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| like to think of synthetic biology as liquid
alchemy, only instead of transmuting precious
metals, you're synthesizing new biological
functionality inside very small channels. It's
called microfluidics.

Neri Oxman.



Abstract

The reconstruction of cellular functions in a cell-like compartment is a current area of research
in synthetic biology. Mimicking biological processes such as metabolism, growth and sensing is
of prime importance, but achieving motility and directed movement is also challenging in the
context of biomedical applications. To address these challenges, we have integrated an
efficient light-driven ATP regeneration system with two types of motility modules. First, we
reactivated isolated and demembranated flagella of Chlamydomonas reinhardtii (C. reinhardtii)
with an artificial ATP regeneration module that allows us to control propulsion and beating
frequency in response to light stimulation. Second, we constructed an artificial cell-like
compartment by encapsulating microtubules with a force-generating molecular motors and
light-switchable photosynthetic vesicles, in which we investigated motor-driven contraction of
the filamentous network in response to optical stimuli.

We have also constructed a bio-hybrid micro-swimmer by attaching a synthetic cargo with
isolated axonemes from C. reinhardltii. First, we investigated the motion of the axoneme, which
has an asymmetric waveform and is known to involve the superposition of a static component,
a dynamic wave component travelling from base to the tip and higher harmonics. We report
that calcium plays an important role in reshaping the axonemal waveform by affecting the
static component and find that calcium concentrations above 0.03 mM trigger a transition
from asymmetric to symmetric swimming trajectories. We performed principal component
analysis, from which we conclude that shape of the axoneme can be reconstructed with high
accuracy when the first four leading eigenmodes are taken into account. Next, considering the
calcium switching mechanism, we built an axonemally-driven micro-swimmers that consumes
ATP for directional transport of cargo at a speed of 20 um/sec, comparable to the speed of
human sperm in vivo.

In addition to experimental studies, our analytical and numerical analysis reveals the existence
of a counter-intuitive propulsion regime in which the velocity of the axonemally-driven cargo
increases with the size of the bead. We also investigate the effect of bead-axoneme
attachment geometry (symmetric versus asymmetric) on the swimming dynamics and show

that the sideways attachment of the axoneme to the bead can also contribute to the rotational



velocity of the micro-swimmers. This discovered mechanism could find applications in the

design of an artificial micro-swimmers for targeted drug delivery.



Zusammenfassung

Die Rekonstruktion zellularer Funktionen in einem zellahnlichen Kompartiment ist ein aktuelles
Forschungsgebiet der synthetischen Biologie. Die Nachahmung biologischer Prozesse wie
Stoffwechsel, Wachstum und Sensorik ist von groRter Bedeutung, aber auch die Erzielung von
Motilitdt und gerichteter Bewegung ist im Zusammenhang mit biomedizinischen
Anwendungen eine Herausforderung. Um diese Herausforderungen zu meistern, haben wir ein
effizientes, lichtgetriebenes  ATP-Regenerierungssystem  mit zwei  Arten  von
Motilitdatssystemen integriert. Erstens haben wir isolierte und demembranisierte GeiReln von
Chlamydomonas reinhardtii (C. reinhardtii) mit einem kinstlichen ATP-Regenerationsmodul
reaktiviert, das es uns ermdoglicht, Antrieb und Schlagfrequenz als Reaktion auf Lichtstimulation
zu steuern. Zweitens haben wir ein kinstliches zellahnliches Kompartiment konstruiert, indem
wir Mikrotubuli mit einem krafterzeugenden molekularen Motorprotein und lichtschaltbaren
photosynthetischen Vesikeln eingekapselt haben, in denen wir die motorgetriebene
Kontraktion des filamentosen Netzwerks als Reaktion auf optische Reize untersucht haben.

Wir haben auch einen Bio-Hybrid-Mikroschwimmer konstruiert, indem wir eine synthetische
Fracht mit isolierten Axonemen von C. reinhardtii verbunden haben. Zundchst untersuchten
wir die Bewegung des Axonems, die eine asymmetrische Wellenform aufweist und
bekanntermalRen aus der Uberlagerung einer statischen Komponente, einer dynamischen
Wellenkomponente, die sich von der Basis zur Spitze bewegt, und héheren Harmonischen
besteht. Wir berichten, dass Kalzium eine wichtige Rolle bei der Umformung der axonemalen
Wellenform spielt, indem es die statische Komponente beeinflusst, und stellen fest, dass
Kalziumkonzentrationen tiber 0,03 mM einen Ubergang von einer asymmetrischen zu einer
symmetrischen Schwimmtrajektorie auslosen. Wir fihrten eine Hauptkomponentenanalyse
durch, aus der wir schlieRen konnten, dass die Form des Axonems mit hoher Genauigkeit
rekonstruiert werden kann, wenn die ersten vier fihrenden Eigenmoden bericksichtigt
werden. Dann bauten wir unter Berlcksichtigung des Kalzium-Schaltmechanismus einen

axonemal angetriebenen Mikroschwimmer, der ATP flir den gerichteten Transport der Ladung



mit einer Geschwindigkeit von 20 um/s verbraucht, vergleichbar mit der Geschwindigkeit
menschlicher Spermien in vivo.

Zusatzlich zu den experimentellen Studien zeigt unsere analytische und numerische Analyse
die Existenz eines kontra-intuitiven Antriebsregimes, in dem die Geschwindigkeit der axonemal
angetriebenen Fracht mit der GréRe der Perle zunimmt. Wir untersuchen auch die Auswirkung
der Geometrie der Befestigung von Perle und Axonem (symmetrisch oder asymmetrisch) auf
die Schwimmdynamik und zeigen, dass die seitliche Befestigung des Axonems an der Perle
ebenfalls zur Rotationsgeschwindigkeit des Mikroschwimmers beitragen kann. Dieser
entdeckte Mechanismus kénnte bei der Entwicklung eines kiinstlichen Mikroschwimmers fir

die gezielte Verabreichung von Medikamenten Anwendung finden.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Motivation

Cilia and flagella are hair-like appendages that protrude from the surface of many cell types
and function as a fundamental unit of motion3, converting chemical energy into mechanical
work in the form of oscillatory beating motion.>* Whereas, non-motile primary cilia transduce
a multitude of sensory stimuli, including a chemical concentration of growth factors,
hormones, osmolarity, light intensity and fluid flow.> The beating of motile cilia generates a
directional flow, and this is a subject of great interest. Typical examples are mucociliary
clearance in mammalian airways to protect the respiratory system from harmful inhaled
materials® 7, transport of cerebrospinal fluid in the brains of mammals®, transport of the egg
to the uterus®, left-right asymmetry in the embryonic node'®, or propulsion of micro-
organisms such as paramecium, spermatozoa, or the unicellular biflagellate algae C. reinhardtii.
Besides, sperm, which is known to play an important role in the origin of life, is propelled by a
single flagellum, and its motility is not only important for the cargo transport, but also for the
straight swimming of the sperm cell to fertilize an egg cell.*

To study the beating pattern of flagella, C. reinhardtii seems to be a promising candidate
because of its structural similarity to the motile cilia. It is classified as a eukaryotic cell and is
found in temperate soil habitats, and has two flagella attached with the basal body.*? The
internal structure of flagella, known as axoneme, has a highly conserved cylindrical
architecture'® 4. To date, many structural components of the axoneme have been
discovered!3®*> among which microtubules (MTs) and the dynein molecular motors are the
most important significant.’® Axonemal dyneins are highly specific to ATP as a substrate.'” In
the presence of ATP, the molecular dynein motors generate internal stresses to slide adjacent
MTs relative to each other, resulting in bending motion. On the other hand, MTs are one of
the cytoskeletal filaments, which together with actin and intermediate filaments, provide

shape and motility in eukaryotic cells and play a crucial role in the formation of various cellular
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structures, such as the dynamic asters found in mitotic and meiotic spindles.*® Encapsulation
of cytoskeletal filaments and purified motors® is a powerful tool to study the influence of
geometrical confinement on self-organization of motor-driven filamentous network in cell-like
compartments?®. Both types of motility modules require energy in the form of ATP. ATP is also
a common chemical energy source for many different motility mechanisms found in nature.
Therefore, an ATP regeneration module is required for a self-sustained motility. In this context,
bottom-up synthetic biology provided the road map to constructing an artificial ATP energy
regeneration system capable of delivering on-demand energy to mimic cellular and life-like
processes.'¥ 21 Therefore, we tested the possibility to integrate a light-switchable ATP
regeneration system with a motility module, namely axonemes isolated from C. reinhardtii. We
used light to reactivate axonemes and controlled their beat frequency as a function of
illumination time. Further, toward building an artificial cell, we co-encapsulated the light-to-
ATP energy module with polymerized MTs and kinesin-1 molecular motors to generate active
stresses in a confined cell-like compartment.

In addition, bio-hybrid micro-swimmers constructed by integration of a biological entity with a
synthetic cargo?* 23 are the subject of growing interest in the field of targeted drug delivery or
assisted fertilization in vivo?“. It is known that, in comparison to the existing synthetic non-
biological micro-motors, biological motors are orders of magnitude more efficient in the
conversion of chemical energy into mechanical work.?

In this PhD project, using isolated and demembranated flagella from C. reinhardtii, we have
built efficient axonemally-driven micro-swimmers that consume ATP to propel micron-sized
beads. To achieve directional cargo transport, we used calcium ions?® to change the axonemal

waveform inducing a transition from circular to a straight swimming trajectory. 2/
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1.2 Background
1.2.1 Types of cells and their constituent components

In biology, a cell is a membrane-bound entity that comprises fundamental molecules of life.?®
30 The interior of the cell is divided into several compartments called organelles, each
surrounded by its own membrane. The nucleus is one of the major organelle that contain the
genetic information necessary for cell growth and reproduction. Mitochondria are one of the
main building blocks of a cell and provide the energy needed by the cell to survive. Lysosome
help to digest excreted and unwanted materials within the cell.3! The internal organization of
the cell is maintained by Golgi apparatus and endoplasmic reticulum by synthesizing selected

molecules and directing them to the proper location.
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Figure 1.1: A structure of a eukaryotic cell. See text for the explanation of components and their function.
Based on Payne et al. 3V

The space between the organelles in the cytoplasm is called cytosol, which itself is responsible
for cellular biosynthesis. The cytosol contains fibrous molecules that constitute the
cytoskeleton, which allow organelles to move within the cell and provide the mechanism by
which cells can move.?? The cytoskeleton also helps the cell to maintain its shape and structure.

A schematic illustration of a typical eukaryotic cell is shown in Figure 1.1. Cells that contain
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membrane-bound organelles are classified as eukaryotes, while cells that do not contain
membrane-bound organelles are prokaryotes (Figure 1.2)3373°. However, all cells share many
similarities in biochemical and cellular functions. In this thesis, C. reinhardtii (eukaryote) is used

as a model organism.

Prokaryote
Smaller

Eukaryote
Bigger
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Figure 1.2: Difference between eukaryotic and prokaryotic cells. The intersection area (text in red color)
shows the common cellular components of both cell types. Based on Favor et al. **

1.2.2 C reinhardltiias a eukaryotic photosynthetic model organism

C. reinhardtii is a single-celled green alga found in soil. C. reinhardtii came into consideration
as a model organism in mid of 20" century and its fundamental cellular functions such as
photosynthesis, structure, function and motility were revealed thereof.3® C. reinhardtii found
as a haploid organism (which is an organism having a single set of unpaired chromosomes),
grown rapidly in axenic culture. In addition, C. reinhardtii can grow photoautotrophically or in
acetate media in the dark (heterotrophically).?’ C. reinhardtii is oval in shape (~10 um in length
and ~4 um in width) and has two whip-like appendages called flagella.®® The active beating of

flagella drives fluid flow at the cell surface and propels the cell body through the fluid.
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1.2.3 C reinhardtiicell cycle

The cell cycle'> 3° of C. reinhardtii is a sequence of events that leads to the duplication of all

cell components and ultimately to division into a daughter cell. Most organisms divide by

fission, but some algae including C. reinhardtii divide by multiple fission to produce 2" daughter

cells,
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Figure 1.3: Life cycle of C. reinhardtii. See text for explanation. Based on Sasso et al. 1%

where nis the number of cell divisions.*° There are two types of cell division, asexual and sexual

(Figure 1.3). In asexual production, the zoospore loses its motility and divides mitotically into 4

to 8 biflagellate cells. These biflagellate cells grow to daughter cells after detachment from the
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cell wall. On the other hand, sexual production consists of four stages: Gametogenesis, zygote
formation, zygote maturation (zygospore formation) and meiosis (zygospore germination). In
response to the mixing of gametes of opposite mating (mt +/-), flagellar adhesion triggers the
cell-cell fusion (zygote formation). Then, the cell cycle enters into the dormant stage, also
known as the resistance life form where zygotes will develop into zygospores. Under
appropriate environmental conditions, the resting zygote is stimulated to germinate to
generate new haploid cells (mt +/-). Eventually, four haploid daughter cells are released by

hatching from the cell wall of the zygospores cells.

1.3 Biological micro-swimmers

In general, cells that have cilia and flagella on their surface can perform two types of functions,
cells propulsion and fluid flow.** 42 Common examples of cilia-based fluid transport are found
in the cerebral ventricles inside the brain and in the mucus over the respiratory tract of
mammals. Another interesting example is the cilia in the ventral node of mouse embryos,
which are known to play an important role in vertebrate development by breaking left-right
symmetry. In addition, the collective behaviors of cilia increase the speed and sensitivity of
olfactory receptors in the nose of zebrafish embryos. Paramecium and Volvox are known
model organisms for the study of ciliary carpets. Moreover, in Paramecium, the cell surface is
covered with hundreds of cilia, while in Volvox there are two other types, the shell type and
the germ type. In the shell type, the cilia cover the cell surface, while in the germ type, the
flagella are found inside the cell. In both types, the cilia serve not only to transport fluid but

also propel the microorganism.

1.3.1 Types of a flagellated micro-swimmers

Microorganisms that have few cilia or flagella are classified as self-propelled species, the most
common examples are sperm cells and the unicellular green algae C. reinhardtii. Table 1.1
shows the types of flagellated micro-swimmers.*1 4346 The sperm cell is composed of a head,
midpiece and tail (single flagella) (Figure 1.4)*” % The flagella perform a whip-like motion
similar to the traveling wave, propagating from the cell body to the tail. The beating of sperm

flagellum is known to be in-plane, while a small out-of-plane beating component results in a
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spiral trajectory that supports the mechanism of chemotaxis. The sperm cell waveform is
typically sinusoidal and follows a symmetrical beating pattern.4-49->1

In contrast to sperm cells, C. reinhardtii has two flagella and beats in a breast stroke-like
manner. The beating pattern of each flagellum is similar to sperm cell, but the mean curvature
is larger. The motion of C. reinhardtii flagella is characterized by two phases, power and

recovery stroke.

Table 1.1: Types of flagellated micro-swimmers.

Types of specie Number of flagella Length (um)
C. reinhardtii 2 ~12
Bull sperm 1 ~ 60
Sea urchin 1 ~ 30
Trypanosoma 1 ~ 30
Anopheles sperm 1 Highly variable

In the power stroke, the flagella move from front to back, accelerating the cell body in the
direction of the swimming motion. Whereas, in the recovery stroke, the flagella move in the
opposite direction, from back to front, and slide close to the cell surface, covering half the
distance compared to the forward swimming motion. The small out-of-plane component
results in a helical swimming motion that allows C. reinhardtii to perform phototaxis.>? This
feature is due to the eyespot on the surface of the cell body which contains a light-sensitive
protein sensor that triggers swimming toward or away from light in a spiral swimming path.
When C. reinhardtii swims forward, the direction of swimming changes due to the skipping of

a stroke by one of the flagella, resulting in an asymmetric stroke pattern.*®

1.3.2 The flow field of a flagellated micro-swimmers

As described by Purcell et al.>3, a micro-swimmer swims at a low Reynolds number where
viscous forces dominate over inertia. Under no external torque or force condition, the micro-
swimmer swims freely, and therefore total force or torque acting on the swimmer vanishes.>*

Thus, far-field hydrodynamics, where the distances from the swimmer are much larger than its
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size, can be well described by a force dipole. This was confirmed experimentally by Dresher et
al.>> for E. coli as a model micro-swimmer. In addition, Hu et al.*®, performed simulation to

verify the experimental findings of Dresher et al.>®
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Flagella Head
/ \ K \ Nucleus
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Basal end
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Figure 1.4: Schematic illustration of flagellated micro-swimmers. A) C. reinhardtii with two flagella, based on
Salome et al *®. B) Sperm cell with single flagellum, based on Turner et al.*”] See text for explanation.
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Figure 1.5: Schematic illustration of puller and pusher type micro-swimmers. The micro-swimmer and the
surrounding mean flow field is shown in green color and red color, respectively. A) C. reinhardtii is a typical
representative of puller type micro-swimmer because its mean swimming direction (black arrow) is
perpendicular to the mean outflow direction. B) The sperm cell is a typical pusher type micro-swimmer with
outflow direction is the same as the swimming direction. Based on Brown et al. 7

The flow field of C. reinhardtii can well be described by three stokeslets.*® Based on the sign of

hydrodynamic force dipole, micro-swimmer can be classified as a pusher or puller*> >’ (Figure

8
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1.5). In a pusher micro-swimmer, the motor is located in the back (e.g. sperm) and the passive
body is dragged along by the surrounding fluid, creating an inward fluid flow*® 8 (Figure 1.5A).
In a puller micro-swimmer, the motor is in the front (e.g. C. reinhardtii) and the passive drag of

the body together with the fluid behind it, creates an outward fluid flow*® ° (Figure 1.5B).

1.4 Components of flagella and their functions
1.4.1 The internal architecture of flagella

Flagella are highly conserved organelles composed of an MTs-based structure called axoneme,
covered by a plasma membrane (Figure 1.6A).°°%! Nine MTs doublet (MTDs), each formed of
a complete A-microtubule and an incomplete B-microtubule, are cylindrically arranged around

a central pair of singlet MTs (Figure 1.6B).

A B C
Axoneme Nexin linkers
=L (ks L/ . -
® \"N-... _--/ Nexin linker Outer dynein arm
E - Inner dynein arm
E
g ATP
s Iy oo 306 Drmmmefeed......... Bending plane
[]
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e ~..B-tubule
| L L] . " A-tubule
el wJ 1 Radial spoke 1518
o Dynein
Basal body View from base

Figure 1.6: Structure of cilia/flagella. A) Cilia/flagella have a cylindrical architecture composed of axoneme,
plasma membrane and basal body. B) Axoneme has a MTs-based structure formed of nine MTDs at the
periphery and two MTs singlets at the center, which are associated with protein complexes such as radial spokes,
inner dynein arm, outer dynein arm and nexin linkers. There is mechanical feedback from the bending on the
regulation of dynein activity, which switches the activity of dyneins on the opposite side of the central pair MTs.
C) In the presence of nexin proteins which cross-link the neighboring doublets, MTs are not free to slide and
active forces generated by dynein molecular motors bend the cilium/flagellum. Nexin linkers play an important
role to convert the action of dynein motors in microtubule bending, and radial spokes ensure that dyneins work
together in a highly coordinated manner to generate a regular wave pattern. Based on Santos et al. *°!
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Nexin linkers play an important role to convert the action of dynein motors in MTs bending
(Figure 1.6C). The diameter of an axoneme is around 200 nm, and the adjacent MTDs are
spaced 30 nm away from each other.%% %3

To date, more than 250 constituent proteins have been found to contribute to the highly
ordered and precisely assembled structure of axoneme.*> The MTDs and the dynein molecular
motors are known to be the most important components of axonemes.'*®* The arrangement
of A and B-tubule to adjacent sets of tubules gives radial polarity.?® Figure 1.7 shows the
arrangement of nexin-dynein regulatory complex (N-DRC), distribution of ODAs and IDAs and
the radial spokes (RS). Three RS (S1, S2, S3) with evolutionally conserved spacing are present
in most species, but only S3 is present in C. reinhardtii.® Each segment contains four ODAs and
seven IDAs. The ODAs and IDAs are positioned outer side of the A-tubule and towards the
inside of the axoneme, respectively. Each segment includes three RS arranged toward the
central pair and spaced 96 nm apart.®® Calmodulin, a calcium-responsive protein, has been
shown to present at the interface of RS1 and IDAa. Calcium can cause a conformational change
in calmodulin that can directly alter the flagella waveform (from an asymmetric to a symmetric
waveform) by affecting the interaction between RS1 and IDAa®’ or by affecting the calmodulin-
like subunit (LC4) of ODA®8. The ends of axonemes are called the basal end and distal tip.*" ®°
The axoneme is anchored at the basal end, from where it nucleate from a centriole, a MTs-
based organelle’® (Figure 1.6A). The basal end consists of three sets of nine microtubule triplets
with 0.5-0.75 um in length. Each microtubule (MT) consists of an A-tubule, a B-tubule and an
additional partial tubule C. In the transition zone (the so-called stellate structure), as a result
of flagella excision and regrowth, the drastic change in the flagella structure leads to a 12%
reduction in the diameter of the transition zone and a 42% reduction in the distance between
A-tubule and outer cylinder. However, the diameter of the basal body and the rearrangement
of the MTs are not affected significantly during the transition phase.’® As reported in the
literature’®, after 5 min of excision, the flagella structure comes to its original shape, and the
axoneme starts to regrow due to the termination of the C-tubule.”* In contrast, at the distal tip
(~1 um long region), outer doublets fall off and the central structure remained covered by the

plasma membrane. As shown in Figure 1.6B, the parallel structure of MTs gives longitudinal
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polarity, whereas the dynein molecular motor gives radial polarity. The combination of both

polarities makes axonemes a chiral structure.

Base Tip
24 nm
Outer dynein arms  —— O O @ @ O Q O
- +
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Inner dynein arms =~ —
Radial spokes - x x x x x I
f—32—+}e24 +»}+—40—]
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Figure 1.7: An arrangement and interconnectivity of axonemal motors and regulators. The distance
between two ODA is 24 nm, whereas, three radial spokes (RS1-RS3) maintain a distance of 96 nm. N-DRC
provides a nucleotide-independent linkage that connects adjacent MTDs and acts to resist sliding. Based
on Heck et al. 1)

1.5 Microtubules and molecular motor proteins: building blocks of an axoneme

1.5.1 Microtubules structure and their function

MTs are hollow polymer cylinders made up of molecular units called tubulin which are
composed of a heterodimer subunit (& and £ tubulin). MTs perform the scaffold-like functions
in a eukaryotic cell.”? Figure 1.8 shows the schematic representation of MTs and their dimer.
The outer and inner diameter of MTs is ~25 and ~15 nm, respectively, while, MTs can grow
up to tens of micrometers, giving them a high dynamic range.”® 7 MTs are one of the
cytoskeletal filaments which together with actin and intermediate filaments provide shape and
motility to eukaryotic cells and also involved in the formation of various cellular structures such
as the dynamic asters.”>”” A typical MT consists of 13 protofilaments in a well-organized hollow
tubular arrangement. Tubulin has GTPase activity and guanosine triphosphate (GTP)
incorporated in f-tubulin (GTP-g) is rapidly hydrolysed to guanosine diphosphate (GDP),

leading to conformational changes in tubulin network. As a result, depolymerization of MTs

11
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occurs, and this process is called a catastrophe.’® In contrast, @-tubulin, which binds with GTP
is neither hydrolyzed nor exchanged.”

The loss of GDP bound tubulin at the growing part is called GTP-cap’® which helps to prevent
depolymerization and this process is known as a rescue.® This switching mechanism between
catastrophe and rescue phases is termed dynamic instability. The GTP-cap model and its
experimental evidence are widely supported in the literature.”® 8183 MTs have an intrinsic
polarity because the two ends have different types of tubulins and both have different affinities
to binding GTP, resulting in a faster-growing plus end and a slower-growing minus end.*® In C.
reinhardtii axoneme, MTs doublet consists of complete A-tubule (13 protofilaments) and
incomplete B-tubule (10 protofilaments). Compared to single MT, the MTDs have almost three
times bending stiffness, which is due to the additional material of the B-tubule and the

molecular machinery.*

@ «-tubulin © B -tubulin O
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Figure 1.8: MTs polymerization and depolymerization. A) Initiation of MTs polymerization by GTP hydrolysis.
B) Growth of of MTs at the plus end. C) Depolymerization of MTs and loss of GDP bound tubulin. Based on
Horio et al. 8

1.5.2 Type of molecular motor proteins and their function

Proteins associated with the cytoskeleton are known as motor proteins. Motor proteins move
along the cytoskeleton using a unique mechanochemical cycle to convert chemical energy

drives from ATP hydrolysis into mechanical work.8* The thermomechanical cycle consists of

12
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filament binding, conformational change, filament release, conformational relaxation and
filament rebinding. The motor protein and the associated cargo move one step along the
length of filament (usually cover a few nm distance). The direction of movement and identity
of cargo is determined by motor head and tail, respectively.®> Motor proteins are categorized
into three sub-classes: Myosin, dynein and kinesin. The first-ever motor protein, myosin, was
discovered in the early 1940s% by Szent-Gyorgyi and the co-workers. Two decades later,
dynein was discovered by Gibbons and the co-workers in 19638 and the third type of motor
protein, kinesin, was discovered by Brady and Valle and their co-workers in 1985.%8> 8 Myosin
is known as muscle protein and responsible for force generation during muscle contraction,
whereas dynein (—end-directed, retrograde transport) and kinesin (+end-directed,
anterograde transport) moves along the MTs. The discussion of the myosin motors protein is
beyond the scope of this thesis. Therefore, the focus will be on the dynein and kinesin motors

protein.®

1.5.2.1 Dynein motor protein: cytoplasmic and axonemal

Dynein is an MTs-based molecular motor protein which acts as a nanomachines driving the
molecular mechanism at a cellular level. The crystal structure of cytoplasmic dynein reveals
that it consists of a heavy chain (HC), intermediate chain (IC), light intermediate chain (LIC) and
light chain (LC).8° The HC is responsible for ATPase activity and others are supporting
components. Cytoplasmic dyneins are a source of power generation during intracellular
transport, whereas axonemal dyneins reside on MTs and are responsible for the beating of
cilia/flagella. The motor domain of all dynein (approx. 300 kDa) consists of a ring of six different
ATPase (AAA+), also known as AAAL-AAAGE 20 (Figure 1.9A). The first four domains AAA1-4 are
capable of binding ATP, and the AAA1 domain is connected to the linker domain (AAA1-linker),
which is responsible for force generation to drive cyclic displacement. The AAA1-linker domain
connects the tail region and also interacts with cargo (in the case of cytoplasmic dynein) or
MTs (in the case of axonemal dynein). In between the AAA4-AAAS domain, there exists a coiled
stalk 10 nm long known as the MTs binding domain (MTBD). This domain is of great interest
because it is located opposite the force-generating AAA1 domain, suggesting that the ring can

support a moment.’?
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Figure 1.9: Structure of dynein molecular motor. A) Schematic illustration of dynein molecular motor and its
constituent components. B) Power stroke of dynein motor by ATP hydrolysis. Based on Schmidt et al. 2

1.5.2.2 A hydrolysis cycle of dynein molecular motor

In the absence of ATP, MTBD is strongly linked with MTs through its N-terminus and follows a
straight conformation®®, as shown in Figure 1.9B. When ATP binds to the AAA1 domain, MTBD
loses its connection with N-terminus, resulting in bending deformation in the structure and
establishes a connection with AAA2/AAA3 domain. After ATP hydrolysis’?, the dynein motor
reconnects with MTs and undergoes a power stroke. As a result of power stroke, the linker
undergoes a conformational change from bending to a straight configuration and produces a
force for cargo movement. After the power stroke, the N-terminus of AAA1 comes in the
proximity of AAA4 and returns the linker to its original position (AAA5), which significantly

depends on the release of ADP, the resetting of ATP and the ATP hydrolysis cycle.®

1.5.2.3 Types of dynein molecular motors in C reinhardtiiisolated axoneme

To date, fourteen different kinds of dynein motor domains have been found to contribute to
the beating of the axoneme.*! & Dyneins are divided into two subclasses, ODAs and IDAs,
located on the outer side and inner side of the A-tubule, respectively (see Figure 1.6B). In the
last decades, many subclasses of dyneins in wild and mutant types of C. reinhardtii have been

discovered and are well known in the literature.*% 9294
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1.5.2.4 Asymmetric distribution of dynein molecular motors and cross-linkers

The IDAs and ODAs in an axoneme repeat every 96 nm®%. Each turn has been shown to involve
four ODAs, seven IDAs, two radial spokes and the N-DRC complex. Bui et al.>> found asymmetry
in the radial and longitudinal distribution of dynein motor. Further, Pigino et al.® found an
asymmetric distribution of the nexin linker. Furthermore, Yagi et al.®” demonstrated that minor
dynein (DHC3, DHC4 and DHC11) exists at the proximal end of the axoneme. As shown in Figure
1.6B, the MTDs connected by different linkers e.g. MTDs 1-2 are connected with bridge-type
static linkers with a length of 8 nm, whereas, nexin is connected at a distance of 96 nm in each
repeat. The N-DRC complex is shown to be an elastic element with nonlinear stiffness that
restricts the sliding of individual MTDs onto adjacent ones. Hoops et al.?® found another unique
asymmetry, a break-like protein structure in the lumen of the B-tubule of the MTDs at the
position of 1,5 and 6, which also restricts the sliding of MTDs on the adjacent. The asymmetric
distribution of cross-linkers also contributes to the bending deformation of the axoneme.®®

The main contribution comes from the sets of MTDs at the position of 1,9 and 5,6.%®
1.5.2.4.1 The waveform of C. reinhardtiiflagella

To describe bending propagation, Brokaw et al.?> 1% presented a curvature control model by
performing a computer simulation and compared it with the experimental waveform of sea
urchin. Lindemann et al.'! reported the geometric control model, later known as the T-force
control model showing that the arrangement of MTDs and motor proteins acts as a clutch.
Later, Riedel-Kruse et al.’%? described a sliding control model which shows that a motor
regulation is proportional to the local sliding displacement, and this model showed good
agreement with the experimental bending pattern of an intact bull sperm cell. In addition, the
bending deformation of an axoneme can be represented by the curvature. The curvature
indicates how much the axonemal structure is locally curved and thus represents a
combination of material properties and local bending forces.?” #! In this thesis, we calculated
the bending deformation of the axoneme by calculating the curvature, see Chapter 2, section
2.8. First, we tracked the axoneme using the gradient vector flow (GVF) technique!® 19 to

compute (s, t) and defined the curvature k(s) as, k(s) =d6@(s)/ds, where 8(s) isthe angle
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Figure 1.10: Schematic illustration of an instantaneous shape

of an axoneme. Tangent vector t(s) at s = 0 defines the X-

direction and the corresponding normal vector n(s) defines the

Y-direction of the swimmer fixed frame.

between tangent vector at counter length (s) and x-axis at each point (Figure 1.10). To quantify
the static curvature, we translate and rotate the axonemal configurations such that the basal
end (s = 0)is at the origin of the coordinate system and the tangent vector at s = 0 is oriented
in the x-direction (Figure 1.10). Further, principal component analysis (PCA) is performed to

reconstruct the shape of an axoneme as described by Stephens et al.’% for C. elegans (see

Chapter 2, section 2.9).

1.5.2.5 Kinesin motor protein and its stepping mechanism

Kinesin is a molecular motor protein that is involved in the anterograde transport of cargo on
MTs using ATP as an energy source.?* Kinesin belongs to the superfamily proteins and is divided
into fourteen different groups, kinesin-1 to 14.19 The first twelve kinesin families (Kinesin1-
12)%97 are known as N-domain kinesin (N-kinesin) because they have conserved motor domain
that is @ minimal domain required for motility. N-kinesin is motile and carries cargo towards
the positive end of the MTs surface. Kinesin 1319 has its motor domain in the middle of MTs

and is involved in depolymerization instead of moving along the surface. Kinesin 141 known
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as C-terminus motor protein, has its motor domain at C-region and moves the attached cargo
to the minus end.

