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Deutsche Zusammenfassung

Die Natrium-Kalium-ATPase (Na,K-ATPase) ist eine spannungsabhéngige Ionenpumpe
und eines der bedeutendsten Membrantransport-Proteine, welche insbesondere in erreg-
baren Zellen des zentralen Nervensystems von hoher physiologischer Bedeutung sind. Die
Na,K-ATPase transportiert, gegen den chemischen Konzentrationsgradienten unter ATP
Hydrolyse, drei Natriumionen aus der Zelle und zwei Kaliumionen in die Zelle. Diese
beiden Prozesse sind strikt aneinander gekoppelt und halten somit die elektrochemischen
Gradienten fiir Na™- und K'-Ionen iiber die Plasmamembran der Zelle aufrecht. Mutatio-
nen in den Genen der verschiedenen Isoformen der Na,K-ATPase a-Untereinheit konnen zu
schweren Erkrankungen wie familidrer hemiplegischer Migriane (FHM Typ 2), alternating
hemiplegia of childhood (AHC) oder Epilepsie fithren. Viele der bereits bekannten Muta-
tionen filhren zum Verlust ihrer Funktion auf molekularer Ebene, wohingegen andere die
Funktion des Enzyms nicht veréindern oder beeinflussen. Stattdessen verursachen diese
Mutationen eine reduzierte Proteinstabilitét, verringern die Proteinexpression oder fithren

zur defekten zellularen Lokalisation.

In dieser Arbeit wurden verschiedene Mutationen in der Na,K-ATPase os-Untereinheit
untersucht, die mit der Bindung der Na,K-ATPase an andere membransténdige Proteine,
wie z.B. Caveolin-1 (NaK-AC, NaK-AN), oder an Bindungsproteine des Zytoskeletts, wie
Ankyrin B (NaK-K456E) assoziiert werden sowie der Fixierung innerhalb der Plasmamem-
bran dienen. Es wird angenommen, dass diese Mutationen zu verénderter Zielsteuerung des
Enzyms, Verinderung der Lokalisierung in der Plasmamembran und damit zur Anderung

des Diffusionsverhaltens des Enzyms fiihren.

Das Diffusionsverhalten der verschiedenen Konstrukte in der Plasmamembran von lebenden
HEK?293 Zellen wurde mit zwei verschiedenen Messtechniken untersucht, zum einen mit der
Fluoreszenzkorrelationsspektroskopie (FCS) und zum anderen mit Fluorescence recovery
after photobleaching (FRAP). Beide Verfahren erfordern die Markierung der zu beobach-
tenden Proteine mit geeigneten Fluoreszenzmarkern. Da in der Literatur beschrieben ist,
dass genetisch kodierte Fluoreszenzproteine wie das griin fluoreszierende Protein (GFP)
zu Artefakten durch Photoschalten in FRAP-Messungen fithren, wurde aufserdem das re-
versibel schaltbare Dreiklang Protein (DRK) als Marker verwendet. Es konnte gezeigt
werden, dass DRK als Marker fiir FCS-Messungen nicht geeignet ist, da das Protein un-
bekannte photophysikalische Prozesse durchlduft, welche sich auf der gleichen Zeitskala, wie

die zu erwartenden Diffusionséinderungen, abspielen und somit diese iiberlagern. Die ver-
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schiedenen eGFP-Na,K-ATPase Mutanten zeigten im Vergleich zum Wildtyp signifikante
Unterschiede bei FCS-Messungen. Alle Mutanten wiesen eine deutlich schnellere Diffu-
sion auf als der Wildtyp, was auf eine gelockerte Bindung an der Membran zuriickgefiihrt

werden kann.

FRAP-Messungen unter Verwendung von eGFP als Fluoreszenzmarker zeigten deutlich
eine sehr schnelle Diffusionskomponente, welche auf das reversible Photoschalten der Pro-
teine zuriickzufiihren ist und damit die Messung fiir kleine Unterschiede im Diffusionsver-
halten unmdglich machen. Die gleichen Ergebnisse wurden auch fiir DRK markierte Zellen
unter Standard FRAP Bedingungen beobachtet. Dieses Problem konnte mit Hilfe von
reversiblen FRAP-Messungen umgangen werden, indem DRK in seinen ausgeschalteten
Zustand gebracht wurde, anstatt DRK irreversibel zu bleichen. Anhand dieser Messun-
gen konnten signifikante Unterschiede der DRK-Na,K-ATPase Mutanten im Vergleich zum
Wildtyp beobachtet werden. Es muss aber hier angemerkt werden, dass diese Messungen
nur als qualitative Untersuchung angesehen werden kénnen, da DRK durch thermische
Reaktivierung wieder in den eingeschalteten Zustand zuriickkehren kann und dieser Prozess

die zu beobachtenden Diffusionsprozesse iiberlagert.

Die in dieser Arbeit durchgefithrten Messungen eréffnen eine neue Sichtweise fiir die Un-
tersuchung der Na ,K-ATPase und lassen Riickschliisse auf die Fixierung innerhalb der
Plasmamembran und die Bindung an andere Adapter- oder Matrixproteine zu. Dadurch
kann in zukiinftigen Untersuchungen die FCS Messtechnik genutzt werden um unbekan-
nte Mutationen zu studieren, welche mit verschiedenen Krankheiten assoziiert werden und

somit einen wertvollen Beitrag zur Erforschung deren Ursachen leisten konnen.



Abstract

The Na,K-ATPase is a plasma membrane ion transporting enzyme, which is of high phys-
iological importance especially in excitable cells of the central nervous system. It converts
the energy from ATP hydrolysis to electrochemical gradients of Nat and K ions across
the cell membrane. The enzyme transports three sodium ions out of the cell and two

potassium ions into the cell for each hydrolyzed ATP molecule.

Mutations in genes coding for Na ,K-ATPase isoforms lead to severe human pathologies
like familial hemiplegic migraine (FHM), alternating hemiplegia of childhood (AHC) or
epilepsy. Many of the reported mutations lead to loss-of-function effects on the molecular
level, but others do not alter the function of the enzyme. Instead, to e.g. reduced protein
stability, reduced protein expression or defective cellular localization may result. Therefore,
the overall understanding of the implementation of the Na,K-ATPase into the plasma
membrane is of great interest. By mutational disruption of binding sites of the Na,K-
ATPase with ankyrin B (NaK-K456E) and caveolin-1 (NaK-AC, NaK-AN) it could be
expected to observe changes in the plasma membrane targeting of the enzyme and changes
of the localization within the plasma membrane and, consequently, of the diffusion behavior

of the enzyme.

The diffusion behavior of the different Na,K-ATPase constructs in the plasma membrane
of living HEK293T cells was studied with fluorescence correlation spectroscopy (FCS) and
as well with fluorescence recovery after photobleaching (FRAP). Both methods require la-
beling of the observed proteins with suitable fluorescent markers. Since from the literature
it is known that common genetically encoded fluorescent proteins, e.g. eGFP, lead to arti-
facts in diffusion studies by FRAP due to photoswitching, the reversibly photoswitchable

fluorescent protein Dreiklang (DRK) was used in addition as fluorescent marker.

FCS studies on the Na,K-ATPase labeled with DRK lead to the conclusion that DRK
is unsuitable for FCS analysis. It seems that DRK undergoes photophysical quenching
processes, which occur on the same time scale as the observed diffusion times and, thus,
small differences in diffusion are not measurable. The different Na,K-ATPase mutants
labeled with eGFP exhibit significant differences in the diffusion behavior within the plasma
membrane compared with the Na,K-ATPase wild-type.

FRAP measurements on the Na,K-ATPase labeled with eGFP do not show significantly
different results, but affirm the problems mentioned above. On the other side, DRK as
fluorescence marker studied with standard FRAP settings also exhibits artificially short-

ened diffusion components, which can be attributed to reversible photoswitching of the
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fluorescent proteins and, therefore, these data are biased by photophysical artifacts. This
problem is overcome by reversible FRAP experiments with DRK as fluorescence marker.
However, these reversible FRAP data should be considered as a first qualitatively result
and gives a hint about the different diffusion behavior of the various Na,K-ATPase con-
structs, because a thermically reactivation of the OFF-switched proteins into the ON-state

is possible.

These measurements open another view on the study of the implementation of the Na,K-
ATPase into the plasma membrane and provides the opportunity to gain a deeper under-
standing of the binding or fixation of this enzyme within the membrane. FCS measurements
can be therefore used in future investigations on Na,K-ATPase mutants linked to several

diseases.



1 General Introduction

Every life on earth begins with the formation of a cell. It is the smallest unit that is
autonomously capable for reproduction and self-preservation and almost all known

living organisms or systems are constructed from it.

Living systems rely on the integrity of biological membranes, which enclose cells
and are crucial to many cellular processes such as membrane transport, sensing and

signaling as well as energy transduction and catalysis.

The Na,K-ATPase is one of the most important membrane transporter proteins in
animal cells since its active transport mode of exporting 3 Na™ ions in exchange for
the import of 2 Kt ions per hydrolyzed ATP molecule is the main mechanism to
energize animal cell membranes. This is particularly important in electrically active
tissues like the cardiac muscle or in cells of the central nervous system (CNS), in
which the contribution of the Na,K-ATPase to total energy consumption can reach
values of up to 50 %. The minimal functional unit of the Na,K-ATPase is composed
of a large, catalytic a-subunit and a smaller (3-subunit, which stabilize the complex
in the plasma membrane. Depending on the tissue, a third, y-subunit is present,
which belongs to the family of FXYD-domain containing ion transport regulator pro-
teins, from which FXYD2 is the originally identified y-subunit. A still unresolved
controversy exists, whether higher oligomeric assemblies (such as «f3-f ) are formed
within a physiological context [1]. In humans, four isoforms of the a- and three of
the [-subunit exist, of which o is ubiquitously expressed, whereas o, is present
e.g. skeletal, heart and vascular smooth muscle, or in the adult brain mainly in glial
cells, a3 is typical for neurons, and oy is only found in male sperm. In recent years,
several human inherited diseases have been linked to Na,K-ATPase «-isoforms. Mu-
tations in the oy gene ATP1A2 result in familial hemiplegic migraine type 2 (FHM2)
[2-5], whereas mutations in the o3 gene ATP1A3 have been linked to rapid dysto-
nia parkinsonism (RDP) [6, 7], alternating hemiplegia of childhood (AHC) [8], and
CAPOS syndrome [9]. It is well established that the Na,K-ATPase can form higher
heteromeric protein complexes with other membrane proteins such as the Na*/Ca*"
exchanger (NCX) or the inositol-1,4,5-trisphosphate receptor IP3R [10], and with

scaffolding proteins like ankyrins, tubulins or caveolins. Of note, mutations in in-
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teraction motifs associated with ankyrin B are implicated in the cardiac long-QT
syndrome LQT4, presumably by causing misrouting of Na,K-ATPase and NCX1 in
heart muscle cells [11]. Thus, it can be expected that also FHM2, RDP and AHC
mutations may not only affect protein function, but have also an impact on targeting
of the enzyme to specific membrane microdomains or anchoring to the cytoskeleton
meshwork or cellular matrix proteins, which would largely influence the dynamic
behavior of the protein. Since these effects are currently out of the scope of con-
ventional functional studies of Na,K-ATPase mutants, assays need to be developed
that allow for the monitoring of the dynamic properties of individual Na,K-ATPase
enzymes in the membranes of living cells. These methods should be able to dis-
criminate between the fraction of mobile and immobile Na,K-ATPase molecules and
provide data about the diffusion behavior of the Na,K-ATPase within the plasma
membrane, which can best be performed by fluorescence correlation spectroscopy

(FCS) or by fluorescence recovery after photobleaching (FRAP) techniques.

On the one hand, fluorescence correlation spectroscopy (FCS) is an experimental
technique to measure thermodynamic fluctuations on a molecular level as a function
of time or frequency, so that e.g. diffusion constants or, more importantly, the rates
for forward and backward chemical reactions can be determined under conditions
of chemical equilibrium. FCS was first introduced in 1972 by Magde, Webb and
Elson [12] to study the kinetics of a fluorescent molecule binding to DNA. This
method, which was common in the 1970ies, laid strong focus on its use as a relaxation
technique that allowed for the determination of rates of individual reaction steps
of a physico-chemical process. It soon emerged that FCS equally well allows for
the determination of concentration (below the nanomolar range), translational and
rotational diffusion times in two- or three-dimensions, singlet-triplet state conversion
and conformational fluctuations [13-21], even within living cells or in fluidic systems
[22].

On the other side, another very common technique to study the mobility of mem-
brane-embedded proteins is the fluorescence recovery after photobleaching (FRAP).
FRAP was firstly introduced in 1970s by Axelrod et al. [23] and become more and
more popular in the field of medicine and biology since commercial confocal laser
scanning microscopes (CLSM) are available (early 1990s). This technique measures
the diffusion of fluorophores in a region of interest after a strong bleaching pulse and
allows the determination of mobile and immobile fractions as well as the calculation
of the diffusion coefficients [24-29].

In conclusion, FRAP observes the diffusion of chromophores in a photobleached
area of some square micrometers and measures the recovery time of the fluorescence

signal. On the other side, FCS observes the fluorescence intensity fluctuations of



molecules diffusing across a confocal volume of about 1 fL.. FCS allows the simulta-
neous observation of multiple fast-diffusing molecular species, while FRAP is limited

to a temporal scale of the diffusion time above 1 ms.

Both methods (FCS and FRAP) require labeling of the observed proteins with
appropriate fluorescent markers that need to match photophysical constraints de-

pending on the used application.

A suitable class of markers for diffusion assays are genetically encoded fluorescent
proteins (FPs) due to the very high labeling specificity. In the last two decades fol-
lowing the discovery of the green fluorescent protein (GFP) from the jellyfish Aquorea
victoria by O. Shimomura [30], GFP and its spectral variants, including homologs
from many other species (corals, sea pens, sea squirts, and sea anemones), have be-
come indispensable tools in modern molecular, cellular and developmental biology,
medicine and biophysics. Molecular engineering approaches have created a large
variety of chemical sensors along with spectroscopic probes e.g. for protein track-
ing, or for the investigation of protein-protein interactions as well as conformational
changes by fluorescence resonance energy transfer (FRET). Furthermore, the design
of optically switchable FPs has been demonstrated, which coexist in multiple fluo-
rescent and dark isoforms. These have been proven particularly useful for improving
imaging contrast or for the application of optical super-resolution techniques on the
single molecule level such as STORM (stochastic optical reconstruction microscopy,
[31]), STED (stimulated emission depletion, [32-34]) or PALM (photoactivated lo-
calization microscopy, |35]). However, the potential of photoswitchable molecules is
limited if photoactivation or deactivation can be performed only once, which impedes
repeated measurements with the same molecule. Moreover, early FP-derived photo-
switches suffered from significant spectral overlap between the ON-/OFF-switching
and the fluorescence excitation spectral bands. For example, the excitation of the
fluorophores was simultaneously triggering the switching into the dark state (rsTa-
gRFP) [36]. The first photoswitchable FP derivative to overcome these limitations
was Dreiklang (DRK), in which - for the first time - the spectral bands for ON- and
OFF-switching, as well as excitation, are sufficiently separated to selectively trigger
the fluorescence signal of the switching process. The unique molecular switching
mechanism of DRK relies on a reversible, light-induced water addition/elimination
reaction in the proximity of the chromophore [37]. In contrast to Citrine, the fluo-
rophore from which DRK was derived, nearly 100 % photoswitching efficiency was
obtained at a greatly improved photostability, compared to other photoswitchable
FPs like rsTagRFP or Dronpa.

From literature it is known that FRAP measurements under commonly used FRAP

settings with standard fluorescent proteins (e.g. eGFP, eYFP or Citrine) used as
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marker can lead to significant artifacts in the experiments. These artifacts show
up as a short component which could be attributed to a photoswitching process of
the chromophores and often leads to an overestimation of the mobility and to false

conclusions about the diffusion behavior [38-40].

