond et al., 2010). Phospholipid composition in BSF
trypanosomes determined from total cell extracts revealed that phosphatidylcholine
(PC, 45-60 %) and phosphatidylethanolamine (PE, 10-20 %) were the most abun-
dant glycerophospholipid classes, while phosphatidylinositol (PI), phosphatidylser-
ine (PS), phosphatidylglycerol (PG) and cardiolipin (CL) represented minor gly-
cerophospholipid classes (Patnaik et al., 1993; Richmond et al., 2010). Sphingolipids
were represented by sphingomyelin (SM), inositol phosphorylceramide (IPC) and
ethanolamine phosphorylceramide and accounted for 10- 15 % of the total lipid com-
position. Additionally, investigations of the flagellar membrane revealed that sterols
and raft forming lipids are enriched compared to the remaining cell membrane (Tyler
et al., 2009; Serricchio et al., 2015). The precise lipid composition of the plasma
membrane is not known due to the difficulty in separating the plasma membrane

from the membrane of the organelles.

The lipid membrane is connected to the underlying sub-pellicular microtubule skele-
ton by microtubule-binding proteins (Hemphill et al., 1991). The only region lacking
the underlying skeleton is the FP region, restricting endo- and exocytosis to this part
(Overath et al., 1997; Gull, 2003). Insertion of a lipid-anchored eYFP to study the
structure of the inner leaflet showed either an accumulation or dilution of the flu-
orescent probe rather than a homogeneous distribution (Glogger et al., 2017b). It
is implied by the authors that presumably the anchoring of the cytoskeleton has a
structuring influence and prevents the homogeneous diffusion of the probe as ex-
plained by the picket fence model (Glogger et al., 2017Db).

Anchored in the outer leaflet of the plasma membrane, the interface to the envi-
ronment, BSF trypanosomes possess a dense glycocalyx, which is the parasite’s key
virulence factor (Vickerman, 1969; Cross, 1975). The glycocalyx consists nearly

exclusively of a variant of a homodimeric variant surface glycoprotein (VSG) and
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is also known as the VSG coat (Figure10). The coat consists of ~107 monomers,
which corresponds to 10 % of the proteome and ~90 % of the proteins found on the
cell surface (Jackson et al., 1985; Griinfelder et al., 2002; Bartossek et al., 2017).

The VSG homodimer has a molecular weight of 100-120kDa. Each monomer
is constituted of one or two small C-terminal domains of 20-40 residues, which
are connected by a flexible linker region to a large N-terminal domain (Bartossek
et al., 2017). The N-terminal domain consists usually of 350-400amino acids.
The position and number of conserved cysteine residues allows for a grouping in
two VSG classes (type A and B). Usually, VSGs are modified by one or more N-
glycosylation sites (Mehlert et al., 2002). Additionally, class B variants can possess
an O-glycosylation on top of the N-terminal domain, increasing the virulence of the
parasite by impairing the generation of a protective immunity (Pinger et al., 2018).
Even though the sequence of the individual VSG variants can differ significantly
from each other, which induces the antigenic variation, the tertiary structure is con-
served in the individual classes. This suggests that an important structure-function
relationship exists. With all its components, the VSG extends 12-15 nm from the
cell surface membrane (Vickerman, 1969; Schwede et al., 2015). The size of VSGs
and the density of the coat forms eventually a barrier and shields remaining surface

proteins from recognition by the host immune system.
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Figure 10: The VSG coat of bloodstream form trypanosomes. A Image generated by trans-
mission electron microscopy showing the dense VSG coat as an electron dense
structure, the plasma membrane and the subpellicular microtubule skeleton.
Scale bar is 0.1 pm. Courtesy of Elisabeth Meyer-Natus. B Model of a com-
plete VSG structure. It represents the top and side view of the structure of
VSG M1.1 generated from a superposition of different models for the N-terminal
domain. The flexibility of the C-terminal domain (CTD) is indicated by the
angles. NTD, N-terminal domain; Adapted and modified from Bartossek et al.
(2017).

Linkage of a VSG homodimer to the outer leaflet of the membrane is mediated by
GPI-anchors at the C-terminal end of each VSG monomer. A GPI-anchor is com-
posed of a glycan part and a lipid part (reviewed in Borges et al. (2021)). The glycan
core is conserved for all known protein-linked GPI anchors and can by modified by

side chains varying between species and even within different life cycle stages of the
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same organism (Ferguson et al., 2015). To generally link a GPI-anchor to a protein,
a peptide bond is formed between the amino group of phosphoethanolamine of the
glycan part of the anchor and the C-terminal carboxyl group of the polypeptide
(Ferguson et al., 1988). The lipid part consists of one or two phospholipids and its
composition varies from species to species. Additionally, the length of phospholipids
can be different and can range from 14 to 26 carbons (Ferguson et al., 2015). In
the case of T. brucei’s VSG, the final GPI-anchor is composed exclusively of two
C14:0 myristate fatty acids. The GPI-anchor provides the high lateral mobility of
the VSGs.

Lateral movement is required, for instance, to maintain the integrity of the coat.
For this purpose, the VSGs have to be taken up into the cell through the FP, the
sole site of endocytosis and exocytosis. The uptake resembles the narrow escape
problem (Schuss et al., 2007), which deals with a Brownian particle which is con-
fined to a bounded domain (cell surface), except for a small window (FP) through
which it can escape. After the uptake by clathrin-coated vesicles, the VSGs reach
early endosomes. Thereafter, two pathways are possible (Engstler et al., 2004; Link
et al., 2021): the first option moves the VSGs to recycling endosomes (RE), which
then bring the VSG pool back to the surface. The second possibility, is a route that
moves the VSG pool to lysosomal endosomes (LE) and then to RE, which eventually
redirect the VSG back to the surface. Whilst the liquid phase cargo is transported
from the LE to the lysosome to be degraded, it is interesting that no VSG could
be found in this organelle (Engstler et al., 2004). The time required to endocytose
the entire coat was investigated by fluorescence experiments and determined by ex-
trapolations (Engstler et al., 2004). It takes ~12 minutes to completely absorb and
recycle the VSG coat. The determined turnover time is surprisingly fast, considering
that the FP only makes up 5% of the cell surface.

It is also hypothesised that the lateral dynamics of the VSGs are crucial for the
survival of the parasite (Hempelmann et al., 2021). Incubation with nanobodies
against VSG MITat 1.2 lead to a rapid decrease of the VSG coat mobility, resulting
in impaired cell motility and eventually cell death. Furthermore, the fluidity of the
coat is a prerequisite for the evasion strategies of the parasite. The evasion strategies

are addressed in the following chapter.

The remaining 5-10% of the surface proteins are made up of receptors, Ca®2-
regulated adenylate cyclase, glucose transporters, and plasma membrane enzymes.
Among these are also GPI-anchored proteins, which include the heterodimeric trans-
ferrin receptor, TfR (Steverding et al., 1994, 1995), the haptoglobin-hemoglobin
receptor, HpHbR (Vanhollebeke et al., 2008), phospholipase C, GPI-PLC (Biilow
et al., 1989), and metalloprotease GP63 (LaCount et al., 2003). The latter two
are implicated in VSG shedding (Gruszynski et al., 2003; Grandgenett et al., 2007;
Garrison et al., 2021).
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Transmembrane proteins are also present in the plasma membrane of BSF try-
panosomes. Two examples are an adenylate cyclase encoded by ESAG4 (expression
site associated gene 4) (Rolin et al., 1990; Paindavoine et al., 1992) and the family
of invariant surface glycoproteins (ISGs) (Ziegelbauer et al., 1992; Ziegelbauer and
Overath, 1992; Jackson et al., 1993; Nolan et al., 1997). The recognition of all these
proteins by the immune system is prevented by the dense and protruding VSG coat
or the accumulation mainly in the invaginated FP. The latter is especially the case
for the receptors (Vanhollebeke et al., 2008; Steverding et al., 1995).

The trypanosome plasma membrane can be subdivided into three structurally and
functionally distinct regions: the flagellar membrane, the flagellar pocket membrane,
and the pellicular membrane. The FP is the specialised region of endo- and exo-
cytosis and exhibits an accumulation of receptors, while the flagellum is the origin
of the propulsion and is enriched in cholesterol. All three regions have the highly

antigenic, but at the same time protective VSG coat in common.

1.3.4 Contribution of the VSG coat in strategies to escape the host immune

system

T. brucet is an exclusively extracellular parasite and thus constantly exposed to the
host’s immune system. To evade the immune response, it has evolved two strate-
gies that are based on the glycocalyx consisting of GPI-anchored VSGs: Antigenic
variation (Cross, 1975; Barry and McCulloch, 2001) and hydrodynamic antibody
clearance (Engstler et al., 2007).

Antigenic variation is essential for trypanosomes to establish a persistent infection.
It is understood as a stochastic event that changes the expression to an antigenically
different VSG and its presentation on the cell surface in place of the previous ex-
pressed VSG. The whole VSG coat is replaced and the immune system is exposed to
a variant it is not yet familiar with. This provides time for the parasite to prolifer-
ate and establish a new wave of parasitemia, while the population recognised by the
immune system is cleared (Figure 11 A). The VSG is expressed from one of the 15
existing VSG expression sites (Hertz-Fowler et al., 2008). Additionally, the genome
harbours more than 2,000 VSG genes, which form a huge repertoire for antigenic
variation (Cross et al., 2014).

Switching can occur in different ways (reviewed in Taylor and Rudenko (2006)):
It can happen by an in situ switch or recombinational events. The in situ switch
involves the inactivation of the previously active expression site (ES) and the tran-
scriptional activation of one of the 14 previously inactive ES (Bernards et al., 1984;
Myler et al., 1984a,b). Three main paths for recombination-based switching events

exist: The first mechanism is referred to as telomere exchange. It is a crossover
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event between the active ES and an inactive telomeric VSG ES, leading to the
exchange of the telomeric sequences. Hereby, no sequences are lost (Pays, 1985).
The second pathway is termed gene conversion. The sequence of the active VSG
is replaced by a copy of a silent VSG from a silent ES or the repertoire in the
genome. This time, the original VSG sequence is lost. The third process, segmental
gene conversion, assembles even novel VSG sequences. Mosaic VSGs are created
by copying various segments of VSG sequences into the active ES. This mechanism
manifolds the number of antigenically different VSG coats beyond the number of
genes in the ES and the repertoire. The switch of the VSG is a passive process
which is in vivo independent from the host’s immune response and occurs with a
rate of 1077 to 10 switches/cell/generation for cell lines cultured in vitro or 107 to
102 switches/cell/generation for fly-transmitted cells in vivo independent from the

host’s immune response (Doyle et al., 1980; Lamont et al., 1986; Turner, 1997).

Hydrodynamic antibody clearance, on the other hand, utilises hydrodynamic forces
generated by the forward propulsion of the parasite (Engstler et al., 2007). Antibody-
bound VSGs are pushed to the posterior part of the cell and thus, relocated in
close proximity to the FP (Figure 11 B). Thereby increasing the probability of being
rapidly endocytosed and degraded intracellularly. This prevents an effective response
of the host immune system as antibodies are not exposed to the host immune system
long enough. The clearance of antibodies is effective at low to moderate antibody
concentrations. However, it can not protect cells at high antibody titres. Never-
theless, it is an important strategy and seems to be of particular importance for
the survival of non-proliferating stumpy forms (Engstler et al., 2007). The authors

assume that it provides the cells sufficient time for transmission to the tsetse vector

Figure 11: Evasion strategies of bloodstream form trypanosomes. A Representation of the
wave-like parasitemia over time in relation to the expressed VSGs of individ-
ual trypanosomes of a population. Only one variant is expressed by a cell at
a time. The underlying mechanism for the expression of a new antigenically
VSG variant is termed antigenic variation. Adapted from Mugnier et al. (2016).
B Mlustration of the hydrodynamic antibody clearance. Antibody-VSG com-
plexes are shoved to the posterior part of the trypanosome due to the hydro-
dynamic flow induced by the swimming of the cell. VSG and Immunoglobulin
G are drawn to scale. Adapted and modified from Engstler et al. (2007).
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before being cleared by the immune response. The hypothesis is supported by the
observation that endocytosis rates are even higher in short stumpy forms (Engstler

et al., 2007), facilitating a fast degradation.

For both processes, the lateral mobility of individual VSGs is fundamental for their
efficiency as well as for the overall fluidity of the VSG coat. Any interference of these
features could eventually lead to a better detection by the immune system and rapid
clearance of the whole parasite population. It can be assumed that a large selective
pressure is generated to maintain the mobility and fluidity of the coat. At the
same time, the coat has to be extremely dense to guarantee its protective barrier.
Both aspects seem to be contrary, as it was found that protein density significantly
influences the diffusion coefficient of proteins and that crowding leads to a reduction
in diffusion (Hartel et al., 2016; Guigas and Weiss, 2016).

1.3.5 Dynamics of the VSG coat of bloodstream form trypanosomes

Various methods have been established to investigate the dynamics of proteins or
lipids in membranes. Examples for microscopy-based methods are: fluorescence
recovery after photobleaching (FRAP), single-particle tracking (SPT), and fluores-
cence correlation microscopy (FCS). All techniques require the fluorescent labelling
of the lipids or proteins of interest, while the required label density in the sample
differs. For instance, FRAP measurements demand a homogeneously and densely
labelled sample, which corresponds to micromolar labelling, while the required la-
belling density for SPT and FCS ranges from nano- to femtomolar to resolve single
emitters (Chen et al., 2006; Garcia-Saez and Schwille, 2010). Furthermore, the
spatio-temporal resolution at which the methods operate varies. FRAP works at a
micrometre and seconds regime, while FCS operates in a submicrometre and sub-
to millisecond regime, and SPT at a nanometre and millisecond range (Hess et al.,
2002; Chen et al., 2006).

The extensive abundance of VSG molecules in the coat of BSF trypanosomes pro-
vides the ideal conditions for FRAP experiments to measure the dynamics of a
specific protein in living cells. Biilow et al. (1988), Hartel et al. (2015), Hartel
et al. (2016), and Hempelmann et al. (2021) characterised the diffusion with 0.01 -
0.03pm?/s. The proportion of the mobile fraction was 76-82%. In order to meet
the requirement of an immobile cell for fluorescence microscopy with the highly
motile trypanosomes, the scientists chose two different strategies. Biilow et al. first
depleted the global ATP level of the trypanosomes and subsequently embedded the
motionless parasites in low-melt agarose. This allowed for monitoring the dynamics
at the mammalian physiological temperature of 37°C. Hartel et al. (2015), Hartel

et al. (2016) and Hempelmann et al. (2021) chose gelatine for immobilisation, which
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limited the temperature to 20°C. However, the stiffness of the gelatine gel provided
the crucial compromise to study trypanosomes without massive interference in the
global ATP household. Hartel and his colleagues characterised the dynamics even
further. In the study of Hartel et al. (2015), the scientists showed that dynamics of
the GPI-anchored proteins depend on the extracellular molecular length of the pro-
tein. Dynamics increased with decreasing extracellular length of the protein, even in
living cells. In 2016, Hartel et al. addressed the question of whether N-glycosylation
of the VSG has an effect on the molecular crowding threshold (MCT) at which the
VSG coat operates. For this, living trypanosomes expressing N-glycosylation defi-
cient VSGs were studied by FRAP. Hereby, a significant reduction in the mobile
fraction was shown. This was complemented by studies in artificial membranes
which revealed a decreased diffusion coefficient of N-glycosylation deficient VSGs
compared to WT VSGs at the MCT. This suggests that N-glycosylations promote
a high fluidity as well as mobility of the VSG coat while maintaining a high protein

density to ensure its shielding function.
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1.4 Aim

In this thesis, I utilised live-cell two-colour SMFM to characterise the dynamics of
individual VSG molecules within the dense surface coat of T. brucei. This technique
has high spatial and temporal resolution. The VSG diffusion coefficients reported
in the literature and measured by FRAP are not sufficient to explain the known
fast turnover time of the VSG coat. Trypanosomes are special to the extent that
they possess only one site for endo- and exocytosis: the FP. Thus, to successfully
exchange the VSG coat, exocytosed VSGs have to randomise fast to prevent being
immediately re-endocytosed. Concurrently, for a fast turnover of the coat, VSGs
have to either diffuse much faster than previously described or utilise directed forces
biasing their motion towards the FP. Both aspects will be assessed in this thesis. For
this purpose, I used live-cell super-resolution microscopy to resolve the structure of
the fluorescently labelled hook complex which served as a reference to identify the
FP entrance. Embedding trypanosomes in an irreversible, cross-linkable hydrogel
facilitated imaging at the physiological temperature of their host at 37°C. As stage
drift in the nanometre range is unavoidable during the acquisition time required
for SMFM, I implemented an approach based on multifluorescent beads to allow
for the correction in both colour channels. Trypanosomes are small in size and
their surface is highly curved. This is why the VSG trajectories obtained were
short. Hence, a reliable method for quantification was needed. To this end, I
adapted an approach introduced by Hoze et al. (2012) to our data. Additionally,
I will present an important extension of the analysis which is the consideration of
the static and dynamic localisation error present in SPT. The evaluation approach
allows for the analysis of the VSG dynamics in two distinct scenarios: diffusion
and directed motion. The results of the quantification were visualised in maps
representing the trypanosome surface, e.g. local diffusion coefficients or velocities.
In order to decide which of the two motion scenarios dominated locally, I present a
suggestion for a guideline on the basis of random walk simulations. In addition, I
aimed to study a potential correlation of VSG dynamics and the cell’s cytoskeleton.
To this end, single-molecule tracking of VSGs was conducted on osmotically swollen
trypanosomes and on a trypanosome cell line deficient in a microtubule associated

protein possibly anchoring the cytoskeleton to the plasma membrane.
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2 Results

2.1 Immobilisation of living trypanosomes in PEG-VS/HA-SH

hydrogels for single-molecule fluorescence microscopy

To study the dynamics of the surface protein VSG (variant surface glycoprotein) of
the highly motile parasite T. brucei in vivo, living trypanosomes have to be immo-
bilised. This can be accomplished by the use of hydrogels (Biilow et al., 1988; Hartel
et al., 2015; Hartel et al., 2016; Glogger et al., 2017a; Glogger et al., 2017b). How-
ever, to study for the first time the dynamics at physiological temperatures of 37 °C,
an irreversibly cross-linked hydrogel was needed. Three hydrogels with different
polymer composition were introduced by Marius Glogger during his doctoral thesis
(Glogger, 2018). The hydrogel consisting of the 8-arm poly(ethylen glycol)-vinyl
sulfone (PEG-VS, commercial) and thiol-functionalised hyaluronic acid (HA-SH,
provided by Simone Stichler and Leonard Forster) appeared to be the best candi-
date as it was convenient to handle and did not require the initiation of cross-linking
by UV light. For this hydrogel, I tested the nanoscale immobilisation efficiency and
extended the published protocol by inclusion of multifluorescent beads to allow for
drift correction. Subsequently, cytocompatibility was tested for the adjusted hydro-

gel sample assembly.

2.1.1 Quantification of the immobilisation efficiency

The high motility of a trypanosome originates from its beating flagellum. Hence,
fluorescence imaging of hydrogel-embedded trypanosomes expressing a marker for
the flagellum was performed over a period of time to monitor any potentially re-
maining cell movements. Measuring the diameter of the fluorescent signal allowed
the determination of the immobilisation efficiency at the nanometre scale.

For this experiment, the 13-90 kinesin-MORN::eYFP cell line established by Ines
Subota was employed, as it expressed a marker for the axoneme of the flagellum
(Glogger et al., 2017a). The cells were immobilised in hydrogels of 10% (w/v)
PEG-VS and 5.6 % (w/v) HA-SH (~24kDa, ~54 % SH-substituted, Simone Stich-
ler). The intrinsic blinking behaviour of eYFP (Dickson et al., 1997) at high illumi-
nation intensities allowed for the spatial and temporal separation of the individual
emitters for single-molecule microscopy. The diameter of the super-resolved struc-
ture was then compared to the axonemal diameter of chemically fixed cells and to
the axonemal diameter determined by electron microscopy. A remaining flagellar
beat of insufficiently immobilised cells should result in a spread distribution of eYFP

localisations and thus increase the average axonemal diameter.
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In total, 32 cells immobilised in PEG-VS/HA-SH hydrogels were examined. 10,000
frames each were recorded at 28 Hz, and 1kW/cm?. Due to the high label den-
sity of eYFP molecules at the axoneme, the first ~100-200 frames were removed
manually from the movies until single emitters became visible. After processing the
single-molecule localisations according to Section4.7.1, super-resolved images were
reconstructed as described in Section4.7.4. An exemplary super-resolved image of
the axonemal signal is presented in Figure 12 A. To ensure that the structure was suf-
ficiently resolved, the number of localisations per pm? was quantified. As stated by
the Nyquist-Shannon theorem (Shannon, 1949), this parameter gives an indication
about the minimal extractable information of a structure. Therefore only images

2 were further evaluated. Back-

with a label density > 1,000 localisations per pm
ground noise as well as false-positive signals were also present in the reconstructed
super-resolved images and needed to be considered. Therefore, the ratio of false-
positive localisations (7 farse—positive) Was determined by the comparison of the specific
localisation density with the background density. For the 32 cells, the average label
density was 2,096 + 712 localisation per pm?. At the same time, T false—positive WaS
minor and ranged between 0.6 % and 1.5 % with an average of 0.64 %. To extract
the diameter of the axoneme, lines perpendicular to the contour line were used to
extract the intensity profiles. Then the average full-width-half-maximum (FWHM)
was calculated from these profiles (Section 4.7.5). The FWHM, representative for the
axonemal diameter, was 172+ 18 nm (Figure 12 B). Thus, the diameter was below
the diameter of fixed cells (214 £+ 39 nm, Glogger (2018)) and the diameters extracted
from electron microscopy images (210 - 230 nm, Nicastro et al. (2006); Koyfman et al.
(2011)). However, it can be concluded that the cells were efficiently immobilised as
the average axonemal diameter was below the average diameters of the reference

and no blurring was detected in the axonemal signal.
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Figure 12: Quantification of the immobilisation efficiency of the PEG-VS/HA-SH hydro-
gel. A Super-resolved image of kinesin-MORN::eYFP localisations depicting
the axoneme of the flagellum. The scale bar is 1.6 pm. B Distribution of the
determined axonemal diameter (n = 32 cells). The average axonemal diameter
was determined from the super-resolved images of the kinesin-MORN::eYFP
signals and was 172 4+ 18 nm.
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One reason for the smaller axonemal diameter could be a still too high label den-
sity. In single-molecule imaging, a high label density is known to cause artefacts
like false structures, multiple features collapsing into one or artificial sharpening
(Burgert et al., 2015; Sage et al., 2015; Fox-Roberts et al., 2017). To check whether
artificial sharpening caused the smaller axonemal diameter, an analysis for high-
density single-molecule data with the HAWK (Haar Wavelet Kernel) algorithm was
performed which was established by Marsh et al. (2018). To that end, the movies of
the kinesin-MORN::eYFP signals were fed into the HAWK ImageJ plug-in and the
filter level 5 was employed. The algorithm enables the separation of emitters on the
basis of their blinking behaviour. The output yielded an image sequence containing
an increased number of frames with a reduced number of emitters in each frame.
This image sequence was then used to retrieve the single-molecule localisations to
reconstruct super-resolved images. The diameter of the axoneme was determined
by the application of a strict mask to define the axonemal signal as the HAWK
algorithm introduces a higher background signal. Four cells were analysed and the
axonemal diameter increased by ~34nm. Taking into account artificial sharpening,
the average axonemal diameter increased from 172nm to 206 nm and was in good

agreement with the diameter of fixed cells and extracted from electron microscopy.

Once sufficient immobilisation of the trypanosomes was ensured, the Young’s mod-
ulus of the hydrogel was determined. It is a measure of the ability of elastic material
to withstand changes in length under compressive loads, and thus it is a measure
of the stiffness of the material. Hydrogels with a polymer concentration of 10 %
(w/v) PEG-VS and 5.0% (w/v) HA-SH (~10kDa, ~40 % SH-substituted, Leonard
Forster) were casted in cylindrical glass forms. The mechanical properties were de-
termined at the Department for Functional Materials in Medicine and Dentistry
(University of Wiirzburg) with the support of Leonard Forster. The Young’s mo-
dulus was calculated from the raw data as the slope of the true stress-strain curve
in the linear elastic range of 5-10% strain which is depicted in Figure13. The
average Young’s modulus of the three PEG-VS/HA-SH hydrogels was 105 + 29 kPa
and was below the determined Young’s modulus of 154 +22kPa for the 15% (w/v)
HA-SH/P(AGE-co-G), which was also used for the immobilisation of trypanosomes
(Glogger et al., 2017a; Glogger, 2018).

In summary, the PEG-VS/HA-SH hydrogel successfully immobilised trypanosomes
at the nanometre scale. Testing the mechanical properties revealed that PEG-
VS/HA-SH hydrogels with a Young’s Modulus of 105+ 29kPa were sufficient for

the nanometre immobilisation.
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Figure 13: True stress-strain curves of three PEG-VS/HA-SH hydrogels. The graph de-
picts the raw data from the triplicates (yellow, blue and orange) with their
corresponding linear fits (black) of the linear elastic range of 5-10 % strain.

2.1.2 Hydrogel sample assembly allowing for drift correction

To perform super-resolution imaging, acquisition times of several minutes are re-
quired. During this time, the microscopic stage with the sample under investigation
can drift which falsifies the measurements, e.g. a known structure or outline appears
smeared. In the case of tracking dynamic particles, for instance, a directionality is
introduced to diffusion. The drift did not occur permanently and constantly, rather
it was uneven and varying in severity over time. A possibility to track the drift is
to use permanent fluorescent fiducial markers in the field of view. The localisations
of the reference enabled me to calculate the spatial difference to the preceding posi-
tions. The deviation can be then used to correct the single-molecule localisations of
the moving particles under investigation a posteriori. For this purpose, multifluo-
rescent beads are widely used which posses a long-lasting fluorescence. Additionally,
the drift can be corrected in several colour channels, enabling multicolour experi-
ments. The single-molecule setup used for this work was equipped with two laser
lines of the wavelength 515 nm and 647 nm and thus TetraSpeck™ beads (TS beads,

2 100 nm) with a diameter below the diffraction limit were suitable.

Several attempts were made to place the beads in the proximity of trypanosomes
to allow for recording of the drift. The first attempt was to add TS beads directly
to the hydrogel mixture and to place the hydrogel mixture between two cover slips.
Surprisingly, the T'S beads showed a high affinity to the trypanosome surface and
many TS beads accumulated at single cells. This was not ideal, as the signal of
the TS beads outshone the fluorescence of single Atto-647 N labelled VSGs and an
interaction of the T'S beads with the surface coat could not be excluded.

In a second attempt I used a mixture of differently dyed polystyrene beads from

Bangs Laboratories. The green and red fluorescent beads were added directly to the

46



Results

hydrogel mixture before it was placed between two cover slips. Although no affinity
of the beads to the trypanosomes could be observed, the likelihood of having two
beads with different fluorescence in the field of view was extremely rare.

Based on the previous observations, a hydrogel assembly approach was required to
locate the cells in proximity to the lower cover slip and to place a few TS beads next
to the trypanosomes without accumulation on the cells. Hence, the TS beads were
spin-coated on the bottom cover slip. After the addition of HA-SH to the prepared
hydrogel mixture, containing harvested trypanosomes, spacer beads and PEG-VS
precursor solution, the polymerisation of the hydrogel was initiated (Section 4.6.6.1).
Once the polymerisation started, 90 seconds were left for the final assembly. The
hydrogel mixture was placed between a cover slip and the spin-coated cover slip.
The viscosity of the hydrogel mixture prevented the sedimentation of the cells close
to the bottom cover slip. Therefore, the cover slip sandwich was weighted down
with 90 mg to decrease the height of the hydrogel. A subsequent centrifugation step
placed the trypanosomes close to the bottom cover slip. To prevent squeezing of
the cells, so-called spacer beads (unlabelled calibration FACS beads, & 6 pm) were
added to the hydrogel mixture. Figure14 illustrates the final procedure for the
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Figure 14: Scheme of the hydrogel sample assembly. Harvested trypanosomes and unla-
belled spacer beads were mixed with the hydrogel components. After addition
of HA-SH, hydrogel polymerisation was initiated, leaving ~ 90 seconds for the
final assembly. The hydrogel mixture was placed between two cover slips. The
bottom cover slip was spin coated with multifluorescent beads to enable drift
correction. The top cover slip was weighted down and a centrifugation step
facilitated locating living trypanosomes in the same focal plane as multifluo-
rescent beads. Scheme not to scale.

~ 90 seconds
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sample assembly. Placing trypanosomes close to the bottom cover slip increased
additionally the signal-to-noise ratio in the yellow channel. The closer the cells
were to the cover slip, the less the hydrogel had to be traversed by the excitation
and emission light and the hydrogel’s autofluorescence in the yellow channel was

minimised.

For post-processing of the drift, a moving average kernel was employed to dampen
fluctuations in the range of the localisation precision (described in Section4.7.2).
Figure 15 depicts the raw x- and y-positions of a TS bead revealing a drift of several
nanometre over a total recording time of 100s and after being post-processed for

the drift.
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Figure 15: Temporal resolution of the drift. A The raw x-and y-positions of a multiflu-
orescent bead are plotted colour-coded over time revealing a drift of several
nanometre over a total time period of 100 seconds. B illustrates the x-and y-
positions after correction of the drift.

A proof-of-principle experiment was then conducted, addressing two questions: (i)
Do all immobile objects show a similar drift? (ii) How well does the self-correction
work compared to the external correction? To this end, the drift of TS beads in the
field of view was compared to the drift of T'S beads located directly underneath try-
panosomes. The drift was analysed in three measurements. Plotting the raw x- and
y-localisations over time demonstrated that the beads showed a similar drift pattern
in the nanometre range. Figure 16 shows an exemplary comparison of the bead drift
from the reference (bead,.r) to the bead underneath the trypanosome (beady,,).
The drift was extracted from the average position with a moving average kernel of
the size 500 frames (see orange line in Figure 16). Even though the manifestation
of the drift did not coincide perfectly (Figure 16 A and B, upper graphs), the devi-
ation between both was minor. The drift was then corrected using bead,.s. In this
concrete example, the correction of the drift resulted in minimising the fluctuation
in the drift of bead,.s from 19.3& 23.7nm to 1.7& 1.7 nm (x- & y-axis). In the case
of beady,, the drift fluctuations were reduced from 19.3 & 23.7nm to 7.8 & 6.5 nm
(x- & y-axis). The time course of the drift-corrected positions is depicted in the

lower graphs of Figure16 A and B. Even though the drift of the beady,,, was not
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completely eliminated, it was nevertheless reduced and the precision of the measure-
ments were improved. Thus, a global drift can be assumed and the drift correction
can be applied to the single-molecule localisations recorded on the trypanosome em-
bedded in the hydrogels. The correction is described in Section4.7.2 and rectifies

only drifts above the magnitude of the localisation precision.
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Figure 16: Quantification of the self-correction and the external correction of the drift.
The graphs represent the temporal progressions of the x- and y-positions over
time (every 0.5seconds). The drift was extracted using an average box kernel
spanning a period of 5 seconds. The orange line depicts the drift. A shows the
time course of the bead,.s’s positions in the field of view, while B reflects the
progression of beady,,. The upper graphs show the time course before drift
correction and the lower graphs the time course after the successful application
of the drift correction using bead, s, respectively.
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2.1.3 Cell viability under adjusted conditions in the hydrogel sample
assembly

In the course of this work, multifluorescent beads with an average diameter of 100 nm
were introduced to correct the drift of the microscopic stage. This required an ad-
justment in the assembly of the sample. After all components of the hydrogel were
mixed and added to the cells, a weight of 90 mg was applied on the cover slip on
the top to decrease the diameter of the hydrogel and an additional centrifugation
step was required to place the trypanosomes in the proximity of the fiducial mark-
ers (multifluorescent beads on the bottom cover slip) used for the drift correction
(described in more detail in Section2.1.2). For this reason, the viability of the
transgenic trypanosome cell line 13:90 HASP::eYFP embedded in the hydrogel with
the adapted assembly protocol was assayed with propidium iodide (PI). PI is a
membrane-impermeable dye that can only integrate into the DNA upon the loss of
cell membrane integrity, which is the case for dead cells. The intercalation of PI
into DNA is accompanied by an 20 - 30-fold increase in its emission intensity as well
as a Stoke shift of its emission, resulting in an excitation and emission maximum of
535nm and 617 nm, respectively. Expression of the fluorescent probe HASP::eYFP,
a marker for the inner leaflet of the plasma membrane, facilitated the quantification
of the total cell number embedded in the gel by diffraction limited microscopy. Dead
cells showed an additional PI signal. Both values enabled me to calculate the viable
fraction (PI negative (-)). For each time point 3 replicate experiments were per-
formed with a total cell number > 100 per replicate. The viability of the embedded

trypanosomes was monitored up to 60 min at 37°C.
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Figure 17: Viability of trypanosomes embedded in PEG-VS/HA-SH hydrogels. The viable
fraction was assessed by a live/dead assay with propidium iodide (PI). The
bars illustrate the average viable fraction of embedded trypanosomes at 37°C.
Each time point was monitored in three replicate experiments with a total cell
number > 100 per replicate. The error bars represent the standard deviation.

The viability was found to be high (>80%, Figure17) for up to 60 min and the
embedding of trypanosomes with the adjusted hydrogel assembling strategy provided

sufficient time for single-molecule microscopy in living trypanosomes.
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2.2 Tracking of individual VSGs in the surface coat of living

trypanosomes in relation to the flagellar pocket

The dynamics of the variant surface glycoprotein (VSG) surface coat of trypanosomes
contributes to the evasion of the host immune system. For this, the lateral mobil-
ity of the GPI-anchored protein is necessary to clear VSG-bound antibodies by the
generated hydrodynamic flow (Engstler et al., 2007). To guarantee this evasion
strategy, the integrity of the VSG coat needs to be maintained. To this end, VSGs
are shuffled through the flagellar pocket (FP), the sole site for endo- and exocytosis.
So far, the VSG dynamics was investigated with fluorescence after photobleaching
(FRAP) on living trypanosomes or membrane VSGs were extracted and studied in
supported lipid bilayers at a single-molecule level (Biilow et al., 1988; Hartel et al.,
2015; Hartel et al., 2016; Bartossek et al., 2017; Glogger, 2018; Hempelmann et al.,
2021). Furthermore, Engstler et al. (2004) determined the time of the turnover of
the VSG coat with ~12min. This time is surprisingly fast for solely diffusion and
can not be achieved in theory by the diffusion coefficients determined by FRAP. For
this reason, the aim of this work was to study the VSG dynamics on living cells at
the host’s physiological temperature of 37°C and at the single-molecule level and in

relation to the flagellar pocket.

2.2.1 Generation of a trypanosome cell line expressing a marker for the
entrance to the flagellar pocket

To track the surface VSGs in relation to the flagellar pocket, a BSF cell line was
established expressing an N-terminally eYFP tagged ThOMORN1 (MORNI1, acces-
sion number Th427.6.4670). This protein is one component of the hook complex
and is distributed over the whole structure (Esson et al., 2012). The hook complex
is located directly underneath the plasma membrane and is wrapped around the
FP neck (Figure18). The hook complex was chosen due its location close to the
plasma membrane and its asymmetric form (hook and handle) providing informa-
tion about the orientation. The plasmid for transfection was provided by Brooke

Morriswood.

