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Abstract

Living organisms are extremely complicated. We, as humanity, invest a great
deal of time and money into the understanding of what makes us tick.
Comprehension of human physiology cannot be achieved without a properly
described function of the basic constituent of life — cell. Single cells function
thanks to the organized action of many distinct systems. Inside of tiny cellular
volume, hundreds of different processes take place. All of them need substrates
and give products, often requiring a catalyst to function. Cells maintain the
homeostasis — a state in which all life functions remain in a balance. Disruption
of the homeostasis triggers dysfunction and disease. Great effort was put into
elucidation how, why, and when things happen inside cells. All those questions
were answered by the experiments made either on whole organism, or more
conveniently in a test tube. Both of those approaches are not without flaw. We
shifted our attention to systems that are the middle ground thanks to the rise of
the cell cultures. Now, uniform characterisation of conditions inside cytosol is
necessary. This thesis aims to provide a comprehensive description of viscosity —
one of the physiological values of the key importance in the living cells. Viscosity

impacts vast majority, if not all, of biochemical and biophysical processes.

The complexity of cellular structure and its physiology will be presented in
introductory part of this work. Also, subjects of diffusion and viscosity will be
discussed. Finally, fluorescence correlation spectroscopy will be thoroughly
described. Following the introduction, meticulous description of experimental
procedures will be presented. Then, in part devoted to presentation and
discussion of results obtained, changes of viscosity depending on the size of
particles moving inside the cytoplasm of model living cells will be described.
This description will be extended into several cell types representing different
cancerous and healthy tissues. Fluorescence correlation spectroscopy will prove
to be efficient in the elucidation of the mechanism of oligomerization of
dynamin-related protein 1. Finally, investigations concerning changes of
viscosity of the cytoplasm of cells undergoing cell cycle is going to be presented.

The work will end with a short summary.
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Streszczenie

Organizmy zywe sg niezwykle skomplikowane. Ludzkos¢ inwestuje ogromna
iloS¢ czasu i pieniedzy w wyjasSnienie tego, co sprawia, ze funkcjonujemy.
Zrozumienie ludzkiej fizjologii nie moze zostac osiagniete bez wlasciwego opisu
podstawowej jednostki zycia - komorki. Komoérki dziataja  dzieki
zorganizowanemu wspoélgraniu wielu odrebnych ukladow. Wewnatrz ich
niewielkiej objetosci zachodza setki proceséw. Kazdy z nich potrzebuje
substratow oraz daje produkty, czestokro¢ w obecnosci katalizatora. Komorki
utrzymuja stan homeostazy, w ktorym wszystkie procesy zyciowe pozostaja w
rownowadze, a ktorego zaburzenie skutkuje choroba. Ogromny wysitek zostat
wlozony w wyjasnienie, jak, dlaczego i kiedy procesy zachodza w komérkach. Na
wszystkie te pytania szukano odpowiedzi albo badajac caly organizm, albo w
czasie prostszych doswiadczen w probowce. Oba te podejScia nie sa pozbawione
wad. Wraz z rozwojem hodowli komérkowych, uwaga skupila sie na nich, jako
posrednim rozwiazaniu. Teraz jednorodny opis warunkow panujacych wewnatrz
komorek jest wymagany. Obecna praca ma na celu stworzenie wyczerpujacego
opisu lepkosci — jednej z gléwnych wielkosci istotnych z perspektywy wnetrza
zywych komorek. Lepkos¢ wplywa na wiekszosé¢, jesli nie wszystkie procesy

biochemiczne i biofizyczne.

We wprowadzeniu do tej pracy przedstawiona zostanie zlozonos$¢ struktur
wewnatrzkomorkowych oraz fizjologii komorek. Dodatkowo zostana poruszone
tematy dyfuzji i lepkosci. Wstep zakonczy doglebny opis spektroskopii korelacji
fluorescencji. Nastepnie skrupulatnie opisane zostana wszystkie procedury
eksperymentalne. W czeSci posSwieconej przedstawieniu i omoéwieniu
otrzymanych wynikow opisane zostana zmiany lepkosci w zaleznosci od
wielkosci probnika poruszajacego sie wewnatrz modelowych zywych komorek.
Opis ten zostanie nastepnie poszerzony o kilka typow komorek reprezentujacych
zdrowe 1 nowotworowo zmienione tkanki. Spektroskopia korelacji fluorescencji
zostanie dalej wykorzystana do opisu oligomeryzacji biatka Drpl. Jako ostatnie
zaprezentowane zostang doswiadczenia dotyczace zmian lepkosci w komorkach

w czasie cyklu komorkowego. Prace zakonczy krotkie podsumowanie.
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1.1.Human cells

Humans (Homo sapiens) belong to the domain of Eukaryota. Eukaryotic cells
store their genetic material in a separate compartment enclosed by membranes,
called nucleus and partially in mitochondria. They evolved, according to
endosymbiotic theory, from prokaryotic cells, which now remain in an
unbreakable symbiotic relation with eukaryotic counterparts. This unique
relation required the development of an efficient way of cooperation permitting a
great deal of autonomy of compartments. Compartmentalisation is required for
not only the need for taming the “external forces”. Many processes taking place
inside the cell are separated spatially. Compartments may serve as a safety
measure, for example, when environment needed for a given process lies far
from the physiological one and could be destructive (e.g. endocytosis and
digestion). The elaborate internal cellular membrane system is necessary for the
protein production and secretion. Apart from the organelles and the membranes
also the cytoskeleton is present in eukaryotic cells. It forms the main trafficking
routes inside the cytosol and also allows reshaping of cells and their movement.
A huge variety of smaller cellular elements like vesicles, proteins, and their
complexes are present in-between bigger components. Each of them has its
destination, function, and permanence. This thesis aims to elucidate some of

the processes constituting the life of a human cell.
1.1.1. Cell cultures

The human organism is an extremely complicated system with different levels of
the organisation. Groups of organs maintain systems (like the respiratory or the
digestive tract), while a single organ is composed of a number of different
tissues. Cells are therefore involved in a huge network of interactions and
interplays. Studies of such complicated systems are virtually impossible. The
vast majority of knowledge about the cellular physiology is obtained by studying
the isolated cells in vitro (Latin for “in glass”). Such studies are usually
performed using the cell lines. The cell line is defined as a population of cells
having the same genetic makeup descending from a single cell. Maintenance of
the cell lines in a laboratory is called cell culture. Cells are grown under closely
monitored conditions (osmotic pressure, pH, temperature, atmosphere
composition). These cells are usually cultured in bottles as either an adherent

monolayer or suspensions (depending on the cell type) in specialised media
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(containing essential nutrients, growth factors, etc.) and in incubators (Alberts

et al., 2008).

Adherent cell cultures are the most commonly used method of conducting
research concerning the eukaryotic cells because they are simple to handle
Alas, they poorly reflect the conditions in which cells grow and function as a
part of a tissue (in vivo, from Latin “within living”). The comparison of the

conditions of in vitro and in vivo is shown in Table 1.

In vivo

In vitro

Three-dimensional protein scaffolding

Extracellular matrix with the ability to
adsorb secretion products (e.g. growth

factors)

Presence of different kinds of cells in

environment

Numerous spatial connections

between cells

Small inter-cell fluid volumes enabling

paracrine signalling

A continuous supply of nutrients and

oxygen, and removal of metabolites

Constant, stable hydrodynamic stress

Flat culture surface

Glass or polymer, native or modified

Monocultures — no interactions
between different cell types

Co-cultures — restricted interactions

No connections

Great volume of culture medium,

paracrine signals diluted

Periodic exchange of culture medium

Static conditions during incubation
and extremely high short-term stress

during passages

Table 1. Comparison of the conditions of growth of cells in the organism (in
vivo) and in the cell cultures (in vitro).

Modifications of cellular morphology and function are common in cell cultures.
Changes between the conditions in the tissue and in the culture can even
influence gene expression (Griffith and Swartz, 2006). But still, the standard
cell cultures remain the main method of studying the cell physiology.
Fortunately, usage of primary cell lines (cells shortly after isolation from healthy
tissues) offers a partial solution to those problems (Guillouzo and Guguen-

Guillouzo, 2008).
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The nuclear envelope (dark pink) — a double membrane enclosing nuclear
content. Outer nuclear membrane smoothly joins with the endoplasmic
reticulum.

Rough endoplasmic reticulum (purple) - responsible for the synthesis,
processing, and sorting of proteins. Richly decorated with ribosomes (red)
Smooth endoplasmic reticulum (light violet) — a place of lipid synthesis.

The Golgi apparatus (blue) — processes and sorts proteins produced on rough
ER, and then secretes them inside secretory vesicles.

Endosomes — vesicles transporting either proteins produced by the cell (dark
blue) or uptaken material from the outside (yellow).

Lysosomes (grey bodies) — responsible for the digestion of material.

Peroxisomes (orange) — detoxify various molecules and decompose fatty acids.
Mitochondria (green) — surrounded by a double lipid bilayer produce energy (in
form of ATP) by the oxidation of glucose and fatty acids.

Nucleus

The nucleus is the biggest organelle taking up to 10 % of the total volume of the
cell. It was the first organelle to be observed (by Antonie van Leeuwenhoek in
1719). This compartment of the cell concentrates vast majority of cell DNA (DNA
is also present in mitochondria in human cells) and its function is focused
around the DNA handling. Inside the nucleus, polymerases and other
specialised enzymes transcribe information encoded inside nucleotide sequence
into RNA. Other kinds of proteins are responsible for RNA strands modification
to ensure the accuracy of the message conveyed by the RNA. In the nucleus
additional structure can be distinguished, which is called the nucleolus, where
tightly packed RNA/protein complexes are modified and prepared for shipment
out of the nucleus to form ribosomes. DNA present in the nucleus is enclosed
by the nuclear envelope together with the molecular machinery needed for its
upkeep. The nuclear envelope is formed by two lipid bilayer membranes. The
outer nuclear membrane is directly connected with the extensive network of the
endoplasmic reticulum. The inner membrane is connected to DNA

inside the nucleus.

Inside the nuclear membrane, there are huge protein complexes called the
nuclear pores. Each of them is created by 50-100 different proteins called
nucleoporins, which together create enormous (~125 million daltons) ring-like
structures (Doye and Hurt, 1997). These complexes provide a way to exchange
the material with the rest of the cell. This exchange is required for proper
function of the nucleus. The nuclear pores are remarkably selective. They act as
if they had a diameter of ~0.9 nm. Only the water, ions, small metabolites and

globular proteins of less than ~60 kDa can freely diffuse through the channel
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created by the nuclear pore complex. Thus small molecules can freely diffuse in
and out of the nucleus. Movement of bigger molecules is subjected to the
stringent control provided by the nuclear pores. Any big particle that should be
transported across the nuclear envelope has either nuclear-localization signal
(import into the nucleus) or nuclear-export signal (transport from the nucleus).
These molecular tags allow transport through the nuclear pores. This process

requires specialised groups of proteins — karyopharins (Lamond, 1998).
Endoplasmic reticulum

Endoplasmic reticulum (ER) is a vast network of interconnected membranes. ER
constitutes more than a half of the total membranes present in a cell. It is a
netlike labyrinth of tubules and flattened structures called the cisternae. Some
crucial functions of the cell take place in this organelle. Two types of the
endoplasmic reticulum can be distinguished depending on its function: smooth
and rough. The smooth ER lacks the ribosomes and is the place where
synthesis of phospholipids and fatty acids ensues. Rough ER is densely
decorated with the ribosomes. Here, many plasma-membrane, organelle,
extracellular and almost all secreted proteins are synthesised. Also, specialised
excreted proteins (like antibodies and digestive enzymes) are produced on the
rough ER. Maturation of around one-third of all proteins takes place inside the
ER cisternae (Lodish et al., 2000). The maturated proteins either destined to the
membranes or for secretion are packed into transport vesicles (small structures
consisting of liquid enclosed by a lipid membrane used for intercellular

trafficking), which travel to the Golgi apparatus.
Golgi complex

The Golgi complex is a series of flat cisternae (stack) surrounded by membrane-
enclosed vesicles. The main function of this organelle is processing and sorting
of secreted and membrane proteins. Three regions in the Golgi cisternae stack
can be distinguished: cis, medial, and trans. Transport vesicles coming from the
ER merge with the cis region of the Golgi complex. Proteins travel through the
medial to the trans region (Engel et al.,, 2015). At each region different set of
enzymes modify the proteins differently, according to their intended function
and destination. Ready proteins are again packed into the vehicles, each
intended for a specific region of the cell (e.g. membranes, lysosomes

or other organelles).
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Lysosomes

The lysosomes are vesicular organelles, which are primarily responsible for the
intracellular digestion. Interior of the lysosomes is highly acidic, reaching pH of
about 4.5-5.0 (cytoplasmic and nuclear pH is around 7.2). Low pH ensures
optimal function of a huge variety of digestive enzymes (acid hydrolases). The
lysosomes provide the cells with two modes of protection from the autodigestion:
specialized membrane keeps harmful enzymes out of the cytoplasm, and even if
those enzymes would leak out, higher pH would render them inactive (Cuervo

and Dice, 1998).

Inside a single cell, several hundred of lysosomes can be present with varying
sizes and shapes. Two kinds of lysosomes can be distinguished. Primary
lysosomes are roughly spherical and do not contain the membrane or
particulate debris. Secondary lysosomes are larger and irregularly shaped, as
they result from the fusion of the primary lysosomes with other vesicles or
membrane-bound organelles. Inside the secondary lysosomes digestion of
mainly external material uptaken in the process of endocytosis takes place.
Some cellular and nuclear proteins can be decomposed in the lysosomes, but
the vast majority of them is rather degraded in the proteasomes, large

multiprotein complexes present in the cytosol.
Endosomes

The Endosomes are structures originating from the trans Golgi membranes.
Their main function is connected with endocytosis. Such process is observed
when a relatively big particle (like virus or bacterium) is “swallowed” by the cell.
During the endocytosis a portion of the plasma membrane invaginates into a
pit, enclosing the particle inside. The created vesicle is joined with the
endosome. In the early endosome first round of sorting of its content takes
place. Some membrane proteins are recycled back to the cell membrane, others
are transported to the late endosome for another round of segregation. The late
endosome fuses with the lysosome forming the endolysosome, where digestion

of the content begins.
Peroxisomes

The peroxisomes contain enzymes oxidizing various organic compounds without

production of ATP. The oxidation by-products are utilized in other cellular
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reactions. The peroxisomes are the main producer of the acetyl groups during
oxidation of fatty acids. The acetyl groups are necessary for, among others,
cholesterol synthesis (van der Zand et al., 2006). Peroxisomes also degrade toxic
compounds (mainly hydrogen peroxide, H2O2). These organelles are present in

all animal cells with the exception of the red blood cells (De Duve, 1996).

Mitochondria

The mitochondria are surrounded by a double lipid bilayer, each layer with
distinct composition and function. The mitochondria take up to 25 % of the
cytoplasm volume. Their principal function is the ATP production during the

aerobic metabolism.

The mitochondrion can be subdivided into four specialised compartments: outer
and inner membranes, intermembrane space between them, and a matrix
inside. Each of them has specific role and composition. The outer membrane is
composed of lipids and proteins in almost equal parts. The proteins localised
there are responsible for the synthesis of mitochondrial lipids, import of
mitochondrial proteins and division and fusion of the organelle. The most
abundant protein in mitochondria, porin, forms channels making the outer

mitochondrial layer permeable to all molecules of 5 kDa or less.

The intermembrane space closely resembles the cytosol, thanks to the
unrestricted motion of small molecules across the porin channels. The main
function of the intermembrane space is tightly connected with the

phosphorylation of nucleotides.

The mitochondrial inner membrane contains a number of different proteins
which perform three interlocked functions. They carry out oxidation reactions of
electron transport chain, production of ATP (by the ATP synthase), and sustain
this gradient of H* ions across the membrane. The action of the ATP synthase is
dependent on the electrochemical gradient of H*. The inner membrane is
therefore essentially impermeable to ions and small charged molecules.
(Duchen, 2004). A surface of the internal membrane of the mitochondria is
greatly increased thanks to a large number of interfoldings extending into the
matrix. The mitochondrial inner membrane is composed of about 20 % lipid

and 80 % protein.

The mitochondrial matrix consists of a highly concentrated mixture of proteins

and mitochondrial DNA. In the mitochondrial matrix a machinery required for
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the up-keeping and expression of the mitochondrial DNA is located, including
specialized ribosomes and transport RNAs (tRNAs). Also, oxidation of pyruvate
and fatty acids, and one of the most important cycles — citric acid cycle are
located there (Anderson et al, 1981). Thus, a large part of the energy generation

process in the cell takes place in this compartment.
1.1.3. Dynamin-related protein 1

The mitochondria create a vast dynamic network of membranes that is
continuously remodelled by the fusion and fission events. This remodelling
plays an important role in few biological processes. The most important is the
distribution of the mitochondria evenly between daughter cells during the cell
division. The fusion process of damaged mitochondria with healthy ones is used
to regenerate the former. The fission process I a method to get rid of defective
part of mitochondria, which later are recycled by mitophagy. (Smirnova et al.,

2001; Twig et al., 2008)

The dynamin-related protein 1 (Drpl) is the most important protein involved in
the fission of the mitochondria. Drpl belongs to the dynamin family present in
mammals, worms, and flies (analogous protein Dnm1 is present in yeast) (Youle
and van der Bliek, 2012). Drpl has GTPase domain which allows to obtain
energy necessary for its function. Drpl has three abilities: 1) to self-oligomerise
into helices surrounding mitochondrial outer layer, 2) to constrict upon
nucleotide binding, 3) to trigger fission of membrane necks in a GTP-dependent
manner (Antonny et al.,, 2016). Drpl is predominantly present in the cytosol in
the form of dimers or tetramers. The tetramers can assembly into bigger
polymers on the mitochondrial membranes. Drpl assembles on the
mitochondrial membranes in a form of polymer consisting of around 150 Drpl
monomers and performs the mitochondrial fission (Koirala et al.,, 2013). This
protein takes also part in the programmed cell death — apoptosis. The
localisation pattern of Drpl changes drastically on the onset of the apoptosis.
The majority of Drpl moves onto the mitochondrial membranes in preparation
for the unrestricted mitochondria fragmentation (Montessuit et al, 2010; Z.
Wang et al., 2012). It is one of the factors that kills the cells. Drpl is also crucial
for the apoptosis induction (Frank et al., 2001).
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1.1.4. Cytoskeleton

The cytoskeleton, an extensive network of interconnected polymers, dictates cell
shape, supports its internal organization, and provides transport routes for
other constituents of the cytoplasm. The cytoskeleton is often depicted as
scaffolding or highway network inside the cell, but it is a far more dynamic
structure. It constantly rearranges in response to external and internal stimuli,
or during the lifetime of a cell. A schematic view of the whole cytoskeleton is

shown in Figure 2.

Figure 2. Schematic representation of the cytoskeleton. Microfilaments are
shown in grey, intermediate filaments in blue, and microtubules in pink.