Since the photoswitchable FP Dreiklang seems to be a promising tool for both
experimental schemes, this study aims at a comparison between DRK with the
conventional, nonswitchable eGFP in FCS and FRAP applications on membrane
proteins. Furthermore, different mutations on the Na,K-ATPase, which are involved
in mediating the fixation of the enzyme within the plasma membrane are studied in

diffusion measurements.

This thesis starts with the biological materials, which contains a short introduction
about cell biology, the Na,K-ATPase and the different utilized fluorescent proteins,
following by the used molecular biological methods (chapter 2). In chapter 3 the the-
oretical background of different microscopy techniques is given and the experimen-
tal setups are presented. Expression studies of the Na,K-ATPase FHM2 mutation
P979L and the WT at different incubation temperatures is presented and exhibited
results discussed in chapter 4. Chapter 5 reveals a spectroscopic characterization of
the fluorescent protein Dreiklang like absorption and emission studies at various pH-
values. Finally, diffusion studies of different Na,K-ATPase constructs in the plasma
membrane of living cells were performed with two different measurement techniques
(FCS and FRAP) and were compared. Also for these measurements two different
fluorescent labels (eGFP and DRK) were tested (chapter 6).



2 Biological Materials and
Molecular Biological Methods

2.1 Cellbiology and Cell Lines

2.1.1 About the Cell

The cell is the smallest living unit from which all creatures and plants are composed.
In general, a distinction is made between two types of cells, prokaryotic cells and
eukaryotic cells. Prokaryotic cells have no nucleus and are the simplest cell form.

They are composed of two groups, bacteria and archaea.

For this work, eukaryotic cells are of interest, which differ from the prokaryotic cells,
because they have a nucleus in which the deoxyribonucleic acid (DNA) molecules are
included. For these reasons, eukaryotic cells are also larger and more complicated
than prokaryotic cells. These cells are mostly multicellular organisms to which plants
and animals belong. This type of cells has a very similar construction and differs
only in some small parts. Figure 2.1 shows the scheme of a typical animal or human
cell with the different main components and organelles.

Every cell is surrounded by a plasma membrane, which is composed of a double layer
of lipid molecules and is approximately 5 nm thick. The membrane separates the
cell interior from the environment and serves as a barrier. Nevertheless, to ensure an
exchange of nutrients and waste products, the membrane is interspersed with highly
selective channels and pumps. These are made of special protein molecules that
allow specific substances to be taken up and others to be transported to the outside.
More details on these proteins are given in section 2.1.2. In addition, membranes
contain sensors that can receive information about external changes and thus react
to them. Membranes can be adapted to the cell size, by inflicting membrane parts
and are able to deform without tearing. If the membrane is damaged it does not

collapse back upon itself, but the membrane seals the concerned area.

Archaic bacterial forms have only one membrane, the plasma membrane. In con-

trast, eukaryotic cells have in addition many internal membranes, which enclose in-
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tracellular compartments. This results in many organelles, such as the endoplasmic
reticulum (ER), the Golgi apparatus and the mitochondria. The inner membranes
have a similar composition and function as the outer plasma membrane, and they
serve also as barriers between areas of different molecular compositions. The subtle

differences that exist, give the respective organelles their special properties.

Mitochondrion Plasma membrane

Cytoplasm

Nucleus

Nucleolus Peroxisome

Lysosome

Golgi vesicles
Golgi Apparatus

Endoplasmic reticulum

Vesicles

Figure 2.1: Components of a typical animal/human cell.

The most prominent organelle of an eukaryotic cell is the nucleus. It has a diameter
of about 4 um to 6 um, and is enclosed by two concentric membranes the so-called
nuclear envelope. The core is containing the DNA molecules, which are extremely
long polymers, in which the genomic information of the organism is encrypted. The
core forms the control center of a cell. Furthermore, the nucleus contains one or more
nucleoli, which do not have an own membrane. The number of contained nucleoli
depends on the cell type, but the ribonucleic acid (RNA) and additional proteins are
stored in all of them. The nucleolus is mainly involved in the assembly of ribosomes.
Moreover, the core has a network which strengthens its mechanical structure, similar
to the cytoskeleton in the cell. The surrounding double membranes are not uniform,
but they merge into one membrane at several places. A direct exchange of material

with the cytosol is possible through pores in this area.

The lumen contained by the membrane structure of the nucleus is in direct commu-
nication with the three-dimensional channel system of the endoplasmic reticulum
(ER). The ER is an irregular, branched labyrinth of elongated membrane vesicles
and extends through the entire cytoplasm. Most cell membrane components and

substances for active and passive transport from the cell are produced in it. These

10
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ER membranes are often occupied on the outside by ribosomes, which are commonly
referred as rough endoplasmic reticulum. The synthesized proteins are usually pack-
aged in vesicles and then pinched out of the membrane. They move then to the Golgi
apparatus, where they fuse again with the membrane system. The Golgi apparatus
forms a separate membrane system on its own and consists of flattened membrane-
bound sacs that are arranged in stacks and they chemically modify partially the
captured proteins. After transport through the Golgi system the proteins are passed
to different locations in the cell, or even further to the outside. The Golgi apparatus
is also involved in the formation of the plasma membrane and of the membrane
of lysosomes. Lysosomes are small, irregular and individual vesicles in which the
intracellular digestion of substances is done. Escaping nutrients from food particles
and unwanted molecules are degraded in lysosomes. In addition, the lysosomes take
also a part in the lysis of cell components, especially during the cell death. Other
small membrane-enclosed vesicles are the peroxisomes, which prevail in the interior
an ideal environment for oxidising chemical reactions. In these reactions, hydrogen
peroxide is generated, and also removed again. Furthermore, many other different
types of vesicles can be found in the cytoplasm, which are involved in the transport
of materials between the different organelles. This ensures a constant exchange of
proteins and other materials between the ER, the Golgi apparatus, the lysosomes,
and the remaining cell environment. One of the most prominent organelle besides
the nucleus, are the mitochondria, which are found nearly in all eukaryotic cells.
Mitochondria are worm-like factories, which can be one to several microns in length
and one micron in diameter. They are surrounded by two different membranes and
the inner one form wrinkles, the so-called cristae, in the interior. Mitochondria con-
tain their own DNA and accrete themselves by bisection. Furthermore, they are
responsible for the oxidative final degradation of the nutrients and the adenosine
triphosphate (ATP) generation. They are therefore usually referred as the power
plants of the cell, because they partially use the released energy from the respiratory
chain reaction to synthesize ATP. This is the most basic energy vector that drives
almost all cell activities.

In addition to the various organelles mentioned above, the cytoplasm is the basic
structure, which fills the whole cell. The cytoplasm consists of the liquid cytosol and
the fixed cytoskeleton. The biggest compartment in the cell is the cytosol, which
contains the liquid constituents that are not separated by a membrane. It contains
small as well as large molecules, which are so densely packed that it acts more like
a gel than an aqueous solution. Many essential reactions take place in the cytosol,
such as the first steps in setting up and dismantling nutrients and the protein pro-
duction. The fixed part of the cytoplasm is called cytoskeleton and is a filament

assembly, which consists of proteins. It is tightened in a criss-crossed manner in the
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cell and responsible for movement and shape of the cell. Furthermore, it enables the
transport of organelles and molecules from one place to another in the cytoplasm.
There are three types of filaments with different tasks. The thinnest filaments are
the actin filaments and they are found in all cells, but preferably in muscle cells.
Microtubules are the thickest filaments and carry their name because they look like
tiny hollow tubes. They are involved in cell division and deliver the chromosomes to
the daughter cells. For the mechanical strength of the cell the intermediate filaments
are responsible, they are in the range between the other two filaments. The whole

filament system is always on move and permanently undergoes restructuring [41, 42|.

Figure 2.2: Mllustration of different compartments in living HEK293 cells. The different areas are
marked with the fluorescent protein Dreiklang. As expected, the fluorescence in the
cytoplasmically labeled cells is distributed over the entire cell (a). The middle image
shows the mitochondria and the nucleus is also clearly recognizable, which occupies
more than half of the cell (b). (c¢) A typical transmembrane protein, the Na,K-ATPase,
is shown. A typical membrane staining and some intracellular staining from moving
vesicles are visible.

To get a first impression about the different compartments of a cell, Figure 2.2 shows
some fluorescence pictures of HEK293 cells transfected with Dreiklang targeted to
different compartments. The first image shows cytoplasmically labeled cells (Fig-
ure 2.2 (a)), the fluorescence signal is distributed across the whole cell including
the nucleus, as expected. In the middle image the mitochondria (Figure 2.2 (b)),
the power plants of the cell are tagged by the fluorescent protein. One can see that
the mitochondria are distributed over the entire cell, as described above. It is also
evident that they are not found in the nucleus. This stands out as a dark hole in
the cell, which takes up more than half of the total volume of the cell. In Figure 2.2
(c), the transmembrane protein Na,K-ATPase (see section 2.2) was tagged showing
a dominant fluorescence signal from the plasma membrane. In addition, there is
some intracellular staining also visible, which results from transporter vesicles on

the way to the membrane.
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2.1 Cellbiology and Cell Lines

2.1.2 Structure of the Plasma Membrane

As mentioned in section 2.1, each cell is surrounded by a plasma membrane. All
cell membranes are composed of both lipids and proteins and are similar in their
structure. The lipids are arranged in two closely assembled layers, forming the so-
called double layer. This forms the basic structure of every membrane and acts as
a permeability barrier for water-soluble molecules. Most membrane functions are
performed by the protein molecules contained in the plasma membrane and give the

membrane its individual characteristics.

Lipid Bilayer

Each lipid has a hydrophilic head and one or two hydrophobic hydrocarbon tails.
Most lipids in the cell membrane are phospholipids in which the hydrophilic head is
connected to the rest by a phosphate group. Molecules containing both hydrophilic
and hydrophobic properties are referred as amphipathic. These properties play an
important role in the spontaneous formation of lipid bilayers by the lipid molecules
in aqueous solutions. The formation of the double layer is the lowest energy state
for these molecules. All heads are located on the surface and are in contact with
water, while the hydrophobic tails are in the interior close to each other and are thus
protected from water. The aqueous environment also prevents that the membrane
lipids may escape from the bilayer. The double layer is not rigid, but rather the
molecules can move within the plane of the membrane in each direction and also

change places. Thus the membrane acts as a two-dimensional liquid.

Membrane Proteins

Most membrane functions are not performed by the lipid double layer itself, but from
membrane proteins, which are embedded in it. These proteins not only transport
certain nutrients, metabolites and ions through the membrane, but also fulfill many
other functions. Some of these proteins anchor macromolecules to the membrane
which can be fixed on each side of the plasma membrane. Others act as receptors,
which detect chemical signals in the cell environment and transmit them to the cell

interior. Still others are working as enzymes to catalyze certain reactions.

The membrane proteins can thus be classified into different functional classes, trans-
port proteins, anchor proteins, receptors and enzymes. They differ in the way how
they are connected to the membrane. The most important in this case are the trans-

membrane proteins, which extend through the lipid bilayer from the inside to the
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outside. These proteins can exist as a single «-helix, multiple «-helices or even as
rolled beta sheets in the double layer. Others are completely found in the cytosol and
are connected only by an amphipathic o-helix to the inner layer of the lipid bilayer.
There are also proteins that are completely inside the cytoplasm and only connected
by one or more lipid groups covalently linked to one side of the membrane. All of
them are called integral membrane proteins and can only be detached by destroying
the lipid bilayer. On the other hand, peripheral membrane proteins exist, which are
only indirectly connected with the membrane and maintained in place by interac-
tions with other proteins. These proteins can be separated by careful extraction of

the membrane and without damaging the lipid bilayer.

2.1.3 Cell Cultures

There are many different types of cell cultures, which can be differentiated in two
groups, adherent and non-adherent cells. Non-adherent cells grow in solution and
are thus easier to be cultivated. The adherent cells grow attached to the surface of a
culture flask. Therefore, they must be detached to subcultivate them. In this work

only adherent cell cultures are used as expression system.

Human Embryonic Kidney Cells 293 (HEK293)

The cell line Human Embryonic Kidney Cells 293 was produced in 1973 in the
laboratory of A. J. van der Eb and is a human cell line [43, 44]. The HEK293 is
a transformation product of an embryonic kidney cell with some DNA parts of the
human adenovirus 5. In this cell culture, 4.5 kilo base pairs of the viral genome were
specifically incorporated into the genome of renal cells. Nowadays this cell line is
a very common and easy to culture for biological experiments and to solve medical

questions.
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Figure 2.3: The pictures show an untransfected HEK293T cell culture under a microscope with
20x magnification (a) and the same cell culture by bright-field microscopy at a higher
resolution (b).

For this work, mostly HEK293T cell cultures were used for the experiments.
HEK293T cells are derived from HEK293 cells but stably express the SV40 large
T antigen, which binds to SV40 enhancers of expression vectors to increase pro-
tein production. This cell line is mostly used for virus production. However, these

properties have no effect on the experiments performed in here.

2.2 Na,K-ATPase

2.2.1 Overview

The Na,K-ATPase is an integral membrane protein, which typically resides in the
plasma membrane of essentially any animal cell. Within the enzymes class, it is one
of the most extensively studied proteins. It was firstly described in 1957 by J.C.
Skou 45|, who was awarded with the Nobel prize in chemistry in 1997. It is an active
ion transporter and is also called Na pump or sodium potassium pump. The enzyme
transports three sodium ions (Na') out of the cell and two potassium ions (K*) into
the cell against the chemical concentration gradient for each hydrolyzed adenosine
triphosphate (ATP) molecule (see Fig. 2.4). Both processes are strictly coupled with
each other and provide the maintenance of the electrochemical gradients of Na™ and

K™ ions across the plasma membrane.
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Figure 2.4: The Na,K-ATPase enzyme located in the plasma membrane with the mode of active
ion transport upon hydrolysis of ATP.

ATPases are found everywhere in membranes of prokaryotic cells and mostly in
all higher eukaryotic cells. They all catalyze the hydrolysis of ATP to adenosine
diphosphate (ADP) and use the liberated energy for the transport of ions or other
substrates. The ATPases can be divided into membrane-bound and non-membrane-
bound ATPases. The membrane-bound types thereby can be categorized in F-, P-,
V- and ABC-ATPases. For this work, the class of P-type ATPases is of interest,
for which formation of a phosphorylated intermediate during the transport cycle is
characteristic for all members of this protein family. Furthermore, the superfamily
of P-type ATPases is featured by several characteristic key sequences one of them
is the DKTG-motif. In this motif, the central aspartate is found to which the
terminal phosphate of ATP is bound upon hydrolysis. In addition to this motif, there
are two other highly conserved regions in P-type ATPases, which are mentioned
in here. Firstly, the TGES-motif, which is just in front of the phosphorylation
sequence, and the GDGXNDXP-motif, which is located just behind the DKTGT
sequence. The P-type ATPases have a kind of core structure, which includes the
three mentioned sequences and three pairs of associated hydrophobic transmembrane
sequences. From here on the TGES-containing region and the DKTG region are
named with actuator domain (A domain) and phosphorylation domain (P domain).
It is also important to note that the N-terminus constitutes a part of the A domain

[46]. Furthermore, nucleotide binding occurs in the N domain.
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2.2 Na,K-ATPase

The P-type ATPases are categorized according to their substrate specificity into
five groups and in total nine subgroups. In this class, the Na,K-ATPase and H,K-
ATPase are the only ones, which are composed of more than one subunit.These
enzymes are hetero-oligomeric membrane proteins and contain a catalytic o~ and
an accessory P-subunit, which are present in a one-to-one ratio. Depending on the
tissue, a third, y-subunit is present in the functional unit of the complex, which
belong to the family of FXYD-domain containing ion transport regulator proteins,
from which FXYD2 is the originally identified y-subunit

A major advance in the study of the Na,K-ATPase was achieved in 2007 when the
X-ray crystal structure of the oligomeric Na,K-ATPase in E;P-like conformation was
published [47]. The used Na,K-ATPase was isolated from pig kidney. Meanwhile,
there are other structures published with higher resolution [48], one of them is shown

in Figure 2.5 and represents the overall structure of the Na,K-ATPase.