In this work, we used kinesin-1 motors protein with polymerized MTs to perform an in vitro
motility assay. Therefore, the structure of kinesin-1 and the mechanism of cargo transport are
briefly described here. Kinesin-1 was first discovered in the form of a heterotetramer for the
transport of cargo at the cellular level.'% 11 The heterotetramer consists of two heavy (HC,
molecular mass: 110-120 kDa) and light chains (LC, molecular mass: 60-70 kDa) (Figure 1.11A).
The two identical HC have N-terminus globular domains which bind to MTs and dimerize to
form a parallel coiled-coil stalk.1*? 113 This stalk is elongated and connected to the C-terminus,
which is a domain for cargo attachment.*'* 1> The stepping and ATP hydrolysis mechanisms of
kinesin-1 are different as compared to dynein because it contains two heads of HC. Each head
has a tightly bound ADP. During the interaction of heads with MTs, heads start to coordinate
effectively with each other, resulting in the rapid release of ADP (Figure 1.11B). At the leading
head (head in red color in Figure 1.11B), the binding of ATP leads to a conformation change in
the neck docks and causes a trailing head (head in blue color in Figure 1.11C) to swing forward
by 180° toward the (+) end, known as a force-generating step. The next leading head binds
quickly with the tubulin subunit and releases ADP (Figure 1.11D), and kinesin-1 attached cargo
moves one step along the MTs. The new trailing head (head in red color in Figure 1.11E)
hydrolyzes and releases P; which diffuses away and the trailing head begins to detach from MTs
(head in red color in Figure 1.11E). Again, ATP binds to the leading head (head in blue color in
Figure 1.11E) and repeats the cycle. Kinesin-1 walks in hand- over-hand manner and each head

covers 16 nm distance in one repetition, while leading to trailing head cover 8 nm.!4

1.6 ATP: a source of energy for cellular functions

Adenosine triphosphate (ATP) was first discovered by Karl Lohman in 1929'% and termed as a
source of energy in bacteria, fungi, plants and humans.'*” ATP consists of an adenine base
attached to a ribose sugar, which is linked to three phosphate group by phosphoanhydride
bond. This bond is highly unstable and releases a significant amount of energy (~36 KJ/mol)*8

as a result of ATP hydrolysis. This energy powers all reactions inside the cell. Conversely, ATP
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Figure 1.11: A schematic illustration of kinesin-1 motor protein, its constituent components and
stepping mechanism for cargo transport. Based on Kawaguchi et al. 113

is regenerated from ADP and inorganic phosphate (P;) molecules (Figure 1.12). In vivo, ATP is
produced in different species by the different mechanisms e.g. (i) in plants and
cyanobacteria,**® by the photophosphorylation, (i) in cells, by the cellular respiration*?, (iii) in

some yeast or bacteria'® by fermentation.
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ATP-ADP Cycle

Energy from

catabolism

Energy for cellular
reactions

Figure 1.12: Schematic illustration of ATP-ADP energy cycle. See text for explanation.
Based on Langen et al.[*%®

1.6.1 ATP energy cycle

In general, glucose is the major source of cellular metabolism in eukaryotic metabolic
pathways, which break down into three sequential processes (Figure 1.13) within the
mitochondrion.1*®121 (|) Glycolysis: This reaction occurs in the cytoplasm where it is converted
into two pyruvates at the expense of two ATP molecules. At the end of glycolysis, two
molecules of ATP and nicotinamide adenine dinucleotide (NADH) are produced. The NADH
molecules serve as electron carriers for other cellular reactions. (Il) Tricarboxylic acid cycle (TCA
or Krebs cycle), the pyruvates formed at the end of the first cycle enter the mitochondrion
where they are converted to acetyl-CoA (a two-carbon energy carrier) and carbon dioxide
(CO3). Subsequently, acetyl-CoA enters the citric acid cycle, the second main energy process,
which involves eight steps and generates three more NADH molecules and two flavin adenine
dinucleotide (FADH;) and GTP molecules. (lll) Oxidative phosphorylation, in which electrons
from FADH; and NADH crosses the protein complex and generates a proton gradient across
the mitochondrial membrane. The cells use the energy of this proton gradient and synthesize
three additional ATP molecules. The combination of citric acid and oxidative phosphorylation
cycle yields about 15 times more energy than a single glucose molecule. The ATP produced in
the mitochondrion is regenerated by the energy shuttle’?® located between the

intermembrane space and the cytosol.

19



Introduction

Chapter 1
Carbohydrate
|
ﬂtosol l \
Pyruvate Lactate

¥

Acetyl-CoA

4

Citric acid
cycle

Mitochondria

Reducing power

0,
ATP

ATP
ATP

o

Ketone
bodies +
fatty acid

Waste product

Figure 1.13: An ATP energy transduction cycle. See text for explanation. Based

on Demetrius et al. 24

1.7 Synthetic biology and artificial energy regeneration systems

—

A cell is composed of various components interconnected with each other to carry out a

biological function. In vivo, understanding each cellular function is difficult because of self-

complexity. Therefore, in vitro study seems a promising platform to study the function,

properties and behaviors of each cellular component. The concept of in vitro study is the basis

for new research fields such as genetic engineering and synthetic biology. Genetic engineering

permits us to manipulate the genomic sequence of various organisms to redesign and

construct the model-driven conception of new genetically-modified organisms or cells.

Synthetic biology, on the other hand, provides the opportunity to reconstruct the biological

components by applying engineering principles that mimic the natural system. Synthetic

biology is itself a diverse field but can be classified into two main areas, (i) bottom-up synthetic
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biology, which has potential application in creating truly De novo artificial life-like structure,
and (ii) top-down synthetic biology, allows us to design metabolic and signaling pathways. In a
top-down approach, the host cell can be used to extract cofactor, metabolites, transcription
pathways and other existing components but this holds the drawback of crosstalk between the

endogenous system and the introduced synthetic system.*?3

1.7.1 Building a cell motility assay

A motility assay is a schematic study of extracting the motility components of the cell and
supplying energy from external environment. The first in vitro motility assay was performed
by Kron et al.1?* in 1986 to study the actin and myosin contraction. Subsequently, the motility
of axonemes and MTs were studied in detail.’® 12>12° |n these studies, purified ATP was
supplied externally to enable motor proteins to perform mechanical work. Therefore, energy
transduction is a crucial step in the assembly of a motility unit. In addition, ATP regeneration
by enzymatic cyclic reaction of creatine kinase (CK) and phosphocreatine (PCr) has been used
in some studies,*3% 131 but cost, on-demand synthesis, high volumetric productivity, stability
and lack of robustness limit its use. Therefore, bottom-up synthetic biology is emerging as a

potential area of interest for ATP energy regeneration systems.*3!

1.7.2 Bottom-up synthetic biology for ATP energy functional module

In a biological cell, cellular functions such as metabolism, cell division and motility are energy
dependent and are supplied in the form of ATP. When studying cell motility, ATP as a source
of energy without regeneration limits the analysis to gain deep insights into molecular
mechanisms.*3! To overcome this limitation, a system in which ATP energy is regenerated in a
controllable manner is needed. This can be done by incorporating biological components
responsible for ATP synthesis in vivo and coupling them with an artificial system that can
maintain the functions of energy regeneration in an artificial environment. Figure 1.14
illustrates the three important components for the construction of an artificial ATP
regeneration system: (i) a compartment that mimics the cell membrane, (ii) isolated and

purified functional proteins from biological cells, and (iii) integration of the first two
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components to build a functional module and optimize its performance under different

reaction conditions.
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Figure 1.14: Bottom-up construction of an artificial ATP regeneration system.
See text for explanation.

The ATP functional module can be of different types, such as metabolic or energy
conversiont® 132 The optimization of these modules can be accomplished by performing the
simulations, and by modeling a system that is capable of predicting system behavior for further

improvements in reconstitution.

1.7.2.1 Light-to-ATP energy system

To date, many ATP regeneration systems have been reported, but a combination of ATP
synthase with a photoswitchable proton pump has attracted more attention because it is less
complex as compared to other systems, such as oxidative photophosphorylation.'3113* The
driving force for the construction of an artificial ATP regeneration system was the
chemiosmosis theory proposed by Peter Mitchell in 1961.1%> This theory stated that ATP

synthase is driven by proton motive force (PMF) generated by proton gradient over the
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membrane. Based on this theory, Racker and coworker.**® built a system by coreconstitution
of ATP synthase and bR into lipid vesicles. Subsequently, several types of light-driven ATP
regeneration systems have been reported based on lipid compositions (natural or synthetic)!3%
140 141,142 "tvpes of ATP synthase 38141 and by varying the ATP synthase/bR ratio!32-140 141, 142,
In this thesis, the light-driven ATP module (see Figure 1.14) is built in collaboration with the
research group of Dr. Tanja Vidakovi¢-Koch and Prof. Kai Sundmacher (MPI Magdeburg) using
EFoF1-ATP synthase and bacteriorhodopsin (bR). Therefore, these two components are

explained in the following section.
1.7.2.1.1 EF,F1-ATP synthase

F-type ATP synthase is a membrane-bound enzyme which is involved in ATP synthesis. In
bacteria, such as E. coli, it is located in the mitochondria and is also known as EFoF1-ATP
synthase.'*® EFoF1-ATP synthase uses the electrochemical gradient generated by the difference
in the proton concentration on either side of the membrane to drive ATP synthesis from ADP
and inorganic phosphate (Pj). The synthesis of ATP is energetically unfavorable. The general

134

form of the reaction*>" is as follows:

ADP + P+ na H*out = ATP + Pi+ na H¥, [1.1]

where na ~ 3-4 is the number of protons. The ATP synthase consists of two major components,
Fo and F1. The Fo consists of as, B3, v, 6 and € subunits, and it is hydrophilic in nature (Figure
1.15). The three pairs of aff (a3Bs) have a hexagonal structure and six distinct binding domains,
three of which are catalytically active. The subunit y stalk in the F1-ATP synthase is responsible
for ATP synthesis in combination with 6 and & subunits. The mechanism of ATP synthesis by a
conformational change in the enzyme through the y-stalk was postulated by Paul Boyer in
1960 and he discovered that the active sites of the B-subunits cycles between three states,
loose, tight and open®?® 14 (Figure 1.16). In a loose state, ADP and P;enter into the cycle and

cause a conformational change in the structure. (Il) Due to the c onformational change, ADP
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and P; come very close to each other and bring the active site into a tight state. (lll) The

synthesized ATP is released, and at the same moment ADP and P; enter into the loop.

F, region F, region EF,F, ATP synthase

Figure 1.15: A schematic illustration of bacterial EF,F1-ATP synthase and its subunits. Based on Matsui et al. 143!
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Figure 1.16: A schematic illustration of Boyer’s binding change mechanism of EF,F1-ATP synthase. Based on
Neupane et al. (120

1.7.2.1.2 Bacteriorhodopsin

Bacteriorhodopsin (bR) is the major photosynthetic protein of the archaeon Halobacterium
salinarum. It functions as a light-gated proton ion pump with seven transmembrane helices.
bR is located in the center of the retinal chromophore, which is covalently bound to Lys216 by

a retinal Schiff base (RSB) and absorbs green light (~570 nm). Upon illumination, the retinal
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chromophore captures light energy as photons and use it to moves protons from the cytoplasm

to the extracellular space. This movement of a proton across the membrane is due to the

BRsss
l ] All-trans retinal
BRsss \

13-cis retinal

H* uptake

N520

H* release

Figure 1.17: An overview of a bR photo-cycle. Based on Friedrich et al. 14!

isomerization of the chromophore from the all-trans to the 13-cis conformation. The bR
photocycle!* consists of several time-dependent intermediate states (Figure 1.17). Hirai et
al.1*® reported that an illumination period of 1 ms is required for the change of protein
conformation in the cytoplasmic region. In the dark state, 65% of the retinal chromophore is
in the 13-cis conformation. Under light illumination, BRses transitions to an excited state (Ksgp)
and all chromophores isomerize to a 13-cis configuration. In the Ksgp intermediate state, the
chromophore is not fully isomerized and remains highly strained. Upon degradation, this short-
lived state transitions to a relaxed state (Lsso), and as a result RSB donates its proton to
aspartate D85, leading to a blue shift in absorbance at ~ 412 nm (M1a412). As a result, a proton
is donated to the extracellular phase and the direction of the helix is realigned at M1412, and
RSB is deprotonated by penetrating water (Ns2p). In addition, a proton is transferred to the

releasing group (Oss0). The photocycle is then completed by the recovery of the all-trans
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configuration (BR568), and release the proton due to thermal relaxation at D85. Note that the

numbers in the index correspond to the maximum absorption wavelength.

1.8 Bottom-up synthetic biology for building an artificial cell

Bottom-up synthetic biology is an intriguing but challenging way to unravel the complexity of
cellular function. Considerable attention has been paid to constructing artificial cells by
assembling the biological components with a synthetic system. With this approach, system
properties and reaction conditions can be better controlled than with a top-down approach.
Thus, the bottom-up approach not only offers the possibility of constructing a system that
mimics origins of life properties, but also the possibility of constructing nano-bio-machines
such as molecular switches'3® 147 DNA nanorobots!*® and molecular motor!*° for cargo
delivery. Further, droplet microfluidics at the interface of synthetic biology provides the
platform to encapsulate the active biological module in a controllable manner. Recently, Bao
et al.>*? synthesized giant unilamellar vesicles (GUVs) and investigated the lyotropic nematic
crystal properties. Subsequently, Bacher et al.*>! applied the droplet microfluidics technique
to study translocation-reaction cascades. Shetty et al.'®2 combined droplet microfluidics with
a synthetic bottom-up approach to study directed signaling cascades between compartments.
In recent reviews,'®* 1> guthors summarize the application of droplet microfluidics at the

interface of biology.
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1.9 The objectives of this thesis

The aim of this thesis is divided into three parts:

(1) We demonstrate the feasibility, biocompatibility and efficiency of a light-switchable ATP
regeneration energy system with motility modules (Figure 1.18). First, we integrate the
light-switched ATP module with C. reinhardtii isolated axonemes to control the beating
frequency in response to light. Next, toward the construction of an artificial cell, we build
an in vitro motility assay by encapsulating MTs assembled with the force-generating

kinesin-1 motors and the energy module using droplet microfluidics, and study the

dynamics of a contractile filament network in a cell-like compartment.
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Figure 1.18: Integration of light-switchable ATP regeneration module with
two types of motility modules. (I) Reactivation of axonemes. (ll)
Encapsulation of MTs assembled force-generating kinesin-1 motors and
energy functional module.
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(2) We access the viability of C. reinhardtii isolated axoneme as an ATP-driven micro-swimmers

(Figure 1.9). We analyze the waveform of the axoneme and investigate how the individual

wave components change in response to chemical stimuli (such as calcium ions).

/ Objective 2

N

ATP __L
Axonemes

ATP/\ v
‘L
.

\ Axonemes

Without calcium
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Asymmetric beating

Symmetric beating

Figure 1.19: C. reinhardetii isolated axonemes as an ATP-driven micro-swimmer
and effect of calcium ion on its waveform. (I) Asymmetric waveform of an C.
reinhardtii isolated axoneme. (ll) Calcium triggers a transition from asymmetric
to a symmetric waveform.

(3) We construct an ATP-driven bio-actuator by attaching micron-sized cargo to the C

reinhardtii axonemes (Figure 1.20). We study the waveform of the bio-hybrid micro-

swimmers, the effect of the mode of attachment of the beads (asymmetric vs symmetric)

to the axonemes and the size of the cargo on the swimming speed. In addition, the effect

of chemical stimuli (calcium ions) on the flagellar waveform, switching from asymmetric to

symmetric, is considered for targeted drug delivery applications.
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Objective 3
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Figure 1.20: Construction of a bio-hybrid micro-swimmer. (I) Cargo
attached to C. reinhardtii isolated axonemes. (I1) Asymmetric waveform
of an axoneme in the absence of calcium. (lll) Calcium-induced
transition in the swimming trajectory of micro-swimmer, switching
from asymmetric to symmetric waveform.

I
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Chapter 2  Materials and Methods

Sections, 2.2.6,2.4.2,2.4.3,2.5.1.1,2.5.1.3,2.5.2, and 2.6-2.11 are adapted from:

[1] Raheel Ahmad*, Christin Kleineberg*, Vahid Nasirimarekani, Yu-Jung Su, Samira Goli Pozveh, Albert J Bae, Kai
Sundmacher, Eberhard Bodenschatz, Isabella Guido, Tanja Vidakovi¢-Koch and Azam Gholami, “Light-Powered
Reactivation of Flagella and Contraction of Microtubule Networks: Toward Building an Artificial Cell”, ACS
Synthetic Biology (Featured on Front Cover), 2021, 10, 1490-1504. (*Equal contribution).

Raheel Ahmad contributions: Isolation of flagella, integration of ATP energy module with flagella, experiments
with pure commercial ATP, fabrication of microfluidic device, experiments with MTs/kinesin-1, data analysis,
writing, discussion and revision.

[2] Raheel Ahmad, Albert J Bae, Yu-Jung Su, Samira Goli Pozveh, Alain Pumir, Eberhard Bodenschatz and Azam
Gholami, “Bio-hybrid Micro-swimmers Propelled by Flagella Isolated from C. reinhardtii”, Soft Matter, Accepted,
2022.

Raheel Ahmad contributions: Isolation of flagella, experiments with calcium and beads, data analysis, discussion
and revision.

[3] Azam Gholami, Raheel Ahmad, Albert J bae, Alain Pumir and Eberhard Bodenschatz, “Waveform of Free,
Hinged and Clamped Axonemes Isolated from C. reinhardtii: Influence of Calcium”, New Journal of Physics, 2022,
24,053025.

Raheel Ahmad contributions: Isolation of flagella, experiments with calcium, data analysis, discussion and
revision.

2.1 Chemicals and Materials

C. reinhardtii wild type (strain 11- 32b) was provided by Gottingen Algae Collection (SAG). Lipid
(L-a-phosphatidylcholine (Soy-PC)) was purchased from Avanti Polar Lipids (Alabama, USA).
Luciferin/Luciferase reagent CLSIl from Roche was purchased from Merck (Darmstadt,
Germany) and prepared a 10X solution. Ultra-pure ADP was purchased from Cell Technology
(Hayward, USA). Film masks for microfluidic and millifluidic devices were purchased from Micro
Lithography Service (Essex, UK). Soft photolithography was performed in the cleanroom at
Gottingen Microfluidics Facility (Max Planck Institute for Dynamics and Self-organization,

Gottingen, Germany) and PDMS devices were fabricated in the wet lab. All buffers and
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solutions were prepared in double distilled water (ddH,0) using the arium® pro-VF ultrapure
water system. A detailed list of all chemicals and types of equipment can be found in Appendix

A.1.1and A. 1.2, respectively.

2.2 Expression, Isolation and characterization of his-tagged ATP Synthase

His-tagged E. coli FoF1-ATP synthase (EF.F1) was expressed from the plasmid pBWU13-BHis in
the E. coli strain DK8 (AuncBEFHAGDC) as described by Ishmukhametov et al.*> with slight
modifications in the protocol. These experiments were performed by the research groups of
Dr. Tanja Vidakovi¢-Koch and Prof. Kai Sundmacher (MPl Magdeburg), therefore, explained
here briefly for readership. The plasmid pBWU13-BHis introduced a hexahistidine tag at the
amino-terminus of the B subunit of the ATP synthase and used for efficient purification using

Ni-NTA affinity chromatography.

2.2.1 E. colicell culture cultivation

Cells were grown in Lysogeny broth (LB) medium (Appendix, Table A. 1) supplemented with
ampicillin (100 ug/mL) and tetracycline (20 pg/mL) under continuous shaking for 4.5 hr at 37
°C. The cells were collected by centrifugation at 7,700 X g for 15 min at 4 °C. The optical density
of the collected cells was measured to ~2. The wet bacterial cells (4-5 g) were harvested from
a 1-litre LB medium. The collected cell pellets were frozen in liquid nitrogen and stored at —

80°C for further use.

2.2.2 lIsolation and purification of EFoF1

The cell pellets from —80°C were thawed at ambient temperature and resuspended in a French
press buffer supplemented with a spade point tip of phenylmethylsulphonyl fluoride (PMSF)
and Dnase (Appendix, Table A. 2). The suspension was subjected to the French press

procedure’>®

at 16,000 psi pressure. The drops were collected in liquid nitrogen and stored at
—80°C. Further, cells were thawed and added 500 pL of PMSF. Unbroken cells were separated
by centrifugation at 25,000 X g for 15 min at 4°C. Next, all isolation steps were performed at
4°C using an ice bath. The supernatant containing membranes was ultracentrifuged at 184,000

X g for 1 hr and the pellet was resuspended in an extraction buffer (Appendix, Table A. 3). A
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four milliliter of extraction buffer was used for 1 g of membrane protein and the sample was
put on a shaker at medium speed for 90 min. Afterwards, the sample was ultracentrifuged at
200,000 X g for 60 min. The supernatant was collected and applied to the Ni-NTA column,
which was preequilibrated with the same buffer. The flow rate of the sample was adjusted to
250 pL/min. To remove other contaminations, the resin was flushed with 20 mL of extraction
buffer. Finally, EFoF1 was eluted with 5 mL of extraction buffer supplemented with 150 mM
imidazole at the flow rate of 250 uL/min. The eluted fraction was frozen in liquid nitrogen and

stored at — 80°C for further use.

2.2.3 SDS-PAGE analysis

The purity of isolated his-tagged ATP synthase was by confirmed sodium dodecyl sulphate —
polyacrylamide gel electrophoresis (SDS-PAGE) .1°® Gel was prepared in a Bio-Rad gel apparatus
with 4% of a stack and 13% of a running composition. The samples were loaded with 5 pL of
gel sample buffer (Appendix, Table A. 4) and incubated at 90°C for 20 min. The electrophoresis
was carried out with the current value of 20 mA and 40 mA in the stacking and running gel
section, respectively, for 1 hr at room temperature. A five microliter of pre-stained protein
ladder (PageRule ™, ThermoFisher Scientific) was used as a gel band reference. Afterwards,
the running gel was stained with coomassie brilliant blue R-250 dye and placed in a staining
solution (Appendix, Table A. 5) followed by heating at 600 W for 20 sec in a microwave oven.
Finally, the gel was decolorized in a decolorizing solution (Appendix, Table A. 6) for 15 min,

until the band had the desired intensity.

2.2.4 Determination of ATP synthase concentration

The concentration of purified ATP synthase was determined by the Beer-Lambert law, see Eq.
2.113% The absorbance at 280 nm (A2s0) was measured with spectrophotometry (specord 50
plus). The extinction coefficient of ATP synthase at 280 min is &, = 340,000 M*cm™. The
cuvette with a path length of d = 1 cm was used for measurements. Extraction buffer
(Appendix, Table A. 3) was used as a reference sample.

_ Azsg0
Cer,p, = PR [2.1]
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2.2.5 Preparation of liposomes by dialysis method for ATP synthase reconstitution

Liposomes were prepared by dialysis as described by Fischer et al.'*” 6.8 mL of soy-PC in
chloroform (25 g/L) and 3.6 mL of phosphatic acid (2.5 g/L) were mixed thoroughly. The solvent
was removed in a rotary evaporator with a nitrogen stream. The evaporator was placed in a
water bath and the temperature and pressure were 40°C and 20 mbar, respectively. The dried
lipids were resuspended in 10 mL of liposome sonication buffer (Appendix, Table A. 7) and
sonicated three times for 30 sec in an ice bath, to make multilamellar to unilamellar vesicles.
To avoid overheating of the vesicles, the time between each sonication step was maintained
to 30 sec. Further, lipid vesicles were stored overnight at — 20°C. Finally, the lipid vesicles were
defrosted and dialyzed in dialysis buffer (Appendix, Table A. 8) at 30°C for 5 hr. The liposomes
had a final lipid concentration of 16 g/L. The liposomes were frozen in liquid nitrogen and
stored at — 80 °C for further use. The EqF1-ATP synthase was reconstituted into preformed
liposomes with slight modification in the protocol as described by Fischer et al**’. A hundred
microliter of liposomes were mixed with 0.5 plL of MgCl, (1 M), 78 uL of reconstitution buffer
(Appendix, Table A. 9) and 0.1 uM of ATP synthase (final concentration). The theoretical ratio
of ATP synthase to liposomes was 1 (ATP synthase: liposomes, 1:1). A sixteen microliter of
Triton X-100 with a final concentration of 0.8% was added to the above solution and vortex to
partially destabilize the liposomes. Further, the mixture was incubated under gentle shaking at
room temperature for 15 min. For removal of detergent, 80 mg of wet SM-2 Bio-Beads were

added to the above solution and incubated at room temperature for 60 min.

2.2.6 Turnover of ATP synthase

The activity of ATP synthase was confirmed by energizing the proteoliposomes in an acid-base
transition experiment as previously described by Schmidt and Graber.'>” A one milliliter of basic
medium buffer (Appendix, Table A. 10) was mixed with 6 uL (10X) concentration of
luciferin/luciferase reagent and 1 plL of 9.5 mM ultrapure ADP. A baseline was recoded using
Luminometer (Glomax 20/20). Further, 20 pL of proteoliposomes were mixed with 90 pL of
acidic medium buffer (Appendix, Table A. 11) and incubated at room temperature for 3 min
followed by the addition of ADP (0.1 uM) and 2 uL of valinomycin (10 mM). The reaction was

started by the addition of 100 pL of the above prepared acidic proteoliposomes solution into
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the basic buffer and ATP synthesis was measured for 150 sec. The detected luminescence
signal was used to calculate the change in ATP concentration (Catp) and the catalytic constant
(keat) of ATP synthesis (Figure 2.1). After each measurement 10 uL of ATP (7.8 uM) was added
threefold to normalize the luminescence signal (Figure 2.1). The initial reaction velocity (Vj,
nMs™?) is calculated from the slope of the line while ket is obtained by dividing the Vo by the
enzyme concentration [E]. The ATPase was reconstituted in 0.8% Triton X-100, and electrical

potential difference (A)was measured to 143 mv.
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Figure 2.1: Turnover (keat) of ATP synthase determined by acid-base
transition experiment. Measurements were performed by Dr. Christin
Kleineberg, MPI Magdeburg.

2.3 Bacteriorhodopsin expression, isolation and characterization
2.3.1 Halobacterium salinarium cell cultivation
Cells were cultivated in a Halobacterium salinarium culture medium (Appendix, Table A. 12)

under continuous illumination and shaking at 200 rpm for 90 hr at 39°C.

2.3.2 Isolation of Bacteriorhodopsin

Bacteriorhodopsin (bR) was isolated from Halobacterium salinarum (strain S9) as described by
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Oesterhelt et al.**® Cultivation and isolation experiments were performed by the research
groups of Dr. Tanja Vidakovi¢-Koch and Prof. Kai Sundmacher (MPI Magdeburg), therefore ,
explained here briefly for readership. Cells were grown in a 10-liter of volume and harvested
by centrifugation at 13,000 X g for 15 min. Further, pellets were resuspended in 250 mL of
membrane resuspension buffer (Appendix, Table A. 13). For cell lysis, 2-liter of 0.1 M NaCl was
added to the above suspension and incubated overnight at room temperature. The lysate was
centrifuged at 40,000 X g for 40 min and removed the red fragments from the supernatant.
The purple pellet was collected and resuspended in 300 mL of 0.1 M NaCl and centrifuged
under the same conditions. The washing step was continued until all material in the solution
settled down and the supernatant appeared colorless. The pellet was collected and
resuspended in deionized water and washed several times. Finally, the pellet was taken up to
6-10 mLin water and layered over a 30-50% sucrose density gradient with 2 mL of 60% sucrose
bottom cushion, and ultracentrifuged at 100,000 X g for 17 hr. The purple solution was

equilibrated at a density of 1.18 g/cm?® and collected by centrifugation at 50,000 X g for 30 min.

2.3.3 Calculation of bR concentration

The concentration of bR was calculated using the absorbance at 560 nm (Aggq).2>°

Ase0
Cpr = , 2.2
bR ESGO'd [ ]
where Cyy is the concentration of bR, €5 is the extinction coefficient of bR at 560 nm (54,000
M-cm), d is the path length (1 cm) of cuvette. The bR was diluted in Milli-Q water with volume
ratio of 1:20 (v/v). Milli-Q water was set as a blank. The absorbance of bR was measured by
UV-vis spectrometry (Specord 50 plus) using the scanning range of 280-800 nm. The absorption

ratio of Asgg and A,go Was used to calculate the purity of isolated bR.*>°

Purity (%) = “5ee/ 220, [2.3]
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2.3.4 Solubilization of bR patches

Solubilization of bR was performed in detergent (Triton X-100) as described by Meyer et al.1®°
The molar ratio of Triton to bR was taken to 68. First, the volume of Triton was calculated using
the Egs 2.4-2.7. The calculated amount of the detergent was added and the suspension was
sonicated for 10 min and followed by stirring for four days at 4°Cin the dark. Finally, membrane

pellets were collected by ultracentrifugation at 400,000 X g for 30 min.

Npr = Cpr-Vbr, [2.4]
Nrriton = Npr- 68, [2.5]
Viriton = g, [2.6]
Viriton = =2 bRo2 2.7)

7
€560-A-CTriton

where nyg is the molar amount of bR, V, g is the volume of bR, nypition is the molar amount of

Triton, Crrition is the concentration of Triton (10% = 0.16 mol/L).

2.4 Preparation of lipid vesicles by an extrusion method and coreconstitution of
EF,F1-ATP Synthase and bR

2.4.1 Preparation of small unilamellar lipid vesicles by extrusion method

Lipid vesicles were synthesized by film rehydration method (see Figure 2.2) and followed by a
size extrusion using polycarbonate membrane (PC, 100 nm pore size). Ten milligrams of
dissolved lipid (soy-PC) were taken in a glass vial and the solvent was removed using a gentle
stream of nitrogen and kept rotating the glass vial. Thin lipid films were rehydrated in HMDEKP
buffer (Appendix, Table A. 14) to a final lipid concentration of 10 mg/mL by vertexing, until lipid
films dissolved. For pyranine (8-Hydroxypyrene-1,3,6-trisulfonic acid) encapsulation
experiments, 10 mM of pyranine was added in the rehydration step. Further, multilamellar
vesicles obtained in the previous step were transformed into unilamellar vesicles by subjecting
five freeze—thaw cycles. Each cycle comprised of freezing the solution in liquid nitrogen

followed by thawing in a 35°C water bath and vortexing for 30 sec. To get small unilamellar
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vesicles, the suspensions were extruded using Avanti Mini-Extruder 11 times through a PC

membrane.

2.4.2 Reconstitution of bR into lipid vesicles and its pumping efficiency

A hundred microliter of preformed lipid vesicles were mixed with 80 uL (6 mg/mL) of bR in the
form of patches. To partially solubilize the vesicles, Triton X-100 (0.8%) was added followed by
vortexing. The sample was incubated in dark for 15 min at room temperature under gentle
shaking. Afterwards, the detergent was removed by adding SM-2 Bio-Beads (80 mg) to the
above solution and incubated for 60 min under constant shaking at room temperature in dark.
For the pumping efficiency experiment, pyranine (10 mM) was added in the agueous phase
and non-encapsulated dye was removed using gel filtration (pre-packed G25 size exclusion

column, PD Mini TrapTM G-25, GE Healthcare). The reconstitution efficiency of bR (bR, ¢) was

N; stream

Film hydration

- | | ——

Aqueos phase + vortex
Multilamellar
vesicles (MLV's)

Freeze-thaw
(5 times)

Extrusion .
Large unilamellar
¢ vesicles (LUV's)
PC (100 nm
pore size)

Figure 2.2 : Schematic illustration of lipid vesicles preparation by extrusion method.

O
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Small unilamellar
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calculated from the absorbance at A5 before and after gel filtration using Egs. 2.8-2.10. The
dilution of bR was determined by the volume applied to column (Vyefore) and the volume

collected (Vi fter) by elution.

Chr after

bR = ——— 2.8

eff CbR,before’ [ ]

_ Aseo,before

CbR,after - £ce0.d [2.9]

_ A560,after ) Vbefore

CbR,before B €560-d Vafter ’ [210]
A %4

bReff — se0,after ~ Vafter [2 11]

)
ASsO,before Vbefore

where Cyg after is the concentration of bR after gel filtration, Cyg pesore is the concentration
of bR before gel filtration. To avoid the formation of a potential gradient that counteracts the
generated pH gradient, valinomycin (0.1 uM) was added to the solution. The sample was
equilibrated by placing it in the dark for 1 hr and measurement was started by illumination
with a 50 W green LED lamp (SMD RGB, V-TAC). The absorbance changes at 450 nm (Assp) and

405 nm (Aao0s) were monitored over 10 min using a spectrometer (QEPRO, Ocean Optics).

pH

Light
7.06 4 1 pH correction:
pHD = pruffer =7.043
7,00
ApH=10.098
6,95
0 200 400 600
Time (s)

Figure 2.3: Proton pumping of bR measured by encapsulation of pH
sensitive dye (pyranine) in lipid vesicles. Measurements were
performed by Dr. Christin Kleineberg, MPl Magdeburg.
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The pH value was calculated by the absorbance ratio of Asso (deprotonated) and Aasos
(protonated) (Figure 2.3) using the calibration curve.’®* The starting pH (pHo) was corrected to

the pH of the buffer solution (pHpuffer).

2.4.3 Determination of bR orientation by proteolytic assay

Orientation of bR in reconstituted vesicles was determined by proteolytic cleavage as
described by Gerber et al.’®! Proteinase K (Roche) was added to a final concentration of 2.5
mg/mL. After incubation at 37°C for 2 hr, the reaction was stopped by adding protease inhibitor
PMSF (10 mM). The reaction product was cooled down on the ice for 30 min. Further, the
reaction product was analyzed by running an SDS-PAGE (4-20% Tris-HCI Criterion Precast Gels
(Bio-Rad)). A twenty microliter of each sample was supplemented with 5 pL of gel sample
buffer (Table A. 4) and incubated at 90 °C for 5 min. A ten microliter of each sample was loaded
on the gel, and a current value of 100-150 mA was applied for 40 min in the gel chamber pre-
filled with Laemmli buffer (Appendix, Table A. 15). A five microliter of protein ladder
(PageRuler™ Prestained Protein Ladder) was used as a reference. The gel was placed in a
staining solution (Appendix, Table A. 5) and incubated for 60 min on a shaker. Finally, the gel
was placed in a decolorizing solution (Appendix, Table A. 6) till the bands had the desired

intensity.

2.5 Preparation and characterization of light-driven ATP functional module
2.5.1 Preparation of lipid vesicles for coreconstitution of ATP synthase and bR

Lipid vesicles were synthesized by the extrusion method as described in section 2.4 without

pyranine encapsulation.

2.5.1.1 Determination of vesicle size by dynamic light scattering (DLS)

The size distribution profile and monodispersity were determined by dynamic light scattering
(DLS) using a Zetasizer Nano ZS (Malvern, Worcestershire, UK) with a 633 nm helium-neon laser
and back-scattering detection. A two microliter of vesicles were diluted in 1 mL of HMDEKP

buffer and samples were measured at a fixed scattering angle (8 = 173°) at 25°C. All reported
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values are based on the average of three measurements. Each measurement consisted of 3X5

runs with 70 sec durations.