The fluorescent protein eYFP was fused to the MORNT1 protein with a hinge region
of 4 amino acids (aa). Prior to transfection the plasmid was linearised. The MORN1
reporter construct was established in the trypanosome wild type (WT) strain MI-
Tat 1.6 and the transgenic cell line MITat 1.2 13-90. This offered in principle the
opportunity to study the dynamics of different surface VSGs on living trypanosomes.
VSG MITat 1.6 is expressed by MITat 1.6 and had previously been extracted to in-
vestigate the VSG dynamics in supported lipid bilayers. VSG MITat 1.2 is expressed
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Figure 18: Scheme of the flagellar pocket region of T. brucei. The position of the hook
complex is shown in regard to other structures present in this region. Scheme
not to scale. Inspired by Morriswood (2015).

by the 13-90 cell line and was used by Marius Glogger to study the plasma membrane
organisation in 7. brucei. Only one of the alleles was tagged in both cell lines to
ensure detection of single molecules. The correct integration of the constructs into
the genome was verified for all clones as well as the transfection pools by PCR. The
genomic DNA of both parental cell lines served as negative control (Figure 19 A & B).
Further analyses were then performed with two of the clones obtained per cell line,
as all showed successful endogenous integration of the reporter construct. The ex-
pression and the correct localisation of the fusion protein was verified by Western
Blot (WB) analysis, immunofluorescence analysis (IFA), and resolution of the shape
of the hook complex in super-resolution microscopy. Additionally, the cell growth
of the transgenic cell lines was observed. For the WB analysis, whole cell lysates
of the WT and the transgenic cell lines were probed with a MORN1 and a GFP
antibodies verifying the expression of eYFP-tagged MORNT1 and the presence of the
WT protein (Figure 19 C). The population doubling time of the transgenic cell lines
(1.6 eYFP::MORNT clone 1 & 2: 7.4h, 13-90 eYFP::MORNT1 clone 1 & 2: 7.5h,
6.2h) was found to be similar to the WT cell lines (1.6 WT: 7.4h, 13-90: 7.4h, Fig-
ure 19D). In the IFA analysis, the fixed trypanosomes were treated with o MORN1
antibodies showing the co-localisation of the eYFP signal of the fusion protein with
the hook complex (Figure 19F). In addition, super-resolution microscopy demon-
strated the hook-like shape obtained from the sum of localisations of the fusion
protein (Figure 19 F). All together, the above experiments verified the expression of
the fusion protein, which behaved as expected. For the following tracking experi-
ments, clone 2 of the 13-90 transgenic cell line was employed. The transgenic cell
line 13-90 was chosen since the distribution and tracking of surface VSGs should
be examined under consideration of a possible influence of the cytoskeleton on the

organisation of the plasma membrane as hypothesised in Glogger et al. (2017b).
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Figure 19: Characterisation of transgenic cell lines expressing eYFP::MORN1. A Scheme
of the endogenous MORNTI locus in WT and transgenic cell lines. One allele
of MORN1 was N-terminally tagged with eYFP. Magenta arrows indicate the
primers used for the verification of the genome integration by PCR. B PCR
with primers binding in the balsticidin (Bla) resistance gene and the the open-
reading frame (ORF) of MORNI1. The genomic DNA of the parental cell lines
(par) as well as the obtained transgenic eYFP::MORNI1 clones and the trans-
fection pools (p) served as template for the PCR reaction. C Confirmation
of the expression of WT MORN1 and the eYFP fusion protein. Whole cell
lysates of the parental cell lines (par) and the eYFP::MORN1 transgenic cell
line were analysed by immunoblotting with « MORN1 and o GFP antibodies.
As protein loading control, the same blot was probed with o H3 antibodies.
D Cumulative growth curves of the parental cell lines 1.6 and 13-90 in relation
to the transgenic 1.6 eYFP::MORN1 and 13-90 eYFP::MORNT1 cell lines. The
doubling times are indicated in the graphs. E Immunofluorescence analysis to
confirm the integration of the fusion protein in the hook complex. The fluores-
cent signal of the eYFP::MORNT1 fusion protein was recorded and its correct
localisation was confirmed by co-localisation with the WT MORN1 protein
detected by immunofluorescence. F Super-resolution image of the hook com-
plex of a living, but immobilised trypanosome expressing eYFP::MORN1. The
quantity of single-molecule localisations is displayed by the colour code. The
scale bar is 1.6 pm.
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2.2.2 Single-molecule tracking of surface VSGs on living trypanosomes

The tracking of single molecules on trypanosomes is particularly challenging. The
small size of the parasites (length of ~20pum, diameter of ~4pm) and the focus
lying on the bottom plasma membrane of the trypanosome provides only a small
area of less than 100 pm? for the tracking. In addition, tracking was further lim-
ited by the strong curvature of the plasma membrane. As a result, emitters were
only in focus for a short time. To enable the reconstruction of trajectories, a high
acquisition frequency was required. Additionally, I aimed to investigate the sur-
face VSG dynamics with particular interest in the region of the FP entrance by
two-colour experiments. Both requirements demanded the a priori establishment of

high-frequency two-colour single-molecule fluorescence microscopy.

2.2.2.1 Sequential two-colour single-molecule fluorescence microscopy

In order to enable two-colour experiments, the emitted signals of the two colour
channels must be separated either spatially or temporally. Spatial separation is
usually accomplished by using a dual view unit. The dual view unit enables the
projection of the emitted light onto two separated regions on the sensor chip of the
camera. However, the area on the sensor chip that is used for imaging is doubled
to simultaneously record both colour channels. This limits the acquisition speed,
because the larger the area on the sensor chip is, the more time is consumed to read
and process the information. For the tracking analysis, I aimed for an acquisition
frequency of at least 100 Hz. The simultaneous two-colour imaging established by
Marius Glogger could therefore not be utilised, as the occupied region of the sensor
chip limited the acquisition to 28 Hz.

Temporal separation can be achieved for example by alternating illumination using
an electronic filter changer or an acousto-optic tunable filter (AOTF). An alternating
acquisition of the signal would increase the time lag between two images of the same
colour channel by a factor of two. A second option, which allows for a temporal
separation while maintaining high acquisition frequencies, relies on recording the
two-colour channels sequentially. The large temporal offset between the recording of
the single-molecule dynamics and the super-resolved structure of the hook complex
is not problematic in the given experiment as the structure of the hook complex is
durable.

In the following two-colour experiments, the dynamic information was always recorded
first and thereafter the structural information. A region of interest (ROI) of the size
120x 120 px was chosen on the camera sensor to acquire at 100 Hz. This corresponds
to a field of view of 19.2x19.2 um in the sample. This was the minimal size allow-

ing to simultaneously place the entire cell body and a TS bead required for drift

o4



Results

correction in the same field of view. The colour channels were superimposed using
a registration matrix a posteriori. To this end, the laser spots were shifted horizon-
tally to each other by a few pixels on the sensor chip. This allowed a superposition
in the nanometre range which would never be achieved by superimposing the colour
channels manually on the sensor chip. For the generation of a registration matrix, I
collected a large number of localisations of multicolour reference objects with alter-
nating illumination of both colour channels. The principle is depicted in Figure 20.
This method was introduced in the lab by Marius Glogger (Glogger, 2018) and was

adapted in this work for sequential two-colour imaging.
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Figure 20: Registration of two-colour information. A Scheme of the spatial separation of
the red and yellow emission signals on the sensor chip. From left to right. The
red and yellow colour-channel are horizontally shifted to each other. Conse-
quently, the red and yellow emission profile of the beads are localised with a
horizontal shift of a few pixels. The distance between the two profiles is ascer-
tained and used for the coarse registration. For the correction of the lateral
chromatic aberration a transformation matrix is applied. B represents the la-
teral chromatic aberration of the TS bead localisations used for the generation
of the transformation matrix. C Application of the transformation matrix re-
moved the inhomogeneous lateral chromatic offset. The colour code indicates
the range of the spatial error. The scale bar is 5 pym and valid for B and C.

In order to keep the image section on the camera’s sensor to a minimum for enabling
high acquisition frequencies, the two laser spots were shifted horizontally a few pixels
to each other. To enable the generation of the registration matrix, TS beads ran-
domly distributed on a cover slip were used as fiducial markers. Typically, 4 movies
with 10,000 consecutive images each were recorded under alternating illumination
of the two lasers at the same acquisition frequency used for the later measurements.
During the acquisition, the TS bead sample was moved slowly and continuously to

sample the ROI. The beads were then localised as described in Section4.7.1. Since
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both colour channels were recorded alternately, the information of the red and yellow
channels of a movie were separated for easier processing. As the TS beads are dyed
multifluorescent beads, double localisations were present in the frames of the yellow
channel due to the emission of bright red light by the excitation with the 515nm
laser. This light passed the dichroic mirror with a cutoff at of 640 nm in the Op-
tosplit and was projected at the sensor simultaneously with the yellow signal. These
localisations of the same bead could then be removed by the reference positions in
the preceding red channel. First, the profiles were coarsely aligned manually. The
offset over the sensor chip between the camera chip varies and is due to the lateral
chromatic aberrations and its distorting effect is greater towards the corners of an
image. Therefore, the local displacement was determined using the built-in Matlab
function ’'images.geotrans.LocalWeightedMeanTransformation2D.m’. It fits a local
weighted mean transformation to a set of predefined fixed and moving reference data
points that are related by a global second degree polynomial across the entire ROL.
The red single molecule positions were defined as fixed reference points and the yel-
low ones were moving reference points. A nearest neighbour distance approach was
applied to define reference points in every image. Additionally, a maximum distance
between the fixed and moving reference points was introduced to avoid false assign-
ment. The successful generation of the registration matrix was checked by plotting
the offset before and after the registration (Figure 20 B and C). The remaining offset
after the coarse registration was in extreme cases >200nm. After the registration,
a mean offset of 55+ 5nm was measured for all reference points. This registration
matrix was then applied to the obtained localisations of the yellow colour channel of
two-colour measurements. Notably, imaging of T'S beads prior to every two-colour
experiments was a prerequisite to generate a registration matrix and to enable the

nanometre registration of the two channels.

2.2.2.2 Localisation and tracking of individual VSGs in relation to the flagellar
pocket entrance

For tracking experiments, cells of the 13-90 eYFP::MORNT1 cell line were embedded
in hydrogels composed of 10% (w/v) PEG-VS and 5.6 % (w/v) HA-SH. Labelling
with a nanomolar quantity of the Atto-647 N NHS dye ensured the indirect detection
of single VSGs as 95 % of the cell surface is covered by VSG molecules. Initial track-
ing experiments by Marius Glogger showed that the supplementation of a picomolar
quantity of reactive Atto-NHS dye in the background of the hydrogel allowed con-
stant binding of the dye to the surface. This counteracted the bleaching of the dye
and the label density was optimised. Label attempts with Setau-647-NHS were also
performed. Setau-647-NHS is one of the brightest fluorophores currently available
on the market and outperforms the Atto-dye with a better extinction coefficient.

This was promising as a better signal-to-noise ratio could be achieved. NHS dyes
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have the best bonding efficiency in the slightly alkaline range of pH 8.3. However,
this pH induces stress in trypanosomes and caused the hydrogel to polymerise faster,
resulting in a shorter time for the sample assembly. Optimal conditions were found
at a pH of 7.0- 7.5 and the hydrogel was set to this pH range as a standard. At these
pH conditions, labelling could be established and reproduced with the Atto-647 N
NHS dye. Unfortunately, this was not possible for the Setau-647-NHS dye.

VSG dynamics on 20 living, hydrogel-embedded trypanosomes were analysed with
particular interest in the region of the FP entrance. First, the information on the
VSG dynamics was recorded in 10,000-20,000 consecutive images. Second, the
signals of the eYFP labelled hook complex were recorded in 10,000 consecutive
images. In addition to identifying the single-molecule localisation by the known
width and intensity profile as described in Section4.7.1, a mask was placed around
the profile of the cell or the hook complex to eliminate background signal. At
least 2.36x10% VSG localisations with a localisation precision of 254 10nm were
identified per cell. The localisation precision was determined from the error in
the Gaussian fit of the x- and y-position. On average, 5.07x10%£2.06x10* VSG
localisations were detected. Overall, VSG localisations were detected on the entire
cell surface. Areas were identified that were more densely populated and small
areas which had almost no VSG localisations. For imaging of the hook complex,
eYFP signals were detected with a localisation precision of 26 = 9nm. The eYFP

2 and was sufficient to map

label density was at least 1.1x10% localisations per pm
the hook complex. To reference the position of the hook complex in the example
cell to the VSG localisations, a super-resolved image was generated from the sum
of eYFP signals. Subsequently, the VSG localisations were superimposed on the
super-resolved image of the hook complex (Figure21). The areas of absent VSG

localisations did not co-localise with the FP entrance region.

Figure 21: VSG single-molecule localisations in reference to the marker of the flagellar
pocket entrance. Position of the hook complex in regard to the obtained
eYFP::MORNT1 localisations. The super-resolved image of the eYFP locali-
sations is superimposed to the obtained VSG localisations. The position of the
hook complex is highlighted by an orange outline. The scale bar is 2 pm.
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In a previous study, the organisation of the inner leaflet of the plasma membrane in
trypanosomes was examined with a fluorescent probe. Hereby, an inhomogeneous
distribution of the probe was observed (Glogger et al., 2017b). In this present work,
I investigated whether the inhomogeneous organisation of the inner leaflet has a po-
tential influence on the distribution of GPI-anchored VSGs in the outer leaflet of the
plasma membrane using the Ripley’s analysis. It is a nearest neighbour approach
and determines the deviation from a random distribution. The size of the potential
clusters can then be estimated from the plot of the Ripley L(r)—r function and cor-
responds to the maximum. Potential artificial clusters had to be removed before the
approach was applied. Artificial clusters arise when the same immobile molecule
was localised several times before it bleached. This situation is characterised by
a clustering of localisations within the localisation precision. To ensure that the
measured VSG distribution was not biased by artificial clustering, the set of locali-
sations was treated as introduced by Annibale et al. (2011) before Ripley’s analysis
was performed. To this end, all localisations that re-appeared within the localisa-
tion precision within a dark time of 10s (1,000 frames at 100 Hz) were removed from
the data set. The graph of the Ripley L(r) — r function averaged over all cells had
its maximum at 225+ 20nm (Figure 22 A). The width of the 1o confidence interval
was broad and the associated cluster radii spanned 202-240nm. A super-resolved
image of the sample cell was generated from the sum of all localisations, and clus-
ters of varying size were visible (Figure 22 B). This observation correlated with the
broad confidence interval of the Ripley’s analysis. Furthermore, a Ripley’s analy-

sis inherently assumes circular shapes of potential domains and the shape of the
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Figure 22: Cluster analysis of labelled surface VSGs. A Ripley’s L(r) — r analysis was
performed on the VSG localisations on the cell surface. The 1o confidence
interval is displayed as grey area. The function averaged over 20 imaged try-
panosomes (black line) and exhibited a maximum of 225+ 20nm, indicating
the presence of clusters with this radius. B Super-resolved image generated by
the sum of VSG localisations at a localisation precision of 26 nm. The quantity
of localisations is colour-coded. The scale bar represents 2 pm and applies for
A and B. Artificial clusters were removed in advance.
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VSG clusters deviated from a perfect circular shape. On average, 863 + 307 VSG

localisations per pm? were present.

Trajectories were calculated from the obtained VSG localisations. On average,
4.3x10*+£1.8x10* trajectories were found per cell. Figure23 A shows the VSG
trajectories generated from the localisations of the example cell in Figure21. The
distribution of the trajectory lengths of all 20 cells revealed that the number of long
trajectories decreased exponentially and ~69 % of the trajectories were shorter than
10 steps (Figure 23 B). The average step length over all 20 cells was determined to
be 13 steps with a maximal trajectory length of 757 steps.
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Figure 23: Characterisation of trajectories obtained from VSG localisations.
A Distribution of trajectories generated from the example cell’s single-molecule
localisations, displayed in Figure21. The scale bar is 2pm. B Histogram
displays the distribution of trajectory lengths as cumulative density function
(cdf). It comprises all obtained trajectories of the 20 trypanosome surfaces
studied.

In order to get a preliminary insight into whether deviations from free diffusion were
present in the VSG dynamics, the analysis of the 1D displacements was conducted,
in which free diffusion is characterised by a Gaussian distribution. For this purpose,
the 1D displacements of all obtained trajectories in x- and y-direction of the 20
cells were pooled and plotted in a histogram (Figure24). This showed that the
distribution deviated from a Gaussian distribution and that a greater number of
short steps were present. To evaluate short trajectories for a potential influence of

directed forces, an approach was adapted, which is explained in the next section.
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Figure 24: 1D displacements of VSG trajectories obtained from tracking labelled VSGs on
eYFP::MORN1 trypanosomes. The histogram comprises the displacements in
x- and y-direction of all 20 cells. The black line indicates the fit of a gaussian
distribution.
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2.3 ShortTrAn: Implementation and validation of an algorithm

for the analysis of short trajectories

Most of the trajectories obtained when tracking labelled VSGs on the surface of
trypanosomes were less than 10 steps long and thus relatively short. This was
primarily due to the small size and strong curvature of the parasites. Therefore, an
evaluation method was needed to determine a reliable diffusion coefficient from short
trajectories. In addition, it should be investigated whether directional forces are
involved in the rapid turnover of the VSG coat. The adaptation and extension of the
method introduced by Hoze et al. (2012) enabled me to evaluate the displacements
in terms of diffusion and directed motion and will be referred to as shortTrAn (short
Trajectory Analysis) in the following. The results were then presented in diffusion
and directed motion maps. This offered me the opportunity to subsequently draw
a conclusion about the locally predominant type of motion on the trypanosome
surface. Prior to the evaluation of VSG trajectories by shortTrAn, the adapted

algorithm was carefully validated.

2.3.1 Implementation of shortTrAn and its extensions

For implementation, data sets obtained from tracking labelled VSGs on the try-
panosome surface of the eYFP::MORNT1 cell line were employed. The shortTrAn
routine was established in Python in collaboration with Torsten Paul und Philip
Kollmannsberger. Each data set contained the positional information of all localisa-
tions corresponding to the trajectories collected from one cell. A data set comprised
on average, 4.3x10* 4+ 1.8x10* trajectories. In addition to the local information,
the matrices provided information about the trajectory identity and the temporal
information encoded as the frame number. An overview of the implementation of

shortTrAn is displayed in Figure 25.

First, the position unit was transformed from camera pixelation to a nanometre
resolution. Subsequent padding of 160 empty nm-spaces on each side of the image,
corresponding to one camera pixel, provided sufficient space for later binning. In this
work, trajectories of all length were analysed to calculate local diffusion coefficients
and local velocities. All trajectories were considered reliable due to the fit of the
localisation parameters (error, width and intensity) to the Atto-647N footprint,
the application of a cell mask and the verification of the correct connection of the
localisations to a trajectory by plotting obtained trajectories onto the corresponding

image sequences.

Trajectories were decomposed in one step events and for each the displacement was
determined. The diffusion coefficient and velocity was calculated for each displace-

ment. When calculating these quantities, I introduced the first extension namely
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Workflow of the evaluation of trajectories by shortTrAn. A For shortTrAn, the
positions in pixel (px) of the trajectories and the according temporal informa-
tion served as input. First, the positional information was refined to a subpixel
scale corresponding to one nanometer. Iteration over all trajectories facilitated
the analysis. Each trajectory was decomposed into its individual steps and for
each the diffusion coefficient and velocity was calculated. The results were then
transferred to the subpixel of the steps origin in the pre-defined feature spaces,
that represented the image. The count field comprised the number of steps orig-
inating from the subpixels. The velocity vector matrices contained the results
on the velocities in x- or y-direction. The diffusion tensor matrices corresponded
to the diffusion coefficients of the xx-, xy-, yx- or yy-direction. B Binning of
the subpixels to larger superpixels improved the local statistics. C Spatial
filters removed superpixels with low statistics and removed entries from iso-
lated superpixels. Finally, the data was smoothed out and a projection filter
was applied on the superpixels at the rim of the surface projection. 1D, one-
dimensional; b, velocity; D, diffusion coefficient; M S D, mean-squared displace-
ment; Az, displacement, At, change in time; ¢;,, exposure time; o, localisation
precision.

taking into account the localisation errors inherent to single-particle tracking (SPT).

This is explained in more detail in the following Section 2.3.2. The results were then

assigned to the location in predefined multilayer feature spaces of which the substep

originated. Three types of predefined feature spaces were created: (i) The count
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field contained the number of substeps originating from position x, y. (ii) The ten-
sor field comprised the results of the tensor components D,,, Dy, , Dy, and D,,.
(iii) The one-dimensional velocities of the motion were placed in the corresponding
vector fields b, and b,. The subsequent binning of the entries in the feature space to
superpixels improved local statistics and averaged over the number of contributing
entries. Different binning factors 100, 120, 140 and 160 were tested which corre-
sponded to the size of the superpixels, e.g. a binning factor of 100 was equivalent to
superpixels of the size 100 x 100 nm. The statistics per superpixel increased signifi-
cantly with the binning factor. While 50 % of the total superpixels were populated
with at least 6 counts for the binning factor 100, 50 % of the total superpixels were
populated with at least 8 counts for the binning factor 120. The 50 % benchmark
increased further to 10 and 13 counts for the binning factors 140 and 160, respec-
tively. The results are displayed in Figure 26. The binning factor of 160 was chosen

as a trade-off to achieve good statistics without loosing to much resolution.

A 100 B 100

75} 75}

cdf [%]
3

cdf [%]
3

25 25
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
statistics in superpixels [counts] statistics in superpixels [counts]
c 100 D 100
75¢ 75¢
9 9
= 50 S 50
E 3
25} 25¢
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
statistics in superpixels [counts] statistics in superpixels [counts]

Figure 26: Correlation of binning factors and statistics in superpixels. All 20 data sets were
analysed and the statistics of the superpixels are shown as cumulative density
functions (cdf). A cut off was set at 80 counts and superpixels with a count
value greater than 80 were assigned with 80. Binning factors of 100 (A), 120
(B), 140 (C), 160 (D) were tested. The orange line represents 50 % of the total
superpixels.
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Three spatial filters were then applied to the feature spaces: The first filter removed
entries in superpixels which had low statistics. For this purpose, a threshold was
applied which removed entries from superpixels containing <5 data points (Imple-
mentation explained in Section4.7.11.1, script 7). The second filter removed entries
from isolated superpixels. For this, a kernel of the size 3 was utilised as super-
pixels located diagonally were considered to be within the immediate environment.
Its implementation is described in script 7 in Section4.7.11.1. The third filter was
a combination of two filters. Filter 3.1 smoothed out the data assuming similar
conditions on the scale of neighbouring superpixels (Section4.7.11.1, Equation 30).
The implementation of Filter 3.2 became necessary as artefacts at the rim of the
3D to 2D projection of the trypanosome surfaces arose due to the evaluation by
shortTrAn. The observed artefacts are more precisely explained in Section 2.3.3.3.
Superpixels at the rim of the projection were populated with the results of the pro-
jection Filter 3.2, while superpixels of the surface area were filled with the results of
the smoothing Filter 3.1 as depicted in Figure 27. The implementation of Filter 3.1
and Filter 3.2 is described in script 8 in Section4.7.11.1.

Filter 3.1: Filter 3.2: Output
Smoothing filter Projection filter filter combination

Figure 27: Scheme of the third spatial filter. Illustration of the combination of Filter 3.1
(green) and 3.2 (grey) on the superpixels in the feature spaces resembling the
projection of the trypanosome surface.

Finally, the feature spaces were used to built diffusion and directed motion maps
of the trypanosome surface. The results of the evaluation in terms of a diffusion
scenario were presented in an ellipse plot. This made it possible to obtain informa-
tion on the (an)isotropy of the diffusion and was an extension to the original method
(Hoze et al., 2012; Hoze and Holecman, 2014). The eigenvalues and eigenvectors were
calculated from the diffusion tensors using a transformation matrix. The eigenvalues
reflected the diffusion value of the major and minor axes, while the eigenvectors de-
fined the angle of entry of the ellipse into the plot. The angle of the orientation was
then calculated with a transformation matrix. The validation of the correct orienta-
tion is described in Section 2.3.3.1. The ellipses were colour-coded, representing the
local diffusion coefficient in 2D. The results of the evaluation in terms of a directed
motion scenario were illustrated in three maps. The local velocities were calculated
from the one-dimensional velocities, the directed motion vectors. The first map was

a heat map, depicting the amplitude of the local velocity colour-coded, also called
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velocity map. The second map was a quiver plot, indicating the direction of the ve-
locity and validation of the quiver orientation is shown in Section 2.3.3.2. The third
map was introduced by the consideration of the localisation errors in the measured
velocities. The relative standard errors in the local velocities were represented by
a colour code. The calculation of the relative standard error is explained in the

following Section 2.3.2.

2.3.2 Consideration of the localisation errors in shortTrAn

The technique of SPT suffers from sampling errors which are known as the static
localisation error and the dynamic localisation error (Savin and Doyle, 2005). The
static localisation error results from the limitation in the detection of a single
molecule, the localisation precision o. For the later consideration of the static lo-
calisation error, o was determined by three approaches. It was obtained (i) from
the error associated with the determination of the x- and y-position by the fit of a
2D Gaussian to the intensity profile of the single molecules. o was extracted from
all VSG localisations of all 20 analysed data sets and was 25nm. (ii) In theory, the
localisation precision is defined by Ober et al. (2004):

w?  a?/12  Smw}b?
g; = E—F Nz -+ CLQNZ-Q . (6)

w; was the width of the Gaussian, /V; was the number of emitted photons, a was the
pixel size and b was the background noise. The number of incoming photons for each
localisation (/V;) was derived from the counts detected by the EMCCD camera as
explained in Section4.7.6. For the determination of the theoretical o, localisations
of eleven immobile Atto-647 N NHS emitters were extracted with a minimum of 100
localisations and was on average 28 nm. Furthermore, o can be assessed (iii) from
the standard deviation of the x- and y-position of an immobile emitter (Thompson
et al., 2002). For this purpose, trypanosomes incubated with a nanomolar quantity
of Atto-647 N-dye were fixed with methanol (4.6.4) as Tanaka et al. (2010) showed
that formaldehyde is insufficient to immobilise membrane anchored proteins. Fixed
trypanosomes were then embedded in hydrogels for the measurements. Trajectories
were generated from the obtained localisations to extract localisations belonging
to one immobilised emitter. Eleven emitters were analysed, which were of a mini-
mum step length of 100 steps to guarantee that a sufficient number of localisations
sampled the range of the localisation precision. The smallest standard deviation
found was 26 nm and corresponded to a trajectory of a length of 480 steps. The

smallest standard deviation was chosen because by then the emitter was most likely
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completely immobilised. For the cases which covered a larger area, a residual move-
ment could not be excluded. The determined localisation precisions by all three
approaches were in good agreement with each other. Hence, the averaged o of all
three approaches with 26 nm was used for the consideration of the static localisation
erTor.

The dynamic localisation error originates from the exposure time needed to collect
enough photons from a single molecule. Consequently, a moving emitter is imaged

at a position averaged over the exposure time.

For the calculated diffusion coefficient by shortTrAn, the correction of both errors
is particularly important because the calculation is based on the absolute values of
the MSD (At=1). The diffusion coefficient in one dimension is frequently derived
by:

MSD

2D = =00 (7)

Equation 7 is a simplified version of Equation 25 used to determine the one-dimen-
sional diffusion coefficient in shortTrAn. In the scientific community, the static
localisation error was recognised almost two decades ago and is corrected for by
MSD — 20?2 for one dimension, where o denotes the localisation precision (Martin
et al., 2002; Savin and Doyle, 2005; Backlund et al., 2015). The dynamic locali-
sation error impacts the effective time point at which a molecule is localised and
was accounted by At — %th
posure time (Savin and Doyle, 2005; Berglund, 2010; Michalet and Berglund, 2012;

Backlund et al., 2015). Consideration of both corrections resulted in Equation 8:

tewp With At indicating the time lag, and t.,, the ex-

MSD — 202
op = MOD =207 (8)
At — 3 R teap

In contrast to the consideration of the localisation errors in the diffusion coefficient,
the consideration of the localisation errors in the calculation of a velocity had not
been established before. The static localisation error is taken into account on the
basis of the following consideration: For the calculation of the displacement and the
associated velocity, the particle has to be localised twice. Each localisation suffers
from the limited localisation precision o. Hence in a conservative estimate, the
systematic error (erry) of the measured displacement in one dimension was +2o0.
In order to indicate the share of the error in the mean velocity () registered to
a superpixel, the relative error erry in 2D was calculated by the classical error

propagation based on its share in the one-dimensional velocities (v, vy):
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The error propagation started with the calculation of the associated error in v,? or

v,? and resulted in:

TTA 4,2 or  Av,?) = 2| *
Z v

ETTA « ’Uy2 (9)

A(vmz) = |2| *

with erra = (20)/At in one dimension.

Subsequently, derived errors were added according the error propagation of a sum:
A((v:*) + (v,%) = Av,?) + A(v,?). (10)

The result served as input in the error propagation of the square root to yield the

relative error and was considered as follows:

A((ve®) + (v,%)
(V22 + v,?) ‘

(11)

erry = 10.5] %

The calculation resulted eventually in the relative standard error of the mean velocity

SE, = ”\/Ni by division by the square root of the number of displacements (V)

registered to the corresponding superpixel.

If the resulting velocity is solely due to the inherent localisation precision of the
measurement, the relative standard error equaled 1. The results of the local relative
standard errors were displayed in a heat map.

The dynamic localisation error could be neglected because neglecting the dynamic
localisation error may result in an underestimation of the velocity. Thus, it is more
likely that an existing directed motion was rejected in favour of diffusion than that

a directed motion was introduced accidentally.

In summary, the successful implementation of the approach by Hoze et al. (2012) to
our data sets was complemented by the following extensions: (i) Information on the
(an)isotropy of the diffusion was decoded in the diffusion map by ellipses, (ii) the
consideration of the static and dynamic localisation error and (iii) the introduction
of an spatial projection filter at the trypanosome rim. The shortTrAn algorithm

was then further validated which is addressed in the following section.

2.3.3 Validation of the shortTrAn algorithm

In order to validate the shortTrAn algorithm, several aspects were scrutinised: the
ellipse orientation in diffusion maps, the quiver orientation in directed motion maps
as well as the quiver assignment to the superpixels. Additionally, trajectories of
random walk simulations with a defined diffusion coefficient were analysed to identify

potential artefacts arising by shortTrAn.
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2.3.3.1 Ellipse orientation in diffusion maps

For placing of the ellipses representing the diffusion tensors in the right orientation,
the eigenvectors were calculated from the tensor components. The final ellipse angle
was determined from the eigenvectors using a transformation matrix. The correct
transformation matrix was identified by comparison of ellipses generated with de-
fined axis and angle of orientation (input) with the ellipses generated (output) by
using a defined transformation matrix?. For this, the eigenvalues and eigenvectors
were calculated from the defined ellipse parameters. Then the eigenvectors were
used to determine the angle of the ellipse by different transformation matrices. The
transformation matrix was approved when the ellipse from the input matched the
ellipse generated by the predefined axis as well as the newly determined angle for the
orientation. The transformation matrix of [cos,-sin;sin,cos] yielded an ellipse with
the same orientation as the ellipse from the input. The validation of the orientation

is schematically displayed in Figure 28.

A Generation of ellipses with defined: C Determination of —_
ellipse axis angle a Y
angle y axis )
cos -sin
X axis
X axis sin cos
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Calculation of angle a
eigenvalues and —)
eigenvectors . )
from defined elgenvectors cos | sin :
ellipse xes
parameters sin cos

Figure 28: Scheme of the verification of the ellipses’ orientation in diffusion maps. Ellipses
with defined parameters for the ellipse axis and angles served as input (A). The
eigenvalues and eigenvectors were calculated from the defined ellipse parameters
(B). Different transformation matrices were applied to determine the angle of
the ellipse orientation (C and D). The transformation matrix which resulted in
a correctly oriented ellipse (matching the input) was chosen for further analysis.

2 Jupyter Notebook written by Torsten Paul
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2.3.3.2 Quiver orientation in directed motion maps

The direction of the individual trajectory steps was encoded using a quiver plot.
The arrows in the superpixels should show the direction of the outgoing steps and
thus indicate the average direction of the steps taken from the superpixels. To
verify that the information was registered in the superpixel of the outgoing step and
that it followed the course of the step, an exemplary trajectory was analysed with
shortTrAn. The quiver plot was then plotted onto the trajectory course (Figure 29).
Inspection of the generated quiver plot verified that the arrows were successfully
placed in superpixels of the outgoing step. The arrow orientations followed the

course of the trajectory’s steps which was colour-coded from black to yellow.
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Figure 29: Verification of the arrow insertions in quiver plots of directed motion maps.
Arrows indicate the direction of the velocity calculated from substeps of the
exemplary trajectory. The blue line represents the course of the trajectory.
The temporal progress of the trajectory’s substeps is visualised by the colour
code of the circles placed at the centre of the superpixels (from black to light
yellow). The small dots represent the centre of empty superpixels.

2.3.3.3 Random walk simulations revealed a projection artefact in superpixels
at the surface rim

Measurements of VSG dynamics in the plasma membrane of living trypanosomes
were a projection of the dynamics information in 3D to 2D. When proteins follow
the 3D shape of the plasma membrane they move out of focus. Consequently, the
information of the dynamics can not be registered. Hence, superpixels at the rim
hold only informations pointing in the centre of the surface instead of holding all

directions. This can lead to artefacts that need to be taken care of.

To validate the correct representation of local diffusion coefficients and velocities in
short TrAn maps, especially in superpixels at the rim of the surface, random walk
simulations were performed on a trypanosome-shaped mask. The mask was obtained

from a count field derived from the analysis of VSG trajectories with shortTrAn on
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living trypanosomes. For simulations, the resolution of the mask was refined from
160 nm pixels to 10 nm pixels. To resemble the 3D plasticity of the trypanosomes in
a simplified approach, the mask was doubled. When a particle reached the rim, it
was placed on the other mask. 2,000 dimensionless particles were simulated on the

mask with a diffusion coefficient of 1.00 pm? /s and then analysed with shortTrAn.

In the analysis that used only the smoothing filter (Filter 3.1) as third spatial filter
(Equation 30), an accumulation of high velocities in superpixels located at the rim
of the mask was observed in the velocity maps (Figure30A). The comparison of
the average velocity of superpixels from the outermost two rows at the rim with
2.39 pm/s with the remaining superpixels in the centre with 1.37 pm/s reflected this

observation (Figure30B). To this end, a projection filter was introduced on the
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Figure 30: Random walk simulations on a trypanosome mask revealed an accumulation of
high velocities at the rim. A Velocity map showing the superpixels’ velocity
after application of the third spatial filter which only smoothed out the data.
B Violin plots confirmed the increased number of superpixels with a high ve-
locity at the rim compared to superpixels in the centre. The violin representing
the velocities of superpixels at the rim includes the outer two rows of super-
pixels. The group ’centre’ comprised all remaining superpixels. Magenta lines
indicate the average velocity (centre: 1.37 pm/s, rim: 2.39 um/s). The averaged
velocity comprising all superixels is shown in the right violin (all: 1.78 pm/s).
C Velocity map after the application of the projection filter to superpixels at
the rim that corrected the accumulation of high velocities. D Violin plots dis-
play the deviation in local velocities of superpixels in the centre, at the rim, and
of the entire mask after the application of the projection filter. The magenta
line represents the average velocity (centre: 1.37pm/s (N =995 superpixels),
rim: 1.29 pm/s (N =681 superpixels), all: 1.34 pm/s (N = 1676 superpixels)).
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feature spaces used for the generation of the maps. The filter was a Gaussian filter
with a radius of 6 superpixels, a standard deviation o for the Gaussian kernel of
1, and used a constant mode with a value of 0. These parameters were found by
application of the projection filter to the outermost two rows of superpixels and the
strength and width of the filter was tuned until the average velocity of 1.29 um/s
fitted the average velocity of the superpixels in the centre (Figure30C,D). The

average velocity of all superpixels decreased from 1.78 pm/s to 1.34 pm/s.

Next, diffusion maps representing the local diffusion coefficients were examined for
artefacts. When the third spatial filter was solely applied to smooth out the data, no
accumulation of high diffusion coefficients was observed in superpixels at the surface
rim (Figure31 A). The averaged diffusion coefficient of superpixels at the rim was
0.66 1m? /s and thus lower than the average diffusion coefficient of the remaining
superpixels in the centre with 0.93 1m?/s (Figure 31 A, C). Although the application
of the projection filter slightly reduced the diffusion coefficient from 0.66 pm?/s to
0.59pum?/s in ellipses at the rim, its influence on the averaged diffusion coefficient
for the whole cell was minor (Figure31 C, D). The averaged diffusion coefficient for
the whole cell was 0.8211m? /s without the projection filter and 0.79 pm? /s with the
filter applied.

The ellipse shape was used to draw conclusions about the diffusion behaviour.
Isotropic diffusion is indicated by a circle. If particles diffuse freely through the
superpixels, movements in all directions can be registered which results in a cir-
cle. If the ellipse is elongated, an anistropic diffusion is implied, which indicates a
preferred direction in the diffusion. The deviation from a circle and thus from an
isotropic diffusion was determined by means of the eccentricity. The eccentricity
is defined in a range ¢ € [0,1] with the extrema 0 and 1 indicating a circle and
line, respectively. When the shape of the ellipses at the rim of the surface was ex-
amined more closely, the shapes differed noticeably from the ellipses in the centre
(Figure 31 B). The eccentricity of the ellipses at the rim was on average 0.70 and
hence higher than the eccentricity of ellipses at the centre with 0.58 (Figure 31 E, F).
Thus, free simulated diffusion appeared more anisotropic in superpixels at the rim.
Application of the introduced projection filter resulted in fitting of the eccentricity
of ellipses at the rim to that in the centre and eventually amounted to 0.56. For
this reason, the projection filter was also applied to feature spaces which were used
to create the diffusion maps. Even though the filter resulted in a minimal decrease
in the diffusion coefficient, the correction on the eccentricity was more relevant as

it later was used as a decision parameter on the predominant motion.