The cytoskeleton is created by the three types of filaments, each creating its
own network: the microfilaments, intermediate filaments, and microtubules.
The distinction between them is made on the basis of their diameter,
arrangement, and type of the subunits. All of them interact with each other and

also with different cellular components (Sodeik, 2000).
Microfilaments

The microfilaments, also called actin filaments, have a diameter ranging from 5
to 9 nm and length of the size of the cell (~few micrometres). They are created by
a single protein, actin. Their main function is to provide the shape of the cell,
and also to allow cell locomotion. Microfilaments are able to create flexible linear
bundles, two-dimensional grids, and three-dimensional networks. The
microfilaments are mainly located just beneath the cell membrane because their

action is mainly connected with the reshaping of the cell.
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Intermediate filaments

The intermediate filaments, contrary to the microfilaments and the
microtubules, are composed of the very diverse and large family of proteins. The
diameter of these structures is around 10 nm and length similar to the
microfilaments. All of them create an internal network stretching from the
nucleus to the cell membrane (and even beyond). In the cytosol, the
intermediate filaments provide the cell with mechanical resistance. Inside the
nucleus, a specialized group of the intermediate filaments called lamins is
located. They form nuclear lamina - scaffolding just under the inner nuclear
membrane supporting structure of the nucleus. Inside the epithelial cells,
different kinds of the intermediate filaments extend to the outside of the cells
(through membrane-bound structures called desmosomes and

hemidesmosomes) mediating cell to cell adhesion and tissue formation.
Microtubules

The microtubules are not randomly spread throughout the cytoplasm. Instead,
all of them radiate from a central structure, the centrosome. The microtubules
are the biggest filaments (with an outer diameter of 25 nm) created by
heterodimers of a- and p-tubulin. Microtubules are straight filaments,
expressing polarity, meaning that their ends differ in dynamic properties
(denoted as (+) and (-)). Usually, filaments originating from a single centrosome
have their (+) ends directed towards the cell peripheries. They grow and shorten
at the (+) ends. The undisturbed microtubular structure is necessary for proper
endoplasmic reticulum and Golgi complexes formation. They also play a key role
in the separation of the sister chromatids during the mitosis (the cell division is

described in detail in section 1.1.7).
1.1.5. Cytoplasm as a crowded environment

The organelles and the cytoskeleton occupy a huge portion of the volume of the
cell (over 60 %), but remaining space is not simply filled with water. The
cytoplasm is a highly concentrated solution of thousands of different molecules.
These small molecules (including proteins, nucleic acids, ions etc.) take between
S and 40 % of the total cell volume, and their concentration can reach up to 400
mg/ml (Ellis and Minton, 2003). That is why the interior of the cell is considered
crowded. The mean distance between proteins to approximately few nm. Such

dense environment greatly impacts the speed of the diffusive transport (and



Cytoplasm as a crowded environment 25

processes depending on diffusion) and also causes restriction of partitioning of
molecules and organelles between the volume of the cell. The crowding gives rise
to an unexpected binding interactions between molecules of the same kind and
also unrelated ones (Luby-Phelps, 1999, 2013). The molecular crowding is
accompanied by two typical components: steric (hard-core) interactions and
chemical (soft) interactions divided into short range repulsion and longer ranged
attraction. First of them is an effect of the size of a molecules, which cannot
occupy the same volume in space. The second interaction is connected with the
chemical character of two molecules (e.g. their charge). It is often less
prominent. The molecular crowding is a ubiquitous phenomenon, as it is

present in all cells (Ellis, 2001).

The simplest molecules (even water) are, to some extent, subject to the
constraints of the molecular crowding. The cellular water is divided into two
populations, with water molecules freely exchanging between them. Around
90 % of H20O molecules belong to the bulk water freely diffusing in the volume of
the cell. The rest 10 % is the fraction of water bound (interfacial) to molecules
(Stadler et al.,, 2008). Potma et al. (2001) studied the bulk water viscosity in
mammalian cells. They observed, that cytoplasmic bulk water molecules have
their mobility reduced by 70 % when compared to pure water. The interfacial
water is present only in the case of fully synthesised, correctly folded and

stabilized particles (Jasnin et al., 2008).

The macromolecular crowding has the biggest effect on the reactions of proteins
inside the cell. Protein folding and maintenance of the correct structure of
proteins is promoted under the crowded conditions (Sasahara et al., 2003; Hong
and Gierasch, 2010). For example, the chaperone activity is increased in such
conditions (Zimmerman and Harrison, 1987; van den Berg et al.,, 1999). But
overcrowding can lead to the formation of dysfunctional protein aggregates
(Minton, 2000; Kinjo and Takada, 2002). The molecular crowding has a great
impact on the speed of processes taking place inside the cell. Both increase and
decrease in reaction rates have been observed in crowded solutions (Wenner
and Bloomfield, 1999; Minton, 2006; Sasaki et al., 2006; Ridgway et al., 2008).
Fast (diffusion-limited) reactions are slowed down, whereas slow (transition-
limited) are accelerated by the crowding. The crowded environment can even

help overcome an unfavourable environment for the reaction (Zimmerman and
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Harrison, 1987) or allow reactions unavailable in the uncrowded conditions

(Zimmerman and Pheiffer, 1983).

The molecular crowding influences stability of protein native structure through
the hard-core and the soft interactions. First of them is always stabilizing while
the second can be both stabilizing and destabilizing. The crowding promotes
stabilization through the hard-core interactions since native conformations of
proteins are usually more compact. Impact of the soft interactions is less
uniform. Chemical repulsion stabilizes compact structures, while chemical
attraction promotes exposure of more surface of the protein and its unfolding.
The soft interactions are weaker and non-specific. But a great number of them
can sometimes overcome steric interactions and permit or forbid a molecular

process (Y. Wang et al.,, 2012; Sarkar et al., 2013).

The complexity of crowders influences cellular compartmentalization. A huge
variety of species differing in shape, size, and flexibility can cause spontaneous
demixing of molecules in the cell, or their condensation into stable droplet
phases. Such effect, called the microcompartmentation, is believed to be crucial
for sustaining the metabolism of the cell (Al-Habori, 1995; Walter and Brooks,
1995), although its effects are hard to predict (Long et al., 2005).

1.1.6. Measurements of mobility inside living cells

Measurements of diffusion in the cell interior are performed with different
techniques such as: single particle tracking (SPT), fluorescence recovery after
photobleaching (FRAP), nuclear magnetic resonance (NMR) and fluorescence
correlation spectroscopy (FCS). Each of the techniques has its advantages

and disadvantages.

The single particle tracking determines a trajectory of single or very few
fluorescent particles mainly in artificial and biological membranes (Schititz et al.,
1997). Three-dimensional trajectories are rarely addressed by the SPT. The SPT
was used to track movements of the vesicles along the cytoskeleton in living
cells (Levi et al., 2005; Holtzer et al., 2007) or expansion of a microtubule (Leduc
et al, 2013). All those works concerned directional movement along the
cytoskeleton, so roughly two-dimensional movement. Robust three-dimensional
tracing of a single particle movements inside the cell interior remains

unachievable (Cognet et al., 2014).
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The nuclear magnetic resonance tracks movement of probes by monitoring the
movement of hydrogen nuclei. Application of the NMR to studies of proteins is
mainly limited by their rotational dynamics. This technique is restricted to
studies of the small, freely tumbling proteins (Pielak et al.,, 2009). Despite the
limitations, Garcia-Perez et al. (1999) successfully applied pulse-field gradient
spin-echo 'H NMR to studies of the diffusion of small metabolites inside both

artificial crowded systems and eukaryotic cells i.e. rat and chicken erythrocytes.

The fluorescence recovery after photobleaching (FRAP) measures the speed of
influx of fluorescent tracer particles (recovery of fluorescence) into the
previously photobleached region. It allows obtaining the diffusion coefficients of
fluorescent or fluorescently labelled molecules. The FRAP experiments are
accompanied by a careful analysis of data, because of two unwanted effects:
incomplete fluorescence recovery and multi-component diffusion (Verkman,
2002). Distinguishing between slow and two-component diffusion is extremely
hard in the FRAP experiments. Despite those restrictions, this technique was
successfully applied to the studies of diffusion in different eukaryotic cells
including HeLa cells (Lukacs et al.,, 2000), Swiss 3T3 fibroblasts (Kao et al,
1993), and muscle cells (Arrio-Dupont et al., 2000).

The fluorescence correlation spectroscopy (FCS) is a technique commonly used
for studying the diffusion of a wide range of particles. Most of the work
described in this thesis was performed using this technique, so entire section
(1.3) was devoted to an extensive description of the FCS and its application in

studies of living cells.
1.1.7. Cell cycle in mammalian cells

The cells of every organism proliferate. The phenomenon associated with the
proliferation is called the cell cycle. It is an orchestrated sequence of processes,
which ensures generation of two daughter cells from a single mother cell.
During the cell cycle, every component of the cell has to be carefully duplicated
and then equally divided among two daughter cells. Overview of the cell cycle is

shown in Figure 3.

Duplicated material (especially genetic) has to be an exact copy of the original.
For this reason, cell cycle progression is tightly regulated and few control
checkpoints during the cell cycle exist. A failure in the regulation mechanism

leads to cancer. Few other diseases (e.g. Alzheimer’s disease) are also connected
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Figure 3. A simplified representation of the cell cycle in mammalian cells.
Maternal and daughter DNA is shown in blue and red respectively, the
microtubules in pink (maternal) and purple (daughter).
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with the disruption of the cell cycle regulation (McShea et al., 1997; Busser et
al., 1998).

The cell cycle is ubiquitous as it takes place in all single-cell organisms and in
every somatic cell of multi-cellular ones. The cell cycle in eukaryotic cells is
divided into four phases: first gap phase (G1), synthesis phase (S), second gap
phase (G2) and mitosis (M). The tree first phases are jointly called the
interphase, in which majority of cells exist. The fourth phase called the mitosis
(M) can be subdivided into five consecutive stages: prophase, prometaphase,
metaphase, anaphase, and telophase (Alberts et al., 2008). During the mitosis
two daughter cells are produced both being the exact copies of the mother cell.
Additionally, there exists a specialised type of cell division called meiosis, during
which genetic material of the parent cell is halved. This type of cell division is

present only in sexually-reproducing eukaryotes and gives rise to the gametes.
Interphase

The interphase takes the overwhelming majority of the cell cycle. Human cells
on average divide every 22-24 hours, of which the interphase takes 21-23.5.
During the interphase a cell is growing and performing a designated function
(for example as a part of the tissue). Also, during this phase a cell prepares for
division by replicating its genetic material and duplicating cellular structures
and other contents. The interphase is divided into three stages: the two gap
phases (G1 and G2) and the synthesis of DNA phase (S) in between. During the
first gap phase G1, the cell rapidly increase in size and synthesise a great
amount of structural and functional proteins. In actively dividing cells it takes
up to 8-10 hours, although the duration of this phase is subjected to wide
variations (Puck and Steffen, 1963; Hahn et al., 2009). From G1 phase cells can
either commit to the DNA replication (and further division) or enter the resting
phase called GO. During the GO phase cells remain metabolically and
physiologically active, which allows them to fulfil their designated role in the
organism or in the tissue. An entrance into the GO phase can be both reversible

(quiescence) or irreversible (senescence or differentiation).

The synthesis phase (S phase) is devoted to the replication of the nuclear DNA.
Each DNA fragment (chromosome) has to be replicated accurately, and the
structure of the chromatin has to be reproduced. Apart from precise replication

of the DNA, another factor is important. For one cycle every fragment of the
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genetic material of the nucleus has to be copied exactly once. The S phase

usually is the longest phase of the cell cycle, lasting up to 10-12 hours.

After the S phase, the second gap phase (G2) appears, during which a cell
makes the final preparations to the division. This phase is short, lasting 4-5
hours. The microtubules begin to form the spindle and duplicate. During the G2
phase, organelles are duplicated. At the beginning of the interphase, all
microtubules originate from a single structure — the centrosome. Just before the
mitosis the centrosome is duplicated, and new microtubule network is created.
Until the onset of the mitosis, both centrosomes remain in close proximity. For

the mitosis, the duplication of the microtubule bundle is the most important.
Mitosis

After the S phase, there are two exact copies of the DNA. Those copies are called
the sister chromatids (together they form single chromosome) and are connected
to each other in the region known as the centromere. The mitosis begins with
the prophase. During this phase, the chromosomes condense. Simultaneously,
inside the cytosol, two centrosomes are separated and moved to the opposite
poles of the cell. During the second stage of the mitosis (the prometaphase)
abrupt breakdown of the nuclear envelope occurs. The nuclear membrane
fragments do not disintegrate but are rather incorporated into the endoplasmic
reticulum network. Additionally, during the prometaphase, the spindle
microtubules bind to the chromosomes via the kinetochores (big protein
complexes) localized in the centromere region. This binding to the spindle
microtubules allows active movement of the chromosomes. To each of the
chromosomes two microtubules are bound, one from every centrosome. At the
third phase of the mitosis (the metaphase), the chromosomes in their most
condensed form are aligned at the equator of the cell (the mitotic spindle). This
is achieved by pulling of two centrosomes. Next, at the anaphase, the sister
chromatids are pulled apart synchronously. As a result, two sets of the
daughter chromosomes are created. Pulling of the daughter chromosomes is
achieved by shortening of the kinetochore microtubules and simultaneous
receding of the centrosomes. The final stage of the mitosis is called the
telophase. In this phase, two sets of chromosomes arrive at the opposite poles of
the cell and decondense. Around each set, the nuclear envelope is reassembled.
This gives rise to the two daughter nuclei. On the cellular membrane

surrounding equatorial plane, the contractile ring is formed by the filaments of
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actin and myosin proteins. The cell division is finalized by contraction of this
ring (the cytokinesis) when the cytoplasm is divided equally between the two

daughter cells. The mitosis takes from 30 minutes up to 1 hour.
1.1.8. Cell cycle control mechanisms

The cell cycle requires a fine control. Inside the eukaryotic cells, a specialized
class of proteins is devoted to the task. Those proteins are called
cyclin-dependent kinases (CDKs). The level of the CDKs remains constant
throughout the cell cycle. They activate and deactivate (by means of
phosphorylation) a huge variety of other proteins in a timely fashion. The CDKs
are regulated by other kinds of proteins, mainly cyclins (Schafer, 1998), which
expression of which is restricted to definite phases. There exist four classes of
cyclins: G1/S-cyclins, S-cyclins, M-cyclins, and Gl-cyclins. Three first are
indispensable for completion of the cell cycle. Fourth class (Gl-cyclins) are
accessory for the G1/S-cyclins and control initiation of the cell cycle. Each
cyclin class forms complexes with the CDKs during a specific phase. The first
complex is present throughout the whole G1 (G1-CDK), the second class only in
late G1 and early S (G1/S-CDK). The third complex (S-CDK) is active from the
restriction point (moment of commitment to the division) until the end of the
mitosis, and final (M-CDK) from the late G2 to the end of the mitosis. Each of
those complexes plays a specific function required for the cell cycle progression.
Together, the CDKs and the cyclins create a robust, reliable, and adaptive
system of control. This regulatory system is capable of working under a wide

variety of conditions, even when partially damaged.

The control of the cell cycle is most prominent during three precise moments,
which are called checkpoints. Cells are capable to stop progress through the cell
cycle at each of them. The first of the checkpoints is known as the restriction
point, localised inside the first gap phase. It is defined as the point of no return,
any cell crossing it commits to the cell cycle and subsequent division. Crossing
the restriction point requires favourable environment, and failure to do so
places the cells in a quiescent state (Cappell et al, 2016). The second
checkpoint is localised at the end of the G2 phase (G2/S checkpoint). It is the
final moment before the mitosis. Thus proper DNA replication needs to be
completed at this point without errors. If any mistake occurs during the

duplication of the genetic material, a signalling cascade triggered by such error
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blocks progression until required corrections are made. The final control point
is localised in the middle of the mitosis and is called the metaphase-to-
anaphase transition checkpoint or simply the spindle checkpoint. At this point,
a cell waits for the proper alignment of the chromosomes along the mitotic
spindle. Until such alignment is obtained the cell is arrested in the metaphase
(Vermeulen et al.,, 2003). A proper function of all checkpoints is required to
prevent any abnormalities during the cell cycle. Mutations of different
checkpoint proteins are frequently observed in cancer (Anders et al.,, 2011; Lu et
al, 2015).

Synchronization of cell cycle

Populations of cells synchronously progressing through the cell cycle can be
achieved by two approaches: separation of the cells at a given stage of the cell
cycle or synchronization of the population of cells. There are few methods

illustrating those two approaches, each slightly different.

Mitotic shake-off is the simplest separation method. It is based on one of the
properties of the adherent cells. When the cells enter the mitosis, they round up
and are weakly bound to the culture surface. Such cells are easy to be taken
from the culture surface by agitation. Free-floating cells are transferred to the
new culture dish or flask. This method is a straightforward way to obtain cells
in the M phase (Posakony et al., 1977). The main drawback of this method is a
low yield of cells (at any given time only around 5 % of the total cell count is
undergoing the mitosis). The cells, which do not divide cannot be separated

in this way.

Another approach to cell separation is countercurrent centrifugal elutriation
(CCE). This method is based on the differences in size and density of the cells in
each phase of the cell cycle. In principle, the cells should be twice as big during
the G2 phase and the mitosis than at the beginning of the G1 phase. Cell
suspensions are separated in a specially designed centrifuge rotor. During the
CCE, the flow of the medium counters the centrifugal force exerted onto the
sedimenting cells. The CCE can be successfully applied to both adherent and
suspended cells and yields all phases of the cell cycle (Davis et al.,, 2001). This
procedure lasts several hours and cannot be applied to the types of cells which

do not significantly change their size throughout the cell cycle.
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The flow cytometry and cell sorting can be used for separation of cells based on
one or few intracellular and/or surface properties, like DNA content, size of the
cell or presence of molecular markers. The cells can be separated into the main
phases: G1, S and G2/M. Unfortunately, application of the flow cytometry
cannot yield completely separated cell populations, only enrichment is

possible (Juan et al., 2002).

As an alternative to the cell separation methods, synchronization of the whole
culture can be utilised. The synchronization is obtained by either deprivation of
important growth factor or addition of the external agent. Serum or amino acid
starvation efficiently arrests the cell cycle. The cells devoid of crucial growth
factors or “building blocks” of cellular components cannot pass restriction point
localized in the G1 phase. This approach is restricted to the single phase (G1).
Often cells devoid of nutrients exit the cell cycle altogether and enter the GO
phase, which is frequently observed in the primary cells. The cells synchronized
by the starvation quickly lose synchrony. This method requires extremely long

incubation times, reaching up to 48-72 hours (Davis et al., 2001).

The contact inhibition (a regulatory mechanism keeping the cells growing in
single monolayer) also allows for synchronization of the cells in the G1 phase.
This approach is based on mechanism present in cells, with which cells respond
to the density of the culture. This method does not trigger quiescence of the
cells into the GO phase. The contact inhibition mechanism is observed only in
normal and few transformed cells, which makes its use limited to such cases.
This method also takes a long time and synchrony of the cells is quickly lost

(Davis et al., 2001).

Different molecules can be applied for synchronization of the whole cell culture.
Those molecules inhibit one of the paths of the cell cycle control in direct or
indirect fashion. Several molecules with different targets are known. Their
application into the medium allows to arrest the cell cycle at the desired stage.
One of them, lovastatin, interferes with the cholesterol synthesis and action of
the proteasome synchronizing the cells in the early G1 phase (Keyomarsi et al.,
1991). Mimosine, an inhibitor of the thymidine incorporation, blocks the cell
cycle at the late G1 or G1/S transition (Zieve et al, 1980; Krude, 1999). The
microtubule polymerization inhibitors like vinblastine and nocodazole allow for
the synchronization of cells at the G2/M border (Jordan et al, 1992). All of

these chemicals giving high degree of the synchronization of the cells, are
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applicable in a great variety of the cell lines, and are simple to use.
Unfortunately, they also manifest dose-dependent cytotoxicity, and even at low

concentrations cause delays in the restart of the cell cycle machinery.