2.5.1.2 Calculation of the lipid concentration

162

The concentration of the lipids per vesicles'®* was calculated as:

: [2.12]

where d is the diameter of vesicles, [ is the thickness of the bilayer (~5 nm), 4 is the lipid
surface area (0.71 nm?)%2. The number of lipids in 150 nm size vesicles is around 3.7 X 10°. The

number of vesicles per milliliter (Nesicies /ML) Was calculated using the following equations®3?,

CLipids"Na
Nyesicles = N ) [2.13]
tot 1000

where, Ny is the Avogadro number (6.022 X 10%* mol™), Cpipias is the mass concentration of

lipids, My, is the molar mass of PC (775 g/mol).

2.5.1.3 Coreconstitution of EF,F1-ATP Synthase and bR

A hundred microliter of preformed lipid vesicles were mixed with 0.1 uM EFoF1-ATP synthase
and 9.9 uM bR (in patches form) aiming for a theoretical ratio of 1 ATP synthase and 96 bR
molecules per vesicle. Triton X-100 (0.8%) was added under vortexing to partially solubilize the
vesicles followed by incubation in the dark for 15 min. To remove the detergent, 80 mg of wet
SM-2 Bio-Beads were added to the solution and incubated in dark under gentle shaking for 60
min. The number of the proteins (EFoF1-ATP synthase ( Ngg, g, )) and bR (N,g) were calculated

as’34

Npr = Cpg * Ny, [2.14]

Neror, = Cgrory- Na- [2.15]
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The number of proteins/vesicles can be obtained by dividing Npg/Nyesicies OF Nir, r,/Nyesicies:-

2.5.2 Light-driven ATP production by coreconstituted vesicles

For measurement of light-driven ATP production, ATP functional module was prepared with
25 uL of coreconstituted vesicles diluted in 250 pL of HMDEKP buffer (Appendix, Table A. 14)
supplemented with 10 uL of ultra pure ADP (7.8 mM) and 5 uL of sodium phosphate (5 mM).
The reaction was started by illumination with a 50W green LED lamp or a 5W microscope light.
A twenty-five microliter of volume was taken from the reaction mixture and the reaction was
stopped by adding the same volume of trichloroacetic acid (TCA, 40 g/L). The ATP
concentration was measured with the luciferin/luciferase assay and calibrated by the addition

of 10 uL ATP (7.8 uM) after each measurement.

2.5.2.1 Calculation of ATP concertation

The amount of ATP produced was calculated from the luminescence signal'34 as,

Yo
_Is=UByD cove v Vrca
syn — v o .
Y Ic—(Is V_;) £ Vs Vsyn

[2.16]

Where Cgyy, is the concentration of ATP, I is the background luminescence intensity, I is the
intensity of the sample, I is the calibration intensity, V, is the volume of luciferase (200 uL),
V; is the volume of luciferase + sample volume (220 uL), V, is the volume of luciferase + sample
volume + calibration volume (230 uL), C is the concentration of ATP for calibration (7.8 uM),
V¢ is the Volume of calibration (10 pL), Vs is the volume of a sample (20 pL), Vsyp, is the volume
of a sample for stopping the reaction (25 pL), V¢4 is the volume of the sample when stopping

the reaction + volume of TCA (50 pL).
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2.6 Preparation of growth media and agar tube for C. reinhardtiiand cells
cultivation

2.6.1 Preparation of growth media

Cells were grown in tris acetate phosphate (TAP) with excess phosphate (TAP+P) medium.*! In
this culture media, phosphate concentration was four times higher as compared to TAP
medium?3 which facilitated the cells to grow for a longer time. TAP+P (1-liter) was prepared
by mixing salt solution (Appendix, Table A. 16), potassium phosphate solution (Appendix, Table
A. 17) and Hunter’s trace element (Appendix, Table A. 18). First, Hunter’s trace element

163 Upon mixing the components as

solution was prepared as described in the literature
described in Table A. 18, the color of the solution turns green. The solution was heated to a
boil until all components appeared dissolved. Afterwards, lowered the solution temperature
to 70°C and added 85 mL of hot KOH (20%) into the solution. Cooled down the solution to
room temperature and fill the flask volume up to one liter. The solution appeared clear green
and pH was measured to ~6.5. Stopper the flask for air passage and left the solution at room
temperature for two weeks, and the flask was swirled once a day. A few days later, the solution
should turn purple and leave rust-brown precipitate. Note that if no precipitate form and the
solution remain green, adjust the pH to 6.5 using either KOH or HCl as needed. Finally, after
the rust-brown precipitate was formed, the solution was filtered with two-layer Whatman-1
filter paper and the filtration step was repeated until getting a clear solution.

Finally, the stock solution of TAP+P media was prepared by mixing the above-prepared
solutions (Appendix, Table A. 19) except glacial acetic acid and filled the flask to one liter.
Titrate the solution with glacial acetic acid to pH 7, and mixed vigorously until the solution

turned clear. Autoclaved the TAP+P at 121°C for 20 min and the stock solution was stored at

4°C for further use.

2.6.2 Preparation of agar tube

Agar tubes were prepared by dissolving agar (1.5%, w/v) in TAP+P medium and autoclaved the
mixture at 121°C for 20 min. The solution was cooled down to ~ 60°C and poured the solution

(~20 mL) into the agar tube followed by tilting the tube for a few seconds to make it stiff, and
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left the tube open for 2 hr at room temperature. Finally, the agar tubes were stored at 4°C for

further use. All steps were performed under a sterile bench.

2.6.3 Cultivation of C reinhardtiicells

Cells were grown in 12 hr/12 hr day-night cycle!? in a custom-made laboratory setup (Figure
2.4) using a 1000 mL Erlenmeyer flasks. Each time two flasks were filled with 500 mL of TAP+P
culture media and taken C. reinhardtii culture from an agar tube using inoculating loop and

mixed it thoroughly.

Incubator

Prosilent pump
(a400)

Figure 2.4: Schematic illustration of a setup for C. reinhardtii cells cultivation.

Flasks were closed with a rubber stopper which has two holes. Micro filter candles (Duran®
Micro filter candle with narrow tube, 125aD, porosity 2) were fixed into one hole for uniform

distribution of filtered air coming from the air pump (Prosilent a400) with a flow rate of 100
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L/min, whereas, the other was fixed with micro filter (Minisart® High Flow with
Polyethersulfon) for filtered air out. The flasks were mounted on an incubator and cells were
grown under gentle shaking (100 rpm) at 25°C. Two LED lights (LMH2 4000 Im, LED module)
were mounted on an incubator and connected with an automatic switch to make it on/off

mode.

2.6.4 Calculation of cell density

To obtain the calibration curve, cell density was monitored by extracting the sample every
twelve hours and measured the absorbance at 750 nm (Ayso) using a spectrophotometer
(SmartSpec Plus Spectrophotometer). The absorbance (A7so) is proportional to the number of
cells*!. The cells were allowed to grow to a late exponential phase ~8 X 10° cells/mL and this

concentration was reached in 72 hr (Figure 2.5A).
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Figure 2.5: Th growth rate of C. reinhardtii. A) Calibration curve for the measurements of cell density using
absorbance at 750 nm (Azs0). The extinction coefficient of the wild type cell is 5.8 + 0.4 X 10° cells/
(OD.mL.cm), slope + 95% confidence interval of least square fit was used to determine the cell density. B)
Growth curve for 12 hr day/night cycle (red line) and change in the pH value of the cell culture (purple line).

Further, the number of cells was accounted using Neubauer hemocytometer (Figure 2.5B). As
the cell metabolize, the concentration of acetate in the growth phase increases, resulting in an
increase in the pH value of the cell culture*! (Figure 2.5B). In total, 10° cells were used to isolate

the axonemes.
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2.7 lsolation and reactivation of demembranated flagella
2.7.1 Isolation of axoneme

Axonemes were isolated by the dibucaine method with slight modification in the protocol as
described in the literature 2> 184 The cell culture solution was filled in 50 mL tubes (Falcon
50mL Conical Centrifuge Tubes) and centrifuged at 2000 rpm for 5 min. The supernatant was
removed and the pellet was dissolved by gentle shaking in 10 mL of HEPES (10 mM). To increase
the concentration of cells, 10 mL of solution from each tube was mixed and filled the tubes up
to 45 mL. The centrifugation and resuspension steps were performed three times. After the
third cycle, the supernatant was removed and 20 mL of HMDS 4% buffer (Appendix, Table A.
20) was added. Afterwards, 2 mL of dibucaine (25 mM) was quickly added using a 2 mL pipette
and triturate seven times, and filled the tubes up to 40 mL with HMDS-EGTA 4% buffer
(Appendix Table A. 21). The solution was centrifuged at 1800 X g for 5 min and the supernatant
was collected. The flagella were purified in a sucrose cushion by adding 9 mL of HMDS 25%
buffer (Appendix, Table A. 22) at the bottom of the tube with a syringe (20 mL syringe and B.
Braun Sterican® 21G x 4 3/4"; 0,80 x 120 mm needle) followed by centrifugation at 2800 rpm
for 10 min. The supernatant was collected and ultra-centrifuged at 24,000 X g for 40 min.
Further, the supernatant was removed and a whitish pellet of flagella at the bottom of the tube
was gently dissolved in HMDEK+Pefabloc buffer (Appendix, Table A. 23) using an inoculation
loop. To demembranate the flagella, non-ionic surfactant (NP-40) with a 1:9 volume ratio (NP-
40: flagella, v/v) was added followed by incubation for 30 min at 4°C in an ice bath. Finally, the
demembranated flagella (axonemes) were collected by centrifugation at 14,000 rpm for 20
min and dissolved the pellet in 100 uL of HMDEKP + Pefabloc buffer (Appendix, Table A. 24).
Finally, the collected axonemes were distributed in 5 pL aliquots and stored at —80°C for

further use.

2.7.2 Preparation of reaction chamber for reactivation of axonemes

A reaction chamber for reactivation of axoneme was built using a glass slide (24 mm x 60 mm,

Menzel Glaser, Germany) and 100 um double-sided tape. The glass slide was coated with
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casein (2 mg/mLin HMDEKP reactivation buffer (Appendix, Table A. 14)). To close the chamber,

a cover slip (18 X 18 mm # 1, Deckglédser) was used.

2.7.3 Reactivation of C reinhardtiiisolated axonemes
2.7.3.1 Reactivation with pure commercial ATP

To reactivate the axonemes with pure commercial ATP, different concentrations of ATP were

added to the HMDEKP buffer (Appendix, Table A. 14).

2.7.3.2 Reactivation with light-driven ATP functional module

Light-driven ATP module was prepared by mixing coreconstituted vesicles with ADP (1.6 mM)
and sodium phosphate (5 mM). The solution was preshined under microscope light 5W or 50W
LED lamp at different time points and mixed immediately with thawed axonemes (from — 80°C).
The volume ratio of ATP module to axoneme (9:1, v/v) was fixed for all experiments. In all

experiments, the activity of axonemes was found to = 90%.

2.7.3.3 Reactivation of axoneme supplemented with calcium

In axoneme reactivation experiments with ATP and calcium, different concentrations of ATP
were used with fixed calcium concertation and vice versa. Whereas, in reactivation
experiments with a light-driven ATP module, the ATP module was prepared in the same
manner as described in section 2.7.3.2, supplemented with different concentrations of calcium

according to the experiments.

2.7.4 Bead-attached axonemes and reactivation with and without calcium

For axoneme-bead experiments, 1 um polystyrene (PS) particles (Fluoresbrite® YG
Microspheres, Polysciences) were used. One hundred microliters of PS particles were taken
from the stock solution and diluted to 1 mL with HMEDKP buffer (Appendix, Table A. 14
supplemented with 0.01% SDS). The PS particles were washed twice in 1 mL of the same buffer
by centrifugation at 14,000 rpm for 5 min. Before use, PS particles were sonicated for 5 min.

One microliter of PS beads was mixed with 2 uL of axonemes by gentle pipetting and incubated
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for 20 min at room temperature. For experiments with calcium, different concentrations of

calcium were used in the HMDEKP reactivation buffer.

2.8 Axoneme contour tracking

We imaged reactivated axonemes using phase-contrast microscopy (100X objective, imaging
frequency of 1000 fps). To increase the signal-to-noise ratio, we first inverted phase-contrast
images and then subtracted the mean intensity of the time series. This background-subtraction
method increased the signal-to-noise ratio by a factor of 34! Next, we applied a Gaussian filter
to smooth the images. Tracking of axonemes is done using the gradient vector flow (GVF)
technique.%® 1% Tracking of an axoneme is performed under the framework of a snake or
active contour model by defining the curve r(s) = [x(s), y(s)], where s is the contour length,
that can move under the influence of internal and external force filed in a spatial domain. The
internal and external force derives from the curve and image data, respectively. The internal
forces hold the curve together (elasticity forces) and keep it from bending too much (bending
forces) whereas, external forces pull it toward the contour. 193 1% The external force for active
contour is called gradient vector flow (GVF) field, which are dense vector fields derived from
images by minimizing an energy function. 193 104

For the first frame, we select a region of interest that should contain only one actively beating
axoneme. Then, we initialize the snake by drawing a line polygon along the contour of the
axoneme in the first frame (Figure 2.6). This polygon is interpolated at N equally spaced points
and used as a starting parameter for the snake. The GVF is calculated using the GVF
regularization coefficient u = 0.1 with 20 iterations. The snake is then deformed according to
the GVF where we have adapted the original algorithm by Xu and Prince for open boundary
conditions. We obtain positions of N points along the contour length s of the filament so that
s = 0is the basal end and s = L is the distal side, where L is the total contour length of the
filament (see chapter 1, Figure 1.10). The position of axoneme at s; and time point t is by
r(s,t) = (x(s;, t),y(s;,t)). Furthermore, to estimate the systematic error of our tracking
algorithm, we generated artificial filaments with known values of mean curvature and used the
GVF algorithm to determine the curvature from the tracking algorithm. As shown in Appendix,

Figure A.2.21, the measured values systematically deviate from the real values at small mean
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curvatures, but provide a much better estimate when the mean curvature is larger. In other
words, our algorithm has a smaller systematic error (less than 4%) for curved filaments with

dimensionless mean curvature C, larger than 0.3.

Figure 2.6: Axoneme contour tracking. A) Gradient vector flow of single active
axoneme. B) The initial selection of a polygon for the first frame which deforms
according to the gradient vector flow shown in blue arrows. C) The final tracked
shape of an axoneme. D) A zoomed-in image of the area shown by a green
dashed box in panel C. The tracking algorithm yields a discrete approximation
of the axoneme’s contour represented by a set of N = 30 positions r(s,t) =

(x(s;,t),y(si, 1), i=1,...,N.

2.9 Principal component analysis

This analysis is based on the method introduced by Stephens et al.!% to characterize the
waveforms in C. elegans. We describe the shape of the flagellum by its unit tangent vector t(s)
and the unit normal vector n(s) at distance s along the contour!®®. Instantaneous deformation

of flagellum is described by curvature k(s,t), using the Frenet-Serret formulas?®®

dar(s) _
at

t(s) and d;(ss) = k(s)n(s) [2.17]
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Let us define 8(s) to be the angle between the tangent vector at contour length s and the x-
axis, then k(s) = dB(s)/ds. For shape analysis, we translate and rotate each flagellum such
that basal end is at (0,0) and the orientation of tangent vector at s = 0 is along x-axis, i.e.
6(s = 0,t) = 0. Following Stephens et al.,'® we performed principal mode analysis by
calculating the covariance matrix of mean-subtracted angles 6,,(s,t) = 6(s,t) —(0(s,t));,
defined as B¢y (s, s") = (O (s, t) — (6,)) (O (s, t) —(B,n))), where (6,,) is the spatial
average of 6,,(s, t) at a given time t. The eigen values 4,, and corresponding eigen vectors M,,
of the covariance matrix are given by Y.¢r Ocop (S, s )M, (s") = A4, (t) M, (s). We show that
superposition of four eigenvectors corresponding to four largest eigenvalues can describe the

flagellum’s shape with high accuracy.

0(s,t) —(0(s, 1)) = Xp=q Ay () My (s). [2.18]

Here the four variables a,(t), ..., a,(t) are the amplitudes of motion along different principal
components and are given by a, (t) = XM, (s)0,,(s,t). The fractional variance of
flagellum’s shape capture by n eigenvectors is calculated as a,f =Y",1;/0% where 0% =
Z{-V A;. Here N is the total number of eigen vectors. Chapter 4, Figure 4.4G shows that already
two modes capture 98.52% and four modes capture 99.85% of the total variance. Considering
reactivated axonemes as an example of a self-sustained biological oscillator, it is possible to
define a phase which facilitates quantitative analysis. To present instantaneous state of an
oscillator, we consider the stable limit cycle that forms in a; — a, plane, and define phase as
a monotonically increasing function ¢ (t) (Chapter 3, Figure 3.10B,F). For a given limit cycle,
phase ¢ rotates uniformly in the phase space such that d¢/dt = 2mf, where f, is the
autonomous beating frequency of axoneme (Chapter 3, Figure 3.10F). MATLAB code for

principal component analysis is developed by Dr. Azam Gholami, MPI| Goéttingen.

2.10 Preparation of motile bundle solution

The motile bundle solution was obtained by mixing taxol-stabilized MTs and an active mixture
(AM) containing molecular motors Kinesin-1 clustered in multimotors configuration using

streptavidin-biotin affinity interaction. Kinesin 401 was purified as previously published®®
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167and the kinesin-streptavidin complexes were prepared by mixing 0.2 mg/mL kinesin 401, 0.9
mM dithiothreitol (DTT), 0.1 mg/mL streptavidin dissolved in M2B (Appendix, Table A. 25) and
incubated on ice for 15 min. The AM was obtained by mixing 2.4 mM trolox, 16.6 uL 3% PEG,
5.5 puL M2B, 3.25 pL DTT (10 mM), the oxygen scavenger (0.2 mg/ml glucose oxidase (Sigma
G2133), 0.05 mg/ml catalase (Sigma C40)) and 0.5 mg/mL glucose and 4 uL kinesinl-
streptavidin clusters. The MTs polymerization mixture was prepared by mixing 27 uM porcine
brain tubulin (1:5 labeled tubulin) in M2B with 5 mM MgCl,, 1 mM GTP, 50% DMSO and 0.3%
PEG. This solution is kept in the oven for 30 minutes by 37 °C and diluted up to 200 pL with
M2B and 7 uM taxol. The final mixture was prepared by mixing polymerized MTs, AM and light-

driven ATP module in different amounts depending on the experimental set up.

2.11 Fabrication of droplet microfluidic and millifluidic devices
2.11.1 Fabrication of droplet microfluidic

A schematic illustration of the microfluidic device for droplet formation is shown in chapter 3,
Figure 3.13A. The device was designed using DraftSight (DraftSight® 2D CAD Drafting and 3D
Design Software). Polydimethylsiloxane (PDMS) microchannel was fabricated using
conventional soft lithography. A thin layer of SU-8 3010 photoresists (MicroChem, Newton,
MA) was spin coated on Si-wafer and patterned via ultraviolet exposure through a film mask.
The device has two different heights, therefore, SU-8 coatings and UV exposures were
performed two times. For first the layer (17 um height), a red color section in (Chapter 3, Figure
3.13A), SU-8 3010 was spin coated at 1700 rpm for 30 sec and followed by soft baked at 95 °C
for 11 min. Afterwards, the wafer was exposed to UV light (mask aligner, UV-KUB 3, France)
for 5 sec (200 mJ/cm?) and proceeded to post-exposure baked (PEB) at 95 °C for 4 min. For the
second layer (13 um height), the same photoresist was spin coated at 2500 rpm for 30 sec and
soft baked at 95 °C for 4 min followed by UV exposure under same conditions as for the first
layer. Further, PEB was performed at 95 °C for 2 min. Finally, the wafer was immersed in a
photoresist developer (mr-DEV 600) to remove excess photoresist and make the pattern
visible. The wafer was rinsed with isopropanol followed by Milli-Q water and dried in N; air. To
fabricate the device, PDMS and the curing agent (SYLGARD 184 Silicone Elastomer) were

thoroughly mixed with a 10:1 weight ratio (w/w) and poured onto the patterned silicon wafer
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followed by degassing to remove air bubbles under vacuum pressure. After removing the
bubbles and baking at 75 °C for 45 min, the PDMS was peeled off from the Si-substrate and the
microchannels were cut into appropriate size. After punching the inlet and outlet ports, PDMS
microchannel was oxygen plasma-bonded (PDC 002, Harrick Plasma, Ithaca, USA) to the glass
slide (24 mm X 60 mm, Menzel Gldser, Germany) at power and pressure of 200 W and 200
mTorr, respectively for 30 sec. To strengthen the bonding, the device was heated at 75 °C in
an oven for at least 2 min. The height and width of the observation chamber were 13 um and
120 um, respectively. Diameter of pillars and pillar to pillar distance inside the observation
chamber was 30 and 150 um, respectively. Microchannel was coated with Novec™ 1720, 3M™

(Electronic grade coating) at 120 °C for 1 hr to make it hydrophobic.

2.11.2 Fabrication of millifluidic

A millifluidic device (straight channel assembly) was fabricated by conventional soft
photolithography. The height of the device was fixed to 100 um, therefore, a single layer of SU-
8 100 photoresist was spin coated on silicon wafer at 2900 rpm for 30 sec and followed the
same steps as described in the previous section. The height, width and length of the millifluidic

channel were 1.5, 0.1 and 30 mm, respectively.

2.12 Encapsulation of MTs/Kinesin-1 network assembled with photosynthetic
vesicles

The feasibility of the proposed concept, toward building an artificial cell, was demonstrated by
encapsulation (water-in-oil droplets, w/o) of MTs/kinesin-1 mixed with preilluminated ATP
module by droplet microfluidic technique. Sample containing the MTs/kinesin-1 and 45 min
preilluminated ATP module with volume ratio of 1:20 v/v (ATP module:MTs mixture) was
pumped into inner-inlets (agueous phase 1 and 2), while oil phase (FluoSurf 2% in HFE 7500 or
FC40) was pumped into outer-inlet. Micro syringe pumps (CETONI BASE 120 with neMESYS
pumps, Germany) and glass syringes (Hamilton, USA) were used to inject the aqueous and oil
phases. Aqueous phases merged with oil phase at T-junction and generated droplets in a
continuous mode of device operation (see Chapter 3, Figure 3.13A). Solution of MTs/kinesin-1

and ATP module encapsulated continuously inside water-in-oil droplets at T-junction in a
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stabilized manner (see Chapter 3, Figure 3.13B) and passed from red to green area of the
channel where the height of the microchannel is reduced to 13 um to flatten the droplets,
which helps in microscopy (see Chapter 3, Figure 3.13C). Further, droplets were entrapped
between pillars in observation chamber by applying the pressure at top layer which aided in
blocking the forward flow (see Chapter 3, Figure 3.13D). Inside observation chamber
entrapped encapsulated MTs/kinesin-1/ATP module were imaged by epifluorescence
microscope to observe contraction of filamentous network. The size of droplets was measured

to 50 £ 20 um.

2.13 MTs/Kinesin-1 network assembled with ATP functional module in
millifluidic device

To validate the concept of light-driven ATP production in a continuous light illuminated area

and corresponding MTs network contraction, straight channel millifluidic device was used. A

3D volume of the device was filled MTs/kinesin-1 and 45 min pre-illuminated ATP module and

closed the both ends (inlet and oulet) of channel using silicone. The light illuminated region is

marked with red dashed line circle and non-illuminated region marked with red dashed line

rectangle (see Chapter 3, Figure 3.14).

2.14 Light-triggered glucose consumption

For measurement of light-triggered glucose consumption (see Chapter 3, Figure 3.15A), a
solution containing the ATP module was supplemented with ADP, P;, glucose and hexokinase.
As a control, a solution containing only the ATP module, ADP and P;was run in parallel. The
reaction was started by illumination and samples were taken each 5 min from the reaction
mixture. The reaction was stopped by the addition of TCA. The ATP concentration of the sample
and the control was calculated and the reaction rates were determined by linear regression
(see Chapter 3, Figure 3.15B). The suspension containing the ATP module, hexokinase and
glucose (ATP module + hexokinase + glucose) showed barely the ATP production (0.01
nM/min). All ATP is constantly consumed by hexokinase to convert glucose in glucose-6-
phosphate. This result confirmed that concentration of hexokinase was chosen high enough

and consequentially the glucose consumption reaction was not the limiting step. In contrast,
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the control sample (ATP module) verified that the ATP module was working as expected, and
produced 58.6 nM ATP per min. The glucose concentration was determined using a highly
sensitive glucose assay, which allows the detection of glucose by measuring the fluorescence
intensity. Therefore, a standard curve relating glucose concentration and fluorescence signal
was taken according to the manufacturers protocol.'* The glucose concentration over time is
shown in Chapter 3, Figure 3.15C. The glucose concentration at t = 0 agrees well with the
glucose concentration added to the solution (10 uM), confirms that the glucose assay is
working with the high sensitivity. The concentration of glucose was decreasing over time with
a consumption rate of -69.4 nM glucose per min. This rate is slightly higher (18%) compared
to the detected ATP production rate because ATP synthase is product inhibited by ATP itself.16®

Thus, higher turnover rates are anticipated when ATP is constantly removed from the system.
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Results and Discussions

Chapter 3  Light-Powered Reactivation of Flagella and
Contraction of Microtubule Networks: Toward Building an
Artificial Cell

Chapter 3 is adapted from:

Raheel Ahmad*, Christin Kleineberg*, Vahid Nasirimarekani, Yu-Jung Su, Samira Goli Pozveh, Albert Bae, Kai
Sundmacher, Eberhard Bodenschatz, Isabella Guido, Tanja Vidakovi¢-Koch and Azam Gholami, “Light-Powered
Reactivation of Flagella and Contraction of Microtubule Networks: Toward Building an Artificial Cell”, ACS
Synthetic Biology (Featured on Front Cover), 2021, 10, 1490-1504. (*Equal contribution).

Raheel Ahmad contributions: Isolation of flagella, integration of ATP energy module with flagella, experiments
with pure commercial ATP and MTs/kinesin-1, fabrication of microfluidic device, data analysis, writing, discussion
and revision.

In this work, we tested a possibility to integrate the energy module with two different motility
modules. First, we integrated the light-switchable bottom-up assembled ATP regeneration
module with a motility functional unit which was isolated from green algae C. reinhardltii. The
combination of these two modules leads to an artificial system where energy of light is
converted into mechanical work in a self-sustained manner. Next, we coencapsulated the light-
to-ATP energy module with MTs and kinesin-1 molecular motors to generate active stresses in
confined cell-like compartments. We observed controlled motor-driven contraction of
filamentous network upon light stimulation, indicating the efficiency of the artificial
photosynthetic module in providing self-sufficient energy. This integrated system is potentially
applicable in ATP-dependent motility assays, which aim to reconstitute motor-driven motion
and force generation inside a synthetic cell, with the challenging goal of achieving a light

controllable switch between the motile and immotile states of an artificial cell.
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3.1 Results
3.1.1 Light-driven energy module

We engineered light-switchable photosynthetic liposomes (~150 nm in diameter) as energy
modules to generate ATP under illumination. To convert light into ATP, we coreconstituted two

purified transmembrane proteins, namely, bacteriorhodopsin (bR) from halobacterium
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Figure 3.1: Light-driven ATP production. A) Schematic representation of light-driven ATP synthesis in lipid
vesicles. EF,F1 ATP synthase uses the electrochemical gradient generated by bacteriorhodopsin to synthesize
ATP from ADP and P;. B) Measurement of light-driven ATP production over time. The maximal rate of 4.5 umol
ATP (mgEFoF1)*min™ is determined by linear regression. Experiments were performed at room temperature
with the HMDEKP buffer as the inner solution (30 mM HEPES-KOH, 5 mM MgSQ,4, 1 mM DTT, 1 mM EGTA, 50
mM potassium acetate, 1% (w/v) PEG, pH = 7.4). The same outer solution was adjusted with 5 mM NaH,PQO,, 2
mM MgCly, 1 mM DTT and 810 uM ADP. [P]] =5 mM, [lipid] = 0.022 mg/mL, [EFoF1] = 2.6 nM, [bR] = 160 nM and
AW = 143 mV is the membrane potential (the outer potential minus the inner potential). Proteins were
reconstituted with 0.8% Triton.

salinarum and EF,F1-ATP synthase from E. coli. Upon illumination, bR pumps proton into the
vesicles interior, establishing a proton motive force that drives ATP synthase to catalyze the
conversion of ADP to ATP (Figure 3.1A). Both enzymes are isolated according to the procedures
earlier described by Ishmukhametov et al.»>°> and Oesterhelt et al.»>® Their purity is checked by
SDS-PAGE (Figure 3.2). bR is reconstituted in the form of membrane patches to avoid material
loss during solubilization. Recently, it was shown that'*? the usage of monomeric, detergent-
solubilized bR for reconstitution is also possible and will lead to a functional ATP regeneration
module. However, an almost uniform orientation of bR in phosphatidylcholine (PC) liposomes

could only be achieved when using bR in the form of membrane patches (Figure 3.3). Both
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enzymes are coreconstituted into preformed PC unilamellar vesicles using Triton X-100 as
detergent, similar to the method described by Fischer and Graber'®® for ATP synthase
reconstitution. Liposomes are prepared using the extrusion method. The size of vesicles before

and after reconstitution is checked using DLS.
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Figure 3.2: SDS-PAGE of purified proteins. A) Coomassie-stained SDS-PAGE of purified EF,F; ATP synthase and
molecular masses of EF,F; subunits. B) Coomassie-stained SDS-PAGE of purified bR with the corresponding
absorbance spectrum. Measurements were performed by Dr. Christin Kleineberg, MPl Magdeburg.

DLS data confirm an average vesicle diameter of ~150 nm (Figure 3.4). Separate assays for
each transmembrane protein further prove their functionality. bR proton pumping and
intravesicular acidification is detected using pyranine as an internal probe (see Chapter 2,
Figure 2.3). The activity of ATP synthase is determined in an acid-base transition experiment
(see Chapter 2, Figure 2.1). ATP production in the coreconstituted module under illumination
is measured using the luciferin/luciferase assay (Figure 3.1B). The achieved maximal rate of 4.5
pumol ATP (mgEFoF1) ~*mint is high compared to the literature work. An overview of different
light-driven and chemically driven ATP regeneration modules and their ATP production rates
can be found in the ref.?2 We mainly attribute this comparably high efficiency of ATP
production to the increased amount of bR reconstituted in our system, aiming for a theoretical
ratio of 1 ATP synthase and 96 bR molecules per liposome with an almost uniform direction. In

most of the literature work?!3? 138 170-172 gignificantly lower bR concentrations were used for
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Figure 3.3: Proteolytic cleavage of reconstituted bR with proteinase K (ProtK) shows mixed orientation for
monomeric bR and almost uniform orientation (with the C-terminus outwards) for bR patches. A)
Expected sizes of proteolytic fragments for ProtK digestion of bR when the N-terminus (orange values) or
C-terminus (violet values) is exposed to the bulk solution. B) SDS-PAGE analysis of the digestion products.
Lane 1: band specific for ProtK enzyme only; lane 2: digestion product of not reconstituted bR; lane 3:
digest pattern for PC vesicles containing bR patches; lane 4: digest pattern for PC vesicles containing
monomeric bR; lane 5: undigested bR in PC lipid vesicles. Measurements were performed by Dr. Christin
Kleineberg, MPl Magdeburg.
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Figure 3.4: Size distribution of vesicles before (before) and after reconstitution
and removal of detergent using Bio-Beads (after).
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coreconstitution. Only Racker and Stoeckenius!®® as well as Choi and Montemagno®*! applied
bR concentrations of similar magnitude. Moreover, we found out that the vesicle preparation
method has significant impact on the performance of the ATP module. Using dialysis liposomes
instead of vesicles produced by extrusion, led to roughly a 50% decrease in activity.
Furthermore, dithiothreitol (DTT) has a positive effect on the ATP production rates. Only 43%
of activity remained in the absence of DTT (Figure 3.5). DTT is known to prevent oxidation and
thus to preserve proteins in their functional form. In addition, DTT can contribute to changes
in membrane potential, as shown in the ref’3. Finally, all experiments have been done with
ultra pure ADP (>99.9%). Commonly offered ADP salt is highly contaminated with ATP (>2%).
Due to the high ADP concentration in the present measurements (1.6 mM), this would lead to
a high ATP concentration at the beginning of the experiments, which could compromise the

activity of ATP energy module.
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Figure 3.5: ATP production in Tris-HCl buffer in the presence (+DTT) and absence of DTT (-DTT). The activity
was determined by linear regression. Measurements were performed with [ADP]= 300 uM, [Pi]= 5 mM,
[lipid]= 0.022 mg/mL, [EF.F1] = 1.3 nM, [bR]= 88 nM, AW = 143 mV at room temperature. Proteins were
reconstituted in 0.8 % Triton. Measurements were performed by Dr. Christin Kleineberg, MPI Magdeburg.