N ) intracellular
omain =0
ARG

»

Figure 2.5: X-ray crystal structure of the
Na,K-ATPase in E, confor-
mation and at 2.4 A resolu-
tion (reconstructed from PDB
entry 3A3Y) [48]. The «-
subunit consists of ten trans-

v B membrane segments (purple)

________ | i i P — and contains intracellular the
CATR N- (orange), P- (green) and A

domain (light red). The two
bound KT ions in the trans-
membrane segments of the o-
subunit (red) are also illus-
trated. The P-subunit with
one transmembrane cylinder
and the corresponding extra-
cellular domain are painted in
cyan. The +y-subunit is de-
extracellular picted in black.

It is also known that the P-type ATPases undergo extensive conformational changes
during the catalytic cycle, in which two principal states are distinguished, E; and
E,. The E; and E, state differ in the orientation and specificity of the binding sites
for Nat and K*. Since these different conformations are not of interest further for

this work it is not outlined in details. For more details see [46, 49].
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2.2.2 Subunits and Isoforms of the Na,K-ATPase

The o-subunit is responsible for the catalytic activity of the enzyme and undergoes
a reversible phosphorylation and characteristic conformational transitions that are
coupled to ATP hydrolysis and the cation transport. The (3-subunit is required for
the normal activity of the enzyme and for the structural and functional maturation
of the a-subunit. Four a- (otr, o, a3, and oty) and three B-isoforms (B1, B2, and B3)
have been identified in humans. Different isoforms combine to form Na,K-ATPase
isozymes with distinct kinetic properties, which can be regulated in a tissue- and

developmental-specific manner.

All a-subunits have a molecular weight of around 110 kDa [46] and consist of ap-
proximately 1000 amino acid residues. The number of amino acids varies within the
same species. Additionally, different types of regulatory proteins exist too, which
vary depending on the tissue and the organism where they originate from. The
«q-isoform is the most essential subunit, because it is found in almost all tissues.
The other isoforms are only expressed in specific cells and tissues, e.g. the « is
predominantly expressed in skeletal, heart and vascular smooth muscle as well as
mostly glia cells in the brain. The «j3 is found in larger amounts in neurons and the

a4 exclusively in testicular tissues especially in spermatozoa.

The o-subunit comprises ten transmembrane segments M1 to M10, which are in-
terconnected by four intracellular and five extracellular amino acid loops. In all
a-isoforms both the C- and the N-terminus are located on the cytosolic side (Fig-
ure 2.6). Within the a-subunit, three cytoplasmic domains are present, the actuator
(A), the phosphorylation (P) and nucleotide binding domain (N). The A domain is
composed of the N-terminal tail and the loop segment between M2 and M3. It
contains the TGES-motif and plays a major role in the dephosphorylation of the
protein. The P domain consists of the initial and final segment of the loop between
M4 and M) and contains also the DKTGT-motif to which the phosphate is trans-
ferred. The main segment of the loop between M4 and M5 forms the ATP binding

site (N domain), and thus the catalytic center.
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Figure 2.6: The topological arrangement of the Na,K-ATPase «-, - and y-subunits is shown.
The purple cylinders represent the ten transmembrane segments (M1 - M10) of the -
subunit, which are located in the transmembrane domain. The small extracellular and
the larger intracellular loops with the three cytoplasmic domains (A, P and N) are also
shown. The B-subunit (cyan cylinder) comprises only one transmembrane segment,
like the y-subunit painted in dark grey.

The -subunit comprises just one transmembrane segment, in contrast to the o, and
thus belongs to the type IT membrane proteins. Type II membrane protein indicates
that the N-terminus is stored intracellularly and the C-terminus extracellularly. The
subunit is made of about 370 amino acids and has an overall molecular weight of
around 55 kDa. Naturally, the 3-subunit is located near the M7 and M8 segments
of the a-subunit and possesses an extracellular domain with multiple glycosylation
sites. The exact function of the 3-subunit at the molecular level is not fully under-
stood. It is known that it plays no role in the ATP hydrolysis, but it is necessary
for expression, transport to the plasma membrane, the folding of the protein and

affects ion transport [50].

The smallest subunit is, as already mentioned above, the y-subunit (illustrated
in Figure 2.6 in dark grey). As the (-subunit, the y-subunit contains only one
transmembrane segment and consists of around 65 amino acids with a molecular
weight of approximately 7 kDa. It contains a FXYD-motif typical for this class
of membrane proteins. Tissue-specific regulatory functions relating to the cation
affinities and the cellular targeting of the protein are attributed to the y-subunit

[61]. Tt binds exclusively to an «/f-complex and not to individual subunits.
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2.2.3 Na,K-ATPase Associated Human Diseases

The physiological importance of Na,K-ATPase is underlined by the fact that muta-
tions in the genes coding for Na,K-ATPase isoforms lead to severe human pathologies
like familial hemiplegic migraine (FHM), alternating hemiplegia of childhood (AHC)
[52], rapid dystonia parkinsonism (DYT12) or epilepsy.

One of the most common neurological diseases in the world is migraine, which affects
10 % to 15 % of the population. Migraine is divided into different subtypes, by
criteria of the International Headache Society (IHS) [53]. The two main groups
which are distinguished between is migraine with aura and migraine without aura.
An aura is a series of different movement disorders, as well as sensory disturbances
and this phases precede the actual headache. Most forms of migraine are induced by
the environment with a genetic disposition, which means that they occur frequently
familial. The only type of migraine, which is classified as a hereditary disease, is the
familial hemiplegic migraine (FHM) that is caused by mutations in four different
genes (ATP1A2, CACNAIA, SCN1A and PPRT?2). 1t is a rare autosomal dominant
disease, belonging to the more general phenotype of migraine with aura, but with
a particularly severe clinical form. This type of migraine is independent of gender.
For FHM diagnosis three criteria must be fulfilled. First, there must be at least one
affected relative in first or second degree, and it must be a hemiplegia in the aura
phase. Furthermore other aura symptoms must occur, which often are accompanies

by complications such as fever, consciousness disorder or epileptic seizures.

Until now four different variants of FHM are identified, which are related to four
different gene mutations. Two mutations in genes encoding neuronal voltage-gated
channels (termed CACNA1A), encoding the o;-subunit of a calcium channel (FHM1)
are mostly found in neurons. The other one is termed SCN1A (FHM3) coding the
neuronal voltage-gated sodium channel. Lately, a third variant was identified, which
is attributed to mutations in the PRRT2 gene (FHM 4), that encodes a proline-rich

transmembrane protein of as yet unknown function [54].

The fourth variant is FHM type 2 (FHM2), that is caused by mutations in the
gene ATP1A2 coding for the human Na,K-ATPase «s-subunit, which in the brain is
mostly expressed in glial cells especially in astrocytes. Until now, there are more than
80 ATP1A2 mutations known, which are associated to FHM or SHM, a sporadic

form characterized by de novo mutations in single patients |2, 4, 55].
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2.2 Na,K-ATPase

2.2.4 Na,K-ATPase and Cellular Interaction Partners

The impact of sub-cellular targeting of the Na,K-ATPase and its enzymatic role
in health and disease is largely enigmatic so far. There are a couple of reports
indicating that the human Na,K-ATPase enzyme interacts with other structural

proteins or constituents of the cytoskeleton for sub-compartment localization.

One interesting example for an interaction partner for the Na,K-ATPase is ankyrin
B. Ankyrins are cytoskeletal proteins that interact via dynamic covalent bonds with
integral membrane proteins and take part in their distribution in the cell membrane.

llre_

Three classes of ankyrins are distinguished, ankyrin R in which R stands for
stricted" and is encoded by Ankl on human chromosome 8p11. Tt was firstly found
in erythrocytes, but it is also expressed in certain neurons and striated muscle cells.
Another class is encoded by Ank2 on human chromosome 4q25-27 and termed as
ankyrin B, because it is "broadly expressed" in most cell types. The third type of
protein is ankyrin G, which is encoded by Ank3 on human chromosome 10g21 and
expressed in nearly all cell types. In this context G means "giant size" and "gener-
ally expressed". All ankyrins are composed of four functional groups, a membrane-
binding domain at N-terminus consisting of 24 ankyrin-repeats, a central domain
that binds to the cytoskeletal protein spectrin, a death domain as well as a regula-
tory domain at the C-terminus, which differs for different ankyrin proteins. Ankyrin
B is with 440 kDa a particularly large ankyrin and has an additional tail domain
between spectrin and death domain, which consists of a 220 kDa random coil. Also
the membrane-binding domain differs from other proteins, which has specialized
functions in unmyelinated axons and e.g. targeting of voltage-dependent channels.
Ankyrin B and G are required for the polar distribution of many membrane pro-
teins, like the Na,K-ATPase. The interaction between Na,K-ATPase and ankyrin B
is intrinsically associated with the stabilization of the Na,K-ATPase in the plasma

membrane and also enables the transportation from ER to Golgi.

Some examples for interaction partners of ankyrin and mutations, which lead to
several diseases are given in the following. One example is the involvement of mu-
tations in the gene coding for ankyrin B in Long-QT syndrome type 4 (LQT4), a
severe autosomal-dominant form of cardiac arrhythmia. Ankyrin B serves as adapter
protein, and LQT4 mutations disrupt cellular organization of Na,K-ATPase, Na,Ca-
exchanger, and inositol-1,4,5-trisphosphate receptors, which are all ankyrin B bind-
ing proteins. In effect they reduce the targeting of these proteins to transverse
tubules as well as causing a reduction of the overall protein level. In cardiac cells,
it is mainly the oy-isoform that is located in t-tubules, whereas the general "house-

keeping" «;-isoform is more evenly distributed across the sarcolemma membrane.
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Similar considerations apply for the ap-subunit in the central nervous system (CNS).
The ap-subunit is found mainly in glial cells (astrocytes) and co-localizes in distinct
subdomains of the plasma membrane with the Na,Ca-exchanger (NCX). They are
located close to ER as intracellular Ca?" storage compartment, in very restricted
geometries dubbed PLasmERosomes |10, 56-58].

Another well-known Na,K-ATPase interaction partner is caveolin-1 (cav.-1), which
has been characterized in detail and which plays an important role in many caveolin-
dependent cellular processes. Caveolins are structure proteins that form caveolae
membrane domains. So far, three different caveolin forms in mammalian cells are
known that encode five different protein isoforms, wherein the caveolin-1 is the most
well characterized form. The expression and distribution of the various forms are
tissue-specific, but all of them serve as protein markers for caveolae [59]. Caveolin-1
is found mostly in the plasma membrane and in Golgi-derived vesicles. The highest
expression of cav.-1 is found in fibroblasts, endothelial cells and smooth muscle cells.
This protein forms complexes of around 13 to 16 monomers of high molecular weight
and is also interacting with caveolin-2 (cav.-2), which is mostly co-expressed with
cav.-1 to form hetero-oligomers. The third form is caveolin-3 that is expressed in

the majority of cases in striated muscle cells [60].

Caveolin-1 is an important structural element of caveolae, building invaginations
with a typical size of 50 nm up to 100 nm in the plasma membrane e.g. of en-
dothelial cells visible in the electron microscope. This membrane protein has a
molecular weight of about 18 kDa up to 24 kDa and forms the scaffold of caveolae.
Many cellular functions were associated with caveolae and caveolin-1, such as mem-
brane transport and endocytosis. They are also linked to the regulation of calcium
metabolism and also to lipid metabolism, as well as to signal transduction during
cellular proliferation and programmed cell death. The Na,K-ATPase has been at-
tributed to the regulation of caveolin trafficking and stabilization of caveolin-1 in
the plasma membrane. Disruptions of caveolin targeting have been linked to several
human pathologies such as dystrophies, disruption of cellular signaling cascades or
endocytosis defects [61, 62].

2.2.5 Generation of Sequence Variants of the Na,K-ATPase
For expression studies at different incubation temperatures a FHM2 mutant P797L

was created by mutagenesis. This single point mutation in the ATP1A2 gene was
firstly described by Jurkat-Rott et al. [55].
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Binding motifs, which are conserved in all human isoforms of the Na,K-ATPase
a-subunit were mutated in this work in order to elucidate the consequences of inter-
actions of the Na,K-ATPase as-isoform with other proteins. These proteins might
influence the cellular distribution pattern or the mobility of the enzyme in the plasma

membrane. The following sequence variants were generated.

Two caveolin-1 binding motifs are described in the literature by Wang et al. [63].
One at the N-terminus the FCRQLFGGF motif around amino acid 90 and the second
at the C-terminus the WWFCAFPY motif around amino acid 990 (see Fig. 2.8).
The two caveolin-1 binding motifs were disrupted by mutagenesis with replacement

of the most critical aromatic amino acids by poly-alanine stretches.

There is one motif known from the literature by Jordan et al. [64], by which the
Na,K-ATPase xy-subunit mutant can interact with ankyrin B. This motif comprises
a positively charged lysine, therefore, the introduction of a negative charge by mu-
tation to a glutamate should drastically interfere with the interaction. Following
this reasoning, a mutation was introduced onto the ALLK motif around amino acid
450 in the nucleotide binding domain (see Fig. 2.8), mutated to ALLE now termed
DRK-NaK-K456E.

All binding motifs (orange points) are located in highly conserved regions of the

Na,K-ATPase ap-subunit and their positions were illustrated in Figure 2.7.
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Figure 2.7: Scheme of the Na,K-ATPase «s-subunit with the positions of the desired mutations
(orange points).
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The template for all mutations is the human Na,K-ATPase xy-subunit carried a fluo-
rescence label at the N-terminus. For more details about the fluorescence marker see
section 2.3. As expression vector for Dreiklang- and eGFP (see details in section 2.3)
mutations and fluorescence-labeled Na,K-ATPase constructs always a pcDNA3.1x
vector suitable for mammalian cell expression was used. In addition, the in this work
used Na,K-ATPase is carrying a double mutation Q116R/N127D, which produces

IC5o values for ouabain in the hundred micromolar range [65].
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For studies with the P979L mutant, the bicistronic pIRES vector was used, because
of the ability to to express two separate proteins from a single vector due to the
presence of an internal ribosomal entry site between two multiple cloning regions. In
this case eGFP and TagRFP were used as fluorescent markers. Table 2.1 shows a list
of the used primers, the sequences for the mutation production and the subsequently
utilized construct names. All constructs were created by mutagenesis, as described

in more details in sections 2.4.2 and 2.4.3.

Table 2.1: List of the used primers, the sequences for the mutation production and the utilized
construct names. DRK and eGFP are the used fluorescent marker.

Primer Function Sequence Name

delCCav-for deletion CGCTCAAAGTCACCGCGTGGGCCTGCGCCTTCCCC DRK-NaK-AC /
delCCav-rev deletion GGGGAAGGCGCAGGCCCACGCGGTGACTTTGAGCG  eGFP-NaK-AC
delNCav-for deletion GCCGTCAGCTTGCCGGGGGGGCCTCCATCCTGC DRK-NaK-AN /
delNCav-rev deletion GCAGGATGGAGGCCCCCCCGGCAAGCTGACGGC eGFP-NaK-AN
K456E-a point mutation GAGTCAGCTCTGCTCGAGTGCATTGAGCTC DRK-NaK-K456E /
K456 E-r point mutation GAGCTCAATGCACTCGAGCAGAGCTGACTC eGFP-NaK-K456E
P979L-a point mutation CAT GTA CCT GCT CAA AGT CAC P979L

P979L-r point mutation GTG ACT TTG AGC AGG TAC ATG CGG
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The same mutants of the Na,K-ATPase were also labeled with the eGFP fluorescent
marker (see section 2.4.3). They are named in the following sections and chapters
eGFP-NaK-WT, eGFP-NaK-AC, eGFP-NaK-AN and eGFP-NaK-K456E.