We used aphidicolin for the synchronization of HeLa cells. This compound is a
mycotoxin obtained from fungi Cephalosporium aphidicola and Nigrospora
oryzae (Spadari et al., 1982). Aphidicolin stops the synthesis of the nuclear DNA
and arrests the cell cycle at the G1/S border. Any cell that is in progress of DNA
replication would also be arrested (with only partially replicated DNA).
Non-dividing cells are unaffected. Aphidicolin is a specific inhibitor of DNA
polymerases a and e. It selectively blocks replication of only the nuclear DNA.
Synthesis of the mitochondrial DNA is unaffected since it is conducted by
different kind of polymerases. Aphidicolin binds near nucleotide-binding site,
despite not sharing structural homology with deoxynucleotides. The action of
aphidicolin selectively inhibits incorporation of cytosine by polymerase a. In the
case of polymerase € no such selectivity was observed (Baranovskiy et al., 2014).
The synchronization of the cell cycle caused by aphidicolin does not interfere
with other processes present in the cell. Pedrali-Noy et al. (1980) proved, that
the synthesis of polymerases a, 3, and y and of all nucleotides is unaffected
during incubation of cells with the compound. They also showed, that after
removal of this synchronization agent, cells restart cell cycle within 30 minutes.
Aphidicolin can also have adverse effects. Prolonged exposure (over 48 hours)
causes irreversible arrest of the cells in the S phase, or their death after removal
of the compound (Borel et al.,, 2002). Aphidicolin also induces gaps and breaks

at the fragile sites in the chromosomes (Glover et al., 1984).
1.1.9. Molecular foundations of cancer

Cancer is a generic term applied to a number of different diseases, which can
affect any part of the body. Their common characteristic of cancer is a rapid
generation of abnormal cells evading physiological control of growth and
proliferation. The process leads to the transformation of healthy tissue into a
malignant tumour. This process is called the neoplastic transformation.
Eventually, those dysfunctional cells spread far beyond their original source in
a process called metastasis. This aggressive invasion of the tumour cells into
many tissues usually leads to the death of the affected organism. According to

the World Health Organisation (data from 2015), the cancer is the second
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leading cause of death in humans worldwide, after the cardiovascular diseases.
Despite steadily decreasing mortality, nearly 1 in 6 deaths is still attributed

to the cancer.

Most prevalent explanation of cancer is called the somatic mutation theory
(SMT). The SMT states, that the cancer is a genetic disease caused by the
microevolutionary process (Alberts et al., 2008; Lodish et al., 2013). The
proliferation of cells is a controlled process. For a cell to acquire characteristics
of cancer, several distortions of crucial supervisory pathways have to occur. In
all types of cancer, two major groups of genes are dysfunctional: proto-
oncogenes and tumour suppressor genes. The proto-oncogenes are responsible
for promoting cell growth and proliferation. Alterations of their sequence
transform them into oncogenes — hyperactive genes. The role of the suppressor
genes is to restrict the growth of the cell. They are frequently inactive in cancer
cells. Additional third class of genes is often accompanying mutations of the
proto-oncogenes and the tumour suppressor genes. They are called caretaker
genes. Their function is related to the genomic stability. Dysfunctional caretaker
genes increase accumulation rate of mutations which speeds up

cancer development.
Hallmarks of cancer

Many molecular effects are suspected to underlie the development of cancer
(see: Figure 4.). Hanahan and Weinberg summarised them in 2000 and
proposed six traits shared by all cancer cells. Those traits were called the
hallmarks of cancer (Hanahan and Weinberg, 2000). Over the decade later the
idea was revised by the authors. Two more hallmark traits and two additional
(enabling) characteristics accompanying the cancer emergence were added
(Hanahan and Weinberg, 2011). Those two works summarise all conceptual

basics of the somatic mutation theory.

The hallmarks of cancer describe a distinctive and complementary set of ten
traits that allow tumour onset and development. Presence of those

characteristics is necessary for the metastasis (creation of secondary tumours).
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Figure 4. The hallmarks of cancer according to Hanahan and Weinberg. Two
enabling characteristics are highlighted with bold typeface. The traits of
cancerous cells impacting their nature in the cultures are shown in grey. The
hallmarks that require the social context of the cell (i.e. their presence in
tissues) are shown in pink. All ten traits are observed in the living organism.
The division between those two groups of characteristics was done here for the
purpose of clarification. In fact, all those traits are intertwined and influence
each other.

Genome instability and mutation, and tumour-promoting inflammation are the
“enabling characteristics” of cells developing cancer. These processes facilitate
the neoplastic transformation but do not directly lead to cancer. In a normal
tissue, the rate of acquiring mutations is extremely low thanks to the efficiency
of DNA replication machinery and presence of multiple genome maintenance
systems. The cancer cannot originate from a single mutation, instead, many
changes are needed to disrupt the control mechanisms. Any change that
increases error occurrence is favourable for the neoplasm development. The
genome instability, therefore, promotes cancer. Increase of errors in the DNA
duplication can be achieved by the breakdown of the genomic upkeep systems
or by increased sensitivity to the mutagenic agents. There are two main targets
of such changes. First is pS3 protein, so-called “the guardian of the genome”,
responsible for the coordination of the DNA damage response. The second is the
telomeric DNA, which protects chromosome integrity and imposes limits on the

number of DNA replication rounds.
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The tumour-promoting inflammation is the second “enabling” characteristic
promoting tumour development, observed not in a single cell but in whole tissue
or organism. Virtually every cancerous lesion attract an immune response.
Usually, such action would prove beneficial for the organism. Paradoxically, this
is disastrous in case of the development of tumour. The inflammation boosts
the growth of the neoplasm by supplying to the tumour tissue large and diverse
number of biomolecules such as the growth and survival factors. The

inflammation also promotes the formation of new blood vessels.

The ability for unrestricted proliferation is the most prominent characteristic of
the cancer cells. Thus, the majority of hallmarks develop ways in which
unrestricted proliferations can be achieved. Neoplastic cells can sustain their
own proliferative signalling. After acquiring the ability to produce growth factors
for appropriate receptors on their own, cancer cells stimulate themselves.
Alternatively, the cancer can signal surrounding normal cells of the tissue and
stimulate increased production of the growth factors. Not always the presence of
the growth factors is required. Mutations of growth factors receptors causing
their constitutive activation are frequently described in human melanomas.
Additionally, negative feedback loops that normally quench proliferative signals
may be disrupted in the cancer. Without proper quenching the stimulations

are prolonged.

Evasion of growth suppressors is the second hallmark of cancer. In healthy
cells, dozens of various molecular pathways prevent excessive proliferation. Two
major suppressors can be distinguished: p53 and pRb (retinoblastoma-
associated) proteins. They are the central control nodes in the
proliferation/senescence/death decision making. The action of those two
proteins is frequently disrupted in cancers. Additionally, contact inhibition
mechanism also prevents the abnormal proliferation. Cancerous cells divide
even in populations of high density. The insensitivity of the cancerous cells to
both the external and the internal suppression signals allows for their

unrestricted division.

The resistance of cells to the apoptosis (programmed cell death) is the third
hallmark of cancer. Properly functioning tissues maintain a balance between
the proliferation and the apoptosis. The breakdown of this balance (either

towards proliferation or apoptosis) leads to neoplastic transformation.



38 Introduction

The fourth hallmark of cancer is the replicative immortality. Normal cells go
through a limited number of replications (between 40 and 60). Then they enter
non-proliferative (senescent) state in which they still retain viability and
function. The senescence of the cells is usually connected with shortening of the
telomeres (short tandem repeats of nucleotides localised at the ends of the
chromosomes). The telomeres protect the DNA sequence from damage (during
the replication short fragment of template DNA remains uncopied, leading to the
shortening of the chromosomes). The shortening of the telomeres is often
connected with the ageing of cells. Reactivation of the telomerase (the enzyme
responsible for maintenance of the telomeres) was frequently attributed to the
immortalization of cancer cells. The shortening of the telomeres and consequent

destabilisation of the genomic DNA may also favour cancer progression.

Reprogramming of the energy metabolism is the final hallmark relevant in the
cell cultures. Normally, cells obtain energy by catalysis of glucose under aerobic
conditions. Cancer cells switch their glucose metabolism (glycolysis) to
anaerobic conditions (Warburg et al., 1927). In this case, the energy output is
roughly 18 times lower than under the aerobic conditions, but such approach
has great advantages for the development of cancer. In course of anaerobic
catabolism, various intermediates are formed, which are subsequently used in
the biosynthesis of nucleosides and amino acids. High level of the ATP
molecules (energy carriers) triggers negative feedback loop inhibiting cellular
growth, so the anaerobic glycolysis prevents this inhibition due to much lower
energy (ATP) production. Such effect is also present in fast proliferating
genetically normal cells (Pavlova and Thompson, 2016). The metabolism of the
cancerous cells is faster although precise cause of such phenomenon is
unknown. This allows faster replication of such cells. No data is available on

whether physiological processes are hastened in the carcinogenesis.

Three remaining hallmarks of cancer are observed only in tumours inside living
organisms. They are as follows: avoidance of the immune destruction, induction
the angiogenesis, and activation of invasion and metastasis. The human
immune system is extremely efficient at the detection and removal of abnormal
cells so the neoplasm has to conceal itself at an early stage of development. For
a tumour to grow also new blood vessels have to be recruited (oxygen and

nutrients reach up to 100 um into the human tissues). If cancer were to enter
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the malignant state, it has to develop mechanism necessary for the transport

and travel through the bloodstream.

In the context of the invasion and the metastasis, the idea of the circulating
tumour cells (cancer stem cells) is discussed. These are cancer cells which, like
normal stem cells, give rise to other, more specialised and “static” cell kinds.
They form the new seat of the malignancy when transported through

the bloodstream.

All of the hallmarks of cancer are intertwined. A single mutation of a crucial
gene (for example in the gene encoding the p53 protein) disrupts few control
pathways. The development of the cancer usually requires a succession of
multiple mutations each slightly disrupting the cellular machinery. Not all
cancers develop changes at the same pace or order, and not all of the hallmarks

are always developed by a single tumour.
Tissue organization field theory

The somatic mutation theory of cancer is the most popular but it is not without
flaw. Some experiments do not confirm its two core assumptions, that the
cancer is a result of the defective control of the cell proliferation and, that
default state of cells of multicellular animals is quiescence. Sonnenschein and
Soto (2000) proposed the alternative tissue organisation field theory (TOFT). The
TOFT is based on the assumption that the default state of cells is proliferation
and motility and that tumours result from the defects of a tissue architecture.
In series of their works, this pair of researchers challenged the somatic
mutation theory (SMT) and its assumptions (Sonnenschein and Soto, 2013;
Soto and Sonnenschein, 2014). Recently, the TOFT began to receive an
increasing amount of recognition and its relation to the SMT is debated
(Bedessem and Ruphy, 2015, 2017; Bizzarri and Cucina, 2016; Bricher and
Jamall, 2016).

1.2.Diffusion and viscosity

The diffusion is a process in which matter spreads from one part of a system to
another as a result of random motions of the molecules. The simplest
illustration of this phenomenon is an observation of a droplet of a dye inside
water. At the beginning, the dye is clearly separated from the rest of the liquid,

but in time the molecules of the dye spread, which is visible as the change of
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colour of water. After sufficient amount of time, diluted colour is evenly
distributed throughout the whole volume. Overall, the diffusion can be
considered as a phenomenon either described by the Fick’s laws or with an

atomistic approach illustrated as a random walk of diffusing molecules.

The first modern observation of the diffusive motion was done by the Dutch
physician Jan Ingenhousz. In 1785 he observed small flickering of coal dust
particles on the surface of alcohol. However, the earliest systematic description
of diffusion phenomenon was performed by Thomas Graham. In his work with
gasses, Graham (1829) performed the first quantitative experiments and
provided data reliable enough to determine the diffusion coefficient (although
the term “diffusion coefficient” was not established at that time). After these
works, Graham performed experiments in liquids in which the diffusion proved
to be three orders of magnitude smaller than in gases. Furthermore, Graham
also noted that the diffusion rate seemed to slow down with time (Philibert,

2005).

1.2.1. Fick’s laws

One of the possible ways to describe diffusion is to use mathematical apparatus
created by Adolf Fick (1855). Fick assumed that the diffusion (the transport of
mass) is analogous to the conduction of heat and electricity (already described
by the Fourier’s and Ohm’s laws respectively). This approach gave rise to two

equations, currently known as the Fick’s laws.

The first Fick’s law concerns situation when a concentration gradient is stable
in time (the steady state). The law states that the diffusion flux J is proportional

to the concentration gradient (Crank, 1975):

2
]=—D£ (1)

The diffusion flux J is the amount of substance crossing a unit area per unit
time, c is the concentration of diffusing substance and x the space coordinate
along the normal to the unit area. Finally, D is a proportionality factor, in Fick’s
original works denoted as k and described as “constant dependent upon the
nature of the substances”. Currently, this value is known as the collective
diffusion coefficient. D is expressed in m2*s-! and is a basic measure of

mobility of molecules.
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The second Fick’s law predicts changes of the concentration in time caused by
diffusion. In the simplest, one-dimensional situation this law takes form of the

partial derivative equation of the second order:
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where t denotes time. In two or more dimensions the Laplacian must be used,

which generalizes the above equation (Eq. 2) to:
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Fick also stated that the wvalue of the diffusion coefficient increases

with the temperature.
1.2.2. Brownian motion

The Fick’s laws described the macroscopic transport of mass of many molecules
due to the “thermodynamic force” imposed by the concentration gradient. But at
the molecular level of description the diffusion of a single molecule is described
as the random motion due to many collisions with molecules of the solvent. By
following this random motion of a single particle we obtain the self-diffusion
coefficient, while in the description of the Fick’s laws we obtain the collective
diffusion coefficient. Yet at the molecular level, both motions have the

same atomistic origin.

The first quantitative description of the random walk of particles in fluids was
done, independently from Graham, by Robert Brown. He recorded seemingly
random movements of pollen of flower Clarkia pulchella under the microscope.
Unexpectedly, this phenomenon was present not only in fresh but also in dried
pollen irrespective of tested liquid (Brown, 1828). Later on, he expanded his
studies to a great number of organic and inorganic substances, under the
assumption that they could be ground to powder fine enough to be suspended
in water. At the beginning of XIX century people believed that only animate
matter can move, that is why a motion of unanimated matter surprised

him (Brown, 1829).

The experiments made by Brown provided a lot of data, but no theoretical
description of the observed phenomenon. This void was filled almost eighty

years later independently by three scientists. In their works William Sutherland
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(1905), Albert Einstein (1905) and Marian Smoluchowski (1906) provided
necessary theoretical explanation for a phenomenon which was termed
“Brownian motion” (side note: works of Einstein on Brownian motion, originally
published in German, were translated and published as a book in 1956 which

will be here cited further (Einstein and Futrth, 1956)).

At sufficiently long time the movements of particles undergoing Brownian
motion seem random. Jean Perrin was able to track positions of small particles
suspended in water (Perrin, 1913). Examples of such trajectories are

shown in Figure 5.

Figure 5. Random walk trajectories recorded by Jean Perrin. A. Three paths
recorded for an individual particles. The positions were marked every 30 s. B.
The distribution of positions in space recorded after every 30 s.

The Brownian movements of particles in the time scale of 30 s suggested that
there existed sharp changes of the direction between steps. Einstein proved,
that such mode of movement would require infinite force and proposed, that the
Brownian motion is ballistic, meaning that particles travel along a smooth
trajectory (Einstein and Furth, 1956). This assumption was first proved by Li et
al. (2010) for particles in the air and then by Huang et al. (2011) in the liquid
water. The key factor proved to be time spacing between measurements. At
extremely short time intervals (below nanoseconds for small particles) smooth
ballistic motion is observed (Pusey, 2011). Only at longer time scales the
Brownian trajectory looks random and in fact has the structure of fractal and
looks the same irrespective of the time and length scale of observation. The total
length of the trajectory is ill defined for the fractal objects, since it depends on

the length scale of observation.
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However, determination of the mobility can still be made from the mean

square displacement (MSD):
MSD = {((r(t) — r(0))?) (4)

Here, r(0) and r(t) denote the initial position of a particle and the final one after
time t respectively. Basing on the diffusion equations Einstein introduced the

following equation:
MSD = eDt (5)

where € is a dimensionality parameter equal to 2, 4 or 6 for 1-, 2-, and
3-dimensional diffusion, respectively. This diffusion coefficient D is the same as
the one used in the Fick’s law in the limit of infinite dilution. Otherwise they
can differ even by orders of magnitude, due to the interactions (attractive van
der Waals or repulsive Coulomb interactions) between diffusing molecules. For
attractive interactions between the molecules the collective diffusion coefficient
from the Fick’s law is smaller than the self-diffusion coefficient from the
Einstein law. For repulsive interactions the former is larger than the latter. In
this paper we determine the self-diffusion coefficient since we will work in the

nM concentration range (high dilution) of the diffusing molecules.
1.2.3. Viscosity

The self-diffusion coefficient determined for a single molecule from its trajectory

is inversely proportional to the viscosity of the liquid.

The viscosity is proportional to the resistance of a fluid (either a liquid or a gas)
to flow. This resistance is measured in the following exemplary experiment. We
take a system, where the uniform fluid is placed between two flat surfaces. One
of them is immobile, while the second one is moving with constant velocity v.

Such situation is depicted in Figure 6.

The movement of the upper surface causes the laminar flow of the liquid
(assuming no edge effects). In such scenario, the liquid can be visualised as an
assembly of layers of infinitesimal thickness stacked on top of each other. The
momentum of the layers is transferred between them due to friction. On a
molecular level, this is caused by random movements of particles along the

y-axis, these molecules transfer with them x component of their momentum.
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Figure 6. The idealized laminar flow between the stationary and moving plates.
The top plate is moved along the x-axis with velocity v. As a result, the gradient
of velocity inside the fluid appears along the y-direction. The velocity at the
bottom plate can be zero for non-slip boundary conditions or can have a non-
zero value for slip-boundary conditions.

As a consequence, the gradient of velocity perpendicular to the direction of the
planes arises. This gradient is called the shear rate. Maintaining constant
velocity of the upper plate (against losses coming from the friction) requires a
force, which is proportional to the surface area of the upper plate where the
force is exerted. The value of the force per unit area is the shear stress (Tsneqr)-
Already Isaac Newton observed the relationship between the shear stress and

the velocity gradient:

ov
Tshear =1 @ (6)

Here 1 denotes the dynamic viscosity of the liquid. Thus, 7 is the proportionality
constant in the balance equation of the forces acting in the system. On the right
hand of the equation we have the external force and on the left hand we have

the drag force opposing the motion.

The dynamic viscosity is an important factor when describing fluid
characteristics. On the basis of the dynamic viscosity, all fluids are divided into
two groups: the Newtonian and non-Newtonian fluids. First of them is
characterised by constant dynamic viscosity (at given temperature),
independent of the shear stress. Liquids in this category obey the Newton’s law
of viscosity (Eq. 6). The behaviour of the non-Newtonian fluids deviates from
those laws. This group can be further subdivided into shear thickening and
shear thinning liquids. In former ones the viscosity increases with the shear

stress (as example starch solution can be used, which is “resistant” when huge
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force is applied, but flows easily when left undisturbed), in the latter the shear
stress reduces the viscosity (e.g. strained (Greek) yogurt, which is thick when
opened, but “liquefies” after stirring). Such deviations of the non-Newtonian
fluids result from the interactions of various constituents of the liquid at a
mesoscopic scale (intermediate between microscopic and macroscopic) (Panton,

2013).
1.2.4. Molecular dimensions description

Many different particles were used to study the diffusion in my PhD research.
Among them, three main groups can be distinguished: proteins, dextrans

and nanoparticles.