3.1.2 Integration of energy module with motility module

3.1.2.1 Reactivation of axonemes with pure ATP
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In this part, we aim to integrate the light-driven energy module with the motility module,
namely, the flagella isolated from green algae C. reinhardtii** (see Figure 3.6A,B). In the first
step, we characterized the activity of the isolated flagella (~10 um in length) using
commercially available pure ATP.*' Upon mixing ATP with demembranated flagella
(axonemes), ATP powers dynein molecular motors that convert chemical energy into
mechanical work by sliding adjacent MTDs relative to each other, see Chapter 1, Figure 1.1.
However, due to mechanical constraints, MTDs cannot slide freely. Instead, sliding is converted
into rhythmic bending deformations that propagate along the contour length of axonemes at
a frequency that depends on ATP concentration (Figure 3.6C-E). We did not observe beating
activity for ATP concentrations below the critical value of [ATP]iriticar =60 uM,* 174
suggesting that a minimum number of active molecular motors are required to generate
rhythmic motion in axonemes. The critical beat frequency was f.riticat ~ 14.6 Hz. Above
[ATP] criticas = 60 uM, the beat frequency increases with [ATP] following modified
Michaelis—-Menten kinetics, which predicts a plateau with a linear onset at small values of
[ATPL:f = feriticat + fmax (ATP] = [ATPeriticar]) /(K + (IATP] = [ATPerivicarl)),

With frnax = 73.75Hzand K,;;, = 298.5 Hz.* 17>,

Axonemes consume ATP and beat at a frequency that decays over time until they stop beating
(Figure 3.6F). The rate of ATP consumption depends on both ATP and axoneme concentration.
In our experiments, we estimate to have 6 X 10° axonemes in 10 L of reactivation solution. At
an ATP concentration of 1 mM, axonemes stop beating after 32 min, resulting in an estimated
ATP consumption rate of 0.31 nmol/ min. Assuming that all 6 X 10> axonemes in the chamber
are active and consume ATP, we calculate that 5 X 10° ATP molecules/sec are consumed by a
single axoneme. Given the mean beat frequency of 50 Hz, we estimate that ~10> ATP
molecules are consumed in one beating cycle.!’® This averaged consumption rate estimated
from our experimental data is comparable to the bulk measurements in the sea urchin
sperm'’” but lower than the value of 2.3 X 10° ATP/beat measured at the single-axoneme level
by Chen et al.1’® This discrepancy can probably be related to the assumption that 100% of
axonemes are reactivated, which is not the case even under ideal experimental conditions.
Normally, the isolation and demembranation process results in a mixed population of active,

nonactive, and fragmented axonemes and a 100% reactivation is never achieved.
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Figure 3.6: Experiments with pure commercial ATP. A) Snapshot of a C. reinhardtii cell with its two flagella. B) Isolated and
demembranated flagella are reactivated with pure ATP. C) Swimming trajectory of an exemplary axoneme beating at 18
Hz with [ATP] = 80 uM. D) Color-coded time projection of the axoneme in panel C shows the circular swimming path. E)
Mean beat frequency as a function of ATP concentration. Solid red line is a least-square fit to the modified
Michaelis—-Menten relation. The minimum ATP concentration required to observe axonemal beating was [ATP]critical = 60
UM. F) Beat frequency decays over time at a rate that depends on ATP concentration. In the presence of 1 mM ATP (blue
line) in a 10 uL volume, axonemes beat for 32 min at a decreasing beating frequency that allows us to estimate the
averaged ATP consumption rate of 0.31 nmol/min. This rate depends on ATP concentration and decreases to 0.25
nmol/min for [ATP] = 0.1 mM (yellow line). Error bars are mean * standard deviation (N = 7).

Therefore, single-flagellar experiments, such as those performed by Chen et al.}’®> are more

accurate in determining ATP consumption rates.

3.1.2.2 Reactivation of axonemes with light

Next, we combined the light-driven ATP generation module with isolated and demembranated
axonemes, as schematically shown in Figure 3.7A. We first illuminated the energy module for
various time intervals between 0 to 45 min before mixing the functionalized vesicles with
axonemes. Higher ATP concentrations are produced by illuminating the energy module for
longer periods. While illumination with a 5W microscope light generates up to 213 uM ATP, a
50W white light LED lamp produces up to 330 uM ATP after 45 min of illumination (Figure 3.7B,
C). Synthesized ATP reactivates axonemes at a frequency that depends on [ATP]. The mean

beat frequency as a function of [ATP] follows the Michaelis—-Menten kinetics scaling with
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Figure 3.7: Integration of the motility module with the light-switchable energy module. A) Schematic presentation
of isolated flagella mixed with energy module. B) Functionalized liposomes are illuminated for different times,
generating ATP concentrations up to 213 uM under illumination with a 5W microscope lamp. C) Higher ATP
concentrations up to 330 uM was produced under illumination with a 50W LED lamp. Both light sources are located
25 cm away from the sample. Inset shows ATP production in the time interval O to 5 min of illumination. D)
Axonemes beat faster at higher ATP concentrations produced by longer illumination of energy module under
microscope light. Inset shows that axonemes beat even at small ATP concentrations below 10 uM. E) Static
curvature of the axonemes, defined as the curvature of the mean shape averaged over one beating cycle (arc-
shaped filament with cyan color), does not significantly depend on ATP concentration. The black line shows a linear
fit with the offset of ~0.16 um™ and slope of zero. For each data point in panels D and E, frequencies of 10
axonemes are measured to calculate the mean and standard deviation.
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fmax = 50.80 Hz and K,, = 7.14 uM (Figure 3.7D). Interestingly, we observed that
illumination with the microscope light for 1 min, corresponding to 1 uM ATP, was sufficient to
reactivate axonemes at a beat frequency of around 22 Hz. This is rather surprising because the
minimum critical ATP concentration required to reactivate axonemes in our pure ATP
experiments was 60 uM (Figure 3.6E). We attribute this discrepancy to several factors: (1) In
the vicinity of axonemes, ATP is constantly synthesized and subsequently consumed by dynein
molecular motors. ATP is known to inhibit the activity of ATP synthase and local consumption
of ATP by axonemes can enhance the rate of ATP production. Therefore, the ATP concentration
in the presence of axonemes might be slightly higher. (2) Functionalized vesicles may
accumulate/adhere to the demembranated axonemes resulting in higher ATP concentrations
around them. Our experiments with fluorescently labeled vesicles did not confirm any
significant accumulation of vesicles along the entire contour length of axonemes, but we
occasionally observed attachment of vesicles to a part of axonemes. (3) The last but most
important factor is ADP. In contrast to the experiments with pure ATP, experimental system
with axonemes and energy module contains a significant amount of ADP (1.6 mM). According
to the literature,™ 178 172 ADP can bind to noncatalytic sites of dynein motors, enhancing the
overall energy efficiency of chemical to mechanical energy transformation (Figure 3.8A,B). In
fact, the activating role of ADP in the regulation of on-off switching of dynein arms in flagellar
motility has been the subject of several studies in the past years.*®918 To confirm the activating
effect of ADP, we repeated our pure ATP experiments with 1.6 mM ADP. Remarkably, we
observed reactivation of axonemes even at a very low ATP concentration of 0.1 uM (Figure
3.8C). Furthermore, in the presence of ADP, ATP consumption rate was much lower. This is
shown in Figure 5D for the fixed ATP concentration of 60 uM with 1.6 mM ADP, where in
comparison to the experiment without ADP, axonemes beat at higher frequencies and for a
longer period of time. ATP consumed by axonemes is replenished by the continuous
microscope illumination while we image the sample, establishing an energy production-
consumption cycle. Once the microscope light is turned off, the time required for the
synthesized ATP to be hydrolyzed depends on both ATP and axoneme concentrations.

Exemplary, in a 10 uL solution with 6X10° axonemes, 60 uM ATP which is produced in a 10 min
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Figure 3.8: Activating role of ADP. A,B) A hypothetical mechanism introduced in
the refs 2 illustrating the regulatory effect of ADP on the binding affinity of dynein
to the B-subtubule of the outer MTDs. Hence, in the presence of ADP which binds
to a noncatalytic site, dynein is more efficient in generating the sliding force. C)
Pure ATP experiments supplemented with 1.6 mM ADP confirm the activating role
of ADP at low ATP concentrations. Note that axonemes are reactivated even at a
very low ATP concentration of 0.1 uM. D) Comparison of two sets of experiments
with and without ADP at fixed ATP concentration of 60 uM. While without ADP,
axonemes stop beating after 2 min, with 1.6 mM ADP, axonemes beat with higher
frequencies and are active for a longer time.
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preilluminated energy module, will be consumed in ~10 min. This is consistent with Figure

3.8D with 60 uM commercial ATP and 1.6 mM ADP. Once ATP is depleted, turning on the

microscope light for 1 min generates ~1 uM ATP, which is sufficient to reactivate axonemes

but at a lower frequency of ~20 Hz. Figure 3.9A-C shows exemplary oscillatory motion of an

axoneme in response to ATP generated by the light-driven energy module which is

preilluminated with the microscope light for 45 min. We observed bending deformations

propagating at a frequency of up to 72 Hz from the basal end toward the distal tip (Figure

3.9D,E). To analyze the oscillatory motion of axonemes, we first tracked the filaments using
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Figure 3.9: Light-driven reactivation of axonemes with and without calcium. A) An actively beating axoneme
fueled by 213 uM ATP produced upon illumination of energy module for 45 min by microscope light. B) As
axoneme beats with frequency of 72 Hz, it rotates CCW with slower frequency of 2 Hz. Magenta and green
trajectories show the trace of basal and distal ends, respectively. C) Color-coded time projections of the
beating axoneme showing the circular swimming path. D) Curvature waves propagate along the contour. E)
Power spectrum of curvature waves shows dominant peaks at fo = 72 Hz and at second harmonic 2f,. F)
Configurations of the axoneme at different time points are translated and rotated such that the basal end is
at (0,0) and the orientation of the tangle vector at the basal end is in the X direction. Static curvature of this
axoneme is ~0.2 um™. G-L) A separate experiment with 1 mM CaCl, which reduces the static curvature of
the axoneme to 0.01 um™ (compare filaments with cyan color in panels F and L). Thus, the axoneme swims
in a straight trajectory (compare panels C and 1) utilizing ~1 uM ATP synthesized by energy of microscope
light without 45 min preillumination step. At such a low ATP concentration, axoneme beats at a slower

frequency of 19 Hz.
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the GVF technique®® 194 (see Chapter 2, section 2.8) 2.8 and quantified the curvature waves

using the Frenet-Serret equations in a plane:'°>

dar(s) _
at

t(s) and d;—(ss) = k(s)n(s) (3.1]

Here t(s) is the unit tangent vector to the axoneme, n(s) is the unit normal vector and k(s) is
the curvature (see Figure 3.9A). We define 6(s) as the angle between the tangent vector at
contour length s and the x —axis, then k(s) = d6(s)/ds, which is plotted in Figure 3.9D.
Furthermore, considering reactivated axonemes as an example of a self-sustained biological
oscillator, it is possible to perform a principal mode analysis'®> and define a phase which
facilitates a quantitative dynamic analysis of axonemal shape (Figure 3.10). Finally, to
characterize the mean shape of axonemes, which is a circular arc (the filament in cyan color in
Figure 3.9F), we translated and rotated configurations of an actively beating axoneme such
that the basal end defined as s = 0 is at position (0,0) and the tangent vector at the basal end
is orientated in the x —direction (Figure 3.9F). Figure 3.7E illustrates that curvature of the
mean shape of axonemes does not depend significantly on ATP concentration.*! This static
curvature (~0.16 um™), which leads to an asymmetric waveform and causes a circular
swimming trajectory of axonemes (Figure 3.9B,C), is comparable to the values obtained in our
pure ATP experiments with and without ADP (see Figure 3.11) and can be reduced by adding
calcium ions to the reactivation buffer.’® Calcium ions are known to play a crucial role in
shaping and controlling flagellar waveforms.?® 18 A calcium-responsive protein at the interface
between RS1 and IDAa is calmodulin (see Chapter 1, Figure 1.6B and Figure 5 in the ref*!).
Electron cryotomography (cryo-EM) data®’ show that the structure of calmodulin undergoes a
Ca’* dependent conformational change, which could affect the RS1-IDAa interaction, therefore

modulating the flagellar beat from an asymmetric to a symmetric waveform. Figure 3.9G-L
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Figure 3.10: Mode analysis of the reactivated axoneme presented in Figure 3.9A-F. A) The covariance matrix
C(s,s") of fluctuations in angle 6(s,t). B) The probability distribution of the first two shape amplitudes
p(a,(t), a,(t)). The phase angle of the axoneme as an oscillator is defined as ¢ = atan 2(—a,(t),a;(t)).
C-D) Time evolution of the first two dominant shape amplitudes a, (t) and a,(t) showing regular oscillations
at frequency of 72 Hz. E-F) We observe a linear growth in dynamics of ¢p(t), indicating steady rotation in a; —
a, plane presented in part B. Note that d¢p/dt = 2mf, where fo is the beating frequency of axoneme. G) Four
eigenvectors corresponding to the four largest eigenvalues of matrix C(s,s"). H-l) Superposition of four

eigenmodes presented in part G with coefficients a; (t) to a,(t), can reproduce shape of the axoneme with
high accuracy.

shows an exemplary axoneme with a symmetric waveform in which the static curvature is
reduced to 0.01 um™* by addition of 1 mM CaCl,. This axoneme with nearly ten times reduced
static curvature swims in a straight line. We emphasize that beat frequency, static curvature

and amplitude of curvature waves are three important factors which determine the swimming
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trajectory of an axoneme in the ambient fluid, and variations in these parameters directly

affect the swimming dynamics (see Appendix A.2 (1)).
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Figure 3.11: Mean curvature of axonemes reactivated using pure commercial ATP plotted versus ATP
concentration. In panel A, no ADP is added, while in panel B, the reactivation buffer is supplemented with 1.6 mM
ADP. The black solid lines show the mean values of 0.17 um™ (A) and 0.186 um™ (B), which is comparable to the
value of 0.16 um™in energy module experiments shown in Figure 3.7E. The corresponding frequency trends in
pure ATP experiments with and without ADP are shown in Figure 3.8C and Figure 3.6E, respectively.

3.2 Light-driven contraction of MTs/Kinesin-1 network

We further tested the suitability of a light-switchable energy module for encapsulation of in
vitro motility assays constituted of MTs and force-generating molecular motors. This assembly
under illumination provides an energetically autonomous system that has the potential to
advance the development of synthetic cells (Figure 3.12A). We verified the activity of the
motor-driven filamentous network by characterizing its activity in water-in-oil droplets of
various diameters. Figure 3.12 shows the contraction of MTs/kinesin-1 network mixed with the
preilluminated photosynthetic energy module and encapsulated in a microfluidic device (see
Chapter 2, section 2.11.1 and Figure 3.12). We observed a relatively uniform distribution of the
network immediately after encapsulation, as shown in Figure 3.12B. Over time, ATP produced
in preilluminated energy module drives the activity of molecular motors allowing them to
cross-link and slide neighboring MTs against each other. This results in a net force that
contracts the network.'®* A snapshot of the contracted network after 40 min is shown in Figure

3.12C. Microtubule-microtubule sliding also causes rotational flows!®> within droplets,
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Figure 3.12: Cell-like confinement of MTs, kinesin-1 molecular motors and light-switchable energy module. Kinesin-1 is
a dimer with two heads which forms cluster through streptavidin. A) Schematic representation of the MTs/kinesin-1
network coencapsulated with functionalized vesicles inside water-in-oil droplets. Upon illumination, synthesized ATP
provides fuel for the kinesin-1 molecular motors, which are plus-end directed motors that exert contractile stresses by
sliding MTs relative to each other. B) MTs/kinesin-1 network shows a relatively uniform distribution shortly after
encapsulation. C) Snapshots of network contraction after 40 min. The yellow arrows indicate network contraction. D)
Rotational flows observed in some of the droplets during network contracts. E) Snapshots of contractile active network
at two different time points. The yellow circle shows the area covered by the network after ~5 min. F) Space-time plot
showing network contraction along the red dashed line in panel E. G) Relative reduction of network area over time for

three droplets shown in panel E. Ag is the initial area of the network before contraction, as marked with a black circle
in panel D.

which were occasionally observed in our experiments, as shown in Figure 3.12D and discussed
in the ref!®>. We quantified the contractile activity of the system by analyzing the relative
reduction in the network area over time. Figure 3.12E-G shows that network contraction
within droplets of different diameters occurs at similar time-scales. We note that
discontinuous illumination of the sample by microscope light every 5 sec during imaging
produces ATP, which compensates consumption of ATP by molecular motors. We verified this
circulating energy-production and consumption in the system by a separate experiment where

we confined the MTs/kinesin-1 network in a millifluidic device (see chapter 2, section 2.11 for

device fabrication)
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Figure 3.13: Droplet microfluidic setup. A) Schematic diagram showing the encapsulation of MTs/kinesin-1 network
(aqueous phase 1) with light-driven ATP module (aqueous phase 2). B) Mono-disperse water-in-oil droplets containing
MTs/kinesin-1 solution and light-driven ATP module are formed at the T-junction. C) Droplets enter the green area
where height is decreased from 17 um to 13 um. D) Observation chamber with entrapped droplets where the flow into
the chamber was stopped by guiding the flow to the side channel. The following flow rates were adjusted: aqueous
phase 1, 200 pL/hr; aqueous phase 2, 200 ulL/hr; oil phase, 400 uL/hr.

with rectangular cross-section (30 mm X 1.5 mm X 0.1 mm). The aim is to compare the
contractility of the network in areas illuminated by discontinuous microscope light, where ATP
is consumed and produced, versus nonilluminated areas, where ATP is only consumed but not

replenished by light. Figure 3.14 shows that initially the active network fills the entire 3D
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Figure 3.14: Photostimulated contraction of MTs/kinesin-1 network inside a millifluidic device. A) Schematic
representation of the millifluidic device highlighting the area illuminated with discontinuous microscope light.
Taxol-stabilized MTs are mixed with kinesin-1 motors and a preilluminated energy module prior to injection into
a millifluidic channel. B,C) Over time, as available ATP in the energy module is consumed by force-generating
kinesin-1 motors, discontinuous microscope illumination compensates for ATP consumption and filamentous
network contracts up to 38%. Quantitative analysis of the width of the contracted network in the illuminated
region shows an exponential decay over time. The initial width of the network is W = 1.5 mm. D) Space-time plot
demonstrating the network contraction along the white dashed line drawn in part C. E) In the nonilluminated
areas, where ATP is only consumed but not replenished, we monitored a reduced contractility of up to 10% after
1h.

volume of the channel. Kinesin-1 motors consume ATP synthesized in preilluminated energy
module, generating active stresses which result in network contraction (Figure 3.14B-D). As
kinesin-1 motors consume ATP, discontinuous microscope illumination compensates ATP
consumption and motor-driven network contraction reaches its maximum value of 38.6%
within 60 min, as displayed in Figure 3.14B-D.

ATP production is maintained only in areas illuminated by the microscope light, causing
stronger network contraction compared to nonilluminated regions in the channel. We
observed a reduced contractility of about 10% in the adjacent volume near the region
illuminated by the microscope light, as shown in Figure 3.14E. These experiments suggest that
the application of patterned illumination in a filamentous network can impose different
contraction-maps with spatial gradient. It also demonstrates the efficiency of the light-driven

energy module for controlled and localized ATP production and highlights the potential
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application of this system in the field of synthetic biology with the ultimate goal of building an

artificial cell.

3.3 Discussion

Our experiments demonstrate that light-switchable photosynthetic liposomes can drive ATP
dependent activity of axonemal dyneins, which serve as tiny protein machinery to convert
chemical energy into mechanical work in the form of a rhythmic beating pattern. We used light
energy to dynamically synthesize ATP, allowing us to control beating frequency of axonemes
as a function of illumination time. We illuminated the functionalized vesicles at two different
light intensities: a 5W microscope lamp and a 50W white LED lamp, which can generate up to
213 uM and 330 uM ATP, respectively, after 45 min of illumination (compare Figure 3.7B and
C). We note that bR has a purple color and therefore absorbs green light (500-650 nm) most
efficiently. Since bR has a broad excitation spectrum, proton pumping is also possible using
white light or red light for excitation. Our results indicate a nonlinear dependence of ATP
synthesis rate on light intensity. To generate ATP, ADP is phosphorylated via the FoF1-ATP

synthase reaction:

H* 4+ ADP + P, + n,H* S ATP, 3.1]

where ny~ 2-3 the number of protons transported from the inside to the outside of the vesicle
each time the reaction of ATP formation takes place, and H* indicates hydrogen ions
transferred across the vesicle membrane (Figure 3.1A). The rate of ATP formation according to

ref’® can be expressed as

r & exp (‘AG""“TP‘”AM”) Kmg-40P [ ADP][P,] — (1M)[mATP], [3.2]

RT Kmg-atp

where R is the universal gas constant, T is the temperature, [mMADP], [P;] and [mMATP] are the
concentrations of magnesium-bound ADP, P; and magnesium-bound ATP and the factor (1M)

is used to balance the units, Ky g_app and Ky 4_app are the equilibrium dissociation constants
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for ATP and ADP binding with Mg%, and AGg 4rp = —-36.03 kJ/mol is the standard Gibbs free

[H]oue
[H+]in

[H+]out

is the ratio of
[H+]in

energy for ATP formation. Finally, AGy = FAY + RTIln , Where

external to internal hydrogen ion concentration, Ay is the membrane potential and F is the
Faraday’s constant. The concentration of protons inside the vesicles depends on proton
pumping by bR, but also on proton pumping by ATP synthase, proton leak across the
membrane and buffer capacity inside the vesicles. Only the rate of proton pumping by bR can
be considered to be approximately linearly dependent on light intensity,'®” but in general the
rate of ATP production r will be nonlinearly dependent on the light intensity. Some
experimental studies on similar systems**? 8 have confirmed nonlinear dependence of ATP
synthesis rate on light intensity and have even shown saturation at higher light intensities,
reminiscent of Michaelis—-Menten-type kinetics.

In our reactivation experiments with the energy module, we observed that the minimum ATP
concentration required to reactivate axonemes is much smaller than the critical value in
control experiments with pure commercial ATP (compare Figure 3.6E and Figure 3.7D).
Multiple factors potentially account for this discrepancy: (1) ATP is known to be one of the
inhibitors of ATP synthase activity, and local consumption of ATP by axonemes can enhance
the conversion rate of ADP to ATP, resulting in locally higher ATP concentrations near
axonemes. To verify the inhibitory effect of ATP, we coupled the light driven ATP module with
a metabolic module by combining the light-driven ATP production with the consumption of
glucose, as schematically shown in Figure 3.15. As a proof of concept, a relatively simple
metabolic reaction was chosen: Hexokinase converts glucose (G) to glucose-6-phosphate (G-
6-P) under the consumption of one molecule of ATP.13¢ Our measurements confirm that in the
metabolically coupled system, the ATP production rate is 18% higher than the detected ATP
production rate in the control experiments; see Figure 3.15.B,C. (2)The attachment of
functionalized vesicles to the demembranated axonemes can generate higher ATP
concentrations around the axonemes. Although we did not observe vesicle accumulation along
the entire contour length of axonemes, we occasionally observed vesicles attaching to some
parts of axonemes. (3) The most important factor which explains the discrepancy is the

presence of ADP.
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Figure 3.15: ATP and glucose concentration over time under green light illumination. A) Scheme of coupling the
ATP regeneration module with a metabolic module for glucose consumption triggered by light. B-C)
Measurements were performed in 20 mM tricine-NaOH, 20 mM succinate, 0.6 mM KCl, 80 mM NaCl (inner
solution) and 200 mM tricine-NaOH, 5 mM NaH2PQ,4, 160 mM KOH, pH 8.8 (outer solution) in the presence of
20 uM valinomycin at room temperature. [ADP]= 180 uM, [Pi]= 5 mM, [lipid]= 0.022 mg/mL, [EFoF1] = 1.3 nM,
[bR]= 88 nM, AW= 143 mV. Proteins were reconstituted with 0.8 % Triton. For measurement of glucose
consumption 10 uM glucose and 2.7 ug/mL hexokinase (2400 U/mL) was added to the outer solution. Glucose
concentration was determined using a highly sensitive glucose assay (Sigma). Measurements were performed by
Dr. Christin Kleineberg, MPI Magdeburg.

In contrast to the experiments with pure ATP, the experimental system with light-to-ATP
energy module was additionally supplemented with ADP at a concentration of 1.6 mM.
Remarkably, our experiments with pure ATP supplemented with 1.6 mM ADP confirm the
activation role of ADP in reactivation of axonemes at low ATP concentrations below 60 uM (see
Figure 3.8C). We observed beating activity even at 0.1 uM ATP which is much smaller than
critical value of 60 uM in pure ATP experiments without ADP. According to the literature, ADP
plays a crucial role in axonemal motility.> 180 185 190 For example, Inoue and Shingyojit
investigated the influence of ADP and ATP on regulation of dynein activity to produce inter-
microtubule sliding in flagella. Dynein motors have four ATP binding sites in each of their heavy
chains Figure 3.8A,B). Only one of these sites is catalytic and responsible for the conversion of
ATP to ADP while the other three sites are noncatalytic. According to this study,! one of these

sites can be occupied by ADP. In the absence of ADP, the mean flagellar velocity was lower
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than with ADP. Moreover, in the presence of ADP, the mean velocity reaches its steady state
value faster than in the absence of ADP, suggesting that ADP increases the efficiency of energy
transduction. This is consistent with our experiments with ADP in which much lower ATP
concentrations were required for axonemal beating. In addition, beating frequency with ATP
and ADP reaches saturation at very low ATP concentrations, whereas kinetics with pure ATP is
much slower (compare Figure 3.6E with Figure 3.7D and Figure 3.8C). Now, considering that
very low ATP concentrations around or below 1 uM ATP (active form is actually ATP-Mg) are
required to observe axonemal beating, the question arises whether ADP can bind to more than
one of the noncatalytic binding sites in dynein (see Figure 3.8B).

Self-sustained motility systems that rely on light energy as a primary source of energy (or for
in vivo applications, chemical energy such as glucose'3?), may have potential applications in the
area of synthetic micro-swimmers and targeted drug delivery. In our preliminary experiments,
to build a sperm-like swimmer, we attached a cargo (1 um beads) to the distal end of an
axoneme that can be propelled by external illumination (Figure 3.16A,B). In light-to-ATP or
chemical-to-ATP energy modules, enhanced attachment of functionalized vesicles to the
contour length of axonemes could be beneficial to this system®! because ATP will be produced
locally around axonemes and consumed subsequently by dynein molecular motors (Figure
3.16C). These functionalized vesicles attached to an axoneme can also be used as drug
carriers.?®>1%% Extensive experiments in the future are necessary to investigate the feasibility
of these ideas for biomedical applications. Lastly, we have shown that functionalized artificial
liposomes capable of continuous production of ATP in response to light as an external stimulus,
can serve as an efficient energy source for in vitro MTs motility assays in which kinesin-1
molecular motors are actively engaged in generating and sustaining active stresses in the
network. In these experiments, preillumination of the energy module for 45 min generates
sufficient ATP needed for motor-driven network contraction. Discontinuous microscope
illumination every 5 sec replenishes the consumed ATP and the MTs/kinesin-1 network
confined in a millifluidic device contracts by up to 38% within 60 min, following an exponential
trend (Figure 3.14B). The encapsulated MTs/kinesin-1 network contracts similarly, but in a

much faster time scale
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cargo

Figure 3.16: Bead as a cargo. A) A bead of diameter 1 um is attached to the distal end of an axoneme. B) Upon
illuminations, the reactivated axoneme propels the bead. Blue line shows the trace of the basal end and the white
line is the trace of the distal tip which is attached to a bead. C) A cartoon showing that an enhanced vesicle-
axoneme attachment, e.g., via electrostatic interactions, could be beneficial for the local production of ATP in

the vicinity of axonemes.

of ~5 min. Once contracted, the network which is highly cross-linked by kinesin-1 motors and
randomly oriented, remains contracted even after the microscope light is turned off and the
ATP is depleted. Thus, a light-controllable reversible switch between contracted and relaxed
states does not occur in our experiments. We also performed control experiments with
commercial ATP, to confirm that a contracted network does not relax back once ATP is
completely consumed (Figure 3.17) for a 19 hr long experiment with 1 mM pure ATP. Further,
the preillumination of the energy module is a requirement for the network contraction. Indeed,
a MTs/kinesin-1 network mixed with a non-preilluminated energy module does not contract,
indicating that ATP produced by discontinuous microscope illumination is insufficient to
generate critical contractile stresses in the network.

Our developed scheme of circulating energy consumption and production could serve as a
potential platform to encapsulate constituent elements such as actin, microtubules and
various regulatory components inside functionalized lipid vesicles to provide ATP in an optically
controllable selfsustained manner. ATP-driven motor activity in filamentous biopolymer

networks is expected to generate active forces that drive morphological deformation in

75



Chapter 3 Results and Discussions

liposomes and further contributes to the challenging goal of bottom-up creation of an artificial

cell.
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Figure 3.17: A control experiment with 1 mM pure commercial ATP to confirm that a contracted MTs/kinesinl
network does not relax back to its initial state once the ATP is depleted. A) Snapshot of the millifluidic set up filled

with MTs/kinesin1 network after 19 hr. B) The space-time plot along the white dashed line in panel B showing
the network contraction. Note that the cross-linked network remains contracted for a long period of time.
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Chapter4 Waveform of Free, Hinged and Clamped
Axonemes Isolated from C. reinhardtii: Influence of Calcium

Chapter 4 is adapted from:

Azam Gholami, Raheel Ahmad, Albert J bae, Alain Pumir and Eberhard Bodenschatz, “Waveform of Free, Hinged
and Clamped Axonemes Isolated from C. reinhardtii: Influence of Calcium, New Journal of Physics, 2022, 24,
053025.

Raheel Ahmad contributions: Isolation of flagella, experiments with calcium, data analysis, discussion and
revision.

In this work, to understand the effect of the boundary conditions experimentally in a model
system that is close to the real flagellum, we combined high-precision and high-speed phase
contrast microscopy (1000 fps) with image processing and analytical analysis to quantitatively
describe the wave patterns of beating axonemes isolated from C. reinhardtii. Our analysis of
the motion using principal component analysis (PCA) shows that the motion of axonemes is
very accurately captured by the four dominant modes, consistent with the previous works'°>
195,19 Qur experimental data analyzed with PCA shows that the main base-to-tip propagating
wave coexists with standing waves. We found that the amplitude of the standing wave depends
on the boundary conditions and was higher in non-rotating clamped axonemes that are
attached from the distal region to the substrate and can reflect the dominant base-to-tip
traveling wave. To investigate how the wave components depend on calcium, we performed
experiments at different calcium concentrations. When increasing the calcium concentration
from 10* mM to 1 mM, the static mode drops around 85% triggering a transition from a
circular to a straight swimming trajectory. Finally, the analysis of a few cases of freely beating
flagella in intact C. reinhardetii cells (see Figure 4.1A-B) demonstrates the coexistence of the

main dominant wave with standing waves.
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4.1 Results

We used established protocols to isolate flagella from C. reinhardtii wild type cells, and
demembranated them using non-ionic detergents!?> 197 (see Chapter 2, section 2.7 ). These
naked flagella (axonemes), can be reactivated at various ATP concentrations (see Chapter 2,
section 2.7.3). ATP powers dynein molecular motors that convert chemical energy into
mechanical work by sliding adjacent MTDs relative to each other, as illustrated in Figure 4.1C-
D1%8-290 However, structural constraints do not allow MTDs to slide freely. Instead, sliding is
converted into rhythmic bending deformations that travel along the contour length of
axonemes in the base-to-tip direction. To quantify these curvature waves, we tracked the
axonemes over time using the GVF technique!®® 194 (see Chapter 2, Figure 2.6). In our
experiments, we vary two parameters, namely ATP and Ca?* concentration, as discussed below.
We are focused on the examples where axonemes swim effectively in 2D in the vicinity of the

substrate. This greatly facilitates the tracking of flagella and the data analysis.
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Figure 4.1: A) Snapshot of a C. reinhardtii cell with the cell body attached to the substrate, while its two flagella are
free to beat. The blue trajectory shows the trace of the distal tip of the tracked flagellum in red. B) Curvature waves
initiate at the basal region close to the cell body and travel toward the distal tip at the frequency of around 40 Hz.
C-D) A flagellum has an MTs-based structure consisting of nine MTDs at the periphery and two MT singlets at the
center.’*To actuate a flagellum, dynein molecular motors which are bound periodically in two rows to the MTDs,
convert efficiently chemical energy from ATP hydrolysis into mechanical work. Due to the structural constraints
which resist sliding, axonemal bending occurs. One row of the motors are the outer dynein arms (ODAs) which
provide power output, and the other row is the inner dynein arms (IDAs) which determine the flagellar beat
patternt®1s,

4.1.1 lllustration of the motion

Figure 4.2A-D illustrates planar swimming motion of an exemplary axoneme reactivated at 80

M ATP without calcium (Ca?*). Bending waves initiate at the basal end (shown in blue in Figure
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4.3A and B) and travel toward the distal tip of the axoneme (shown in white in Figure 4.3A and
B) periodically in time with a beating frequency of fo=18.17 + 0.01 Hz. The static component
of the axonemal waveform, defined as the average angle over one beat cycle at each position
along the axonemal length, highlights the existence of an intrinsic curvature of axonemes
around the value of ~0.2 um™. To bend an axoneme to a circular arc, tangential axial forces
generated by an asymmetric distribution of dynein motors are required to induce a dynamic
instability.?%? Active axonemes show an asymmetric waveform predominantly in 2D which
mostly resembles the forward swimming motion of flagella in intact cells. The traveling periodic

curvature waves provide the necessary thrust to propel the axoneme in the surrounding water

like fluid.29?