Additionally, two special mutants were produced. The first one is a double mutant,
which combines both caveolin-1 interaction motifs, and the latter is a threefold
mutant that unifies all three interaction motifs of caveolin-1 (NaK-AC and NaK-
AN) and ankyrin B (NaK-K456E). These two mutants were labeled with eGFP and
referred as eGFP-NaK-ACAN and eGFP-NaK-ACANK456E.

2.3 Fluorescent Proteins used as Marker Proteins

Nowadays there is a broad spectrum of genetically-encoded fluorescent proteins avail-
able that can be used as markers for compartments or proteins in living cells and
as chemical sensors. In addition, they offer the possibility to observe processes
in the cell, such as protein localization, dynamics and interactions and offers the

opportunity for high resolution microscopy studies.

Beside common fluorescent proteins like GFP and its variants, several reversibly
photoswitchable fluorescent proteins have been recently developed, such as Dronpa
or rsTagRFP [36, 66]. These proteins provide reversible photoswitching between
a fluorescent ON-state and nonfluorescent OFF-state. Thus they provide many
benefits and applications for research studies in living organisms. In the following the
relevantly fluorescent proteins (eGFP, TagRFP, DRK) for this work are introduced
and described in more detail. A direct comparison of all spectral properties is given

in Table A.3 in the appendix.

2.3.1 Green Fluorescent Protein

The green fluorescent protein (GFP) is one of the most commonly used fluorescent
markers and was originally identified in the jellyfish Aequorea victoria. In these
days there are many different types of GFP variants available. The importance of
this fluorescent protein in many scientific fields is also reflected by the award of the
Nobel Prize in 2008 to O. Shimomura, M. Chalfie and R. Tsien.

The primary structure of GFP comprises a total number of 238 amino acids, which
are arranged in 11 (3-sheets with a molecular mass of around 26.9 kDa. The protein
looks like a barrel, also named as 3-barrel (see Fig. 2.9). GFP and other fluorescent
proteins for itself have no chromophore. They receive the fluorescent properties by an

autocatalytic process, which forms a chromophore. This fluorophore arises from the
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three consecutive amino acids Ser%, Tyr% and Gly%”, which are post-translationally

modified and a cyclic system of conjugated double bonds is formed [67].

The wild-type GFP has two excitation max-
ima, the first at 396 nm and the second
at 475 nm. The emission wavelength is at
504 nm, which is in the green wavelength
range. The wild-type GFP exhibits an extinc-
tion coefficient (¢) between 25,000 M~! em™!

and 30,000 M~! ecm™! for excitation wave-

lengths between 395 nm and 397 nm. For

excitation wavelengths between 470 nm - Figure 2.9: Structure of the green fluores-
cent protein (GFP) and the

475 nm, the extinction coefficient is only chromophore formed  within.
9500 M~ ! em™! to 14.000 M~! em™!. The The picture is reconstructed
’ 7. . from PDB entry 1GFL. The
fluorescence quantum yield (@Q),) of the wild- B-barrel and the ochelices are
type GFP is 0.79 as reported by previous in- shown in cartoon representa-
L. ) . tion and the chromophore as
vestigations in the literature [67, 68]. sticks. Carbons are displayed

in light grey, nitrogen in blue
. . . and oxygen in red.

For this work, an improved variant of GFP
was used the so called enhanced green fluo-
rescent protein eGFP. This carries the Ser%-
Thr and Phe®-Leu point mutations. eGFP has an extinction coefficient of
55,000 M~ em™! up to 57,000 M~! ecm™! at an excitation wavelength of 488 nm
and exhibits a quantum yield of 0.60. An advantage of eGFP is that it is 35 times
brighter (e - @,) than wild-type GFP after excitation at about 470 nm [69, 70]. It
is also more photostable and shows no photoswitching compared to the wild-type

GFP.

2.3.2 Red Fluorescent Protein

TagRFP is a monomeric red-emitting fluorescent protein firstly derived from the
sea anemone Entacmaea quadricolor. The protein is a GFP-like protein and has a
very similar structure (Figure 2.10). Only the fluorophore has a slightly different
composition, because the amino acid trio forming the chromophore consists of Met-
Tyr-Gly.
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2.3 Fluorescent Proteins used as Marker Proteins

It shows an excitation maximum at 555 nm
and emission at around 584 nm. The protein
is characterized by a high brightness in com-
parison to other red-emitting fluorescent pro-
teins, a complete chromophore maturation,
an extended lifetime of 2.2 ns/2.3 ns and a
high pH stability.

TagRFP has an extinction coefficient of
100,000 M~'em™! and a quantum yield of
0.48. Because of these characteristics, this flu-
orescence protein is very useful as a marker
for localization studies in living cells or as
a Forster resonance energy transfer (FRET)
partner of eGFP [71].

Figure 2.10: Structure of the fluorescent

protein ~ TagRFP  (recon-
structed from PDB entry
3M22). The B-barrel and
the o-helices are shown in
cartoon representation and
the chromophore as sticks.

2.3.3 Photoswitchable Fluorescent Protein Dreiklang

The fluorescent protein Dreiklang is a new
reversibly photoswitchable GFP-like protein,
which exhibits decoupled fluorescence excita-
tion and optical switching spectra [37]. The
overall structure of Dreiklang (DRK) resem-
bles that of GFP-like protein Citrine and the
difference to the parental GFP is only 9 mu-
tations. The chromophore of DRK is also
formed autocatalytically, but from the three
amino acids Gly65-Tyr66-Gly67. They reside
in an «o-helical segment, which is surrounded
by an 11-stranded (3-barrel. Figure 2.11 shows
the overall structure of Dreiklang in its fluo-
rescent, equilibrium state and the inner struc-

ture of the chromophore.

Figure 2.11: Structure of the photoswitch-

able fluorescent protein Dreik-
lang in the equilibrium state
(reconstructed from PDB en-
try 35T2). The B-barrel and
the «-helices are shown in car-
toon representation and the
chromophore as sticks.

Dreiklang provides a major advantage compared to other switchable fluorescent

proteins. It can be reversibly switched and, therefore offers many benefits for many

different measuring techniques and is suited for many biological samples. Figure 2.12

a) to ¢) shows three different possible states of the chromophore. At thermal equi-

librium at 300 K, the chromophore structure is arranged in a plane. In this state,

the chromophore is indistinguishable from the fluorescent ON-state. Dreiklang can
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be switched from the equilibrium in the nonfluorescent OFF-state by irradiation of
light at a wavelength of 405 nm. This switching process occurs by hydration due
to a structural change of the chromophore. In this state, the planarity of the chro-
mophore is distorted.

Using UV light (365 nm) the protein is switched back in an ON-state by a dehy-
dration process and thus resulting again in a change in the chromophore structure.
This switching process can proceed over several hundred cycles, without undergoing
any irreversible photobleaching processes. To observe the protein fluorescence in
different states a monitoring wavelength of 515 nm can be used, because of the lim-
ited switching rate between the ON- and OFF-states. In the fluorescent ON-state,
Dreiklang provides an extinction coefficient of 83,000 M~'em ™! and a quantum yield
of 0.41 at pH 7.5 [37]. Therefore, Dreiklang and eGEFP exhibit a similar brightness
of about 34,000 M~tem™ (e - @,).

a) Equilibrium

515nm

Figure 2.12: Scheme of the Dreiklang chromophore
in different states and with the differ-
ent switching wavelengths. a) shows the
equilibrium, b) the OFF-state and c) the
ON-state (all chromophores are recon-
structed from PDB entry 3ST2, 3ST3

V and 3ST4). The chromophore is repre-

sented as sticks.

2.4 Molecular Biological Methods

2.4.1 Mutagenesis in the Human Na,K-ATPase «;-Subunit in
pIRES Expression Vector

The various mutations of the human Na,K-ATPase op-subunit (P979L and
FS(S966fs)) as well as the wild-type (WT) were generated by polymerase chain
reaction (PCR) prepared by N. N. Tavraz at TU Berlin [72]. The PCR fragments
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were ligated into a pIRES vector suitable for mammalian cell expression (Clontech
Laboratories, Inc.). The vector allows for a high expression level for two different
genes of the same bicistronic mRNA transcript. The first gene is the particular
Na,K-ATPase ay-subunit mutant labeled with eGFP and the second with TagRFP,

which is expressed in the cytoplasm and serves as an expression reference.

2.4.2 Different Mutations of the Human Na,K-ATPase
ao-Subunit Labeled with Dreiklang

The targeted mutagenesis by the QuickChange method allows for a simple and
precise introduction of a mutation in a double-stranded plasmid deoxyribonucleic
acid (DNA). All mutations were done by using the QuikChange ® IT XL Site-Directed
Mutagenesis Kit (Stratagene). The reaction approach for the PCR reaction, which

was always used is shown in the following:

e 2.0 ul Template DNA (10 ng/pl)

e 0.5 ul ANTP-Mix (10 mM total concentration)
e 2.5 ul Polymerase-Buffer

e 1.0 pul forward-Primer (10 pmol/ul)

e 1.0 pl reverse-Primer (10 pmol/ul)

e 0.5 ul DNA-Polymerase

e 1.5 ul QuickSolution

e 17.0 ul ddH,O

In this case Dreiklang-NaK-WT was utilized as template DNA. For polymerase chain
reaction (PCR) the following temperature protocol program was used (see Table 2.2).
A PCR is done in three steps, which are repeated cyclically. In the first step, the
denaturation step, the double strand of the DNA templates is separated. Secondly,
the used oligonucleotide primer hybridizes on DNA single strands (annealing). In the
last step of a PCR, the elongation, the primers become extended and each template

is synthesized to the complementary DNA strand.

Table 2.2: Used PCR protocol with the three steps (denaturation, annealing and elongation), num-
ber of cycles, used temperature and the needed time for each cycle step.

cycle temperature length

1 95 °C 1 min (denaturation)
18 95 °C 50 s (denaturation)
18 60 °C 50 s (anneling)

18 68 °C 5 min (elongation)

1 68 °C 7 min (elongation)

1 4°C 0o (storage)
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Afterwards the PCR product was mixed with 0,5 pul Dpnl and incubated for 1 hour
at 37 °C. In this step methylated, nonmutated template DNA is digested.

For transformation of the mutated DNA chemically competent cells of the bacterial
host strain E.coli (XL10-Gold-ultracomp. cells, Stratagene) were used. In the use
of XL10-Gold cells it is necessary first to mix 1 pl 3-Mercaptoethanol with 22.5 pul
of competent cells and melt them for 10 minutes on ice. Afterwards cells were
mixed with 1 pl of Dpnl-digested DNA and incubated for another 30 minutes on
ice. The next step is a 30 second heat shock at 42 °C, which is essential for a
successful transformation followed by a cooling down for another 2 minutes on ice.
After addition of 250 pl preheated NZY-medium (37 °C) the cell suspension was
incubated for 1 hour at 37 °C and 225 - 250 rpm (UFO) in an air bath shaker. The
cell suspension was plated out on agar plates, which contained an antibiotic to select
only those bacteria which taken up the vector. In this case the pcDNA3.1x vector
was used, which needs ampicillin as antibiotic. After an incubation period of 16 h to
20 h at 37 °C in a plate incubator LB overnight cultures were arranged. Therefore
8 ml LB-medium with ampicillin were inoculated with a clone of the agar cultures
and cultured for 16 h to 20 h at 37 °C and 225 - 250 rpm in an air bath shaker.

During the following mini preparation the plasmid DNA was isolated from trans-
formed bacteria with the alkaline lysis method. The AxyPrep Plasmid Miniprep Kit
(Axygen Biosciences) was used and all steps were done as described in the protocol.
In the last step, the DNA was eluted in 50 ul of ddH;O. The DNA concentration
was determined photometrically (BioPhotometer ®, Eppendorf) for all samples. In
the next step, the samples for a complete sequencing were chosen, which was done
by Eurofins MWG operon. This step is important to confirm the desired mutation
and to make sure that no unwanted mutations in the plasmids are present. All
plasmids were successful generated and purified for transfection. In some cases, it
was necessary to generate more plasmid DNA, therefore midi preparations were per-
formed, which generate up to 100 pg of plasmid DNA. For all of these preparations
the Quiagen Plasmid Midi Kit (Quiagen) or the JetStar 2.0 Plasmid Purification
Midi Kit (Genomed) were used.

2.4.3 Fusion Constructs with Different Fluorescent Protein
Marker

For later measurements the fluorescent label of the human Na,K-ATPase constructs
was changed from Dreiklang to eGFP. Therefore, a plasmid cloning by a restriction
enzyme digestion was done. From all constructs (eGFP-NaK-WT, DRK-NaK-AC,
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DRK-NaK-AN and DRK-NaK-K456E) 1 pg of the plasmid DNA was digested with
the restriction enzymes BamHI and BrsGI for two hours at 37 °C. The same en-
zymes were used, since the expression vector used by all constructs is the same
(pcDNA3.1x). Afterwards the vector fragments (NaK-AC, NaK-AN and NaK-
K456E) were digested with alkaline phosphatase for another 10 minutes at 37 °C. In
order to isolate the vector and insert fragments, the digested DNA fragments were

run on a 1 % agarose gel stained with ethidium bromide and carefully sliced out.

The following purification of the fragments from the gel was carried out by using
the High Pure Purification Kit (Roche) and the respective concentrations were de-
termined photometrically (BioPhotometer ® Eppendorf) to optimize the ligation
process for a one to three molar ratio of vector to insert (eGFP). The ligation pro-
cess fused the inserts into the plasmid vectors and was done using the Rapid DNA
Ligation Kit (Thermo Scientific). The ligated DNA was then transformed into com-
petent XL-Gold cells and plated on ampicillin agar plates. From all plates, colonies

were picked and overnight cultures for DNA purification were inoculated.

Finally the plasmid DNA was purified with another mini preparation kit (peq Gold
Plasmid Miniprep Kit I, peQlab). A test digestion of the plasmids was taken for
determining the plasmids which have been successfully cloned and run on a 1 %
agarose gel labeled with ethidium bromide. Based on the results of the gel separation

the samples for sequencing (Eurofins MWG Operon) were chosen.

2.4.4 Production of Purified Dreiklang and eGFP Protein

In order to express and purify the fluorescent proteins Dreiklang and eGFP in E.cols,
it was necessary to subclone the respective cDNAs from the plasmids Dreiklang-
pcDNA3.1x and peGFP-N1 (Life Technologies). The ¢cDNA of eGFP was excised
from peGFP-N1 by BamHI and NotI and ligated in-frame into a modified pQE81L-
Amp vector (Qiagen) carrying an additionally engineered NotI restriction site. The
cDNA of DRK was excised from pcDNA3.1x by BamHI and Xhol and ligated
in-frame into the pQE81L-Kan vector (Qiagen) carrying a kanamycin resistance
gene, which was cut with the restriction enzymes BamHI and Sall. These resulted
in protein sequences with an N-terminal 6xHis-tag preceding the first methion-
ine. The remaining cloning work was performed using the same method as de-

scribed already in chapter 2.4.2 and plasmid constructs were verified by sequencing.
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After transformation of the generated recombinant
plasmid constructs in FE.coli, 400 ml LB-medium
with appropriate antibiotic (50 pg/mL kanamycin or
50 pug/mL ampicillin) were inoculated from a starter
culture to 0.1 optical density (OD) and grown at
37 °C in an orbital shaker with 200 rpm to an OD
of 0.6. After induction with 1 mM IPTG, cells were
grown for 48 h at 22 °C. Cells were harvested by
centrifugation yielding brightly green-colored pellets.
Cell pellets were resuspended in phosphate-buffered
saline (PBS) and lysed by two passages through a

French press using a pressure of about 20,000 psi. Af- Figure 2.13: The received purified
terwards, the cell debris was removed from the sam- gieiﬁgigcﬂft:i;;;
ple by 15 min centrifugation at 10,000 g and 4 °C. tube illuminated with
The clarified supernatant is then isolated and puri- UV light.
fied by using medium pressure liquid chromatogra-
phy (MPLC) with Ni*"-Sepharose columns (GE-Healthcare) according to the man-
ufacturer instructions (20 mM imidazole was supplemented to the supernatant, as
recommended). Figure 2.13 reveals the obtained proteins after the MPLC in a glass
tube. In connection to the MPLC, the purest sample fractions obtained were pooled
and dialysed against 50 ml Tris/HCIl, 300 mM NaCl, 5 mM EDTA (pH 7.8). The
protein concentration was determined for Dreiklang to be 1.01 mg/ml by using the
Bradford test Roti ®-Quant (Roth). Bovine serum albumin (BSA) was used as

calibration standard.