In conclusion, evaluation of random walk simulations on a trypanosome mask using
shortTrAn showed artefacts in the maps, especially at the rim of the cell surface

mask. Free diffusion appeared to be anisotropic and an accumulation of high veloc-
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ities was observed. Both artefacts were aligned to the parameters in the centre by

introducing a projection filter on superpixels at the rim.
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Figure 31: Influence of the projection filter on the local diffusion coefficients and the ec-

centricities of ellipses. A-B Diffusion maps generated from a random walk
simulation which where only smoothed out (A) or after the additional appli-
cation of the projection filter (B). The colour code of the ellipses displays the
local diffusion coefficient. The shape of the ellipses indicates anisotropic (elon-
gated) or isotropic (roundish) diffusion behaviour. C Violin plots displaying
the local diffusion coefficients of superpixels located in the centre in compari-
son with superpixels of the two outer rows of the surface before the projection
filter was applied. Magenta lines depict the average diffusion coefficients (cen-
tre: 0.93 pm? /s, rim: 0.66 pm? /s, all: 0.8211m?/s). D Distribution of the local
diffusion coefficients after application of the projection filter. Magenta lines
represent the average diffusion coefficients (centre: 0.93 pm? /s; rim: 0.59 tm? /s,
all: 0.79 pm?/s). E Violin plots showing the deviation in the ellipse eccentric-
ity of superpixels in the centre compared to superpixels located in the two
outer rows at the rim of the surface before the application of the projec-
tion filter. The magenta lines indicate the average eccentricity (centre: 0.70,
rim: 0.57, all: 0.63). F Distribution of local eccentricities after application of
the projection filter with a magenta line depicting the average eccentricity
(centre: 0.57 (N =995 superpixels), rim: 0.56 (N =1676superpixels), all: 0.57
(N =681 superpixels)).
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2.4 Evaluation of the single-molecule trajectories using
shortTrAn

The trajectories obtained from tracking individual surface VSGs on the cell line
13-90 eYFP::MORN1 were analysed with shortTrAn in two distinct scenarios and
the results are presented in the following. The following input parameters were set
in the analysis with shortTrAn: the binning factor was 160 nm superpixels, the
smoothing filter (Filter3.1) utilised a box kernel of the size 3 superpixels as well as
the projection filter (Filter 3.2) was applied to the two outermost rows of superpixels.
In addition, localisation errors were taken into account and the localisation precision

was 26 nm.

2.4.1 VSG dynamics evaluated by a diffusion scenario show local

heterogeneities on the trypanosome surface

Evaluation of the 20 cells showed a spatial heterogeneity in the local diffusion co-
efficients. An exemplary ellipse plot is presented in Figure32 A. The colour code
indicates the local 2D diffusion coefficient determined by the mean of both diffusion
tensor. The shape of the ellipses allowed for the distinction of isotropic (circle) and
anisotropic (ellipse) diffusion. The deviation from a circle and thus from isotropic
diffusion was determined by means of the eccentricity.

For the exemplary cell, the local diffusion coefficients ranged from 0.07 pm?/s to
2.60 pm? /s with a median of 0.81 pm?/s (Figure32 C). The overall diffusion coef-
ficient of all 20 cells was comparable and the average over all 20 cells was 1.00 £+
0.15pm?/s (Figure 32 C). The outline of the hook complexes were depicted in the
diffusion maps to reference the entrance to the FP. The part wrapped around the
FP neck was highlighted in red. Extraction of the FP entrance (FPE) region allowed
for the comparison of the amplitude of the diffusion coefficients and the eccentricity
of the ellipses with the ellipses from the entire surface area (Figure32B). The local
diffusion coefficients in the FPE region of the exemplary cell varied from 0.20 pm? /s
to 1.88 um?/s with a median of 0.62 pym?/s (Figure 32 C). The average diffusion co-
efficients of the FPE region over all 20 cells was 0.88 £0.3211m?/s. The averaged
diffusion coefficient of the FPE regions was not significant different to the averaged
diffusion coefficient of the entire cell surfaces (1.00 4 0.15um?/s).

Similarly, the eccentricities in the FPE regions were not distinct in comparison to
the entire cell surface. For the exemplary cell, the eccentricity ranged from 0.27 to
0.99 with a median of 0.82 for the entire surface area, while the FPE region showed
an eccentricity from 0.27 to 0.99 with a median of 0.79. The average eccentricity
over all 20 cell surfaces was 0.78 +0.04 and over all FP regions was 0.79 +0.06. It
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Figure 32: Characterisation of VSG dynamics recorded on 13-90 eYFP:MORNI1 try-
panosomes in the light of diffusion. A Representative diffusion map depicts
the local diffusion coefficients colour-coded, while the shape of the ellipses indi-
cates isotropic (circle) or anisotropic (ellipse) diffusion. The outline of the hook
complex is shown by a black line with a red highlighting indicating the part
wrapped around the FP neck marking the region of the FP entrance (FPE).
Circles mark domains of low diffusion coefficients and arrows point to streams
of aligned and elongated ellipses. The scale bar is 1.6 pm. B FPE region of the
exemplary cell. The scale bar is 0.5 pm. C Violin plots display the distribution
of local diffusion coefficients of the exemplary cell and the averaged coefficients
of all 20 trypanosomes. The distribution of the entire surface is compared to
the FPE region. Magenta lines depict the median for the exemplary cell (en-
tire: 0.81 pm?/s, FPE region: 0.631um?/s) and the average over all 20 cells
(entire: 1.00 pm? /s, FPE region: 0.88pm?/s). D Violin plots show the distri-
bution of local eccentricities of the exemplary cell and averaged eccentricities
of all 20 investigated cells. Hereby, the local eccentricities of the entire sur-
face are compared to the FPE regions. The median of the local eccentricities
of the exemplary cell (entire: 0.82 (N =1124superpixels), FPE region: 0.79
(N =63 superpixels)) or the average eccentricity over all 20 cells (entire: 0.78,
FPE region: 0.79) is represented by magenta lines.

should be noted that FPE regions were mostly located at the surface rim and thus in
the region that is affected by the projection artefact. An overview of all 20 diffusion
maps is presented in Figure 51 (Appendix).

However, two observations were made that occurred without a correlation to the
FPE regions. In the maps of each cell, at least one well-defined domain with low
local diffusion coefficients could be identified, but generally several of these were
present. These are encircled in the diffusion map of the exemplary cell in Fig-

ure 32 A. Another distinctive feature seen in the ellipse plot were streams of aligned
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Figure 33: Characterisation of VSG dynamics by the diffusion scenario in relation to the
flagellum. Three representative diffusion maps are displayed. The 2D diffusion
coefficient is colour-coded. The shape of the ellipses indicates isotropic (circle)
or anisotropic (ellipse) diffusion. The black outline represents the spatial pro-
gression of the flagellum on the surface. The area outshone by a TS bead is
marked by a star. The scale bars are 1.6 pm.

elongated ellipses indicating an anisotropic diffusion. In Figure 32 A arrows indicate
a stream of elongated ellipses. In order to test a correlation of the streams with the
flagellum, the spatial course of the flagellum was determined using the transmit-
ted light images as the 13-90 eYFP::MORNT1 cell line did not harbour a fluorescent
marker for the flagellum. No correlation was found when it was compared with the
regions of the streams. Additionally, tracking of labelled surface VSGs was con-
ducted on 10 cells of the 13-90 cell line expressing kinesin-MORN::eYFP, a marker
for the axoneme of the flagellum. Three representative diffusion maps with the out-
line of the flagellum are depicted in Figure33. Sporadically anisotropic diffusion
runs along the flagellum. At the same time, domains of slow and isotropic diffusion
are located at the flagellum. Based on both observations no clear correlation could

be found here either.

2.4.2 High velocities are locally present on the trypanosome surface in the

evaluation of a directed motion scenario

Evaluation of the displacements by a directed motion scenario showed high veloc-
ities were locally present on the trypanosome surface of all 20 cells. The results
were displayed in a heat map showing the amplitude of the local velocities (veloc-
ity map), a quiver plot indicating the direction of the local velocities and a heat

map representing the local relative standard error SE,, which was a indicator for
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the reliability of the measured velocities. A large variety in local velocities was
observed within one cell and an exemplary velocity map is shown in Figure34 A.
The velocities of the exemplary cells ranged from 0.051um/s to 10.35 um/s with a
median of 1.75pm/s. In comparison to the local velocities on one cell, the averaged
velocity of all 20 cells was similar and found to be 1.99+0.20 pm/s (Figure 34 C).
The location of the hook complex was marked by a black outline. The red part of
the outline highlights the part which was wrapped around the FP neck and marks
the FPE region. In order to identify potential directing forces near the entrance
to the FP, the FPE region was extracted and compared to the entire cell surface
(Figure 34 B, E). The local velocities of the FPE region of the exemplary cell var-
ied from 0.19 pm/s to 5.07 pm/s with a median of 1.70 pm/s. The average velocity
over all 20 FPE regions was 1.95+0.57 pm/s (Figure 34 C). In the quiver plots of
a few cells, arrangements of arrows pointed to each other in close proximity of the
FPE region. The length of the arrows, which correlated with the amplitude of the
velocity, was short, so that arrangements were only recognised on closer inspection.
Generally, the region of the FPE did not appear to be very distinctive. However, all
cells shared one prominent feature in the quiver plots: so-called sinks. The locations
of the sinks were not restricted to a particular area of the cell surface. At least one
sink was located on the surface of each trypanosome, but on average 3 sinks were
present. The sinks were characterised by a set of arrows pointing to a common
centre with small local velocities. Both observations are encircled in Figure 34 A
and E. As expected, the sinks correlated with domains of slow diffusion detected
in the diffusion analysis (Figure32). When I examined the movies by eye, I found
a correlation with confined emitters in these superpixels. To indicate the dwelling
time of particles in these superpixels, intensity maps were generated that confirmed
the prolonged residence of the labelled VSGs at these sites (Figure 34 D).

The local relative standard error SE, was calculated to consider the static localisa-
tion error in the local velocity. In all investigated cells, the SE, varied in a large
range of 0.029 to 215. If the relative standard error for a superpixel was equal to or
greater than 1, it was concluded that there was no directed motion present or that it
was below our detection limit. Thus, a cut off at 1 was set for the representation of
the relative standard error in the map (Figure 34 F'). The detection limit of a velocity
within a superpixel was 5.2 um/s (N = 1) considering the worst case at a localisation
precision o of 26 nm and At =10ms. The detection limit decreased with increasing
statistics v/N. An overview of all velocity maps, quiver plots and relative standard

error maps is represented in Figure 52-54 in the Appendix.
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Figure 34: Characterisation of the VSG dynamics on 13-90 eYFP::MORNT1 trypanosomes
by a directed motion scenario. A Velocity map of the local velocities of an ex-
emplary trypanosome. The heat map colour codes the amplitude of local veloc-
ities. The outline of the hook complex is depicted by a black line while the cyan
part highlights the part which is wrapped around the FP neck marking the FPE
region. This accounts also to E and F (highlighting in red). Domains consisting
of superpixels attributed with small velocities are encircled. B Velocity map of
the FP entrance (FPE) region of the exemplary cell. C Violin plots showing
the distribution of the local velocities of the entire exemplary cell in compari-
son to the FP region. Additionally, the variance in the average velocity of each
cell was compared to the variance in the average velocity of the FP region of
all 20 cells. Magenta lines represent the median for the exemplary cell (entire:
1.75pm/s (N = 1124 superpixels), FPE region: 1.70 pm/s (N = 63 superpixels))
and the average over all 20 cells (entire: 1.99 pm/s, FPE region: 1.95num/s).
D Intensity map displaying the sum of all emitters’ fluorescence detected within
each superpixel. E Quiver plot representing the direction of the local velocities.
The arrow size correlates with the amplitude of the local velocity. Sinks are
encircled. The box shows the quiver plot of the FPE region of the exemplary
cell. F Relative standard error map of the exemplary trypanosome. The colour
code represents the local relative standard error, for which a cut of at 1 was
set. The scale bar in A, D, E, and F is 1.6 pym, whereas the scale bar in B and
E (box) is 0.5 pm.
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2.4.3 Confined VSGs are not induced by interactions with the glass surface
or the hydrogel.

Evaluation of VSG trajectories by shortTrAn revealed the existence of domains that
were characterised by a slow diffusion coefficient in diffusion maps and by sinks with
a centre of low local velocities in directed motion maps. The visual examination of

the movies showed a correlation with confined particles.

In the tracking experiments, the cells were brought close to the bottom cover slip
to allow for drift correction. In order to exclude the possibility that the confined
particles are caused by an interaction of labelled VSGs with the glass surface, I
performed two control experiments. First, I recorded VSG dynamics on cells not
spun down to the glass, but located well within the hydrogel separated from the
glass by a 10-14 pm thick gel layer. The thickness of the hydrogel layer was mea-
sured with the help of the fluorescent signal of the TS bead on the bottom cover
slip. In this region of the hydrogel, the fluorescent signal of the Atto-647N dye
appeared diffuse. Thus, SPT was not feasible. Instead, the focus was set to a spot

where the signal of the cell appeared and the cell was recorded in 10,000 consecutive

images. Subsequently, an image stack was generated. If VSGs can diffuse freely,

Merge
Merge -

.

Figure 35: Fluorescence signal of Atto-647N labelled VSGs in the surface coat of try-
panosomes embedded deep inside the hydrogel. Image stacks of the bright
field (BF), the eYFP::MORN1 and VSG-Atto-647 N fluorescence are displayed
which were recorded at the single-molecule fluorescence microscope. The scale
bar is 5 pm and applies to all images.
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a homogenous fluorescent signal should be seen in a sum stack. If single emitters
are confined, the fluorescent signal at that spot will increase linear with its dwelling
time. Hence, the region of the confined particle will be highlighted. 16 cells of the
13-90 eYFP::MORNT cell line were investigated. Figure 35 shows three representa-
tive stacks of the VSG signals from three trypanosomes. The location of the hook
complex indicated the posterior part of the cells. For each cell at least one bright
spot was observed. However, another explanation for the bright spots could be that
labelled VSGs were endocytosed and located in endosomal structures. Due to our
widefield SMFT microscopic setup out-of-focus signal is recorded, as well.

Second, VSG dynamics were investigated on top of trypanosomes spun down to the
glass, with SPT performed on that side facing the hydrogel to check whether con-
fined particles were also present. Tracking was conducted on four cells in total. At
least one confined particle was identified for each cell. Figure 36 displays trajectories
generated from one of this measurements and confined particles are indicated by an
arrow. Confined particles were still present although interactions of labelled VSGs

with the glass could be excluded.

A ' B C

Figure 36: VSG tracking in the dense surface coat facing the hydrogel. A Image stack of
the VSG-Atto-647 N fluorescence. B Trajectories obtained from the tracking of
labelled VSGs in the plasma membrane facing the hydrogel. Typically, VSG
tracking was conducted on the side facing the bottom cover slip. C Overlay
of the obtained trajectories with the Atto-647N fluorescence image. Arrows
indicate confined particles. The scale bar is 1.6 pm and is valid for all three
images.

Another potential cause for the confined particles could be the interaction of the
VSGs with the hydrogel. To test this hypothesis, membrane form VSGs were incor-
porated in supported lipid bilayers (SLBs) and their dynamics recorded in presence
and absence of a gel layer on top. This had the advantage that measurements were
performed in a model system instead of on cells. The experiment was performed
by Marius Glogger. To this end, he used proteoliposomes consisting of SOPC and
VSG 1.6. The lipid-to-protein ratio was 75-95, representing the dense coat of living
trypanosomes (Bartossek et al., 2017). SLBs were prepared from proteoliposomes
with unstained VSGs. When SLBs were prepared, 31l of a 1:1000 dilution of Atto-
647 N labelled VSGs were added to the supernatant, which integrated into the SLBs
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after a few minutes. The supernatant was changed extensively to remove free VSGs.
To investigate the influence of the hydrogel on the dynamics of the VSGs in SLBs,
the hydrogel was formed on top of the SLBs. Tracking of VSGs in SLBs without the
formation of an hydrogel on top served as control. Trajectories were generated from
the obtained single-molecule localisations and the fraction of immobile particles was

determined in two independent analyses.

The first analysis was performed by Susanne Fenz. Trajectories with a length of
minimum 20 steps served as input. To identify immobile trajectories, the squared-
displacement (SD) was calculated for each trajectory. Plotting the determined SDs
in ascending order and looking for characteristic changes in the curve, allowed for the
identification of the threshold to split immobile trajectories from the mobile trajec-
tories (Figure 37). Trajectories with a SD < 0.13 pm? were considered as immobile.
In the simple model system, the only cause of immobile particles is the interaction
with the glass at defect sites in the membrane. The proportion of these defects on
the total surface is similar in the presence (1346 %, N =41) and absence (16 +8 %,
N =39) of the gel. Thus, the gel does not provide any additional immobilisation,

which would then be interpreted as an increase in the defect area.

14 —
12+
10+

o NN M O

0 0.1 0.2 0.3 0.4 0.5
area fraction of immobile particle

Figure 37: Histogram of the deviation of immobile VSGs fractions integrated in SLBs with
and without hydrogel (4 Gel: N=41, - Gel: N =39).

The second analysis to identify the immobile fraction of VSGs was based on short-
TrAn. The analysis of the VSG tracking on trypanosomes by shortTrAn revealed
that immobile particles can be identified by the algorithm. Data sets were pooled
according to whether a hydrogel (N=21) or no hydrogel (N=29) was formed on
top as the algorithm needed a good coverage of the field of view. The parameters
for the evaluation by shortTrAn were the following: The binning factor was 160
and the projection filter was applied to the outer two rows of superpixels. Immobile
particles were characterised by a slow diffusion coefficient. Superpixels having a dif-
fusion coefficient <0.375pm?/s were extracted to identify superpixels belonging to
immobile VSGs (Figure38). This threshold was determined by visual examination

of the diffusion map obtained from VSG dynamics in the absence of a hydrogel layer.
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Figure 38: Identification of the immobile fraction of VSGs integrated in SLBs with and
without hydrogel by. shortTrAn. Diffusion maps are representing the local dif-
fusion coefficients. To extract the number of superpixels representing immobile
particles, superpixels with a diffusion coefficient < 0.3751m? /s were extracted.

Thereby, the threshold of the diffusion coefficient was chosen so that the number of
easily identifiable domains characterised by a slow diffusion coefficient matched the
number of the remaining domains after the threshold was applied. This threshold
was then transferred to the diffusion map generated from VSG dynamics in the
presence of a hydrogel layer. Quantification of the immobile fraction was then per-
formed by comparing the number of superpixels representing immobile VSGs to the
total number of superpixels when no threshold was applied (Figure 38). In case of
the SLBs without the formation of a hydrogel, the fraction of the immobile VSGs
was 13 %. The fraction of immobile VSGs was 15 % in SLBs with a hydrogel formed
on top. Similarly to the first analysis of the immobile fraction, the proportion of
immobile VSGs was comparable in both SLBs with or without hydrogel.

In summary, the VSG coat of cells embedded deep inside the hydrogel or tracking
of VSGs on the surface facing the hydrogel of trypanosomes spun to the glass also
showed immobile particles as observed in tracking VSGs on the surface facing the
glass cover slip. The formation of a hydrogel on top of SLBs which had labelled
VSGs incorporated exhibited a similar number of immobile particles compared to
VSGs in SLBs that did not have a hydrogel on top.
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2.4.4 Supermaps - the decision on the dominating motion mode

Hitherto, the measured displacements of the steps of all trajectories were interpreted
as diffusion or as directed motion, respectively. Local diffusion coefficients and local
velocities were extracted from an ensemble of displacements originating from the
specific superpixels. To answer the question whether VSG dynamics were charac-
terised by solely Brownian motion or whether directed contributions were present,
it was necessary to identify superpixels in which one type of motion clearly domi-
nated. To this end, a guideline on the basis of the previously determined key figures
of diffusion and directed motion, namely the eccentricity and the relative standard
error, was developed and the final results were presented in so-called supermaps. In
these maps, each superpixel was colour-coded according to the type of motion which

was dominant.

2.4.4.1 Decision guideline on the basis of the eccentricity and the relative
standard error

The representation of the local diffusion tensor as ellipses allowed the characteri-
sation of diffusion by their shape. Isotropic diffusion is indicated by a circle, while
an elongated ellipse denoted anisotropic diffusion. The deviation from a circle was
determined by means of the eccentricity €, which was obtained from the two axes of
the ellipses representing the diffusion coefficients in one dimension (see Equation 31).
The eccentricity is defined in a range ¢ € [0,1] and the extrema 0 and 1 indicate a
circle and a line, respectively. If the eccentricity approaches 1, this may imply the

possibility of directed motion or may be falsely induced by bad statistics.

The relative standard error SE, of the local velocity reflects the likelihood of directed
motion. If the relative standard error equals 1, the measured velocity is caused solely
by the inherent localisation precision of the measurement. Two reasons exist for a
large SE,: (i) either if the average velocity in a superpixel is very small or (ii) if
the corresponding error is very large. The first reason of a small velocity will be
true if either slow directed motion exists or in case of diffusion because random
displacements add up to a zero net displacement. In contrast, a very small SE,

results from a fast directed motion (SE, — 0).

To determine appropriate threshold values for € and SE, to decide on the pres-
ence or absence of diffusion, random walk simulations were performed as described
in Section4.8.2. Simulations were conducted on a trypanosome mask to account
for rim effects. Trajectories were simulated with a D =1.00um?/s and At =10ms
from starting points randomly distributed on the trypanosome mask. The specific
diffusion coefficient was chosen equal to the average diffusion coefficient over all

20 investigated cells. Subsequently, the data sets were analysed with shortTrAn.
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Statistics per superpixel were varied by either choosing a trajectory length (TL) of
15 and/or 50 or the compilation of different numbers of trajectories within a data
set (2,000-10,000). The dependency of the eccentricity and the relative standard
error on the statistics is plotted in Figure39 A and B. It can be recognised that no
general threshold value can be set, instead the threshold values have to be chosen as
a function of the statistics. Since diffusion was simulated, the thresholds were cho-
sen under the premises that 99 % of the superpixels would be assigned to diffusion
and only 1 % would be false-positively assigned to directed motion (Figure 39 C). For
the eccentricity, a 99 % threshold could be used as a value of 0 represents isotropic
diffusion. For example, all superpixels with a statistics of N =20 and an eccentricity
smaller than 0.79 were categorised as diffusion (black arrow, Figure39 C). In case
of the relative standard error, the threshold was set at 1% because a large relative
error indicated diffusion whereas a relative error close to 0 signified directed motion.
Consequently, all superpixels with a statistics of N =20 and a relative standard

error larger than 0.45 were assigned to diffusion (black arrow, Figure 39 C).
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Figure 39: Determination of threshold values to correctly identify diffusion based on ran-
dom walk simulations. A Eccentricity of the diffusion tensor of a superpixel as
a function of the statistics (count value) in the superpixel. B Dependency of the
relative standard error on the statistics of the corresponding superpixels. A cut
off was set at a relative standard error of 5. C Representation of the threshold
values set for the relative standard error and the eccentricity to decide on the
dominant motion mode. The relative standard error threshold was set to 1%
of the data from (A) allowing 99 % of the data to be assigned to diffusion. The
threshold for the eccentricity was set to 99 % of the data from (B) resulting in
99 % of the data being attributed to diffusion. Black arrows mark statistics at
N =20.
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The eccentricity threshold started at 0.9 for small statistics and decreased with
increasing statistics (Figure 39 C). However, even in case of N = 200, the threshold
was still 0.5. Thus, it was above the theoretically predicted value of 0 indicative
of perfectly isotropic diffusion. The threshold for the relative standard error of a
hypothetical velocity was large at small statistics. It was 2.3 at N=1. As the
statistics in superpixels increased, two opposing effects took place when calculating

SE, as follows:

erry err
2 with erry = —=, (12)

VN v

and erry indicating the relative error, N the local statistics, erra the systematic

SE, =

error of the measured displacement, and ¥ the average velocity. The consideration
of the statistics by v/N resulted in an increasing value in the denominator, while
the average velocity, v, in the denominator tended to zero. As a result the threshold
of the relative standard error of the velocity first decreased strongly as N increased.
Then, a saddle point around N = 50 was reached and finally the relative standard
error increased again slowly before it saturated around N = 200.

At low statistics (N < 8), the eccentricity was close to 1 and the relative stan-
dard error diverged. Thus, superpixels with statistics in the unreliable regime were

excluded from the decision which of the two motion modes dominated.

For the assignment of superpixels to diffusion or directed motion, a decision guideline
was established which is depicted in Figure40. First, superpixels for which both
criteria, eccentricity and relative standard error, pointed towards the same motion
mode were assigned to the according motion model (Figure 40, path 1). This implies
that superpixels with a small eccentricity € (& < g4es) and a large relative standard
error (SE, > SE, twes) Were attributed to diffusion. Alternatively, if the relation
was vice versa the superpixel was assigned to directed motion. Afterwards, a large
number of superpixels remained that could not be attributed as clearly because the
two criteria were contradictory (Figure40, path2). In order to decide which of the
two motion contributions dominated in those cases, the deviation from the threshold
was quantified to determine how well the measured parameter can be distinguished
from its corresponding threshold: Ae = (g/e4pres)—1 and ASE, = (SE,/SE, thres)—1.
If the difference between the two deviations was < 0.25, the superpixels remained
unassigned as no criterion dominated the other. On the other hand, if the difference
was > 0.25, the criterion with the greater deviation from its threshold was selected
for the assignment. If the decisive parameter was the eccentricity (Ae > ASE,), the
superpixel was attributed to diffusion in the case of ¢ < g4, and to directed motion
in the case of € > 4,,.s. Conversely, if the relative standard error was found to be
the parameter for a reliable attribution (Ae < ASE,), the superpixel was assigned
to diffusion if SE, > SE, thres O to directed motion if SE, < SE, thres-
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Figure 40: Flow chart illustrating the decision guideline for supermaps. The assignment of
superpixels to a motion mode was based on the eccentricity € and the relative
standard error SE,. The threshold values were determined by random walk
simulations and are depicted in Figure 39 C. Path 1 displays the assignment if
both criteria point to the same motion mode. Path 2 indicates the assignment
if both criteria were contradictory.

SE, > SE

v threshold

Even after this assignment, unassigned superpixels remained. I categorised these
orphan pixels based on their neighbouring superpixels by utilising a moving-box
kernel (size =3 superpixel) to also account for superpixels on the diagonal. If the
environment was uniform (7 and 8 superpixels of the same motion type), the centre
was attributed accordingly. This filtering process continued until no more orphan

superpixels could be filled following this principle.

To validate the assignment principle, the guideline was applied to the shortTrAn
results of simulations performed to determine the threshold values. When applied
to the shortTrAn results of simulations having the lowest statistics (1-30 data points
per superpixel), 99.4 4+ 0.2 % of the assigned superpixels were attributed to diffusion
and 0.6 £0.2% to directed motion. On average, 11,2+0.34 % orphan superpixels
remained. Applying the guideline to the shortTrAn results of simulations with the
highest statistics (7-254 data points per superpixel), 98.8 0.5 % of the assigned
superpixels were dominated by diffusion and 1.14+0.5% by directed motion. On

average, 3.15+0.22 % of the superpixels remained without assignment.
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2.4.4.2 VSG dynamics is mainly characterised by diffusion

Applying the guiding principle introduced in Section2.4.4.1 to the 20 investi-
gated cells revealed that the resulting supermaps can be sorted into three differ-
ent groups. Representative supermaps for each group are depicted in Figure4l,
while an overview of all supermaps is shown in Figure55 (Appendix). If diffusion
was the dominant motion mode the superpixels are depicted in green. Magenta
superpixels represent superpixels which were dominated by a directed motion and
gray superpixels indicate orphan superpixels which could not be clearly assigned.
I visually examined the supermaps and classified them into three groups based on
prominent features. Group 1 was characterised by a high proportion of superpixels
attributed to diffusion and only a few, isolated superpixels assigned to directed mo-
tion (Figure41 A). This group comprised 7 cells. In contrast, group 2 showed a larger
proportion of superpixels assigned to directed motion, yet distributed as patches on
the surface (Figure41B). This group contained 7 cells. Group3 (N =6 cells) was
distinctive from both groups as these trypanosomes showed a high proportion of
superpixels associated to directed motion, that clustered in contiguous, elongated
arrays (Figure41 C). The sinks found in the directed motion maps, correlating with
slow diffusion, were also noticeable in the supermaps. In the supermaps, the domains
were characterised by a centre of diffusion surrounded by superpixels attributed to
directed motion. From the quiver plot of the directed motion maps it is known that
the direction of the velocity pointed to the centre, which is reminiscent of a trap.

For this reason, the sinks were then referred to as round traps in supermaps.

I further specified the supermap groups by analysing the relative prevalence of the
two motion modes as well as the connectivity of a superpixel’s associated motion
mode to the immediate surrounding.

The relative prevalence is shown in Figure41 D. The majority of superpixels were
assigned to be dominated by diffusion (group 1: 68.0 +5.7%; group 2: 56.6 & 4.8 %;
group 3: 43.3+3.9%). In contrast, an attribution to be dominated by directed
motion was less abundant (groupl: 9.44+2.0%; group2: 16.14+4.1%; group 3:
32.1+4.4%) in all three groups. The fraction of orphan superpixels was similar in
all three groups (group 1: 22.6 + 5.8 %; group 2: 27.4 4+ 6.8 %; group 3: 24.6 +1.3%).
In contrast to groups1 and 2, which exhibited significantly more superpixels asso-
ciated to diffusion, diffusion and directed motion were almost equally prevalent in
group 3.

To quantify the connectivity of one motion mode, I extracted the number of the
adjacent superpixels attributed to the same motion mode. If up to two adjacent
superpixels exhibited the same motion model, they were grouped in category I. Cat-
egory IT and category III represented superpixels with three to five or six to eight
neighbours of the same motion model, respectively. When assessing the connectivity

of superpixels assigned to diffusion (Figure41E), 68 % of all superpixels of cells in
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Figure 41: Quantification of the locally dominant motion mode of the VSG dynamics on
13-90 eYFP::MORNT cells. A - C Supermaps of the locally dominating motion
mode. Green superpixels are attributed to diffusion, magenta ones to directed
motion and grey ones depict orphan superpixels. The number and the ar-
rangement of superpixels dominated by directed motion facilitated supermaps
to be grouped. An example is shown for each group. A, groupl; B, group 2;
C, group 3. D Relative prevalence of the predominant motion mode, diffusion
or directed motion, within the three supermap groups. In orphan superpix-
els, neither of the two types dominated. Bars represent the mean percentage
and error bars indicate the SD. E Connectivity of superpixels attributed to
diffusion to their surrounding for the three different groups. F Connectivity
of superpixels assigned to directed motion to their surrounding for the three
different groups. The percentage of superpixels with 0-2, 2-5, 6 -8 neighbours
exhibiting the corresponding motion type is represented in E and F (group 1 in
white, group 2 in grey, and group 3 in dark grey). Error bars indicate the SD.
Individual values of the supermaps within the groups are depicted by circles in
D, E and F (N=7 for group 1 and 2, N=6 for group 3).

group 1 had six to eight neighbours assigned to the diffusion model (category III). If,

on the other hand, the connectivity of superpixels assigned to directed motion was
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examined (Figure 41 F), the highest percentage (38 %) of contiguous pixels (category
III) was found in group 3. This high fraction relative to the other two groups corre-
lated with the contiguous, elongated arrays of superpixels characterised by directed
motion. However, it should be noted that the direction of the velocity did not run
along these elongated arrays but pointed perpendicular into the centre, reminiscent
of elongated traps. In most cases, there was even an area in the centre that was
attributed to diffusion. Hence, the contiguous, elongated arrays were then termed

elongated traps.
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2.5 In silico experiment on the achievability of a fast turnover
by VSG randomisation with the newly determined diffusion

coefficient

In 2004, Engstler et al. postulated that the entire VSG surface pool is internalised
and recycled once in ~12min. In order to check whether the newly determined
average diffusion coefficient of 1.00 pm?/s is sufficient for a rapid randomisation of
VSGs in the surface coat and thus allowing fast turnover, random walk simulations
were performed. The VSG uptake through the small FP resembles the narrow escape
problem (NEP). This problem deals with a Brownian particle that is confined to a
bounded domain (cell surface), except for a small window (FP) through which it

can escape. This process can be quantified by the mean first passage time (7).

First, 7 was determined by simulations of VSG diffusion on three trypanosome-
shaped masks derived from the shortTrAn (Section4.8.1). The masks were composed
of two layers to mimic the 3D surface area of a trypanosome which is known to be
100 pm? (Hartel et al., 2015). T selected three trypanosome-shaped masks which
had an area of 28.2nm?, 34.3pm?, and 40.0pm? per layer. The area per layer
was still less than half of the total surface area. This can be attributed to the
measurements that captured only the part of the membrane in focus. In accordance
with the requirements for the NEP, the cells which served as blueprints for the
masks were in the G1 or S phase of the cell cycle and thus had only one FP. In
the simulations only one layer contained the exit site, the FP region. I extracted
the exit site region manually from the part of the outline of the hook complex
wrapped around the FP neck indicating the entrance to the FP. 2,000 trajectories
of diffusing particles were simulated per mask. 1,996 - 2,000 trajectories escaped by
hitting the FP exit site within a predefined time window of 500s. 74, was 50-
78s (Table1). The determination of 7y, was complemented further by theoretical
considerations to achieve T3p,. VSGs are only diffusing in the plane of the membrane
and thus effectively in two dimensions. Hence, a theoretical model of a 2D domain
was chosen with an escape site in the centre. 7, was calculated according to the
simplified Equation 13 (Holeman and Schuss, 2013):

Apyy . 1
Teh= 2;—; In ; with e = G/C (13)

Here, A, denoted the surface area of a trypanosome, D the diffusion coefficient, a
the FP radius, and C' the circumference of the trypanosome mask. The calculation
of 1, required the FP radius. It was derived from the area of the FP mask, which
was extracted by a built-in function in MATLAB, assuming a circular shape. 7, was

51-73s for the three cell masks (Table 1) and thus in good agreement with Tg;,.
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Table 1: Determination of the mean first passage times (7) of diffusive particles on
trypanosome-shaped masks by theory and simulation. Ay.,: surface area of
a trypanosome; FP: flagellar pocket; e: ratio of the FP radius to circumference of
the trypanosome mask; 7¢,:mean first passage time determined by theory; Tgim:
mean first passage time determined by simulation; 7ggg: time until 99 % of the
particles escaped.

‘ Atryp [1m?] ‘ FP radius [pm)] ‘ e %] ‘ Tt [8] ‘ Tsim |8] ‘ Tog o, [min]
Simulation 1 | 68.6 (2 x 34.3) 0.36 0.34 | 62+12 76+9 5.7
Simulation 2 | 80.0 (2 x 40.0) 0.36 031 | 73+15 | 78 =10 6.0
Simulation 3 | 56.4 (2 x 28.2) 0.31 0.35 | 5B1+10 | 5049 3.5

In order to determine the time required for VSGs to randomise within the entire VSG
coat to finally reach the FP, the time until 99 % of the simulated VSGs have escaped
through the FP was approximated. To this end, the time, 7999, was extracted from
the cumulative distribution of the individual escape times. 7999, was in a range
of 3.5-6.0min (Table1). Thus, the approximated escape time of VSGs to the FP
by simulations is sufficient to allow for a turnover time of ~12min published by
Engstler et al. (2004).
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2.6 Studying the influence of cytoskeletal anchoring on the

distribution and dynamics of surface VSGs in vivo.