900 msec

contour length (m)

200 300 400
time (msec)
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curvature(1/um) time (msec)

Figure 4.2: An isolated axoneme beating freely. A) An instantaneous shape. The tangent vector
t(s) at s = 0 defines the X-direction and the corresponding normal vector n(s) defines the Y-
direction of the swimmer fixed frame. B) Traces of the basal end (originally connected to the intact
C. reinhardtii cell, blue trace) and the distal tip (white trace) of the axoneme tracked for 900 msec.
C) Curvature waves initiate at the basal end of the axoneme and propagate toward the distal tip
at a frequency of fp = 18.17 + 0.01 Hz. D) The color-coded time projection of the axoneme shows
a circular swimming trajectory. Here [ATP]=80 uM and [Ca?*] = 0.
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This thrust force is balanced with the viscous drag exerted by the fluid on the swimmer.?°2 The
swimming dynamics of axonemes differ from sperm flagellar propulsion primarily in that
axonemes are shorter in length (10 um in comparison to 50 um of human spermatozoa) and
beat with a non-zero static curvature (Figure 4.3A) resulting in circular swimming trajectory as
shown in Figure 4.2B,D. To quantify the static curvature, we translate and rotate the axonemal
configurations such that the basal end (s = 0) is at the origin of the coordinate system and the
tangent vector at s = 0 is oriented along the x —direction (Figure 4.2A). The filament in cyan
color in Figure 4.3A shows the time-averaged axonemal shape with mean curvature of ko~
0.21 um™. The negative sign of k, indicate a clockwise bend when moving from the basal end
at s = 0 toward the distal tip at s = L (Figure 4.3A). The base-to-tip bending deformations
superimposed on this negative intrinsic curvature cause a counter-clockwise rotation of the
axoneme (Figure 4.2B). The wavelength A of these bending waves is larger than the contour
length. To calculate A, we performed a Fourier transformation of 8(s,t) in time at each
position s along the contour length of the axoneme and obtained the phase ¢ (s) (Figure 4.3B).
The wavelength can be calculated as 1 ~ 27TL/(¢)(L) — gb(O)) ~ 15.95 um?%3, which is ~30%
larger than the axonemal contour length L = 12.35 um. We notice that the phase ¢(0) is
undefined since 8(s = 0,t) = 0. This is immaterial for the present purpose, as we are only
interested in the phase gradient, which we determined by fitting the phase dependence along
the axoneme, as indicated by the red line in Figure 4.3B. The beating frequency of axonemes
depends on the ATP concentration following a Michaelis-Menten-type kinetics*" 17> (Chapter
3, Figure 3.6E). It starts with a linear trend at small concentrations of ATP and saturates at
higher ATP concentrations around 1 mM (Figure. 4.3C). In our experiments, we measured a
critical minimum of ATP concentration around 60 uM*! necessary to reactivate axonemes (see
Chapter 3, Figure 3.6E). Reactivated axonemes swim on circular trajectories effectively in 2D
(see ref?94). Active axonemes undergo planar shape deformations over time, but at any instant
of time, it may be considered as a solid body with translational and rotational velocities Uy, Uy,
and Q, which we measure in the swimmer-fixed frame (Figure 4.3D-F)?%. These velocities
oscillate in time, reflecting the fundamental beat frequency of the axoneme (~18 Hz) and its

higher harmonics.
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Figure 4.3: Experimental shape of C. reinhardtii isolated axoneme. A) The basal end of the tracked axoneme in Figure
4.2 is translated to the origin and rotated such that the tangent vector at s = 0 is along the x-axis. Semicircular arc
in cyan color with mean curvature of kg~ 0.21 um™ shows the time averaged shape of the axoneme. This averaged
intrinsic curvature makes the waveform asymmetric. B) The phase ¢(s) of traveling curvature waves obtained by
performing Fourier transform of 6(s,t) in time at each position s. The wavelength is then calculated as
A~ 27TL/(¢(L) — ¢(0)) = 15.95 um. Since 6(s = 0,t) = 0. The phase ¢(0) cannot be defined directly, and is
instead obtained by extrapolation of ¢(s), as indicated by the red line. C) Axonemal beating frequency depends on
the ATP concentration and is higher at higher ATP concentrations. Axonemes ceased to beat at ATP concentrations
below 60 uM [ATP] riticar- Red curve shows the least square fit to the Michaelis-Menten relation [ATP]: f =
feriticar + fmax ([ATP] — [ATPcriticalD/(Km + ([ATP] - [ATPcriticalD)- The fitting parameters are fy,q, = 73.75
Hz and K,, = 298.5 Hz (see Chapter 3, section 3.1.2). The black arrow indicates the ATP concentration that is fixed
for the axoneme in Figure 4.2. D-F) Translational and rotational velocities of the axoneme in Figure 4.2, measured in
the swimmer fixed frame. The red lines mark the mean values.

4.1.2 Principal component analysis of the curvature waves demonstrates the existence of the
back-propagating waves in free axonemes

We performed principal component analysis (PCA) to describe the time-dependent shape
deformation of the isolated axonemes.”® %> This analysis is based on the method introduced
by Stephens et al.’% which was initially used to characterize waveforms in C. elegans (see
Chapter 2.9 ). Using the x and y coordinates of the tracked flagellum (see Chapter 2, section
2.8), we calculate 6(s, t), which is defined as the angle between the local tangent vector of

the centerline of the tracked flagellum and the x-axis (Figure 4.3A). We then average the
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Figure 4.4: PCA analysis of the axoneme in Figure 4.2. A) The covariance matrix 8¢,,(s,s") of
fluctuations in 8(s,t) — (6(s,t))..B) Four eigenvectors corresponding to the four largest
eigenvalues of 6.,,(s,s"). C) The time-projection of the mean-shape subtracted experimental
data and the corresponding shapes reconstructed using the four eigenmodes presented in panel
B. D) The time-dependent coefficients a, (t) and a,(t) as defined in Eq. 4.1. The cyan dashed lines
present the Fourier fits as defined in Appendix A.2(2), Eqs. A.2.4-5. E-F) To compare the
experimental data with reconstructed shape, two exemplary configurations with the lowest and
highest root mean square (RMS) errors are presented. G) The fraction of the total variance o/
plotted versus the number of PCA modes n. The figure in the inset illustrates 1 — g versus n on
a semi-log scale. See Chapter 2, section 2.9 for the definition a,f. Note that already two modes
already capture 98.52% of the total variance and four modes capture 99.85%.
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axonemal shapes over one beat cycle to obtain the mean shape of the axoneme (6(s, t)),
which corresponds to the arc-shaped filament colored in cyan in Figure 4.3A. Next, we
compute the covariance matrix 8¢,,(s,s") of the fluctuations of the mean subtracted angle
0(s,t) —(6(s,t));. Figure 4.4A shows the color map of the flagellum covariance matrix, which
has an effectively reduced dimensionality with a small number of non-zero eigenvalues. We
note that four eigen modes M,,(s) (1,..,4) corresponding to the first four largest eigenvalues
of Bcop(s,s’) capture the shape of the flagellum with very high accuracy. These four
eigenvectors are plotted in Figure 4.4B. We reconstruct the axonemal shapes using the four

dominant modes and the corresponding time-dependent motion amplitudes a, (t) as

0(s,t) = (0(s,0))¢ = =1 @n (£) Mn(s) [4.1]

The reconstructed axonemal shapes are presented in Figure 4.4C, where the green dashed
lines show the experimental data. The time-dependent coefficients a, (t) and a, (t) are shown
in Figure 4.4D (a5(t) and a,(t) are shown in Appendix, Figure A.2.13 and Figure A.2.14). In
order to compare the experimental data with the reconstructed shapes, Figure 4.4E-F shows
two exemplary configurations with the lowest and the highest root mean square errors of
0.006 and 0.085, respectively. Let us focus on the first two modes M, (s) and M, (s), which in
combination with the first two time-dependent motion amplitudes a, (t) and a,(t) capture
98.52% of the total variance (Figure 4.4G). The black dashed lines in Figure 4.4B represent the
Fourier fits of the mode (see Appendix A.2(2)). To distinguish the role of different modes in
reconstructing the axonemal shapes, we compared the original experimental data (without the
mean-shape subtraction) with the shapes reconstructed using the combination of different
modes as (s, t) = X; a; (t)M;(s). Please note that, in contrast to the coefficients a;(t) in
Eqg. 4.1, the time-average of a; (t) is not zero and Y; a; (t)M;(s) gives the axonemal mean
shape (cyan filament in Figure 4.3A). The coefficients ; and a; are related by the simple
relation a; (t) = a;(t) + {(a; (t));. This comparison for different number of modes is
presented in Figure 4.5. It is interesting that in the eigenmodes M, (s), M3(s) and M,(s),

higher spatial modes 2k and 3k corresponding to the smaller wavelengths 4/2 and 4/3
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become important. Finally, we repeated our PCA analysis for 20 different axonemes. After re-
scaling the contour length s by the axonemal length L, although each axoneme has a different
set of eigenmodes, the individual modes collapse and show a common trend (see Appendix,

Figure A.2.15-16).
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Figure 4.5: Experimental shapes over one beat cycle are compared with the free axonemal
shapes, shown in Figure 4.2, reconstructed using combination of the PCA modes,
Y a; (H)M;(s), as discussed in the text. For each panel, fraction of total variance is calculated,
see Chapter 2, section 2.8 for the definition of . Please note that in contrast to Figure 4.4C,
here the mean axonemal shape (cyan filament in Figure 4.3A) is not subtracted.

4.1.3 Implication for the motion of free axonemes: an analytical study

To understand the effect of various modes on the rotational and translational velocities of a
freely beating axoneme, we analyzed analytically a simplified waveform. For detail, see

Appendix A.2(4).

4.1.4 Calcium reduces the static curvature of the free axonemes

To investigate the effect of calcium ions on the flagellar waveform, we performed experiments
at different calcium concentrations and systematically measured the static and the dynamic
components of the axonemal waveform. As shown in Figure 4.6, we changed the calcium

concentration from 10* mM to 1 mM and quantified the curvature waves of the reactivated
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axonemes as explained in section 4.1 . Our analysis confirms that static component of the

curvature waves Cp decreases by ~85%, as we in

crease [Ca%*] from 10* mM to 1 mM. The
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Figure 4.6: Experiments with free axonemes reactivated with the calcium-supplemented buffer at different

calcium concentrations. A) The static curvature C, show

a sudden drop from 0.3 to 0.05 at [Ca?*] around 0.02

mM which induces a switch from circular to straight swimming path. B) Mean rotational velocity of axonemes
decreases at [Ca?*] above 0.02 mM, consistent with the observation that axonemes switch from circular to
straight swimming trajectories. C) Beat frequency of axonemes drops slightly at [Ca%*] around 1 mM. D) The

amplitude C; slightly with [Ca?*]. In all the experiments,

the ATP concentration was fixed to 200 uM.

drop is relatively sharp at [Ca?*] around 0.02 mM, indicated by a vertical dashed line in Figure

4.6A. This decrease in Cy causes a transition from a circular swimming trajectory to a straight

trajectory (Figure 4.6A-B), as expected based on
the beat frequency of axonemes drops slightly

(Figure 4.6C). In addition, calcium ions affect

Appendix, Eqg. A.2.10. We also observed that
at high calcium concentrations at ~1 mM

the amplitude of the main travelling wave

component. To quantify this effect, we examined the wave amplitudes (C,) inferred from our

PCA analysis. These results, which are plotted in

Figure 4.6D-E, show a small decrease in C; at

high [Ca%*]. We notice that calcium concentrations lower than ~0.02 mM do not qualitatively
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affect the picture drawn in the absence of calcium, as summarized in section 4.1.1, However,

at high calcium concentrations, the rotational velocities of axonemes Q,(t) are small and
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Figure 4.7: A) Comparison of the experimental rotational velocities of free axonemes with the corresponding
values obtained by RFT simulations with full experimental shapes, i.e. infinite number of modes. The black
line has the slope of 1 and passes through the origin. Each data point corresponds to one axoneme at a given
calcium concentration. Circles show the data points which are used in panel B. B) The dependence of
(Q,)RFT /w, on the number of PCA modes considered for the shape reconstructions for the six axonemes,
indicated by colored circles in panel A.

highly noisy, and direct measurement of (Q,) is difficult. Therefore, in Figure 4.6B, (Q,) are
calculated using the full experimental shapes based on RFT simulations withn = ¢, /{; =1.8.
To check the validity of RFT in our system, we used our experimental data at zero or very low
concentrations of calcium, where axonemes swim on circular paths and a direct measurement
of (Q,) is possible. The comparison between the experimental measurements and RFT
simulations is shown in Figure 4.7A. The black dashed line has the slope of 1 and passes through
the origin, which provides strong evidence for the validity of RFT in our experimental system.
Furthermore, with regard to our PCA analysis as discussed in section 4.1.2, we mention that in
our RFT simulations, the mean rotational velocity of axonemes depends on the number of
modes which are considered for the shape reconstruction. Figure 4.7B shows that (Q,)/w,
obtained using RFT simulations, converges for n = 4. The black dashed lines in Figure 4.7B are
the values of (Q,)RFT /w, obtained using full experimental shapes, i.e. infinite number of
modes. Finally, similar to Figure 4.5, we performed PCA analysis to reconstruct axonemal
shapes for an exemplary axoneme at a calcium concentration of 0.1 mM. As shown in Figure

4.8, the first four modes recapitulate the beat pattern of the axonemes with high accuracy.
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Figure 4.8: Experimental shapes and different combinations of the four dominant eigenmodes used to
reconstruct the axonemal shapes. For each panel, fraction of total variance @ is calculated (see Chapter 2,
section 2.9). Here [ATP]= 0.2 mM and [Ca%**] = 0.1 mM.

4.1.5 Hinged and clamped boundary conditions

In our experiments, attachment of axonemes to the substrate occurred either from the basal
end or the distal tip due to the non-specific axoneme-substrate interactions. These axonemes
were either hinged from the basal or the distal side and rotate freely around the hinging point,
as shown in Figure 4.9, or they were clamped from the either side to the substrate and were
unable to rotate, as shown in Figure 4.10.

Let us first focus on the hinged boundary condition and consider an exemplary case where the
axoneme was attached from the basal end and rotates CCW at the mean rotational velocity of
(Q,) ~ 15 rad/sec around the pinning point. Curvature waves initiate at the surface-attached
proximal region (s = 0) and travel at the frequency of 44.34 + 0.02 Hz toward the distal tip

(s = L), see Figure 4.9C. This axoneme has an intrinsic curvature of ~ —0.17 um™, which
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Figure 4.9: Hinged axoneme boundary condition. A-C) A basal-hinged axoneme with the beat frequency of
44 .34 + 0.02 Hz rotates CCW around the pinning point while the bending waves propagate from the basal
toward the distal tip. The wavelength is 14.15 um, the mean curvature ko = —0.17 um, [ATP]=200 uM
and [Ca%*] = 0. In Appendix, Table A.2.3 in blue color shows that the amplitude of the base-to-tip traveling
wave (C,) is around five times larger than the backward tip-to-base traveling wave (C;). D-F) A distal-hinged
axoneme with fo=55.65 %+ 0.05 Hz Hz rotates CW around the pinning point (Figure 4.). The parameters are:
Ko = —0.19 um™, [ATP]=1 mM and [Ca?*] = 0. In this case, (C;) is almost six times larger than (C;), which is
comparable to the basal-hinged axoneme; see the value in black color in Appendix, Table A.2.3.

is comparable to the corresponding value for the free axoneme presented in Figure 4.2. The
amplitude of the traveling wave components, which are inferred from the PCA analysis, are
listed in the Appendix, Table A.2.3, (shapes reconstructed from the PCA analysis are illustrated
in Appendix, Figure A.2.18). A comparison of the wave amplitudes shows that the main wave
amplitude C, is almost 5 times larger than the wave component CJ, see also Appendix, Table
A.2.4 for wave amplitudes of two other basal-clamped exemplary axonemes. For comparison,
we also present a distal hinged axoneme which rotates CW around the hinging point, as shown
in Figure 4.9D-F. The hinging of axonemes from the distal tip to the substrate was rarely
occurred in our experiments. For this exemplary case, C; and C; coefficients extracted from
the PCA analysis show that C; ~6C; (Appendix, Table A.2.3, see values in black color), which is

comparable with the values obtained for the basal-hinged axoneme in panels A-C.
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Figure 4.10: Clamped boundary condition. A) A clamped axoneme attached firmly from the basal region to
the substrate. B) Time-projection of the axonemal shapes in the time interval of 500 msec. Note that only
the oscillating part of the axonemal length (~ 7 um) is included in this image. The thick white line highlights
the position of the surface-attached segment of the axoneme. C) Curvature waves propagating at the
frequency of fy = 20.31 + 0.29 Hz from the clamped region toward the distal tip. The mean curvature of
axoneme is kK, = ~ —0.05 um™. D-F) Similar to the panels A-C with the important difference that the
axoneme is clamped from the distal tip. This axoneme has a higher wave amplitude C; which is two time
larger than C; and it beats at fp = 30.73 + 0.06 Hz with a mean curvature of kq = ~ —0.18 um™. For both
experiments [ATP] = 80 uM and [Ca®*] = 0.

To calculate the mean rotational velocity of a modelled hinged axoneme, we used RFT and the
simplified waveform. For detail, see Appendix, A.2.(6). Finally, we present the experimental
data of two exemplary non-rotating clamped axonemes where part of the axonemal length,
either at the basal or the distal tip, was firmly attached to the substrate. Figure 4.10A-C shows
a base-clamped axoneme that beats at the frequency of fop =20.31+ 0.29 Hz with a reduced
intrinsic curvature k, = —0.05 um™ compared to the free and hinged axonemes. The
amplitude of the main base-to-tip traveling wave component, extracted form PCA analysis, is
also reduced in comparison to the free and the hinged axonemes. Moreover, the amplitude of
the backpropagating wave (C;) is three times smaller than the main base-to-tip propagating

wave component (C;) (see Appendix, Table A.2.4). Notably, for the case that the axoneme is
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clamped from the distal tip, the magnitude of the distal-to-basal back-traveling wave becomes
larger (C,/C{ ~ 2), indicating a possible wave reflection from the clamped side of the axoneme
(see Figure 4.10 D-F and the values in black color of Appendix, Table A.2.5). In intact C.
reinhardtii cells, the attachment of the flagellum to the cell body is close to a basal-clamped
boundary condition, so we repeated our PCA analysis for a flagellum in an intact cell (see Figure
4.1A-B, Appendix, Figure A.2.19). This analysis gives (C;/C; ~ 3), which is comparable to the

values mentioned above for the basal-clamped isolated axonemes.

4.2 Discussion

In this work, we have isolated flagella from green algae C. reinhardtii using dibucaine and
removed the membrane by treatment of detached flagella with non-ionic detergents!?> 197,
The remaining structure, without membrane and basal bodies, can be reactivated by an ATP-
supplemented buffer. Active axonemes show an asymmetric waveform predominantly in 2D
which mostly resembles the forward swimming motion of flagella in intact cells?%® 297, These
asymmetrical beating patterns cause the axoneme to rotate stably around a position in the
microscope's field of view. We extracted the shape of axonemes by GVF!03 104 gnd
quantitatively described the flagellar beating patterns by dimensionless local curvature C(s, t)
at time t and arc-length s along the axonemal length. The results presented in this Chapter,
are focused on the examples where axonemes swim effectively in 2D in the vicinity of the
substrate. This greatly facilitates the tracking of flagella and the data analysis. However, we
also observed examples where the axonemes swim in 3D and undergo tumbling motion. This
out of plane swimming dynamics complicates the tracking process of the axonemes. In future
studies, 3D microscopy techniques'®? 2 are necessary to capture the full 3D swimming
dynamics of the isolated axonemes.

The static component of the axonemal waveform, defined as the average angle over one beat
cycle at each position along the axonemal length, highlights the existence of an intrinsic
curvature of axonemes around the value of ~ —0.2 um™. To bend an axoneme to a circular
arc, shear forces along the axonemal centreline generated by asymmetric distribution of
dynein motors are required to induce a dynamic instability??>?12. Among different dynein

motors, IDAb (inner dynein arm b) is possibly the only dynein which has an asymmetric
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distribution, both radially and longitudinally. Bui et al.’> have shown that IDAb is absent in the
proximal region without being replaced by another dynein, and is predominantly localized at
the distal tip with radially asymmetric distribution. The depletion of IDAb from the proximal
area might suggest its specific function in bending the axoneme. Future experiments with IDAb
mutants are necessary to investigate the possible role of IDAb in inducing an intrinsic curvature
in axonemes.

In our experiments with calcium, we observed that among the constituting modes of the
flagellar waveform, the static component (Cy) is the most sensitive mode which reduces
significantly (~10 times) at calcium concentrations above 0.02 mM. The main traveling wave
components C; is calcium sensitive, especially at high calcium concentration around 1 mM C;
decreases with a factor of less than two. The reduction of the static mode, triggers a switch
from circular to straight swimming path, as previously observed in the refs?® 213, Based on high-
resolution structural information obtained by electron cryotomography, Gui et al.®’ have
proposed that RS (radial spoke) heads and CP (central pair) projections interact via electrostatic
forces. In this model, an increase in the electrostatic force with decreasing distance as the
axoneme bends causes a tilt of the radial spoke. This tilt is the mechanosignal that is
transmitted to the IDAs (inner dynein arms), the N-DRC (nexin-dynein regulatory complex) and
finally, to the ODAs (outer dynein arms). These electron cryotomography data support the idea
that calcium may regulate the transmission of these mechanosignals by inducing a
conformational change in calmodulin, which is a calcium responsive protein at the interface
between RS1 (radial spoke 1) and IDAa (inner dynein arm a, see Figure 4.1). This conformational
change in calmodulin can alter directly the wave pattern by affecting RS1-IDAa interaction. An
alternative plausible mechanism is that calcium affects a calmodulin-like subunit (LC4) of the
ODAs, and consequently influences the dynein behavior [56]. Further experiments are required
to clarify the mechanism of dynein regulation and the precise role of calcium in shaping the
flagellar waveform.

The Fourier analysis of PCA modes in the case of free, hinged and clamped axonemes shows
that the leading traveling wave component coexists with standing waves at the wavelength of
the leading mode and at higher spatial modes. Remarkably, applying the Fourier analysis to

flagella of intact C. reinhardtii cells yields results (see Appendix, Figure A.2.19 and Table A.2.6)
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that are very similar to those presented here. As discussed in the Appendix section the
description in terms of a dominant propagation wave superimposed by standing waves does
not lead to an immediate biological interpretation and an alternative explanation for the
observed wave patterns could be an arc-length dependent amplitude of axonemal bending
waves. It would be interesting to see if our analysis leads to qualitatively similar results when
applied to numerical solutions of simplified models of cilia.?'% 214 In these models, the dynein
regulation mechanism affects the wave propagation direction: while in curvature-feedback
mechanism?” 21> 216 there is an inherent direction in wave propagation which is determined
by the coupling between molecular motors and the local axonemal curvature!®® 27 in sliding
control mechanisms wave direction is not fixed intrinsically, but strongly depends on the
boundary condition. This mechanism can be described by considering a model axoneme
composed of two polar elastic filaments coupled by passive cross-linkers, and dynein motors
exert sliding forces in opposite direction on the two facing filaments, generating an active
stress along the long axis of the filament. The unbinding of dynein motors is controlled by the
sliding motion between the neighboring MTDs 102 217-219 As the motor activity increases, a Hopf
bifurcation leading to sustained oscillations are observed. As mentioned above, the direction
of deformation waves depends on the boundary conditions: for hinged filaments, the waves
propagate from base-to-tip while for clamped boundary conditions, the waves propagate in
the opposite direction. At higher motor activity, a second bifurcation occurs and non-linearities
cause a reversal in the direction of wave propagation?'% 229, This transition from tip-to-base to
base-to-tip wave propagation occurs through a narrow transitional region of intermediate
states??!. The wave dynamics in the corresponding intermediate regime is reported to be
chaotic and is a superposition of standing waves with waves switching quasi-periodically their
direction of propagation??!. Moreover, the analysis by Camalet et al. 2% 222 shows that in an
internally-driven filament, with a coarse-grained oscillatory force density acting in opposite
directions tangentially on two filaments, traveling wave solution can be induced via a dynamic
instability. The resulting wave patterns do not depend on the microscopic mechanism of the
instability but only of the hydrodynamic forces and the filament rigidity. In this approach, which
rests on a coarse-graining of the molecular motors, the direction of wave propagation depends

critically on the boundary condition.
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We emphasize that, in all these models, the dynein regulation mechanism affects the wave
propagation direction: while in sliding-control mechanisms wave direction is not fixed by the
equation of motion and strongly depends on the boundary condition, in curvature-feedback
mechanism?” 21> 216 there is an inherent direction in wave propagation which is determined
by the coupling between molecular motors and the local axonemal curvature?%> 217, Lastly, we
note that other approximations, such as time-delay variations of the contractile tensions also
lead to spontaneous oscillations of the filament?%® 224 although a non-linear relation between
length variation and tension is needed to keep the wave amplitude finite. For such a non-linear
response, the traveling wave can exist only in one direction and a traveling wave solution in
both directions is an unstable solution??® 224, In this context, it is interesting to emphasize that
the Fourier analysis of the PCA modes of our experimental results shows that the nature of the
standing waves is not qualitatively affected by the boundary conditions. To explain this striking
difference, one could hypothesise that the discrete structure of the axoneme at the
microscopic level, as shown in Figure 4.1C and D, leads to significant deviations at the
macroscopic level, especially by changing the boundary conditions at both ends of the cilium.
In future studies, it would be an interesting challenge to attribute the formation of these
standing waves to the underlying biology and to understand the contribution of different
molecular dynein motors in the formation of the standing waves, as well as determine the

mechanism of dynein regulation in cilia and flagella.
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Chapter 5  Bio-hybrid Micro-swimmers Propelled by Flagella
Isolated from C. reinhardtii

Chapter 5 is adapted from:

Raheel Ahmad, Albert J Bae, Yu-Jung Su, Samira Goli Pozveh, Alain Pumir, Eberhard Bodenschatz and Azam
Gholami, “Bio-hybrid Micro-swimmers Propelled by Flagella Isolated from C. reinhardtii”, Soft Matter, Accepted,
2022.

Raheel Ahmad contributions: Isolation of flagella experiments with calcium and beads, data analysis, discussion
and revision.

In this work, we demonstrate the feasibility of using isolated and demembranated flagella from
C. reinhardtii as a bio-actuator to carry and manoeuvre micron-sized particles. Figure 5.1
demonstrates the existence of two different regimes of propulsion. At low calcium
concentration, see Figure 5.1A-B, the micro-swimmer is propelled on a highly curved
trajectory. At higher calcium concentration, on the other hand, the bead is propelled along an
almost straight path, at a velocity ~ 20 um/sec, comparable to the velocity of human sperm in
vivo, see Figure 5.1C-D. The possibility to externally modifying flagellar wave components and
beating frequency with light or chemical stimuli (such as calcium ions, as in Figure 5.1B,D)'®3
opens an interesting perspective to control such a bio-hybrid micro-swimmers. The micro-
swimmers, propelled by isolated and reactivated flagella, are potentially attractive to develop
minimally invasive devices for medical applications, such as in vivo active cargo transport??>
226 |n this context, understanding the propulsion mechanism as a function of the flagellar beat
pattern and flagella-bead attachment geometry appears as an important pre-requisite.

Here, we combine experiments, numerical simulations and analytical approximations to
investigate the effect of (i) external calcium ions, (ii) various wave components, (iii) the cargo
size and (iv) symmetric versus asymmetric bead-axoneme attachment on the swimming

dynamics of a bead that is propelled by an ATP reactivated axoneme. We used calcium ions to

reduce the static curvature of axonemes by one order of magnitude, thereby?® 22’ inducing a

94



Chapter 5 Results and Discussions

transition from circular to straight swimming trajectories of axonemal-propelled beads (see
Figure 5.1 ). Furthermore, we describe the axonemal waveform as a combination of a static
curvature and a traveling wave component and use resistive force theory>* 2?8 to obtain
analytical approximations for the translational and rotational velocities of an axonemal-
propelled bead in the limit of the small amplitude of curvature waves, and simulated the
swimming trajectories. Our analysis reveals a surprising nonmonotonic behavior of the mean
translational and rotational velocities of the axonemal-driven bead as a function of the bead
radius. Finally, we showed that for a freely swimming axoneme, which rotates predominantly
with its static component of the axonemal waveform, sideways bead attachment is sufficient
to generate mean rotational velocities comparable to the rotation rates induced by the static
curvature.

Note that numerical simulations and analytical approximations were performed by Dr. Azam

Gholami (MPI Gottingen) and Dr. Albert J Bae (University of Rochester, USA).

5.1 Results

We fabricated axonemally-based propelled beads, by incubating isolated axonemes from C.
reinhardtii (~10 um in length) with beads of diameter 1 um, as described in Chapter 2, section
2.7.4. Out of N = 195 bead-axoneme attachments, a single bead attaches to the basal end of
the axonemes, in 60.5% of the cases. Attachment of beads to the distal tip occurs less
frequently in 22.6% of cases, and in even less frequent events (16.9%) we observed more than
one bead attached either to the tips or along the axonemal length. The attachment of the
beads to the basal or the distal region of the axonemes is either symmetric, i.e. the tangent
vector of the axoneme at the bead-axoneme contact point passes through the bead center, or
asymmetric. We emphasize that a limitation of our 2D phase-contrast microscopy is that it is
not possible to precisely distinguish a symmetric bead attachment from an asymmetric one
and 3D microscopy techniques?® are required to fully determine the bead-axoneme
attachment geometry. This symmetric versus asymmetric attachment has consequences on

the swimming dynamics, as we will in Appendix, section A.2(11).
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A Without calcium B

c With 1 mM calcium D

Figure 5.1: Axonemally-driven beads and the effect of calcium ions. A) An exemplary axoneme at [Ca?*] =0 mM is
attached at the basal end (s = 0) to a bead of diameter 1 um. The blue trajectory of the bead center shows a curved
swimming path at two different time points. B) The time-projection of the axonemal shapes highlights the counter-
clockwise (CCW) rotation of the axoneme as bending deformations propagate along the contour length. C) In the
presence of 1 mM calcium, the bead is propelled on average along a straight path at the propulsion speed of around
20 um/sec, which is comparable to the human sperm propulsion speed in mucus. D) Calcium ions trigger a transition
from an “asymmetric’ flagellar waveform that rotates CCW to a 'symmetric’ waveform that swims along a straight
path. In both experiments, the ATP concentration is 200 uM.
The propulsion of axonemally-driven beads is highly sensitive to the axonemal waveform. In
our experiments, we use calcium ions at different concentrations to change the axonemal
waveform and study the propulsion dynamics. In the following subsection, we summarize our
results without and with calcium ions and show that calcium ions play a crucial role to achieve

a directed cargo transport.

5.1.1 Overview of the results: two modes of propulsion

Returning to Figure 5.1, we recall the existence of two regimes of propagation. While in the
first regime, the axonemal-driven bead is propelled on a curved trajectory, in the second
regime, the bead is propelled (on average) along a straight path. These two distinct modes of
propulsion correspond to two different concentrations of calcium ions in the reactivation

buffer (0 mM versus 1 mM), which directly affects the axonemal waveform?® 22°. As shown in
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Figure 5.2: Experiments to show the effect of calcium. A) An axonemally-driven bead reactivated at [ATP] =
80 uM and [Ca®"] = 0 mM. Tracked axoneme and trajectories of its distal (blue lines) and basal (white lines)
ends. Axoneme-bead swimmer rotates counter-clockwise while the bead center follows a spiral-like path
(Figure 5.3B). B) Curvature waves as they travel at the frequency of 38.25+0.25 Hz from the proximal region
toward the distal tip. C) Mean shape of the axoneme in cyan color averaged over one beat cycle showing a
circular arc with static curvature of ~ —0.19 um™. At different time points, the axoneme is translated and
rotated such that the basal end is at (0,0) and the tangent vector at s = 0, which defines the X —axis in the
swimmer-fixed frame, is along the x —axis of the laboratory-fixed frame (see Figure 5.1A). D) An axonemally-
driven bead reactivated at [ATP]= 80 uM. The reactivation buffer is supplemented with 0.1 mM calcium to
reduce the static curvature. The axoneme beats at 24.42+0.18 Hz and the bead-axoneme attachment appears
to be symmetric. F) The axonemal mean shape with static curvature of ~ —0.03 um™? (filament with cyan
color). The mean curvature of axoneme has dropped around ten times in comparison to axonemal shapes in
panel C. This reduction in C, causes a transition from a circular to a straight swimming trajectory.

Figure 5.2B, in the absence of calcium ions, the time-projection of the "asymmetric’ axonemal
shapes indicate a counter-clockwise rotation of the axoneme causing a circular swimming
trajectory of the bead. However, in the presence of calcium ions, we observe a significant
change in the flagellar waveform (Figure 5.1D) that appears to be ‘'symmetric’ and results in
directed bead transport.

Figure 5.2 characterizes in more detail the flagellar waveform of the axonemes in the two
regimes observed in Figure 5.1. Figure 5.2C shows a representative example of the first regime,
where we have tracked the axoneme over time and quantified the curvature waves that
propagate along the axonemal length. These bending waves start from the basal end (at s =

0), which is attached to the bead, and propagate at the frequency of fo ~ 38.254+0.25 Hz
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toward the distal tip. Please note that the beat frequency of axonemes depends on the ATP
concentration, following Michaelis-Menten kinetics with a linear trend at a low amount of ATP
and saturation at higher ATP concentrations around 1 mM (see Chapter 3, Figure 3.5E). An
interesting property of these curvature waves is that if we average the flagellar shapes over
one beat cycle, we obtain a circular arc with the mean curvature of k around —0.19 um™ (see
the cyan filament in Figure 5.2C). The negative sign of Kk indicates a clockwise bend when
moving from the basal end at s = 0 toward the distal tip at s = L. In other words, we can think
of the axonemal waveform as a superposition of a traveling wave component which
propagates along this circular arc, causing a counter-clockwise rotation of the axoneme and
the cargo (Figure 5.1A-B). However, as shown in Figure 5.3, the mean curvature of axonemes
K, is highly sensitive to the concentration of calcium ions and almost vanishes above a calcium
concentration of 0.1 mM. This mean axonemal curvature appears to be linearly related to the
curvature of the path of the bead, as shown in Figure 5.3B. The proportionality factor is
estimated to be around 24% 20>,

Figure 5.2D-F illustrates how the axonemes beat at higher calcium concentration (0.1 mM). In
this case, the axonemal waveform is composed of a propagating wave that travels along an
almost straight filament, thereby propelling the axoneme and the cargo along a straight path.
This reduction in K, decreases the rotational velocity of the axoneme compared to the
experiment presented in Figure 5.2A in the absence of calcium ions. As we will show in our
analytical analysis, see Appendix A.2(11), up to the leading order, (Q,) scales linearly with the
dimensionless mean curvature C, = kyL/2m. At such low values of the mean curvature of the
axoneme, we achieve directional cargo transport with a mean velocity of about 20 um/sec
(Figure 5.1C), which is slightly slower than the migration speed of the human sperm in mucus
(typically 25-45 um/sec)?3°.