2.4.5 Production of cRNA for Expression in Oocytes

cRNA of the different Dreiklang constructs was also generated from the plasmid
DNA to express the fusion proteins in oocytes. First of all, the circular plasmid
DNA must be linearized. This can be done by cutting the DNA with the restriction
enzyme Xbal (Fermentas). Then, 3 pug of the plasmids were mixed with 5 pl of
"Tango" buffer (Fermentas) and 1 ul of the enzyme. The mixture is then filled
up with water to a volume of 50 ul and is incubated for one hour at 37 °C. The
subsequent purification of the DNA is carried out using the High Pure PCR Product
Purification Kit (Roche). The resulting DNA is then concentrated with a vacuum
centrifuge (Concentrator 5301, Eppendorf) to approximately 15 ul. The subsequent
cRNA synthesis is done using the T7 mMessage mMachine Kit (Ambion), since the
used pcDNAS3.1 vector contains a T7 promoter. The cRNA is then stored at -20 °C.
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2.4.6 Examination of the Functionality of the Na,K-ATPase
by Rb™ Uptake Measurements

The general functionality of the Na,K-ATPase of the various mutants labeled with
Dreiklang was checked with cation uptake measurements by atomic absorption spec-
trophotometry (AAS) using a Perkin Elmer A Analyst800. Under normal conditions,
the Na,K-ATPase uses the released energy from the hydrolysis of ATP to actively
transport Na™ out of the cell and K% in the cell. During this transport, K™ can be
replaced by a suitable alkaline congeners, such as, for example, Rb*. This allows the
determination of the activity of the Na,K-ATPase using AAS measurements. This
technique offers the advantage with respect to the direct measurement of K, since

the rubidium concentration is negligible in the cell [73].

Therefore, oocytes of the clawed frog Xenopus laevis were used as a well-known
expression system |74, 75]. The oocytes were surgically removed from frogs under
anesthesia with 0.1 % tricaine (see Fig. 2.14 (a) and (b)). To isolate the oocytes
gently from the ovary tissue, a collagenase digest was done using a calcium free ORI
solution with 2 mg/ml collagenase and 10 mg/ml trypsin inhibitor. The oocytes
were then incubated for 3 to 5 hours at 18 °C. Afterwards, the oocytes were rinsed
with ORI solution and stored at 18 °C in a calcium containing ORI solution with

50 pg/ml gentamicin.

()

Figure 2.14: Pictures of a female clawed frog Xenopus laevis (a) and digested oocytes (b).

In the following, the oocytes were injected with the cRNA mixture of the respective
Na,K-ATPase ay- and B;-subunits. Afterwards, the oocytes were kept in a Ca?*
containing ORI solution with 50 pg/ml gentamicin at 18 °C for three days. Before
measurements, the intracellular concentration of Na™ in all oocytes has to be in-
creased to foster the activity of the enzyme. Therefore, the cells were incubated for

45 min in a Na*-loading solution and then for another 30 min in Na™-buffer (pH 7.4).
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Finally the oocytes were incubated for 3 min with 1 mM Rb™ in 100 mM NMDG™-
buffer, and were subsequently three times washed in Milli-Q ® water. A detailed
composition of all used buffers is given in Table A.1 in the appendix. All individual
oocytes were homogenized in 1 ml Milli-Q ® water for AAS measurements. As
negative control, water-injected oocytes and uninjected oocytes were also prepared

for measurements and serve as reference.

For each measurement, 20 ul from the sample volume of the homogenized oocytes
were transferred automatically to a transversely heated graphite furnace (THGF)
and processed with the temperature protocol written in Table 2.3. During the atom-
ization process the absorption was measured with a rubidium vapor cathode lamp
at a wavelength of 780 nm and using a slit to select a spectral with of 0.7 nm. A
standard calibration has to be performed before sample measurements, for values
between 0 pg/1 Rb™ and 50 pg/l Rb™ and the AAnalyst800 device is equipped with

an assembly of high-field magnets for Zeeman correction.

Table 2.3: Temperature protocol for THGF-AAS measurements with rubidium.

Program Step Temperature / °C Ramp Time /s Hold Time / s

Dry 1 110 1 30
Dry 2 130 15 30
Pyrolysis 700 20 20
Atomization 1620 0 4
Clean Out 2450 1 3

Figure 2.15 (a) and (b) shows the normalized rubidium uptake for the different
Dreiklang-labeled Na,K-ATPase constructs (DRK-NaK-WT, DRK-NaK-AC, DRK-
NaK-AN and DRK-NaK-K456E) measured with AAS after 4 minutes incubation
time. More than 10 oocytes were measured for all constructs and the values were
then averaged. All data were normalized to the mean value of the h.NaKa,-W'T or
to the mean value of the eGFP-NaK-W'T with corresponding standard deviation.

The number N of oocytes, which were used for the analysis is given in the diagram.
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Figure 2.15: (a) Normalized Rb™ uptake of the caveolin-1 associated mutants labeled with Dreik-
lang (DRK-NaK-AC, DRK-NaK-AN) in comparison with the DRK-NaK-WT, human
Na,K-ATPase wild-type, water injected and uninjected oocytes. The number N of
measured oocytes is also shown. Data are given as means + S.D. (b) Normalized
RbT uptake of the mutant DRK-NaK-K456E compared with eGFP-NaK-WT and
DRK-NaK-WT.

The data in Fig. 2.15 show that the Rb™ uptake in all Na,K-ATPase mutants is
present, which is indicated by the comparable amount of Rb* uptake for the Na,K-
ATPase WT and the mutants. This leads to the conclusion that the functionality
of the active transport of the Na,K-ATPase is not impaired by the introduced mu-
tations. This is also underlined by the control samples of water-injected oocytes
and uninjected oocytes, both show a very small normalized Rb™ uptake since the
buffers contain 10 uM ouabain to inhibit the endogenous Na,K-ATPase (see the two
left bars of Fig. 2.15 (a)). Instead, the constructs labeled with Dreiklang showed
a normalized Rb™ uptake around one, five to ten times higher. Only the ankyrin
B associated mutant (DRK-NaK-K456E) exhibits a decreased rubidium uptake and
seems to be not completely functional, or the ion pump activity is slowed down,
or plasma membrane expression is reduced. In comparison, eGFP- and Dreiklang-
labeled enzymes show a very similar activity. This confirms that both labels do not

disturb the enzyme activity.

Figure 2.16 shows the measured normalized Rb™ uptake for all available eGFP-
labeled Na,K-ATPase ay-subunit constructs, which were measured to see if they
are as functional as the Dreiklang constructs. Since only the fluorescent label was
exchanged and no other mutations were generated it can be assumed that no dif-
ferences in the activity by the Rb* uptake measurements are visible. Additionally,
the threefold mutant (eGFP-NaK-ACANK456E), which comprises all single point

mutations described in section 2.2.5, has been measured.
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Clearly, all eGFP-labeled Na,K-ATPase mutants seems to be functional compared
to the uninjected oocytes, which serve as a reference for non-specific Rb* uptake. As
already mentioned for DRK-NaK-K456E, also the eGFP-NaK-K456F mutant shows
a reduced Rb™ uptake, which leads to a reduced activity. The threefold mutant
exhibits more or less the same reduced uptake like the Na,K-ATPase construct
carrying a mutation in the ankyrin B binding motif. In this experiment the double
mutant (eGFP-NaK-ACAN) was not measured, because it is an intermediate form
of the threefold mutant. If the threefold mutant is functional one can also assume
that the twofold mutant is functional. In conclusion, it can be confirmed that

all prepared Na,K-ATPase as-subunit constructs are functional independent of the
fluorescence label (eGFP or DRK).

2.5 Cell Culture and Transient Transfection

HEK293 cells were cultured at 37 °C with 5 % CO, in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) with phenol red dye supplemented with 5 % fetal bovine

2 culture flasks from neo-

serum (FBS) and 1 % penicillin /streptomycin in 25 c¢cm
Lab ®. The whole medium is changed twice a week. Depending on the confluence

of the cells in the flask, the cell cultures were split once or twice per week.

For splitting, the complete old medium was removed and the cells were rinsed with
5 ml pre-warmed phosphate-buffered saline (PBS). Afterwards, 1 ml of trypsin-
EDTA was added to the culture flask containing the adherent cells and the flask was
placed for 1 minute back in the incubator. As a next step, the detached cells were

resuspended in 5 ml pre-warmed medium and their concentration was estimated.
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The new culture flask was labeled and filled with 5 ml fresh, pre-warmed medium,
incubated and aerated for the whole working process in the incubator. From the old
culture flask one takes a sample of the cell solution that corresponds to 2-10° cells

per ml and the cell solution was transferred into a new flask.

2.5.1 Transient Transfection for Imaging, Lifetime and FRAP

Measurements

For all measurements in living HEK293 cells, a transient transfection was always
used. Therefore, 2 ml of cells were seeded in 35 mm Glass Bottom Culture Dishes,
which are Poly-d-lysine coated (MaTek Corporation). For transient transfection
1 ug of the plasmid-DNA was diluted in 200 ul PBS. After adding 3 ul TransFect
transfection reagent (Thermo Scientific) to the dilution, the mixture was incubated
for 20 minutes at room temperature. Afterwards, the cells were overlayed with the
mixture and incubated for another 36 h to 48 h. Before measurements the cells
were washed with PBS buffer to reduce the fluorescent background generated by
the phenol red and the FBS.

2.5.2 Transient Transfection for FCS Measurements

For fluorescence correlation spectroscopy (FCS) measurements, 300 pl of cells per
well were seeded in eight-well Nunc ™ Lab-Tek ™ Chamber Coverlass with 1.0
borosilicate bottom (Thermo Scientific). 24 h after seeding, transient transfection
was performed, by diluting 400 ng of the plasmid DNA per transfection (per well) in
30 pl serum-free OPTI-MEM medium (Gibco). After adding 2.6 ul Lipofectamine
(Invitrogen ™) reagent to the dilution, the mixture was incubated for 30 min at room
temperature. In the meantime, the seeded cells were washed with 300 ul of serum-
free OPTI-MEM and subsequently left without any medium in the well. In each tube
containing the lipid-DNA complexes, 120 ul of serum-free OPTI-MEM was added.
After gentle mixing, the diluted complex solution was added to the washed cells.
Subsequently, the cells were incubated for 2 h before adding 150 ul DMEM Fluoro
Brite (Gibco) supplemented with 10 % fetal bovine serum and 1 % penicillin/strep-
tomycin. 18 h to 24 h after start of transfection, the complete medium was replaced
by DMEM Fluoro Brite (Gibco) with 5 % FBS and 1 % penicillin/streptomycin.

Measurements were performed 36 h to 48 h after transfection.
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2.5.3 Cell Treatment for Studies at Different Incubation

Temperatures

The transient transfection for studies of living HEK293 cells at different incubation
temperatures was done as described in 2.5.1. After transfection some cells were then
incubated at 28 °C with 5 % CO5 in DMEM medium and other cells under the usual
experimental conditions (T = 37 °C). Experiments were always started 36 h after

transfection.

2.5.4 Cell Preparation for pH Measurements

For the pH dependence measurements in living cells, the cultures were washed with
PBS buffer at the desired pH and were then overlayed with 2 ml buffer. To im-
prove the pH equilibration between cytoplasm and buffer ionophores were added.
Ionophores are molecules, which increase the permeability of the plasma membrane
for ions and lead to a collapse of the natural ion gradient and as a consequence to
a pH shift. Two different types of ionophores were used. The first one is Monensin,
which is an carrier for Na®/HT. The other one is Nigericin that exchanges the
cations KT /H*. Measurements were always performed after 20 minutes incubation

time.
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3 Microscopy Techniques and the

used Spectroscopic Setups

3.1 Introduction

Modern spectroscopy techniques provide a minimal invasive observation of the struc-
ture and organization of living organisms. Therefore, a wide range of different fluo-
rescence microscopy techniques and detection systems are available. This chapter is
partitioned in two main parts, a theoretical background and an experimental section.
The theoretical section gives a short introduction about fundamental physical phe-
nomena and their representations like fluorescence and the Jablonski scheme. The
essential experimental methods for this work are also described in detail as time-
correlated single photon counting (TCSPC), fluorescence correlation spectroscopy
(FCS) and fluorescence recovery after photobleaching (FRAP). All the described

spectroscopic setups are presented in detail with the common measurement settings.

3.2 Theoretical Background

3.2.1 Introduction

In order to observe the emission of fluorescence, a molecule must be transferred into
an excited state as a prerequisite. This can occur by absorption of a photon, where

the energy of the photon must satisfy the Bohr frequency condition:
AE:EA—E(;:h-z/:h-§ , (3.1)

in which A is the Planck constant, v describes the frequency and A\ the wavelength
of the photon, and ¢ stands for the light velocity. Thus, the energy of the absorbed
photon corresponds to the energy difference (AE) between the two involved elec-
tronic states (E4, Eg). A medium is irradiated with light of a suitable frequency so

that light is partially absorbed. The amount of light, which is absorbed, is described
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by the Lambert-Beer law. If a light beam of an initial intensity [ passes a medium
containing absorbing molecules at the concentration [¢] and sample thickness d the
following formula applies:

Azln%:e(k)'[c]-d | (3.2)
Here, A describes the absorption, I the transmitted intensity and e(\) the molar
extinction coefficient. Furthermore, from the Beer-Lambert law the formula for the
absorption cross section of a molecule is derived. This cross section is the virtual
active area of a molecule, which describes the probability of the absorption of a
photon:

€(A) - 1000 - In(10)

o(\) = , : (3.3)

with N the Avogadro constant and €() the molar extinction coefficient. The extinc-
tion coefficient depends on the excitation wavelength and indicates how efficiently

the light is absorbed by a target molecule.

After optical excitation, the excited molecule relaxes to the ground state after a
certain time. This can occur, for example by spontaneous emission of a photon. To
illustrate the transitions that can take place in relaxation processes one uses the

so-called Jablonski diagram (see Figure 3.1).

A

Figure 3.1: The Jablonski diagram
n shows the different
electronic states of a
molecule (singlet state
S, triplet state T) with
possible transitions
between them. Radiative
transitions are indicated
T, by solid arrows in dark
grey. Light grey dashed
lines represent nonra-
diative transitions, such
as intersystem crossing
(ISC) and  internal
%0 conversion (IC).
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By absorption of a photon, the molecule is excited from the ground state Sy to a
vibronic state of a higher energy singlet state S; - S,,. As these transitions occur
within 1071%s, the assumption is made that the heavy nuclei do not change their
relative position in the time scale of excitation during a transition. The equilibrium
distance between the nuclei changes with some delay due to the inertia, because the
ratio of electron mass to proton mass is 1 to 1800. The Franck-Condon principle

assumes that the transition takes place without a shift in the nuclear coordinates
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and thus is vertically in the diagram (compare with Fig. 3.1). In this case, the
vibrational states of the electronic wave functions, which shows a high overlap with
the ground state are preferably excited. Figure 3.2 illustrates the Frank-Condon

principle more in detail.
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Figure 3.2: Scheme of the Franck-Condon principle. The

vibrational levels of the electronic ground

_ state and the first excited state as a function
Nuclear-Coordinates = of the nuclear coordinates are plotted.