Since the proposal of the fluid mosaic model by Singer and Nicolson in 1972, the
understanding of the plasma membrane organisation has changed considerably. The
fluid mosaic model characterised the plasma membrane as homogenous, equilibrated
lipid bilayer in which different integral and peripheral membrane proteins are em-
bedded like a mosaic. However, today we know that membranes are far from a
well-equilibrated organisation as elaborated in the introduction (Jacobson et al.,
2019; Kalappurakkal et al., 2020). Moreover, it was shown that the anchoring of the
cytoskeleton influences dynamics of membrane proteins which can be explained by
the picket-fence model (Kusumi et al., 2012). Raghupathy et al. (2015) even showed
that the anchoring of the actin skeleton to the plasma membrane in Chinese hamster
ovary cells influences the distribution of GPI-anchored proteins in the outer leaflet
of the membrane via interleaflet coupling. Thus, in the next section of this thesis, I
aimed to investigate the dynamics of GPI-anchored VSGs with respect to a possible

influence of cytoskeletal anchoring via interleaflet coupling.

In a first approach to detach the anchoring of the plasma membrane from the cy-
toskeleton, in the case of T. brucei the sub-pellicular microtubule corset, the para-
sites were subjected to osmotic swelling. For this, two procedures were tested: try-
panosomes were embedded in hydrogels under hypotonic conditions with or without
preswelling of the cells. For preswelling, trypanosomes were incubated in a hypo-
tonic medium consisting of TDB and ddH20 (1:1) for ~2min before immobilisation
in the hydrogel. Microscopic examination in a Neubauer chamber confirmed that
cells in hypotonic medium became swollen due to the influx of water. The flagellum
of the swollen trypanosomes was still recognisable and beating. The morphology
of the cells was reminiscent of a balloon. In both approaches, the individual VSGs
of the coat were stained with a nanomolar quantity of Atto-647 N-NHS dye. Sub-
sequently, the cells were embedded in a hydrogel under hypotonic conditions. It
should be noted that the morphology of most cells in the hydrogel, with or without
preswelling, appeared similar to the slender shape and were no longer swollen. As a
possible explanation for the low number of swollen cells in the hydrogel, I suspect
that cells experienced counteracting forces from osmotic swelling (expansion) and
the hydrogel (compression). The compression could be initiated by the cross-linking
of the hydrogel and the natural end of compression is reached at the cytoskeleton. In
the following, slender form cells were microscopically examined. VSG dynamics were
acquired in 10,000 - 20,000 consecutive images at 100 Hz and 37°C. Single-molecule
localisations were identified by comparison to the known footprint as described in

Section4.7.1. A mask was set around the profile of the cell to eliminate background
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signal. On average 4.49x10% 4 1.73x10* VSG localisations were found per cell. The
localisation precision was determined from the error in the Gaussian fit of the x-

and y-position and was 31 £+ 3 nm.

Before the localisations were studied on a deviation from a random distribution,
artificial clusters were removed as described in Section4.7.7. Subsequently, the
nearest neighbour analysis Ripley L(r) — r was carried out. The potential cluster
radius was estimated from the maximum of the plot of the Ripley’s L(r)—r function.
The potential cluster size was 2404+ 26 nm (Figure42 A). Clusters were also visible
in the super-resolved images (Figure 42 B). On, average 489 + 118 VSG localisations

per pm? were detected.
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Figure 42: Cluster analysis of labelled surface VSG on osmotically swollen trypanosomes.
A Ripley’s L(r) —r analysis with the 1 o confidence interval represented as grey
area. The function averaged over 10 imaged cells and showed a maximum of
240 + 26 nm. B Super-resolved image of the VSG localisations at a localisation
precision of 31 nm. The quantity of localisations is colour-coded. The scale bar
is 2pm and applies to A and B. Artificial clusters were removed beforehand.

Using the probabilistic algorithm to compute single-molecule trajectories, on average
6.3x10% £2.0x 10 trajectories were identified. The average trajectory length was 7
steps.

The evaluation with shortTrAn showed that the average diffusion coefficient was
0.7740.15 pm?/s. This was slower than the measured diffusion coefficient of 1.00
+0.1511m? /s on the surface of non-swollen 13-90 eYFP:MORNT cells (Figure43 A).
The eccentricity was 0.79 +0.03 and thus similar to the determined eccentricity of
0.78 +0.04 measured on non-swollen 13-90 eYFP:MORNT cells (Figure43 B). The
average velocity of a directed motion was 1.9440.27 pm/s. This was in the same
range as the determined average velocity of 1.99 4 0.20 pm/s on the non-swollen cells
(Figure 43 C). Domains that were described as round traps in the course of this work
were also present on the maps. They were characterised by a low diffusion coefficient
in the diffusion maps, and by a set of arrows pointing to a common centre in the
quiver plots with small velocities at the centre in the heat maps of the directed

motion analysis.
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Figure 43: Quantification of VSG dynamics on osmotically swollen trypanosomes. A -C
Violin plots representing the results of VSG trajectories evaluated by short-
TrAn. The average diffusion coefficient (A), the average eccentricity (B) and
the average velocity of a directed motion (C) of individual cells are com-
pared to non-swollen trypanosomes (magenta lines). control: non-swollen 13-90
eYFP:MORN1 (N =20); swollen cells: swollen 13-90 eYFP:MORN1 (N =10).
D Relative prevalence on the locally dominating motion mode in obtained
supermaps. Diffusion is displayed in green, directed motion in magenta and
orphaned superpixels in grey. E Connectivity of superpixels dominated by dif-
fusion to adjacent superpixels attributed to the same motion mode. F Connec-
tivity of superpixels dominated by directed motion to neighbouring superpixels
assigned to the same motion mode. In B and C, group 1 is represented in white
(N =1cell), group? in light grey (N=28cells), and group 3 in dark grey (N=
1cell). The statistics accounts for all three graphs. Error bars indicate the SD.
Individual values representing a supermap of one cell are depicted by circles.

The comparative analysis of trajectories obtained from cells that were not preswollen
or were preswollen before embedding showed no significant difference when evaluated

with shortTrAn. Based on the results from shortTrAn, supermaps were generated
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that present the results of the decision which motion mode dominated locally. Su-
permaps of the swollen cells were classified by visual examination into the three
groups previously defined in the analysis of the non-swollen cells (Section 2.4.4.2).
All supermaps obtained from swollen trypanosomes are displayed in Figure 56 (Ap-

pendix).

Visual classification of the swollen cells resulted in one cell being assigned to group 1,
eight cells to group 2 and one cell to group 3. The analysis of the relative prevalence
of the two motion modes in supermaps showed that diffusion clearly dominated in
groups 1 and 2 (Figure43 D, group 1: 53 %, group 2: 57 4+6 %, group 3: 31%). The
dynamics on the surface of the cell in group 3, on the other hand, was characterised
by directed motion (Figure43D, group 1: 9%, group2: 18 +£3%, group3: 33%).
The share of orphaned superpixels was 38 % for group 1, 25+4% for group 2, and
36 % for group 3. Checking the connectivity of superpixels dominated by diffusion
reinforced that in group 1 and group 2 contiguous areas of the surface were charac-
terised by diffusion. For a superpixel dominated by diffusion, 64 % in group 1 and
56 % in group 2 had six to eight superpixels as neighbours that were also assigned to
diffusion (Figure43 E). Checking the connectivity of superpixels dominated by di-
rected motion revealed that 47 % of superpixels dominated by directed motion were
surrounded by six to eight superpixels of the same motion mode. This confirmed
the contiguous proportion of the surface dominated by directed motion observed
in the visual examination for group 3. Analysis of the relative prevalence and the
connectivity of superpixels dominated by diffusion or directed motion underpinned
the classification of the swollen cells into the three previously defined groups (Fig-
ure 43 F). In contrast to the dynamics of VSGs on non-swollen 13-90 eYFP:MORN1
cells, which showed a balanced distribution into all three groups, VSG dynamics
on swollen 13-90 eYFP:MORNT1 cells were characterised by an assignment of the
majority to group2. Domains observed earlier in the diffusion and directed mo-
tion maps of shortTrAn were again recognisable in the supermaps as round traps.
The round traps were frequently characterised by a centre of diffusion surrounded
by superpixels dominated by directed motion in which the velocity pointed to the

centre.

However, since it remained elusive whether cells had lost the anchoring of the micro-
tubule skeleton to the plasma membrane, another approach was pursued: depletion
of whole cell body protein (WCB, Th427.7.3550), a possible connector protein using
RNA interference (RNAI).

As part of Paula Biittner’s master project (Biittner, 2021), a 2T1 WCB RNAI cell
line was established according to Baines and Gull (2008). Upon induction in BSF
trypanosomes, the following phenotypes were observed: cells started to round at the

posterior end (~6-12h) and during depletion the cell morphology changed. More-
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over, rounded cells and multiflagellated cells were observed after ~16-24h. Baines
and Gull (2008) showed in electron microscope images that in PSF trypanosomes
parts of the plasma membrane had detached from the sub-pellicular corset 48 h after
induction. To investigate the dynamics of VSGs under the conditions of a detached
plasma membrane and taking into account the faster cell cycle of BSF trypanosomes,
the measurements were performed 24 h after RNAi induction. Three different phe-
notypes were imaged: cells that resembled the shape of a non-induced cell, cells
that rounded up posteriorly and completely round cells. Round cells deviated from
previously described round phenotypes, like the big-eye phenotype. Big-eye cells
are characterised by an enlarged FP which is accompanied by a membranous bulge
around it. Such a bulge was not observed for the round phenotype in my experi-

ment.

Before performing single-molecule imaging, I examined the viability of the cells after
24h of WCB RNAI induction. This aimed to ensure that the membrane integrity
of the posterior swollen and round phenotypes was still maintained. Cells were
embedded in a hydrogel supplemented with PI. The number of viable cells was
determined by enumeration at the microscope. Trypanosomes of the 2T1 cell line
served as a control and the viability was checked in two hydrogels with 50 cells
each. The viability of posterior swollen and round trypanosomes was checked in
triplicates with 10 to 13 cells and 7 to 15 cells, respectively. The viability and thus
the plasma membrane integrity of posterior swollen and round trypanosomes was
only slightly decreased with 99+0.1% and 91+7% compared to 2T1 cells with
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Figure 44: Viability of hydrogel-embedded trypanosomes after 24 h of WCB RNAi induc-
tion. A Viable fraction of two phenotypes observed after RNAi induction was
assessed by PI staining. Examined phenotypes were posterior swollen (N =3
hydrogels 4 10- 13 cells) and completely round trypanosomes (N =3 hydrogels
4 7-15 cells). 2T1 cells embedded in hydrogels served as control (N =2 hydro-
gels & 50 cells). B Exemplary overview of the viability assay of WCB-depleted
trypanosomes. Shown is an overlay image of the transmitted light channel with
the PI signal (magenta), indicating dead cells. Yellow arrows point to cells that
correspond to the 'posterior swollen’ phenotype. Two rounded cells are marked
with white arrows as an example. The scale bar is 10 pm.
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97+4% (Figure44 A). An overview of the viability assay of 24h WCB-depleted

trypanosomes is shown in Figure 44 B.

After successful verification of the membrane integrity of WCB-depleted trypano-
somes, single-molecule tracking was conducted at 205 Hz and 37°C. Trypanosomes
were embedded in hydrogels 24 h after induction. Single-molecule tracking was also
performed on non-induced 2T1 WCB RNAi cells. VSG dynamics were recorded
in 10,000-30,0000 consecutive images. Single-molecule localisations were identified
by comparison to the known footprint as described in Section4.7.1. To eliminate
background signal, a mask was set around each trypanosome outline. On aver-
age 8.50x10* £5.12x10* VSG localisation were found per cell for non-induced cells
(- Tet, N=14) and 5.18x10* £3.01x10* VSG localisation for WCB-depleted cells
(+ Tet, N=20). The localisation precision was 30 +2nm and 284+ 3nm, respec-
tively. The localisation precision was determined from the error in the Gaussian fit

of the x- and y-position.

First, single-molecule localisations were studied for clusters. For this, artificial clus-
ters were removed beforehand as described in Section4.7.3. Subsequently, super-
resolved images were reconstructed, which are shown in Figure45. The cell surface
of non-induced and induced trypanosomes revealed a uniform distribution of VSG
localisations. Thus, no Ripley analysis was performed. On average, 1099 4 498
and 744 + 332 VSG localisations per pm? were present on non-induced and induced

trypanosomes, respectively.

- Tet + Tet

Figure 45: Super-resolved images of VSG localisations on trypanosomes of non-induced
and 24 h induced WCB-depletion. Localisations are displayed at a localisation
precision of 30nm (- Tet) and 28nm (+ Tet). The quantity of localisations
is colour-coded. The scale bar is 2pum. Artificial clusters were removed in
advance.

Second, single-molecule trajectories were computed by applying a probabilistic algo-
rithm. On average 1.42x10% 4 1.02x 10* trajectories were identified on non-induced
trypanosomes. On average 6.76x 10% +4.18 x 103 trajectories were found on WCB-

depleted cells. In both cases, the average trajectory length was 4 steps.
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Analysing the obtained trajectories with shortTrAn revealed that the average diffu-
sion coefficient of non-induced cells was 1.92 +0.34 pm? /s. This was higher than the
average diffusion coefficient determined on cells after 24 h of WCB depletion, which
was 1.514£0.321m?/s (Figure46 A). When the WCB-depleted cells were grouped
and evaluated according to their phenotypes, the following average diffusion coef-
ficients were measured (Figure46B): 1.36 +0.221um?/s for cells appearing similar
in shape to the slender form (N=6), 1.61+0.31 pm?/s for posterior swollen cells
(N=9) and 1.50 +0.35 pym? /s for round trypanosomes (N =5).

A comparison of the mean eccentricity of non-induced cells of 0.69 + 0.04 with in-

duced trypanosomes of 0.71 +0.04 (Figure46 A), revealed no significant difference.
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Figure 46: Quantification of VSG dynamics on 2T1 WCB RNA!I cells 24 h after induction
by shortTrAn. A Comparison of the average diffusion coefficient, the average
eccentricity, and the average velocity (magenta lines) on the cell surface of cells
not induced (- Tet, N=14) and induced (4 Tet, N=20) for WCB depletion.
B Representation of the average diffusion coeflficient, the average eccentric-
ity, and the average velocity (magenta lines) of WCB depleted trypanosomes
grouped by their phenotypes. Cells appearing similar to non-induced cells (nor-
mal, N=6), cells swollen only at the posterior part (posterior swollen, N=9),
and rounded cells (normal, N =5).
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In addition, when the induced cells were grouped according to their phenotypes, they
could not be distinguished. The mean eccentricity for cells with a normal shape was
0.7140.02, for posteriorly swollen trypanosomes 0.70 + 0.05 and for rounded cells
0.744+0.04 (Figure46 B).

The average velocity measured on non-induced cells was 3.85 £+ 0.53 pm/s and 3.59 +
0.48 pm/s on WCB-depleted cells (Figure 46 A). When WCB-depleted cells were cat-
egorised, the velocity of normal-appearing cells was 3.59 +0.43 um/s, of posterior
swollen cells 3.51 +0.57 um/s, and of round cells 3.72 £ 0.28 pm/s (Figure 46 B).

Next, to decide on the local predominance of diffusion or directed motion, the su-
permaps were created based on the results of shortTrAn.

First, I compared the relative prevalence and connectivity of superpixels of WCB-
depleted cells versus non-induced cells. The cells of the two groups were first clas-
sified into the three groups already defined in Section2.4.4.2 based on the pres-
ence of a directed motion and its coverage of a contiguous area. In the case of
the VSG dynamics of non-induced cells, five of the trypanosomes were assigned
to group 1, six of the trypanosomes to group 2 and three trypanosomes to group 3.
All supermaps generated from the VSG dynamics of non-induced cells is depicted
in Figure57 (Appendix). Diffusion dominated on the surface of all three groups
(Figure47 A, group 1: 74+5%, group2: 69+4%, group3: 49+3%). In groupl,
superpixels in which diffusion dominated covered the largest contiguous area. This
was indirectly determined from the connectivity of superpixels assigned to diffu-
sion to their immediately neighbouring superpixels. 75+4% of superpixels were
surrounded by six to eight neighbouring superpixels also assigned to diffusion. In
contrast, the rate was 71 £8 % in group 2 and 58 +7 % in group 3 (Figure47B). The
share of directed motion increased from 7+ 2 % with increasing group number and
was 22+ 5% for group3 (Figure47 A). The connectivity of superpixels dominated
by directed motion to neighbouring superpixels with the same motion mode was
highest for group 3. Here it was 52 +3 % for superpixels surrounded by three to five
superpixels of the same motion model and 26 +6 % for superpixels surrounded by
six to eight superpixels of the same motion model (Figure 47 B). Similar to the study
on 13-90 eYFP::MORNT1 cells, the superpixels dominated by directed motion were
arranged in elongated, contiguous clusters for cells of group3. In contrast to the
measurements on the 13-90 eYFP::MORNTI cells, no superpixels of diffusion were
localised in the centre of the elongated, contiguous clusters. Additionally, the ori-
entation of a directed motion in these superpixels did not point towards each other,
which was the characteristic for the before observed elongated traps. Interestingly,
round traps with superpixels dominated by a directed motion pointing to a common
centre characterised often by diffusion were still present. On average, three round
traps were located on each cell. Orphan superpixels were slightly more abundant in
group 3 with 29 + 2 % than in groups 1 and 2 with 19 +6 % and 18 =5 %, respectively
(Figure 47 A).
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Figure 47: Quantification of supermaps obtained from VSG dynamics on trypanosomes
24 h after induction of WCB depletion. A Comparison of the relative prevalence
on the locally dominating motion mode on not induced (- Tet) and induced
(+ Tet) cells. Diffusion is represented in cyan, directed motion in magenta,
and orphaned superpixels in grey. Cells were grouped according to the relative
prevalence of the motion mode specified in Section2.4.4.2. B Comparison of
the connectivity of superpixels dominated by diffusion or directed motion to
superpixels of the same motion mode in the surrounding. Connectivity of non-
induced (- Tet) cells is compared to induced (+ Tet) cells. Group1 is depicted
in white (- Tet: N=5; 4+ Tet: N=13), group2 in light grey (- Tet: N=6;
+ Tet: N=7), and group3 in dark grey (- Tet: N=3; + Tet: N=0). The
number of cells per groups accounts also for A. In A and B, error bars show
the SD. Individual values representing a supermap of one cell are indicated by
circles.
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When analysing the predominant motion mode of VSGs on the surface of try-
panosomes after 24h of WCB depletion, it was observed that no cells could be
assigned to group3. Of the 20 cells examined, thirteen cells were classified into
group 1 and seven cells into group2. All supermaps obtained from the VSG dy-
namics on WCB-depleted cells are shown in Figure 58. Group 1 and group2 were
again dominated by diffusion with 67 4+15% for group 1 and 62 +9% for group 2.
The average proportion of superpixels assigned to a directed motion increased from
group 1 with 6 £2% to group 2 with 13+2% (Figure47 A). Whereas the propor-
tion of orphan superpixels was similar (group1: 27416 %, group 2: 25+10%).
The connectivity of superpixels dominated by diffusion was similar in both groups.
Superpixels of diffusion with six to eight neighbours of the same mode of motion
were found with a prevalence of 70+ 11% in group 1 and 69 +8 % in group 2 (Fig-
ure 47 B). Thus, diffusion dominated over a wide area of contiguous superpixels. For
the connectivity of superpixels dominated by directed motion, group 2 distinguished
itself from group 1 by having 24 4+ 6 % of superpixels with six to eight neighbours of
the same mode compared to 13 +7 % (Figure 47 B). The small number of superpixels
dominated by directed motion was in many cases arranged in round traps. Again,
the round traps were often characterised by superpixels in the centre, which were
dominated by diffusion. On average, three round traps were present per cell. Conse-
quently, the assignment of cells on the basis of the local predominant motion mode
showed a tendency towards a decrease in contiguous areas dominated by directed
motion linked to the depletion of WCB.

Second, to investigate whether differences were detectable between phenotypes of
cells after 24 h of WCB depletion, trypanosomes were grouped according to normal
appearing cells, posteriorly swollen cells and round trypanosomes. Compilation of
supermaps according to the phenotypes of the trypanosomes is shown in Figure 59
(Appendix). Subsequently, these groups were examined for the relative prevalence
of the dominant motion modi and their connectivity.

The VSG dynamics for all three phenotypes were dominated by diffusion with
an average of 65+ 14 % in normal-appearing trypanosomes, 70 4+12% in posteri-
orly swollen cells and 65+ 6 % in round trypanosomes (Figure48 A). The fraction
of superpixels dominated by directed motion was found to be minor in all three
groups. This was 104+3% for normal appearing trypanosomes, 8 +4 % for poste-
riorly swollen cells and 7+ 5% for round cells. The average share of orphan pixels
ranged from 22+ 13 % for posteriorly swollen trypanosomes to 28 =11 % for round
trypanosomes.

The analysis of the connectivity of superpixels dominated by diffusion revealed that
over 60 % of the superpixels in the supermaps of the three phenotypes were sur-

rounded by six to eight neighbouring superpixels with the same motion model (Fig-
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ure 48 B, normal-appearing: 68 +9 %, posterior swollen: 73 +9 %, round: 64 + 10 %).
Thus, VSG dynamics on the surface were characterised by diffusion over a large con-
tiguous surface area. The analysis of the connectivity of superpixels dominated by
directed motion revealed that the majority of the small proportion of superpixels
were surrounded by three to five surrounding superpixels of the same motion mode
in all three phenotypes with over 40 % (Figure48 C, normal-appearing: 47 +4 %,
posterior swollen: 49 +8 %, round: 4246 %). Followed by superpixels with up to
two adjacent superpixels of directed motion (normal-appearing: 33 4+ 10 %, posterior
swollen: 34+ 11%, round: 45+28%). This demonstrated that the few superpix-
els dominated by directed motion did not span contiguous surface areas but were

mostly isolated or arranged in round traps. In conclusion, the relative prevalence
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Figure 48: Quantification of supermaps obtained from VSG dynamics on WCB-depleted
trypanosomes with respect to their phenotypes. A Relative prevalence on the
dominating motion mode on trypanosomes after 24 h of WCB depletion. Phe-
notype groups represent cells appearing similar to non-induced cells (normal,
N =6), cells swollen only at the posterior part (posterior swollen, N=09), and
rounded cells (round, N=15). B Connectivity of superpixels dominated by dif-
fusion to adjacent superpixels of the same motion mode. C Connectivity of
superpixels dominated by directed motion to surrounding superpixels of the
same motion mode. In B and C, cells appearing like non-induced cells are de-
picted in white, posterior swollen cells in light grey, and rounded cells in dark
grey. The number of cells in A accounts also for B and C. In all graphs, error
bars indicate the SD. Individual values representing a supermap of one cell are
shown by circles.
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of diffusion and directed motion, as well as the connectivity of motion modes, was

similar for all three phenotypes, and no phenotype was particularly prominent.

In summary, to study the distribution and dynamics of VSGs on the surface of
trypanosomes in dependency of the cytoskeletal anchoring two experiments were
performed. Firstly, single-molecule tracking was conducted on osmotically swollen
13-90 eYFP::MORNT1 cells. Secondly, the distribution and dynamics were investi-
gated on trypanosomes which had the possible connector protein, WCB, depleted
by RNAi. In both cases the determined average diffusion coefficient was slower than
determined for the control groups that were not osmotically swollen or in which the
RNAi had not been induced with tetracycline. However, the average eccentricity
and the average velocity of a directed motion were quite similar. When analysing the
locally dominating motion mode on the surface by creating supermaps, no osmot-
ically swollen trypanosomes or WCB-depleted trypanosomes could be assigned to
group 3. This group was characterised by elongated, contiguous arrays of superpixels
dominated by directed motion, so-called elongated traps. In contrast, round traps
still existed. In both experiments, diffusion dominated and superpixels dominated

by directed motion were spatially isolated.
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3 Discussion

In this thesis, VSG dynamics were examined with single-molecule fluorescence mi-
croscopy (SMFM) in living trypanosomes to provide a better temporal as well as
spatial resolution of the dynamics compared to FRAP analysis. First, in Section 3.1
the adjustments in sample assembly are discussed, including the implementation
for the correction of the stage drift. In the second Section 3.2, I will elaborate on
the adaptation of an algorithm for the evaluation of short VSG trajectories and the
requirement for two extensions. In the third Section3.3, I discuss the results of
single-molecule microscopy and subsequent single-molecule tracking on living try-
panosomes. This includes the discussion of the calculations of the escape time of
VSGs into the FP, which were complemented by simulations on long time scales not
accessible in the experiment. Simulations were used to estimate the randomisation
of VSGs on the surface, whether a turnover of the complete VSG coat is feasible

within a few minutes.

3.1 Establishment of the experimental setup for two-colour

single-molecule measurements in living trypanosomes

Live-cell single-molecule fluorescence microscopy (SMFM) on highly motile try-
panosomes requires the immobilisation of the parasite in a nanometre range. In this
thesis, I studied the VSG dynamics using SMFM at the physiological temperature
of the parasite’s host at 37°C. Prior to this, drift correction at a nanometre scale was
implemented for two-colour measurements, as the investigation of VSG dynamics in

relation to the labelled FP entrance was performed by two-colour experiments.

Embedding strategies employing in low-melting agarose (Biilow et al., 1988) or gela-
tine (Hartel et al., 2015; Hartel et al., 2016; Hempelmann et al., 2021) used in pre-
vious studies were not suitable for my project. Although low-melting agarose cross-
links irreversibly and allows measurements at 37°C, the hydrogel stiffness is not
sufficient to immobilise the highly motile trypanosomes at the nanometre scale. To
facilitate measurements in low-melting agarose, the movement of the trypanosomes
needs to be additionally reduced or prevented. Therefore, Biilow et al. (1988) inhib-
ited the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase with pental-
enolactone. This resulted in the depletion of cellular levels of ATP, and motionless
trypanosomes. However, the impairment of the ATP metabolism is a severe interfer-
ence and is expected to have a drastic effect on all cellular processes. On the other
hand, gelatine cross-links to a hydrogel with sufficient stiffness to enable embedding
of trypanosomes without ATP depletion. However, it restricts the measurements to

room temperature due to its temperature-dependent, reversible cross-linking.
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Non of the two above described hydrogels is sufficient for a nanometre immobil-
isation of living, and untreated trypanosomes at a temperature of 37°C. For this
reason, | opted for an alternative immobilisation strategy. Hydrogels based on the
thiol-ene click chemistry enable an efficient immobilisation of living trypanosomes
at a nanometre scale (Glogger et al., 2017a; Glogger et al., 2017b; Glogger, 2018).
Due to their irreversible cross-linking, single-molecule experiments can be performed
even at 37°C. The reaction of thiols with enes can either proceed by a catalysed thiol
Michael addition or a thiol-ene free-radical addition (reviewed in Hoyle and Bowman
(2010)). Hydrogels cross-linked by free-radical addition include hydrogels based on
allyl functionalised poly-glycidol (P(AGE-co-G)) and thiol-modified hyaluronic acid
(HA-SH) or 8-arm poly (ethylene glycol)-norbornene (PEG-NB) and linear PEG-
dithiol (Glogger et al., 2017a; Glogger et al., 2017b; Glogger, 2018). They were
cytocompatible and provided efficient immobilisation. However, both hydrogels re-
quired the addition of a photoinitiator and exposure to UV-light to cross-link within
several minutes. Upon UV exposure the photoinitiator forms free radicals, which
initiate polymerisation by the reaction with hydrogel components. Although, only
low concentrations of the photoinitiator were used, the free radicals also might inter-
act with molecules on the surface. Furthermore, UV light in particular is associated
with the production of reactive oxygen species that can cause severe cell damage
(McMillan et al., 2008). Even though the presence of an photoinitiator and UV il-
lumination showed no effect on the integrity of the plasma membrane (Gould et al.,
2008; Glogger, 2018), an influence on other cellular processes can not be excluded.
For this reason, I chose the embedding in a self-polymerising hydrogel of 8-arm poly
(ethylene glycol)-vinylsulfone (PEG-VS) and thiol-modified hyaluronic acid (HA-
SH), which is based on Michael addition (Glogger, 2018). Cross-linking required no
UV light and is fast (~one minute) under an alkaline pH of 8.33. This hydrogel
provided good cytocompatibility (Glogger, 2018). In order to check on the immobili-
sation efficiency, I utilised the 13-90 kin-MORN1::eYFP cell line, which expresses an
eYFP-labelled protein located in the axoneme of the flagellum (Glogger et al., 2017a;
Glogger, 2018). As the flagellum is the origin of the cell’s motility, determining the
structural diameter of the axoneme in super-resolved images followed by compari-
son to the diameter obtained from fixed cells or from electron micrographs provided
information on the efficiency of immobilisation. The diameter of the axoneme ob-
tained from 32 super-resolved images was 1724+ 18 nm and thus smaller than the
diameter of fixed cells (214 +39nm, Glogger et al. (2017a) ,Glogger (2018)) or in
electron micrographs (210-230nm, Nicastro et al. (2006); Koyfman et al. (2011)).
In the high-resolution images, the signal of the axoneme could be depicted clearly
and no blurring was observed and thus it can be concluded that an immobilisation

efficiency in the nanometre range was achieved.

3Corresponds to the standard pH value used for labelling with NHS dyes.
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Artificial sharpening resulting from a still too high label density for single-molecule
measurements was identified as the cause of the surprisingly small diameter. Further
artefacts such as false structures and multiple features collapsing into one can also
be induced (Burgert et al., 2015; Sage et al., 2015; Fox-Roberts et al., 2017). To
identify artificial sharpening as the cause, the single-molecule data were analysed
with HAWK (Haar Wavelet Kernel), which separates the single molecules based on
their blinking behaviour (Marsh et al., 2018). The algorithm was applied to data
sets of four cells and the axonemal diameter increased by ~34nm. Accounting for
this previous underestimation, the average diameter of the axoneme increases from
172nm to 206 nm, which is in good agreement with the diameters of fixed cells or

extracted from electron microscopy.

The Young’s modulus of the hydrogel, a measure of the stiffness of a hydrogel,
was assayed with the support of Leonard Forster. An average Young’s modulus
of 105+ 29kPa was determined for the PEG-VS/HA-SH hydrogel based on the
10kDa HA-SH. This value is high compared to the stiffness of hydrogels typically
used in cell culture (< 40kPa, Le et al. (2016)) and for tissue engineering (< 34 kPa,
Huang et al. (2012)), excluding the differentiation of stem cells to bone and cartilage,
which require higher Young’s moduli. In comparison to the previous employed 15 %
P(AGE-co-G)/HASH hydrogel with a stiffness of 154 + 22 kPa, the Young’s Modulus
of the PEG-VS/HASH hydrogel is lower to sufficiently immobilise swimming try-
panosomes that generate forces of <10pN (Stellamanns et al., 2014). However, we
find that a Young’s modulus of 105kPa is also sufficient to successfully immobilise

the cells at the nanometre scale.

The lateral drift of the microcopy stage is a common issue in single-molecule mi-
croscopy given the acquisition time of several minutes. Consequently, static struc-
tures or outlines appear blurred and, in the case of the study of dynamic processes,
directionality is introduced, intensified or cancelled. Potential sources of the drift
include mechanical instability of instruments, vibrations as well as temperature con-
trol (Han et al., 2015) and thus, a drift at a nanometre scale is hard to avoid. In
the measurements presented here, the drift occurred uneven and varied in severity
over time rather than being uniform and constant.

The drift can be estimated from the single-molecule localisation alone using image
cross-correlation (McGorty et al., 2013; Wang et al., 2014). This requires caution
and stationary structures, e.g. microtubules, and can not be applied on moving
emitters. Alternatively, the lateral drift can be measured by incorporation of fidu-
cial markers into the sample, e.g. gold nanoparticles or fluorescent beads. Tracking
of immobile fiducial markers then allows for the drift correction by subtracting the
estimated drift also from moving particles. Hereby two strategies exist: First, fidu-

cial markers can be used for an active, real-time adjustment of the stage position.
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To this end, fiducial markers are tracked with a second camera and a closed loop sys-
tem is utilised to drive piezoelectrical actuators that precisely reposition the stage
(Grover et al., 2015). This strategy is favoured as it is highly precise. However,
it is technically more demanding and requires additional space at the microscopic
setup. A second possibility is to track the localisations of the fiducial markers and
to subtract the registered drift a posteriori. In this work the second strategy was
chosen as it was easier to implement and less costly. TetraSpeck™ (TS) beads (&
100 nm) with a diameter below the diffraction limit were used as fiducial markers.

Three major challenges exist when using fluorescent fiducial markers: Firstly, when
conducting two-colour microscopy, the fiducial markers need to be detected in both
color channels. To this end, the multifluorescent TS beads were employed. Sec-
ondly, the fluorescence of the dyed TS beads may outshine the fluorescence of the
Atto-647 N NHS labelled VSGs in the surface coat of the trypanosomes or the eYFP
signal of the labelled hook complex. To prevent this, the T'S beads were pre-bleached
with UV light. Thereby, the fluorescence intensity was sufficiently reduced, but at
the same time the fluorescence of the beads remained stable throughout the mea-
surements. Thirdly, the TS beads must be in the same field of view. For this the
assembly of the sample was adjusted. The addition of the TS beads directly to the
hydrogel solution containing the cells, resulted in accumulation of the TS beads in
close contact to the trypanosomes. No known reasons exist why the beads would
have an affinity to the trypanosomes. An explanation might be, that the hydro-
dynamic flow generated by the swimming motion of the trypanosomes could be
responsible for the preferential localisation of the beads to the trypanosomes while
the hydrogel is polymerising. To circumvent this problem, pre-bleached TS beads
were spin-coated on the cleaned cover slips. To locate cells at the bottom cover slip
and thus, in close proximity to the TS beads, the self-polymerising hydrogel solution
containing the cells was placed between two cover slips. Subsequently, a weight was
placed on the sandwich to accelerate the distribution of the viscous and already
polymerising hydrogel. To prevent squeezing of the cells during the weighting pro-
cess, non-fluorescent spacer beads (& 6 pm) were added to the hydrogel mixture.
A final centrifugation step facilitated the positioning of the trypanosomes close to
the bottom cover slip and the TS beads. In addition, the centrifugation enabled a
beneficial orientation of the cells for SMFM with the entire longitudinal axis in the

field of view.

In a proof-of-principle experiment, I showed that spin-coated TS beads in the field of
view were immobile and thus exhibited a similar drift. Hereby, the drift fluctuations
of a reference bead (bead,.s) in the field of view, used for correction, was compared
to the drift of a bead located underneath a trypanosome (beady,,). The drift of

(bead,.r) was tracked and only fluctuations above the localisation precision were
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corrected. For the example in this thesis, application of the correction determined
by bead,.; was able to reduce the drift fluctuations bead,,,, to ~1nm (bead,.s) and
~8nm (beady ). Thus, the drift fluctuation was clearly below the localisation pre-
cision, which allows me to exclude an intrinsic movement of the fiducial markers.
Therefore, spin-coated TS beads can be used to correct the global drift in the VSG
localisations recorded on trypanosomes embedded in the hydrogels. This minimises
significantly the occurrence of a blurring of a structure and the introduction, rein-

forcement or elimination of a directionality from a dynamic process.

As the standard labelling condition of pH 8.3 for NHS dyes induces stress to try-
panosomes and the self-polymerisation time of ~ 1 minute complicated the whole
assembly procedure, the polymerisation was prolongated by adjusting the pH to
7.0-7.5 and reducing the temperature. The hydrogel mix was stored on ice and the
centrifuge was pre-cooled at 4°C. Both adjustments resulted in a polymerisation of
approx. two minutes, which provided sufficient time for assembling the sample.

Subsequently, cytocompatibility was examined under the adapted conditions, as
the weighting and centrifugation step in the assembly process induces additional
stress for the cells. Propidium iodide (PI) is a common life/dead marker and was
used in this work. Previous studies showed that PI is suitable to evaluate the vi-
ability of trypanosomes in hydrogels (Glogger et al., 2017a; Glogger, 2018). The
fraction of viable cells was high for up to one hour, which corresponds to a high
cytocompatibility. This period is sufficient for single-molecule microscopy in living
trypanosomes. No measurements were performed longer than this period, as Marius
Glogger demonstrated that viability decreased significantly after one hour (Glogger,
2018). Possible reasons could be the insufficient supply of the trypanosomes with
glucose or side effects of an incomplete cell division process that might be impeded

by the immobilisation.