Furthermore, we note that in most of our experiments without calcium, the axonemes rotate
counter-clockwise in the microscope’s field of view with an effective 2D beat pattern,
facilitating the tracking procedure. This motion is characterized by a circular swimming
trajectory and a translation in the laboratory frame of reference. The combination of rotation

and translation results in a spiral-like swimming path of the axoneme and the bead
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Figure 5.3: A) The dimensionless mean curvature of axonemes
defined as C, = koL/2m drops almost ten times at [Ca®*] around
0.01 mM. This reduction in Cy causes a transition from a circular to
a straight swimming trajectory. The time-projection of experimental
shapes of two exemplary axonemes at 0 mM and 0.1 mM [Ca?*] are
also shown to illustrate the transition in the swimming path. At each
calcium concentration, N=5 axonemes (without any bead attached)
are tracked to obtain €y and the corresponding median and standard
deviation. B) The curvature of the swimming path of the axonemes
in panel A, plotted versus the mean curvature k. The slope of the
linear least-square fit is around 2.

(see Figure 5.4). Note that for the exemplary experiment in Figure 5.2A, the x — y positions of
the bead center exhibit tiny oscillations at the fast beat frequency of fop = 38.25 Hz and a
secondary slow global rotational frequency around 1.5 Hz (see Figure 5.4B). As the axoneme
undergoes planar shape deformations over time, at any instant of time, it may be considered
as a solid body with translational and rotational velocities Uy, U,, and £, which we measure in

the swimmer-fixed frame (Appendix, Figure A.2.22)?%°. These velocities oscillate in time,

99



Chapter 5 Results and Discussions

reflecting the fundamental beat frequency of the axoneme shown in Figure 5.2A (~38.21 Hz)
and its higher harmonics. In contrast, in our experiments with calcium, axonemal movement

often occurs in 3D, making tracking of axoneme nearly impossible. Finally, we also performed

0 200 400 600 0 200 400 600 800 1000 1200
time (msec)

time (msec)
Figure 5.4: A) Color-coded time projection of the axonemal shapes of the axoneme presented
in Figure 5.2A. B) Color-coded trajectory of the bead center from Figure 5.2A showing a spiral-
like trajectory. The global rotational frequency of the swimmer is around 1.5 Hz (~1 full rotation
in around 650 msec).

Table 5.1: Frequencies and intrinsic curvature values of 12 different axonemes propelling beads of diameters D=
1, 2 and 3 um. Mean and standard deviations are also presented. All axonemes are reactivated at [ATP]=200 uM.

Axoneme 1 2 3 4 1 2 3 4 1 2 3 4

D (um) 1 1 1 1 2 2 2 2 3 3 3 3
fo (Hz) 4850 43.55 53.46 485 | 33.65 38.60 61.15 63.36 | 46.06 43.55 5841 23.75
(fo) std 48.50+ 4.0 49.19415.25 42.94414.35
Ko (um?) 021 022 026 020 025 017 017 019 015 016 0.15 0.19
(ko) * std 0.2240.03 0.1940.04 0.1640.02

experiments with larger diameter beads to explore how bead size affects beating frequency
and mean curvature of the axonemes. A summary of the beat frequency and intrinsic curvature
of axonemes (all reactivated at [ATP] =200 uM and [Ca®*] = 0 mM) propelling beads of
diameter 2 and 3 microns are given in Table 5.1. In these experiments, as we increased the
bead diameter from 1 um to 3 um, we observed a reduction in both the averaged beat

frequency (~12%) and the intrinsic curvature (~31%) of the axonemes.
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5.1.1.1 Description of the flagellar shapes

Having described the two modes of propulsion with and without calcium, we now focus on the
principal component analysis (PCA) of the flagellar waveform as described in Chapter 2, section
2.9 . Inour flagella-driven beads, the propulsive force and torque exerted on the bead depends
on the axonemal waveform. Using the x and y coordinates of the tracked flagellum (see
Chapter 2, section 2.8 ), we calculate 8(s, t)which is defined as the angle between the local
tangent vector of the centerline of the tracked flagellum and the x —axis (see Figure 5.1A). We
then average the axonemal shapes over one beat cycle to obtain the mean shape of the
axoneme, which corresponds to the arc-shaped filament colored in cyan in Figure 5.2C. Figure
5.5A shows the color map of the covariance matrix of the axoneme shown in Figure 5.2A, which
has an effective reduced dimensionality with a small number of non-zero eigenvalues. We note
that four eigenmodes M,,(s) (n = 1,...,4) corresponding to the first four largest eigenvalues
of B¢ (s,s") capture the axonemal shapes with very high accuracy. These four eigenvectors
are plotted in Figure 5.2B. We reconstruct the axonemal shapes using the four dominant
modes and the corresponding time-dependent motion amplitudes a,, (t)(n = 1,...,4) using
Eqg. 2.19 (see Chapter 2, section 2.9 ). The reconstructed shapes are presented in Figure 5.2C,
where the green dashed lines show the experimental data. The contribution of different modes
in reconstructing the axonemal shapes is shown in Appendix, Figure A.2.23. Please note that
higher spatial modes in combination with the corresponding time-dependent motion
amplitudes, i.e. a, (t)M,(s), as (t)M3(s) and a 4, (t)M,(s), are approximately standing
waves. The motion amplitudes a,(t) and a, (t), which oscillate at the axonemal beat
frequency fo, are shown in Figure 5.2D; see also Appendix, Figure A.2.24 for a plot of motion

amplitudes a4 (t) to a,(t) versus each other.

5.1.2 Analytical approximations of rotational and translational velocities of an axonemal-
propelled bead

In this section, we discuss analytical approximations for the mean translational and rotational
velocities of a flagellar-propelled bead in the regime of small wave amplitude. For detail, see

Appendix A.2(11).
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Figure 5.5: PCA analysis of the axoneme presented in Figure 5.1. A) The covariance matrix 8., (s, s")
of fluctuations in angle 8(s,t). B) The four eigenvectors corresponding to the first four largest
eigenvalues of 8¢, (s,s"). C) The time-projection of the experimental data and the corresponding
shapes reconstructed using the four eigenmodes presented in panel B. D) The time-dependent
motion amplitudes a, (t)and a,(t) as defined in Chapter 2, sec 2.9. The black and cyan dashed lines
in panel B and D show the Fourier fits.

5.1.3 Analysis with the experimental waveform

To confirm that anomalous propulsion regime and the rotation induced by asymmetric cargo
attachment are general and not limited to the simplified waveform introduced in Appendix Eqg.
A.2.62, we also used the experimental beat patterns of the exemplary axoneme in Figure 5.2A.
We performed RFT simulations to compute the mean translational and rotational velocities of
an axonemal-propelled bead using the experimental waveform as an input for both
asymmetric and symmetric bead-axoneme attachment. As shown in Figure 5.6, the anomalous

propulsion regime exists for both symmetric and asymmetric attachments.
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Figure 5.6: Experimental beat pattern in Figure 5.2A are used to calculate translational and rotational
velocities of an axonemal-propelled bead attached. A) Asymmetrically at Y3 =R, X5 =0. B)
Asymmetrically at Y3 = —R, Xz =0. C) Symmetrically at Yz = 0, Xz = —R. Anomalous propulsion
regimes are highlighted in cyan color. Red circles mark the experimental bead size of R/L ~ 0.05 and the
corresponding rotational velocities. Note that the trend observed in panel C is consistent with the trend
predicted by our analytical calculations with a simplified waveform for a symmetric bead-axoneme as
shown in Appendix, Figure A.2.12.
Depending on the sign of the static curvature of the axoneme C; and the position at which the
bead is attached, the asymmetric attachment may contribute to an increase or decrease in the
overall mean rotational velocities. For the axoneme in Figure 5.6, C, is negative and the
sideways bead attachment at Yz = R (Figure 5.6A) acts against the rotation induced by the
intrinsic curvature C,. The opposite happensin Figure 5.6B where the bead attachmentat Yz =
—R amplifies the rotational velocity of the axoneme. We also note that the anomalous
propulsion regime is more pronounced in panel B where the bead is attached sideways at Yz =
—R. Note that for the symmetric bead-axoneme attachment, the general trend shown in
Figure 5.6C is consistent with our analytical approximations presented in Appendix, Figure
A.2.11. An experimental confirmation of our theory is provided by the explicit comparison
between the measured rotational velocity, (Q,)/w,, with the predictions using RFT theory. To

this end, we have indicated by a red circle in the right most panels of Figure 5.6A- C the

measured values as a function of the bead size used, R = 0.5 um (so the ratio R/L ~ 0.05).

103



Chapter 5 Results and Discussions

The value of (Q,)/w, = 0.026, reported in Figure 5.6C, was documented in Appendix, Figure
A.2.22C (see the red line). In this case, the axoneme, as shown in Figure 5.4A, globally rotates
around 27 in the time interval of ~ 650 msec, which with fo = 38.21 Hz, results to (Q,)/w, =
0.04. This value is closest to the value of 0.029 in panel B with an asymmetric bead-axoneme
attachment. Overall, we observe a good agreement between the predicted and the
experimentally measured values of (Q,)/w,.

We also considered the beat pattern from our experiments at higher calcium concentration,
corresponding to Figure 5.2D, to study the propulsion of a model bead at different radii with
symmetric versus asymmetric bead-axoneme attachment. Figure 5.7 also shows the existence
of anomalous propulsion regimes as highlighted by the bands in cyan color in the three graphs

on the right.
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Figure 5.7: Experimental beat pattern shown in Figure 5.2D with 0.1 mM [Ca?*] and [ATP] = 80 uM are used
to calculate the mean translational and rotational velocities of an axonemal-driven bead attached. A)
Asymmetrically at Yz = R, X5 = 0. B) Asymmetricallyat Y3 = —R, Xz = 0. C) SymmetricallyatYy; = 0, Xp =
—R. Anomalous propulsion regimes are highlighted in cyan color. Red circles mark the experimental bead
radius of R/L ~ 0.05 and the corresponding values of (Q,)/w,. Note that the general trend in panel C is
consistent with the analytical analysis presented in Appendix, Figure A.2.12 for a symmetric bead
attachment.
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The experimental value of (Q,)/w, = 0.004 (total rotation of /4 in 1299 msec) is slightly
larger than the values 0.0024, 0.0029 and 0.0028 in panels A-C, respectively, which are
highlighted by the red circles in Figure 5.7A-C. Finally, comparing Figure 5.7 and 5.6 shows that,
as expected, the dependence of the mean translational and rotational velocities on the bead

size is highly sensitive to the flagellar waveform.

5.2 Conclusions

In this work, we have characterized the motion of a bead (a cargo) propelled by an ATP-
reactivated axoneme isolated from the green algae C. reinhardtii. We observed two distinct
regimes of bead propulsion depending on the calcium concentration. The first regime
describes the bead motion along a curved trajectory which is observed in experiments at zero
or very small concentration of calcium ions (less than 0.02 mM). A directed bead propulsion
along straight trajectories occurs at higher calcium concentrations where the cargo is propelled
at an averaged velocity of around 20 um/sec. This is comparable to the typical human sperm
migration speed in mucus?3®. High-resolution structural information obtained by electron
cryotomography®’, strongly supports the idea that calcium could regulate the transmission of
mechanosignals. Gui et al.®” have shown the presence of calmodulin, a calcium responsive
protein, at the interface between RS1 (radial spoke 1) and IDAa (inner dynein arm a). Calcium
may induce a conformational change in calmodulin, which may directly alter the wave pattern
by affecting RS1-IDAa interaction. An alternative plausible mechanism is that calcium affects a
calmodulin-like subunit (LC4) of the outer dynein arm (ODA) and consequently, influence the
dynein behavior®’. Further experiments are required to clarify the mechanism of dynein
regulation and the precise role of calcium in shaping the flagellar waveform. Since the beads
in our experiments were incubated with demembranated axonemes, the quantity, spacing and
location of beads attached to the axonemes were not controlled. Normally, a small fraction of
the beads (less than 10%) adheres to the axonemes at random sites preferably at the basal or
the distal ends.

The axonemes beat with an asymmetric waveform, which resembles the forward swimming

207

motion of flagella in intact cells?®’. We extracted the axonemal shapes using GVF technique!®®

104 (see Appendix, Figure A.2.20) and quantitatively described the beating patterns by the
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dimensionless curvature C(s, t) at time t and at arc-length s along the axonemal length. Our
PCA analysis shows that the axonemal motion is described with a high degree of accuracy,
taking into account only the first four dominant eigenmodes corresponding to the first four
largest eigenvalues. In this work, we are focusing on the examples where an axoneme-bead
swimmer swims effectively in 2D in the vicinity of the substrate. This greatly facilitates the
tracking of axonemes and data analysis. However, we also observed examples where the
axoneme-bead swimmer undergoes a tumbling motion in 3D. This out of plane swimming
dynamics complicates the tracking process of the axonemes. In future studies, 3D microscopy

techniques?%*

are necessary to capture the full 3D swimming dynamics of the isolated
axonemes.

We used a simplified waveform to describe the axonemal shapes which is composed of a
traveling wave component propagating along a circular arc (Appendix, Eq.A.2.62). This
simplified waveform allows us to obtain analytical expressions for translational and rotational
velocities of an axonemal-propelled bead in the limit of small amplitudes of curvature waves.
The rotational velocity of an axoneme is predominately controlled by its static curvature C,.
Remarkably, our analysis with the simplified waveform predicts an anomalous propulsion
regime where the rotational and/or some of the translational velocity components of an
axonemal-propelled bead increase with the bead radius (Appendix, Figure A.2.11). We also
used the experimental beat patterns to demonstrate that this counter-intuitive regime is not
limited to the simplified waveform and also exists for waveforms closer to the experimental
ones. This anomalous propulsion regime has also been predicted for a model sperm-like
swimmer which has a zero mean curvature, and is propelled by a traveling wave motion, as
illustrated by Appendix, Figure A.2.12F. Consistent with this, we also observed anomalous
regimes in our experiments with an increased calcium concentration (0.1 mM instead of 0
mM), which result in a significant reduction (approximately 10 times) in the mean curvature of
the axonemes, see Figure 5.3.

An anomalous cargo transport regime was also predicted in biofilm forming bacteria
Pseudomonas aeruginosa (PA14)%31232 where swimming is driven by multiple (on average two)
rotating helical flagella (length ~ 4 um) that can bundle to propel the bacterium in a corkscrew-

like motion or unbundle to change direction, exhibiting a run-and-tumble swimming pattern?3.
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This anomalous behavior is expected to exist for a hypothetical mutant of PA14 which has a
larger (around three times) bacteria size in comparison to the wild type. This up-scaling of
bacteria size results in a larger rotational drag coefficient of flagella than bacterial body, which
in the ref?3! is found to be the criteria for the anomalous propulsion. Whether such a
hypothetical largescale bacterium exists is an open question. However, this anomalous
propulsion regime could be important in bacterial swimming in polymeric solutions, where due
to steric interactions between flagella and polymers, the rotational drag coefficient of the
flagella can become larger than the bacterial body, fulfilling the criteria for anomalous
propulsion. Thus, as experimentally observed and contrary to our expectations, the swimming
speed of bacteria in the polymeric solutions can increase?** 23>, In our system, however, we
are not able to obtain a simple analytical criterion for the anomalous propulsion as it results
from the full calculations which include inverting the 3X3 drag matrix of the bead axoneme
swimmer. From a general physics perspective, we remark that the anomalous regime
corresponds to a change in the partitioning between translation (in the two physical directions)
and rotation as R increases, so that some components may increase with R over a range while
other components decrease, as dictated by the overall increase in the drag of the bead.

Finally, our analysis shows that asymmetric cargo-axoneme attachment contributes at the
same order of magnitude as the mean curvature to the rotational velocity. In other words, a
sperm like beating flagellum without mean curvature and second harmonic swims in a curved
trajectory if it is attached sideways to a cargo. In our experiments, since we image the sample
in 2D, we are not able to precisely distinguish symmetric versus asymmetric bead-axoneme
attachments. In a 2D-projected image, a symmetric bead-axoneme attachment could in reality
be an asymmetric one. Moreover, as the bead-axoneme swimmer goes slightly out of focus,
the attachment in some frames seems to be symmetric and in other frames asymmetric. The
3D microscopy techniques, similar to the one used in the ref?%* are necessary to fully
characterize symmetric versus asymmetric axoneme-bead attachment in 3D. This 3D
characterization is absolutely essential to experimentally prove the anomalous behavior
predicted by our analysis with a simplified waveform as well as with the experimental beat
patterns. Although we have performed a few experiments using beads of diameters of 1, 2 and

3 um (see Table 5.1), we are unable to verify the validity of the predicted anomalous trend
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because our 2D microscopy does not allow us to distinguish between symmetric and
asymmetric bead-axoneme attachment. Future experiments with a multi-plane phase contrast
microscope?%* is a promising step to resolve the full 3D geometry.

The design and fabrication of synthetic micro-swimmers is a challenging task in the growing
field of smart drug delivery, and has recently become a multidisciplinary effort involving
physicists, biologists, chemists and materials scientists. Flagella isolated from biological micro-
organisms show a variety of waveforms and are promising candidates to provide a reliable
power source for motility by an effective conversion of chemical energy from ATP hydrolysis
into mechanical work. The C. reinhardtii flagellar-propelled micro-swimmers investigated here
have the unigue advantage that the beat frequency can be controlled via illumination, as we
have described in our previous work?3¢ and chemical stimuli (e.g. calcium ions) can be used to
trigger a transition from a circular to a straight swimming trajectories??”-22°. They also serve as
an ideal model-swimmer to investigate both experimentally and theoretically the contribution
of different wave components in cargo propulsion dynamics. Our theoretical analysis as well
as numerical simulations reveal the existence of an anomalous cargo transport regime, where
contrary to expectation, the flagellar-propelled cargo swims faster as we increase the cargo
size. This counter-intuitive behavior may play a crucial role in the design of future artificial
flagellar-based propulsion systems. Finally, our analysis also highlights the contribution of the
asymmetric cargo-flagellum attachment in the rotational velocity of the micro-swimmer. This
turning mechanism should be also taken into account in manufacturing bio-inspired synthetic

swimmers where a directional targeted motion is critical for delivery of drug-loaded cargoes.
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Chapter6 Conclusions and Outlook

This final chapter concludes the work of this dissertation and broadens the results of
assembling biological and non-biological components in context to control the motility of C.
reinhardtii isolated axonemes, and the construction of an artificial cell and a bio-hybrid micro-
swimmer.

First, a light-driven ATP regeneration system was built in collaboration with the research
groups of Dr. Tanja Vidakovi¢-Koch and Prof. Kai Sundmacher (MPI Magdeburg). The artificial
ATP regeneration system consisted of three main building blocks: Bacteriorhodopsin (a proton
pump), EFoF1-ATP synthase (ADP-to-ATP conversion unit), and a lipid vesicle. As a first step, the
functional activity of bR was confirmed by reconstitution into liposomes and encapsulation of
pH-sensitive dye (pyranine). The driving force (called the electrochemical potential gradient)
for ATP synthesis involves both the proton gradient ApH and the potential gradient Ay.
Therefore, the next step was to demonstrate that both gradients are required as driving forces
for ATP synthesis by measuring the kinetics of ATP synthase in an acid-base transition
experiment with valinomycin. After confirming the functionality of both transmembrane
proteins, we performed a coreconstitution of ATP synthase and bR into lipid vesicles. In our
system, we determined a higher ATP synthesis rate (4.5 uM ATP (mg ATP synthase)'min™ as
compared to the literature®3> 136,138 140 \yhich we explained on the following basis, (i) 1 ATP
synthase and 96 bR molecules per liposome, (ii) bR was used in the form of patches that
oriented more efficiently in liposomes than the solubilized form, (iii) the method of liposomes
preparation also contributed to the reconstitution efficiency®**, (iv) the effect of DTT in
energizing the liposomes and (v) the higher amount of ADP in the system. The functional
module was preshined with two light sources at different time points. This showed that higher
light intensity increased the activity of the light-driven ATP module (5W microscope light and

50W LED lamp generated 213 uM and 313 pM, respectively). However, imaging of the
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axoneme was performed in the microscope integrated with a 5W light source, so further ATP
measurements were performed under the microscope light. We observed that illumination
with the microscope light for 1 min produced 1 uM ATP, which was found sufficient to
reactivate axonemes at a beat frequency of around 22 Hz. This is in contrast to our experiments
with pure commercial ATP, in which the minimum critical ATP concentration to reactivate
axonemes was 60 uM*3°. We explained this discrepancy as follows: (1) ATP inhibitory activity
verified in a simple metabolic reaction: Hexokinase convert glucose (G) to glucose-6-phosphate
(G-6-P) using 1 ATP molecule. From this experiment, it was concluded that ATP production rate
is 18% higher than the control experiment. (lI) Attachment of functionalized vesicles to
demembranated axonemes can lead to higher ATP concentrations around the axonemes. We
used dye-labeled photosynthetic vesicles to monitor the attachment of vesicles, however, we
observed the attachment of vesicles to some parts of axonemes along their entire length, but
not the accumulation. (Ill) The presence of ADP in our system. According to literature, ADP
plays a critical role in axonemal motility® 7% 1%, |n addition, there is evidence that ADP can
occupy the non-catalytic sites in the dynein motor. We tested different concentrations of ATP
with fixed ADP (1.6 mM) and found that axonemes started to beat at 0.1 uM ATP with 1.6 mM
ADP, which we explained on the basis of binding of ADP to non-catalytic sites of dynein® 7,
We observed that the mean flagellar velocity was lower in the absence of ADP. Moreover, in
the presence of ADP, the mean velocity reaches its steady-state value faster than in the
absence of ADP, suggesting that ADP increases the binding affinity of dynein to the MTs and
the efficiency of energy transduction. Therefore, in the presence of ADP binding to a non-
catalytic site, dynein is more efficient in generating the sliding force. However, it is
questionable whether ADP can occupy one or more sites. Further studies will help to
understand this mechanism at the nanoscale.

To create a cell-like compartment, we encapsulated MTs/kinesin-1 with a light-driven ATP
module using droplet microfluidics. Light-to-ATP production drives kinesin-1 motility,
generates active stresses and contracts MTs networks. In addition, energy production,
consumption and regeneration cycling were studied in a millifluidic device in which
MTs/kinesin-1 were enclosed with a preshined ATP functional module and a specific area was

illuminated with a discontinuous microscope light to replenish the depleted ATP. This showed
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that the proposed strategy has the potential for on-demand ATP regeneration with optical
stimulus.

On the one hand, this artificial ATP regeneration system opens a new horizon for controlling
motility in an optically controllable manner, but on the other hand, it is not very feasible for
setting up an in vitro motility assay because a larger amount of ATP is needed to start the
reaction. As in our system, for the contraction of the MTs/kinesin network, we need to pre-
illuminate the ATP module for 45 minutes before encapsulation. In contrast, the enzymatic ATP
production system* 237, creatine kinase and phosphocreatine, is capable of synthesizing a
larger amount of ATP, but has limited application when on-demand ATP synthesis is required.
Further studies will lead to more insights if we can improve the ATP production rate and
develop an in vitro motility assay that does not require pre-illumination

Next, we analyzed the waveform of the axoneme generated by the interaction of active motor
forces. To do this, we tracked the axoneme using the GVF technique'® 194, and quantitatively
described the beat patterns by the dimensionless curvature C(s, t) at time t and the arc length
s along the axonemal length. Our PCA analysis showed that axoneme motion can be
reconstructed with a high degree of accuracy by taking into account the first four dominant
eigenmodes and the corresponding eigenvalues. Our analysis suggests that the wave motion
can alternatively be described with Fourier modes whose wavelength A is larger than the length
of the filament L (1/L = 1.3). Axonemes can have both an asymmetric (curved swimming
pathway) and a symmetric (straight swimming) pathway, which depends on the chemical
stimuli (calcium concentration). In the absence of calcium, the axoneme showed an
asymmetric waveform consisting of the superposition of the static component (), a dynamic
wave component moving from the base to the tip (C;), and higher harmonics. In contrast, we
performed reactivation experiments with different calcium concentrations, from 10* mM to 1
mM. We found that at calcium concentrations above 0.03 mM, the axoneme exhibited a
symmetrical waveform, triggered a transition from curved to straight swimming, and its static
mode (C,), was reduced by 85% (see Chapter 4). This calcium-triggered mechanism allowed
us to build a bio-hybrid micro-swimmer, by attaching synthetic micron-sized cargo to

axonemes, that consume ATP to propel the cargo along straight trajectories. Our experiments
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showed that by increasing the cargo diameter from 1 um to 3 um, the average beat frequency
and the intrinsic curvature of axonemes decreased to (~12%) and (~31%), respectively.

Our theoretical analysis as well as numerical simulations show that there is an anomalous cargo
transport regime in which the velocity of the axoneme-driven bead increases with increasing
bead size (theoretical and numerical analysis were performed by Dr Azam Gholami (MPI
Gottingen) and Dr Albert J Bae (University of Rochester, USA)), which was also confirmed by
experimental beat patterns. In addition, our analysis has also revealed the asymmetric
attachment of the cargo to the axonemes contributed to the rotational velocity of the micro-
swimmer (see Chapter 5).

In summary, scientists in the field of biomedical research have introduced various

238 and hydrogel-based

sophisticated micro-swimmers, such as artificial bacterial flagella
microrobots?3, for which there are already many fascinating examples in cargo transport for
drug delivery, micro-surgery and imaging.?*° In this context, micro/nanomotors have been
gaining attention specifically for on-demand transportation of cargo. The design strategy
depends on the propulsion mechanisms and external stimuli, such as light, electric, magnetic,
acoustic and ultrasonic drives.?4% 241 |n addition, C. reinhardtii has recently been used as a
micro-swimmer for the transport of nanoparticles loaded with chemotherapeutic agents
(doxorubicin) for the treatment of breast cancer.?*?

In this line of study, we have successfully integrated the ATP functional module to control the
motility of axonemes in an optically controllable manner and demonstrated the feasibility of
constructing axonemally-driven micro-swimmers for directional cargo transport. Therefore,
the study presented here has the potential to open up the possibility of designing and
manufacturing more efficient synthetic micro-robots for on-demand targeted drug delivery by

attaching the drug-loaded cargo to axonemes through affinity interaction and integrating it

with the ATP functional module that provides on-demand energy to the micro-swimmers.
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A.1 Buffer, Media and Solutions

Table A. 1: Composition of LB culture media for E.coli cell cultivation.

Trypton 10 g/L

Yeast extract 5g/L

NaCl Sg/L

pH 7.4, adjusted with NaOH

Table A. 2: Composition of French press buffer for EF,F; isolation.

Tris-HCl, pH 7.77 200 mM
KCI 100 mM
MgCl 5 mM
EDTA 0.1 mM
Glycerol 25%

Table A. 3 : Composition of extraction buffer for EF,F; purification.

Tris-HCl, pH 7.5 50 mM
KCl 100 mM
Sucrose 250 mM
MgCl 5 mM
€-aminocaproic acid 40 mM
p-amino benzamidine 15 mM
EDTA 0.1 mM
DTT 0.2 mM
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Phosphatidylcholine 0.8 %
Octyl glucoside 1.5%
Sodium cholate 0.5%
Glycerol 25%
Imidazole 30 mM

Table A. 4: Composition of gel sample buffer for SDS-PAGE.

Tris-HCI, pH 7.5 100 mM
SDS 10 %
DTT 5mM
Glycerin 50 %
Bisphenol B (BPB) 0.2 %

Table A. 5: Composition of staining solution.

Ethanol 25 %
Acetic acid 10%
Coomassie Blue R250 0.1%

Table A. 6 Composition of decolorizing solution for SDS-PAGE.

Ethanol 100 mM
EDTA 0.1 mM
DTT 0.5mM
Cholic acid 7.2g/L
Deoxycholic acid 3.6g/L

Table A. 7: Composition sonication buffer for liposomes synthesis.

Tricine-NaOH, pH 8 100 mM
EDTA 0.1 mM
DTT 0.5 mM
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Cholic acid 7.2g/L
Deoxycholic acid 3.6g/L

Table A. 8: Composition dialysis buffer for liposomes purification.

Tricine-NaOH, pH 8 150 mM
MgCl, 37.5 mM
EDTA 3mM

DTT 3.75mM

Table A. 9: Composition of reconstitution buffer for liposomes.

Tricine-NaOH, pH 8 20 mM
Succinate 20 mM
KCl 0.6 mM
NaCl 80 mM

Table A. 10 : Composition of basic medium for ATP synthesis.

Tricine-NaOH, pH 8.8 200 mM
MgCl, 2.5 mM
Sodium phosphate 5mM

KOH 160 mM

Table A. 11: Composition of acidic medium for ATP synthesis.

Succinate acid-HCl, pH 4.4 20 mM
MgCl, 2.5mM
NaH2PO4 5mM

KOH 0.6 mM

Table A. 12: Composition of cell culture medium for Halobacterium Salinarium.

NaCl 250 g/L
MgSO4 20 g/L
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Trisodium citrate
KCl

Peptone

3g/L
2g/L
10 g/L

Table A. 13: Composition of membrane resuspension buffer for isolation of bR.

NaCl

MgSOa
Trisodium citrate
KCI

DNAase

250 g/L

20 g/L

3g/L

2g/L

0.02 mg/mL

Table A. 14: Composition of HMDEKP buffer for axonemes reactivation.

HEPES
MgSOa
DTT
EGTA

K-Acetate

PEG (Mw 20 kg mol?)

30 mM
5mM

1mM

1mM

50 mM
1%

Table A. 15: Composition of Laemmli buffer (10X) for SDS-PAGE.

Tris
Glycine
SDS

30 g/L
144 g/L
10 g/L

Table A. 16: Composition of salt solution for C. reinhardtii growth media (1-Liter).

NH4Cl
MgS04.7H,0
CaC|2.2H20

15 g/L
4g/L
2g/L
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Table A. 17: Composition of potassium phosphate solution for C. reinhardtii growth media (1-Liter).

KoHPOg4
KoHPO4.2H,0
pH

288 g/L
144 g/L
7.4 adjusted with

Table A. 18: Composition of Hunter’s trace element solution (1-Liter) for C. reinhardtii growth media.

ZnS04.7H,0

H3BOs

MnCl,.4H,0
CoCl,.6H,0
CuS04.5H,0
(NH4)6M070,4.4H,0
EDTA disodium salt
FeS04.7H,0

22 g/L
11.40 g/L
5.06 g/L
1.61g/L
1.57 g/L
1.10g/L
50 g/L
499 g/L

Table A. 19: Composition of TAP+P stock solution (C. reinhardtii growth media).

Tris

Salt solution (Table A.16)

Potassium phosphate solution (Table A.17)
Hunter’s trace element solution (Table A.18)

Glacial acetic acid

2.42¢/L
25 mL
1.5mL
1mL
~1.8mL

Table A. 20: Composition of HMDS 4 % buffer for axoneme isolation.

HEPES
MgSQOa4
EGTA
Sucrose

Pefabloc

30 mM
5mM
1mM
4%

0.2 mM
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Table A. 21: Composition of HMDS-EGTA 4 % buffer for axoneme isolation.

HEPES 30 mM
MgSQO4 5mM
DTT 1 mM
EGTA 1 mM
Sucrose 4%
Pefabloc 0.2 mM

Table A. 22: Composition of HMDS 25 % buffer for axoneme isolation.

HEPES 30 mM
MgSOg4 5mM
DTT 1 mM
Sucrose 25%
Pefabloc 0.2 mM

Table A. 23: Composition of HMDEK + Pefabloc buffer for axoneme isolation.

HEPES 30 mM
MgSOg4 5mM
DTT 1 mM
EGTA 1 mM
K-Acetate 50 mM
Pefabloc 0.2 mM

Table A. 24: Composition of HMDEKP + Pefabloc buffer for axoneme isolation.