The electrons relax rapidly from the higher vibrational states to the energetically
lowest vibrational level of the first excited singlet state S; by generating heat. This
is a non-radiative process and is known as internal conversion (IC). From this state,
the electron can return to the ground state on different ways. Firstly, by fluores-
cence, also named spontaneous emission back to the singlet ground state Sy, but
also by various non-radiative processes, such as intersystem crossing (ISC). Here,
the electron relaxes in a radiation-less process from an excited singlet state to a
lower energy triplet state under a spin flip. The electron can eventually return to
the singlet ground state from the metastable triplet state by a reverse spin flip. This
transition is referred to as phosphorescence and proceeds much slower than fluores-
cence. The lifetime of phosphorescence is in the range of milliseconds to seconds,
because the relaxation from triplet to singlet under a spin reversal occurs only with
a low probability. The lifetime of the triplet states is thus much longer than the
lifetime of the singlet states. The Jablonski scheme (see Fig. 3.1) shows that the
fluorescence emission has a lower energy compared to the absorption. This shift of

the fluorescence transition to longer wavelengths is called Stokes shift.

Although the Jablonski diagram shows possible transition pathways, the probability
of the different transitions has not be considered here yet. Probabilities are usually
expressed by considering transition rates k, which indicate a likelihood per time

unit. The fluorescence quantum yield ¢; is specified when these transition rates are
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known. The fluorescence quantum yield of a dye molecule describes the number of
absorbed photons that are converted into fluorescence photons and is therefore a

ratio of emitted to absorbed photons:

Number of emitted photons — kj

Q= =
7™ Number of absorbed photons kg + ky

(3.4)

Here, k; represents the rate of fluorescence emission and k,, = k;c + krsc the rate of
nonradiative deactivation of the first excited singlet state S;. A quantum yield of 1
would mean that no nonradiative processes take place and the deactivation proceeds

exclusively by fluorescence.

Another important parameter is the fluorescence lifetime 7;, which gives the aver-
age time between excitation to the first excited singlet state S; of a molecule and

relaxation to the ground state Sy. It is defined as follows:

1
 ky+ ke + krsc

Tf (35)

and therefore corresponds to the reciprocal value of the sum of the rate constants of
the non-radiative transitions (k;c + krsc), and the rate of fluorescence emission k.
If no non-radiative processes are present, the fluorescence lifetime 74 corresponds to

the natural fluorescence lifetime 7g:

1
o= — . 3.6
=1 (36)
In the ideal case, the fluorescence kinetics follows a mono-exponential decay function

after excitation at ¢ = 0 by a short light pulse. This can be written as:

I(t)y=1I-¢ 7T (3.7)

where I correspond to the intensity at time ¢ = 0. The lifetime 7; thus corresponds
to a decrease in the initial intensity to 1/e of its initial value. Since most of the
biological systems are much more complex and can not be described by a single

exponential deactivation kinetics, multi-exponential models have to be assumed.

3.2.2 Wide-field and Confocal Fluorescence Microscopy

The most conventional and oldest microscopy technique is the wide-field microscopy.
A scheme of the optical pathway of a wide-field fluorescence microscope is illustrated

in Figure 3.3. The sample is excited by a laser or Hg lamp in a large area typically
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in a range between some square micrometers up to millimeters by a collimated light
beam. This can be achieved by focusing the excitation beam on the back focal plane

of the objective as depicted in Fig. 3.3.

1 N
—g—&ﬁ— Focal Plane
WA\

v\

Beam

Figure 3.3: Scheme of the optical pathway of a
wide-field fluorescence microscope.
The dashed blue line shows the ef-
fect, when the observed signal is
Andor Luca shifted from the optical axis.

With this technique, only two-dimensional structures can be resolved. Structures
that are located outside the focal plane of the objective are no longer sharply pro-
jected on the detector plane, but lead to an increase in the fluorescence background
and blurred images result. This microscopy method is common for studies with
sensitive biological samples that can not be illuminated with high laser intensities

and also for simple imaging procedures.

Later on in 1955, the method of confocal fluorescence microscopy was developed by
Marvin Minsky [76] and extended in the last years to commercially available confocal
scanning microscopy systems. This technology is becoming increasingly important,
since it gives the opportunity to observe individual molecules and allows for the
observation of small structures in biological organism. It offers in contrast to the
conventional wide-field microscopy several advantages, such as the suppression of
the background fluorescence by reducing the focal volume and therefore an increase
in resolution for imaging. Roughly speaking, the two methods differ in the type
of excitation and detection. In the confocal microscopy, only a diffraction-limited
spot in the sample is mostly excited by focusing the light beam with an objective.
This gives the possibility to get a better discrimination along the optical axis of the

spatial distribution of the fluorescence signal and to increase the lateral resolution.
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The obtained three-dimensional resolution is described as follows:

A . :
ATFWHM = m (aX1a1 I‘eSOhItIOIl) (38)
A
Azpwhv = —— (lateral resolution). (3.9)
nsm- «

Thereby n-sina = NA corresponds to the numerical aperture of the used objective,
a corresponds to the half angle of the light cone, which is acquired by the objective
and n is the refractive index of the medium in front of the first lens of the used

objective. Furthermore, A describes the used wavelength [77].

The principle of a confocal fluorescence microscope is illustrated in Figure 3.4. A
laser is used as light source and a focused beam in the sample is realized by an
objective with a high numerical aperture. The same lens collects the resulting flu-
orescence light, which can be then separated by a dichroic beam splitter from the
excitation light. Afterwards, the light passes through the tube lens, which focuses
the fluorescent light in the intermediate image plane of the microscope. There, a
pinhole is placed, which blocks fluorescence signals that do not originate from the
focal plane, of the detection path. Behind the aperture, a detector is placed, which
generates an electric signal according to the intensity of the light signal. This optical
system generates an observation volume of about 1 fL., which offers the possibility
to measure the diffusion of single molecules in solutions up to several hundredths

nanomolars.

Beam "E---fi-----====-mmmmmmeeee

1 Pinhole

Detector

Figure 3.4: Scheme of the light beam path from
a confocal microscope. The dashed
blue line shows the effect, when the
observed signal is shifted from the
optical axis.
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The observation volume consists of the product between the excitation and the
detection volumes. The excitation volume is described by the laser beam profile
(FWHM) and is collimated to a diffraction limited spot by the used objective. The
detection volume depends on both, the size of the pinhole used, as well as the
magnification of the objective. The observation volume is usually approximated by
a three-dimensional Gaussian profile and the spatial distribution of the observation

volume is then described as:
) (-'L’2+2.U2) _2%
w(x,y,z) = e< 0 ) -e( zo) . (3.10)

The different dimensions of the confocal volume in the wy radial (xy-plane) and z
axial (z-axis) directions must be considered in which the excitation intensity has
dropped to 1/e?. The result is an ellipsoidal observation volume, which is simply

calculated by rewriting the equation in cylindrical coordinates and integrating.
V==-m-2-— (3.11)

Here, z corresponds in a first approximation to the FWHM in the axial direction,
and d is approximately the ratio of the diameter of the aperture used and the

magnification factor of the lens.

3.2.3 Time-Correlated Single Photon Counting

The method of time-correlated single photon counting (TCSPC) allows for the direct
measurement of the fluorescence lifetime. In this process the sample is excited by
short laser pulses with high repetition frequencies >1MHz and only the arrival time
of the first incoming fluorescence photon is measured. Since only one incoming
photon can be measured by the electronics, only low laser excitation intensities
are required. All other photons that reach the detector during the same pulse are
discarded, due to the dead-time of the system. If several photons could reach the
detector within one cycle of excitation, it leads to the pile-up-effect, which shortens

artificially the measured fluorescence kinetics.

The working principle of SPC is shown in Fig. 3.5. The first incoming photon starts
the time-to-amplitude-converter (TAC), which will be stopped by the next incoming
excitation pulse. The TAC output gives a voltage pulse which is proportional to the
time delay between the first arrival of a photon and the stopping laser pulse. This
analog signal is then converted to a digital value by an analog-to-digital converter

(ADC) and accumulated in a histogram. This measurement process is repeated until
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the signal-to-noise ratio (see equation 3.21) is sufficiently high. The measured fre-
quency distribution of the time periods occurring between excitation and detection

of a photon corresponds to the fluorescence kinetics. For more details see |78, 79].

Detector-
Signal
Time
Cycle 1
Cycle 2
Cycle 3 ‘
. ‘,
A
A
Cycle N ‘
Channel Figure 3.5: Working  principle of  time-
] correlated single photon counting
'S,E?tz;s (TCSPC) measurements. The pho-
ton arrival times of multiple cycles
are summed up in a histogram
Time frame (reconstructed from [80]).

The number of measured photons in a given time channel is a statistical value. The
probability distribution around the expected value is following a Poisson distribu-

tion. The probability for the arrival of [; photons in the time interval ¢; is given by:

P = (20)" -e”%  mit io:pl. =1 . (3.12)
3 lZ! K3
1,=0
Thereby z; corresponds to the expected number of measured photons at time ;.
The probability for a certain number of incident photons /; in the time interval ¢;

can then be specified as the following:

po, =€ (3.13)
P =2zi-e " (3.14)
bu>1 = 1- Po, —P1; = 1- (1 + zl) et (315)

Now the total number of photon events N; in the time interval ¢; is determined by
equation 3.15. If the measurements were done over a time period ¢ with a repetition

frequency f:

46



3.2 Theoretical Background

In the limiting case that the average number of fluorescence photons z; in the time

interval £; is much smaller than 1, the probability values are approximated by

po, = 1 — 2z (3.17)
D1, R % (3.18)
P12l a0 . (3.19)

It follows with approximation z; << 1 for the total number of photon events /N; in
the time interval ¢;:
N; ~ ftz . (3.20)

Thus, the average number of incoming photon events after a time period t in the time
interval t; is approximately proportional to the expected total number of photons

emitted in this time interval.

The time-correlated single photon counting technique is also characterized by a large
signal-to-noise ratio (SNR), which has the advantage to work with low intensities,
whereby the light pollution is minimized on the sample. This can be described using

the following formula:

SNR=+/N; | (3.21)

where SNR is the signal-to-noise ratio and N; is the number of photons in the i-th

time channel.

3.2.4 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) was developed in the 70s of the last
century by E. Elson and W. Webb [12]. It is a measuring method, which obtains
information from fluctuations of the fluorescence intensity. Furthermore, it gives
the opportunity to observe dynamic processes of individual molecules, which can
be caused by various phenomena. Firstly, photophysical processes, such as inter-
system crossing (ISC) or changing the quantum yield from quenching effects due to
conformational changes are observed. Another reason for fluctuations may be lo-
cal variations in the fluorophores concentration which occur from diffusing particles
through the observation volume element.

To describe a FCS measurement the autocorrelation function G(7) is used, see equa-
tion 3.22. It describes the correlation of the fluorescence signal at different times

and is a product of the intensity at the time ¢, F(¢), and the intensity after a delay
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time 7, F'(t + 7), averaged over a large number of measurements and weighted by

the average square of the total fluorescence.

FOFCE+T) | OFO)F(T))

G ="Tpy = 2

(3.22)
In this case, the time ¢ describes the current time at which the intensity is measured,
and it may range from seconds to minutes. The delay time 7 is the difference in
real time between measurement of F(¢) and F(¢t + 7). It is usually in the range
of 1072 ms to 10> ms. The fluorescence fluctuation F(t) describes the averaged
fluorescence signal of a large number of molecules, which diffuse through the confocal
volume element. If the average intensity is irrespective of the delay time 7, (F(t))
= (F(t+ 7)) and the autocorrelation function is then G(7) = 1. The fluorescence

signal is then said to be uncorrelated.

Thereafter, the experimentally obtained autocorrelation curves have to be com-
pared to a theoretically predicted autocorrelation function to identify an appropri-
ate model. The three-dimensional autocorrelation function for dye molecules, which

diffuse freely through the confocal volume element is shown in equation 3.23 [81, 82.

-1 —1/2

1 T T 20
Gagim(T) = — - [1+—| - |1+ with S=— 3.23
an() =5 |14 2| L (3.23)
The first term describes the average number of molecules N in the observation
volume. 7p corresponds to the characteristic decay time of the correlation function.
If 7p can only be determined by the residence time of molecules in the excitation
volume then it corresponds to the diffusion time, i.e. the time required for a molecule

to pass through the observation volume element.

2
7o

~ 4D

D

(3.24)

7p depends on the diffusion coefficient D and the extension of the excitation volume

in the radial direction rg.

In order to describe the observation volume element (OVE) for FCS measurements
the geometrical volume of an ellipsoid is no longer used (see section 3.2.2), but
rather the effective volume, see eq. 3.25. The effective volume depends strongly on

the detection volume and is larger than the geometric volume [83].

‘/;ff:W% -ZO-TS (325)

48



3.2 Theoretical Background

Here, 7o stands for the expansion in radial direction (perpendicular to beam axis)
and 2, for the axial component. Both components are given by the 1/¢* radius of
the Gaussian intensity profile, which has to be accurately determined by calibra-
tion measurements. The ratio S = z/rg is defined as structure parameter, which

describes the geometry of the focus.
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Figure 3.6: Scheme of a confocal volume
element with freely diffusion
molecules.

excitation volume

In the case of two-dimensional diffusion (like in a planar membrane), the square root
term in eq. 3.23 is not present, since the exit pathway out of the plane is no longer

available to the molecules, which yields:

Goaim(7) = % {1 + lyl = [1 + 4.?1_1 . (3.26)

™D
In both cases, the intercept of G(7) at 7 = 0 is equivalent to the reciprocal of the
mean number of molecules NV in the OVE. The concentration of the fluorophore can
be determined almost exactly by the amplitude of the autocorrelation function at the
time point 7 = 0, if the geometry of the OVE is precisely known. Equation 3.27 shows
the relationship between OVE, G(0), and the average concentration of molecules
(C). )
—_— = 3.27
N Va0 (3:27)
That means that the amplitude is inversely proportional to the sample concentration.
This can be explained by stronger fluctuations at lower concentrations resulting from

molecules passing the focal volume than for higher numbers of molecules.
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The diffusion coefficient D can be derived from the Stokes-Einstein equation:

kp-T

D=—"8B"__
671 Riya

; (3.28)
where kp is the Boltzmann constant, T the absolute temperature, n the dynamic
viscosity of the solvent and Rj,q the hydrodynamic radius of the diffusing molecule.
Ry is proportional to the cubic root of the particle volume, that is in turn propor-

tional to the mass and hence also to the molecular weight [83].

Equation 3.23 and 3.26 assume that no change of the fluorescence properties of the
fluorophore during the passage through the confocal volume element are present.
This is no longer true for most dyes and especially at high excitation intensities
as used in confocal illumination schemes. A common reason for the change in the
fluorescence properties is the ISC transition to the first excited triplet state. This
process is quantum mechanically forbidden, and accordingly the relaxation of this
triplet state to the ground state takes a long time. During this time, the dye can
not emit any fluorescence and is, therefore, no longer available for the measurement.
This effect must be taken into account in the autocorrelation function. So the
function is extended by a triplet term, which leads to a modified autocorrelation

function for three- and two-dimensional diffusion:

1 -1t - —1/2 T .
G3dim<7):N' {H%} : l1+SQ'TD:| . (1+ € /T) (3.29a)

1

N

-1
T
Gadim(T) = [1 + l} : (1 + 7 e—T/TT) : (3.29b)

D

Where T denotes the relative proportion of the molecules in the triplet state. These
molecules do not generate any fluorescence signal and the data thus tend to a lower
sample concentration, resulting in a higher amplitude G(0). Furthermore, 7 denotes
rapid fluctuations, which result from the transition to the triplet state and typically

results in a shoulder of the autocorrelation curves at short correlation times 7.