Both proteins and dextrans (complex branched sugars produced by bacteria)
are long polymers (of amino acids and glucan, respectively). They can be
described using either their mass or size. The proteins synthesised in cells have
perfect monodispersity in terms of molecular mass, size and structure (both one
dimensional described by the sequence of amino acids and 3D native structure
formed in water). Dextrans are inherently polydisperse due to imperfect

purification routes used by biochemists.

Currently, dextrans are obtained by their isolation from bacterial cultures. The
purification methods are very powerful but still no perfect monodispersity of
produced molecules can be achieved. Dextrans are usually described using the
mean value of their weight measured by chromatographic methods. Number- or

weight-average molecular mass (M, and M,, respectively) can be expressed as:

XiNiM;

M, = 7

n Zi Ni ( )
N M?

M, = X NiM7 (8)
XiNiM;

Here N; denotes the number of chains of molecular weight M; in the sample. The
number average molecular mass (M,) is the simplest arithmetic mean and its
value can be obtained from the viscometry, gel permeation chromatography or
nuclear magnetic resonance. The weight average (M,,) results from scattering
experiments and its value is strongly dependent on the presence of big
molecules. Those two values M, and M,, often differ significantly (although

relation M, < M,, is always true).
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As a measure of uniformity of the sample, dispersity Dy, is used. It is a ratio of

weight- to the number-average molecular mass:
M,,
Dy =—

For a perfectly monodisperse polymer sample Dy, = 1 and the higher this value

is, the more polydisperse the sample is (Teraoka, 2002).

Commercially available probes are separated on the basis of weight. Also, the
molecular masses of proteins are usually supplied. But, for the purpose of the
experiments described in this work, not mass, but the size of polymers is of key
importance. Schematic representation of a coil of polymer molecule and

overview of all its dimensions is presented in Figure 7.

Figure 7. Schematic representation of characteristic values of a polymer chain
(pink) in solution. L — the length of polymer along the chain (proportional to the
molecular mass), r; — the centre of mass, R; — the radius of gyration, R, — the

hydrodynamic radius.

If the studied molecule is a homopolymer consisting of N monomers each of

equal length [, then overall length of molecule L can be expressed as:
L =Nl (10)

L is the length of fully extended polymer. In case of long, flexible molecules this
value is often of little importance. Such polymers due to their internal entropy
(determined from all possible conformations of a polymer chain) tend to reduce
their size in solvents by adopting all possible conformations as shown in
Figure 7. Then the radius of gyration tells us about the linear size of the volume

occupied by a single polymer molecule (Doi and Edwards, 1986).
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The radius of gyration R, is the radius of a sphere in which total mass of
polymer chain is supposed to be contained. Its square (R;) is the second

moment around the centre of the mass r;. The centre of the mass is given

by the equation:

1 N
=_§ . 11
T N + 1. i (11)
=0

where r; is the distance of the monomer i (treated as a material point) from the
centre of the mass. Now, the radius of gyration can be expressed as the mean

squared displacement of all monomers from the centre of mass:

N
Ry = %Z((Ti —16)%) (12)
i=1

Ry is measured experimentally the static light scattering (Schértl, 2010) and

small-angle X-ray scattering (Eliezer et al., 1995).

The second way to describe a polymer coil is to use the hydrodynamic radius Ry,.
This quantity is the radius of a hard sphere which would have the same
diffusion coefficient as the investigated polymer molecule. The hydrodynamic
radius includes not only size of the particle (with any shape- and flow-oriented
deviations), but also hydration shell created by the surrounding solvent
molecules. For the long linear polymers like dextrans, the hydrodynamic radius
is always smaller than the radius of gyration (in compact protein structures
opposite is true), although both radii are still of the same order of magnitude.
With this approach, diffusing polymer coils are treated as perfect spheres with

the radius equal to Ry,.
1.2.5. Interplay of diffusion and viscosity

The self-diffusion coefficient describes the motion of single particles, while the
viscosity describes macroscopic flows of fluids. The relationship between the
self-diffusion coefficient and viscosity is described by the Stokes-Sutherland-

Einstein equation.

D = ukyT (13)
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Here D denotes the diffusion coefficient, u is the mobility coefficient, kg is
Boltzmann constant, and T is the temperature in Kelvins. In case of a model

system of a sphere, the mobility coefficient is given by:

1

s (14)

where rp is the radius of the probe and 7 is the viscosity of the liquid. By
substituting p expressed in this way into Eq. 13, expression connecting the
viscosity and the diffusion called the Stokes-Sutherland-Einstein (SSE)

equation is obtained:

p =Ll 15
6 (15)

According to the original interpretation, the SSE equation is valid for fluids at
given conditions, i.e. temperature, pressure and zero-shear conditions. The SSE
equation is valid only for the diffusion of particles of sizes much larger than all

the other constituents of the solution.
1.2.6. Viscosity of complex systems

The SSE equation is one of the fluctuation-dissipation relations (Frey and Kroy,
2005). The relation shows that fluctuations at equilibrium (given by the
Brownian motion i.e. by the diffusion coefficient) are related to the dissipation of
energy when a molecule subjected to the force moves at constant velocity in the
liquid, having the mobility coefficient u. Indeed, diffusion coefficient D and the
friction present during the motion, and consequently also the viscosity n, are

related in such way:
= — (16)

Here indices “0” denote values for the pure solvent. Unfortunately, this relation
quickly proved to be apparently false in case of complex liquids (i.e. solutions
containing macromolecules), when the size of diffusing molecule was smaller

than characteristic sizes of the main components of the solution.

In the early fifties of the 20t century, Schachman and Harrington (1952) put
above relation under question. In their work, they measured viscosity
experienced by some probes using ultracentrifugation method. As probes they

used big polystyrene beads, and two relatively small virus particles
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(bacteriophage T3 and bushy stunt virus, BSV). Tested solvents were crowded
by either fibrinogen (small protein) or DNA chains. The researchers observed no
significant differences in the fibrinogen-enriched environment, but striking ones
in the DNA solutions. When DNA was used as a crowder, sedimentation rate of
small tracers did not differ significantly from that obtained in pure solvents.
Surprisingly, measurements concerning huge particles showed much higher
apparent viscosities. The authors hypothesised that the DNA particles form a
mesh, through which small molecules travel relatively undisturbed, whereas in
case of big ones this mesh had to rearrange or be transiently destroyed. This

impeded big tracers’ movement and increased apparent viscosity of the solution.

The dependence of the apparent viscosity on the size of the tracer was tested by
numerous authors using different techniques. The ultracentrifugation (Langevin
and Rondelez, 1978), the polyacrylamide gel electrophoresis (Rodbard and
Chrambach, 1971), the fluorescence recovery after photobleaching
(Wattenbarger et al.,, 1992), the holographic interferometry (Kosar and Phillips,
1995), the capillary gel electrophoresis (Radko and Chrambach, 1996), and the
fluorescence correlation spectroscopy (Ziebacz et al., 2011) were all successfully
applied in such investigations. All confirmed phenomenon first observed by
Schachman and Harrington. The breakdown of the SSE equation was
summarised by Odijk (2000). The breakthrough in the theoretical description
came in the works of Holyst et al. Holyst et al. (2009) showed, that the SSE
equation is valid providing one uses the scale-dependent viscosity, also termed
“effective” and denoted as 7., which in large probe limit is equal to
macroscopic viscosity 1. Szymanski et al. (2006), Holyst et al. (2009), and
Kalwarczyk et al. (2015) showed, that the effective viscosity is, in general, a

stretched exponential function of the probe size, which is expressed as:
Ness < exp(1p) (17)

where a is a parameter of the order of unity (Sharma and Yashonath, 2006). The
relationship between the viscosity and the diffusion in complex fluids

is corrected to:

Nerr _ Do

n D (18)

All aforementioned studies concerning the apparent breakdown of the SSE

equation were done using well-defined complex polymer solutions. Similar
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investigations were also extended to other complex systems like hard-sphere-
like colloids (Segré et al., 1995) or micellar solutions (Szymanski et al., 20006).
Such approach also proved to be successful in protein solutions (Hou et al,
2011; Kalwarczyk et al, 2014) and even in bacterial (Elowitz et al, 1999;
Kalwarczyk et al., 2012) and human cells (Lukacs et al., 2000; Kalwarczyk et al.,
2011).

1.2.7. Viscosity scaling in living systems

The introduction of the effective viscosity properly characterized complex
systems. The effect of probe radius on the effective viscosity of a system was
undeniable, yet no theory could equally good describe both small and big
tracers in living systems (Luby-Phelps et al.,, 1986). The description of transport
in living cells appeared the same as in all other complex liquids including

polymer solutions (Kalwarczyk et al., 2011).

Holyst et al. (2009) used the fluorescence correlation spectroscopy and capillary
electrophoresis for the studies of polyethylene glycol solutions. In their work,
they proposed two equations, which described the effective viscosity of complex
liquids in two regimes: when the radius of the probe was much smaller than the
radius of a crowder molecule and vice versa (nano- and macroscopic viscosity
respectively). Kalwarczyk et al. (2011) expanded this idea. They introduced the

notion of the effective hydrodynamic radius R.fy which is defined as:
Rofr = Rp? + 1,2 (19)

In this relation, the hydrodynamic radius of the probe (7,) and of the crowder
(Rp) are connected. By introducing the term of the effective hydrodynamic
radius, two relations describing extreme conditions (originally proposed by
Holyst et al) were successfully consolidated into the single one. The effective
viscosity of a complex liquid n as a function of the hydrodynamic radius of the

probe was described in the following form:

1 = 1o exp [(%)a] (20)

Here 1, denotes the viscosity of the pure solvent, ¢ is the correlation length
understood as the average distance between the polymer (crowder) network
nodes, and a is an exponent of the order of unity. Parameter a may vary

depending on the system, but its physical meaning remains unknown (Odijk,
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2000). The relation described by Kalwarczyk et al. is devoid of previously
observed discontinuity and provides a smooth transition between the nano- and
macroscale. The suggested criterion of crossover between those two regimes is
simple: the probe experiences macroscopic viscosity when its effective
hydrodynamic radius is much Ilarger than the hydrodynamic radius

of the crowder.

All those investigations led to the construction of the scaling formula describing
the diffusion of probes in biological complex systems — the cytoplasm of cells. By

combining formulas for R, and 7, the universal scaling law was proposed:

2 g2\ "W/2
In (7710) =In(4) + <Z—}21 + %) (21)
The description was expanded by adding parameter A, which is a constant of
the order of 1. Such scaling law proved successful in the description of a
plethora of literature data, concerning bacteria E. coli and cytoplasm of HelLa
and Swiss 3T3 cells (Kalwarczyk et al., 2011, 2012, 2015). Also, a great part of
this work is based on this description of the diffusion in the cytoplasm

of living cells.
1.3.Fluorescence correlation spectroscopy

The fluorescence correlation spectroscopy (FCS) is a non-invasive technique
allowing observation of single or several molecules in a confined space. FCS
analyses time-dependent fluctuations of intensity of signal coming from
fluorescent species. Those fluctuations are a result of some dynamic process,
usually translational diffusion of fluorescent probes moving in and out of small
detection volume of the order of femtoliter (10-151). Such extreme confinement is
achieved thanks to the confocal aperture. Fluorescence fluctuations measured
by FCS can be translated to obtain diffusion coefficient of the studied probe and

also its concentration.
1.3.1. Fluorescence

The fluorescence is the emission of light by a molecule after absorption of a
quantum of electromagnetic radiation. The absorption of the radiation induces
so-called “excited state” of higher energy than the ground state of the molecule.

The relaxation of such high energy state is achieved through different scenarios,
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one of which could be the emission of light. In the overwhelming majority of
cases, emitted light is of longer wavelength than the radiation which excited the

molecule. The fluorescence takes less than 10-8 s.

The first observations of fluorescence, described in the literature, were made in
the XVI century. Bernardino de Sahagun and Nicolas Monardes simultaneously
described peculiar features of bark extract coming from two species of trees:
Pterocarpus indicus and Eysenhardtia polystachya. These extracts emitted light
under alternating strength of illuminating visible light (Valeur and Berberan-
Santos, 2011). The emission was commonly used for authentication of wood
shipments. Later it was proved that one of the flavoid compounds (maltalin)
present in these extracts was responsible for the fluorescence. The term
fluorescence was not used until 1852. This word was first coined by Stokes in
his work describing changes in the wavelength of light. It is analogous to the

word opalescence — fluorescence originating from fluorspar (Stokes, 1852).

The fluorescence is a phenomenon of excitation and relaxation of a fluorescent
species (fluorophores). A quantum of electromagnetic radiation is absorbed by
the fluorophore, creating an excited singlet state (S:). This excited state exists
for a short time during which it undergoes series of non-radiative transitions.
These transitions called internal conversion ends with the partial dissipation of
absorbed energy and leaves molecule at the lowest vibrational energy of the
excited state. From this state spontaneous emission of light takes place. Hence
the fluorophore returns to the ground state (Sp). Overall illustration of the
changes occurring in the fluorescence is presented at the Jablonski

diagram (Figure 8. A.).

The fluorescence is not the only way of emission of energy from the excited
molecule. Most of the time, an excess of energy (above the ground state) is
dissipated into the environment as heat (photons in the infrared range of the
electromagnetic radiation, responsible for the vibrations in the molecules). Also,
another luminescent phenomenon - phosphorescence — can take place
(Figure 8. B.). The phosphorescence results from the effect of intersystem
crossing, meaning that the molecule assumes additional state (called the triplet
state). Since this phenomenon requires a forbidden transition, the
phosphorescent emission is delayed. The phosphorescence occurs usually in the
range of microseconds or more (after the irradiation pulse) whereas the

fluorescence under nanoseconds.



Biofluorescence 53

Figure 8. The Jablonski diagram for fluorescence (A) and phosphorescence (B).
So and S; represent the ground state and the first excited singlet states
respectively, whereas T; corresponds to the triplet state. Thinner lines represent
vibrational excited states.

The molecules have few ways of relaxation which is reflected in the quantum
yield. This quantity is expressed as a probability of emitting quantum of light
after excitation pulse. Furthermore, non-radiative transitions in excited
molecules are the reason why the emitted light is shifted towards longer
wavelengths when compared to exciting one. This difference in wavelengths of
absorbed and excited lights is called the Stokes shift (Atkins and De Paula,
2010).

1.3.2. Biofluorescence

The biofluorescence is a physical phenomenon of the fluorescence observed in
living organisms. It is most prevalent in marine organisms (both invertebrates,
like corals, and vertebrates — fish) but also was observed in butterflies, parrots
and flowers (Sparks et al, 2014). Although its evolutionary purpose is still
uncertain, it is suspected to play role in recognition and mating. The
biofluorescence is currently extensively used in life sciences and medicine (e.g.

Ingram et al., 2013).

The most important fluorescent protein is the green fluorescent protein (GFP)
coming from jellyfish Aequorea victoria. Since its discovery, it is the most
intensively studied and used protein (Tsien, 1998). Native GFP has two
excitation peaks (major at 395 nm and minor at 475 nm) and a single emission
peak in the visible range (at 509 nm). It has relatively small, robust structure

and it is easy to use. Numerous variants and applications of GFP were created.
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Currently, over 200 modifications of the GFP are available (Stepanenko et al.,
2008). They can differ in the wavelength of emitted light, some are
photoswitchable (capable of changing the wavelength of emitted light after the
irradiation by a specific wavelength of light). GFP and its variants have been the
subject of the astounding number of studies and applications (e.g. Chiu et al,
1996; Feng et al., 2000; Patterson, 2002). The importance of GFP in biology was
ultimately recognized in 2008 when the Nobel Prize in Chemistry was awarded
jointly to Osamu Shimomura, Martin Chalfie and Roger Y. Tsien "for the

discovery and development of the green fluorescent protein, GFP".

The biofluorescence should not be mistaken with the bioluminescence. The
bioluminescence (for example seen in fireflies) is a result of chemical reaction (in
case of fireflies: oxidation of luciferin). This means that bioluminescence
consumes energy reserves of an organism, while in case of biofluorescence
required energy comes from an external source. The GFP is in a way connected
to bioluminescence. Inside A. victoria excitation light needed for GFP
fluorescence to occur comes from the luminescent reaction of aequorin with
calcium ions. Hence, naturally occurring GFP light is, in fact, a result of

resonant energy transfer phenomenon.
1.3.3. Introduction to FCS

The theory of fluorescence correlation spectroscopy (FCS) was created in the
early seventies of the last century. In series of works Magde, Elson and Webb
described formalism, various models and possible application of newly created
method (Magde et al.,, 1972, 1974; Elson and Magde, 1974). Those works were
at that time performed under huge limitations since no aperture was able to
truly meet the requirements of the theory. This hindrance was overcome in the
nineties when a single-molecule detection limit was reached by Rigler and Eigen
(Rigler et al.,, 1993). In their works, they combined FCS with confocal
microscopy. Together with growing accessibility of ultrasensitive detectors, this
combination allowed the FCS to grow to its full potential. Currently, numerous
variations stemming from original FCS idea exist (Machan and Wohland, 2014):
fluorescence cross-correlation spectroscopy (FCCS), which allows dual-colour
measurements of two fluorescent species (Triffo et al, 2012); stimulated
emission depletion (STED FCS), which allows even further reduction of focal

volume (Ringemann et al, 2009), or raster image correlation spectroscopy
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(RICS), which correlates the images taken by scanning the sample at fixed speed
(Illaste et al, 2012). With all its advancements the FCS can be successfully
applied for a wide variety of problems. Most common use of the FCS is
measurements of the diffusion coefficient. From such measurements, the FCS
can be easily repurposed for determination of the hydrodynamic radii and the
concentrations of molecules and complexes. Possible applications also extend to
studies of kinetic rates of chemical reactions, complexation or oligomerization of
particles and singlet-triplet dynamics (Haustein and Schwille, 2003). We
successfully applied the FCS for the studies concerning crowding of the cell
cytoplasm. We confirmed the existence of the lengthscale dependent viscosity in
the cell cytoplasm. We also investigated the mechanism of oligomerization of the
Drpl protein, compared the nanoviscosity of cancerous and non-cancerous
cells, and monitored structural changes of the cytoplasm during the cell cycle

of human cell.
1.3.4. FCS experimental setup

Over 40 years of development of FCS have resulted in modern, commercially
available and user-friendly setups. Original ideas have been supplemented with
extensions which dramatically improved the reliability of obtained data.
Currently, the confocal aperture is coupled with robust single photon counting
systems. This system permits acquisition of fluctuations of fluorescence coming
from species present in extremely small volumes. Schematic representation of

the typical FCS instrumentation is presented in Figure 9.

Figure 9. Standard FCS setup. TCSPC - time-correlated single-photon counting
device.
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The excitation light coming from a laser source is first reflected by a dichroic
mirror and illuminates the sample. The illuminated part of the sample is called
the focal volume. Precise focusing of the light is obtained thanks to the confocal
objective with a high numerical aperture (NA>0.9). This value describes how
many photons coming from the illuminated volume are collected by the

objective. NA is defined by the following equation:
NA =nsind (22)

Where n denotes the index of refraction of the medium surrounding the lens
and 6 is the maximal half-angle of the cone of the light entering the lens. Since
NA of the objective needs to be high, air objectives cannot be applied (n of air is
equal to 1). Usually, water (n = 1.33) or oil (n > 1.5) immersion objectives are

used (Hell et al., 1993).