In conclusion, embedding trypanosomes in PEG-VS/HA-SH hydrogels provided suf-
ficient stiffness to immobilise living trypanosomes at a nanometre scale. The im-
plementation of multifluorescent TS beads on the glass allowed for the successful
correction of the stage drift. A high cytocompatibility guarantees live-cell single-
molecule studies in living trypanosomes for up to one hour even after adjustments

in the hydrogel assembly.
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3.2 shortTrAn: Adaptation of an algorithm for the evaluation of

short trajectories and its extensions

The M SD analysis is a widely used tool to characterise diffusive SPT data and to
determine the corresponding diffusion coefficient. It is an especially robust method
to determine the diffusion coefficient when free Brownian motion is present. For
this purpose, the MSD is plotted over time and the diffusion coefficient can be
determined from the slope of the fit. If long trajectories can be obtained from the
measurements, the progression of the curve in the MSDwvs At plot can even be
used to reliably identify the type of diffusion and the influence of a directed motion
(Figure4). In particularly, dynamic processes in the crowded biological environment
are hampered to diffuse freely. The deviation from free Brownian motion is generally
termed anomalous diffusion. To quantify anomalous diffusion « is determined from
the M SD(t). While free diffusion is characterised by MSD(t) = Dt* with a = 1,
confined diffusion and active transport results in a < 1 and a > 1, respectively.
However, in order to yield reliable results, only the first 10-20% of the time lags
of an ensemble of trajectories should be used to determine the diffusion coefficient
(Qian et al., 1991). The same applies to the characterisation of the type of diffusion.
If this recommendation is ignored, deviations from linearity can appear at large time
lags even in the case of free diffusion. This emerges since the M SD is less averaged at
large time lags, as the number of contributing displacements decreases which results
in large statistical fluctuations (Michalet, 2010). VSG trajectories in the present
thesis were short with an average length of 13 steps on 13-90 eYFP::MORNI1 cells.
However, to observe a deviation in linearity at least three time lags are required.

This in turn would require a trajectory length of a minimum of 24 steps.

An alternativ evaluation which does not require a minimum step length is the anal-
ysis of the 1D displacements. Hereby, free Brownian motion is characterised by
a Gaussian distribution. Deviations from Gaussian distribution indicate confined
diffusion or an influence of directed forces. Performing the 1D displacements anal-
ysis on the trajectories obtained on 13-90 eYFP::MORNT cells, showed a deviation
from Gaussian distribution. This can be interpreted as a first indication that VSG

dynamics may not only be characterised by free diffusion.

Another analysis that is independent of the trajectory length is the approach by
Hoze et al. (2012). Here, Trajectories are decomposed into their one-step displace-
ments (OSDs), which are then further evaluated. Theoretically, this approach is
based on the Langevin model (Lemons and Gythiel, 1997). It states how the mo-
tion of a particle evolves if subjected to a combination of external forces (directed
motion) and random due to stochastic influences (diffusion). This model permits to

examine OSDs in both scenarios. Thus, both scenarios were quantified and diffusion
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coefficients as well as velocities are obtained. The results were then registered to
each steps origin into predefined feature spaces that resembled the surface of the
trypanosomes. In order to be able to draw meaningful conclusions, the dynamics
were evaluated as an ensemble which originated from the same pixel. To improve
statistics, individual local results were binned to larger spatial groups (superpixels).
The results in a superpixel were then averaged, as the size of the superpixels was suf-
ficiently small to assume homogeneous behaviour in these superpixels. Ultimately,
the local diffusion coefficient and velocity represent the average of the locally col-
lected ensemble. This ensemble was still subject to the equation of motion and is
composed of a directional component (directed motion) and a stochastic component
(diffusion). Both components are always present, but can differ in their strength,
length and time scale. The differences can also occur spatially distributed, which can
be visualised by partitioning the monitored surface into spatial units. In this way,
local differences on the surface can be assessed. This method therefore enables a
spatially resolved analysis in contrast to the M S'D analysis or the analysis of the 1D
displacements. In principle, local heterogeneities could also be identified with the
analysis of the 1D displacements, but significantly higher statistics per superpixel

would be required to test a Gaussian distribution.

Settings for the adapted algorithm to evaluate short VSG trajectories and its

extensions

The adaptation of the method introduced by Hoze et al. (2012) is referred as short
trajectory analysis and abbreviated as shortTrAn. The following settings were used
in shortTrAn:

Trajectories of all length were used for shortTrAn, as their reliability was tested by
plotting the time course of randomly chosen trajectories on the underlying localisa-
tions and video sequences. The reliability of the localisations used was ensured by
the fit of localisation parameters to the Atto-647 N footprint, such as signal width
and intensity, and the application of a cell mask.

After the calculation of the diffusion coefficients and velocities of each OSD and their
registration to the predefined feature spaces resembling the trypanosome surface, the
subpixels of 1 nm were binned to larger superpixels to yield sufficient statistics. The
smallest binning factor that can be chosen should encompass at least the localisa-
tion precision . ¢ of the VSG localisations was 26 nm. Thus, the smallest binning
factor should yield a superpixel with 52nm side length. However, in order to get
reasonable statistics without loosing good resolution, a binning factor of 160 was
selected. With this binning factor, 50 % of the superpixels comprised a minimum of

13 data points.
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For the application of the spatial filters, the following settings were chosen. The
first filter removed all entries with low statistics, which served to ensure reliable
results. All entries with less than or equal to 5 entries were removed. Dynamics of
VSGs in the surface coat of the trypanosomes were assumed to be homogeneous.
However, this filter alone is not the only basis for obtaining reliable results. The
second spatial filter of the original algorithm was retained. This removed completely
isolated superpixels from the surface as a precautionary measure for the third filter,
since these lacked information about VSG dynamics of the immediate environment.
In contrast to the original algorithm by Hoze et al. (2012), the third spatial filter
was a combination of two filters. One filter to smooth out the data assuming similar
conditions on the scale of neighbouring superpixels, removing outliers that could
be due to noise. The second filter removed 3D to 2D projection artefacts. I will
elaborate on the cause of these artefacts in the following Section 3D to 2D projection

artefacts in shortTrAn maps’.

The adapted algorithm was further extended to consider the localisation errors that
limit SPT: the static and dynamic localisation error (elucidated in Section1.1.3).
Both localisation errors were corrected in the calculation of the diffusion coefficient
according to the literature (Martin et al., 2002; Savin and Doyle, 2005; Berglund,
2010; Michalet and Berglund, 2012; Backlund et al., 2015). The implementation
is described in Section 2.3.2. The necessity of implementation is elaborated on in
the Section 'Consideration of localisation errors has a significant influence on the
measured diffusion coefficient’. For the calculation of the velocity of a directed
motion, no established consideration of the localisation precision o exists. Never-
theless, in order to measure the impact of o, the relative standard error SE, in the
velocity was determined (Section2.3.2). Finally, the presentation of the following
information in the shortTrAn maps was validated: (i) the correct orientation of the
ellipses with a Jupyter Notebook written by Torsten Paul (Section 2.3.3.1) and (ii)
the orientation of the arrows by the evaluation of a single trajectory with short-
TrAn (Section2.3.3.2). The latter ensured that the arrows followed the course of
the trajectory.

3D to 2D projection artefacts in shortTrAn maps

During the validation of the implementation of shortTrAn on the VSG tracking
data, an accumulation of high velocities especially in superpixels at the rim of the
cell surface projection was observed (Figure 30). This observation can be attributed
to a 3D to 2D projection artefact, which arose from the local registration of the
results. This has necessitated the introduction of an additional 3D to 2D projection
filter in the third spatial filter.
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The results presented in a superpixel are an average value over an area resulting
from displacements, which originated from this area. For clarification of the origin
of the rim artefacts, a superpixel at the rim of the surface projection is compared
with a superpixel in the centre of the surface projection. Thereby, free diffusion of
particles is assumed.

If the superpixel was located in the centre of the cell surface, movements in all
directions in the 2D plane could be registered from this superpixel. In the case
of diffusion quantification, isotropic diffusion results in a circle in the ellipse plot,
which can be characterised by an eccentricity tending towards zero. In the case of
the directed motion quantification, the calculated velocities would cancel each other
out due to the uniform contribution to all directions (upper panel in Figure 49).

If the superpixel of interest was located directly at the rim of the cell surface projec-
tion, movements following the 3D shape and thus out of the focal plane could not
be accounted for. As a consequence, free diffusion appeared anisotropic, which is
characterised by an increased eccentricity, whereas in the directed motion scenario,
the result was an unusually large velocity in direction perpendicular to the rim. Ve-
locities could no longer cancel each other out and instead accumulated (lower panel
in Figure49).

Superpixel 1
in the

centre of <= => .
the cell ‘

surface

Superpixel 1
at the rim
of the cell
surface J

Figure 49: Scheme of the emergence of 3D to 2D projection artefacts. The measured
velocity within a superpixel is an averaged value from one-step displacements
emanating from this superpixel. In the case of free diffusion, calculated ve-
locities within a superpixel would cancel each other out due to the uniform
contribution to all directions. This is clearly recognisable in a superpixel in the
centre of the surface projection. If the superpixel of interest is located at the
rim of the projection, movements following the 3D shape are out-of-focus and
could not be accounted for. Consequently, superpixels show a large net effect
of velocities in direction perpendicular to the rim. The velocity amplitude is
indicated in different shades of grey. The darker, the higher is the value.

To correct for the 3D to 2D projection artefacts, a Gaussian filter was implemented
in the third spatial filter. The width as well as the strength of the filter was validated
by random walk simulations on a trypanosome mask which were then evaluated
with shortTrAn (Section2.3.3.3). The filter was adjusted until the velocities of
the superpixels at the rim of the surface projection were found to be in the same

range as the velocities in the remaining superpixels. The orientation of the arrows
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indicating the direction of the velocities were not modified. The filter simply reduces
the magnitude of a velocity rather than counteracting contrary movements. The
application of the projection filter to the results in the diffusion scenario also removed
the deviation of the eccentricity at the rim to the remaining ellipses in the ellipse

plot.

It should be noted, even though free diffusion was simulated, the eccentricity of
ellipses located in the centre of the projection did not tend to zero. Instead, the
eccentricity was 0.58. This observation was confirmed by simulations to determine
which eccentricity values represent free diffusion depending on the statistics in su-
perpixels. Hereby, the eccentricity decreased with increasing statistics, but was still
0.5 at N = 200. The eccentricity is known to be very sensitive to even small devi-
ations from a perfect circle. For this reason, even small deviations from a uniform
contribution in the movements assigned to a superpixel could lead to eccentricities

that only tend towards zero at infinite statistics.

In conclusion, the 3D to 2D projection artefacts at the rim of the surface projection,
which result from the local registration of results to the surface projection, can
be addressed by the implementation of an additional spatial filter. Hereby, the
velocity of a directed motion and the eccentricity € are corrected. The correction of
both values was particularly important as they were used to decide on the locally

dominant motion mode.

Consideration of localisation errors has a significant influence on the

measured diffusion coefficient

SPT suffers from sampling errors, also known as the static and dynamic localisa-
tion error. As already mentioned, their correction is for shortTrAn particularly
important as it is based on the absolute values of the M SD(At = 1). In order to
determine their contribution in the measurements of this study and to verify the
necessity for consideration, I back calculated an uncorrected diffusion coefficient for

comparison.

The measured average diffusion coefficient in 2D corrected for both errors (Do 2p)
of VSG diffusion on 13-90 eYFP::MORNI1 cells was 1.00 pm? /s (N = 20). To extract
the net effect of both corrections contributing to the resulting diffusion coefficient,
the uncorrected diffusion coefficient D, oneorr 2p Was determined for comparison.
The determination of the Djoncorr 2p is based on the uncorrected MSD,oncorr 2D

and is defined as follows:

MSDnoncorr
DnoncorerD = N 2D . (14)
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The back calculation of MSD,oneorr 2p Was done under consideration of the imple-

mentation of the static localisation error on the MSD with
MSDstatticorr72D == MSDnoncorrﬁQD - 402 (15)

and of the dynamic localisation error on the time lag, At, with

1t
At n__corr — At — *ﬂtex ) 1
dyn_ 3 At P ( 6)
resulting in:
1teap 9
MSDnOncom‘fQD =4 DCOM‘iQD(At - g At tezp) + 4o°. (17)

If the known parameters of the localisation precision o = 0.026 pm, time lag At =0.01s
and exposure time t.,, =0.009s are used in Equation 17, the following calculation

was obtained:

1 0.009s
M S Dy oncorr =4x1. 2 Ols—
S oD % 1.00 pm=/s x (0.01's 3 * 0015

* 0.009s) (18)
+ 4% (0.026 pm)?

=4.00pm?/s * 7.3x107%s +2.704x 103 pm?

=0.0319 pm?

Was the determined MSD,,ncorr 2p used in the Equation 14, this resulted in:

0.0319 pm?
4%0.01s
= 0.80 pm? /s

(19)

D noncorr_2D —

Back calculation determined D,oneorr 2p to be only 0.80 pm?/s. Thus, if both local-
isation errors were ignored, the average real diffusion coefficient would have been

underestimated significantly by 20 %.

Out of interest in the individual and relative contributions of the two errors, these
were calculated as follows:

The static localisation error is considered with the subtraction of 4 02 (Equation 15).
Thus, the MSD,oncorr 2p of 0.0319m? was overestimated by 2.7x 1072 pm?. This
corresponds to an overestimation of 8%. The correction of the static localisation
error was carried out according to Equation 16. This results in a reduction of the
time lag from 10 ms to 7.3 ms. This corresponds to a prior underestimation of 27 %.
Hence, the impact of the static localisation error was minor compared to the dynamic

localisation error.
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In conclusion, although both localisation errors could in principle cancel each other
out, a large net effect was found for this study. This emphasises the importance of

taking both localisation errors into account.

Guideline based on random walk simulation enables the determination of the

locally dominant motion mode

Evaluation of the VSG tracking data by shortTrAn used the same measured set
of displacements to quantify the dynamics at two distinct scenarios: diffusion and
directed motion. However, the dynamics of biological processes in crowded environ-
ments are always made up of a combination of both types of motion and is stated by
the Langevin equation (Lemons and Gythiel, 1997). That also applies to the VSG

dynamics here.

In order to determine the predominant type of motion and to detect spatial separa-
tion, superpixels in which one type of motion clearly dominated were to be identified.
In this thesis, I proposed a guideline which identifies the dominant type of motion ac-
cording to criteria indicating the probability of one of the motion types. In the case
of diffusion, information is obtained on the local diffusion coefficient and whether
isotropic or anisotropic diffusion was observed. Deviation from isotropic diffusion
(circle) were quantified by means of the eccentricity € of the ellipses (¢ € [0, 1] with
Ecircle = 0 and gy, = 1). If the eccentricity approaches 1, this may be indicative of a
strong anisotropic diffusion behaviour as well as the influence of a directing force or
falsely induced by bad statistics. The latter was addressed by excluding superpixels
with bad statistics. € was considered to be a suitable criterion of the diffusion quan-
tification to conclude on the probability of a type of motion, as anisotropic diffusion
could be a first indication for the potential presence of directing forces.

The quantification of directed motion provided local velocities, direction of the veloc-
ities, as well as the relative standard error (SE,) in the local velocities. SE, indicates
the fraction of the localisation error in the velocity. SE, equals 1, if the measured
velocity is caused solely by the inherent localisation precision of the measurement.
There are two reasons for the existence of a large SE,: Firstly, the average velocity
in a superpixel is small. This reason will be true if either slow directed motion
exists or in case of diffusion because random displacements add up to a zero net
displacement. The second reason is that the corresponding error is very large. In
contrast, a very small SE, is obtained for a fast directed motion (SE, — 0). Thus,
it is a measure of the likelihood of a directed motion and was considered a suitable

criterion.
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In the evaluation of the VSG dynamics on 13-90 eYFP::MORNT1 cells by shortTrAn,
the € took all possible values between 0 and 1, whereas the SE, ranged between
0.029 and 215. In order to finally determine whether diffusion was prevalent or not,
appropriate thresholds for both criteria were required.

For this purpose, I simulated random walk processes. Due to a large isoperimetric
ratio of the trypanosome projection of ~257, which is only 47 for a circle of the
same circumference, rim effects needed to be considered. Thus, simulations were
performed on a trypanosome-shaped mask. Different data sets of trajectories with
D =1.00pm?/s were simulated from starting points randomly distributed on the
trypanosome mask and subsequently analysed by shortTrAn. In the simulations, the
trajectory length and the number of trajectories in a data set were adjusted to cover
different numbers of data points per superpixel and thus the underlying statistics
were varied. I found that instead of a single threshold, the threshold for € as well
as for SE, had to be chosen depending on the statistics. The threshold values for
both parameters were set under the premises that 99 % of the simulated diffusion
data are assigned to a domination by diffusion and only 1% of the superpixels
would be wrongly classified as non-diffusive. These represent very strict threshold
values and were based on the fact that simulations reflect the unambiguous case
of free diffusion. If in the subsequent application of the guideline a superpixel is
assigned to be dominated by directed motion, a false assignment can be excluded.
As anticipated, € was close to 1 at low statistics. Additionally, SE, diverged at this
regime. For this reason, superpixels with statistics in the unreliable regime, N < 8,

were excluded from the decision which of the motion modes dominated.

To ensure that superpixels were only assigned to a motion type if there was a
clear domination towards it, the following three safety measures were implemented:
Firstly, superpixels were assigned which pointed to the same motion type with both
criteria. Secondly, if the criteria of a superpixel indicated a contrary classification,
the assignment was done on the basis of the criterion that deviated greater from its
threshold value. The difference between the two deviations to their limit values was
measured and had to exceed a threshold value. Thirdly, unassigned superpixels were
characterised on the basis of their environment. That was possible due to the as-
sumption of similar conditions on the scale of neighbouring superpixels. To prevent
a misclassification, an assignment was only done if the environment was uniform.
Specifically, this means that 7 out of 8 neighbouring superpixels had to show the
same dominant type of movement. The results of the assignment were presented in
supermaps, which showed superpixels dominated by diffusion or directed motion as
well as unassigned, so-called orphan superpixels, colour-coded. Finally, the guideline
was verified by applying it to the shortTrAn results of the random walk simulations
used to determine the threshold values. Thereby it was shown that 99 % of the

superpixels were assigned to diffusion and 1% to directed motion as intended.
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In summary, I developed a guideline to determine the locally dominant motion type
on the basis of random walk simulations. Hereby, the ¢ and SE, were found to
be suitable decision criteria. The clear, colour-coded supermaps allow to grasp the

VSG surface dynamics on trypanosomes at a glance.
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3.3 Single-molecule microscopy in living trypanosomes

Sequential two-colour imaging was established to study VSG dynamics in relation to
static structures at a high spatial and temporal resolution. Subsequent evaluation
of the dynamic and static single-molecule data with shortTrAn and application of
the guideline developed in this thesis enabled me to characterise the dynamics of
VSGs. Furthermore, it was attempted to investigate whether the anchoring of the

cytoskeleton in the plasma membrane exerts a potential bias on the dynamics of
GPI-anchored VSGs.

Sequential two-colour imaging facilitates the investigation of fast dynamics in
relation to a static reference structure

In order to investigate the highly dynamic VSGs in the surface coat of trypanosomes
in relation to a super-resolved reference structure, two-colour single-molecule fluo-

rescence microscopy was employed.

To analyse the localisations obtained in each colour channel, the information needs
to be spatially or temporally separated. Spatial separation can be achieved by the
implementation of an emission light splitter into a microscope setup. The projec-
tion of the two colour channels onto two separated regions on the sensor chip of the
camera facilitates of recording record both information simultaneously. However, for
this the imaging area on the sensor chip is doubled and thus is limiting the acquisi-
tion speed, as more time is needed to read and process the information. Two-color
imaging employing a splitter was utilised by Marius Glogger on trypanosomes. This
way the dynamic and static information could be recorded simultaneously, but at a
time resolution of 28 Hz only (Glogger, 2018). To adequately resolve the movement
of highly dynamic VSGs enabling the generation of meaningful trajectories, VSGs
dynamics should be at least recorded at 100 Hz. For this reason, simultaneous two-
colour imaging could not be utilised in the work presented here. To achieve high
acquisition rates, the occupied region on the sensor chip was reduced by record-
ing the two-colour information temporally separated. While sequential two-colour
imaging is not suitable to study two dynamic processes in spatial correlation, it of-
fers the possibility to examine a dynamic process in a spatial correlation to a static
structure. This strategy allowed for an acquisition speed of up to 205 Hz.

In order to enable sequential two-colour imaging with spatial correlation at high pre-
cision, both colour channels were shifted horizontally to each other by a few pixels
on the sensor chip. This allowed for a computational superposition in the two-
digit nanometre range, whereas manual superimposition on the sensor chip would
introduce an uncertainty of at least one pixel, which corresponds to 160 nm. Com-

putational registration of both colour channels was based on the concept of utilising
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immobilised multifluorescent TS beads (Semrau et al., 2011). This concept was al-
ready used by Marius Glogger to register the two-colour information in simultaneous
two-colour imaging (Glogger, 2018). To generate a transformation matrix from the
obtained TS bead localisations a built-in Matlab function fitted a local weighted
mean transformation to a set of defined fixed and moving reference points that are
related by a global second degree polynomial across the entire region of interest
(ROI). It was already shown before that fitting by second degree polynomial pro-
vide good results for the registration of two-colour information distorted by lateral
chromatic aberrations (Erdelyi et al., 2013). The distorting effect correlates with
the image size and increases towards the edge of an image. However, the algorithm
does not take into account rotational image distortions. These can arise from the
rotation of one channel versus the other. However, to guarantee precise registration,
the two colour channels need to be coarsely aligned manually. The adaptation of
the registration to sequential two-colour imaging finally enabled registration with a
precision of 55+ 5nm. This was slightly higher than the localisation accuracy for
Atto-647N and eYFP (~26nm), but significantly improved compared to manual

registration.

Thus, sequential two-color single-molecule experiments and the registration of the
two-colour information is generally facilitated at a high temporal resolution without

adding substantial imprecisions to the experiments.

Generation and analysis of single-molecule trajectories

To analyse the VSG dynamics, trajectories were generated from the VSG single-
molecule localisations using a probability-based algorithm. The algorithm devel-
oped by Thomas Schmidt and his colleagues identifies the connection of the locali-
sations with the highest probability under defined conditions in consecutive frames
(Schmidt et al., 1996). This required an estimation of the diffusion coefficient of
the particles. To prevent false positive connections, a repetitive D, vs D,,; analysis
was performed prior to each analysis. Subsequently, the result served as input to
generate the trajectories. This probability-based algorithm is suited when single
molecules are present in low density and display moderate dynamics. These aspects
are relevant to ensure that individual particles can be unambiguously tracked. If the
particle density is too high or dynamics too fast, the probability increases that the
paths of individual trajectories will cross too often, leading to an impeded tracking.
For these cases, alternative methods have been developed, such as Particle Image
Correlation Spectroscopy (Semrau and Schmidt, 2007) or Raster Image Correlation
Spectroscopy (Digman et al., 2005). To ensure a low density in the case of VSG
localisations as well as the prerequisite to follow individual particles, VSGs were

stained with a nanomolar quantity, resulting in the detection of ~7 particles per
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frame. Considering an average cell surface of ~35um? in the focus, which was de-
termined from the generated trypanosome masks in shortTrAn, this implies that

2, Additionally, dynamics were recorded with a

one particle is present every 5pum
suitable frequency of 100 - 205 Hz. All this together with plotting the time course of
randomly selected trajectories on the underlying localisations and video sequences,
led to the conclusion that the generated trajectories could be considered reliable.
Single-molecule trajectories were further analysed using shortTrAn to calculate lo-
cal diffusion coefficients and the velocities of a directed motion. Subsequently, the
guideline proposed in this thesis was used to decide on the locally dominating motion

behaviour of surface VSGs.

Generation of the structural reference outline from single-molecule

localisations

Fluorescently labelled static structures were used as a reference to investigate VSG
dynamics in relation to structural features, like the entrance to the FP or the flag-
ellum. In order to resolve the position of the structures with a precision of a few
nanometres and thus matching the resolution of the VSG dynamics, SMFM was
utilised to conduct super-resolution microscopy (SRM). The structures were then
reconstructed by the sum of all temporally separated single-molecule localisations,
which were depicted with the corresponding localisation precision. To resolve the
complete structure high label densities are required to fulfil the Nyquist-Shannon
theorem (Shannon, 1949). It basically states that the required distance between two
labels needs to be less than half the feature size to completely resolve a structural
feature.

In this thesis, proteins that are part of the structure used as reference were endoge-
nously labelled with eYFP. Subsequently, the intrinsic blinking behaviour of eYFP
(Dickson et al., 1997) was exploited to separate single emitters. The comparison of
the obtained localisations to the known footprint of a single eYFP molecule, such
as signal width and intensity, guaranteed to exclude false-positive localisations. To
eliminate possible artificial clusters that falsely result from localising the same im-
mobile emitters multiple times, a correction according to Annibale et al. (2011) was
introduced. Eventually, a concave hull was placed around the single-molecule local-
isations to generate the outline of the structural feature.

The hook complex was chosen as a reference for the FP entrance. The structure is
located directly underneath the plasma membrane and one end is wrapped around
the FP neck, the constricted invagination of the plasma membrane to the FP. Struc-
tures like the FP collar or the FP itself were not considered as reference structures.
Although the FP collar is also wrapped around the FP neck, it is located under-

neath the hook complex. This increases the distance to the plasma membrane and
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the offset to the VSGs in the outer leaflet of the plasma membrane increases. Fur-
thermore, the FP itself gives no indication of the location of the FP neck.

One component of the hook complex is MORN1 which is present in the complete
structure (Morriswood et al., 2009; Esson et al., 2012). A bloodstream form (BSF)
cell line, 13-90 eYFP::MORN1, was established which expressed an endogenously
N-terminally tagged MORN1 (Section 2.2.1). Only one allele was labelled to ensure
the detection of single molecules. Integration of the eYFP sequence in the MORN1
locus was tested by PCR. Expression and functionality of the fusion protein was
verified by Western Blot analysis and the observation of cell growth. The correct
localisation of the fusion protein was checked by Immunofluorescence analysis (IFA).
Additionally, SRM showed that the hook-like structure could be resolved with a min-

imum of 1.1x10% localisation per pm?

. Taking into account the Nyquist-Shannon
Theorem, the structure could be resolved with a mean distance between the parti-
cles of ~68 nm.

Similarly, to resolve the spatial course of the flagellum on the cell surface, the 13-90
kinesin-MORN::eYFP cell line was employed. Analogously, the fusion protein was
expressed from only one of the kinesin-MORN alleles to ensure detection of single
molecules. SRM successfully resolved the flagellar structure with on average 2x 103
localisation per pm?. Consequently, the structure was resolved with a mean particle

distance of ~50nm, considering the Nyquist-Shannon theorem.

VSG dynamics are fast and dominated by diffusion

VSG dynamics have been characterised several times by FRAP analyses. However,
the diffusion coefficient determined would not be sufficient to achieve rapid ran-
domisation of the VSGs in the surface coat and thus to explain the recycling of the
complete VSG coat within a few minutes (Engstler et al., 2004). Consequently, the
question arose whether VSG dynamics might be biased, for example, in proximity
to the FP, the sole site for endo- and exocytosis, or whether the diffusion coeffi-
cient was underestimated. This question was addressed using SMFM. For the first
time VSG dynamics were characterised at a high spatial and temporal resolution by
single-molecule trajectories in living cells. The 13-90 eYFP::MORNT1 cell line was
used to enable additionally the investigation in a local context to the FP. Analysis
of the SPT data with shortTrAn provided first insights into locally differentiated
VSG dynamics.

Application of the guideline presented in Section 2.4.4.1 revealed that diffusion was
indeed the dominating motion mode. However, cell-to-cell variability was observed
in the proportion of superpixels dominated by diffusion ranging from 48 % to 91 %.
The analysis of the VSG trajectories at a diffusion scenario considering the static

and dynamic localisation errors resulted in an average diffusion coefficient of 1.00 +
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0.15um?/s. Thus, the diffusion coefficient was two orders of magnitude faster than
the diffusion coefficients of 0.01-0.03 pm?/s determined by FRAP analyses (Biilow
et al., 1988; Hartel et al., 2015; Hartel et al., 2016; Hempelmann et al., 2021). How
can this great difference be explained? The following three considerations could con-
tribute to the difference. Firstly, the methodological aspect. FRAP and SPT are
both techniques to quantify dynamics, but the probed spatial and temporal scales
differ. SPT works in the nanometre and milliseconds range, while basic FRAP op-
erates at a micrometre and seconds scale (Chen et al., 2006). Moreover, FRAP
implicitly assumes that the specimen under investigation is homogeneous and that
all particles of an ensemble behave similarly. However, this is usually not the case
for the plasma membrane of living cells, as they are heterogeneous due to various
interactions of the individual components (reviewed in Kalappurakkal et al. (2020)).
Consequently, FRAP provides an average of all possible different spatial behaviours
and typically only one measurement per cell. Additionally, FRAP measurements
require high label densities. In all studies that investigated VSG dynamics, includ-
ing this study, VSGs were labelled with NHS-functionalised dyes. While these dyes
introduce only a small label uncertainty, the NHS dye is a unspecific label and reacts
with any primary amine group. However, in the case of the high abundance of VSGs
(90-95%) in relation to the remaining cell surface proteins of trypanosomes, NHS
dyes offer an adequate choice, as VSGs labelled with a fluorescent protein do not
reach the cell surface and show an restriction to intracellular membranes (Hartel
et al., 2015). Even though VSG is the most abundant protein on the surface, it is
likely that the high dye concentrations also label less abundant surface proteins. In
this way, the average dynamics of several, possibly much slower protein families will
be probed. In contrast, SPT distinguishes between individual proteins and acquires
spatially highly resolved information. The nanomolar dye quantity in the case of
trypanosomes additionally guarantees to label mainly the easily accessible VSGs.
Secondly, the labelling strategy itself. As already mentioned, FRAP experiments
require extensive labelling of the full surface coat to investigate the dynamics of
the entire ensemble of surface proteins. This might result in artefacts due to steric
hindrance, which are introduced by dye-dye interactions. In contrast, SPT has the
advantage of working with nanomolar quantities to detect individual emitters and
thus minimising the risk of steric hindrance. Thirdly, the influence of environmental
conditions. The diffusion coefficient itself is dependent on the temperature, which
is described by the Einstein relation: D = pk, T, where D is the diffusion coeffi-
cient, u is the mobility of the diffusive particle, k; is the Boltzmann’s constant, and
T the absolute temperature. All measurements in the current literature, with the
exception of Biilow et al. (1988), were conducted at 20°C, which was due to the
restriction imposed by gelatine embedding (Hartel et al., 2015; Hartel et al., 2016;
Hempelmann et al., 2021). Although Bilow et al. (1988) performed experiments at

121



Discussion

37°C, a global ATP depletion was needed to immobilise the trypanosomes efficiently
in the low-melting agarose gel. This was a severe interference and drastic effects
on all cellular processes as well as on the plasma membrane are expectable. For
this reason, the diffusion coefficient determined by Biilow et al. (1988) most prob-
ably would not represent a diffusion coefficient of VSGs in the coat of unaffected
trypanosomes. In my studies, thermostable hydrogels were employed to allow for
measurements of the VSG dynamics at 37°C. When considering the temperature
difference from 293 K to 310 K, this can account for a minor increase in the diffusion
coefficient of ~6 %. However, the temperature does not only affect the diffusion of
the VSGs. The fluidity of a lipid membrane is also influenced by the temperature
directly via its phase behaviour (Bassereau and Sens, 2018). In general, the fluidity
of the lipid matrix increases at higher temperatures and thus indirectly affected the
dynamics of the anchored proteins. Ultimately, I conclude that not only one of the
above considerations is the only valid reason, but that an interplay of all the factors
mentioned contribute to the great increase in the VSG diffusion coefficient.

Examining the diffusion coefficient on a local level, a heterogeneity in the coeffi-
cient can be observed. Structural analysis by X-ray scattering implies that VSGs
can adopt two main conformations (Bartossek et al., 2017). A relaxed conformation
which possess a wider footprint, while a compact conformation is extended and slim.
The authors assume this could be a dynamic adaptation to changes in the protein
density in the membrane allowing to maintain the fluidity as well as the shielding
function of the VSG coat. The presence of two freely diffusing populations of VSG
in artificial lipid bilayers indicated that VSGs can adapt the two different conforma-
tional states in a lipid bilayer. In addition, the different conformations may allow
the protein to adapt its structure to different environmental conditions, e.g. to float
in the compact form over present receptors. Furthermore, the conformations are
correlated with a difference in the diffusion coefficient. In the case of the recognised
inhomogeneous diffusion, this could imply that due to different conditions or ob-
stacles in the lipid membrane, a certain conformation is locally conditioned, which

subsequently results in a local heterogeneity of the diffusion coefficients.

The proportion of local areas, dominated by directed motion ranged from ~9-52 %
in the cell ensemble studied. The regions dominated by directed motion formed
round or elongated traps. Both traps were characterised by superpixels dominated
by directed motion enclosing an area that was often characterised by diffusion. While
every cell had at least one round trap, elongated traps could only be observed on
six of the 20 cell surfaces. Additionally the size of the round traps differed. All this
together facilitated the categorisation into three groups. Hereby, the velocity vec-
tor pointed towards the centre. In elongated traps, this resulted in biased diffusion

along the traps.
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In order to identify a possible cause for the emergence of the round traps in the
supermaps, videos were visually examined and reference maps were created that
illustrated the dwelling time of particles. Slow, confined emitters were identified as
the origin. There might be four possible causes for the confined particles on the
cell surface which could be responsible for the appearance of the traps in the su-
permaps.

A first possibility could be that confined particles originate from artefacts of the
sample arrangement, e.g. from embedding in the hydrogel or from interactions of
the labelled VSGs with the glass surface. In control experiments investigating the
dynamics of VSGs in supported lipid bilayers (SLB) with and without a hydrogel
layer on top, the induction of confined particles by the hydrogel could be excluded
(Section 2.4.3). Furthermore, the presence of immobile emitters on trypanosomes
deeply embedded in the hydrogel or on the surface of trypanosomes facing the hy-
drogel that have been spun onto the glass indicated that the confined particles were
not the result of interactions of the labelled particles with the glass surface (Sec-
tion 2.4.3). This suggests that confined particles were not introduced by artefacts of
the sample arrangement.

The second possible explanation is that the confined particles represent endocytosed,
labelled VSGs that are located in endosomes. Their signal might be detected even
though they are not in the plane of the plasma membrane because a widefield setup
was used. However, single-molecule localisations were compared with the Atto-647 N
footprint, and in particular the comparison with the error in the fit should reduce
the number of particles outside the focus from being considered false-positive local-
isations. It can be ruled out that the focus was accidentally chosen within the cell
as trajectories were collected over the entire cell surface and not only in a restricted
area. Moreover, the size of the traps and their location contradict the endosome hy-
pothesis. The size of the round traps was considered including the directed corona,
as the 3D plasticity of the endosomes could also introduce the projection artefacts
observed in this work. Round traps span at least three superpixels, which corre-
sponds to a diameter of 480 nm and is thus significantly larger than the average
diameter of endosomes with 135 nm (Griinfelder et al., 2003). In addition, round
traps were also detected in the anterior part of the cell. However, endosomes usu-
ally localise in the area between the FP and the nucleus, which corresponds to the
posterior part of the cell. Based on the numerous arguments against this possibility,
I consider it extremely unlikely that the trapped particles could be endocytosed,
labelled VSGs.

A second possibility might be that they are physically confined VSGs. This could
be possibly caused by interleaflet coupling, as VSGs are linked by GPI-anchors to
the outer leaflet of the plasma membrane. The presence and influence of interleaflet

coupling has been investigated already extensively in solid supported model mem-
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branes (Merkel et al., 1989; Jonsson et al., 2011; Camley and Brown, 2013; Hill and
Wang, 2014) and has also been reported to affect the distribution of GPI-anchored
proteins in living cells (Raghupathy et al., 2015). Raghupathy et al. (2015) observed
that GPI-anchored proteins couple to complementary inner leaflet nanodomains of
phosphatidylserine which were associated with connector proteins of the actin cy-
toskeleton in Chinese hamster ovary cells. However, long chain GPI-anchored pro-
teins were investigated in this study. In contrast, the GPI-anchor of VSGs consists
of two short (C14:0) myristate fatty acids. For this reason, an interleaflet coupling of
the short GPI-anchor of the VSGs with fatty acids of potential lipid nanodomains in
the inner leaflet of the plasma membrane is unlikely. Furthermore, phosphatidylser-
ine represents only a very small fraction of the total cell lipidome in bloodstream
form trypanosomes (Richmond et al., 2010). Whether the small fraction of phos-
phatidylserine is mainly localised in the plasma membrane where it forms lipid
nanodomains enriched in phosphatidylserine remains elusive. Furthermore, an asso-
ciation of VSGs with lipid domains, in case of trypanosomes, is unlikely, as it would
interfere with the functionality of the coat. However, interleaflet coupling is not the
only possibility to explain confined VSGs. Interaction of VSGs with other proteins
present in the outer leaflet of the plasma membrane might bias VSG dynamics.
Possible candidates are integral proteins including proteins serving as connectors
anchoring the cytoskeleton to the plasma membrane. Proteins of the inner leaflet of
the plasma membrane are directly influenced, whereas proteins of the outer leaflet
are only directly affected if the connectors are transmembrane proteins. Both can
be explained by the picket-fence model (Kusumi et al., 2012). Glogger et al. (2017b)
showed by insertion of a fluorescent probe that the inner leaflet of trypanosomes is
structured and hypothesised the organisation of the inner leaflet in trypanosomes
might be affected by the anchoring of the microtubule cytoskeleton to the plasma
membrane. In the absence of transmembrane connector proteins, the pattern of the
inner leaflet could be transferred to the outer leaflet by interleaflet coupling. Even
though a direct interleaflet coupling of the short GPI-anchors of VSGs is highly un-
likely, other proteins in the outer leaflet of the membrane could be influenced which
then restrict VSGs in their dynamics. The existence of interleaflet coupling in try-
panosomes has not yet been investigated, but based on the expanding knowledge of
the complex interactions in the plasma membrane and with its environment, it is
most likely that it exists.