3.2.5 Fluorescence Recovery after Photobleaching

A further very common microscopy technique to measure the diffusion of fluo-
rophores, binding interaction and mobility in living cells is the method of fluo-
rescence recovery after photobleaching (FRAP). It has been established in the 70s
of the last century [23, 84|. For the original FRAP technique, an epi or wide-field
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fluorescence microscope was used to focus an excitation beam to a small spot (about
1 um) in a region of interest (ROI) in the cell (see Fig 3.7). This beam is used both
for the bleaching of the molecules in the region of interest at ¢ = 0, as well as to
probe the fluorescence signal in the same region (prebleach (¢ < 0) and postbleach
(t > 0 up to t = oo). This technique was utilized to observe the diffusion of flu-
orescent molecules in the bleached region and thereby to determine the diffusion
coefficient D. This has been especially designed for the investigation of diffusion

processes in the membrane [85, 86].

Since the 90s, FRAP technique was getting more popular, because of the introduc-
tion of confocal laser scanning microscopes (CLSM), which are more user-friendly
and also accessible for non-specialists. More details about confocal microscopy are
provided in section 3.2.2. In addition, commercial CLSM systems offer the advan-
tage that they allow for a fast switch between bleach and monitor modes, which

results in more accurate recovery curves.

Prebleach Bleach Postbleach

t<O0 t=0 t>0 t->00

Figure 3.7: Schematic representation of a common FRAP experiment with an intense laser beam
in a living cell.

FRAP experiments consists of three steps (see Fig. 3.7 and Fig. 3.8). In the first step
the fluorescence before bleaching in the region of interest is monitored at a low laser
intensity (prebleach, I7). In the next step, the fluorescent molecules in a small spot
are bleached with a high power excitation beam (¢ = 0). Usually the used spot has a
size of a few micrometers to tens of micrometers in diameter. This bleaching process
leads to a local concentration gradient in this area and causes bleached molecules to
diffuse out from the ROTI and fluorescent molecules from other regions to diffuse into
the bleached area. This diffusion (¢ > 0) is observed after the bleaching process, i.e.
postbleach, with low laser excitation intensity. A typical fluorescence recovery curve
is constructed by plotting the fluorescence intensity 7(¢) of the ROI as a function of
time ¢, as seen in Fig. 3.8. In this case, the bleaching time is defined as time zero
(t = 0 with I(0)). By properly fitting of the measured recovery the diffusion co-
efficient D of the fluorescently labeled molecules can be determined in the considered

area.
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Since not all molecules are mobile in the cell, the recovery of the fluorescence usually
is not complete and the fluorescence intensity prebleach value I; will not be reached
(I) again. The difference of I; - I, describes the fraction of immobile molecules
in the ROI during the experiment, which can not be replaced by intact fluorescent
molecules. Thus, the fraction which is located under the curve I(¢), stands for the
mobile fraction of molecules in the observed area. FRAP measurements as a result

offer the possibility to determine the local mobile and immobile fractions.

Figure 3.8: Typical monitored
fluorescence recov-
ery curve before
(Ir(t)) and after

R S S S S bleaching (I(t)) in

0 2 4 6 8 10 a region of interest

Time over the time ¢.

Fluorescence Intensity

A simple equation that is often used to determine the amount of the mobile fraction

(M) and the diffusion constant D from quantitative FRAP data are given in eq. 3.30.

IOO_IO

M=-=""20
I — I,

(3.30)
I, indicates the fluorescence in the ROI after full recovery, I; denotes the fluores-
cence before bleaching and [ just after bleaching. In order to calculate the diffusion
constant D the formula described by Axelrod et al. [23| could be used in the case

of a small bleached spot in a two-dimensional area like the plasma membrane.

r? .y

~4.D

D (331)
In this equation 7 is the radius of the bleached spot, ~ is introduced as a correction
factor for the amount of bleaching and 7p is the diffusion time. For three dimensional
diffusion, the equations are much more complex. All FRAP experiments are based

on this approach, but the data analysis varies widely in the literature [24-29].
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3.3 Experimental Setups

3.3.1 Multiparameter Microscopy Setup

Biophysical investigations on living cells require complementary experimental tech-
niques to fully characterize complex protein interactions. The setup used for the
measurements performed in this work combines suitable time-, wavelength-, and
spatially resolved fluorescence techniques for different applications. It allows to
switch between wide-field fluorescence lifetime imaging microscopy (FLIM), time-
correlated single photon counting (TCSPC) in confocal mode and also fluorescence

correlation spectroscopy (FCS).
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Figure 3.9: Scheme of the whole fluorescence microscopy setup

The setup based on a Nikon TT Eclipse microscope is arranged with different pulsed
diode lasers for the excitation (LDH-405 and LDH-470 from PicoQuant Berlin; BHL-
600 from Becker & Hickl Berlin), which are collimated by a telescope, consisting of
two convex lenses to ensure an optimal illumination of the sample and the excitation
pathway cleaned spatially with a 30 pm pinhole (P1). The optics is designed in a
way to allow fast switching between confocal and wide-field illumination. For wide-
field illumination it is also possible to excite the samples with a mercury lamp.
In addition the setup is equipped with several fully automated optical add-ons to

switch between different operation modes (see Fig. 3.9) and detectors.
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For imaging with wide-field or confocal illumination, the setup is equipped with an
Andor Luca R ™™ Camera, which is an electron multiplying CCD camera (EMCCD).
The peak quantum efficiency of the photo detector is 65 % at 600 nm. The camera
has a pixel size of 8 um x 8 um with 1004 (H) x 1002 (V) active pixels and a maximal

frame rate of 124 frames per second.

For TCSPC and FCS measurements, the detection pathway is equipped with a
50 um pinhole (P2) in the image plane to block fluorescence light out of the focal
region enhancing the axial resolution. Afterwards the emission light is focused on
a Single-Photon-Avalanche-Diode (SPAD). The used SPAD (MPD; Bolzano; Italy)
has a quantum efficiency of approximately 40% and a time resolution of about 35 ps
(FWHM). The setup offers the possibility for cross-correlation spectroscopy by using
a second SPAD (Fig. 3.9). Data acquisition and processing is done with a SPC130
measuring board from Becker & Hickl Berlin [78].

For FLIM measurements with wide-field illumination the microscopic setup is
equipped with a novel quadrant anode (QA) single photon counting detector with
high photon throughput (up to 2 - 10° counts per second) and very low noise
(< 10 photons/sec) for ultra sensitive wide-field observations with high temporal-
and spatial resolution. The detector offers an active area of 25 mm with a spatial
resolution of < 40 um FWHM. The time resolution is < 49 ps FWHM with a dead
time of < 400 ns.

The presented setup is capable of switching between several microscopic techniques,
and therefore it is suitable to measure a wide range of optically accessible proper-
ties of molecular complexes with only small changes in the setup. From this data,
structural parameters are gathered to achieve a comprehensive characterization of
the sample. Dynamical processes after direct manipulation of the sample are ana-
lyzed in relation to the underlying functional mechanisms covering several orders of
magnitude in time and therefore to obtain the possibility to observe the temporal dy-
namics (s-resolution) of the fluorescence decay time (ps-resolution) and fluorescence

intensities in living samples.

3.3.2 The PML-16C Setup for Lifetime Studies and Emission

Measurements

The PML-16C setup is useful to measure fluorescence lifetimes at different emission
wavelengths and temperatures. It can measure lifetimes using the time-correlated
single photon counting (TCSPC) technique. For excitation different pulsed lasers
are available. Mostly, the diode laser (LDH-470 from PicoQuant; Berlin; Germany)
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with 470 nm was used as excitation wavelength, which has a repetition frequency of
8 MHz and a pulse duration of around 90 ps FWHM. The laser beam is focused by a
lens on the sample contained in a holder and excites the fluorescence. In most cases,
the sample holder consists of a quartz cuvette, while a glass tube is used only for
temperature-dependent measurements. The emitted fluorescence light is collected
by a lens in a 90 ° angle with respect to the excitation beam. Thus, excitation light
transmitted or reflected by the sample is strongly suppressed. The whole setup is

shown in Figure 3.10.
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Figure 3.10: The PML-16C setup with the different available lasers is shown.

By means of a further lens, the gathered fluorescence light can be focused on the
entrance slit of a monochromator or coupled to it by an optical fiber. Between the
two lenses, grey filters for intensity attenuation or long-pass filters for removal of

the excitation laser stray light from the beam path can be introduced.

For detection of time-resolved spectra, a commercial PMIL-Spec (Becker& Hickl;
Berlin) is utilized, which is composed of a spectrometer and a PML-16C detec-
tor. Depending on the grid used the spectrometer delivers a spectral resolution of
6.25 nm, 12.5 nm or 25 nm. The PML-16C consists of a 16 channel multi-anode
photo-multiplier-tube with 16 separate output elements (R5900; Hamamatsu) and
a cathode dynode system for signal gain. It is controlled by a DCC-100 controller
(Becker& Hickl; Berlin) that provides the power supply voltages and the shut off at
the overload of the detector. The PML-16C is connected to a SPC530 measuring

board (Becker& Hickl; Berlin), which provides the whole signal processing. For more
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details about single-photon counting see also section 3.2.3 and [78-80].

For temperature dependent studies, a home-built variable-temperature cryostat
(10 K-300 K, CTI-Cryogenics 8001/8300) as mobile cryostatic system was used for
controlling sample temperature. The sample temperature was adjusted in the range
between 10 K and 300 K. For more details see [87].

For steady state emission measurements, the PML-16C was replaced by a fiber-
coupled CCD-spectrometer (BLACK-Comet-C Spectrometer; StellarNet). The spec-
trometer consists of a grating (590 grooves/mm), which enables detection in the
spectral range from 185 nm up to 850 nm. Depending on the slit width at the
entrance of the spectrometer, a spectral resolution between 0.75 nm and 6 nm was
obtained. As detector a Sony ILX511 CCD-Chip (Sony) with 2048 pixels was used.

Data acquisition was done with the software SpectraWiz ® (StellarNet).

3.3.3 ConfoCorr3 Setup for Confocal Fluorescence

Microscopy and FCS

Confocal imaging and FCS measurements were performed using a 510 META Laser
Scanning Microscope equipped with a ConforCor 3 system (Carl Zeiss, Jena, Ger-
many) as described in [88, 89|. For imaging and FCS, the cw ArKr laser intensity was
set to 50 % of the 30 mW maximum power, and further attenuated by an Acousto
Optic Tunable Filter (AOTF) to the indicated value. A 40x (1.2W) water-immersion
objective (C-Apochromat, Carl Zeiss) was used throughout. Dreiklang-labeled sam-
ples were excited using the 514 nm laser line. The excitation light was separated
from the fluorescence emission by a HFT 485/514 main dichroic beam splitter (Carl
Zeiss), and the resulting emission passed a 530 nm long pass filter before detection
by an avalanche photodiode. For imaging, the laser attenuation was set to 10 %,
yielding 40 uW at the objective lens. For eGFP-labeled cells, the 488 nm laser
line was used and attenuated by AOTF to 2 % of the maximum intensity, yielding
12 uW power after the objective. The main dichroic beam splitter HFTKP 700/488
was used to separate the incident and emitted light, and a 505 nm long pass filter

was used to collect the fluorescence signal.

For FCS measurements in living HEK293T cells, the laser intensity was set to 0.5 %
up to 0.7 % to avoid destruction of the sensitive biological material. FCS data were
collected through a 70 wm pinhole (PH70) in front of the avalanche photodiode.
Only in some characteristic experiments, the pinhole size was varied (between 70 um
and 280 pum, e.g. 80 wm denoted by PHS80) in order to ascertain whether the

characteristic decay time of the correlation function is changing or not, and to

26
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distinguish if the fluctuations in fluorescence intensity are generated by molecular
diffusion or by a kinetic process. Furthermore, the intensity of the laser was changed
for some characterization measurements between 0.5 % and 4 %. Laser intensity at
a given wavelength (I, in uW) was measured after the objective lens and scaled
linearly with the attenuation (atn = 0 - 100), I4gs = 5.76 - atn and I5;4 = 3.96 - atn.

All experiments were carried out at 22 °C.

3.3.4 TCS SP5 Setup for Confocal Fluorescence Microscopy
and FRAP

Fluorescence recovery after photobleaching and confocal image series were taken
using a Leica TCS SP5 II microscope and LAS AF acquisition Software (Leica
Microsystems; Wetzlar; Germany). The confocal scanning microscope was equipped
with an 63x water-immersion objective with a numerical aperture (NA) of 1.4. For
image series a cw Ar laser was used and the laser intensity was set to 25 mW of
the 30 mW maximum power in focal plane. For cells expressing Dreiklang (DRK),
the 514 nm argon line was used for monitoring (I = 8 % to 11 %) and bleaching
(I = 100 %). Experiments on eGFP-labeled samples were always performed using
the 488 nm laser line (I = 6 % to 10 % or 100 %). The utilized emission range of the
detectors was set between 520 nm and 600 nm suitable for Dreiklang and 500 nm
up to 600 nm suitable for eGFP.

Reversible FRAP measurements were performed using an upright TCS SP5 with
LAS AF Software (Leica Microsystems; Wetzlar; Germany) confocal scanning mi-
croscope with a 20x water-immersion objective with a NA of 1.0. For excitation
of the DRK-labeled samples, the 514 nm argon laser line (I = 8 % to 11 % of the
full intensity) was used. For the OFF-switching process (see therefore section 2.3)

instead of bleaching a 405 nm laser diode (I = 100 %) was chosen.

FRAP image series were recorded using the Leica FRAP Wizard of the Leica TCS
NT Software with an image size of (1024 x 128) pixels and 1400 Hz acquisition
speed. A focused single laser shot representing a diffraction-limited spot was chosen
as bleaching pulse. Alternatively, the fluorescence of a region of interest (ROI)
was bleached with a single 50 ms laser scan at 100 % laser intensity. Prebleach
and postbleach image sequences were acquired with 7 % up to 11 % laser intensity
(Gain 100 %) depending on fluorescence intensity of the cell. Prebleach image series
consists of 10 images taken every 0.112 s. Postbleach image sequences were composed
of 750 images taken every 0.112 s and followed by 100 images taken every 0.52 s

using 2x line-averaging and bidirectional scanning.
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3 Microscopy Techniques and the used Spectroscopic Setups

A whole FRAP series took about 137 s and was performed for more than 10 cells
per construct. The reversible FRAP studies with DRK consist also of an 860 image
sequence, but images were acquired every 0.099 s instead of 0.112 s, which leads to
a total duration of around 127 s per sequence. The bleaching / OFF-switching (see
section 2.3) was performed with a single 5 ms bleach at 100 % laser intensity. All

experiments were carried out at room temperature.
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4 Expression Studies on the
Na,K-ATPase FHM2 Mutation

PO79L at Different Incubation

Temperatures

4.1 Introduction

The physiological importance of Na,K-ATPase is underlined by the fact that muta-
tions in the genes coding for Na,K-ATPase isoforms lead to severe human pathologies
like familial hemiplegic migraine (FHM), alternating hemiplegia of childhood (AHC)
rapid dystonia parkinsonism (DYT12) or epilepsy (as described in more detail in sec-
tion 2.2.3). Many of the reported mutations lead to loss-of-function effects, whereas
others do not largely change the function of the enzymes but lead e.g. to reduced

protein stability, reduced protein expression or defective cellular localization.