The light coming from the laser source induces the fluorescence of the probes
which are travelling through the focal volume. The emitted light is collected by
the objective. Some of the excitation light is also reflected back but is cut off
(partially) by the dichroic mirror. The separated fluorescent signal then travels
through the pinhole. This element filters out-of-focus light. In the FCS the
detection volume is limited to the range of femtoliters (10-151). Our equipment

allowed the reduction of the focal volume up to ~0.2 fl.

The emitted light falls onto the set of wavelength filters. Here remnants of the
reflected excitation beam and fluorescence of undesired wavelengths are
blocked. These filters protect the fluorescent signal from being covered by the
interferences. Also, filters protect the detectors from being overrun by the

intense signals and blocked or even damaged.

The purified signal finally reaches the detectors. These devices quickly (high
time resolution) and sensitively (high quantum efficiency) register incoming
photons. As detectors, the single-photon avalanche diodes (SPADs) or
photomultiplier tubes (PMTs) can be used. The former are usually characterized
by lower quantum efficiencies and lower number of dark counts (false-positives)
than the latter (Hess et al., 2002). The detectors are coupled with the additional
processing unit — the time-correlated single-photon counting module (TCSPC).
This device adds a time stamp to each event of photon detection which allows

further correlation and analysis of all data points by the dedicated software.
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1.3.5. FCS theory

FCS is a technique that monitors fluctuations of fluorescent particles moving in
and out of the focus of the confocal microscope. Direct counting of the number
of particles is impossible, so the fluorescence intensity I(t) of particles
temporarily present in the focus is analysed instead. After the excitation, the
fluorescent signal is emitted in the order of nanoseconds (109 s). Each
excitation event produces photons emitted in random directions meaning that
only a fraction of them will be collected by the objective. The number of
detections and subsequent signals received is proportional to the number of
particles present in the detection volume. This output is the fluorescence
intensity I(t). Fluctuations of intensity 6I(t) and overall intensity I(t) are

connected according to the formula:
I1(t) =(I)+ 8I(t) (23)

Where (I) denotes average fluorescence. It is possible to extract fluctuation
times from obtained signal using the autocorrelation function (ACF, here
denoted as G(t)). It measures the self-similarity of the fluctuations at time ¢

compared to itself after a lag time 7. The ACF is defined as follows:

{BI(®) * 8I(t + 1))
B (I(1))?

G(t) (24)

The fluctuations of the fluorescence intensity §/(t) compared to those measured
after longer lag times 6I(t + t) do not show any self-similarity in the signal since
fluctuations at those two times are caused by different particles. Hence, the
autocorrelation is supposed to be small (near 0). When 7 is small enough, that
the fluctuations at the time t and t + 7 originate from the same set of molecules,
self-similarity (and autocorrelation) will be high. The ACF transforms data

obtained in the real-time into the lag time domain (Lakowicz, 2006).

The calculations of ACF cannot be done without proper characterization of the
detection volume. Usually, the geometry of the focal volume is approximated as
a three-dimensional Gaussian, because the edges of the detection volume
created by the illuminating laser are not sharp. Such shape can be imagined as
an ellipsoid with w, and z, as shorter and longer radii respectively. Model of

such structure is illustrated in Figure 10.
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Figure 10. A schematic representation of the illumination spot in the FCS. The
green area represents the focal volume with z, and w, denoting longer and
shorter radii of the ellipsoid.

The effective volume of such ellipsoid can be calculated by the

following equation:
Vepr = m3/% x wi  z, (25)

To obtain the diffusion coefficient and the number of particles, theoretical
models conjugated with basic diffusion laws have to be applied. On their basis a
relationship between the autocorrelation function, average retention time
(diffusion time 1) of the fluorophore and the shape of the detection volume

can be established:

G(1) = G(0) * (1 4 %)_1 ] (1 P )_1/2 (26)

K2Tp
Here, G(0) is the amplitude at t = 0 and is equal to the reciprocal of the average
particle number inside the focal volume, N:

60 = 27)

Thus, G(0), directly provides the concentration of fluorescent particles C = N/V
from the known size of the focal volume, V,¢; (Eq. 25). The FCS is very sensitive
to small number of molecules (see: Eq.27) since the amplitude of the
autocorrelation function decreases with N. Practically, for concentration
decreasing below 0.1 nM the signal to noise ratio decreases so much, that it
precludes accurate determination of G(0). The main source of the noise is the

autofluorescence of the environment and dark-photon (or ghost-photons) counts
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in the photomultipliers. Although the G(t) (Eq. 24) is independent of the
brightness of a fluorophore, yet the signal intensity I(t), and consequently the
signal to noise ratio are proportional to the brightness of the molecules. For
bright molecules, emitting a lot of photons, the signal to noise ratio is high and

the measurements can be made even at concentrations lower than 0.1 nM.

k is the quantity called the structure parameter. It is a measure of the

elongation of the focal volume and is defined as (see: Figure 10):

=2 (28)

Wo

The mean distance covered by a freely diffusing molecule in a time 7 is

proportional to ~v Dz, therefore the molecule will cover the distance w, across
the focal volume in time:

wg

Tp = E (29)

For the known focal volume typically measured during the calibration of the
FCS set-up, the diffusion coefficient of a fluorophore is readily obtained from
Eq. 29, where the time tp is calculated from the fit of the autocorrelation

function (Eq. 26) to the FCS experimental data (Elson, 2011).

The data obtained by the FCS can be easily misinterpreted. Although G(0) is
independent of the molecular brightness, the ACF can be distorted by any
changes in the emission patterns. The simplest example of such phenomenon is
photobleaching of probes. The photobleaching happens when the structure of
the molecule is permanently altered in such way, that fluorescence is no longer
possible. Using stable fluorophores and avoiding excessive laser power makes

this affect practically non-existent.

The second problem is a more profound one. Fluorescent molecules can
sometimes enter the triplet state. In the triplet state the molecules transiently
lose the ability to emit photons. This phenomenon is registered as the blinking
of the probes (at the time scale of the order of microseconds) and has an impact
on the shape of the autocorrelation curve. The simplest ACF has to be expanded
to take into account the triplet states and finally takes following the form (Dross

et al., 2009):
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G(t) =G(0) = (1 + 1 g exp (_—T>) * (1 + L>_1 * (1 + ZT >_1/2 (30)

p Tt Tp K=Tp

Here, p denotes the fraction of the particles present in the focus which are in

the triplet state and 7, is the lifetime of this state.
1.3.6. FCS in living systems

Under the diffraction-limited conditions, the detection volume of FCS reaches
tenths of femtoliter. Such value is three to four orders of magnitude smaller
than the average size of the eukaryotic cell. Therefore, FCS can be successfully
applied inside the cells. The first application of FCS to such problems comes
from the mid-seventies of the last century. Elson et al. measured the diffusion of
fluorescently labelled lipids on membranes of rat myoblasts (Elson et al., 1976).
The first use of FCS coupled with confocal aperture comes from nineties when
mobility of inert molecules microinjected into the cell cytosol was studied
(Berland et al.,, 1995; Brock et al, 1998). Thanks to capabilities of the FCS
questions concerning the diffusion and transport of molecules inside the
cytoplasm, the nucleus or the membranes could be answered. A great diversity
of approaches and modification of the original FCS idea exist. Many of them
were developed as a mean to elucidate specific issues or phenomena taking

place inside the living cells or even organisms.

Pioneering FCS studies on living organisms were conducted on membranes.
First of all, the thickness of lipid bilayer (~4 nm) is around three orders of
magnitude smaller than height of the focal volume. Therefore, diffusion of a
probe in the membrane can be treated as two-dimensional. Also, usually
membranes exhibit negligible autofluorescence, which improves the signal-to-
noise ratio. Both of these factors facilitates data analysis (Hess et al., 2002). The
FCS helped solve several problems concerning the cell membrane architecture
and protein binding reactions. For example, Gerken et al. (2010) measured
selectivity of proteins to specific domains and role of cholesterol in this process.
Similar experiments were performed by Lillemeier et al. (2010) and Mueller et al.
(2011). These experiments are prone to artefacts that influence the data
obtained. Due to slower diffusion (up to 50-fold; Dix and Verkman, 2008),
probes in membranes are much more prone to photobleaching. The
autofluorescence of the cells creates the unwanted background. Furthermore,

the membranes could reshape in course of the experiment, dramatically
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changing the observation area (Mutze et al, 2011). Most of those issues are
diminished by the introduction of the stimulated emission depletion

(STED) systems.

Most of the works using the FCS for studies of biological phenomena concern
the cell interior — the cytoplasm and the nucleus. Many studies compared
diffusion of probes of different characteristics (biological character, size,
interactions etc.). All these works confirm that internal environment of a living
cell differs greatly from in vitro conditions. Protein-rich cell cytoplasm is
commonly described as the crowded environment with diffusion times several
times greater than in water (e.g. Seksek and Verkman, 1997; Elsner et al,
2003; Mahen et al.,, 2011). Thanks to capabilities of FCS, the structure and
dynamics of the cytosol were successfully described. Also, the extent of the
cytoplasm heterogeneity and its impact on the diffusion and interpretation of
data has been thoroughly studied. Analogous FCS experiments were also
conducted inside the cell nucleus. The chromatin network and its organisation
were characterised in detail (e.g. Wachsmuth, Waldeck and Langowski, 2000;
Gorisch, 2005; Bancaud et al, 2009). Hinde et al. (2010; 2012; 2011)
investigated the architecture of the chromatin. In the interphase nuclei, they
discovered borders separating regions of high and low DNA concentrations.
These borders proved to be entirely permeable to a small molecule (fluorescein),

while protein (monomeric GFP) could cross them only in occasional bursts.

Currently, the most prominent use of the FCS extends to the studies of the
complex formation of two biomolecules, or a biomolecule and a potential
therapeutical agents. Such measurements are based on a significant decrease of
the diffusion coefficient of the studied molecule after the binding to its
molecular target, providing that the target is much larger than the molecule.
Typically, the diffusion of small tracer (either fluorescent or fluorescently
labelled) is first tested without interactions. In this way, the reference diffusion
coefficient of freely diffusing molecule is obtained. Then, the data obtained for
the diffusing molecule in the presence of the target provides the equilibrium
constant for the complex formation. Unfortunately, this approach is limited by
the ratio of sizes of the two components in the complex. In order to detect
differences in the diffusion times, the fluorescent tracer has to be 1.5 to 2 times
smaller than the second component (Haustein and Schwille, 2003). Hence,

classical FCS is restricted to interactions of small molecules (or proteins) with
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huge biological complexes. For example, Broderick et al. (2012) utilised this
approach for the studies of interactions of a fluorescently labelled member of
the cyclin-dependent kinases, Cdc45 protein, with CMG (Cdc45/Mcm2-7/GINS)
complex. By comparing the diffusion rates of proteins of similar size, they
showed that inside the nucleus the Cdc45 is a part of the protein complex. The
size of this complex is significantly bigger than previously observed in vitro,
suggesting that outside the nuclei it partially dissolves. In their work, they also
confirmed that the investigated complex is transiently binding to the DNA.
When using the FCS in the standard mode for the interaction studies, the

interacting partner cannot be identified directly.

In the second possible approach, the evaluation of the molecular interactions is
obtained by cross-correlations of signals coming from two molecules forming the
complex, each labelled by the different fluorophore. This extension of the FCS
technique is called the fluorescence cross-correlation spectroscopy (FCCS). The
fractions of interacting molecules can be retrieved by the analysis of the
autocorrelation functions for these two diffusing molecules. The FCCS removes
limitations with regard to the size of the studied molecules. The improvement of
range of applicability also increases the complexity of the data analysis. Three
main artefacts can influence the reliability of the data obtained by the FCCS.
The first is crosstalk between detection channels, which increases apparent
cross-correlation. Statistical filtering solves this issue (Padilla-Parra et al.,
2011). The second is misalign of the effective detection volumes for respective
channels. This effect lowers the apparent cross-correlation. Using a single
wavelength for the excitation of both fluorophores offers a partial solution to
this problem (Foo et al.,, 2012). The third artefact is connected to the imperfect
labelling of the probes. The probes devoid of the fluorescent tag or those with
damaged fluorophores (e.g. as a result of photobleaching) can cause false
interpretation of the data. The complexes containing such molecules can be
interpreted as free molecules. The apparent fraction of interacting pairs will be
lower than the actual one. To overcome this problem, great attention is required
during the preparation of the sample. Also, appropriate maturation times of the

fluorescent proteins must be assured (Hou et al., 2014).
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1.3.7. Problems concerning FCS in living cells

The FCS has many traits which make it a great technique for the studies of the
diffusion and the interactions of the fluorescent molecules in the living cells.
Small detection volume allows precise localization inside a specific region of the
cell. To obtain optimal amplitudes of the autocorrelation curves, the nanomolar
concentration of the fluorescent tracers is required. Such small numbers of the
molecules prevent drastic alteration of the physiological conditions during the
experiments. A broad variety of commercially available systems of FCS allows to
choose the best one for a given problem. Despite its considerable advantages

FCS still suffers from few limitations.

All fluorescence-based techniques inside the living cells have to deal with the
issues of the autofluorescence of cells (decreasing the signal to noise ratio) and
the photobleaching of tracers (influencing the quality of data obtained).
Depending on the experimental conditions, a small concentration of probes can
be a hindrance instead of an advantage, because of a weak signal. Plus, overall
possible concentration of studied probe is narrow (10 pM-0.1 uM). During the
measurements performed inside cells, limited pool of probes is available,
making the decrease of the signal in time significant and unavoidable.
Additionally, aggregation of the probes can occur, which results in lower than
expected diffusion constants and influences the concentration measurements.
Also, unspecific interactions of the tracers with big cellular structures are often
present. This is especially common for standard dyes (e.g. rhodamines and
cyanines) which are often lipophilic and therefore tend to bind to the cellular
membranes (Dittrich et al.,, 2001). This binding influences free diffusion inside
of a cell and can render fluorophores more prone to the photobleaching. Next
limitation comes from the acquisition time of the autocorrelation function,
which must be greater than the time constant of investigated phenomenon.
Also, excitation laser power may cause problems. To efficiently observe small,
fast diffusing tracers high laser power is required. On the other hand when
studying slowly moving huge complexes long acquisition time of data is
necessary, so laser power should be limited to avoid extensive photobleaching.
The final troublesome factor of the FCS measurements is a need for proper data
fitting. Choice of a theoretical model is ambiguous and correct data

interpretation may be problematic (Brock, 2006).
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1.3.8. Models of diffusion in living cells

The autocorrelation curves obtained from the biological systems are usually
fitted with the most appropriate physical model, either the one-component,
two-component or anomalous diffusion. Rarely, the three-component model is
applied. Also, blinking dynamics of the brightness of probes has to be included
in the model. Commonly, more than one model is tested and, if similar results

are obtained, simpler one is preferred (Kim et al., 2007).

In the simplest case, the one-component model is used (Eq. 26). The model is
applied to unhindered diffusion of a small, inert tracer inside a homogeneous
medium. For example, the diffusion of Alexa Fluor 488 hydrazide (Kim et al,
2007) or enhanced green fluorescent protein (EGFP) inside the cell cytosol

(Wachsmuth et al., 2000) is described by the model.

The diffusion of the biological molecules and their complexes in the cell
cytoplasm cannot be described by the one-component diffusion model. The data
obtained from the intracellular experiments are described using either
multicomponent or anomalous diffusion models. The former describes the
situation when two or more independently diffusing species are observed, each
of them with its own characteristic diffusion coefficient. The general form of the

multicomponent diffusion is expressed as:

G(t) = Z G;(0) = (1 + Tzi)_l * (1 + K:Ti)—l/Z (31)

where indices i denote the ith component. In the multicomponent diffusion

model the data analysis is performed by fitting many parameters. In practice
during fitting as many parameters as possible should be fixed. Their values
should be derived from studies of isolated or non-interacting molecules. The
bigger the number of free parameters the better the apparent fit, yet less reliable

results.

The anomalous diffusion model is used for the description of the diffusion of
molecules experiencing some sort of abnormalities. This model assumes the
existence of an additional parameter a, which is added to the description of the

diffusion:

G(1) = G(0) * (1 + (%)a)_l ] (1 + %(%)“) (32)



Models of diffusion in living cells 65

The parameter a is a measure of the degree of alteration of motion created by
the environment. Two kinds of anomalous diffusion can be distinguished. The
first, when a < 1 is called the subdiffusion, whereas the superdiffusion occurs
when «a >1. The subdiffusion corresponds to the situation when an
environmental heterogeneity hinders the diffusion, either as result of the
nonspecific interactions of a fluorescent probe or high concentration of the
obstacles (in cellular conditions: the organelles, the cytoskeleton or the
chromatin). This kind of movement is also observed for the crowded
environments. The superdiffusion depicts situation when the movement is
“assisted” by an additional force, e.g. active transport. The superdiffusion is

scarcely observed in the cellular environment (Weiss, 2014).

The interior of a cell is highly heterogeneous. Wachsmuth et al. (2000) showed
that movement of the enhanced green fluorescent protein (EGFP) in the cytosol
can be described by the normal diffusion. When diffusion of the EGFP is traced
inside the nucleus, anomality arise. This leads to the assumption that cellular
organelles have a great impact on the diffusion. Furthermore, some extensions
to the existing models were made, depending on experimental conditions.
Gennerich and Schild (2000) proposed updated two- and three-dimensional
models to describe the diffusion in the confined spaces. They tested their

assumptions in the study of the dendrites of the neurons.

In their work Kalwarczyk et al. (2017) demonstrated, that apparent anomality
can originate from the polydispersity of the probes. Through series of in vitro, in
vivo, and in silico experiments they showed that the hydrodynamic drag of the
fluorescently labelled dextrans introduced into the cell cytoplasm effectively
broadens the distribution of their diffusion times. The hydrodynamic drag is a
value that is exponentially dependent on the size of the probe. In consequence,
the degree of (apparent) anomality of the diffusion deepens with the increasing
probe polydispersity. Kalwarczyk et al. suggested that the anomalous diffusion
may be the average of the interactions of the studied probes with the cell
interior. Kalwarczyk et al. also showed that the EGFP is a monodisperse probe

which movement can be successfully described by the one-component model.
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2.1.Cell culture handling

Cell sources

All cells were either provided by the Nencki Institute of Experimental Biology
(Warsaw, Poland) or directly purchased from distributors. HeLa, A549, MCF-7,
Hep G2, U20S and Human primary small airway epithelial cells (HSAEC) come
from American Type Culture Collection (ATCC; USA). HeLa-GFP inducible line
was purchased from AMS Biotechnology (USA). HelLa Kyoto strain was a gift
from Jan Ellenberg (EMBL Heidelberg) with the permission from Shuh
Narumiya (Department of Pharmacology, Kyoto University Graduate School of
Medicine, Japan). Human skin fibroblasts come from Coriell Institute for
Medical Research (USA). Most important characteristics of the cell lines used in

this thesis are presented in Table 2.

Cell line Source Character Morphology
Hela Cervix Cancerous Epithelial
Hep G2 Liver Cancerous Epithelial
MCF-7 Breast Cancerous Epithelial
A549 Lung Cancerous Epithelial-like
U20S Bone Cancerous Epithelial
Fibroblasts  Skin Normal Mesenchymal
HSAEC Lung Normal Epithelial

Table 2. Characterization of the cell lines used in the experiments.