The third hypothesis explains the existence of confined particles by non-specific
binding of the NHS dye to a primary amine, resulting in labelling one of the less
abundant proteins on the surface. A potential candidate could be a protein from
the invariant surface glycoprotein (ISG) family, which are transmembrane proteins
(Ziegelbauer et al., 1992; Ziegelbauer and Overath, 1992; Jackson et al., 1993; Nolan
et al., 1997). Given that some ISGs, such as ISG-65 and ISG-75, have a similar size
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to VSGs (Schwede et al., 2015), the VSG coat might not completely shield these
proteins. In contrast to VSGs with ~1x 107 proteins on the surface, the total num-
ber of ISGs is estimated to ~2x 10 proteins. Thus, ISGs are 50-times less abundant
than VSGs (Schwede et al., 2015). Consequently, the probability of a labelled ISG
is at least 50 times less compared to a labelled VSG. The existence of an average
of 3-4 round traps is comparatively small for the observed cell surface. This could
indicate that a much less abundant protein has been labelled. The dynamics of ISGs
within the cell surface have not yet been investigated due to the lack of adequate
labelling strategies.

Currently, it is not possible to distinguish whether the confined particles are VSGs
or less abundant surface proteins. To investigate this, click chemistry could be used
to label VSGs specifically, which has proven successful for labelling proteins in liv-
ing cells (Nikic et al., 2015). Click chemistry offers the advantage compared to
endogenous labelling with fluorescent proteins that a natural amino acid is replaced
by a noncanonical one that posses custom-designed functional handles (Wang and
Schultz, 2004; Liu and Schultz, 2010; Lemke, 2014), also termed genetic code ex-
pansion. These variants react specifically with the dye and therefore the tertiary
structure of the protein is hardly changed in advance.

Structural elements were considered as potential causes for the elongated traps that
appeared on a few trypanosome surfaces. Elongated traps, were already recognised
by a contiguous arrangement of aligned and elongated ellipses in the ellipse plot of
the diffusion maps. To investigate a potential correlation with the flagellum, the
spatial course of the flagellum of was probed (Section2.4.1). To this end, (i) the
spatial course of the flagellum was approximated by transmission light images, as
the 13-90 eYFP::MORNI1 cell line did not express a marker for the flagellum, and
(ii) VSG tracking was performed on the 13-90 kinesin-MORN::eYFP cell line which
has the flagellum fluorescently labelled. Both approaches showed no correlation be-
tween the flagellum and the arrangement of the aligned and elongated ellipses.
Supermaps generated from VSG tracking in the presence of a fluorescently labelled
flagellum confirmed that there is no correlation between elongated traps and the
flagellum (Appendix, Figure 60). Elongated traps were observed in 30 % of the cells,
hence a possible correlation with the cell cycle was considered. The number as well
as the distance in the case of two hook complexes was used to estimate the cell
cycle stage. There was no correlation to the cell cycle found, as different cell cycle
stages were detected in each group. However, a correlation cannot be completely
excluded. This is because in the presence of two hook complexes, the progress of
the cell cycle was approximated by the distance between the two complexes, which
in turn was a 2D projection. Although I assume that it is more likely that the traps
originate from a passive effect, e.g. trapping by an underlying structure, an active

contribution cannot be ruled out.
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The VSG dynamics was also analysed with regard to the area in which the FP is
located. The hypothesis was whether VSG dynamics could be biased in the area
in which the entrance of the FP is located. The outline of the hook complex was
used to determine the position of the entrance. It should be noted that the FP
entrance was often at the rim of the cell surface projection, which made evalua-
tion challenging. No clear distinctions for the area of the FP entrance could be
identified, neither in supermaps nor in parameters obtained by shortTrAn, such as
local diffusion coefficients or local velocities. For the supermaps in general, both
superpixels dominated by diffusion and dominated by directed motion were mapped
to the FP region. In the case of an active transport process to and from the FP
by e.g. molecular motors, I expect clear streams of directed motion around the
pocket and not the patchwork we have seen. Furthermore, there was no preferential
localisation of round traps directly to the area of the FP entrance. As only VSGs
that were already on the surface were labelled with the dye, it was expected that
if they were close to the FP, they would localise in the pocket and be endocytosed.
Consequently, in the analysis of the directed motion, the orientation of the arrows
representing the direction would point to each other and indicate a sink. However,
this could not be observed. It might be that a net flow could not be resolved in
superpixels as large as 160 nm. In addition, labelled VSGs that were close to the FP
could also be pushed away by the exocytosis of unlabelled VSGs that takes place at
the same time, resulting in an equalisation of the direction of movements in a local
area. These are only presumptions and further experiments are needed to elucidate
the movement of the VSGs into or out of the FP.

The intrinsic movement of the trypanosomes and its consequences on the observed
results remained unconsidered in this thesis. At the present time, an influence of the
the trypanosomes’ swimming behaviour on the VSG diffusion cannot yet be studied
experimentally in high resolution due to the long acquisition times. However, the
additional energy introduced by the intrinsic motion is expected to increase the
random mixing of laterally moving membrane-associated particles such as VSGs.
Hence, an impact on the randomisation of VSGs as well as on the observed round

and elongated traps cannot be excluded.

In summary, I presented the first characterisation of VSG dynamics in living try-
panosomes based on single-particle tracking at the host’s physiological temperature
of 37°C. Evaluation with shortTrAn enabled the analysis of VSG trajectories and
showed that VSG dynamics are characterised mainly by diffusion at the resolution
of the study. Diffusion was revealed to be fast with an average diffusion coefficient of
1.00 pm?/s. Furthermore, a local heterogeneity in the VSG dynamics was recognised.
Examining VSG dynamics in proximity to the FP entrance yielded no evidence of

a guidance of VSGs into the FP. However, confined particles and confined diffusion
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of particles in elongated regions were observed, indicating passive trapping possibly

by underlying structures.

Random walk simulations reveal that rapid VSG randomisation allows for fast
turnover of the VSG coat

The first single-molecule measurements of the VSG dynamics revealed a fast diffu-
sion coefficient (D =1.0040.15pm?/s), which could be sufficient for fast randomi-
sation of VSGs in the surface coat allowing the VSG surface pool to be recycled
within ~12 minutes (Engstler et al., 2004). Endo- and exocytosis in trypanosomes
is restricted to the FP, which is located at the posterior end of the cells. VSGs are
forced to pass through this small invagination on their way into the cell. The FP
accounts for only 5% of the complete cell surface and thus the whole scenario re-
sembles a narrow escape problem in biology. To test whether the newly determined
diffusion coefficient is sufficient to ensure the escape of VSGs through the FP on the
expected timescale, I performed experimentally-inspired random walk simulations
on trypanosome-shaped masks with a small region representing the FP as well as
theoretical calculations to extract the mean first passage time of VSGs diffusing
with D =1.00 pm?/s on trypanosomes surfaces (Section 2.5). The simulated and the
theoretically calculated mean first passage time for all three exemplary trypanosome
surfaces was in the order of one minute and thus in good agreement with each other.
The verification of the simulations by theory allowed for the extraction of the more
relevant time scale, Tg9¢;, characterising the arrival of 99 % of the surface VSGs at
the FP entrance from the simulations. The ascertained time was in the range of
3.5-6.0 minutes for surface areas of 56-801m? (Table2). However, the surface area
of trypanosomes is ~ 100 pm?. Although trypanosome-shaped masked were derived
from shortTrAn and consisted of two layers to mimic 3D plasticity, the used sur-
face masks were smaller than 100 pm?2. This can be attributed to the fact that the
area per layer was still less than half of the total surface area, which was due to to
the measurements that captured only the part of the membrane in focus. Hence,
Tog, was extrapolated for all three simulations to 100 um? based on the direct pro-
portionality of the surface area (A) and the escape time (7) in theory (Section 2.5,
Equation 13).

Table 2: Extrapolation of the escape time through the FP of VSGs distributed on the
entire surface. Ayyp: surface area of a trypanosome; Tggo: time until 99 % of
the particles escaped.

Atryp [nm?] Too % [min] Tog % for 100 tm? [min]
68.6 5.7 8.3
80.0 6.0 7.5
56.4 3.5 6.2
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This finally resulted in an increase in the arrival time to 6.2- 8.3 min, which empha-
sises that VSGs distributed on the entire surface area can reach the FP entrance by
free diffusion with an average diffusion coefficient of 1.00 1m? /s to achieve a turnover

time of ~12min.

To ensure that the VSG coat retains its shielding function, recycling of the VSG
coat includes the exocytosis of VSGs. Exocytosis as well as endocytosis take place
simultaneously in the FP. This raises the question of how it is ensured that most of
the exocytosed VSGs are not immediately re-endocytosed, and whether the newly
determined diffusion coefficient may contribute to this. Hence, the following ap-
proximation was made:

The endocytosis rate in BSF trypanosomes is 7 Hz, which means that 7 vesicles are
endocytosed per second (Engstler et al., 2004). The average diameter of clathrin-
coated vesicles is 135 nm (Grinfelder et al., 2003; Engstler et al., 2004), which cor-
responds to a radius, r, of 67.5nm. To determine whether the diffusion coefficient
of 1.00 pm? /s is sufficient for VSGs to escape the area endocytosed in one second,
the endocytosed area (Aenqo) was derived from the surface area of seven vesicles as

follows:

Aendo = 7% (4% 1% %) (20)
= 7% (4%0.0675m? * )
= 0.401 pm?

Thus, the area endocytosed per second is 0.401 pm? A VSG diffusing with D=
1.00 1m? /s has a high probability of escaping from the endocytosed surface. On the
contrary, a D=0.01-0.03um?/s as determined by FRAP analyses would certainly
not be sufficient to escape the endocytosed area. This suggests that the fast diffusion
coefficient alone is sufficient to bring the majority of exocytosed VSGs to the cell

surface and that no active processes are necessarily required.

In conclusion, the average diffusion coefficient of 1.00 pm? /s determined in this study
allows for a fast randomisation of VSGs in the surface coat of trypanosomes. It si-
multaneously enables VSGs distributed on the entire surface area to reach the FP
entrance to allow for a turnover time of ~12min and contributes to the preven-
tion of exocytosed VSGs being directly re-endocytosed. This guarantees that the
shielding function of the VSG coat is sustained during the recycling process and the

maintenance of the VSG integrity.
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Investigation of VSG dynamics with respect to a potential correlation to the

trypanosome’s cytoskeleton

Glogger et al. (2017b) found a structured inner leaflet in trypanosomes in a pre-
vious study and hypothesised that the cytoskeleton is at the origin of the pattern
in accordance with the picket fence model. Here, I would like to test whether the
structuring of the inner leaflet can be propagated to the outer leaflet of the mem-
brane and thus potentially influence the distribution and dynamics of VSGs. A
prerequisite for this is the interleaflet coupling of the inner leaflet with the outer
leaflet of the plasma membrane. To address this question, VSG dynamics was in-
vestigated in trypanosomes that were osmotically swollen and in trypanosomes in

which a microtubule-associated protein was depleted.

In the first experiment, 13-90 eYFP::MORNT1 cells were osmotically swollen to de-
tach the anchoring of the plasma membrane from the rigid cytoskeleton. ShortTrAn
analysis followed by the generation of supermaps revealed that in nine out of ten
swollen cells diffusion was the dominating motion mode. The proportion of su-
perpixels that could not be assigned to a dominating motion scenario was larger
then in the studies of non-swollen 13-90 eYFP::MORNT1 cells. The average diffusion
coefficient was 0.77 £0.151um?/s, and thus lower than the diffusion coefficient of
non-swollen trypanosomes. Round traps, which are due to confined particles, were
also visible in the supermaps of these cells. In comparison to the analysis of VSG
dynamics on non-swollen trypanosomes, the proportion of cells with an elongated
trap decreased and only one cell was found with a mild manifestation. In general,
the cell-to-cell variability in the proportions of superpixels dominated by diffusion
or directed motion decreased. Whether the detachment of the cytoskeleton has also
potentially affected the area that can be probed by VSGs, the distribution of VSG
locations was investigated using Ripley’s L(r) — r analysis. Prior to the analysis,
artificial clusters were removed according to Annibale et al. (2011), which falsely
arise from localising the same immobile emitters multiple times. A minimal in-
crease in the radius of the potential clustered areas that can be probed by VSGs
on swollen cells was found. The average potential radius of these areas on swollen
trypanosomes was 240 4+ 26 nm, while on non-swollen 13-90 eYFP::MORNT cells it
was 225 +20nm. Although the cells were pre-swollen before embedding, hardly any
swollen trypanosomes was found in the hydrogel. I suspect that cells experienced
counteracting forces from osmotic swelling (expansion) and the hydrogel (compres-
sion). This could also lead to the connector proteins re-localising to the plasma
membrane when the plasma membrane is again close to the cytoskeleton. Moreover,
both radii deviated from the cluster size as well as the size of the diluted areas ob-
served in the inner leaflet of the plasma membrane (7qusier =170 =50m, rgijureq >
115+ 15nm) (Glogger et al., 2017b). As anticipated due to the short GPI-anchor of

129



Discussion

VSGs, no direct correlation was found between the size of the clusters in the inner

leaflet of the plasma membrane and the potential clusters of the area probed by

VSGs.

As osmotic swelling represented severe stress for the trypanosomes and its effects on
the cellular processes could not be gauged, furthermore it remained unclear whether
the cells had lost the anchoring of the microtubule skeleton to the plasma membrane,

another possibility was sought to detach the anchoring from the membrane.

The depletion of the whole cell body protein (WCB, Th427.7.3550) using RNA inter-
ference (RNA1i) was pursued as a second strategy to study the VSG dynamics in light
of a potential influence of the cytoskeleton. The WCB was selected as a promising
candidate, as WCB localises between the sub-pellicular microtubule skeleton and the
inner leaflet of the plasma membrane (Woods et al., 1992). Baines and Gull (2008)
identified one domain each at the N- and C-termini in a bioinformatic analysis. The
domains enable the protein to mediate the attachment of the microtubule skeleton
to the plasma membrane which is the proposed function of the protein (Baines and
Gull, 2008). Upon RNAi induction in BSF cells, the same phenotype as in PCF
trypanosomes was observed (Baines and Gull, 2008): cells started to round at the
posterior end (~6-12h) and during depletion the cell morphology changed. Further-
more, rounded cells and multiflagellated cells (~16-24h) were observed. The latter
indicated a defect in cytokinesis. In BSF trypanosomes, the phenotypes established
within half the time period described for PCF cells. This can be attributed to the
cell cycle of BSF cells (~6h) being twice as fast as that of PCF cells (~12h).

VSG dynamics was investigated on three phenotypes: trypanosomes that resem-
bled the shape of a non-induced cell, trypanosomes that rounded up posteriorly and
completely round trypanosomes. By examining the round cells in bright field mi-
croscopy, it was ruled out that these were cells with a big-eyed phenotype. Indicators
as the enlarged FP encircled by a membranous bulge were absent. Prior to SPT,
the integrity of the plasma membrane was confirmed by the viability assay with
propidium iodide (PI). VSG dynamics on trypanosomes 24 h after RNAi induction
with tetracycline (N = 20 cells) was then compared to non-induced trypanosomes
(N=14).

Evaluation with shortTrAn and the subsequent generation of supermaps illustrated
that diffusion dominated clearly the local surface areas in non-induced and induced
cells. However, the diffusion coefficients differed. VSG diffusion on non-induced
cells was faster (Don_ing = 1.9240.34 um?/s) than diffusion on induced cells (D;,q
= 1.514£0.3211m?/s). This revealed the same tendency as observed on osmotically
swollen cells. In addition, the average diffusion coefficient itself is significantly higher
compared to the measured coefficients on the 13-90 eYFP::MORNT1 cell line. This
could be due to the fact that the VSGs trajectories were recorded in the background

130



Discussion

of different cell lines: 13-90 vs 2T1. Nevertheless, both cell lines express the VSG
MITat 1.2, hence this should not be the source of the difference. As a reference to
the induced cells, the VSG dynamics were examined on non-induced cells. Although
depletion was not initiated with tetracycline, it is still possible that the RNAi sys-
tem is leaky and WCB was depleted. To exclude this, measurements on 2T1 cells
have to be performed, which do not have the RNAi construct integrated in their
genome.

The supermaps of induced and non-induced trypanosomes also showed round traps
corresponding to the presence of confined particles on the cell surface. However,
a difference was observed in the presence of elongated traps. While mild mani-
festations of elongated traps were still present on the non-induced trypanosomes,
such traps were no longer present on the surface of induced cells. This could be
an indication that elongated traps previously observed on the trypanosome surface
might due to underlying structures which are influenced by the anchoring of the
cytoskeleton. Additionally, the cell-to-cell variability of WCB-depleted cells was re-
duced. At the same time, the proportion of orphaned superpixels was also slightly
increased in comparison to the non-induced trypanosomes. Analysis of the induced
cells according to their phenotypes showed that diffusion dominated in all three
and the diffusion coefficients were similar, ranging between 1.36 4-0.22 pm?/s and
1.61 £0.31 pm?/s. Thus, there was no clear distinction of a phenotype.

When examining the area probed by VSGs, no Ripley L(r) — r analysis was per-
formed in this case, as the VSG localisations on non-induced and induced cells
were homogeneously distributed on the surfaces, despite the removal of artificial
clusters. On average, 1099 +498 and 744 + 332 VSG localisations were present on
non-induced and induced cells, respectively. Nevertheless, diluted areas in the VSG
localisations were present on cells of the 13-90 eYFP::MORNT1 line at similar num-
bers of 8634 307 localisations per pm?2. This could be a first indication that possibly
the RNAi system in the non-induced cells could be leaky and WCB was depleted in
the control as well. In order to exclude the absence of diluted regions to be an arte-
fact, measurements of VSG dynamics on 2T1 cells without RNAi construct should
also be performed. In general, we cannot rule out the possibility that the change in
VSG dynamics is exclusively due to a lack of the anchorage, it might also be related
to cytokinesis defects. WCB is essential and its absence could trigger stress response

mechanisms in trypanosomes that could also affect VSG dynamics.

In conclusion, I presented the first attempts to investigate VSG dynamics probing
the influence of the anchoring of the cytoskeleton to the plasma membrane. For
this, VSG dynamics were studied on osmotically swollen cells as well as on WCB-
depleted trypanosomes. The supermaps generated for both experiments revealed

that diffusion was the dominating motion mode and elongated traps were absent.
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The latter indicates that elongated traps could be due to underlying structures which
are connected to the anchoring of the cytoskeleton. In addition, a tendency was
found that the diffusion coefficient decreased when the cytoskeleton was supposedly
detached. However, further experiments need to be performed to confirm these

results.
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4 Materials and Methods

4.1 Materials

4.1.1 Bacteria

Table 3: Bacteria.

Name Genotype Provider
E. coli TOP 10 F- mcrA A(mrr-hsdRMS-merBC) ®80lacZAM15 AlacX74  Invitrogen
recAl araD139 A(ara leu) 7697 galU galK rpsL (StrR) (Darmstadt,
endA1l nupG DE)
4.1.2 Trypanosoma brucei brucei
Table 4: Trypanosoma brucei brucei cell lines and transgenic cell lines.
Cell line Characterisation Reference
MITat 1.6 Molteno Institut Trypanozoon Antigentype 1.6, Lister 427. Carrington
Wild type strain. Expression of VSG MITat 1.6. et al. (1991)
MITat 1.2 Molteno Institut Trypanozoon Antigentype 1.2, Lister 427. Wirtz et al.
13-90 (13-90) Expression of VSG MITat 1.2. Integrated copy of pLew13 (1999)

(Addgene plasmid 24007, G. Cross) in the tubulin locus
directing expression of a T7 RNA-polymerase and a
Tetrepressor. Integrated copy of pLew90 (Addgene plasmid
24008, G. Cross) in the tubulin locus directing Tet-repressor
expression under the control of T7-promotor. Selection:
5ng/ml hygromycin and 2.5 ng/ml geneticin (G-418).

MITat 1.6 Parental cell line: MITat 1.6.

eYFP::MORN1 Construct: pTP_bla_ YFP_MORNI1. Constitutive
expression of an N-terminally eYFP tagged TbMORNI1 from
one endogenously tagged TbMORN1 locus. One WT allele
remained. Selection: 2.5 1g/ml phleomycin.

13-90 Parental cell line: MITat 1.2 13-90.

eYFP::MORN1 Construct: pTP_bla_ YFP_MORNI1. Constitutive
expression of an N-terminally eYFP tagged TbMORNI from
one endogenously tagged TbMORNT locus. One WT allele
remained. Selection: 5ng/ml hygromycin, 2.5 ng/ml
geneticin and 2.5 pg/ml phleomycin.

To be continued on the next page.
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Cell line Characterisation Reference

13-90 Parental cell line: MITat 1.2 13-90. Glogger

HASP::eYFP Construct: pLew100_HASP_ eYFP. Tetracycline-inducible et al.
expression of C-terminally SNAP tagged HASP protein (2017D)

(Leishmania major) from RRNA locus. Selection: 5pg/ml
hygromycin, 2.5 pg/ml geneticin and 5 pg/ml blasticidin.
13-90 kinesin- Parental cell line: MITat 1.2 13-90. Glogger
MORN::eYFP  Construct: plasmid 3329 kinesin-MORN::eYFP. Constitutive et al.
expression of an C-terminally eYFP tagged kinesin-MORN (2017a)
from one endogenously tagged kinesin-MORN locus. One
WT allele remained. Selection: 5pg/ml hygromycin,
2.5 pg/ml geneticin and 1 pg/ml puromyecin.

2T1 WCB Parental cell line: MITat 1.2 2T1. Biittner

RNAj Construct: pGL2084 WCB RNAi. Tetracycline-inducible (2021)
depletion of WCB. Selection: 5pg/ml hygromycin and (Master
2.5 pg/ml phleomyecin. thesis)

4.1.3 Antibiotics

Table 5: Antibiotics.

Antibiotic Abbreviation Manufacturer Final concentration
Blasticidin Bla InvivoGen, (San Diego, USA) 5ng/ml

Geneticin G418 AppliChem (Darmstadt, DE) 2.5 pg/ml
Hygromycin  Hyg AppliChem (Darmstadt, DE) 5ug/ml

Phleomycin ~ Phleo InvivoGen, (San Diego, USA) 2.5 pug/ml

Puromycin Puro AppliChem (Darmstadt, DE) 1pg/ml

Tetracycline  Tet AppliChem (Darmstadt, DE) 1-5 pg/ml

4.1.4 DNA oligonucleotides

Table 6: DNA oligonucleotides. Ampl.: Amplification; Recognition sequences for restric-
tion enzymes: HindIIl - AAGCTT, Spel - ACTAGT, Xhol - CTCGAG.

Name Sequence 5’ — 3’ Description
BlaR ttagcccteccacacataaccaga Integration-PCR,
MORN1-5’UTR-seqF ccgtetgttggaagtaacctttteg Integration-PCR,
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4.1.5 Plasmids

Table 7: Plasmids. Amp: Ampicilin; Phleo: Phleomycin; Bla: Blasticidin; RRNA: riboso-
mal RNA; ORF: open reading frame.

Name Description Selection Reference

pTP_bla_YFP-  Plasmid for the endogenous tagging Amp (E. coli) Morriswood

_ MORN1 of Tb MORN1. The pCR4 Bla (T. brucei) et al. (2009);
Blunt_ TOPO plasmid contained Esson et al.
the ~3 kbp fragment (2012)

5-UTR::Bla:a/S
tubulin::eYFP::TbMORN1 ORF.
Linearisation with Cail & Ndel.

4.1.6 Antibodies

Table 8: Antibodies. AB: Antibody; WB: Western Blot; IFA: Immunofluorescence analysis

Name Origin AB type Dilution Reference
Primary Antibodies

a GFP rabbit 1:5,000 (WB) Markus Engstler
aH3 guinea pig polyclonal  1:1,000 (WB) Pineda (Berlin, DE)
a ThMornl rabbit polyclonal  1:10,000 (WB) Brooke Morriswood
(1340) 1:5,000 (IFA)

Secondary Antibodies

Alexa 594 goat polyclonal ~ 1:2,000 (IFA) Thermo Fisher Scientific
arabbit (Waltham, USA)
IR Dye 680 donkey polyclonal  1:20,000 (WB) Invitrogen

arabbit (Darmstadt,DE)

IR Dye 800 donkey polyclonal  1:20,000 (WB) Invitrogen

a guinea pig

4.1.7 Kits and enzymes

Table 9: Kits and enzymes.
Name (Kits)

Provider

(Darmstadt,DE)

NucleoBond®PC 100

NucleoSpin®Gel and PCR clean-up
Phusion Human Specimen Direct PCR

Name (Enzymes)

Macherey-Nagel (Diiren, DE)
Macherey-Nagel (Diiren, DE)
Thermo Fisher Scientific (Waltham, USA)

Provider

Phusion High-Fidelity DNA Polymerase

T4-DNA Ligase

Thermo Fisher Scientific (Waltham, USA)
Thermo Fisher Scientific (Waltham, USA)
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4.1.8 Chemicals, buffer and working solutions

All chemicals were purchased from Carl Roth (Karlsruhe, DE), AppliChem (Darm-
stadt, DE), Sigma-Aldrich (St. Louis, USA) and Thermo Fisher Scientific (Waltham,

USA) unless otherwise stated in the text.

Table 10: Fluorescent dyes and microspheres.

Name

Provider

ATTO-488 NHS-ester

ATTO-647 N NHS-ester

Polystyrene Dragon Green Microspheres
(2 0.042 pm)

Polystyrene Flash Red Microspheres

(2 0.19 pm)

SeTau-647-NHS

TetraSpeck™ Microspheres (2 0.1 um)

Table 11: Hydrogel.

Name

ATTO-TEC GmbH (Siegen, DE)
ATTO-TEC GmbH (Siegen, DE)
Bangs Laboratories, Inc. (Fishers, USA)
Bangs Laboratories, Inc. (Fishers, USA)

SETA BioMedicals (Urbana, USA)
Thermo Fisher Scientific (Waltham, USA)

Provider

8-arm PEG-Vinylsulfone (10
kDa,tripentaerythritol core)
Thiol-functionalised hyaluronic acid
(HA-SH), ~54% substituted, 24 kDa
Thiol-functionalised hyaluronic acid
(HA-SH), ~40% substituted, 10 kDa
Unlabelled FACS calibration beads (2 6 pm)

Table 12: Miscellaneous chemicals.

Name

Sigma-Aldrich (St. Louis, USA)

Simone Stichler (AG Groll, University of
Wiirzburg)

Leonard Forster (AG Groll, University of
Wiirzburg)

BD Biosciences (Franklin Lakes, USA)

Provider

Agarose

Amino acids

dNTPs

GeneRuler™ DNA Ladder Mix
Hellmanex® I11

Immersion oil

PageRuler Prestained Protein Ladder
Propidium iodide (1 mg/ml in 1x PBS)
Triton X-100

VECTASHIELD®

PeQLab Biotechologie (Erlangen, DE)
Sigma-Aldrich (St. Louis, USA)

Thermo Fisher Scientific (Waltham, USA)
Thermo Fisher Scientific (Waltham, USA)
Hellma GmbH & Co. KG (Miillheim,DE)
Leica (Wetzlar, DE)

Thermo Fisher Scientific (Waltham, USA)
Sigma-Aldrich (St. Louis, USA)

A. Hartenstein GmbH (Wirzburg, DE)
Vector Laboratories (Burlingame, USA)
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Table 13: Media, buffer and solutions.

Medium, buffer,

solutions

Components

Cultivation of bacteria

LB agar

LB medium

SOC medium

10 g Bacto-Tryptone; 5 g Yeast Extract; 10g NaCl; 16 g Agar;
100 pg/ml ampicillin; in 11 ddH2O; pH 7.4-7.6

10 g Bacto-Tryptone; 5 g Yeast Extract; 10g NaCl; in 11
ddH;O; pH 7.4-7.6

0.5% (w/v) Yeast Extract; 2% (w/v) Bacto-Tryptone; 10 mM
NaCl; 2.5 mM KCI; 10 mM MgCI2; 10 mM MgSQOy; 20 mM
Glucose

Cultivation of trypanosomes

BSF freezing buffer
HMI-9 medium

PBS

TDB

Transfection buffer

vPBS

Agarose gel electrophoresis

HMI-9 with 10 % Glycerol

176.6 g IMDM (Iscove’s Dulbeccoo’s Medium); 30.24 g
NaHCOj3; 143 nl beta-Mercaptoethanol; 100 ml
Penicillin/Streptomycin; 282 mg Bathocuproine sulfonate;
390 mg Thymidine; 1.36 g Hypoxanthine; 1.82 g L-Cystine;
10% (v/v) FCS; in 101 ddH5O; pH 7.5

10mM NaoHPOy; 1.8 mM KHyPOy; 140 mM NaCl; 2.7 mM
KCl; in 11 ddH50O; pH 7.4

5mM KCI; 80 mM NaCl; 1mM MgSOy; 20 mM NasHPOy;
2mM NaHsPOy; 20 mM Glucose; pH 7.4

90 mM NayPOy; 5mM KCI; 0.15 mM CaCly; 50 mM HEPES;
pH 7.3

1x PBS with 10 mM Glucose; 46 mM Sucrose

DNA loading buffer
TAE buffer

0.4% (w/v) Orange G; 15% Ficoll 400
40 mM Tris-HCIL; 20 mM NaOAc; 1 mM EDTA; in ddH;O; pH 8

To be continued on the next page.
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Medium, buffer,

solutions

Components

SDS-PAGE and WB

Acrylamide solution
Anode buffer

APS solution
Cathode buffer

37.5 Acrylamide : 1 Bisacrylamide

25mM Tris-HCI; 20 % (v/v) Methanol; pH 7.6

10 % Ammonium persulfate in ddH,O

300 mM Tris-NaOH; 20 % (v/v) Methanol; 40 mM

e-aminocaproic acid; pH 10,4

SDS sample buffer 2x

126 mM Tris-HCI pH 6.8; 20 % (v/v) Glycerol; 4% (w/v)

SDS; 0.02 % (w/v) Bromphenol blue; 60 mM DTT

SDS running buffer
Separation gel buffer
Stacking gel buffer

4.1.9 Labware and consumables

Table 14: Labware and consumables.

Name

25mM Tris; 0.1 % (w/v) SDS; 192mM Glycine; pH 8.8
1.5M Tris-HCI; 0.4 % (w/v) SDS; pH 8.8
0.5M Tris-HC]; 0.4 % (w/v) SDS; pH 6.8

Provider

Blotting Paper BP0055858 (1,2 mm)
Centrifuge tubes 15, 50 ml
Chamber for cover lips

Cover slips, selected thickness
(0.17+0.01 mm)

Cover slips, Menzel-Gléser
Cryotubes, 2 ml

Electroporation cuvettes

Falcon® 5ml round bottomed test tubes
Glass Pasteur pipettes

Immobilon ®FL PVDF Membrane
Lens paper

Object slides, Menzel-Glaser

Pipette tips 10, 20, 100, 1000 pl
Reaction tubes 1.5, 2 ml

Serological pipettes 1, 2, 5, 10, 25 ml
Sterile syringe filter, 0.2 pm pore
Vented cell culture flasks

Well-plates

Sarstedt AG & Co. KG (Niimbrecht ,DE)
Sarstedt AG & Co. KG (Niimbrecht ,DE)
Workshop Biocenter (Wiirzburg, DE)
Glaswarenfabrik Karl Hecht GmbH & Co.
KG (Sondheim, DE)

Thermo Fisher Scientific (Waltham, USA)
Sarstedt AG & Co. KG (Niimbrecht ,DE)
BTX Havard Apparatus (Massachusettes,
USA)

VWR International (Radnor, USA)
Sarstedt AG & Co. KG (Niimbrecht ,DE)
MilliporeSigma (Burlington, USA)

Karl Hecht GmbH (Sondheim, DE)
Thermo Fisher Scientific, Waltham (USA)
Sarstedt AG & Co. KG (Niimbrecht ,DE)
A. Hartenstein GmbH (Wiirzburg, DE)
Sarstedt AG & Co. KG (Niimbrecht ,DE)
VWR International (Radnor, USA)
Greiner Bio-One (Frickenhausen, DE)
Sarstedt AG & Co. KG (Niimbrecht ,DE)
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4.1.10 Equipment

Table 15: Equipment.

Name

Provider

Cell culture

Airstream Class II BSC
Amaxa NucleofectorTM 2b Device
CO; Incubator

Neubauer chamber

Centrifuges, shaker and sonicator

Esco Gb Ltd (Hoyland, UK)
Lonza Group AG (Basel, CH)
Binder GmbH (Tuttlingen, DE)
Paul Marienfeld GmbH & Co. KG
(Lauda-Konigshofen, DE)

Centrifuge 1-14K
Centrifuge 6-16 K, rotors: 12169/12170

Centrifuge Z 216 MK, rotor: 220.87
Elmasonic P30H (320 W)

Shaker celltron

Shaker T'S-100C

DNA and protein analysis

Sigma Laborzentrifugen (Osterode a. Harz, DE)
Sigma Laborzentrifugen GmbH (Osterode a.
Harz, DE)

Hermle Labortechnik GmbH (Wehingen, DE)
Elma Schmidbauer GmbH (Singen, DE)

Infors AG (Bottmingen, CH)

STA BioSan (Riga, LVA)

Electrophoresis chamber

iBright CL1500

Mini PROTEAN® Tetra System
Odyssey Infrared Imaging System
T-100™ Thermal cycler

Tecan Infinite M200 NanoQuant
TRANS-BLOT® SD Semi-Dry Transfer
Cell

4.1.11 Microscopes

Table 16: Fluorescence microscope.

Name

A. Hartenstein GmbH (Wirzburg, DE)
Thermo Fisher Scientific (Waltham, USA)
Bio-Rad Laboratories (Munich, DE)
LI-COR Bioscience (Lincoln, USA)
Bio-Rad Laboratories (Munich, DE)
Tecan Group (Ménnerdorf, DE)

Bio-Rad Laboratories (Munich, DE)

Provider

Leica Control Unit super z
Leica CTR 6500 HS

Leica DMI 6000B

Incubator, Heating Unit 2000
TempController, Cos Controller

Leica (Wetzlar, DE)
Leica (Wetzlar, DE)
Leica (Wetzlar, DE)
PeCon GmbH (Erbach a. d. Donau, DE)
PeCon GmbH (Erbach a. d. Donau, DE)
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Table 17: Single-molecule microscope setup.

Name

Provider

AOTF control unit
AOTFnc-400.650-TN & Multi-Digal
Synthesizer

Cobolt Fandango 515 nm, 50 mW
Cobolt MLD 640 nm, 100 mW
Dichroic filter F48-635

Dichroic filter zt405/514/633rpc
Emission filter 550/49 BrightLine HC
Emission filter 698/70 BrightLine HC
Function Generator HM81-50

HCX PL APO 100x objective lens (NA 1.47
OIL CORR TIRF)

iXon3 DU-897 Em-CCD camera
Leica DMI 6000B

OptoSplit II

Oscilloscope HM010-22

Photometer PM100D

VCM-D1 (shutter)

costum made
AA Opto Electronic (Orsay, FRA)

Cobolt AB (Solna, SWE)

Cobolt AB (Solna, SWE)

Chroma Technology (Brattleboro, USA)
Chroma Technology (Brattleboro, USA)
Semrock (Rochester, USA)

Semrock (Rochester, USA)

Rohde & Schwarz (Munich, DE)

Leica (Wetzlar, DE)

Andor (Belfast, UK)
Leica (Wetzlar, DE)
CAIRN (Faversham, UK)
HAMEG (Frankfurt, DE)
Thorlabs (Newton, USA)
UniBlitz (Rochester, UK)

4.1.12 Software and graphical user interface

Table 18: Software and graphical user interface.