HEPES 30 mM
MgSOa 5mM
DTT 1 mM
EGTA 1 mM
K-Acetate 50 mM
PEG (Mw 20 kg mol™) 1%
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Pefabloc

Sucrose 20%

0.2 mM

Table A. 25: M2B buffer for MTs polymerization

PIPES
MgCl 2 mM
EGTA 1mM

80 mM, pH 7.4 (adjusted with KOH)

A. 1.1 List of chemicals and materials

Name

Manufacturer/company

Adenosine triphosphate (ATP)- disodium salt (= 99%)
Adenosine triphosphate (ATP)- disodium salt (= 99%)
ATP bioluminescence assay kit CLSII

ADP ultrapure (= 99.9%)

Ammonium paramolybdate tetrahydrate

Bio-Beads SM-2

Chloroform (= 99.9%)

Coomassie blue R-250

Cobalt (I1) chloride

Casein, bovine milk

Cover slip

Dithiothreitol (DTT)

Ethylenediaminetetraacetic acid (EDTA) (99.5%)
Ethyleneglycoltetraacetic acid (EGTA) (299%)

Fluorebrite YG microsphere (1um)
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Sigma-Aldrich
Sigma-Aldrich
Roche Life Science
Cell technology
Sigma-Aldrich
Bio-Beads SM-2
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Deckglaser (VWR)
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Polysciences
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Fluo-oil 7500

Glycerine (>99%)

Glycerol (Bio-Reagent)

Glycine

Glacial acetic acid

Glass slides (24X60 mm and 18 X 18 mm)
G25 size exclusion column (PD Mini TrapTM G-25)
HEPES

Imidazole (Bio Ultra)

Iron(ll) sulfate hydrate

Low range molecular weight standard
(PageRulerTM 10-180 kDa) and (PageRulerTM 4.6-42
kDa)

Magnesium chloride (MgCl2) hexahydrate
Methanol (99.9%)

Milli-Q Water (ddH,0)

Manganese(ll) chloride

Microfilter candle with narrow tube
Ni-NTA column His TrapTM FF crude
NP-40, protein grade (10%)

Potassium chloride (KCl)

Polycarbonate membrane (100 nm)

Proteinase K
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Roth

Bio-Rad
Merck
Sigma-Aldrich
VWR

GE Healthcare
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Scientific

Sigma-Aldrich
Sigma-Aldrich
Sartorius
Sigma-Aldrich
DWK life sciences
GE Healthcare
Merck
Sigma-Aldrich
Whatman

Sigma-Aldrich
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Pefabloc

SYLGARD™ 184 Silicone Elastomer Kit
SU-8 Photoresist

Sucrose (=99.5%)

Soy L-a _phosphatidylcholine (PC) (95%)

Sigma-Aldrich
Dow
Microresist
Sigma-Aldrich

Avanti Polar Lipids

Sterile filter (0.22 um) Sartorius
Sodium Dodecyl sulfate (SDS) 20% Sigma-Aldrich
Tetracycline Sigma-Aldrich
Trichloracetic Acid (TCA) (299%) Sigma-Aldrich
Tricine (>99%) Sigma-Aldrich
Tris (Ultrapure) Sigma-Aldrich
Tris-acetate (Bio Ultra) Sigma-Aldrich
Triton X-100 (10%) (Triton) Sigma-Aldrich
Valinomycin (>98%) Sigma-Aldrich
Zinc sulfate Sigma-Aldrich
€ - Aminocaproic acid Sigma-Aldrich
4-20% Tris-HCI Criterion Precast Gels Bio-Rad

A.1.2 List of equipment

Name Manufacturer/company
Leica microscope (phase-contrast), DMi8 Leica

Epi-fluorescence microscope (Olympus IX 71)

Cetoni nemesys syringe pumps

Olympus life sciences

Cetoni



https://www.dow.com/en-us/pdp.sylgard-184-silicone-elastomer-kit.01064291z.html
https://www.dow.com/en-us/pdp.sylgard-184-silicone-elastomer-kit.01064291z.html
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Mask aligner UV-KUB 3

pH electrode

Gel apparatus

Glomax 20/20 luminometer
Mini Extruder

Zetasizer Nano ZS
Zetasizer Nano ZS
Multifuge X1R (centrigue)
50 W LED lamp

Orbital shaker
Microcentrifuge 54178 R
French Press

Sonicator

Plasma cleaner PDC-002-CE
Film mask

Incubator

Kloe

WTW

Bio-Rad

Bio-Rad

Avanti Polar Lipids
Malvern, Worcestershire
Malvern, Worcestershire
Thermo scientific

SMD RGB Floodlight, V-TAC
WVR

Eppendorf

SLM Amino French cell press
VWR

Harrick Plasma

Micro Lithography service

Memmert

A.2 Supporting Information

(1) Simulation with simplified wave form

Superposition of dynamic mode (cosine wave) and static mode (a circular arc) of axoneme

shape provided the information of swimming trajectory. To investigate the influence of
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frequency, static curvature and amplitude of curvature wave on swimming trajectory,
simulation was performed with simplified wave equation,3° as follow:

C(s,t) = Cy + C; cos2r(s/A — fut)), [A.2.1]

where C, isthe static curvature, C; is the amplitude of the dynamic mode, A is the wave length
and f; is the beating frequency. Minus sign with term f,, shows that wave propagate from basal
end (s = 0) to distal (s = L) tip. For a non-zero static curvature (C, # 0), axoneme followed
circular path, which was in consistence with the experimental results of C. reinhardtii isolated
axonemes (Figure A.2.1). On the other hand, in the absence of static curvature (C, =0),
axoneme swims in a straight as and travelled a longer distance (Figure A.2.1B, C). For the proof
of concept, axoneme swims in a straight path with zero static curvature, reactivation of
axoneme was performed with ATP functional module supplemented with 1mM CaCl, which

led to almost zero curvature, axoneme swims in a straight path.

A B c
1.5 15 1.5
1 1 1 s
=
D
0.5 — 0.5 0.5 K % %
AWV AL ’
YiL of JAfTTHY YIL o e 0
O3 £=100 Hz 05[ £ = 50 Hz 051 f,=50 Hz
4} Gol/2m=0 ColL/2m =0 CoL/2m=0.2
c,L/2m =0 1 cLzn=07 Cc,L2r=0.7
—t=149 msec —1=149 msec ——1=149 msec
-1.5 15 15
-2 -1 0 1 - -1 0 1 - -1 0 1
XL XL XIL

Figure A.2.1: Simulations in the frame work of RFT. A-B) A flagellum swimming in the absence of static
curvature (Cy) at two different frequencies of 100 and 50 Hz. Faster beating flagella swims a longer distance.
C) Flagellum follows a circular path if Cy is non-zero. Amplitude of the dynamic mode Cj is kept the same for
all three simulations. L is the contour length of flagellum.

In these simulations, drag force density was calculated using resistive force theory (RFT),

inspired by low Reynold number micro-swimmer.>3

(2) Principle component analysis (PCA) of the curvature waves — Fourier fits
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The black dashed lines in Chapter 4, Figure 4.4, represents Fourier fits of the mode, imposing

the boundary condition 8(s = 0,t) = 0.

M;(s) = —by + bycos(ks) + b,sin(ks), [A.2.2]

M;(s) = —(c; + c3+c5) + X3 _1(camo1cos(mks) + cppsin(mks)), [A.2.3]

where k = 2w /A and the parameters are: A = 16.87 um, b; =0.136, b; = — 0.055,¢; = 2.3
x 10°, ¢, = — 0.239, ¢; = 0.003, ¢, = 0.061, cs = 0.011, and ¢g = 0.012. In addition, the cyan
dashed lines in Chapter 4, Figure 4.4D, fitting the time-dependent coefficients a, (t) and a, (t)

in Chapter 4 Eq. 4.1 are given by the Fourier modes as:

a,(t) = a;;cos(wot) + a;sin(wot), [A.2.4]

a,(t) = ayicos(wot) + ayysin(wet), [A.2.5]

where a;; =5.29, a4, = —1.67,a,; =0.78, a,, =2.81and wy = 2rf, = 114.23 Hz. Please
note that since the mean-shape (6(s, t)); is subtracted, the time average of both a,(t) and
a,(t) is zero. Moreover, we note that, as show in the ref°%, the second harmonic can play a
crucial role in the rotational speed of the axonemes, but at the level of out approximation, Egs.
A.2.4-5 provides a reasonable fit (see Chapter 4, Figure 4.4). The spatial Fourier decomposition
of the modes M;(s) and M,(s), as presented in Eq. A.2.2-3, in combination with the time
dependent coefficients a,(t) and a,(t) in in Eq. A.2.4-5 describe the axonemal shapes with
good accuracy, the representation propose here also accurately capture the boundary
conditions at s = L. At the distal region of the axoneme, both 8(s = L, t) and its derivative
oscillate at the beat frequency f;, as shown in Figure A.2.2. Having described the angle (s, t)

in terms of the eigenmodes M, (s) and M, (s), we calculate next the curvatures waves as:

dG(s t) d(e(s,t))t
das

dMl(S) sz(S)

k(s t) =

a;(t)

a,(t) ——= [A.2.6]
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Figure A.2.2: Experimental shape of an axonemes reconstructed using PCA. At the distal tip s = L of the free
axoneme in Chapter 4, Figure 4.2, both the 6 and its time derivative oscillate at the beat frequency f, = 18 Hz.
The green dashed lines show the results obtained using the four PCA modes, as presented in Chapter 4, Eq. 4.1.

The mean angle (8(s, t)); shows a linear trend with contour length s, indicating a constant
static curvature K (cyan filament in Chapter 4, Figure 4.3A). Next, we define the dimensionless
curvature as C = kA/(2m) using Eq. A.2.2-5 to express the deviation of C(s,t) from its
averaged value C;, as a sum of propagating waves of wavenumber mk propagating forward
and backward, respectively, with an amplitude C,, and C,,. The expressions for C,, and C,, can
be readily derived from Eqgs. A.2.2-5, and the resulting explicit expressions are given in the
Table A.2.1. Interestingly, combining the Fourier decomposition in space of M; (Eq. A.2.2) or
M, (Eqg. A.2.3) with the temporal dependence of a; (Eq. A.2.4) or a, (Eq. A.2.5) results in
standing waves. Specifically, only M, contributes to standing waves of wavenumbers 2k and
3k, resulting in C, = C; and C3 = C3. On the other hand, both M; and M, generate a standing
wave at wavenumber k, which implies that the coefficients C; # C;. The expression for the

spatial and temporal dependence of the curvature can then be arranged as:

C(s,t) — Co(s) = (C; — €] )cos(ks — wot + ay) + 23,1 C), [cos(mks — wyt +
) + cos(mks — wot + ay,)], [A.2.7]
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where Cy(s) = Ky(s)A/2m is the dimensionless mean-curvature, K, is the mean curvature of
the cyan filament in Chapter 4, Figure 4.3A. For our exemplary axoneme in Chapter 4, Figure
4.2 the values of these coefficients are listed in the first row of Table A.2.2. We summarize the
important properties of Eq. A.2.7. (i) To construct the axonemal shape with high precision, in
addition to main spatial mode k, higher modes 2k and 3k, must be included. (ii) The Fourier
analysis of PCA modes shows that a tip-to-base backpropagating wave component (with

amplitude C; — Cj ) co-exists with standing wave at wavenumbers mk, with amplitude Cy,.

Table A.2.1: The general form of the coefficients, C;, and C,, as defined in Eq. A.2.7. The coefficients Cpp, Cpm,
Snp and Sy, m, correspond to a description of the waves as: C,,, = cos(nks — wt) + S, = sin(nks — wt) +
Com = cos(nks + wt) + Sy, = sin(nks + wt). The expression for C,, and Cy, are identical forn =2 andn =
3.

¢z =(C, + S%,)/4 c?=(C3,+ S%,)/4 c:=(C%,+ S2,)/4
a; = tan" 1 (=S;,/Cy ) ay = tan™ (—=Sz,/Cyp) ay = tan"(=S3,/Cs )
Cip = —Q12by + ay1b; — azycq + azqc; Cop = —2(azzc3 — az1C4) C3p = —3(az2¢5 — az1¢¢)
Sip = —(ay1by + ag2b; + azicq + azycy) Sop = —2(az1c3 + azycy) S3p = —3(az1¢s + az;ce)
€12 = (Clm + Sin)/4 Cy2 = (Cim+ S2p)/4 Ci2=(Cin+ S2,)/4
ay; = tan‘l(—Sl'm/Cl'm) ay, = tan‘l(—Sz,m/Cz,m) ay, = tan‘l(—Sg’m/C&m)
Cim = Qu2by + a11by + azz01 + a6, Com = 2(Az2€3 + az1€4) C3m = 3(az2C5 + az1C6)
Sim = —(a11by — ay3b; + az1¢1 — A2263) | Som = —2(a2163 — A22€4) | Sz = —3(az1C5 — A32C6)

We note that these standing waves may result from modulations of the wave amplitude, as

discussed in A.2.(3). (iii) For the standing waves at modes k, 2k and 3k, the waveform reduces

to ZCj’cos(wt + (a]f —a;)/2)cos(jks + (a; + aj)/Z), with nodes occur at s. .. =
(jk)‘l[(Zn + /2 — (a]- + a]f)/Z], n being an integer. We stress that the representation
of the wavy motion provided by Eq. A.2.7 is only an approximation, and that deviations due to
higher order PCA modes M,, withn > 2, among others, are expected to lead to C,, # Cy, for

m = 2 and 3. Still, given that the two modes considered here account for ~ 98.52% of the

total variance of the signal, the corrections to Eq. A.2.7 are expected to be small.
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Table A.2.2: Values of the coefficient’s, defined in Eq. A.2.7 calculated for the free axoneme in Chapter 4, Figure

4. 2 (first row) and five other axonemes reactivated at [ATP] = 200 UM. The calcium concentration is zero.

C; =074 | C,=0.18 | (3 =0.07 a; =034m a, =043 | a3z =-—035m
C{; =014 | €, =018 | C3=0.07 a; =016m | a; =—040m | a3 =—0.1871
C; =062 | C,=0.23 ;=01 |a;=—047m | a, =—008m az; =012m
C{ =008 | C; =023 C3=01 |a;=—-0197| a;=030m a; =049
C; =059 | C;=017 | (3=007 | a; =—0227m | a, =—0.16m | a3 =036m
C{=007| €C;=017 | C3=007 | a;=014m |a;=—016mw | a3=003m
C;=051| C,=018 | C3=0.05 a; =0 a, =—0.16m a; =04m
C{=008 | C;=018 | C3=005| a1 =014 | a;=—0237m | a5=—0.167
C; =056 | €, =018 | (3=006 | a;=011m a,=—04m | az=—042m
C{;=005| C;=018 | C3=006| a; =046 |a;=—022m | az3=—027m
C; =064 | C, =019 | C3=0.09 a, =036 | a,=—005w | a3=022m
C{; =004 | C;=019 | C3=0.09 a; =042m a, =050 | a;=—0.237

We insist that the description in terms of a dominant base-to-tip propagating wave, modulated

by a set of standing waves, is a convenient way of describing the dynamics of the system, whose

biological implications remain to be discussed.

(3) PCA analysis of a model filament: a traveling wave with amplitude variations

Let us consider a model beating filament with (fictitious) boundary conditions 8(s = 0,t) =

6(s = L,t) = 0, with the following waveform:

0(s,t) = sin(ms/L)cos(wyt — 2ms/L),

[A.2.8]

where the wavelength is assumed to be the contour length L and the tangent angle at both

ends (s =0 and s = L) is forced to be zero (see Figure A.2.3A). Our PCA analysis of this

idealized waveform with amplitude modulations results in the following coefficients defined in

Eg. A.2.7: Note that to satisfy the boundary conditions at both ends, the PCA analysis (see
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Figure A.2.3B-D) picks up the main traveling wave component with standing waves at

wavelengths L, L/2 and L /3.
We note that the decomposition from our PCA analysis sharply differs from what one may

expect by re-expressing Eq.A.2.9 using elementary trigonometric identity, which leads to:
0(s,t) = %sin(wot —ns/L) — %sin(wot — 3ns/L). [A.2.9]

This decomposition clearly indicates that waves are propagating from s = 0 to s = L. This
prompts some questions in interpreting the results of the above example and indicates that

special care should be taken in attributing these results to the underlying biology.
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Figure A.2.3: A) Time projection of the shapes of a model filament with a traveling wave as defined
by Eg. A.2.8. The beat frequency is 50 Hz. B) The first two PCA modes M (s) and M, (s). The dashed
lines are the Fourier fits as defined in Egs. A.2.2-3. C) Time-dependent motion amplitudes a; (t)
and a, (t). The dashed lines in cyan show the Fourier fits as defined by Egs. A.2.4-5. The first two
PCA modes describe the shape of the filament with full accuracy.

(4) Implication for the motion of free axonemes: an analytical study
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We set the Fourier coefficients c3, ¢4, €5 and c¢ in Eq. A.2.3 to zero. These coefficients capture
the effect of the higher spatial modes 2k and 3k. The green line in Figure A.2.4 shows the
deviation between the experimentally extracted mode M,(s) and the corresponding fitted
mode. We note that setting these coefficients to zero results in having zero coefficients C, and

C; in Eq. A.2.7, which leads to the simplified expression:

C(s,t) = Cy+ Cicos(wot — kg + ;) + Cicos(wot — ks + ay) [A.2.10]

The total force and torque exerted on a freely swimming axoneme at low Reynolds number
regime is zero. Given the prescribed form of curvature waves in Eq. A.2.7, we used resistive
force theory (RFT) >* 228 to calculate propulsive forces and torques from the tangential and
normal velocity components of each axonemal segment (see section A.2(6)). By imposing the
force-free and torque-free constrains in 2D, we can uniquely determine the translational and
rotational velocities of the axoneme. The resulting expressions for the translational and angular
velocities, see section A.2.(5), Eqgs. A.2.14-16, reflect an important symmetry property of the

system.
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Figure A.2.4: For the second mode M,(s) of the free
axoneme in Chapter 4, Figure 4.2, the coefficients c3, ¢4, ¢5
and cg in Eq. A.2.3 are set to zero which results to the black
dashed line in the vicinity of the green curve.
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Namely, for the axoneme to rotate, it is necessary to break the mirror symmetry, i.e. C, # 0.
If the wave pattern of the axoneme is transformed to its mirror-image after half a period (i.e.
C(s,t) = —=C(s,t +T/2), then the flagella will swim on average in a straight trajectory. This
is the case if only odd harmonics are kept in the waveform of Eq. A.2.10, i.e. C;, C{ # 0 but
Co = 0. The reason is that the mean rotations achieved in the first and second half-periods,
have the same magnitude but opposite signs and the net rotation sums up to zero. Egs. A.2.14-
16 also show that in the absence of even harmonics, (U,) = 0 and (U,) depends on the
square of C; and Cj.20> 2% 228 One notices that in case of standing wave C; = C; waves, the

net propulsion vanishes.

Finally, in the case A = L and with the value of n = ¢, /{; = 1.8 Egs. A.2.14-16 simplify to:

‘jﬁ—z) ~ —2.23C,(C? — C'?), [A.2.11]

0

% ~ —0.93C,(C% — C'?), [A.2.12]
0

% ~ 0.26C,(C? — C'2), [A.2.13]
0

(5) Translational and rotational velocities of a free and hinged axoneme

We consider a model axoneme with the waveform presented in Eq. A.2.10 to calculate the
mean translational and rotational velocities in the regime that wavelength is not the same as

contour length. Following the procedure described in the section A.2(6), we obtain:

‘?ﬁ ~ (2nm®)1Cy(CE — C'2)A3(36n(2n — DA + 3(1 + n(20n — 9))A'2n* +

2(n — Dr® + 2'2(36(1 — 2mnA™* + 3(—1 + n(28n — 15))A"?r? — 2(n% — Vn*) x
cos[2m/A'] + 323m(24(1 — 2n)nA'? + (=2 + n(7n — 3))r?)sin[2r/2']),
(A.2.14]
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Gl ~ @)1 - CDA3 (3 — 6mA™* — 4(n — D22 — 2% + 12((61 -
0

32 +2(1 — 4n)n?)cos[2n /A — 22'w((3 — 6m)A'% + T)ﬂ'z)Sin[Zﬂ/Al])' [A.2.15]

L2~ (4n%)1Co(C — CDASO(1 — 2D +3(2 = S + (4n — D) +
0

2(182n — DA+ 6(4 — T)A"?m? — (1 —n)aHcos[2n/A] + 3 w(24(2n — 1)A'? +
(5 — 7n)w?)sin[2n/2']). [A.2.16]

Hered' = A/Landn = {; /{, ,where {; and {; are transversal and parallel friction coefficient

of cylindrical segments of the axoneme, see A.2(6).

For a hinged axoneme, we follow the procedure described in A.2(7), to obtain:

"f)—” ~ (8m%)1Cy(CZ — C')A3(9(2n — 1)A'6 + 9((4n — D)A*n? + 15(1 —
0

22Xt + 4(n — Dr® + 312((3 — 6m)A™* — 32'2n% + nt*)cos[2m /'] — 343 m(6(2n —
DA% + (3 + mn?)sin[2r/2]). [A.2.17]

A hinged axoneme was free to rotate but not to translate, thus the total torque exerted on the
axoneme is zero while the total force is non-zero. Following the procedure outlined in section
A.2(7), we calculate the mean rotational velocity of the axoneme up to the first order in C, and
second order in C; and C{ we arrive at Eq. A.2.17, where in the limit of A = L and with the

value of n = {; /{; = 1.8%, it simplifies to:

<’;z> ~ —0.63Co(CZ — C'3). [A.2.18]
0

Comparison with the pre-factor in Eq. A.2.9 shows that with the same intrinsic curvature C,
and wave amplitudes C; and Cj, the hinged axoneme rotates on average slower than a free

one.
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(6) Resistive force theory and calculation of translational and rotational velocities of a free
axoneme

Biological microorganisms swim with flagella and cilia in the world of "low Reynolds number"
where they experience viscous forces many orders of magnitude larger than inertial forces.>>
202,243 |n this world where inertia is negligible, Newton's law becomes an instantaneous balance
between external and fluid forces and torques exerted on the swimmer, i.e. Fexr + Frryia =
0 and Toxr + Triyia = 0. The fluid force (Frpyiq ) and torque (Trpyiq ) exerted by the fluid on

axoneme can be written as

L
:Ffluid = fo ds TAxoneme (S' t)' [A.2-19]

L
Tria = Jy ds1(5,t) X Faxoneme (s, t), [A.2.20]

where the integrals over the contour length L of the axoneme calculate the total hydrodynamic
force and torque exerted by the fluid on the axoneme. ATP-reactivated axonemes show
oscillatory shape deformations. At any given time, we consider an axoneme as a solid body
with unknown translational and rotational velocities U(t)and Q (t), yet to be determined.
U(t)and Q (t), yetto be determined. Frpyiq and Trpyiq can be separated into propulsive due

to the relative shape deformation of the axoneme in body-fixed frame and drag part?**

(5233) = (;Z:ZZ) —Da(y), [A.2.21]

where 6 X 6 geometry-dependent drag matrix of the axoneme D, is symmetric and
nonsingular (invertible). We also note that a freely swimming axoneme experiences no external
forces and torques, thus Fpiq and Trpiq must vanish. Further, since swimming effectively

occurs in 2D, Dy is reduced to a 3X3 matrix and Eq. A.2.21 can be reformulated

prop _ prop
Uy Fr Ay Gz A3\ 1! Fr
-1 ro 0
Uy = Dy Typ Pl =1(ay ay apx Tf p , [A.2.22]
0 prop az; 4z dass prop
z v 0
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which we used to calculate the translational and rotational velocity of the swimmer after
determining the drag matrix D, and the propulsive forces torque (FF™F, F %, TF™°F). We
calculate Txpmp,?’ypmp, 7"mepwhich are propulsive forces and torque due to the shape
deformations of the axoneme in the swimmer-fixed frame by selecting the basal end of the
axoneme as the origin of the swimmer-fixed frame. As shown in Chapter 4, Figure 4.2, we
define local tangent vector at contour length s = 0 as X direction, the local normal vector 7
as Y direction and assumed that vector 2 and Z are parallel. Let us define 8,(t) = 6(s = 0,t)
as the angle between % and X gives the velocity of the basal in the laboratory frame as
ygasal=lab = cos6,(t) U, + sinBy(t)U, and ugasal-lab = —sin 6y (t)U, +
cos 8y(t) U,. Furthermore, we note that the instantaneous velocity of the axoneme in the
lab frame is givenbyu = U + 2 X r(s,t) + u', where, u’ is the deformation of axoneme in
body-fixed frame, U = (Uy, Uy, 0) and Q = (0,0,02,) with 2, = dfy(t)/dt .

To calculate Txpmp,ﬂ-"ypmp, TZprOp for a given beating pattern of axoneme in the body-fixed
frame, we used classical framework of RFT which neglects long-range hydrodynamic
interactions between different parts of the axoneme.>* 2?8 _ In this theory, axoneme is divided
into small cylindrical segments with velocity u'(s, t) and propulsive force FP"°P is proportional
to local center line velocity component of each segment in parallel and perpendicular

directions,

FProP(s,t) = §yuy+ ¢ uy(s,t),
u(s,t) = [1(s,t).t(s, t)]t(s, t),

u) (s, t) =1(s,t) —uy(st), [A.2.23]

where, u; and u) are the projection of local velocity on the directions parallel and
perpendicular to the axoneme. The friction coefficient in parallel and perpendicular direction
are defined as, {; = 4nu/(In(2L/a) + 0.5) and {; = 2{, , respectively.

This anisotropy indicates that to obtain the same velocity, one would need to apply a force in

the perpendicular direction twice as large as that in the parallel direction.>* 292 Axoneme is a
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filament of length L~ 10 um and radius a =100 nm. For a water-like environment with

viscosity u = 0.96 pN msec/um?, we obtained {; ~ 2.1 pN msec/um?.
(7) Approximation of the mean rotational velocity of a hinged axoneme

Consider an axoneme which is attached from the basal end to the substrate and rotates around
the hinging point (see Chapter 4, Figure 4.9A). We select the hinging point of the axoneme as
the origin of the swimmer-fixed frame, and define tangent and normal vectors at s = 0 as the
coordinate system in the swimmer-fixed frame. Since the axoneme is free to rotate but not to
translate, the total torque (7;) exerted on the axoneme is zero but the total force (F2) and

(9—";‘) is non-zero. Reformulation in term of Eq. A.2.21, we have:

prop
7 F diy diz diz\ [Us
:FyA = g:.yprop + d21 dzz d23 Uy [ A224]
TA TPToP d3; dzz dzz/ \ {2,

Which by imposing the constraints U, = 0, U,, = 0 and fTZA = 0, simplifies to

A\ (B dyy dip dig\ /0
:FyA = Typmp + <d21 d22 d23>< 0 ) [A225]
0 TPTor d3; dip diz/ \ Ly
TP = —ds, 0, [A.2.26]
where
TPP () = fOL ds r(s,t) x f(s,t). [A.2.27]
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Here, f(s,t) is calculated from Eqg. A.2.21 based on the simplified wave equation as defined
Eqg. A.2.10. To calculate mean rotational velocity for pinned axoneme, we averaged over one

beating cycle,

O]

T [A.2.28]

1
1 /f,

<-Qz/w0> = T fo °dt

Please note that for a clamped boundary condition, since the mean translational and rotational

velocities of the axoneme are zero, the total torque (7,4) and the total force (F2) and (T;‘) are

non-zero, and are equal to the propulsive force and torque:

:FA TxpTOP
X
Frl= 7P| [A.2.29]
TZA TPTOP
z

(8) Resistive-force theory and calculations of mean translational and rotational velocities of bio-
hybrid micro-swimmer

The fluid flow generated by the swimming of small objects is characterized by very small
Reynolds numbers. In this regime, viscous forces dominate over inertia and non-reciprocal
motion is necessary to break the time-symmetry and generate propulsion (scallop theorem)>*
202 The micro-swimmer in our system is formed of an axoneme (a filament of characteristic
length L~10 um and radius 0.1 um), which is attached from one end to a micron-sized bead
and swims in a aqueous solution of viscosity g = 103 Pa s and density p = 10° kg m=3. Given
the characteristic axonemal wave velocity V = A1/T =~ 0.5mms™ (calculated for a typical
axonemal beat frequency of 50 Hz and a wavelength which is comparable to the axonemal
contour length L), the Reynolds number Re = pLV /n will be a small number around 0.005.
An important feature of swimming at low Reynolds numbers is its reversibility, which is a
consequence of the linearity of the Stokes equation?®?. In this physical regime, Newton's laws
then consist of an instantaneous balance between external and fluid forces and torques
exerted on the swimmer, i.e. Fexr + Fruig = 0 and Text + Triq = 0. The force Fpyig and

torque Tsyy,;q exerted by the fluid on the axoneme-bead swimmer can be written as:
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L
Ffluid = Fbead + fO ds FAxoneme (S' t)/ [A-2-3O]

L
Tfluid = Tpead + fO ds T(S, t) X FAxoneme (S, t)' [A-2-31]

where Fp .04 and Tpeqq are the hydrodynamic drag force and torque acting on the bead and
the integrals over the contour length L of the axoneme calculate the total hydrodynamic force
and torque exerted by the fluid on the axoneme. The bead is propelled by oscillatory shape
deformations of the ATP-reactivated axoneme. At any given time, we consider axoneme-bead
swimmer as a solid body with unknown translational and rotational velocities U(t) and £ (t),
yet to be determined. Fsyy,;4 and T4 can be separated into propulsive part due to relative

shape defomations of the axoneme in body-fixed frame and drag part.?**

(e ) = (Fren) = () = (Foran) = s +Da)(Y), A2.32)

where 6X6 geometry-dependent drag matrix D is symmetric and non-singular (invertible) and
is composed of drag matrix of the axoneme D and drag matrix of the bead Dg. We also note
that a freely swimming axoneme-bead experiences no external forces and torques, thus Frjy,i4
and Tgp,iq must vanish. Further, since swimming effectively occurs in 2D, D is reduced to a 3x3

matrix and Eq. A.2.32 can be reformulated as:

U, EPToP
Uy | = (D, +Dp) H| 77, [A.2.33]
0, LPToP

z

which we use to calculate translational and rotational velocities of the swimmer after
determining the drag matrices D, and Dg (for drag matrix calculation, and the propulsive

forces and torque (EF" P, pyprop P7P)

) " Z

10 70 70
We calculate EP"P, FJ"°F, 777

T, in the body-fixed frame by selecting the basal end of the

axoneme (bead-axoneme contact point) as the origin of the swimmer-fixed frame. As shown
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in Chapter 5, Figure 5.1A and Appendix, Figure A.2.5, we define local tangent vector at the
contour length s = 0 as X — direction, the local normal vector nas Y — direction and assumed
that vector z and Z are parallel. Here (x,y,z) denote an orthogonal lab-frame basis. We
define 8,(t) = 6(s = 0,t) as the angle between x and X which gives the velocity of the basal
in the laboratory frame as UEed-Lab = ¢os0,(t) U, + sin6y(t) U, and UFeadtab =
—sinB,(t) Uy + cosBy(t) U,. Furthermore, the instantaneous velocity of axoneme in the
lab frame is given byu = U+ Q X r(s,t) + u’, where u’ is the deformation of flagellum in
body-fixed frame, U = (U, U,,0) and @ = (0,0, 2,) with 2, = db,(t)/dt.

To calculate Fxpmp, prmp, T;m)p for a given beating pattern of axoneme in the body-fixed
frame, we use RFT is used, which neglects long-range hydrodynamics interactions between
different parts of the flagellum as well as the inter-flagella interactions.>® 228 In this theory, the
flagellum is discretized as a set of small cylindrical segments moving with velocity u’ (s, t) in
the body-fixed frame and the propulsive force FP"°P is proportional to local center-line velocity
component of each segment in parallel and perpendicular direction, see Eq. A.2.23. Here is a
short summary of the steps in our RFT analysis: first, we translate and rotate the axoneme such
that the basal end is at position (0,0) and the local tangent vector at (s = 0) at any time t is
along the x-axis (see Chapter 5, Figure 5.1A). In this way, we lose the orientation information
of the axoneme at all the time points except for the initial configuration at time t = 0. Second,
we calculate propulsive forces and torque in the body-frame using RFT (Eq. A.2.23), and then
use Eq. A.2.33 to obtain translational velocities Uy, Uy as well as rotational velocity {2, of the

axoneme. Now the rotational matrix can be calculated as:

cos(2,(t)dt) —sin(2,(t)dt) Ux(t)dt
dr(t) =| sin(Q2,(t)dt) cos(2,(t)dt) Uy(t)dt ), [A.2.34]
0 0 1
which we use to update rotation matrix as I'(t + dt) = I['(t)dI'(t), considering T(t = 0) to be
the unity matrix. Having the rotation matrix at time t, we obtain the configuration of the

axoneme at time t from its shape at body-fixed frame by multiplying the rotation matrix as

TNab—frame (S, t) = T(E)Tphody—frame (S, t), which can then be compared with experimental
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data. Please note that Iyody—frame (S, t) is an input from experimental data presenting the

beating patterns in the body-fixed frame.

(9) Drag matrix of a bead in 2D

Let us consider the two-dimensional geometry defined in Figure A.2.5A. Note that the origin
of the swimmer-fixed frame is not at the bead center and is selected to be at the bead-
axoneme contact point, as shown in Figure A.2.5A. In general, the tangent vector at position
s = 0 of the axoneme, which defines the X — axis, does not pass through the bead center
located at (X,Y). This asymmetric bead-axoneme attachment is also observed in our

experiments, as shown in Chapter 5, Figure 5.1A. We emphasize that the drag force is actually

a distributed force, given by df = o. d/f, applied at the surface of the sphere, but symmetry

implies that drag force effectively acts on the bead center.

translationin X
(VXJ Vy: O‘Z) = (13010)

c F, D

T=—(tp + RxFp)

o RxFo("F ) 'O\T

F
F D V' = Q,"XR = (—Ry(,,Rx,) = (—YB, XB)
translationin ¥ rotation around the Z-axis
(Vo Vy, Q) = (0,1,0) (V, Vy,0,) = (0,0,1)

Figure A.2.5: Illustration of bead attached axoneme. A) lllustration of bead orientation with respect to
the axoneme and definition of the swimmer-fixed frame. Tangent vector at s = 0 (basal end) defines
the X-direction. B-D) Schematic drawing of the forces and torques that counteract the hydrodynamic
drag force and torque.

We define the translational and rotational friction coefficients of the bead as vy =

6ma,uR and vy = 8ma,uR3, where u = 107 pa is the dynamic viscosity of water and factors
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a,=1/(1—-9(R/h)/16 + (R/h)3/8) and a, = 1/(1 — (R/h)3/8) are corrections due to
the fact that axonemal-based bead propulsion occurs in the vicinity of a substrate.?*> Here R is
the bead radius (~ 0.5 um), h is the distance between the center of the bead and the substrate.
Assuming R/h ~1, we a; = 16/9 and a, = 8/7. We now look at each component of velocity
and ask what force do we need to apply to counteract the viscous force and torque?