Culture media

Majority of the cells (HeLa, HeLa Kyoto, A549, Hep G2, U20S, skin fibroblasts)
were cultivated according to the standard protocol. Culture medium contained
Dulbecco’s modified Eagle’s medium (DMEM; Institute of Immunology and
Experimental Technology, Poland) with 10 % heat-inactivated foetal bovine
serum (FBS), L-glutamine (2 mM), penicillin (100 mg/ml) and streptomycin
(100 mg/ml). All supplementary components of the basic medium were
purchased from Sigma-Aldrich (USA). The medium was further enriched with
0.01 mg/ml of insulin (Sigma-Aldrich, USA) for MCF-7 cells or with 1 % MEM
non-essential amino acid solution (Sigma-Aldrich, USA) for HeLa-GFP line. The
culture of the HSAEC was performed according to the specialized protocol

provided by their supplier. Only dedicated reagents were used.
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Culture conditions

On daily basis, all cells were cultivated in 25 cm? culture bottles (Greiner Bio-
One GmbH, Austria) at 37°C in a 5 % CO: humidified atmosphere. Passages
were performed every two-three days (cells at 70-90 % confluence) according to
the standard protocol (unless stated otherwise). For the probe introduction and
subsequent FCS measurements, all cells were grown on 35 mm thin glass
bottom CELLview Cell Culture Dishes (Greiner Bio-One GmbH, Austria) up to
80 % confluence. For the transfection procedure on 8-chamber coverglass Lab-
Tek slides (Thermo Fisher Scientific, USA). For other experiments, the cells were

cultured on the standard 35 mm dishes (Sarstedt, Germany).
Standard passage protocol

Used medium was first aspirated from the culture bottles. Then cells were
washed with 1 ml of phosphate buffered saline (PBS) without MgCl, and CaCl,
(Sigma-Aldrich, USA). The PBS washing allowed to remove any residual
medium. PBS was devoid of bivalent ions which inhibit the action of the trypsin.
Then 0.5 ml of 0.25 % trypsin-EDTA solution (Thermo Fisher Scientific, USA)
was added. The flasks were then shortly incubated at 37°C. This caused cells to
detach from the surface of the flask. After the incubation bottles were gently
tapped and rinsed with 2 ml of fresh medium. Depending on the cell line 0.5-
1 ml of the cell suspension was left in or transferred to the new flask (culture
plastics were changed each third passage). Finally, 4 ml of fresh appropriate

medium was added.
Passage of HSAEC

As previously mentioned, the passage of the HSAEC was performed according to
the supplier’s protocol using only dedicated media (all from ATCC, USA). First,
spent medium was removed and cells were gently rinsed with 3ml of D-PBS.
Then 1 ml of trypsin-EDTA solution was added, spread onto the whole surface
of the bottle and its excess aspirated. Afterwards, the cells were observed under
the microscope and as soon as they started to detach and pull away, the flask
was gently tapped from several sides. After the majority of cells seemed
detached, 1 ml of trypsin neutralizing solution was added. The dissociated cells
were collected into a conical tube and set aside. Next, 3 ml of D-PBS was added
to the culture bottle to collect any residual cells. The cell suspension was joined

with D-PBS and centrifuged at 150 x g for 5 min. The solution was then
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aspirated. The cell pellet was resuspended in 1 ml of fresh culture medium and
0.5ml was transferred to a new flask. Finally, 4 ml of culture

medium was added.
Microinjection

For the microinjection experiments, the cells were grown on the 35 mm glass
bottom dishes prior to the probe introduction. The microinjection was
performed using Femtojet system (Eppendorf, Germany), with glass capillaries
fabricated in the micropipette puller P-1000 (Sutter Instrument, USA). The
capillaries had the outer diameter smaller than 1 um. Each capillary was loaded
with 3 ul of the solution of either fluorescently labelled dextran (Dex; all from
Sigma-Aldrich, USA) or custom synthesized silica nanoparticles (NP; Siliquan,
Poland). Table 3. shows the most important characteristics of all the fluorescent

probes used in the experiments.

Probe name Ip [nm] c [uM] Method of introduction
Calcein-AM 0.65 2 Cellular uptake

Dex-4.4 kDa 1.3+£0.2 9/0.09 Microinjection/pinocytosis
EGFP 2.5 - Stable expression

Dex-20 kDa 3.8+0.3 40 Microinjection

Dex-40 kDa 49=%0.5 10 Microinjection

Dex-75 kDa 5.6 £0.5 S Microinjection

Dex-155 kDa 8.6 0.7 9/9 Microinjection/pinocytosis
NP S34 20.6 1 Microinjection

NP S43 33.5 1 Microinjection

NP S42 50.0 1 Microinjection

Table 3. Characteristics of the probes used in all the experiments. r, — the
hydrodynamic radius of the probe measured in water by the FCS; c - the
concentration of the solution used for the microinjection. (*) denotes standard
deviation.

Approximately 300 cells were injected during one session. The injection
pressure was equal to 160 hPa, the injection time to 0.2 s, and the
compensation pressure to 30 hPa. Just prior to the FCS measurements culture

medium was replaced by PBS containing Ca2+ and Mg2+ ions.
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Pinocytosis

As a faster, more robust method of introduction of two fluorescent dextrans
(4.4 kDa and 155 kDa) commercially available approach was used (Influx
Pinocytic Cell-Loading Reagent; Thermo Fisher Scientific, USA). Prior to the
pinocytosis procedure, all required media were prepared in accordance with
manufacturer’s protocol. First, the hypertonic solution was prepared. It
consisted of 20 ul of loading solution with the addition of 2 pl of the fluorescent
probe solution (0.4 ul/ml and 1.5 mg/ml for Dex-4.4 kDa and Dex-155 kDa
respectively). This solution was incubated at 37°C. The cells were grown in the
culture flask and prepared as for the standard passage. Spent media was
aspirated, cells were washed with PBS, and 1 ml of trypsin was added. After
short incubation detached cells were suspended in 5 ml of fresh medium. Then
the suspension was centrifuged (3500 rpm; S min) and the supernatant
removed. Cells were suspended in 1 ml of medium, transferred to Eppendorf
tube and centrifuged again (2500 rpm; 1 min). The supernatant was removed
again. Then, previously prepared loading solution was added and the cells were
incubated (37°C; 10 min). Next, 1 ml of hypotonic medium was added to the cell
suspension and cells were transferred to the test tube containing additional
2 ml of hypotonic medium. The suspension was divided equally into 3
Eppendorf tubes, incubated (37°C; 1.5 min), and centrifuged (2500 rpm; 1 min).
The medium was aspirated. Cells were finally suspended in 2 ml of fresh,
appropriate culture media and transferred onto 35 mm glass bottom dishes.

Before measurements cells were allowed to grow for 24 hours.
Introduction of other probes

Calcein was introduced into the cell cytoplasm by adding 2 ul of solution (2 uM)
of its non-fluorescent derivative Calcein-AM (Sigma-Aldrich, USA) to the culture
media and incubating for 10 min. After molecule was uptaken by the cells, the
acetomethyl ester was hydrolysed by intracellular esterases producing
fluorescent molecule. Prior to the FCS measurements, the culture medium was

replaced by PBS.

The EGFP was constantly expressed in the cell line stably transfected with the
appropriate plasmid. Normally, expression of protein would have to be induced,
but for our FCS measurements, the level of the EGFP resulting from the

promoter leakage was sufficient.
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Introduction of Drpl mutants

All EGFP-Drpl mutant-carrying plasmids (K668E, G363D, C505A) were
prepared by Bernadeta Michalska from the Nencki Institute of Experimental
Biology (Warsaw, Poland) as described elsewhere (Michalska et al, 2018).
Ready-made appropriate plasmids were introduced into the HeLa Kyoto strain
through the transfection. For this JetPRIME reagent (Polyplus Transfection,
France) was used according to the manufacturer’s protocol. Prior to the
transfection cells were at 30 % confluency on 8-chamber Lab-Tek slides. First,
0.5 ug of appropriate plasmid DNA was mixed with 50 ul of the jetPRIME buffer,
vortexed (10 s) and spun down. Then 1 ul of the jetPRIME reagent was added.
The whole solution was vortexed again (10 s) and incubated for 10 min at room
temperature. After that, the transfection mix was added into the medium in a

single chamber. Cells were allowed to grow for 24 h prior to experiments.
Cell cycle synchronization

The synchronization of the cell cycle in HeLa GFP line was done using the
aphidicolin. Ready-made solution (1 mg/ml) was purchased from Sigma-Aldrich
(USA). Prior to the FCS measurements, the synchronized cells were grown on
the 35 mm glass bottom dishes. For the cell counting and the flow cytometry
six-well plates (Greiner Bio-One GmbH, Austria) were used instead. After the
seeding, cells were allowed to adhere for 24 hours and then 5 ug of the
aphidicolin per 1 ml of culture media was added. After 24 h of incubation, the
medium containing the aphidicolin was removed and replaced with fresh one.

Cells prepared in this way were subjected to further analyses.
2.2.Experimental techniques

Fluorescence correlation spectroscopy

The FCS measurements were performed using commercially available setup. It
consisted of a confocal microscope (Nikon Eclipse TE2000U, Nikon, Japan)
paired with the Pico Harp 300 TCSPC module (PicoQuant, Germany). During all
the experiments stable temperature (36 *= 0.5°C) and atmosphere of the
necessary humidity and composition was provided by the climate chamber
(Okolab, Italy). Pulse diode lasers (PicoQuant LDH-D-C-485; 485 nm and
PicoQuant LDH-D-TA-560B; 561 nm) driven by Sepia II module (all from

PicoQuant, Germany) were used as the light sources. To avoid excessive



74 Materials and methods

photobleaching of probes and phototoxicity in cells, low laser power (5-20 pW)
was maintained. The observation of probes was performed using 60x (NA 1.2)
objective with water immersion. The fluorescence signal was collected by the
single photon avalanche diodes (MPD and PerkinElmer, USA). Each series of the
measurements was preceded by a calibration step. A ~5 nM solution of either
rhodamine 110 (Aex= 488 nm) or rhodamine B (Aex= 543 nm; both from Sigma-
Aldrich, USA) in PBS with 2.5 %t glucose (Sigma-Aldrich; USA) was used for
the calibration, depending on the probe used. The diffusion coefficient of 560 or
508 um?/s (for rhodamine 110 and rhodamine B respectively) was used for the
correction collar adjustments and the calculation of the size of the focal volume.
This approach allowed to avoid the refractive index mismatch. Cells were
selected for the measurements basing on the intensity of fluorescence. Those
having too many or too few fluorescent particles were not suitable for the FCS
measurements. During the measurements, the detection volume was positioned
in a homogenous area of the cell cytoplasm. Regions of higher or lower
fluorescence intensity were avoided. The number and duration of a single
measurement per cell were adjusted depending on the kind of probe and the
type of experiment. The acquisition of data was controlled via SymPhoTime 64
software (PicoQuant, Germany). The fluorescence lifetime filtering was used to
improve the signal to noise ratio and eliminate the afterpulsing effect from the

autocorrelation curves.

FCS for nanoviscosity curves

At least 5 measurements, each lasting 60 s, were taken in one spot for smaller
probes (i.e. all probes apart from the calcein and the nanoparticles). Data
acquisition for the calcein was limited to 30 s. For big nanoparticles a single
measurement of 10 minutes duration was taken per cell. For each probe, two
independent experimental runs were carried out, each consisting of at

least 10 cells.
FCS of Drpl variants

The experiment concerning the EGFP-Drpl variants (3 mutant and wild-type
protein) was performed in the same way as for nanoviscosity. For each cell, 10
consecutive measurements with the acquisition time of 30 s were performed. At

least 8 cells for every variant were studied.
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FCS of synchronized cells

In this experiment, 5 consecutive measurements, each lasting 60 s, were taken
per cell. This experiment was repeated for the two separate rounds of the
synchronization. Also, the start of the measurement in each cell was noted (in
relation to the time of the aphidicolin removal). The whole experiment covered
30 hours from the restart of the cell cycle. All obtained results were grouped in

the 30 min time periods, all of which consisted of at least 5 cells.
Data fitting

The fitting of the autocorrelation curves was performed using QuickFit 3.0
software (Division Biophysics of Macromolecules, German Cancer Research
Centre, Germany). Depending on the probe type, different modules were used.
This approach is based on the investigations of Kalwarczyk et al. (2017). The
autocorrelation curve for the calcein and the EGFP were fitted using the one-
component free diffusion model with FCS Correlation Curve Fitting Plugin,
function FCS: 3D Normal Diffusion, Levenberg-Marquard fit (without box
constraints). For the dextrans anomalous diffusion fit with FCS Correlation
Curve Fitting Plugin, function FCS: 3D Anomalous Diffusion, Levenberg-
Marquard fit (without box constraints), and for the nanoparticles two-
component free diffusion model with FCS Correlation Curve Fitting Plugin,
function FCS: 3D Normal Diffusion, Levenberg-Marquard fit (without box
constraints) was applied. During the fitting of data from the nanoparticles, the
first component was fixed with T = 19.7 ps, a = 0.84 and p = 0.14 (T - the time
of diffusion, a - the anomality parameter and p - the fraction of this
component). The existence of this component was derived from the
measurements in water. We hypothesize, that it is connected with the unusual
photophysics of the rhodamine B tightly packed within the core of

the nanoparticles.

We used Gnuplot 5.0 software to fit the autocorrelation functions obtained
during the Drpl oligomerization experiments. The two-component model was
applied for studies of the mutant Drpl proteins (Eq. 31). The model had to be
expanded by adding an additional component for the EGFP blinking for the
G363D and C505A (dimerizing) mutants. This approach was based on previous
works (Haupts et al., 1998; Capoulade et al.,, 2011). For the monomeric K668E

mutant blinking component was indistinguishable from the signal. The blinking
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time of the EGFP is approximately 150 us whereas the diffusion times of the
protein oscillated around 550 us. Finally, fitting of the data from the
measurements of the EGFP-Drpl (wild type) was performed with three
component diffusion model. During the fitting amplitudes and the diffusion time
of the bound component were treated as parameters. In accordance with the
limitations of the fitting algorithm, diffusion times of the dimer and the tetramer

were fixed based on the results obtained for the mutant variants of Drpl.
Hydrodynamic calculations and modelling

All calculations of the hydrodynamic radii of proteins (EGFP and Drpl-EGFP
variants) were performed using HYDROPRO software (Ortega et al., 2011). The
diffusion coefficients in water (Do) at the temperature of 37°C and the viscosity
of 0.69 mPas were obtained based on the available structural data (RCSB
Protein Data Bank and EM Data Bank). The sizes of respective oligomers were
calculated from appropriate diffusion coefficients in water Do using the
Einstein-Stokes equation (Eq. 15) and expressed as the hydrodynamic radii. The
models of the hydrodynamic radii of the Drpl and GFP-Drpl were created
basing on the Drpl (4BEJ) and the GFP (1EMA) structures obtained from the
protein data bank (PDB). Data concerning the EGFP and EGFP-tagged ferritin
were acquired using the same approach. The structure of the GFP-Drpl was
obtained in UCSF Chimera software (Resource for Biocomputing, Visualization,
and Informatics (RBVI), University of California, USA) and saved in the .pdb
format for calculations in HYDROPRO software. Four monomers of the Drpl
present in the 4BEJ asymmetric unit of the 4BEJ structure were used as the
tetramer model. The biological assembly was used as the model of the dimer
and the single Drpl molecule from the dimer was the model of the monomer.
Monte Carlo simulations, in detail described elsewhere (Kwapiszewska et al.,
work under revision), were made utilising Mcell simulator (Stiles et al, 1996;
Schutter, 2001; Kerr et al.,, 2008) supported by CellBlender 1.1 and FERNET
Toolkit (Angiolini et al., 2015)

Flow cytometry

The cells for the flow cytometry analysis were grown on the 35 mm standard
culture plates (Greiner Bio-One GmbH, Austria). The cells were synchronized
according to the protocol described above. Prior to cell collection 70 %y, ethanol

(POCH, Poland) was prepared and cooled in the refrigerator (-20°C). The
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medium from above the culture was collected and stored for further use. The
cells were then washed with 0.5 ml of PBS (PBS was also collected). Next, 0.5 ml
of trypsin-EDTA solution was added and incubated for few minutes. The action
of trypsin was quenched using 1 ml of previously collected medium. The
detached cells were collected. All collected fluids (culture media, PBS and
washing media) were joined and centrifuged (3500 rpm; S min). The
supernatant was aspirated. The cells were washed with 1 ml of fresh PBS and
centrifuged again. PBS was removed and cells were suspended in 0.5 ml of new
PBS. Then, using plastic Pasteur pipette, the cell suspension was vigorously
injected into 5 ml of the previously prepared ethanol solution. This protocol
allowed fixation of samples. Using this procedure 2 separate repetitions of the
synchronized cells were collected in the characteristic timestamps (0, 1.5, 4, 8,
12, and 24 hours after removal of aphidicolin). Also, three unsynchronized
control samples were prepared. All samples were investigated by Dr Mirostawa
Koronkiewicz at the National Medicine Institute (Warsaw, Poland). Just before
the flow cytometric measurements appropriate staining solution was added
(Triton X-100, propidium iodide, RNase). The DNA content in the cells was
measured using BD FACSCanto II apparatus (BD Biosciences, USA). The data
analysis was done employing FCS Express 4 (De Novo Software, USA).

Cell size measurements

For the cell count measurements, the cells were prepared as described above.
The number of cells was determined by the Countess™ II FL Automated Cell
Counter (Thermo Fisher Scientific, USA). After the detachment of cells from
culture dishes, 10 ul of the cell suspension was mixed with 10 ul of 0.4 %
trypan blue solution (Thermo Fisher Scientific, USA). Then, 10 ul of the stained
cell suspension was transferred onto the dedicated cell counting slides. After
30 s the slides were put into the apparatus. The cell counting was performed
automatically. Objects of the diameter less than 5 um were excluded as possible
debris. For each sample, three measurements were taken (two independent

runs were always conducted) and averaged.
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3.1.Length-scale dependent viscosity in the cell

cytoplasm

The study of the length-scale dependent viscosity of the HeLa cells cytoplasm
was conducted. The phenomenon was described by Hotyst et al (2009)
Kalwarczyk et al. (2011), and Tabaka et al. (2014). The measurements of the
diffusion coefficient in the cytoplasm of the mammalian cells, used by
Kalwarczyk et al. and Tabaka et al were obtained from the literature. The
literature data were based on the measurements of sometimes ill characterized
probes, by many different techniques in different temperatures and culture
conditions. Thus, there was a need to make proper, accurate and precise
measurements of the length-scale dependent viscosity in the cytoplasm of cells
at the fixed physiological temperature, using well characterized probes, cell
cultures and growth medium. The results presented in this sub-chapter were

obtained in such conditions for the HeLa cell line.
Non-linear diffusion in the cytoplasm of HeLa cells

We performed the FCS measurements for the different types of fluorescent
probes inside the living HeLa cells. The probes were all inert for the interior of
the cell, and covered a wide range of sizes, from ~nm in diameter to ~100-
200 nm. We fitted the obtained data according to the model of the length-scale
dependent viscosity (Eq. 21). Results are summarised in Figure 11. Also, in
Table 6. (section 3.3) all the results obtained for the probes used in every cell

line tested are summarised.