Name

Provider

Affinity Designer
Anaconda-Navigator
CLC Main Workbench 6
Cobolt Monitor™
EndNote X9

GitHub

iBright Imaging System
ImageJ 64 (F1JI)
ImageStudio
ImageStudioLite

jupyter Notebook (6.1.4)
LAS X

MatLab R2013, R2014a, R2017a
MicroManager 1.4/2.0
Microsoft Office

Spyder (4.1.5)

TeXShop (LaTeX)

Serif Europe Ltd (West Bridgford, UK)
Anaconda, Inc. (Austin, USA)

CLC bio software, QIAGEN (Venlo, NLD)
Cobolt AB (Solna, SWE)

Clarivate Analyitcs (London, UK)
GitHub, Inc. (San Francisco, USA)
ThermoFisher Scientific (Waltham, USA)
National Institute of Health (Bethesda, USA)
Li-COR Biosciences (Lincoln, USA)
Li-COR Biosciences (Lincoln, USA)
Project Jupyter (open-source)

Leica (Wetzlar, DE)

The Math Works Inc. (Natick, USA)
Micro-Manager (open-source)

Microsoft (Redmond, USA)

Spyder IDE (open-source)

University of Oregon (Eugene, USA)
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4.2 Bacterial Methods

4.2.1 Cultivation of E. coli

Bacteria were cultured either in liquid ’lysogeny broth’ (LB)-medium shaking at
225 rpm or on LB agar plates at 37°C. In both cases, the substrate was supplemented

with the selective antibiotic ampicillin.

4.2.2 Transformation of chemically competent E. coli

Transformation is a method to introduce plasmid DNA into chemically competent
E. coli TOP10. For this purpose, a 100 ul bacterial aliquot stored at -80°C was
thawed on ice for 10min. 10ng of the plasmid of interest was added. This was
followed by a 30 min incubation on ice prior to a heat shock at 42°C for one minute.
The aliquot was then incubated on ice for 2min. After the addition of 500l pre-
warmed SOC medium, the cells were incubated for another 30 min at 37°C on a
shaker (225rpm) to regenerate the cells. Before plating the bacteria, the culture
was pelleted at 500 g for 5min and resuspended in 150 ul LB medium. From the
concentrated bacterial culture, 50 nl and/or 80 pl were spread on a pre-warmed LB

agar plate containing appropriate selections and incubated at 37°C.

4.2.3 lIsolation of plasmid DNA from E. coli

For the isolation of high-copy plasmids, bacteria were cultured in 3 ml to 15 ml liquid
LB-medium over night. The 'NucleoSpin® Plasmid Mini kit was used according to
the manufacturer’s instructions to isolate the plasmid DNA. For larger quantities
of plasmid DNA | cultures of 50 ml to 100 ml liquid LB-medium were inoculated and
the "NucleoBond® PC 100 Midi kit” was utilised.

4.3 Trypanosomal methods

4.3.1 Cultivation of T. brucei bloodstream forms

Bloodstream form (BSF) trypanosomes of T. brucei were cultivated in HMI-9 medium
at 37°C, 5% CO, atmosphere and under constant selection with appropriate antibi-
otics. For daily culture, cells were maintained in 10 ml medium in vented T25 flasks.
The parasites were kept in their logarithmic growth phase. For BSF trypanosomes,
this corresponds to a cell density below 1x10°cells/ml. For this, the cell density

was determined using the Neubauer chamber.
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4.3.2 Freezing and thawing

Stabilates of BSF cells were generated by harvesting 2x 106 cells at 1500 g and 4°C
for 10 min. The cell pellet was resuspended in 500 jl ice-cold BSF freezing-medium
and transferred to cryotubes. The stabilates were stored for short periods at -80°C,
while long term storage was conducted at -150°C.

To thaw stabilates of trypanosomes, they were thawed in a water bath at 37°C
and immediately transferred to 10ml cold HMI-9 medium. The cells were then
centrifuged at 1500 g and RT for 10 min. The cell pellet was resuspended in 1ml
pre-warmed HMI-9 before being transferred to a culture flask filled with 10 ml pre-

warmed HMI-9 medium.

4.3.3 Generation of transgenic cell lines by transfection

Transfection is a method that allows the introduction of DNA fragments into eu-
karyotic cells. The transfection was electroporation-based and carried out with the
AMAXA Nucleofector IT and the X-001 programme. Prior to this, the DNA to be
integrated was precipitated with isopropanol (see Section4.4.3). For each transfec-
tion, 2x 107 trypanosomes were harvested by centrifugation (1500g, 10min, RT).
The cell pellet was then washed with 10ml TDB and resuspended in 400 pl pre-
warmed transfection buffer. Before transferring the cell suspension into a BTX
cuvette, the appropriate amount of DNA was added (linearised plasmid: 10pg).
After successful electroporation, the cells were transferred into 30 ml of pre-warmed
HMI-9 medium supplemented with parental selection, referred as ’cell pool’. Sub-
sequently, 1:10 and 1:100 dilutions of the cell pool were prepared in 25 ml HMI-9
medium and transferred to the cavities of 24 well plates, each cavity containing 1 ml.
After a regeneration time of at least 8 h for BSF cells, the same volume of HMI-9
medium was added, supplemented with the parental selection and the double con-
centration of the new selection. Successful transfection resulted in proliferating cell
populations after 4-7days. The obtained transgenic cells were then transferred to

cell culture flasks.

4.3.4 Growth curves

The doubling rate of trypanosome cell lines was determined by generating growth
curves in triplicates. At the beginning, the BSF cells were diluted to 1x 10° cells/ml
in a total volume of 2ml. The cell density was determined on five consecutive days
at intervals of 24 h using the Beckmann Coulter Counter or the Neubauer chamber.
Then the populations were diluted according to their density, so that an exponential
growth of the populations was ensured. For plotting on a graph, the cell numbers

of the triplicates were averaged and plotted with its standard deviation.
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4.3.5 Isolation of genomic DNA

The isolation of genomic DNA allowed for the verification of the correct integration
of the endogenous tag within the genome. The 'Human Specimen Direct PCR kit’
(Invitrogen) was used to purify genomic DNA. In short, 1x 10° cells were sedimented
(1,400 g, RT, 10 min). After the removal of the supernatant, the pellet was resus-
pended in 20 pl dilution buffer and 0.5l DNA release was added. The suspension
was vortexed and incubated for 5min at RT. It was followed by a 2 min incubation
at 98°C. Cell fragments were pelleted (2,000 g, 5min). The supernatant was stored
at 4°C and 0.5l were then used as template for the integration analysis by PCR.

4.3.6 Preparation of whole-cell lysates

For this purpose, BSF cells were harvested and washed with 1 ml TDB (1,400 g, 4°C,
10/1min). Subsequently, the cell pellet was resuspended in 2x SDS sample buffer,
resulting in a final concentration of 2x 105 cells/pl. Finally, these were incubated
at 98°C for 10min. The cell lysates were then either directly loaded in an SDS-
polyacrylamide gel to perform Western Blotting or stored at -20°C until further use.

4.3.7 Osmotic swelling of trypanosomes

Preswelling, osmotic swelling of cells before embedding in a hydrogel, was performed
by taking up cells in hypotonic medium consisting of TDB and ddH,O (1:1). For
this, 1x 107 cells were harvested by centrifugation (1,400 g, 4°C, 10min). Cells were
washed three times with 1 ml TDB (1,400 g, 4°C, 1 min). The cell pellet was resus-
pended in 10-15pul TDB. Subsequently, ddH,O was added to the cell suspension
in the equal amount as the suspension volume. Cells were preswollen ~2 min until
embedding in the hydrogel under hypotonic conditions. To ensure hypotonic con-
ditions in the hydrogel, components were solved in hypotonic medium composed of
TDB and ddH50. The final conditions in the hydrogel resembled a 1:1 ratio of TDB
and ddH»O.

4.4 DNA methods

4.4.1 Polymerase chain reaction (PCR)

The PCR enables the amplification of DNA. In this work, this was carried out
with the Phusion™ High Fidelity DNA Polymerase (Thermo Fisher Scientific). The
amplification of genomic DNA for the integration analysis was conducted by an
PCR using the 'Phusion Human Specimen Direct PCR kit’ according to the man-

ufacturer’s instructions. The pipetting schemes and the thermocycler protocols are
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shown in Table 19 and Table20. DNA oligonucleotides (primer) used for PCR, re-
actions are listed in Table6 in the Material section. The temperature for primer
hybridisation was set individually to fulfil the requirements of the used primer pair.
The PCR products were either separated by agarose gel electrophoresis and sub-
sequently cleaned up or directly cleaned up using the 'NucleoSpin Gel and PCR
clean-up Kit’ (Macherey-Nagel). The cleaned up products were either used for di-
gestion or ligated directly into the pJET1.2 cloning vector using the ’CloneJET PCR
Cloning Kit” (Thermo Fisher Scientific).

Table 19: PCR pipetting scheme. fw: forward; rev: reverse.
PCR for integration analysis
0.5 pl  genomic DNA

each 0.5 pM  primer fw / rev
200 pM  dNTPs

0.02 U/pl  Phusion™ High Fidelity DNA Polymerase
4 pl  5x HF Buffer
xpul  ddH,O

20 pl  total volume

Table 20: Thermocycler protocol.

Setps Temeprature | PCR for integration analysis
1. Initial denaturation 98°C | 5min

2. Denaturation 98°C | 10s

3. Annealing x°C | 20s 30x

4. Elongation 72°C | 15s per 1kb

5. Final elongation 72°C | 1min

6. Hold 4°C | o0

4.4.2 Agarose gel electrophoresis and gel extraction

Agarose gel electrophoresis was used to separate the DNA according to its molecular
size. For this, the DNA was mixed with 6x DNA loading buffer and separated
in a 0.8% agarose gel supplemented with SYBR Safe DNA Gel Stain (1:50,000,
Thermo Fisher Scientific) (30-40min, 110- 120V, 1x TAE buffer). The ’GenRuler
Mix’ (Thermo Fisher Scientific) served as a molecular size standard. Separation of
the DNA was checked under UV-light and documented with the iBright Imaging
System (Thermo Fisher Scientific). DNA extraction was performed by excising the
specific DNA fragments under UV-light and subsequent DNA purification was done
using the 'NucleoSpin® Gel and PCR clean up’ kit (Macherey-Nagel).
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4.4.3 lIsopropanol precipitation

For DNA precipitation, 1 volume of isopropanol and 0.1 volume of 3 M NaAc were
mixed with 1 volume of the DNA to be precipitated. It was incubated on ice for
30min, followed by a 20 min centrifugation step at 20,000g and 4°C. The pellet
was washed twice with 500 pl of 70 % EtOH at 20,000 g and 4°C. The supernatant
was then removed under a sterile bench and the pellet was dried under sterile con-
ditions for at least 1.5h. Finally, the pellet was resuspended in 15l sterile HyO.

Quantification was carried out using a 1:10 dilution on the Infinite M200 (Tecan).

4.4.4 Quantification of DNA

The obtained DNA was quantified by photometric analysis on the Infinite M200
(Tecan) measuring the absorbance at 260 nm and 280 nm. The ratio of ODygo and
ODygp provided information about the purity of the DNA. The quotient with a value

of 1.8 was considered ideal.

4.4.5 DNA sequencing

Sequencing was carried out by the GATC service of Eurofins Genomics (Ebers-
berg, DE). The company’s instructions were followed for the sample preparation. In
short, 20 pl of plasmid DNA (conc. 80-100ng/pl) or 20 ul of PCR product (conc. 5-
10 ng/pl) with 20 pl sequencing primer (conc. 10 pM) were sent to the company. The

sequencing results were analysed using CLC software (CLC bio, Quiagen).

4.4.6 Restriction digest

DNA digestion was performed with restriction enzymes (Thermo Fisher Scientific

or NEB) according to the manufacturer’s instructions.

4.5 Protein methods

4.5.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Protein separation according to their molecular mass was achieved with a discon-
tinuous SDS-PAGE. The gels consisted of a stacking and separation gel. The con-
centration of acrylamid/bisacrylamid (5:1) was 5% (w/v) in the stacking gel and
15% (w/v) in the separation gel. Electrophoresis was performed in SDS running
buffer for at least 20 min at 120V and then increased to 160V using the EV265
electrophoresis power supply (Consort). The 'PageRuler Prestained Protein Lad-
der’ (10- 170 kDa, Thermo Fisher Scientific) was used as a size standard. The whole
cell lysate of 1.4x10°cells were loaded onto the gel. Further analysation of the

separated proteins were conducted by western blot (WB).
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4.5.2 Western blot

Proteins separated by SDS-PAGE were transferred from SDS gels onto Immobilon®
polyvinylidene fluoride (PVDF) membranes (Merck Millipore) with the semi-dry
blotting technique. For this purpose, a sandwich from bottom to top was assem-
bled: two Whatman paper soaked in anode buffer, one in Methanol (15s) activated
PVDF membrane, SDS gel, and one Whatman paper soaked in cathode buffer. The
transfer was performed using a graphite blotter (TRANS-BLOT SD, Bio-Rad) at
0.8mA /cm? gel for 1h using the Consort EV265 electrophoresis power supply (Hoe-
fer). Subsequently, the membrane was blocked in 1x PBS mixed with 5% (w/v)
skimmed milk powder for 1h at RT or overnight at 4°C. Incubation with the pri-
mary antibody took place in 5ml of 0.1 % Tween-20 in 1xPBS mixed with 1%
(w/v) skimmed milk powder for 1h. The antibody solution was removed and the
membrane was washed three times with 0.1 % Tween-20 in 1x PBS. The secondary
antibodies were diluted in 10 ml of 0.1 % Tween-20 in 1x PBS with additional SDS
(final conc. 0.02%). The supplement of SDS prevented non-specific binding of the
secondary antibodies. The incubation period was 1h at RT in the absence of light.
It was followed by three washing steps with 0.1 % Tween-20 in 1x PBS (5min, RT,
light exclusion). The dry membrane was analysed with the Odyssey CLx (LI-COR)
and the signals were quantified with the ImageStudio software (LI-COR).

4.6 Microscopy and associated methods

4.6.1 Preparation of glass cover slips

In order to ensure the ideal conditions for microscopic studies, clean and hydrophilic
cover slips were required. Thickness-corrected cover slips (22 x 22mm, 17 um, Karl
Hecht GmbH & Co KG) were prepared for the usage at the single-molecule setup,
while standard cover slips (22 x 22mm) were used for diffraction-limited microscopy.
The cover slips were sonicated in 2 % Hellmanex-11/ddH50O for 10 min (37 kHz, 100 %
power, sweep mode) and extensively rinsed with deionised water. This process was
repeated with deionised water before the cover slips were dried in an oven at 80°C
for 30 min and treated with plasma using ambient air for 30 min (PDC-002 CE,
Harrick Plasma). The plasma cleaned cover slips were then stored in deionised
water and used within one week. For the experiments, the cleaning step in 2%
Hellmanex I1I/ddH2O was repeated twice and once with deionised water. Between
the cleaning steps, the cover slips were rinsed extensively with deionised water.

Cover slips were stored for a maximum of 2 days.
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4.6.2 Spin coating of glass cover slips for super-resolution microscopy

To post-process the single-molecule data for the drift of the microscopic stage, mul-
tifluorescent TetraSpeck™ Beads (& 0.1 pm, Thermo Fisher Scientific) were spin
coated onto half of the cover slips. For this purpose, the cover slip was placed in
the Spin Coater WS-650MZ-23NPPB (Laurell Technologies Corporation). 20 pl of
a 1:250 dilution of multifluorescent beads were placed in the center of the cover slip
and spin coated at 1000 rpm for 1 min. The spin coated cover slips were directly

used for the assembly of the hydrogel.

4.6.3 Preparation of trypanosomes for in vivo studies and labelling of the
VSG coat

To immobilise trypanosomes in a hydrogel, 1x 107 cells were harvested for 10 min at
1,400 g and 4°C. After the removal of the supernatant, the cells were washed three
times with 1ml of TDB/vPBS (1 min, 1,200g, 4°C). The supernatant was removed
so that the cells remained in a volume of 10-15pul. Trypanosomes were now ready

to be embedded in a hydrogel or further processed to label VSG on their surface.

4.6.3.1 VSG labelling for single-molecule tracking

For single-molecule tracking of individual VSGs, the cell pellet was taken up in
100l of TDB/vPBS and chilled on ice-water (0°C) for 5min to halt endo- and
exocytosis. Meanwhile, 1 1M Atto-647 N NHS dye was diluted 1:200 in TDB/vPBS
pH 7.4 and stored on ice-water. After the incubation, 80 jl of the 5nM dye dilution
was added to the cells, gently flicked and incubated for 5min on ice-water allowing
binding of the NHS dye. Subsequently, washing steps were performed to remove
unbound dye. The volume was filled up to 1ml with TDB/vPBS and centrifuged
at 1,200g and 4°C for 1 min. The supernatant was removed and the washing step
was repeated with 1ml of TDB/vPBS. The supernatant was removed, leaving the
cells resuspended in 10-15pl. The concentrated trypanosomes were directly used
for hydrogel embedding. By taking up the cells in 1 ml of TDB/vPBS, the cells
could be stored on ice-water for up to 2h before being embedded in the hydrogel.

4.6.3.2 Labelling of the entire cell surface

When the entire cell surface of trypanosomes was labelled, the cell pellet was taken
up in 200 pl TDB/vPBS and chilled on ice-water (0°C) for 5min to stop endo- and
exocytosis. In the mean time, 10mM Atto-647N NHS or 10mM Atto-NHS 488
was diluted 1:10 in TDB/vPBS pH 7.4 and stored on ice-water. 2pul of the dye
were added to 200l of cell suspension at a final concentration of 100 uM. After a
incubation for 5min, the unbound dye was removed by three washing steps. For
this, 1ml of TDB/vPVS was added and centrifuged at 1,200g and 4°C for 1 min.

The supernatant was removed and the cells remained in a volume of 10-15pl. The
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uptake of the cells in 1 ml of TDB/vPBS allowed the storage in ice-water for up to
2h before being embedded in the hydrogel.

4.6.4 Chemical fixation

For the fixation of trypanosomes, 1x 107 cells were centrifuged at 1,400 g and 4°C
for 10 min. The trypanosomes were washed three times with 1 ml TDB/vPBS. The
cells were either first incubated with a nanomolar quantity of Atto-647 N NHS (see
Section 4.6.3) or used directly for fixation. For the fixation in methanol, cells were
resuspended in 200 pl TDB/vPBS and transferred to an 1.5 ml reaction tube coated
with 3% BSA overnight to prevent the cells from adhering to the tube wall. 800 ul
methanol (-20°C) was added dropwise under constant, but slow agitation. The sus-
pension was incubated at - 20 °C for 15 min. For the fixation with para-formaldehyde
(PFA), the trypanosomes were taken up in 500 ul TDB/vPBS and transferred to an
1.5 ml reaction tube coated with 3% BSA. 500l of 4% PFA were added to the cell
suspension for a final concentration of 2% PFA. The cells were incubated at RT for
15min. Subsequently, the cells of both fixation solutions were washed three times
with 1ml TDB/vPBS (1 min, 1,200g, 4°C). After the removal of the supernatant,
cells remained in 10-15pl TDB/vPBS and could now be used for embedding in the
hydrogel.

4.6.5 Immunofluorescence analysis

The first steps of the immunofluorescence analysis (IFA), including the cell harvest-
ing and fixation with para-formaldehyde were performed according to Section 4.6.4.
After fixation the cells could be stored at 4°C for up to one week. However, for the
IFA in this work, the cells were harvested, fixed and incubated with antibodies on

the same day.
For one sample, 100 jl of the fixed cell suspension was added to a poly-L-lysine mi-

croscope slide. After 20-30min, the samples were checked under a light microscope
to check whether the cells adhered to the slide. Subsequently, the remaining lig-
uid was removed, the cells were permeabilised with 200 pl of 0.2 % Triton X100 for
15 min and followed by a washing steps with 1x PBS. This was followed by blocking
with 200l 3% BSA in PBS at 37°C for 30 min. The primary antibody diluted in
200l 0.1% BSA in PBS was added and incubated for 1h. Before incubation of
the cells with the secondary antibody, four washing steps were carried out for 2 min
each in 1xPBS. The secondary antibody was diluted in 200pul 0.1 % BSA in PBS
and mixed with DAPI (1:1000). The total volume of 200 pl was added to the cells,
followed by an incubation of 30 min. Finally, the specimens were washed four times
for 2min each with 1x PBS and embedded with 3-4n1l VECTASHIELD. Sealing of
the cover slips was achieved by the use of nail polish. The samples were stored at

4°C until analysis.
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4.6.6 Hydrogel

4.6.6.1 Embedding of trypanosomes

Embedding of trypanosomes became a prerequisite to perform in wvivo super-re-
solution studies of the highly motile trypanosomes. For this, trypanosomes were
immobilised in a hydrogel of 10% (w/v) vinylsulfone-functionalised polyethylen-
glycol (PEG-VS, tripentaerythritol core, Sigma-Aldrich) and 5.6 % (w/v) thiol-
functionalised hyaluronic acid (HA-SH, 24 kDa, ~54 % SH-substituted, provided by
Simone Stichler) or 5 % (w/v) thiol-functionalised hyaluronic acid (HA-SH, ~ 10 kDa,
~40 % SH-substituted, provided by Leonard Forster). The hydrogel is cross-linked
by the thiol-Michael addition click chemistry and the speed of the polymerisation is
dependent on the pH value of the solutions as well as the temperature. The more
alkaline the solution or the higher the temperature the faster the polymerisation. In
order to handle the components better and prevent early polymerisation, they were
dissolved individually. In case of PEG-VS, a 50 % (w/v) solution was prepared in
TDB/vPBS pH 7.0. The solution was placed on ice until use and stored at - 20°C un-
til re-use. HA-SH was dissolved to a 25 % (w/v) solution in TDB/vPBS pH 7.0. The
pH was adjusted to 7.0-7.5 by adding 5 M and 1 M NaOH. This solution was stored
on ice and had to be used within the same day. For immobilisation, trypanosomes
were prepared according to Section4.6.3 for studies of living cells or were fixated a
priori (Section 4.6.4). In both cases the cells were finally resuspended in a volume of
10-15pl. The final hydrogel mixture was prepared in a total volume of 10 pl. 2 pl of
PEG-VS (final conc. 10% w/v), 2-3nl of the concentrated trypanosomes and 1 pl
of TDB/vPBS washed spacer beads (non fluorescent FACS calibration, & 6 pm, BD
Biosciences) were mixed with the appropriate volume of TDB/vPBS pH7.0. The
addition of HA-SH at a final concentration of 5/5.6 % (w/v) started the polymerisa-
tion and was therefore added immediately before 3 - 4 1l of the hydrogel mixture were
placed between a bead-coated cover slip (bottom) and a non-coated cover slip (top).
After quickly weighing down the top cover slip with 90 mg, the hydrogel sandwich
was immediately centrifuged in a centrifugation chamber to settle the cells in close
proximity of the multifluorescent beads located on the bottom cover slip (1500 xg,
1 min).
For single-molecule tracking, freely diffusing Atto-647N NHS dye was added to
the mixture at a final concentration of 0.1nM and the volume of TDB/vPBS was
adjusted accordingly. This low concentration of initially unbound dye in the back-
ground, may bind VSGs and replace bleached signals during imaging. In this way,
the label density was optimised. For the viability assay, propidium iodide was added
(final conc. 5pg/ml) to the mixture and the volume of TDB/vPBS was adjusted
accordingly. Table 21 shows the pipetting scheme for both experiments.
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Table 21: Hydrogel pipetting schemes for single-molecule tracking and viability assay.

Single-molecule tracking Viability assay
2pul  trypanosomes 2pul  trypanosomes
1nl spacer beads 1nl spacer beads
2ul 50% (w/v) PEG-VS 2ul 50% (w/v) PEG-VS
1pl  1nM Atto-647N NHS 1pl 50 pg/ml propidium iodide
2pl 25% (w/v) HA-SH 2ul 25% (w/v) HA-SH
2ul  TDB/vPBS pH 7.0 2ul  TDB/vPBS pH 7.0
10pl  total volume 10pl  total volume

4.6.6.2 Mechanical testing of hydrogel properties

The immobilisation of trypanosomes at a nanometer scale requires hydrogels of
a specific stiffness. This mechanical property was tested at the Department for
Functional Materials in Medicine and Dentistry (University of Wiirzburg) and were
conducted together with Leonard Forster (Ph.D. student). For this, hydrogels with
a polymer content of 10 % (w/v) PEG-VS and 5% (w/v) HA-SH were poured in a
cylindrical glass form with a height of 4mm and a diameter of 6 mm. After cross-
linking, the measurements were performed using a BOSE 5500 system (ElectroForce)
for dynamical and mechanical testing. The total displacement was 2mm, which
means a total compression of 50 % with a constant displacement rate of 0.005 mm/s.
The Young’s Modulus was calculated from the raw data as the slope of the true
stress-strain curve in the linear elastic range of 5-10% strain. The measurement

was carried out in triplets.

4.6.7 Viability assay

Propidium iodide (PI) was used to assess the viability of trypanosomes in the hy-
drogel or TDB. The dye serves as marker because it intercalates into DNA when
membrane integrity is disrupted, which is the case for dead cells. This is then accom-
panied by an increase in fluorescence intensity. Living cells, in contrast, do not show
any fluorescence. To monitore the viability in the hydrogel, PI was added to the hy-
drogel mixture at a final concentration of 5 pg/ml (see Section4.6.6.1 and Table 21).
In order to monitore the viability in TDB, 1x107 cells were harvested (1,400xg,
4°C, 10min) and washed three times with 1 ml TDB (1,200xg, 4°C, 1min). Cells
were kept in TDB supplemented with 5 pg/ml PI also during image acquisition.

4.6.8 Diffraction limited microscopy

Image acquisition was performed with a DMI6000B inverted-widefield fluorescence
microscope (LEICA) equipped with a DFC365FX camera (pixel size 6.45 pm, LE-
ICA) and a mercury short-arc reflector lamp (HXP-R120W /45C VIS, Osram) using
the Leica Application Suite X software (Leica). The immersion objectives used had

a magnification of 63x (glycerol, NA 1.3) or 100x (oil, NA 1.4). When Z-planes
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were recorded, 50 Z-planes were acquired over a total range of 10 pm. Fluorescent
images were presented as maximum intensity projections of 20- 100 planes and dif-
ferential interference contrast (DIC) images as average projections of 20-100 planes.
All images were false coloured with ImageJ (green fluorescence channel in cyan, red
fluorescence channel in magenta). To normalise the signals in the images, the mini-
mum and maximum intensity values of the images in one figure were set to the same

values using a reference in Imagel.

4.6.9 Single-molecule imaging

The single-molecule measurements were conducted at our single-molecule setup
based on an inverted-widefield microscope (Leica DMI6000B) equipped with a high
numerical lens (HCX PL APO 100x 1.47 OIL CORR TIRF), a dichroic color filter
(zt405/514/633rpc, Chroma) and an EMCCD camera (iXon697, Andor technology,
pixel size = 160 nm). The synchronisation of exposure time and camera readout was
achieved using an acousto-optical tunable filter (AOTFnc-400.650-TN). The cam-
era signal triggered the function generator (HM81-50, Rohde), which transmitted
rectangular signals to the AOTF and thus controlled the illumination starting point
and duration. Exposure times and acquisition frequency depended on the specific
experimental setup, the readout mode of the camera sensor chip and the defined
region of interest (ROI) on the camera sensor chip. The used ROIs and read-out
modi are listed with the corresponding acquisition frequency, exposure time (tc.;)
and the time lag (At) in Table22. For the excitation, one solid-state diode laser
(Cobolt Fandango 514 nm) and one diode laser (Cobolt MLD 640 nm) were used.
Atto-647N NHS and SNAP-Cell 647-SiR were excited with the 640 nm laser beam
at an mean intensity of 1or2kW /cm?, while eYFP molecules were excited with a
514nm laser beam at an mean intensity of 1or 2kW/cm?. Each measurement com-
prised 10,000 - 30,000 consecutive images. The laser beams were shifted a few pixels
horizontally relative to each other by the OptoSplit (CAIRN) allowing sequential
image acquisition with nanometre precision due to the post-process superimposi-
tion of the two-colour information. Signal detection by the camera was enabled
by a dichroic mirror (F48-635, Chroma) and the usage of the appropriate filter
combination 550/49 BrightLine HC and 698/70 BrightLine HC (emission filters,
Semrock) within the OptoSplit. The open source software MicroManager2.0 was
used to control the settings of the camera and AOTF. The built-in function Flat
Field Correction in MicroManager2.0 was used to remove the background signal de-
tected in the dark. To do this, 100 images of the entire, non-illuminated camera chip
(512x 512 px, except for pulsed illumination & cropped mode & FT: 512x 511 px)

were stacked and served as input for the Flat Field Correction.
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Table 22: Read-out modi in context with the region of interest. It shows all used combi-
nations of region of interests (ROIs) and camera chip read-out modi with their
corresponding acquisition frequency (f), exposure time (teyp) and the time lag
(At). FT: frame transfer.

ROI [px] Camera chip read-out modus f [Hz]  tegp [ms] At[ms]

120x120  pulsed illumination + ROI mode 28 10 32

120x120  pulsed illumination + cropped mode + FT 100 9 10
95x95 pulsed illumination 4+ cropped mode + FT 205 4.3 4.9

4.6.10 Two-colour single-molecule fluorescence microscopy

4.6.10.1 Acquisition of bead localisations for generation of the registration
matrix

To enable nanometre precision in the superimposition of the two-colour information
a posteriori, a registration matrix had to be computed. For this, the same ROI and
acquisition mode were used as for the actual measurements including the flat-field
correction to remove background signal detected in the dark. On the camera, both
spots are basically in the same position, but with a few pixel offset in the horizontal
direction. A cover slip homogeneously coated with TetraSpeck® beads was manually
and slowly moved to sample the ROI while both colour channels were alternately
recorded in an imaging sequence. At least 4 movies with 10,000 consecutive images
each were acquired with all movies starting with the same colour channel, e.g. either
red or yellow. The bead positions were then localised as described in Section 4.7.1

and further used for the generation of a registration matrix (Section4.7.8).

4.6.10.2 Sequential imaging of the two-colour channels

In order to guarantee a high acquisition frequency for the single-molecule tracking,
the image section on the camera chip had to be kept small. This eliminated the
possibility of placing the ROIs of the dark red and yellow colour channels adja-
cently on the camera chip and recording them simultaneously. Therefore, the ROIs
were placed basically in the same position with a few pixel offset in the horizontal
direction. The information from the two channels was then recorded sequentially.
The dynamic information was always recorded first, then the static information.
The movies for VSG tracking comprised 20,000 - 30,000 images and those of eYFP
localisations 10,000 - 20,000 images.
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4.7 Analysis of single-molecule data

4.7.1 Single-molecule localisation

The single-molecule localisations were determined computationally by using pro-
grams written in MatLab (Mathworks Inc., Version R2013a & R2017a) as previ-
ously described in Schmidt et al. (1996) and Fenz et al. (2012). Images fed into
the routine had the background signals removed that were detected in the dark.
Briefly, a 2D-Gaussian, an estimation for the point-spread function (PSF) of the
microscope, was applied to the intensity profiles. Subsequently, a threshold was set
to distinguish noise from fluorophore signals, and only signals greater than 5-fold
the noise were typically categorised as single molecules. Remaining single-molecule
peaks were fitted to the PSF to obtain information about the signal parameters
including x- and y-position, signal width, signal intensity, and background signal as
well as localisation precision in x and y. Then, the resulting list of molecule posi-
tions, width and intensities was filtered with respect to the known single-molecule
footprints (width and intensity) as well as for detection error thresholds. The re-
maining localisations (x;, y;) with their parameters were stored in a data matrix and

served as input for further data analysis.

4.7.2 Drift correction

For high-resolution images and single-molecule tracking, a large number of consecu-
tive images is required, which is associated with a long acquisition time. During this
time, the stage of the microscope can potentially drift. To post-process this drift,
multifluorescent beads (TetraSpeck® beads, 0.1 um) were spin-coated on cover
slips to ensure at least one immobile reference in the field of view during measure-
ments (see Section4.6.2). The function furthermore removed double localisations
and filled in gaps of missing localisations in reference to previous localisations. The
x- and y-positions of the reference object were then smoothed with a built-in MatLab
function ’smoothdata’ to disregard fluctuations in the magnitude of the localisation
precision. In short, a Gaussian filter with the filter size 500 frames was used to
calculate reference positions. The discrepancy between the reference position and
the starting point was then employed to correct the single-molecule positions in the

corresponding frames.

4.7.3 Removal of artificial clusters

Static fluorophores with on-off blinking behaviour are localised multiple times within
the localisation precision and gave rise to artificial cluster although signals originated
from the same, immobile emitter (Annibale et al., 2011). To remove these artefacts,

a self-written MatLab script removed localisations that reappeared within the image
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sequence of 1.8s (at 100 Hz = 180 consecutive images) and were found within the

localisation precision of the first localisation.

4.7.4 Super-resolution image

Single-molecule localisations were determined as described in Section4.7.1 and sub-
sequently artificial clusters were removed as detailed in Section4.7.3. Then, super-
resolution images of eYFP signals were computed as the sum of all fitted single-
molecule positions. Each localisation (Z;, ;) was plotted as a 2D Gaussian spot,
with the respective width corresponding to the achieved localisation accuracy o; for
the eYFP molecule.

4.7.5 Quantification of the axoneme width, label density and autofluores-

cent background in super-resolution images

Super-resolution images were computed from signals recorded of immobilised try-
panosomes expressing kinesin-MORN::eYFP as described in Section 4.7.4. To quan-
tify the width of the eYFP signal and thus the width of the axoneme, a contour
line was manually drawn along the axonemal signal. Then, perpendicular lines to
the contour lines were drawn and the average profile widths were calculated as full-
width-half-maximum from a Gaussian fit to the data points. The comparison of
their mean axoneme diameter with the mean axoneme diameter of chemically fixed
and immobilised trypanosomes as well as trypanosomes embedded in the poly(allyl
glycidyl ether-co-glycidyl) /HA-SH hydrogel by Marius Glogger exhibited the immo-
bilisation efficiency of the embedded trypanosomes. For the determination of the
label density and the autofluorescent background, the specific axoneme eYFP sig-
nals had to be extracted in a two-step process from the total localisations, which
included fluorescent background signals such as hydrogel impurities or intracellu-
lar autofluorescence. In the first step, a nearest-neighbour analysis was applied to
the single-molecule localisations in the super-resolved images to remove sparsely dis-
tributed signals from hydrogel impurities and intracellular fluorescence. A minimum
of 10 localised emitters within a square of side length 240 nm effectively removed
non-specific noise pixels and small clusters. In a second step, remaining clustered
emitters were removed by first manually masking everything except the axoneme.
To redefine the flagellum region, a fine grained mask was computed by multiplying
the resulting coarse-grained mask with the mask generated from the remaining lo-
calisations after nearest neighbour analysis. Subsequent application of the final fine
grained mask to the image stack identified eYFP molecules (Neyrp,) localised in
the flagellar area (Ap). The label density p was then calculated by p = Nﬁil;PF and

Neyrp—Ne

YFPp
ey where

N,y rp was the number of all localisations found and A was the area of the ROI.

the average density of the background signal pgg by ppe =
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The false-positive single-molecule localisations in the flagellar region were estimated

from the ratio r = p%.

4.7.6 Determination of collected photons by count conversion

In order to determine the localisation precision based on the theory (Ober et al.,
2004), the number of photons collected on the sensor chip per single molecule of
the EMCCD camera was required. The count conversion guide provided by Andor
enabled me the approximation of collected photons (1V;) based on the counts (C)

and is represented in the following Equation:

(C=0O)y

Ny = ———"—.
EMgainQEs

(21)
0 was the offset of the background, the camera sensitivity v was 10.7 electrons per
A/D unit and the EM gain (EM,) was 150. The sensor quantum efficiency (QE;)
was extracted from camera specification sheet for the emission wavelength 664 nm of
the Atto-647 N NHS dye and was 0.94. The offset of the background 8 was negligible
because the background signal in the dark was already removed by application of a

flat field correction during the measurements.