(i) Translation in X — direction. In this case, we have Uy, U,, 1, as shown in Figure A.2.5B. We

need to apply a force in + X direction to counteract the drag force as:

But we must also apply a torque in a +Z for the case illustrated in Figure A.2.5B (where Yg <

0) to prevent rotation from occurring:

T=—"Tp = _YBFX = _UTYB, [A236]
SO we get:
(in Fx, Tz) == (UT, O, _UTYB)UX' [A237]

(i) Translational in Y — direction This case corresponds to (Ux, Uy,QZ) = (0,0,1) as shown in
Figure A.2.5B. We have F, =0 and F, = +6ma,uR = vy. Note that we need to apply a

negative torque, and since Xz < 0, we have T = +Xz v which gives
(FXI Fx; T) = (0, Ur, vTXB)Uy' [A238]

(iii) Rotation around Z — direction. For this case, we have (Ux, Uy,QZ) = (0,0,1) as shown in
Figure A.2.5D. Before looking at the forces, let us examine the motion. The rotation Q. of the
bead center around the origin O also generates translational velocity U’ = (—Ry,Rx)QZ =
(—Xp,Yp). Note that for Yz < 0 and Xz < 0 we get Vy > 0 and V;; < 0 which is consistent.

Around the center of the bead, drag exerts force and torque Fp and tp, as depicted in Figure

A.2.5D:
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Fp = —v; U = (v Y, —vrXp) and (tp)yz = —Vp. [A.2.39]
To counteract the drag force, we must apply

Fp, = (—v;Ys, —v7Xp) and 7, = Vg + FR = vg + v7R?, [A.2.40]
so we obtain (E, E,7,) = (—v;Ys, vrXp, vg + vrRHQ,. [A.2.41]

This can be expressed as:

E, vr 0 —vrYp
(Fy> = 0 Ur vrXp [A.2.42]

T, —vrYy vrXg Vg + vpR?

@) %Q =

For the special case that center of the bead is at (X5, Yz) = (—R, 0) which corresponds to the

situation that tangent vector of the flagella at s = 0 goes through the bead center, Eq. A.2.42

simplifies to:
Fx UT 0 0 Ux
(Fy> =(0 v —VrR Uy |. [A.2.43]
T, 0 —vrXg wvp+vrR?/\ Q,

Note that Eq. A.2.42 present the force and torque exerted by the bead on the fluid which has
opposite sign of the force generated by fluid on the bead, so drag matrix of the bead Dy is the

given by

_vT 0 UTXB
Dy = 0 —VUr —vrXp . [A.2.44]
UTYB _UTXB —UR - UTRZ
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The general form of the drag matrix in 3D is given in the next section.

(10)  Drag matrix of a bead in 3D

Let us fix a couple points P and P’ on or in a rigid body (see Figure A.2.6) The distance between
these points remains constant. Furthermore, if we attach two parallel vectors at P and P’, they
would remain parallel under movement. Since this is the case, it follows that Qp = Qp/, so we
will drop the subscript and call it 2.

Let us denote the positions of P and P’ by Rp and Ry (see Figure A.2.6B). The distance

|IRp — Rpr| is constant, but the orientation changes:

d
Upr = Up = = (Rpr —=Rp) = —=(Rpr —Rp) X Q. [A.2.45]

A

Ry pinning
. _.,._.'.‘--....._..POint
X <40

Figure A.2.6: Schematic presentation of the setup and the coordinate system.

Next, suppose we apply a distribution of forces f; at R; as F = }}; f; which does not depend

on P and P'. The torques depend on P and P’

Tp = Zi(Ri — RP) X fl', and Tp' = Zi(RP’ — RP) X fl [A.2.46]
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and the difference gives:

T
Now let us define the problem we wish to solve: What is the force F = (Fx, E, FZ) and torque

T= (Tx, Ty, ‘L'Z)T must we apply at point P on the bead’s surface to counteract the drag force
and make the bead move with translational velocity U = Up and angular velocity Q. This
amounts to asking what is the drag force and drag torque one needs to overcome. Let us
denote the center of the bead as P’ and define R = Rp—R, (Figure A.2.6B). This problem
would have been much simpler if we were asked what force F' and torque T’ needs to be

applied at the bead’s center to counteract drag:

(l;) - <V(T)I V?l) (3 ) [A.2.48]

Here V; = 6mRu and Vi, = 8mR3u/3 and

1 0 0 0 0 O
I=(0 1 0), and 0=<0 0 0). [A.2.49]

0 0 1 0 0 O

Now we use what we learned about rigid body motion in Eq. A.2.43:

(}Jz:) _ (U—(Rpr;Rp)xﬂ) _ (U+gxﬂ) _ ((I) JIQ) (g) [A.2.50]
0 R; R, 0 —Zc+Zp Yo+ Y
R=( R, 0 -—R,|= (—ZC + Zg 0 —Xc + XB) [A.2.51]
—R, R, O ~Y.+Yy X+ X 0
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Recall that Rp = (X, Y, Z) are the coordinates point of the flagella-bead contact point and
Rpr = (X, Y, Zp) are the coordinates of the bead center (Figure A.2.6C). Similarly, we have

that

(f",) - <T— (RPriRP) XF) = (1;_|_]I;'><F) = (gIe (I))(F‘[ ); [A.2.52]

So, the Eq. A.2.48 becomes:

(jle (1)) ( l; ) - (V(T)I Vf,) (gIg (I)) (}{) [A.2.53]

Multiply both sides by (—IR (l)) and calculating the products of matrices yields

F\_ (VoI VrR ) U
( T ) B (—VTR Vil — Vp R? (Q) [A.2.54]
where
O _RZ Ry O _RZ Ry
R2=| Ry 0 —-R.|| Ry 0 -—-R, [A.2.55]
—R, Ry 0 —R, Ry 0
—Rf, — R2 RyR, R,R,
= RyR, —RZ — R? RyR, . [A.2. 56]
R,R, RyR, —RZ — R32,
Possibly noteworthy is that:
—RJZ, — R? RyR, R,R, RZ 0 0
R? +RI = R.R, —R2 — R? RyR, + ( 0 R2 0 ) [A.2.57]
R,R, RyR, —RZ — RJ% 0 0 R?
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RZ RuR, RyR,
=(RR, R; Ry,R,|=RRT. [A.2.58]
RR, RyR, R}

For the motion in 2D (x — y) plane, we are only interested in Fy, F,, and 7, as a function of Uy,

U, and (2, . Here we also assume Ry =0, so we are only interested in components 1,2 and 6

E, Vr 0 ViR, 5 U,
(Fy) = 0 Vr VrRy3 Uy [A.2.59]
Tz —VrR3, —ViRsy Vi —VpR3, Q,
Vr 0 VrR, U,

_VTRY _VTRX VR + RZVT QZ

Up until now, we haven’t actually specified where our origin is. Let’s set the origin to be at
point P on the surface of the bead (Rp = 0). We will choose X to point tangent to the flagella
at the point of attachment, and let the coordinates of the center of the bead be located at
Ry = (Xg,Yg,0). Note that X < 0 and —R < Yz < R (Figure A.2.6D). Also note that R =

—Rr, so the force equation reads:

F, Vr 0 —VrYs U,
(Fy) =l 0 Vr Vr Xp Uy ), [A.2.61]
TZ _VTYB VT XB VR + VTRZ QZ

Which was previously extracted in Eq. A.2.42 Note that setting Yz # 0 allows us to handle the

case where the flagella is not attached normal to the bead.

(11)  Analytical approximations of rotational and translational of an axonemal-propelled
bead

In this part, we discuss analytical approximations for the mean translational and rotational

velocities of a flagellar-propelled bead in the regime of small wave amplitude. To describe the
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traveling curvature waves analytically, we use the following simplified waveform which is
composed of a traveling wave component with amplitude C; superimposed on a circular arc

with the mean curvature of C,

C(s,t) = Cy+ Cicos(wot — Ky), [A.2.62]

where wg = 2mf,, kK = 2m /A is the wave number. For our exemplary axoneme in Chapter 5,
Figure 5.2, following the method described in the ref.#!, we calculate the wavelength to be
A~13.19 um (see Figure A.2.7), which is ~ 27 % larger than the axonemal contour length

L~10.38 um.

| * phase ¢(s)=linear fit

0 2 4 6 8 10
$ (um)

Figure A.2.7: Calculation of phase of travelling wave. The phase ¢ (s) of
traveling curvature waves of the axoneme presented in Chapter 5, Figure
5.1, obtained by performing Fourier transform in time at each position s
along the axonemal length. The wavelength is then calculated as A =

2L/ (¢ (L) — ¢(0) = 13.19 um.

Next, we obtain analytical expressions for the mean translational and rotational velocities of
the swimmer in the regime of small C, and C;. For our analytical approximations and
simulations, we used the RFT which is presented in section A.2(8). To check the validity of RFT,

we extracted rotational and translational velocities of another exemplary axonemal-driven
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bead and compared the results with velocities obtained by RFT simulations using experimental
beat patterns. This comparison is presented in Figure A.2.8, which demonstrates a semi-
qualitative agreement between RFT simulations and experimental data (see section A.2(8)). In
the rest of section, we will use the simplified waveform, as defined in Eq. A.2.62 to perform
analytical analysis as well as numerical simulations for two cases: first, for a symmetric bead-

axoneme attachment, and second, for an asymmetric attachment.
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@
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Figure A.2.8: Velocity components of the bead’s center. Uy (t) and Uy(t) and the rotational velocity
of the bead £2,(t) measured in the body-fixed frame of the exemplary axoneme. Comparison with
results obtained in the frame work of resistive-force theory shows a good agreement. The power
spectra show a dominant peak at the beat frequency of 110.24 Hz and its second harmonic.

(10.1) Symmetric bead-axoneme attachment

Let us first consider the example where an axoneme is attached from the basal side to a bead,
so that the tangent vector at (s = 0) passes through the bead center. To determine the
translational and rotational velocities of the swimmer in dependence of the dimensionless
bead radius r = R = L, we used the prescribed form of curvature waves in Eqg. A.2.62 and

imposed the force-free and torque-free constrains in 2D. The drag matrices of bead and
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axoneme are calculated with respect to the reference point, which is defined as the bead-

axoneme contact point (see section A.2.(9)).
We approximate analytically the averaged angular and linear velocities in the swimmer-fixed
frame, as defined in Chapter 5, Figure 5.1A, in the limit where the wavelength of the beat-

pattern, 4, is equal to the size of the axoneme, L, and up to the first order in C, and Cy and the

second order in C; to obtain:

QZ 1A

(wo) ~ By (1,1, mCoCE, [A.2.63]

Ux !

(Lw) ~ B,(r,31,mCE, [A.2.64]
0

(Uy> /; 2

o~ B3(r, (L, mGCT. [A.2.65]
0

The full expressions of functions By, B, and 83 are presented in, Egs. A.2.66- 68.

(Q) 1CoCie!

]
o SE3(InE) +96mr) ( T3728x2r* +2688C | m(r(5r+3) + 1)r+49¢72

” (5(24461180928

% (n — 1)’ +424673287° ( —720m +32(9n — 11)x* +7(n — 1)(2n +9)| ©+ 240 )r®
+3096576% m ( —241(261 +67) + 16(n (81 +31) —4T)x? +35(n — )& 7w +552)r
+2580488" 1t ( 2887 ( 4m’n — 21 —4x? +9 ) +7L] ( —3n (657 +23) + (n(8n +67)
—83)m? +24) )r* 426888 | 7 ( —735(n (9 —4) + 1)L7 +14112(n — )7L — 6048

% (n+3)(3n—1)xg| +18432(n — V)a* + ( 245( 2n? + -3 )% —27648(5n —3) ) o
+82944(2n — 1) )r® + 56448 22 (11274 (n — 1) + T(n +2)8| 7 (n — 1) — 24(n (4n +31)
—17)m? +288(n +2)(2n — 1)+ 21n(1 —=5m) & x ) r? + 329288 P ( Ta*(n — 1) —3(n(137

+5) -6t +36(4n? —1) )r—2401(9( -8+ w2 i —( —36+7* )p+nt—372))),
[A.2.66]
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Uy TG L
Lag — 3073(Tng! +96mr) ( 73728m2r* + 2688 m(r(5r+3) + 1)r +49C2 )

(45 [A.2.67]

x (T8 ( —47185927° ( 4x>(5r+2) —39 )r® + 5160968 | 2 ( 22 (r(35r—6) +1)—6 )1
+3136L 2 m ( 4n* (5r+2)r — T2r — 322 (r(90r +29) +6) +36 ) r— 10205 P ( -8+ 7 ) ) n?

+( —13580544967° ( &2 (20r +6) — 15 )r’ — 165150728 23 ( — 32 (33r2 +6r+5)

+ 274 (r(r(T0r +39) +12) + 1)+ 18 )r* —301056L 2 2% ( 36(r — 1) + 37 ( r ( 80r" +74r +39)
+10 )+ 2% (r(2r(5r(20r 4+ 19) + 46) +25) +4) )r* — 10976 P ( —36(2r +1)

+ 2t ar +1)(5r+2) = 3n 2 (4r(25r + 6) + 1) ) r+ 24018 ( — 12+ 72 ) ) + 327 ( 141557762

% ( w2 (60r +22) —15 )r® + 5160968 72 ( — 322 (r(13r +6) + 3) + 22* (r(r(90r +49) +9) + 1) +9 )
%1 + 9408 Pr ( 36r + 377 ( 200 420 +r+2 )+ 22 (r(20(5r(20r +17) +31) 4+ 15) +2) — 18 )r

+34388 (mt(6r+2) —3x(4r+1)(10r +1) =36 ) ) ) ).

(Us) 21C7¢] (
~ L
Lax 6m” ( 4987 + 2688 (r(5r43)+ 1)r +73728x%r* ) (T + 967r)

49( 6

+mt —3)C —e72xl (2 ( 2 (r(20r +9)+2) —3 ) — 2 (2r(20r +9) +5)+3 ) — 2211844 (n — 1)r* ),

[A.2.68]

Here ¢\ ={, /u=2{ /u ~8n/(log(2L/a) + 0.5) ~ 4.33 where a = 100 is the radius,
L~10 um is the contour length of axoneme and we have assumedn = {; /{; = 0.5. Note that

in the absence of the bead (r = 0) and withn = 0.5, Egs. A.2.66-68 simplify to:

92 ~ —0.42C,C2, [A.2.69]
wo

W~ —0.16C2, [A.2.70]
L(A)o

W) < +0.038C,C2. (A2.71]
L(A)o
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The results for a bead of size r = 0.1 with drag anisotropy n = {; /{; =0.5, Egs. A.2.63-65

simplifies to

@)
wo

~ —0.24C,C? [A.2.72]

W+ —0.04C2 (A.2.73]

L(A)O

)
L(A)o

~ 0.006C,C? [A.2.74]

We note that in Egs. A.2.63-65, without the even harmonic, i.e intrinsic curvature C, = 0, the
axoneme swims in a straight path with (U,) = 0, (Uy) proportional to the square of traveling
wave component C; 20> 246 2473nd the mean rotational velocity (2,) vanishes (see the solid
lines in Figure A.2.9A-F and Figure A.2.10).

In parallel to our analytical approximations, we also performed numerical simulations given the
simplified waveform in Eq. A.2.62 and using RFT with the realistic value of n = ¢, /{; = 0.5.
As shown in Figure A.2.9A-F, the comparison between numerical simulations and the full
analytical approximations presented in Egs. A.2.66-68, shows a good agreement at small values
of Cy and C; and deviations at larger values. In addition, three exemplary simulations in Figure
A.2.9G-I highlight the dependency of the mean rotational velocity (€,) of the model swimmer
on the square of the traveling wave component C;. To investigate the dependency of the mean
translational and rotational velocities of our model swimmer on the bead size, we plotted Eqgs.
A.2.63-65 as a function of r (Figure A.2.11). We also performed numerical simulations at
different bead radii. As shown in Figure A.2.11, there is a good agreement between our
numerical simulations and analytical approximations at small values of C; (panels A-C) but
deviations at larger values (panels D-F). Furthermore, it is remarkable that while (U,.) reduces
monotonically with the bead radius r, both (2,) and (U,) exhibit a non-monotonic
dependence. This anomalous behavior is counter-intuitive, since rotational and translational

speeds are expected to decrease with increasing the bead radius. To examine this anomalous
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behavior, we looked at the asymptotic expressions of Egs. A.2.63- 65 in two opposite limits of

small and large bead radii.
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Figure A.2.9: Comparison of analytical approximations of rotational and translational
velocities with numerical simulations at bead radius of R =0. Solid lines present the
analytical approximations summarized in Egs. A.2.61-63 and dots show the numerical
simulations. G-1) Numerical simulations performed with the simplified waveform to show the
effect of C;. A bead of radius R/L = 0.1 is attached symmetrically to a model flagellum. The
mean rotational velocity decreases as the amplitude of dynamic mode C; decreases from G)
C; =0.7toH) €; = 0.5 and further to I) C; = 0.2. The static curvature is fixed at Cy, = 0.2.

For the case where the bead radius R is much larger than the flagellar length L (small 1/7), we

obtain up to the second order in 1
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Figure A.2.10: Simulations to show the effect of C; at a fixed amplitude of dynamic mode C; = 0.5. A bead of radius
R/L = 0.1is attached to the basal end. A-C) Swimming trajectory and mean translational and rotational velocities of
the swimmer in the body-fixed frame. Parameters are f; =50 Hz,n = {, /{, =0.5,A) C, =0, B) C, =0.25, and

Uy) _ 7¢ocir™" -1 -1 2 -1
——~ =2 —(357(n—-1)@n+21) {ir ' +7203n—Dr~* —96m“(n(9r~—* +

wo 3686472
30) — 117~ — 30)). [A2.77)

In the opposite limit of small r (i.e. R < L), up to the second order in r, we set 7 = 0.5 and

{1 =¢ /u=4n/(In(2L/a) + 0.5) ~ 4.33 to get:

Y2 o —0.42C,C2(1~19.157 + 513.77r2), [A.2.78]

LCL)()
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Figure A.2.11: Anomalous flagella-based propulsion speed of a symmetrically
attached bead as a function of its dimensionless radius R/L. Contrary to
expectations, in the cyan region the mean translational and rotational velocities
increase with increasing the bead radius. Analytical approximations (continuous
lines calculated from Egs. A.2.64-66) and simulations (dotted points) are
performed at different values of C;, while the intrinsic curvature of the axoneme
is fixed at C, = — 0.01 in (A-C), and Cy = — 0.1 in (D-F). The black dashed curves
show the trend expected in the limit of large bead radius (r = R/L > 1), as
presented in Egs. A.2.73-75. The black dashed lines with stars in magenta illustrate
the opposite limit of the small r, as given in Egs. A.2.76-78.

The black dashed lines (with and without stars in pink color) in Figure A.2.11 show these
asymptotic results. The transition from r2dependency at small values of bead radius to r~2

trend at large values of r manifests itself in an anomalous behavior. Finally, we note that in the
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absence of the bead (r = 0), Egs. A.2.78-80 reduce to Egs. A.2.69-71 as discussed in the Refs.>*

195

(10.2) Rotational velocity of a bead attached asymmetrically to a freely-swimming axoneme

To mimic a sperm-like swimmer, we consider a model flagellum with only the main traveling
wave component C; , setting the other modes to zero (Cy = C{ = C; = 0). We calculate the
mean rotational velocity of an axoneme attached sideways to a bead using the matrix

introduced Eq. A.2.61 and drag matrix of flagellum to obtain:

(Q.) fwy =— (3064(:,2:;'1% (7n2§1(343§f(6+ n?) — 23528 Par(—24 4w

x (=3 +40r2 — 12x,)) — 53084167°r> (5r% — 3x7) — 1290248 n%r?

x (=342 (—14+2572 — 12x))) + 2887 r(—343C P 4215048 =%r?

x (=347 (—1+50r" — 24x; — 30y;)) + 784 Prr(— 12+ w2 (1 +-40r°
—12x, — 24y3)) +35389447°r°) + 31 ( — 24018 1 + 5488¢ Pr

% (3440r% — 12x,) — 4128768 7P (=3 + w2 (—1+ 10r* —3x3 — 15y3))

—339738624x°r° + 75264 2a%r? x (184 2 (1 +60r> + 12(1 — 4x;, )xp
+24y§})))) / (29:2((11; ¢ +96mr)(49C % + 2688 wr(1+5r% — 3xp)
2
1+36864m%r% (5r7 —3x3)) — 1105927272 (78) +96m)y§) ) [A.2.81]

wherexg +yg =12, ¢ ={, /u=43and{, /{, =0.5.

(10.3) The sideways bead-axoneme attachment contributes to the rotational velocity of the
swimmer

In our experiments, we frequently observed an asymmetric attachment of a bead to an
axoneme, i.e. the tangent vector of the axoneme at s = 0 does not pass through the bead

center. This case is schematically shown in Figure A.2.5 and Figure A.2.12 B. Care needs to be
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taken since, as mentioned previously, a bead that appears to be symmetrically attached to an
axoneme in our 2D phase-contrast images, could in reality be attached asymmetrically and 3D
imaging techniques are necessary to distinguish these two scenarios. Interestingly, our
analytical approximations and simulations confirm that this asymmetric bead-axoneme
attachment is enough to rotate the axoneme and presence of static curvature and second
harmonic are not necessary for rotation to occur. For this analysis, we consider the 2D case
where the center of the bead is at position Xz and Yz which is measured with respect to the
coordinate system defined at the bead-axoneme contact point (Figure A.2.5 and Chapter 5,
Figure 5.1A). The drag matrix of the bead is given by Eq.A.2.44. To focus on the effect of the
sideways bead attachment on the axonemal rotational velocity, we set both modes C, and
C, to zero and consider a model sperm-like axoneme with only the traveling wave component
C; # 0inEqg.A.2.62. We calculate the mean rotational velocity of the axonemal-driven bead

by combining the drag matrix of the bead and the axoneme (see section A.2.(9) to arrive at:

(2,)/Lwg =~ am, ), yp, )CL, [A.2.82]

where dimensionless quantities are r=R/L, y,=Yg/L, n = {;/{ and 1 =
$y /¢rand ¢y = ¢, /u = 4n/(log(2L/a) + 0.5).

Here u is the viscosity of the ambient water-like fluid and @ = 100 nm is the axonemal radius.
Note that variable x? = r2 — yZ is not an independent variable. For the complete form of the
function, see Eq. A.2.81.

Some important characteristics of Eq. A.2.82 are as follows: First, since intrinsic C, curvature
even harmonics are set to zero, (2, ) is zero for the case of a symmetric bead attachment, i.e.
xp = R/L and y,, = 0. The effect of sideways bead attachment on rotational velocity of the
axoneme is highlighted in Figure A.2.12A-C. In these simulations, the model axoneme has only
the traveling wave component C; and it swims in a straight path if the bead is attached
symmetrically (Figure A.2.12A). An asymmetric bead-axoneme attachment causes the

axoneme to rotate (Figure A.2.12B-C). Second, a comparison between the effect of the intrinsic
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curvature (Eg. A.2.68 with r = 0) versus asymmetric bead attachment (Eq. A.2.82 withn =0.5,

¢! =4.33andr =0.2) on rotational velocity shows that the contribution of the asymmetry in
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Figure A.2.12: Comparison of symmetric vs asymmetric bead attachment with axoneme. A-C) Asymmetric versus
symmetric bead attachment to an axoneme with a beat pattern consisting only of the traveling wave component
C; . While the axoneme in panel A, to which the bead is symmetrically attached, swims on a straight path, the
axonemes in panel B and C, with asymmetric bead attachment, swim on curved paths. D) Comparison of the
effect of the asymmetric bead attachment (in black) as a function of y,, versus the effect of the intrinsic curvature
C, (inred) on{Q, ). E) The averaged angular velocity (Q, ) changes non monotonically with y,, for different bead
radii. Xg and Y are the coordinates of the bead center in the swimmer-fixed reference frame. Parameters are
n =0.5,{,' =433 and C, = 0.1. F) The mean rotational velocity of a bead which is asymmetrically attached to
an axoneme with y, = —r and x;, = 0 for two different values of C;. The mean curvature Cj is set to zero.
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the attachment to (£, ) is comparable to that of the intrinsic curvature, C,, see Figure

A.2.12D. Third, as shown Figure A.2.12E, the maximum rotational velocity occurs in the vicinity

of y, = — r.the maximum (Q, Yoccurs around r =0.4.

(12)  Supporting Figures
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Figure A.2.13: Time -dependent coefficients a;(t) and a,(t) calculated using the PCA for
freely beating axoneme presented in Chapter 4, Figure 4.2.
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Figure A.2.14: Comparison of time-dependent coefficients calculated using PCA. A) Two time-
independent coefficients a, (t) and a,(t) are plotted versus each other showing a limit cycle.
B-C) For comparison, a,(t) — as(t), as(t) —a,(t) and as(t) — a,(t) plots are also

presented. These coefficients are calculated using the PCA for the freely beating axoneme
presented in chapter 4, Figure 4. 2.
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Figure A.2.15: PCA analysis of the flagellar beat of free axonemes. Four main eigenmodes
corresponding to the four largest eigenvalues for 21 freely beating axonemes are presented.
Each trace corresponds to a different axoneme from different experiments. The modes show a
common trend after being re-scaled by the contour length L. The black, red, blue, green, cyan
and magenta curves correspond to the six axonemes described in the first through sixth rows of
the Appendix, Table A.2.2, respectively. Note that the x-axis is scaled by the axonemal contour
length L (see Figure A.2.15 for the case that s is scaled by the wavelength A). A scatter plot
showing the wavelength and the contour length of these axonemes is shown in Figure A.2.16.
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Figure A.2.16: Traces of the four PCA modes of 21 different free axonemes presented in Figure
4.6, re-scaled by s/A. See the caption of Figure A.2.15 for the color-code and Figure A.2.16

for the ATP concentrations.
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Figure A.2.17: A scatter plot showing the wavelength and the contour length of 21 different
free axonemes used in the analysis of Figure 4.6 and 4.7. Each data point presents one
axoneme. The black circle corresponds to the axoneme presented in Figure 4.2. For the color
code, which is the same as Figure 4.7, see the caption of Figure 4.6.
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Figure A.2.18: Experimental shapes of the hinged axoneme in Figure 4.12 plotted over one beat
cycle (T = 22.55 msec), are compared with the axonemal shapes reconstructed using different
combination of the modes. For each panel, fraction of the total variance g is calculated (see
Chapter 2, section 2.9).
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Figure A.2.19: PCA analysis of the flagella in the intact C. reinhardltii cell presented in Figure 4.1A-B. The
table in Appendix A.2.5 shows the wave amplitudes and the phase values as defined in Appendix Eq.

A2.7.

Figure A.2.20: Gradient vector flow method implemented to track the flagellum. A) High intensity of the
bead interferes with tracking; therefore, it is removed by applying a threshold. B) The vector field calculated
for small yellow region shown in panel A, converging toward pixels with maximum intensity. C) A polygonal
line with eight nodes along the axonemal contour to initiate the snake. D) The tracking algorithm yields a
discrete approximation of the axoneme’s contour represented by a set of N =30 positions r(s,t) =

(G, ), y(si,t)),i=1,...,N.
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Figure A.2.21: To measure the systematic error of our tracking GVF algorithm, we generated artificial
data with known values of dimensionless mean curvature C, = koL/2m, and tracked the filaments
using GVF. The measured values of mean curvatures of tracked filaments is given by C§*. As it is shown
in the panels A-E, the measured values deviate from the real values at small C,, but approaches the
real values at higher. In other words, our algorithm has a smaller systematic error (less than 4%) for

curved filaments with €, > 0.3.
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Figure A.2.22: The translational and rotational velocities of the axoneme presented in Chapter 5, Figure 5.1A,
measured in the swimmer-fixed frame, obtained with RFT simulations using the experimental beat pattern as

input. The red lines mark the mean values.
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Experiment
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Figure A.2.23: Experimental shapes over one beat cycle of the axoneme in Chapter 5, Figure 5.1A are compared
with the axonemal shapes reconstructed using different combination of PCA modes as (s, t) = (0(s,t)); +
¥, a;(t)M;(s). For each panel, the fraction of the total variance a2 is also calculated; see Chapter 2, section 2.10
for the definition of a2. Note that shapes reconstructed using modes 2, 3 and 4 are approximately standing waves.
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Figure A.2.24: The time-dependent motion amplitudes a, (t)to a,(t)are plotted versus
each other for the exemplary axoneme shown in Chapter 5, Figure 5.3A.
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(13)  Supporting tables

Table A.2.3: The coefficient as defined Appendix, Eq. A.2.7 for exemplary basal-hinged and distal hinged
axonemes shown in Chapter 4, Figure 4.9. The calcium concentration is zero.

€, =048 [C, =005 |C3=009 |a,=-0197 |a,=—-034mw |az=-0227
C/=0.10|C, =005 |C,=009 |a,=—-014n |ab=—0227 |aj=—01m

C, =025 |C,=0006 |C;=006 |a, =00037 |a,=-006% |az=047m
C/ =004 |C,=0006 |C;=006 |a,=—02m |ab=—04m |a},=—-006mn

Table A.2.4: The coefficient as defined Appendix, Eq. A.2.7 for two exemplary basal-hinged axonemes. The
calcium concentration is zero.

€l =005 |C,=010 |C,=010 |a)=006m a,=0021 |a)=012n

€, =056 |C, =008 |C3=006 |a =007m @, =—0331 |a;=—0097
C/ =004 | C; =008 |C,=006 |a,=026n ay =—-028w |ab=-004m

Table A.2.5: The coefficient as defined Appendix, Eq. A.2.7 for exemplary basal-clamped and distal-clamped
axonemes shown in Chapter 4, Figure 4.10. The calcium concentration is zero.

C, =013 [C,=005 |C;3=003 |a, =—0197 |a, =0.137 a; = —0.331
C{ =—0.04 | C, =0.05 C3=003 |aj=—-017m |a; =—0.187 | a; =-—0.36m

C, =050 |C,=015 |C3=009 |a, =034w |a,=0.03m a; =0.171
C{ =0.26 C; =0.15 C3 =009 |a;=-0.131 | a; =0.297 a; =043

Table A.2.6: Amplitude and phase of travelling waves of flagella in the intact C. reinhardtii cell.

C,=054[C, =010 |C3=010 |a;=031m |a,=-0337m |a3=035"n

C{ =0.18 | C; =0.10 C; =0.10 a;=—041m |a; =0297 a; =—0037
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Nomenclature

Nomenclature

C. reinhardtii
Axoneme
ODA

IDA

IFT

MTs

RS

GTP
GDP
ATP
ADP
MTBD
PCA
KIFs
LC

HC
NADH
PCr
CK

hv

bR
EFoF1-ATP synthase

Chlamydomonas reinhardtii
Demembranated flagella
Outer dynein arm

Inner dynein arm

Intra flagellar transport
Microtubules

Radial spokes

Alpha tubulin

Beta tubulin

Gamma tubulin
Guanosine-5'-triphosphate
Guanosine diphosphate
Adenosine-5'-triphosphate

Adenosine diphosphate

Microtubule binding domain
Principle component analysis

Kinesin super family proteins

Light chain

Heavy chain

Nicotinamide adenine dinucleotide hydrid

Phosphocreatine
Creatine kinase
Light energy

Bacteriorhodopsin

F-type ATP synthase from E. coli
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Nomenclature

Pi

PC
SDS
Triton
E. coli

HPTS

P
PDI
SDS-PAGE

DLS
Reff
RLU
ApH
pHin
PHout
PHmean

Nx
Ny
My
Vx

Inorganic phosphate
Phosphatidylcholine

Sodium dodecyl sulfate

Triton X-100

Escherichia coli
Pyranine/8-hydroxyprene-1,3,6-trisulfonic
acid

Permeability coefficient
Polydispersity index

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

Dynamic light scattering
Reconstitution efficiency

Relative light units

pH difference

pH inside the vesicle

pH outside of the vesicle

Average value of pH

pHatto=0

Electrochemical potential difference
Electrical potential difference
Absorption at x nm

Concentration of x

Extinction coefficient at x nm
Luminescence signal of x

Amount of substance x

Number of x per ml

Molar mass of x

Volume of x
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Nomenclature

[E]

Keat
Cate
Cartp,cor
Vo

Cor
CEFoF1
K

t(s)
n(s)

de/dt

Cs
Ci
G

f critical

f max
[ATP]criticaI

Km

ql

ZJ_
(Q)
CCw
CW

Enzyme concentration

Catalytic constant of ATP synthesis
ATP concentration change
Corrected ATP concentration changes (to=0)
Initial reaction velocity
Concentration of bacteriorhodopsin
Concentration of ATP synthase
Curvature

Tangent vector

Normal vector

Covariance matrix

Eigenvalues

Eigenvectors

Amplitude of motion

Phase angle

Static curvature

Dynamic curvature

Backward traveling waves

Second harmonic

Minimum beating frequency
Maximum beating frequency
Minimum ATP concentration
Michaelis-Menten constant
Parallel drag coefficient
Perpendicular drag coefficient
Rotational velocity
Counterclockwise

Clockwise

Variance
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Nomenclature

PEG
EGTA
K-acetate
Np-40
CaCly
DTT

PEG
MgSO4
ddH20

Polyethylene glycol

Ethylene glycol tetraacetic acid
Potassium acetate

Nonyl phenoxypolyethoxylethanol
Calcium chloride

Dithiothreitol

Polyethylene glycol

Magnesium acetate

Double distilled water
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