The data obtained by us support the model of the length-scale dependent
viscosity of the cell cytoplasm. The smallest probes experience the viscosity
similar to that of water solution. With the increasing size of the tracer, the
relative viscosity changes from the nanoviscosity for the small objects, through
a non-linear increase for the moderate-sized ones, reaching a plateau (signifying
the macroviscosity) for the biggest objects. One additional big nanoparticle (with
a radius of 100 nm) was also introduced to HeLa cells. The results for this probe
are not shown on the plot, as it did not exhibit free diffusion. Under the
microscope, it was seen as immobile spots inside the cytoplasm of the cells. We

hypothesise, that this particles are bigger than the average distance between the
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Figure 11. The relative viscosity inside the HeLa cell cytoplasm as a function of
the probe radius r, at 37°C. The viscosity measured in water (n) is divided by
the viscosity experienced by the probe in the cytoplasm (1), rp denotes the size
of the probe. Error bars denote standard deviation.

nodes of the cytoskeleton network. Those probes are stuck as their size is
greater than the openings in the meshwork. Any movement registered for such
trapped particles would reflect the reshaping of the cytoskeleton. This
assumption is partially supported by the literature data and will be further

addressed for other cell lines (section 3.4).

Our systematic approach to the quantitative measurements of the diffusion
inside the living HeLa cells presented here remains largely isolated. Only a few
works tackled this issue but lacked deeper analysis of the results obtained.
Verkman and his collaborators performed similar investigations concerning the
diffusion of the DNA fragments of various lengths (Lukacs et al.,, 2000; Dauty
and Verkman, 2005). They also noticed the interplay of the size of a probe and
the speed of diffusion. However, they did not propose any theoretical
explanation for their observations. The DNA cannot be assumed to be an inert
probe, so interactions between the DNA and the cytoplasmic content could not
be ruled out. Reuel et al (2012) tracked the movements of the carbon
nanotubes of different sizes. They observed different modes of movement
(normal and confined diffusion, and also active transport) without clear

dependence of the size of the diffusing particle. The carbon nanotubes have a
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huge aspect ratio (length to width) and during the diffusion experience
translational and rotational motion. Therefore, the overall viscosity measured
using the carbon nanotubes is most probably higher than that of a globular
probe of similar size. Also, stiff prolonged structures (like the nanotubes tested)
are extremely rare in the physiological conditions and poorly reflect the

in vivo conditions.

The molecular crowding influences the folding of proteins (Sasahara et al,
2003; Hong and Gierasch, 2010). It also influences the kinetic rates of
enzymatic reactions (Wenner and Bloomfield, 1999; Minton, 2006; Sasaki et al.,
20006). So, local changes of the viscosity could influence the processes taking

place inside cells at the specific regions of the cytoplasm.

“Typical” human protein (monomeric, excluding complexes) has a diameter of
~2 nm (Zhdanov, 2009) and size of ~50 kDa (Hendil et al., 2002; Finka et al,
2015). So, the majority of the mammalian proteins most probably localise in the
region of the biggest slope of the model presented in our work. Therefore, in this
size regime the most prone to the changes of the local viscosity. We measured
two proteins: the EGFP (2.5 nm, 26.9 kDa) and the apoferritin (9.43 nm,
474 kDa). We hypothesise, that inside living human cells, the activity of
proteins may be modulated through the changes of the nanoviscosity of their
immediate surroundings. This hypothesis is further supported by the notion,
that in the mammalian cells the DNA expression is controlled through changes
of condensation of chromatin (Alberts et al., 2008; Lodish et al., 2013) and also

directly impacted by changes of molecular crowding (Morelli et al., 2011).
3.2.0ligomerization of Drpl protein

We wanted to test the model of the length-scale dependent viscosity in the
cytoplasm of living cells. We chose the oligomerization of the dynamin-related
protein 1 (Drpl). The Drpl forms dimers and tetramers, which then assembly
on the mitochondrial outer membrane (Koirala et al., 2013), but it was unknown
whether the tetrameric form of Drpl exists in the cytoplasm or is formed
directly on membranes (Antonny et al, 2016). We used a set of the mutant
(monomeric K668E, dimeric G363D and CS505A) and the wild-type Drpl
proteins tagged with the EGFP to investigate this scientific problem.
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Theoretical calculations for the Drpl forms

The hydrodynamic radii of monomers, dimers, and tetramers were calculated.
Additionally, from the model constructed by us (see: section 3.1) expected
values of the diffusion coefficient (Duera) of every Drpl form were determined.

The results are summarised in Table 4.

Drpl rp [nm]  Dnera [um2/s]  Dx [um?2/s]
Monomer 4.74 15.1£0.5 28.9
Dimer 6.41 9.1+0.5 214
Tetramer 8.43 5.7+0.4 16.3

Table 4. Hydrodynamic characterisation of the Drpl forms. Duera — the diffusion
coefficient calculated from the length-scale dependent model. For comparison
we added the theoretical value of the diffusion coefficient widely used in
biological studies. Dx — the diffusion coefficient assuming the constant viscosity
of the cytoplasm. (¥) denotes standard deviation.

Apart from the calculations based on our model, a set of additional values of the
diffusion coefficients predicted according to the commonly assumed constant
viscosity model is also presented (Dx). According to the constant viscosity
model, the viscosity experienced by the EGFP protein is equal to 2.34
(Nenninger et al.,, 2010; Mika and Poolman, 2011). Two observations come from
such calculations. The first, that assumption of the constant viscosity leads to a
serious miscalculation of the predicted diffusion coefficients, reaching up to the
almost 3-fold difference for the tetramer. The second observation is, that in the
case of the constant viscosity model the difference between the diffusion
coefficients of different forms of the Drpl would be too small to be distinguished
by the FCS or similar techniques, possibly discouraging any effort to elucidate
the issue of the Drpl oligomerization. Whereas, in the real system (under the
length-scale dependent viscosity) these differences are big enough for the

distinction between the Drpl oligomers.
Determination of the diffusion coefficients of the Drpl variants

For the verification of the theoretical values, the FCS measurements were done
for every variant of the Drpl-EGFP fusion protein. The first mutant, K668E,
should be unable to oligomerise and thus be present inside the cell cytoplasm
as monomers (Frohlich et al.,, 2013). The FCS curves were successfully fitted
with the two-component diffusion model (Eq. 31, i = 2). The major component

was equal to 15.54+0.13 um?2/s and lies well in the predicted range
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(15.1 £ 0.5 um?/s) for the monomeric Drpl1-EGFP. The second component was
highly variable but always remained in the millisecond regime. It was also
consistently present in a low fraction of ~20 %. This second component
originates from the unspecific interactions of the Drpl with the membranes or
with other proteins. The second mutant, G363D, creates dimers but lacks the
affinity to the mitochondrial membrane (Chang et al.,, 2010; Strack and Cribbs,
2012). The average diffusion time of the main component measured for this
mutant corresponded well with our predictions (9.14+£0.18 s.
9.1 £ 0.5 um?2/s). The third Drpl variant tested, C505A, was able to participate
in the fission of mitochondria (Macdonald et al., 2014). Our measurements
confirmed both predictions for this mutant. The diffusion coefficient had similar
value to the theoretical one (for this dimer we obtained the value of
8.85+£0.12 um?/s). We also observed a significantly reduced fraction of the
freely diffusing dimers (which confirms increased affinity to the mitochondrial
membranes). For the G363D-Drpl around 67 % of the dimers were freely
diffusing, while for the C505A-Drpl only 44 %. All our measurements confirmed

the model of the length-scale dependent diffusion inside living cells.

Finally, we tested the wild-type Drpl-EGFP variant. Unfortunately, the
two-component model was no longer applicable, so we used the
three-component model instead (Eq. 31, i = 3). Basing on our results from the
mutant Drpl variants, and their good conformity with the model, we used the
previously calculated diffusion coefficients of the dimer and the tetramer and
fixed their values in the fit (the third component was composed by the
additional unknown fraction with long diffusion times). The amplitudes of all
those fractions were treated as free parameters (also the diffusion time of long
component was free). In this way, we obtained the amplitudes of the dimer and
the tetramer equal to 0.34 and 0.15 respectively. We assumed, that all
oligomers exhibit the identical brightness (explained in the next paragraph). We
established the ratio of the cytosolic dimers to tetramers as 7:3. The summary

of all the results is presented in Table 5.
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Variant Drcs [pm?2/s] Amplitude Phenotype
K668E 15.54+£0.13 0.80 £0.09 monomer, low membrane affinity
G363D 9.14+£0.18 0.67 £0.10 dimer, low membrane affinity
CS05A 8.85+£0.12 0.44 £0.12 dimer, higher membrane affinity
Wild-type 9.1£0.50 0.34 £0.09 dimer and tetramer,
high membrane affinity
5.7+£0.40 0.15+0.05

Table 5. A summary of all characteristics of the Drpl-EGFP variants. Drcs
denotes the diffusion coefficient obtained for a given variant (or set values in
case of the wild-type). The amplitude of the FCS curve is proportional to the
relative concentration of the given component. () denotes standard deviation.

Brightness of the Drpl oligomers

The intensity of the fluorescent probe is proportional to the molecular
brightness of the probe. In the case of a mixture of various probes of different
brightness, also the FCS autocorrelation function depends on their relative
brightness (Kalwarczyk et al., 2017). So, for the determination of the relative
quantities of components in the mixture of different probes the brightness must
not be neglected. If the Drpl dimers or tetramers consisted of more than one
fluorescently labelled monomer, the changes of contributions of each
component to the FCS signal would be distorted. Four EGFP tags in tetramers
and two in dimers would result in the relative contribution of the tetramer to
the amplitude of the FCS autocorrelation function 4 times bigger than expected

solely on its concentration.

During the experiments concerning the Drpl oligomerization, we introduced the
plasmids encoding tagged variants of the Drpl into the cells expressing the
native functional protein. The concentration of the endogenous Drpl in HeLa
cells is approximately 0.6 mM (Michalska et al., 2018). The concentration of the
fluorescently tagged Drpl can be calculated from the FCS autocorrelation curve
amplitude (the amplitude is equal to 1/N, where N is the number of fluorescent
objects in the focal volume). The concentrations of fluorescent particles were

calculated using the following formula:

C= N 33
 Nymhw (33)

where N, is the Avogadro constant, h is the height of the detection volume

(assumed to be constant in all experiments and equal to 1*10-¢m, see:
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Figure 12.) and wo is the radius of the focal volume (for each experiment
established separately). The concentration of the fluorescent particles obtained
in such way ranged from 42 to 125 nM. The error in the determination of N is
smaller than 5 %. We further assumed, that the bigger oligomers of the Drpl
were immobile in the timescale of the conducted FCS measurements and do not
contribute to the FCS signal. Those huge entities were visible as immobile

bright spots.

Figure 12. The geometry of the focal volume inside an adherent cell. The
standard focal volume is slightly higher than the cytoplasmic region of the
adherent cell, so it can be approximated as a cylinder with height h and radius
wo.

By relating the amounts of the endogenous and the introduced Drpl we
obtained the fraction of the fluorescent EGFP-Drpl. It ranged from 7 to 22 %
(on average 12 £ 4 %). This shows, that there is an excess of the endogenous
Drpl inside the examined cells. Furthermore, the EGFP tag poses a steric
limitation when two labelled monomers are concerned, which promotes
assembly of the oligomers with only single tag. Taking into consideration all of
those observations, we assumed that all fluorescent entities have an equal

brightness corresponding to the single EGFP molecule.
Kinetics of the Drpl oligomerization

We observed the presence of both dimers and tetramers in cells expressing the
fluorescent wild-type Drpl (but not the monomers). We propose the three-step
oligomerization mechanism. First, dimers are formed from the Drpl monomers,
then dimers bind forming tetramers, and lastly, the creation of the membrane-
bound complexes based on the tetramers occurs. We proved, that the
quantification of dimer and tetramer fraction is possible, so also the calculation
of the equilibrium constant for the process of formation of tetramers from
dimers can be calculated. Unfortunately, two other steps are beyond the FCS
capabilities. The formation of the dimers from monomers is much faster than

time resolution of the FCS measurements, whereas binding of bigger oligomers
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to the mitochondrial membranes cannot be distinguished from the unspecific

interactions of the Drpl with other cytosolic content.

Kp is defined as the “dissociation equilibrium constant” of a protein-protein
complex (Pollard, 2010). In our experiments, it is calculated from the following

equation:

K, = Crcs . Adimer (34)
P Atetramer

Here, Cgrcs denotes the concentration of the detected molecules (i.e. the
expression level of the fluorescent Drpl), p is the fraction of the Drpl-EGFP to
the overall Drpl amount, and Agimer and Aietramer are, respectively, the
amplitudes of the dimer and the tetramer. In this way, the K, of the dimer-
tetramer formation was established for each cell tested. Our results
(summarised in Figure 13. A.) ranged from 0.16 to 2.5 uM, with the average of
0.66 £ 0.53 uM. Obtained values of the K, point to the moderate-high affinity of
the dimer-dimer interactions, which could have been expected for such reaction.
Up to date, no literature reference for our results exists. To confirm, that the
reaction takes place at the equilibrium conditions, we checked whether the
expression levels of the Drpl-EGFP affects the K,. No clear trend was visible
(Figure 13. B.). In spite of the relatively large heterogeneity of the population, in
the majority of cells the dimer-dimer affinity is high (K, < 1 uM).

Figure 13. (A) Box plot representing distributions of the K, of the
tetramerization of the Drpl in HeLa cells. The small square represents mean
value, box - inter-quantile range with the median inside, and the whiskers — 1st
and 4th quadrille. The crosses (x) denote 99 and 1% of all the results and the
dashes (-) maximal and minimal values obtained. (B) The K, plotted against the
concentration of the wild-type Drpl-EGFP. No correlation between those two
values exists.
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The final confirmation of the obtained results was achieved through the Monte
Carlo simulations. The physical values coming from our investigations were
input into the simulator. We obtained a set of the autocorrelation curves, closely
matching those coming from our experiments. An exemplary comparison is
shown in Figure 14. The average amplitude values acquired by the fitting of the
simulated curves with the length-scale dependent viscosity model (Eq. 21) were
similar to the experimental ones (0.36 + 0.06, 0.16 £+ 0.11, and 0.48 £ 0.06 vs.
0.34 £0.09, 0.15+£0.05, and 0.51 £0.1 for the dimer, tetramer and large
fluorescent fraction, respectively). This agreement further supports the

introduced interpretation of the data.
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Figure 14. The comparison of the experimental and the simulated FCS curves.
The experimental points are represented as circles, while the simulated data as
crosses. Nearly perfect correspondence is observed. The discrepancies for times
less than 0.1 ms come from the EGFP blinking, which was not simulated.

Oligomerization of the Drpl protein in HeLa cells

During the conducted experiments we were able to measure the diffusion
coefficients of different oligomers of the Drpl protein inside the cytoplasm of the
living HeLa cells. By doing so, we confirmed the reliability of the model of the
length-scale dependent viscosity of the cytosol. Furthermore, we proposed a
model of the oligomerization of the Drpl protein. First, the dimers are created
from the monomers, which later bind forming the tetramers and then larger,
membrane-bound entities. We were also able to calculate the dissociation
equilibrium constant for the process of formation of tetramers from dimers. Few

works are similar to ours. Often much more problematic double-labelled
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approach utilising the Forster resonance energy transfer (FRET) is applied
(Phillip et al., 2012), or the numerical analysis of the interactions is omitted
whatsoever (Maertens et al., 2005). Using the FCS Ohrt et al. (2008) studied the
formation of the multicomponent RNA-induced-silencing complex (RISC) in the
living human cells, and were able to show the differences in the size of this
structure in the cytoplasm and the nucleus. Our work is among the pioneering
investigations quantitatively tackling the issue of the protein-protein

interactions in vivo.

3.3.Viscosity in cancerous versus non-cancerous

cells

Kalwarczyk et al. (2011) suggested, that nanoviscosity may differ depending on
cell type, tissue and/or organism. Kalwarczyk et al. summarised the literature
data and created distinct models for human HeLa cells and also murine
Swiss 3T3 cell line. We made comparative studies of the length-scale dependent
viscosity in different human cell lines. We hypothesised, that healthy and
cancerous cells would have clearly visible differences. We also tested the cells

coming from different tissues and playing various roles in the organism.
Nanoviscosity in human cells

The HeLa cells are model cancerous human cells. Similarly, skin fibroblasts are
regarded as a model of healthy cells. Therefore we determined the viscosity in
both cell lines using the same probes and the same techniques. We also used
two cell lines from the same tissue (lung). A549 and HSAEC represent
cancerous and healthy lung epithelium, respectively. We characterised both of
them to a moderate extent. We also chose U20S, (bone cell line) as an
additional (cancerous) control for fibroblasts. Both of those cell lines are part of
the connective tissue. We also tested two additional cancerous lines coming
from the breast (MCF-7) and the liver (Hep G2) as the confirmation of obtained
results. The summary of all our results is presented in Figure 15.

and in Table 6.



Probe Ip [nm] HeLa Fibroblasts HepG2 MCEF-7 A549 U208 HSAEC
Calcein-AM 0.65 281+99 89.04 +£13.71 390.53 +60.15 446.95%31.69 240.79 +£95.34 339 £ 65
Dex-4.4 kDa 1.33 79 £ 21 54.44 £ 17.83 106.21 +£ 24.08 89.16 £ 20.37
EGFP 2.50 5611 21.18 £ 10.31

Dex-20 kDa 3.75 28.0+4.5 17.19 £+ 6.90

Dex-40 kDa 4.93 13.8 £ 3.0 15.55+7.81 17.76 £ 2.72

Dex-75 kDa 5.57 11.0 + 4.0 13.75 + 2.55

Dex-155 kDa 8.60 49+2.0 7.23 £1.52 10.38 £2.90 11.60 £ 1.48 8.53+£0.70 9.29 £ 3.10 6.64 + 2.55
Apoferritin* 9.43 5.5

NP S34 20.60 1.38 +0.28 2.18 £ 0.72 1.63 £ 0.34

NP S43 33.50 0.75%0.21 0.53 £0.33 0.85+0.17

NP S42 50.00 0.44 £0.08

Table 6. The summary of all the FCS measurements performed. The values in the table are shown as the average diffusion
coefficient D [um?2/s] obtained in the cell cytoplasm. The fibroblasts and the HSAEC are untransformed cell lines, others are
immortalised cancerous cells. (*) denotes the standard deviation. *Results for the apoferritin in the HeLa cells were obtained

under the same experimental conditions by Dr Jedrzej Szymanski from the Nencki Institute of Experimental Biology.
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Figure 15. Comparison of the nanoviscosity measured by FCS in different cell
lines The values are shown as In(n/no), where n and noe denote the viscosity
obtained in the cell cytoplasm and in water respectively. Circles represent
cancerous and diamonds healthy cell lines. Error bars denote standard
deviation.

We started the comparison of the viscosity in these cell lines by the FCS
measurements of model healthy cells — fibroblasts. They were used as a healthy
control for the experiments performed on the HeLa cells. These two cell lines
show obvious differences in their viscosities. In HeLa cells, the relative viscosity
is changing throughout whole tested range of probes, extending from the
nanoviscosity region for the smallest probes to the macroviscosity regime for the
biggest, with the moderate, steep change in-between them. In the fibroblasts, no
such change is visible. Apart from the biggest probe tested (with the radius of
50 nm), all data points seem to indicate, that the viscosity of the cytoplasm of
the fibroblasts is constant, irrespective of the size of the tracer (or this change is
only slight). This might indicate, that the viscosity of the cytoplasm of cancerous
and healthy cells differ, yet the data for the other cell lines disprove this
assumption. Our results for Hep G2, MCF-7, and A549 (all cancerous epithelial
cell lines, as HeLa is) closely resemble those of HeLa cells, which was expected.
But the viscosity values obtained in the second healthy cell line, HSAEC, fall in
line with cancerous cells, rather than healthy fibroblasts. This suggests, that
the difference between the fibroblasts and other cell lines does not come from

them being cancerous or not.
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All of the cells mentioned up to this point (apart from fibroblasts) come from the
epithelium (the outer layer of the organ), we checked whether this is the reason
for the observed discrepancies. Thus, we tested U20S cells, like fibroblasts,
come from the connective tissue (bone in case of U20S). The results for U20S
were similar to those for the HeLa line. We conclude, that this unusual viscosity
of the fibroblasts is the result of the organisation of the cytoplasm. Every cell
line tested is adherent, meaning that they grow attached to the surface of a
culture dish. Still, only the fibroblasts show distinct spindle-like shape
(suggesting a much more organised cytoskeleton), while the other cell lines grow
exhibiting a fried egg-like shape. Comparison of the fibroblasts and the HelLa
cells is shown in Figure 16. (every other cell line had the shape similar to the
HeLa cells).