4.7.7 Cluster identification using Ripley’s analysis

The Ripley’s L(r) —r function was used to find out whether the localisations deviate

from the random distribution. Based on a nearest neighbour analysis the function
is defined as (Ripley, 1979):

L(r)—r= : (22)

K(r) counts the mean number of neighbours, N, up to a radius (r) normalised N
by the particle density (r = N/A):

K(r)= ;\;12 ;wijlfr(dij). (23)

The distance between two localisations is denoted with d;; and the counting mea-
sure is for the distance d;; < r with I,(d;;) = 1 and otherwise I,(d;;) = 0. The
weighing factor w;; < 1 accounts for edge effects, which is the proportion of the cir-
cumference of a circle with its centre in ¢ lying within the area A . The analysis was
performed using MatLab scripts developed by Thomas Schmidt and followed the

method described by Pezzarossa et al. (2015). Briefly summarised, occupancy maps

were generated from single-molecule localisations. Next, the maps were refined by
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dividing each original pixel into nine subpixels. The occupancy was determined as
the number of all localisations per subpixel. The Ripley’s L(r)—r function was then
applied to the data set of maps. The function returns 0 in the case of complete spa-
tial randomness and positive values in the case of clustering. The radius of potential
clusters can be obtained by plotting the results from the analysis as a function of
examined radii. The radius exhibiting the highest score correlates with the radius of
the domains. The parameters used in the analysis were, 0.8 pm as the side length of
the square tiles for the subdivision of the ROI and a radius (r) of 0.5 um, meaning
that the function was calculated for each tile up to a radius of 0.5 um. Finally, the

results were averaged over all tiles and all imaged trypanosomes.

4.7.8 Generation of the registration matrix for two-colour imaging

To enable two-colour imaging at a high acquisition frequency, the red and yellow
spots were basically placed at the same position on the camera, with a few pix-
els shifted horizontally (Figure20). This allowed both channels to be registered
to nanometre accuracy using a registration matrix. Such a matrix was gener-
ated by recording multifluorescent beads spread on a cover slip according to Sec-
tion4.6.10.1 and determining the single-molecule localisation as described in Sec-
tion4.7.1. Further analysis was conducted with the self-written MatLab script Over-
lay 2 Colors mainFuncSeq.m that used localisations filtered only with respect to

the detection error. The script executed following MatLab scripts:

1. separateBeadPos.m:
The function iterated over all matrices containing bead localisations and sep-
arated localisations of the red and yellow colour channel, which are recorded
alternately. Separated bead localisations from all movies were then pooled to
one data matrix according to the colour channel. Discrimination was neces-
sary, as images of the yellow channel contained both the red and green signals
which was due to cross talk (see Section2.2.2.1). Red signals were removed

based on the localisation information obtained from the previous image.

2. mainFuncClearV3.m:
It displayed the signal width and intensity profile and a pop-up window al-
lowed the filter parameters to be specified. The localisations were then filtered
with respect to the signal width and intensities of the known single-molecule
footprints and for detection error thresholds. The script without the pop-up

window was established by Susanne Fenz.

3. EstimatelnputOverlay 2 ColorSeq.m:
The script enabled the coarse overlay of the red and yellow localisations by
entering the number of pixels to be shifted in a pop-up window. The overlay

was optimised with respect to localisations in the center, while an offset was
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tolerated at the ROI margins. The script is based on a function written by Su-
sanne Fenz and Marius Glogger and was adapted to the two-colour acquisition

mode established in this thesis.

4. Overlay 2 ColorSeq.m:
This script used the build-in function images.geotrans.LocalWeightedMean-
Transformation2D. It fitted a local weighted mean transformation to a set of
fixed and moving control points which were related by a global second degree
polynomial transformation across the entire plane. The script is based on a
function written by Susanne Fenz and Marius Glogger and was modified to fit

the two-colour acquisition mode established in this work.

4.7.9 Registration of two-colour channels

Evaluation of the two-colour information required the registration of the slightly
horizontally shifted colour channels. For this, the generated registration matrix
was used and the application was facilitated by the self-written MatLab script
EvaluationTrackingInRelationRefObj.m. The function deployed the registration pa-
rameters of the registration matrix to the experimentally obtained data set and
shifted the yellow localisations (FP localisations) on the red ones (VSG localisa-
tions). The function utilised data sets only filtered with respect to the detection
error, otherwise too many bead localisations were lost, which were necessary for the
drift correction implemented in the analysis. The function contained the following

scripts:

1. Drift Correction.m:
The drift correction for both channels was performed as described in Sec-
tion4.7.2.

2. removeBeadSignal.m:
The TS bead signals were removed to allow a correct representation of the
width and intensity profiles of the signals of interest. This required the speci-

fication of the number of fiducial markers in focus.

3. MainFuncClearV3.m:
Explained in Section 4.7.8 ’Generation of the registration matrix for two-colour
imaging’.

4. DiffusionAnalysisV3.m/DifusionAnalysisV3_ DinVSDout.m:

Analysis was performed as stated in Section 4.7.10.

5. Apply_ tformLocalWeightedMeanSeq.m:
For the final registration, the generated registration matrix was applied to the
filtered localisations of the yellow channel. The script is based on a function
written by Susanne Fenz and Marius Glogger and was adjusted to the two-

colour acquisition mode established in this work.

157



Materials and Methods

6. Generation of overlay images containing trajectories from single-molecule track-

ing and the super-resolution images of the structure.

4.7.10 Single-molecule tracking

To extract the information on dynamics, the tracking algorithm used a correlation
of single-molecule localisations in a frame to localisations in subsequent frames.
These localisations were obtained and processed according to Section4.7.1 and the
data sets were also corrected for the drift according to Section4.7.2. The MatLab
algorithm was developed by Schmidt et al. (1996) and was further extended. In
summary, a probabilistic algorithm related localisations in two frames, i and j of a
movie. The probability (p) that a localisation k in an image I; was identical to a
localisation [ in an frame I; depended on the diffusion coefficient D of the molecule

and is stated by:

Sk,i — Sl,j 2

Pk, 1) = eap(~ S (21)
with the time lag At between the consecutive frames. All probabilities of localisation
k in I; being the localisation [ in I; were collected in a transition matrix. These
connections were then evaluated in terms of the overall probabilities within the
time lag and from these a combination of connections was chosen to maximise the
overall probability. The algorithm required an estimate of the diffusion coefficient
of the molecules studied as an input parameter (D;,) to compute the probabilities
of connections and the resulting diffusion coefficient (D,,;). To minimise incorrect
connections of localisations, an analysis was conducted a priori that iterated over
a range of D;, and determined the corresponding D,,;. The final input parameter
D;,, was chosen to be independent of D, (Djy, vs Dy, analysis) (Hartel et al., 2016).
The algorithm also accounted for photobleaching of emitters and diffusion in and
out of the field of view. The entire set of trajectories was then fed into the short

trajectory analysis (shortTrAn, Section4.7.11) for further analysis.

4.7.11 Short trajectory analysis (shortTrAn)

Due to the short length of trajectories obtained from the single-molecule tracking
on trypanosomes, an alternative evaluation method to the M SD fit was required to
be able to distinguish diffusion from other means of motion modes. Therefore, the
method published by Hoze and Holcman (2014) was adapted to our data sets. This
method allowed the extraction of the local diffusion tensor and forces from a large
number of short trajectories and was therefore abbreviated by shortTrAn (short
trajectory analysis). ShortTrAn was realised in cooperation with Torsten Paul und

Philip Kollmannsberger (CCTB, University of Wiirzburg). The basic core scripts
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feeding in the tracking data, pre-processing the data and calculating the diffusion
tensors as well as the directed motion vectors was developed by Torsten Paul. The
further improvement of the scripts, such as the consideration of the localisation
errors, and their adaption to our data sets as well as the graphical output was
established and extensively evaluated during this thesis under the supervision of
Torsten Paul und Philip Kollmannsberger. The routines are written in Python with
Spyder and executed by Jupyter Notebooks. ShortTrAn is shared with the research
community via the GitHub repository https://github.com/MarSc13/shortTrAn.

4.7.11.1 Evaluation of trajectories by shortTrAn
The calculation principle of the diffusion coefficient and the directed motion was

based on the Langevin model.

The local diffusion coefficient was determined by centring a square with the side
length r at the position X. The one-dimensional local diffusion tensor D™/ (X, r) at
position X was calculated from the mean square displacement of the total number
of data points N (X, ) collected from trajectories k =1, 2, 3, ..., N traversing the

local square:

2D (X) ~ Z Xk (t+ At) — (t)i(j(,g(wm) —X,g(t))7 (25)

with At as the time lag. The static localisation error (corrge) was considered
according to Martin et al. (2002) and the dynamic localisation error (corrgy,) at non-
continuous illumination according to Berglund (2010) and Michalet and Berglund
(2012). Thus, Equation 25 resulted in

2Dij(X, 7”) XX: Xk t + At) ( ))(lec(t + At) - X}i(t» — COTTstat

Y

(26)

At — corr gy

1 te:cpt
3 At “exp:

sented by o and the exposure time by fexp.

with corrg, = 202 and COTT gy, = The localisation precision was repre-

The one-dimensional contribution of a local velocity b,(X,r) at position X was

approximated by

1 N%’” Xok(ts + A) — Xop(ts)
N(X,r) At

k=1

bo (X, 1) &

(27)

with a = 17, 7, indicating one of the two dimensions. The static localisation error

was not considered immediately in the velocity calculation. Instead, the relative

159


https://github.com/MarSc13/shortTrAn

Materials and Methods

standard error in the velocity was estimated and visualised in an additional map

showing the directed motion results (described in Section4.7.11.4).

The final evaluation routine was performed with the Jupyter Notebook ’short-

TrAn_ loop.ipynb” and contained the following scripts:

1.

loadmat.py:

Matrices comprising the information about trajectories gained by tracking of
single molecules (4.7.10) or from simulations (4.8.2) were fed into the routine
and an unit transformation was conducted to convert x-and y-coordinates to
virtual pixel size of 1 nm, the so-called subpixels. This was achieved by dividing
the coordinates by a factor corresponding to the resolution of the camera chip

(px = 160 nm) or the resolution of the simulation masks (px = 10nm).

. remove__singlepart.py:

This scripts implements a filter which removed single localisations representing
one trajectory. This filter became necessary for the evaluation of the simula-
tions (4.8.2) as particles travelling back and forth on both leaflets had only a
single localisation per leaflet. In addition, a filter was included to set a thresh-
old for a minimum step length that was required for further analysis of the
trajectories. In the final evaluation settings, all trajectories were permitted
(step length > 1).

. padding.py:

Here the later image boundaries were defined by extracting the minimum and
maximum values of the x- and y-coordinates. To create sufficient space for later
binning, the matrices were padded by adding a total of 320 nm of empty space
per dimension. The final lengths of the feature space matrices was calculated
by subtracting the minimum from the maximum value and adding the total
pad space of 320 nm. This scripts saved also the minima and maxima, enabling
the synchronisation of the structural information on the diffusion and directed

motion maps.

create fields.py:
The feature spaces were set up using the lengths calculated in the previous

script.

. calc_fields_out.py:

For the calculation of the local diffusion tensors zz, xy, yxr and yy as well as
vectors x and y of a velocity, iterations over all trajectories were performed.
The trajectories were decomposed into their individual steps and for each the
diffusion tensors and velocity vectors were computed, respectively. The results
were then assigned to the subpixel in the feature spaces from which the step
originated. The statistical information was stored in an additional matrix, the

count field, and each subpixel contained the number of steps that emanated
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from it. An option to enable or disable the correction of the localisation error
has been implemented. This option could be specified in the input parameters
and allowed for the analysis of simulated trajectories which did not posses any
localisation errors.

. binning.py:

Binning was performed to increase the local statistics. For this, the size of
the count field, tensor and vector matrices was divided by the binning factor.
By rounding down to the next smallest integer, the number of superpixels of
the newly binned matrices was determined and the discrepancy was truncated
equally on both sides for each dimension. The preceding padding prevented
the removal of populated subpixels. Subsequently, all superpixels of the tensor
and vector fields were averaged based on their statistics in the count field. The

final binning factor used for the analysis was 160.

. remove__isolated_ px.py:

Two spatial filters were implemented. The first filter masked superpixels with
low statistics. The masking was accomplished by the application of a threshold
to the count field c¢f. This resulted in binerisation and set superpixels S at
position i, 7 with statistics NV of < 5 to zero (Equation 28). The entries in the
corresponding superpixel \S; ; were removed by multiplying Filter 1 with the
count field itself, the tensor fields and the vector fields.

(o ifN<5
Filter 1: cf = B = (28)
1 it N>5

The purpose of the second spatial filter was it to remove isolated superpixels
from the analysis. The binarised count field served as input to Equation 29 as

follows:

Filter 2: F“ = bin [thresh [mask - (input * kernel)]] (29)

Convolution of the binarised count field determined the number of populated
superpixels in the adjacent neighbourhood. For this, a box kernel of size
3 superpixels was utilised and the maximal connectivity could be 8, which
corresponded to 8 populated superpixels. The convoluted matrix was then
multiplied by the input referred to as mask, which resulted in the elimination
of superpixels that were filled even though they were not originally populated.
Application of a threshold (thresh) that populated superpixels with a connec-
tivity <1 with 0 resulted in the removal of isolated superpixels. To obtain the

final filter matrix F'*/, another binarisation was performed, masking empty
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superpixels with 0 and populated superpixels with 1. The filter matrix was
then applied to the tensor and vector fields as well as to the count field itself to
mask isolated superpixels. The workflow of the second spatial filter described

by Equation 29 is depicted in Figure 50.
8. smoothing.py:

A combination of two filters has been used here. In order to smooth the data,
a sliding box kernel of the size 3x3 superpixels was simultaneously utilised
on the count field ¢f and input field if to calculate the weighted average at
position 7, j (Equation30). The input field if was either a tensor or a vector
field.

S OES Oifi k ) ef (i Ry G+ )

Filter 3.1: ZAJ?(@:]) = 2—1,0,1 2—1,0,1 cf(i+k,j+1)
k l )

(30)

The 3D to 2D projection issue at the rim of the trypanosomes, which was due
to the entry of the results in the superpixels from which the step originated,
was taken into account by applying filter 3.2. It used the Python built-in
Gaussian scipy.ndimage.gaussian_ filter on the duplicated matrix, that was
already processed with Filter3.1. The radius of the Gaussian filter was 6
superpixels, with a standard deviation o for the Gaussian kernel of 1 and
constant mode with a value of zero. This padded the superpixels outside
the trypanosome mask, required for the Gaussian at superpixels close to the
rim, with the value 0. Subsequently, the results from Filter 3.1 and Filter 3.2
were combined. Superpixels at the rim were populated with the output of
the projection Filter 3.2, while superpixels of the surface area were populated
with the output of the smoothing Filter 3.1. The combination of both filters
is additionally illustrated in Figure 27.

9. SavelnputParameter.py:
This script saved all input parameters specified in the Jupyter Notebook to a

text file.
mask
1]0j0]j0]1
kernel oj1jojojo
11111 0jojof1jo
11111 oj1joj1]1
111]1 ojojoj1]o0 i
input filter matrix F
1/]0]0]0}1 * 22111x20001 2]0]|0]0]0 1]0]j0]o0jo
of1fofo]o 2[2|2]2]2 0l2fo]of0]hresn L012]0f0]0[ 4ip 1]o]ofo
0/0]0|1]|1| = |2]2]|4]|3|4| = [0]0]|0]|3|4| = |0|O0|O0|3|4| = |O]JO|O|1]1
oj1]0]1]1 11114414 0j1j0]41|4 0jojo|4]|4 ojojoj1]1
ojojoj1i]o 11113133 0ojojo|3]o0 ojojojf3]o0 ojojoj1jo

Figure 50: Scheme of the second spatial filter. A Illustration of the generation of the filter
matrix F used in the second spatial filter. It depicts the convolution by the
box kernel, the multiplication by the mask, the application of the threshold
(thresh), and the binarisation (bin).
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4.7.11.2 Generation of the outline of reference structures

In order to study the dynamics of VSGs in relation to a reference structure,
the location of the structure should be indicated in the resulting maps. For this,
the outline of the structure was generated by a self-written python routine ("out-
line signal marker.py’). The single-molecule localisations of the eYFP-labelled
fusion protein served as input, which were obtained and processed according to Sec-
tion4.7.1 and drift corrected (Section4.7.2). Removing artificial clusters was not
performed as only the contour of the reference structure was of interest and the
more data points were available, the more refined the contour was. Then, the first
steps of the shortTrAn were performed to ensure compatibility with the tracking
results of shortTrAn. This included the unit transformation to nm, the padding
of 320 empty nm-pixels in each dimension to create sufficient space for later bin-
ning, the selection of the same image area by means of the saved parameters from
Section4.7.11.1 as well as the binning with the same binning parameters from the
corresponding cell in shortTrAn. Background and localisation outliers were manu-
ally removed by masking with a polygon. The number of reference structures was
specified and the localisations of each extracted separately. Next, a concave hull of
the remaining localisations of each structure was compiled with the python built-in
function ’alphashape.alphashape’ with 0.85 (hook complex) or 0.90 (flagellum) for
the parameter a. Scaling the coordinates of the extracted hull vertices with the
binning factor 160 guaranteed compatibility with the shortTrAn created maps. In
addition, the part of the hook complex which was potentially wrapped around the
flagellar pocket neck could be highlighted by running the python script "Highlight-
ing_fp.py’. For this purpose, the part of the outline to be highlighted was selected
by a polygonal area and saved separately to draw this part in a different colour in

the maps.

4.7.11.3 Representation of the results on diffusion by shortTrAn

The results of the local diffusion coefficients were presented in an ellipse plot,
which was colour-coded for the two-dimensional diffusion coefficient. The shape
of the ellipses provided also information on the (an-)isotropic diffusion behaviour
by the determination of the eccentricity. First, the tensor units were converted
from nm?/ms to pm?/s. Second, a transformation matrix was used to calculate the
two one-dimensional diffusion coefficients from the four diffusion tensors. This was
realised by the Python function 'numpy.linalg.eig’, which returned the eigenvalues
and eigenvectors. The eigenvalues corresponded to the two one-dimensional diffusion
coefficients and the length of the ellipse axis, while the eigenvectors characterised
the orientation of the ellipse axis. The angle of the orientation of the ellipses was
calculated using a transformation matrix ([cos,-sin;sin,cos]). The correct orientation

of the ellipses was checked with a Python routine written by Torsten Paul, which

163



Materials and Methods

compared the input parameters of the ellipses fed into the transformation process
with their output. Third, the two-dimensional average diffusion coefficient (Dsp)

was then derived from the one-dimensional diffusion coefficients (D%, D7),

Fourth, the eccentricity ¢ of an ellipse was calculated by the diffusion coefficients of

the minor (Diminer) and major axis (Diajor) 0f the ellipse as follows:

e=4/1—

D .
minor 31
Dmajm" ( )

The Python scripts 'sim_ diffusion.py’ or 'sim_ diffusion_plus outline.py’ were ex-
ecuted by the Jupyter Notebooks 'Create Maps.ipynp’ or ’Create_ Maps_Plus-
_ Outline.ipynp”. The latter enabled also the registration of the structural outline
onto the maps and the registration of a highlighted part potentially wrapped around
the flagellar entrance. If a part was highlighted, this region (e.g. FPE region) was
extracted + 2 superpixels in each dimension. All parameters and the image section

for the extracted region were saved separately for individual analysis.

4.7.11.4 Representation of the results on directed motion by shortTrAn

In case of the directed motion, the information on the velocity was presented in a
heat map, colour-coding the amplitude of the velocity, and a quiver plot, indicating
the direction of the motion. Additionally the length of the quiver correlated with
the amplitude of the velocity. A third map depicted the relative standard error of
the velocity, resulting from the consideration of the static localisation error and was
used as an indicator for the probability of the presence of directed motion. For this
purpose, the two-dimensional directed motion b(X, r) at position X was determined

from the two directed motion vectors by:

b(X,7) = \/bi(X, )2 + by (X, 7)2. (32)

The plotting of the arrows was accomplished by means of the one-dimensional vec-
tors. The following assumption was made to consider the static localisation error:
To determine the velocity of a particle, it has to be localised twice. The detection
of each particle is limited by the localisation precision o, resulting in +2 ¢ for two
particles in one dimension. In order to consider this static localisation error in the
local directed motion, the relative standard error at the position X was determined
by using the classical error propagation of Equation 32 with ¢ = 26 nm. The local
statistics were taken into account by the division by /(N (X,r)). The results were

then displayed in a heat map, for which a cut off at 1 was set.
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The Python scripts 'sim_directed motion.py’ or ’'sim_ directed motion plus out-
line.py’ were executed by the Jupyter Notebooks 'Create Maps.ipynp’ or 'Create-
_ Maps_ Plus_ Outline.ipynp’. The latter allowed for the registration of the struc-
tural outline onto the maps and the registration of a highlighted part potentially
wrapped around the flagellar pocket entrance. If a part of the outline was high-
lighted, this region (e.g. FPE region) was extracted +2 superpixels in each di-
mension. All parameters as well as the image section for the extracted region were
saved separately for individual analysis. The consideration of the static localisation
error and thus the generation of a relative standard error map could be activated or

deactivated by specifying the input parameter ’error correction’

4.8 Random walk simulations on trypanosome-shaped masks

Simulations were run to define thresholds for the guideline to generate supermaps
and to check whether the newly determined diffusion coefficient was sufficient to
explain the fast turnover rate of the VSG coat. Random walk simulations were
performed with an MatLab routine written by Susanne Fenz, which realised the
following principle:

For each step, a random angle was chosen a € [0,27|, while the step lengths ({)
fulfilled the criterion for the probability (p) in Equation 33 (Fenz et al., 2012):

2 2

where D was the diffusion coefficient and ¢ the time.

4.8.1 In silico experiment to estimate the time of turnover with a fixed

diffusion coefficient

This in silico experiment was performed with an experimentally determined mean
diffusion coefficient of 1.00pum?/s and a time lag of 10ms. The random walk was
simulated on three different trypanosome-shaped masks based on Equation 33. The
masks were a composite of a trypanosome outline and the corresponding flagellar
pocket entrance region (FPR) indicating the escape site. The cellular outline was
defined by the count field, while the FPR was manually selected from the part of the
structural outline wrapped around the FP entrance. Both were results of shortTrAn
(4.7.11). The resolution of the masks was 10nm. The cellular outline layer with the
FPR (first layer) was achieved by partitioning one pixel of the count field matrix into
16 x16 subpixels and keeping the occupancy information. In the case of the FPR,
the localisations of the manually selected area were placed in the cell outline matrix
masking the FPR. Next, the cellular outline layer was doubled excluding the FPR
(second layer) to approximate the 3D shape of a trypanosome. 1,000 starting points
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were then randomly distributed on the first layer and 2,000 dimensionless particles
were simulated to perform a random walk on layers until escaping through the FPR.
When interacting with the boundaries of the current layer, the particle was relocated
to the other layer. Thus, the first position on the entered layer corresponded to the
last position of the previous layer. The trajectory length with 50,000 steps was
chosen long enough to ensure almost all particles were able to escape during the
simulation. Subsequently, the individual escape times (ET") from all particles were
collected and plotted in a probability density histogram. The mean first passage time

(1) was then determined from the fit in the exponential tail of the histogram:

(1) T) o

The tail region was found automatically by minimising the corresponding R? value.

Simulations and their evaluation were carried out by Susanne Fenz.

4.8.2 In silico experiment to define thresholds for the motion model

assignment in supermaps

In order to investigate the influence of statistics on the ellipticity and the relative
standard error determined by shortTrAn, simulations were designed as follows. The
experimentally determined mean diffusion coefficient of 1.0011m?/s and a time lag
of 10 ms were used in this in silico experiment. The random walk was simulated on
one trypanosome-shaped mask based on Equation 33. The mask was composed of
one layer, which represented a trypanosome outline with its corresponding flagellar
pocket entrance region (FPR) marking the escape site. The resolution was 10 nm.
The outline and FPR were achieved as described in Section 4.8.1. Two sets of simu-
lations were then performed with a trajectory length of either 15 or 50 to mimic the
trajectory length of the single-molecule tracking on trypanosomes. Each simulation,
contained 20,000 starting points randomly distributed on the layer. 10,000 dimen-
sionless particles were simulated to perform a random walk. For this experiment,
only localisation of the trajectories were kept until they hit the boundary for the first
time. Subsequently, different stacks with a varying number of trajectories (2,000 -
10,000 trajectories) were bundled for each trajectory length and fed to shortTrAn.
Additionally, two data sets containing either 4,000 or 5,000 trajectories of each trace
length were evaluated with shortTrAn. From the shortTrAn results, the eccentricity
and relative error were extracted with the corresponding statistics of the superpixels
and pooled respectively. From these data sets, look-up tables were generated. In
order to be able to decide which parameter values may still be treated as indicators
of diffusion, threshold values were introduced. It was ensured that 99 % of the data

on the eccentricity and relative standard error were assigned to diffusion and only
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1% were falsely assigned to directed motion for a given statistics. Therefore, the
limit for the eccentricity was set to 99 % and for the relative standard error to 1 %.
Based on these threshold values, the decision was made whether diffusion or directed

motion was the predominant motion model in a superpixel (4.9).

4.9 Generation of supermaps - the representation of the

decision on the motion model

After the shortTrAn, information about diffusion as well as of directed motion were
available for each superpixel. The next step was to decide whether diffusion or
directed motion was the locally predominant motion model. For this purpose, a
Python routine was established which used the look-up tables of the eccentricity e
and the relative standard error SE, as an additional input together with the results
of single-molecule tracking data analysed with the shortTrAn. By iterating over all
superpixels, the routine compared the calculated eccentricity and relative standard
error of an superpixel to the statistics-dependent thresholds €, and SE, ipes de-
termined in Section 4.8.2. If both criteria were pointing towards diffusion (¢ < €ypyes
& SE, > SE,pres) or directed motion (€ > eyppes & SE, < SEyhres), the superpixel
was assigned accordingly. If the two criteria were contradictory, the criterion that
could be assigned to a motion model with higher certainty was identified. The better
the criterion could be distinguished from its corresponding threshold, the higher the
certainty. For this purpose, the discrepancy between the two deviations from their
threshold values was calculated (| Ae — ASE, |). If the discrepancy was < 0.25, the
superpixel remained unassigned, while if the discrepancy was > 0.25, the criterion
with the more significant discrepancy to its threshold was used. If the eccentricity
was identified to be the parameter for the reliable assignment ( Ae > ASE,), the
superpixel was assigned to the diffusion in the case of € < gy,¢5s and to the direc-
tional movement in the case of € > e4,.s. However, if the decisive parameter was
the relative standard error (Ae < ASE,), the superpixel was allocated to diffusion
for SE, > SE,hres or to directional motion for SE, < SE,res. Subsequently, the
remaining unassigned superpixels were characterised with the help of their neigh-
bours. For this, a moving box kernel (kernel size =3superpixels) was employed
to consult also superpixels on the diagonal. If the environment was strictly char-
acterised by diffusion (7 and 8 superpixels), the orphan superpixel was categorised
to diffusion. While the predominance of a directed motion resulted in the assign-
ment to the directed motion model. This filtering process was repeated until no
unassigned superpixels could be filled according to this principle. Python scripts as
well as the Jupyter Notebooks for generation of the supermaps, which optionally
show the outline of a structure, are available in the ShortTrAn GitHub repository
https://github.com/MarSc13/shortTrAn.
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Figure 51: Diffusion maps of VSG dynamics on the 13-90 eYFP::MORNT cell line. 20
trypanosome surfaces were investigated. The colour code of the ellipses repre-
sents the local diffusion coefficient, whereas the shape of the ellipses indicates
isotropic (circle) or anisotropic (ellipse) diffusion. The black outline illustrates
the position of the hook complex with a red highlighting indicating the part
wrapped around the FP neck. Asterisks represent regions outshone by the
fluorescence of a TS bead. A superpixel is 0.16x0.16 pm.
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Figure 52: Velocity maps of VSG dynamics on the 13-90 eYFP::MORNT1 cell line. 20
trypanosome cell surfaces were examined. The amplitude of local velocities is
colour-coded. The outline of the hook complex is shown by a black line with the
cyan part highlights the part which is wrapped around the FP neck. Asterisks
indicate regions outshone by the fluorescence of a TS bead. A superpixel is
0.16x0.16 pm.
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Figure 53: Quiver plots of VSG dynamics on the 13-90 eYFP::MORNT1 cell line. Inves-
tigation was performed on 20 trypanosomes. Arrows indicate the direction of
the local velocities, while the size of the arrows correlate with the with the
amplitude of the local velocities. The outline of the hook complex is depicted
by a black line with a red part indicating the part wrapped around the FP
neck. Asterisks represent regions outshone by the fluorescence of a T'S bead.
A superpixel is 0.16 x0.16 pm.
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Figure 54: Relative standard error maps of VSG dynamics on the 13-90 eYFP::MORN1

20 trypanosomes were analysed. Local relative standard errors in

cell line.

the local velocities are colour-coded. A cut of of the local relative standard

The black outline with the red highlighting represents

the location of the hook complex with the part wrapped around the FP neck.
Asterisks indicate the region outshone by the fluorescence of a TS bead. A

superpixel is 0.16 x 0.16 pm.

errors was set at 1.
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Figure 55: Supermaps depicting the locally dominant motion mode of VSG dynamics on
the 13-90 eYFP::MORNT cell line. A total of 20 trypanosomes were analysed.
The colour code indicates the dominant motion mode. Superpixels in green
are dominated by diffusion, while superpixels in magenta are dominated by
directed motion. Superpixels which could not be assigned are shown in grey.
The outline of the hook complex is depicted by a black line, while the part
wrapped around the FP neck is depicted in orange. The number of superpixels
dominated by directed motion and their arrangement facilitated grouping (A,
group 1; B, group2; C, group 3). Asterisks represent regions outshone by the
fluorescence of a TS bead. A superpixel is 0.16x0.16 pm.
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Figure 56: Supermaps illustrating the locally dominant motion mode of VSG dynamics on
osmotically swollen trypanosomes. In total 10 trypanosome surfaces were eval-
uated. The locally dominant motion mode is colour-coded. Green superpixels
represent diffusion, magenta superpixels represent directed motion, and grey
superpixels could not be attributed. The number of superpixels dominated
by directed motion and their arrangement enabled grouping (A, groupl; B,
group 2; C, group 3). The asterisk marks a region outshone by the fluorescence
of a TS bead. A superpixel is 0.16x 0.16 pm.
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Figure 57:

Supermaps depicting the locally dominant motion mode of VSG dynamics on
non-induced trypanosomes on the 2T1 WCB RNAI cell line. A total of 14
cells were analysed. The colour code represents the local dominant motion
mode. Diffusion is indicated by green, while magenta indicates directed motion.
Superpixel in grey could not be assigned. Grouping of the maps was enabled by
the number of superpixels dominated by directed motion and their arrangement
(A, group 1; B, group2; C, group 3). The asterisk indicates a region outshone
by the fluorescence of a TS bead. A superpixel is 0.16x0.16 pm.
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Figure 58: Supermaps illustrating the locally dominant motion mode of VSG dynamics
on WCB-depleted trypanosomes. In total 20 cells were evaluated after 24 h of
WCB depletion. The colour code shows the local domination motion mode.
Green indicates diffusion, magenta indicates directed motion, and grey indi-
cates orphaned superpixels. The number of superpixels dominated by directed
motion and their arrangement allowed for grouping (A, group1; B, group 2;
C, group 3). Asterisks represent regions outshone by the fluorescence of a TS
bead. A superpixel is 0.16x0.16 pm.

194



Appendix

I diffusion

directed
- motion

Figure 59: Locally dominant motion mode of VSG dynamics on WCB-depleted try-
panosomes in relation to their phenotypes. VSG dynamics were investigated
24h after WCB RNAI induction. The locally dominating motion mode is
colour-coded. Green indicates diffusion, while magenta indicates directed mo-
tion. Grey superpixel could not be assigned. The trypanosome surfaces are
grouped according to the exhibited phenotype (A, normal; B, posterior swollen;
C, round). Asterisks indicate regions outshone by the fluorescence of a TS bead.
A superpixel is 0.16 x0.16 pm.
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Figure 60: The locally dominant motion mode of VSG dynamics in regard to the flagel-
lum. The colour-code in the supermaps visualise the local dominant motion
type. Diffusion is shown in green, and directed motion in magenta. Orphaned
superpixels are depicted in grey. The black line indicates the outline of the
flagellum. The asterisk marks a region outshone by the fluorescence of a TS
bead. A superpixel is 0.16 x 0.16 pm.
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At

pm
nm/s
pm? /s
1D

2D

A

ABD
AOTF
AP
APOL1
ATP
BF
BSF
C14:0
cdf

CL
CLEM
CLSM
CTD

D
ddH-,0O
DNA
dyn
Dec.
dSTORM
e.g.
EMCCD
EMFM
ER

ES
ESAG4
et al.
eYFP
FCS
FOV
FP
FPE region

and

approximate

degree Celsius

percentage

alpha, half-angular of the objective
eccentricity

lambda, wavelength

sigma, localisation precision

time lag

micrometre

micrometre per second

square micrometre per second

one dimension

two dimension

angstrom

actin binding domain

acousto-optic tunable filter
anchored protein

apolipoprotein L1

adenosine triphosphate

bright field

bloodstream form

lipid number, myristic acid
cumulative density function
cardiolipin

correlative light and electron microscopy
confocal laser scanning microscopy
C-terminal domain

diffusion coefficient

double-distilled water
deoxyribonucleic acid

dynamic

December

direct stochastic optical reconstruction microscopy
exempli gratia, for example
electron multiplying charge coupled device
Einzelmolekiil-Fluoreszenzmikroskopie
endoplasmic reticulum

expression site

expression site associated gene 4
and other

enhanced yellow fluorescent protein
fluorescence correlation microscopy
field of view

flagellar pocket

FP entrance region
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FRAP
FWHM
G2 phase
GFP
GPI

GT
GUVs

h
HA-SH
HAT

Hz

IgG

IPC

m situ
ISG

K

kDa
keV

LE

M phase
MAP
MCT
mg

min
MITat
ml

mm
mM
MORN
MSD
MT

N

NA
NHS
nm

nM
NTD
P(AGE-co-G)
PALM
PBS

PC
PCF
PCR
PE
PEG-dithiol
PEG-NB
PEG-VS
PFR
PG

pH

fluorescence recovery after photobleaching
full-width half-maximum

cell cycle phase preceding mitosis
green fluorescent protein
glycosylphosphatidylinositol
Geifleltasche

giant unilamellar vesicles

hour(s)

thiol-functionalised hyaluronic acid
human African trypanosomiasis
hertz

immunoglobulin G

inositol phosphorylceramide

on site, in position

invariant surface glycoprotein
kelvin, kinetoplast

kilodaltons

kiloelectron volt (10%)

lysosomal endosome

mitosis

microtubule-associated protein
molecular crowding threshold
milligram

minute(s)

Molteno Institut Trypanozoon Antigentype
mililitre

milimetre

millimolar

membrane occupation and recognition nexus
mean-squared displacement
microtubule

nucleus

numerical aperture
N-hydroxysuccinimide

nanometre

nanomolar

N-terminal domain

allyl functionalised poly-glycidol
photoactivated localisation microscopy
phosphate buffered saline.
phosphatidylcholine

procyclic form

polymerase chain reaction
phosphatidylethanolamine

poly (ethylene glycol)-dithiol

poly (ethylene glycol)-norbornene
poly(ethylen glycol)-vinyl sulfone
paraflagellar rod
phosphatidylglyccrol

measure of acidity or alkalinity
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PI

PLC

pN

PS

PSF

px

RE

ROI

s

S phase

SE,

SEM
shortTrAn

SIF

SLB

SM

SMFM

SPT

SRM

stat

STED

STORM

. brucei

. brucei brucei
. brucei gambiense
. brcuei rhodesiense
. congolense

VIVAT

TEM
TS bead
UTR
UV light
Vs

VSG
v/v
vPBS

phosphatidylinositol, propidium iodide
phospholipase C

piconewton

phosphatidylserine

point spread function

px

recycling endosome

region of interest

second(s)

synthesis phase

relative standard error

scanning electron microscopy
short trajectory analysis

stumpy inducing factor
supported lipid bilayer
sphingomyelin

single-molecule fluorescence microscopy
single-particle tracking
super-resolution microscopy
static

stimulated emission depletion
stochastic optical reconstruction microscopy
Trypanosoma brucet
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