Figure 16. A microscopic pictures of the HeLa cells (A) and the fibroblasts (B).

The additional proof confirming our predictions of the differences of the viscosity
observed in the fibroblasts and the other cells as resulting from the internal
architecture of the cytoskeleton comes from the observations made for the
biggest nanoparticles. In the HeLa cells, the nanoparticles of the radius of
100 nm were immobile, probably because they were bigger than the openings in
the actin meshwork. In the fibroblasts, already smaller nanoparticles (radius of
50 nm) were immobile. This is in line with the literature data. The distance
between the nodes of the actin mesh is slightly bigger than 50 nm (Luby-Phelps
et al,, 1986; Janson et al, 1996). Both of those works measured this value in
the fibroblasts. We hypothesise, that openings in the mesh size in the HeLa cells

are at least twice as big.
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Length-scale dependent viscosity of the cytoplasm of human cells

We showed how the effective viscosity of the cytoplasm changes with the size of
the probes in different human cells. The majority of the cell lines tested exhibit
similar trend in the viscosity. Only the fibroblasts differ from the other cells,
most probably due to a much more organized actin cytoskeleton. Our work
thoroughly describes the phenomenon of the length-scale dependent viscosity of
the human cells. Although no analogous works were done before, there are
some investigations in similar areas. For example, the optical tweezers were
used as a method for probing the mechanical properties of the cytosol. Hu et al.
showed that the size of a particle (and also its speed) influences the response of
the cytoplasm during the tracer dragging (Hu et al, 2017). Guo et al. compared
benign and malignant cancerous cells (Guo et al.,, 2014). They showed reduced
stiffness of the cell and increased traction forces in the cells of malignant
cancer. A comparison of the different cell types (including both cancerous and
healthy ones) was done by Guigas, Kalla and Weiss (2007a, 2007b). In their
works, they used the fluorescently tagged gold nanoparticles for the FCS
measurements. The results they obtained were highly inconclusive, once they
reported no difference in the viscosities of the cancerous and healthy liver cells
(Guigas et al.,, 2007b), and once they observed some differences (Guigas et al.,
2007a). Probably these inconsistencies result from poor characterisation of their
probe. They used colloidal gold covered with a layer of fluorescent dye. They
observed anomalous diffusion, but from our experience it follows, that probably

they released free dye into the cytoplasm together with the nanoparticles.
3.4.Changes of viscosity during the cell cycle

Final series of experiments addressed the issue of possible changes of the
viscosity of the cytoplasm of living cells during the cell cycle. During the cell
cycle, huge structural changes take place. We used the synchronised population
of HeLa cells constantly expressing the EGFP (enhanced green fluorescent

protein) for the studies of this issue.
Synchronization of the HeLa cells

The efficiency of synchronisation of the HeLa cells by the addition of aphidicolin
was tested. The aphidicolin blocks cell cycle progression at the G1/S border but

also can induce irreversible arrest of the cell cycle (Pedrali-Noy et al, 1980;
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Borel et al., 2002). We selected a few representative times (0, 1.5, 4, 8, 12, and
24 hours after aphidicolin removal) for the control of the experiment. The cells
at the given time were collected and subjected to the flow cytometry analysis.
The vast majority of the cells (up to 90 %) progressed through the cell cycle in
the synchronised fashion. Figure 17. shows that cells properly resume their
progression through the cell cycle (seen as the doubling of the DNA content)
after the removal of the aphidicolin. 24 hours later the distribution of cells

matches that of an unsynchronized control. Our results are in agreement with

Figure 17. Progression through the cell cycle in the synchronized HeLa cells.
Graphs show the content of fluorescently labelled DNA. The arrows indicate the
peaks characteristic for the diploid and the tetraploid cells (cells in G1 and G2
phases respectively).
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the literature data (Pedrali-Noy et al, 1980), and prove that aphidicolin

efficiently synchronizes cells and does not exhibit any cytotoxic properties.
Diffusion of the EGFP during the cell cycle

During the cell cycle, huge structural changes take place inside the cytoplasm
of the cell since it prepares its division and thus doubles all biomolecules inside.
We hypothesise, that such huge changes would have an impact on the viscosity
of the cytoplasm. We monitored the relative diffusion (with respect to the
diffusion in water) of the enhanced green fluorescent protein (EGFP) during the
cell cycle of HeLa cells during the cell cycle. The localisation of the EGFP inside
the HeLa cells during the main phases of the cell cycle is shown in Figure 18. A.

The graph summarising obtained results is shown in Figure 18.

Figure 18. (A) The localisation of the EGFP in the HeLa cells at a given phase of
the cell cycle (1.5, 10, and 14 hours after the aphidicolin removal for the S, G2,
and G1 phases respectively). (B) The changes of the relative viscosity 1/D of
EGFP with respect to water 1/Do measured in the HeLa cells cytoplasm. The
points represent the mean values taken from at least 5 cells with the error bars
denoting the standard deviation. The dashed line represents the mean value of
the whole experiment (Do/D = 1.76). The asterisks (*) mark statistically
significant changes between the points according to the unpaired Student’s t-
test, P<0.05. The coloured bar signifies the approximate duration of each phase
of the cell cycle.
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To our surprise, obtained results suggested a different scenario, than we
initially assumed. Immediately after aphidicolin removal, a brief lag phase was
observed. It was expected since the cell cycle progression needs time to restart.
After the full restart of the DNA replication system, during the S phase, the
relative viscosity of the cytoplasm (expressed as the ratio of the diffusion
coefficient of the EGFP in water (Do) to that measured in the cytoplasm (D))
increased noticeably. The hydrodynamic radius of the EGFP (2.3 nm) was
calculated using HYDROPRO software, and the value of diffusion coefficient of
the EGFP in water (128 um?2/s) from the Stokes-Einstein equation (Eq. 15).
Shortly after the DNA replication, the relative viscosity drops and remains
constant (Do/D = 1.76) throughout the rest of the cell cycle. This mean value
does not change between cells before and after the division. Although precise
identification of mitosis was impossible, we assumed, that the division of the
cells occurred around 12 hours after the aphidicolin removal. Thus, cells before
12 hours were treated as “mother” and after as “daughters”. Unfortunately, the
inability to pinpoint the mitosis precluded observations of any changes of the
viscosity of the cytosol during the transient disappearance of the cell nucleus.
The diffusion of the EGFP in the cells during the division was measured by
Pawar et al. and no changes were observed (Pawar et al., 2014). The average
value of the relative diffusion coefficient of the EGFP in the synchronised HeLa
cells is around 30 % smaller than that obtained in the unsynchronized cells
(1.76 vs. 2.29). This indicates that the aphidicolin synchronization has
previously undescribed, inhibitory effect onto the physiology of HeLa cells.

Impact of the aphidicolin

The impact of the aphidicolin synchronization was unexpected, so we studied
this effect further. We measured the size of synchronised cells at the same times
as previously and compared them to the unsynchronized controls. The

comparison (in form of the box plots) is summarised in Figure 19.

Our results show, that 24 hours of incubation with the aphidicolin causes an
overall decrease in the size of cells. We also observed a small, statistically
significant increase of the cell size with time. The effect of the aphidicolin is not
reversed even after 24 hours of the unrestricted growth (which corresponds to
one generation of the undisturbed development). According to the literature
data, aphidicolin does not influence any cellular processes apart from the DNA

replication, yet its effect on the cell physiology is prominent.
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Figure 19. The changes in the sizes of HeLa cells after the incubation with the
aphidicolin. The results are shown as the box plots with the small squares
representing the mean value, the boxes — inter-quantile range with the median
inside, and the whiskers — 1st and 4th quadrille. The crosses (x) denote 99 and
1% of all the results and the dashes (-) the maximal and the minimal values
obtained. Statistical significance: unpaired Student’s t-test. Single asterisks (*)
denote significant (P<0.05), double (**) very significant (P<0.005), and triple (**¥)
extremely significant (P<0.0005) statistical changes. The colours of bars are
related to that of the cell cycle progression from Figure 18. B.

Changes of viscosity during HeLa cell cycle - discussion

We monitored the viscosity of the cytoplasm during the cell cycle of HeLa cells.
Our approach is the most thorough presented in the literature. Liang et al.
(2009) also studied the viscosity of the cytoplasm. They focused their attention
only on the three interphase phases (G1, S, and G2). They also noted slight
change of the viscosity during the S phase. However, they show the opposite
effect. In their experiments, the viscosity of the cytosol of cells during the DNA
replication decreases. We assume, that this difference originates from their
method of synchronization. For each of the timestamps studied they utilised a
different method/agent, each with a different molecular target (the mimosine for
the G1 phase, the thymidine block for the G1/S boundary, and the colchicine
for the G2 phase). We show that the synchronization can have an unpredictable
effect, which has to be taken into consideration. It seems plausible, that every

perturbation of the cell cycle could give rise to changes in the physiological
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condition of the treated cells. Our approach utilizing a single agent for the

synchronization seems to be more appropriate.

On the first glance, the results we obtained are surprising. We anticipated, that
enormous changes of the structure and composition of the cytosol of living cells
undergoing the cell cycle would have an impact on the diffusion rates of the
cellular constituents. Basing on the literature data (Pedrali-Noy et al, 1980;
Spadari et al, 1982), we assumed that the cells synchronized with the
aphidicolin would function normally (except for the influence on the DNA
synthesis). However, our results suggested a different scenario. During the cell
cycle, only transient increase of the viscosity of the cytoplasm is present during
the S phase. In human cells, the DNA replication is tightly connected to the
well-being of the whole cell. Kung et al. (1993) proved that in the HeLa cells the
inhibition of the DNA synthesis causes a down-regulation of the protein
production which arrests the cell growth. Such action prevents the
accumulation of abnormal levels of the regulatory proteins, which would
otherwise cause great disruptions of the regulatory pathways. So, the action of
every synchronizing agent has to be considered as cytotoxic. The cell cycle
arrest “toxicity” comes not from the direct action of synchronizing agents, but
rather from the alterations of the ratio of the cell size to the DNA content (Kung,
Sherwood, et al.,, 1990; Kung, Zetterberg, et al, 1990). This assumption is
further supported by the similar experiments concerning mitochondria.
Posakony et al. (1977) shown, that corresponding phenomena of a stable ratio of
the cell size to the volume of mitochondria in the undisturbed cells is tightly

controlled throughout the cell cycle.

Considering the cytosol as a crowded environment favours the existence of the
stable physiological nanoviscosity. The majority of processes taking place inside
the cells are diffusion-dependent, so their speed depends also on the viscosity of
the environment. The extent of these changes was described in many works
(e.g. Minton, 2001; Sasaki et al.,, 2006, 2007). But, not only are the diffusion-
limited reactions dependent on a stable value of the viscosity. The active
transport may be also influenced. Sozanski et al. (2015) showed, that kinesin-1,
one of the most robust and powerful transport proteins is highly susceptible to
the local changes of the nanoviscosity. The kinesin is stopped at the
microtubule when the nanoviscosity exceeds 5 times the water viscosity. Taken

together, all of these results favour the maintenance of the stable physiological
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viscosity of the cytoplasm. We, therefore, hypothesise that inside the cells there
exists an unknown mechanism responsible for the sustaining of the
nanoviscosity at a constant level. This mechanism ensures that drastic

disturbances of the viscosity of the cytoplasm are avoided.

The aphidicolin binds only to the dCTP (deoxycytidine triphosphate) binding site
and in this way stops the action of the DNA polymerase (Baranovskiy et al.,
2014). Apart from the molecular target of the aphidicolin, no data about the fate
of aphidicolin inside the cytosol and its clearance is available. Basing on our
results we can only hypothesise. We observed, that the cells synchronized by
the aphidicolin have significantly reduced size and viscosity of cytosol when
compared to the untreated control. This effect is more prominent shortly after
the removal of the cell cycle block. Two possible scenarios of the action of the
aphidicolin can be imagined. The aphidicolin binds to the DNA polymerase
molecules only transiently. Despite the expunge of the aphidicolin, the influx of
the new ones from the medium (where an excess of the aphidicolin is present)
creates an equilibrium between the movements in and out of the cells. This
causes the replication apparatuses to be efficiently stopped on the DNA strands.
After the removal of the excess of the synchronization agent from the medium,
the remaining molecules are quickly removed and the DNA replication resumes.
In the second scenario, the DNA polymerases are permanently blocked by the
aphidicolin. Then, the deactivated polymerase molecules are detached from the
DNA and destroyed. New polymerase molecules are constantly being
synthesised, but are also rapidly blocked by the influx of the aphidicolin from
the media. Wahl et al. (1988) and Zeng et al. (1994) already described such
equilibrium of the creation and the destruction of the DNA polymerases. The
DNA replication restarts as soon as the active population of the polymerases is
restored. Both of those scenarios have a common result — the DNA replication is
efficiently blocked by the aphidicolin presence. Helmrich et al (2011) and
McGlynn et al. (2012) showed, that replication and transcription of the DNA
have to be spatially separated. Collisions of those two processes lead to the
disruption of the proper cell function. So, during the cell cycle arrest caused by
the aphidicolin, no new RNA is produced (also, the existing one has limited
half-life). This explains the cessation of the protein production and reduction of

the cell size.
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The interior of the human cells is an extremely intricate and complex
environment. Numerous structures of varying size and complexity are confined
by cellular organelles. Also, long biopolymers intertwine with each other
creating a vast meshwork of molecular pathways and openings between them.
In-between the organelles and the cytoskeleton myriad of proteins, nucleic
acids, ions and complexes of each are solvated with the intercellular water
molecules. Together all of them create a crowded environment in which
chemical characteristics of such solution differ significantly from those observed

in the uncrowded water solutions.

Majority of biochemical and biophysical processes are preferentially measured
under simpler conditions of a buffered water in test tubes. Only recently, clearly
visible discrepancies between in vitro and in vivo conditions are receiving
increased attention. Still, the uniform descriptions of the conditions present in
the cellular environment remain scarce. This thesis aimed to elucidate one of

the key physical characteristics of the living crowded systems — the viscosity.

We used previous works reporting the length-scale dependence of the viscosity
on the size of tracer travelling through the cytoplasm of living human cells as a
starting point of our investigations. We studied the length-scale dependent
viscosity improving the accuracy and precision of its determination. We used
the fluorescence correlation spectroscopy (FCS) for this study. This technique
allowed for the precise, quantitative measurements of the diffusion coefficients
of fluorescent or fluorescently tagged probes of different sizes. We chose the
tested tracers for their reported inertness with respect to the cytoplasmic
contents. Among the tested molecules were small dyes, complex branched
sugars (dextrans), proteins and nanoparticles, all ranging from 1-100 nm in the
radius. During our experiments, we used several distinct cell lines. Most of our
research focused on two model cell lines: the HeLa cells (cervical cancer) and
the fibroblasts (coming from healthy skin). Plus, healthy human primary small
airway epithelial cells (HSAEC) and their cancerous counterparts A549, both
coming from lung, were used. Additionally, we also tested U20S (bone
osteoblastoma), Hep G2 (liver cancer) and MCF-7 (breast cancer). We did not
simply apply the model of the length-scale dependent viscosity of the cytoplasm
for the study of the different cell types. To prove the usefulness of the model and

our approach, we studied the oligomerization of the dynamin-related protein 1
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(Drpl). Additionally, we monitored the changes of the nanoviscosity

(experienced by the EGFP) of the cell cytoplasm during the HeLa cell cycle.

During our meticulous studies, we measured the diffusion of different kinds of
tracers inside the living HeLa cells and confirmed the previously described
model of the length-scale dependent viscosity. We observed, that depending on
the size of the probe, the cytosol of HeLa cells crosses from the nanoviscosity
regime, through the moderate region of rapid change into the macroviscosity.
Then, through a series of theoretical calculations, we proved, that the relation of
the size and the experienced viscosity in the cytosol of the living cells, can be
utilised for the studies of oligomerization of the Drpl. Thanks to the application
of different mutated variants of the Drp1-EGFP fusion protein, we quantitatively
monitored the diffusive motion of the monomers, the dimers, and the tetramers.
Basing on the investigations of the mutant Drpl variants, we also convincingly
described the behaviour of the wild-type Drpl. Furthermore, we were able to
calculate the kinetic parameters of the equilibrium between the dimeric and the

tetrameric forms of the Drpl.

After the creation of the model of the length-scale dependent viscosity of the
cytoplasm of the HeLa cells and testing its functionality during the
investigations concerning the oligomerization of the Drpl protein, we checked
whether all human cells conform to the same model. First, we meticulously
investigated the human skin fibroblasts. Then, we further expanded our
approach by including cancerous cell lines (Hep G2, MCF-7). We also used two
closely related cell types (HSAEC and A549) representing healthy and cancerous
lung. Finally, we tested U20S line, as an example of the cancerous connective
tissue. From all those investigations, we made unexpected observations. Apart
from fibroblasts, all cell lines, no matter their origin, or character, resembled
HeLa cells. We propose an explanation for this observation: the fibroblasts have
differently organised actin cytoskeleton than other cells. Our hypothesis is
further supported by the noticeably distinct shape of the fibroblasts and
different behaviour of the biggest objects tested when compared to the results

obtained for the HeLa cells.

Our last experiment concerned the changes of the nanoviscosity of the cell
cytoplasm during the cell cycle. Every living cell has to divide, and the cell cycle
is a series of processes designated to do so. Before every division, all cell content

has to be duplicated. That should impact the physiological conditions inside the
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cytosol. Our results coming from the monitoring of the diffusion of the EGFP in
the HeLa cells for 30 hours disprove this assumption. Apart from the slight, but
statistically significant, transient increase during the S phase (the DNA
synthesis), the nanoviscosity of the cytoplasm in the living cells experienced by
the EGFP remains on a constant level. This result may indicate, that previously
unknown mechanism maintains the physiological viscosity of the cytosol. Our
hypothesis is supported by different works showing how changes of viscosity
could prove disastrous for the well-being of the cell. We also observed the side
effect of the cell cycle arrest by an external agent — the aphidicolin. We

discussed two possible explanations of the inhibiting action of the aphidicolin.

In summary, this thesis provides a meticulous description of the studies
concerning the subject of the viscosity of living human cells. Our data show,
how important it is to take into consideration the viscosity when performing any
experiments in vivo. Disregarding the impact of viscosity may lead to immense
miscalculations and misinterpretations. We provided explanations of different
phenomena, which open up many different paths to be followed. We proved,
that the fluorescence correlation spectroscopy is an effective tool for
investigations of diffusion inside living cells. Similar investigations could be
performed in the distinct sub-cellular compartments and organelles. The FCS
allows measuring the kinetics of different biochemical complexation reactions.
More ambitious plans could extend to the tracing the action of drugs after their

introduction into the cells.
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