Whereas most mutations identified in FHM2 (and RDP or AHC as well) lead to
distinct functional changes of the Na,K-ATPase that converge on the notion of a
loss-of-function effect, several FHM2 mutations fail to exhibit functional alterations
when assayed in a particular type of cells [3|. This is especially true for the FHM2
mutation P979L, that shows no functional changes in electrophysiological or bio-
chemical experiments using Xenopus laevis oocytes as expression system. However,
it turned out that the enzyme P979L is thermodynamically less stable in trans-
fected mammalian cells (grown at 37 °C) than in frog oocytes (cultivated at 20 °C)
[3]. Thus, in order to completely address all possible reasons for pathophysiolog-
ical effects upon Na,K-ATPase mutations in humans, functional studies must not
only include electrophysiological and biochemical experiments in various relevant
cell models, but should also try to assess effects regarding cellular quality control
mechanisms, o-/fB-subunit assembly, plasma membrane targeting, protein degra-
dation, protein phosphorylation and importantly interactions with other proteins

that might interfere with the aforementioned processes. Two major points on this
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4 Expression Studies on the Na,K-ATPase FHM?2 mutation P979L

list, which have not been scrutinized thoroughly yet are the determinants of plasma
membrane targeting as well as the influence of temperature on this process and pro-
cesses that are critical for the recruitment of Na,K-ATPase to distinct sub-domains

of the plasma membrane.

4.2 Measurement Procedure and Data Analysis

Fluorescence microscopy studies were carried out on HEK293 cells expressing an
eGFP-labeled human Na,K-ATPase xs-subunit, expressed from a bicistronic vector
harboring TagRFP ¢DNA for using the latter as internal expression standard, im-
ages were recorded with the multiparameter microscopy setup, described in detail
in chapter 3. Cell illumination and excitation was performed with two different
wavelength ranges of a mercury lamp under the use of a filter cube for blue light
(FITC; 465 nm - 495 nm) and a filter cube for green light (TRITC; 540/25). For
all cells three images were taken with an electron multiplying CCD camera (see sec-
tion 3.3.1). For all samples one brightfield image, another in the wavelength range
for eGFP (BrightLineHC 520/35; Semrock) as well as a picture in the red range
(D605/55M; Chroma) were taken. All images were recorded with same camera

settings such as exposure time and gain.

To investigate, if temperature-dependent protein degradation occurs for the Na,K-
ATPase ox-subunit mutant P979L HEK293 cells were transfected with ¢cDNA from
the Na,K-ATPase ap-subunit (WT or P979L) and (;-subunit in a 1:1 ratio. Further
information about sample production, transient transfection and cell treatment is
given in chapter 2. The Na,K-ATPase xy-subunit frameshift mutant (FS), which
refers to another FHM2 mutation (S966fs) leading to premature termination of the
protein that should lead to misfolding and subsequent to protein degradation, as

shown in Tavraz et al. [3] served as another control for measurements.

Fluorescence images were subsequently analyzed with the software ImageJ. For every
cell, the same size of the region of interest (ROI) was taken (100 x 20 pixels) in
order to read out the maximum intensity. This was done for eGFP in the plasma
membrane and cytoplasm, and for TagRFP only in the cytoplasm. For illustration,
some pictures of measured HEK293 cells expressing Na,K-ATPase WT and mutant
P979L at different incubation temperatures are shown in Figure 4.1. Measurements

are performed for more than N = 10 cells and repeated several times.
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Figure 4.1: Comparison between the different mutations of Na,K-ATPase labeled with eGFP and
TagRFP in living HEK293 cells (P979L, WT and FS) at different incubation tempera-
tures. In the first row, bright-field pictures, then eGFP channel, the TagRFP channel
and at least an overlay of eGFP and TagRFP is shown.

In Fig. 4.1, HEK293 cells expressing the eGFP-labeled human Na,K-ATPase -
subunit (wild-type and FHM2 mutant P979L) together with TagRFP from a bi-
cistronic vector are shown. In addition, bright-field images, the eGFP and TagRFP
fluorescence, and at last an overlay of the latter are displayed. Furthermore, TagRFP

expression permits to use its fluorescence as internal standard of protein expression
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4 Expression Studies on the Na,K-ATPase FHM?2 mutation P979L

to normalize the fluorescence signal from eGFP-labeled Na,K-ATPase constructs
(see data in Fig. 4.2). The cells in Fig. 4.1 were grown at 28 °C and at 37 °C
in order to explore, whether the plasma membrane targeting of the Na,K-ATPase
constructs are temperature-dependent, which would give a hint for a difference in
protein stability. The Na,K-ATPase WT can be found at both incubation temper-
atures (28 °C and 37 °C) almost exclusively in the plasma membrane (see second
column in Fig. 4.1), as expected. In contrast, the FHM2 mutant at a temperature of
37 °C, corresponding to human body temperature, is diffusely distributed through-
out the whole cell. However, at an incubation temperature of 28 °C the P979L
mutant shows the same plasma membrane staining as the WT at both incubation

temperatures.

Figure 4.2 shows the ratio of fluorescence intensities between the green fluorescence
of eGFP-labeled Na,K-ATPase constructs (WT: wild-type, PL: mutant P979L, FS:
S966fs frameshift mutant) and the red fluorescence intensity of TagRFP in the cyto-
plasm, which is used as expression standard. For measuring the green fluorescence,
either the intensity in the plasma membrane (blue columns) or in the cytoplasm

(red columns) was taken.
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Figure 4.2: Ratio of fluorescence intensities between the green fluorescence of eGFP-labeled Na,K-
ATPase constructs (WT: wild-type, PL: mutant P979L, FS: S966fs frame shift mutant)
and the red fluorescence intensity of TagRFP in the cytoplasm, which is used as ex-
pression standard. For measuring the green fluorescence, either the intensity in the
plasma membrane (blue columns) or in the cytoplasm (red columns) was taken. Also
the number of sample cells measured is given.

The data in Fig. 4.2 show that at 28 °C, the FHM2 mutant P979L exhibits the same
plasma membrane expression as the WT enzyme. However, the plasma membrane

expression is significantly reduced at 37 °C for the mutant P979L. As a control, the
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4.3 Discussion

S966fs (frame shift) mutation, which leads to premature termination of the protein,
exhibits profoundly reduced expression at both temperatures. In contrast to that, it
is clearly visible that the ratio of eGFP/TagRFP in the cytoplasm for all mutations
(WT, P979L, S966fs) at both incubation temperatures (28 °C and 37 °C) exhibits
nearly the same amount. In order to get a better view to the data Fig. 4.3 shows a
bar diagram of the ratio of the normalized eGFP signal in membrane and cytoplasm

(TagRFP fluorescence used for normalization).
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1.6

1.4

Ratio of eGFP in Membrane / Cytoplasm

WT 28 WT 37 PL28 PL37 FS 28 FS 37

Figure 4.3: Ratio of the normalized eGFP-Na,K-ATPase signal (TagRFP fluorescence used for
normalization) in the membrane vs. the signal in the cytoplasm.

Additionally, in Figure 4.3 the reduced amount of eGFP for the Na,K-ATPase mu-
tant P979L in the plasma membrane of living HEK293 cells at 37 °C is clearly

visible.

4.3 Discussion

In this chapter, the protein expression of the FHM2 mutant P979L of the Na,K-
ATPase as-subunit in dependence of the incubation temperature in living mam-
malian cells was studied and compared with the wild-type. The P979L. mutant is
a single point mutation in the extra cellular region at the beginning of the tenth
transmembrane segment (M10) and located closely to the C-terminus. As already
mentioned in the introduction, former studies on the Na,K-ATPase mutant P979L
exhibit no differences in functionality compared to the WT studied with electro-
physiological methods in Xenopus leavis oocytes cultivated at 20 °C, although the
mutation can be clearly assigned to the FHM2 [3, 5, 55]. Also, no differences in pro-
tein expression and targeting between P979L. and W'T were observed by the use of
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oocytes as expression system at room temperature. In order to study, if temperature
dependence protein degradation can occur for the FHM2 mutant, the expression sys-
tem was changed to mammalian HEK293FT cells, which were cultivated at 37 °C.
From this, western blot analysis of total cell lysates grown a different incubation
temperatures (28 °C or 37 °C) exhibit that the mutant P979L apparently leads
at body temperature to a reduced amount of protein in the plasma membrane as

detected by a surface biotinylation assay on HeLa cells [5, 72|.

In this work, living HEK293 cells expressing the Na,K-ATPase as-subunit WT and
the FHM2 mutant (P979L) have been observed, and fluorescence emission images
were recorded. Thereby, a better view insight the cell can be gained and a statement
about the distribution of the plasma membrane protein inside the cell can be made.
It could be shown that FHM2 mutation P979L significantly reduces the amount of
Xy proteins in the plasma membrane in living HEK293 cells at 37 °C, but not at
28 °C. This corroborates to a temperature-dependent effect on protein folding or
stability, which results in reduced targeting to the plasma membrane, although the

total amount of protein does not seem to be affected.

The lifetime of proteins in cells is highly variable, ranging from less than an hour
up to days. The reason for protein degradation can be the misfolding of proteins or
to the maintenance of the amino acid pool. Other factors for protein degradation
are the processing of precursor proteins, immune response and cell proliferation as
well as the programmed cell death. The degradation of a protein can occur over
several pathways, but the two main pathways are the lysosomal and the proteaso-
mal proteolysis. Typically, most of the endogenous, cytoplasmic and degenerated
proteins are abolished on the proteasomal pathway that is performed by a two step
process. In the first step, a protein that has to be decomposed is marked by a
covalent attachment of multiple ubiquitin molecules. Ubiquitin is a 76 amino acid
long protein with a weight of 8.5 kDa. The ubiquitination reaction proceeds in
a three step mechanism, activation, conjugation and ligation of the enzyme. The
importance of the discovery of the ubiquitin-mediated protein degradation is also
reflected in the award of the Nobel Prize for chemistry in 2004 to the scientists
A. Ciechanover, A. Hershko and I. Rose. More details about the ubiquitination
process can be found here [42, 90, 91]. The ubiquitin chains serve as a signal for
recruitment to the proteasomes. Proteasomes are protein complexes of one core
complex and two regulatory subunits, which were found in the cytoplasm as well
as in the cell nucleus of all eukaryotic organisms. In the second step the eukaryotic
proteasomes break down ubiquinylated proteins and thus they are special types of
proteases. Due to the regulatory subunits of the proteasome it can act on a variety

of cellular processes.
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Furthermore, exogenous proteins, which enter into the cell by endocytosis, are de-
composed by lysosomal proteases (e.g. cathepsine), which are located inside the
lysosomes. Lysosomes are acidic compartments of the cell, which contain numerous
of hydrolases like nucleases, proteases, lipases and phosphatases that are working in
an acidic environment (pH ~ 5.2). The acidic environment is generated and main-
tained by a V-type ATPase, which pumps two protons (H") into the lysosome per
ATP molecule. Also some endogenous proteins can be decomposed by the lysosomal
pathway, this process is then described as autophagy. Furthermore, also transmem-
brane proteins can be degraded by the lysosomal pathway, which is coupled to the
process of endocytosis [92, 93]. The group of Hicke et al. showed that also in the
lysosomal pathway probed for plasma membrane receptors ubiquitination can signal
protein degradation by inducing endocytosis. But in contrast to the ubiquitination
proteasomal pathway, which uses multiple ubiquitin molecules as label, just one
ubiquitin as marker was found in the work from Hicke et al. [94]. Therefore, it is
easy to understand that the degradation of proteins across the lysosomal pathway

takes longer than in the proteasomal pathway using a multiple ubiquitination.

From the literature it is known that the Na,K-ATPase ;- and ap-subunit expressed
in COS-7 cells were degraded under the influence of a poly-ubiquitination process
and therefore is degraded at least partially by the proteasome [95]. On the other
side, Yoshimura et al. showed that the different subunits of the Na,K-ATPase in
the plasma membrane are degraded on different pathways. They found that the o-
subunit is depleted within the lysosomal pathway and the [3-subunit is decomposed
by the proteasomal degradation [96]. A more recent study from Cherniavsky-Lev
and co-workers showed that ouabain-induced internalized Na,K-ATPase pumps in
the human lung carcinoma cell line H1299 are also destined for lysosomal degrada-
tion [97]. This leads to the assumption that the degradation process is maybe also
dependent on the used cell line. It has to be also mentioned here that protein degra-
dation can also occur over the proteasomal way without ubiquitination. This process
usually happens for misfolded proteins, which were directly transferred back to the
cytoplasm and decomposed there by the proteasome. In order to see, if the degra-
dation of the P979L mutant occurs by the proteasomal pathway Tavraz et al. tested
two different proteasome inhibitors [72], which should lead to an accumulation of the
plasma membrane protein in the corresponding cell compartments. Since, no differ-
ences were visible the assumption can be made that the Na,K-ATPase os-subunit
mutant maybe does not undergo an ubiquitination process or the decomposition of

the protein does not occur by the proteasomal pathway.

Starting from the obtained fluorescence images (see Fig. 4.1), one can assume that

an incubation temperature of 37 °C leads to a premature degradation of the P979L
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mutant, as has been already suggested by Tavraz et al. Comparing the fluorescence
images of the mutant at 37 °C with those from wild-type at 28 °C or 37 °C it
is clearly evident that the plasma membrane protein is diffusely distributed over
the whole cell. If the plasma membrane proteins were on the way to the plasma
membrane one would suggest to see small, fluorescent spots, which can be assigned
to the transport vesicles. Another aspect which should be considered is that the
protein is apparently expressed, because in every cell the TagRFP can be seen in
the cytoplasm and therefore the plasmid vector is read correctly. In the constructs
TagRFP serves as a internal standard of protein expression. This assumption is also
underlined by the obtained diagrams (see Fig. 4.2), which show nearly the same
amount in the ratio of eGFP and TagRFP in the cytoplasm for all Na,K-ATPase
constructs (WT, P979L, FS) at all incubation temperatures (28 °C and 37 °C). It
could also be that the mutant P979L is misfolded at body temperature and thus

removed directly into the cytoplasm with following degradation by the proteasome.

Thus, the protein expression of the P979L mutant needs to be monitored in much
more detail, in order to understand if the mutant protein reaches the plasma mem-
brane and is degraded from there much faster than the WT protein or if it is degraded
before reaching the plasma membrane in future studies. In addition, it would be
interesting to see, if the protein is visible in the Golgi apparatus or in transport
vesicles before reaching the plasma membrane or in lysosomal compartments, which
could be done by co-localization experiments with fluorescent markers for these cel-
lular compartments. This can be done by monitoring the protein expression in short
time steps or the whole time after transient transfection. In this work measurements
were always performed 36 h after transient transfection, since the WT protein ex-
hibits in this time slot a bright plasma membrane staining. Another interesting
aspect is the use of inhibitors, which perhaps can inhibit the lysosomal pathway
for protein degradation such as chloroquine or leupeptin. Also inhibitors, which
prevent the protein transport in different compartments of the cell would be inter-
esting for future investigations. More details and understanding for the causes for
the temperature-dependent protein degradation of the P979L mutant can lead to a

better explanation of the molecular origin of FHM?2.
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5 Spectroscopic Characterization
of the Fluorescent Protein

Dreiklang

5.1 Introduction

For further studies, the fluorescence emission of the photoswitchable protein Drei-
klang was firstly characterized under various environmental conditions such as dif-
ferent pH-values, excitation intensities or temperatures. Therefore the purified Drei-
klang protein and cDNA plasmids suitable for HEK293 cell expression of Dreiklang
were generated (see section 2.4). These studies were performed with different mi-
croscopy and spectroscopic techniques, as described in more detail in chapter 3.
An introduction to Dreiklang and other common fluorescence proteins is given in

section 2.3.

5.2 Absorption and Fluorescence Emission Spectra

Absorption measurements were performed using a spectrometer from Perkin Elmer
(Lambda 19; 190 nm - 3.2 pm) with a wavelength range from 200 nm to 600 nm and
a scanning speed of 480 nm/min. The PML-16C setup was used for steady-state
emission investigations, which has been described in detail in section 3.3.2. Here,
a 470 nm laser diode was used to excite the samples and the fluorescence emission
was observed in a wavelength range of 450 nm up to 700 nm. All measurements
were done at room temperature and for each measurement method the same sample
concentration (caps, = 8.4 ug/ml and cg,,. = 19.9 pg/ml) was used. Figure 5.1 shows
the normalized absorption and fluorescence emission spectra of purified Dreiklang

proteins in phosphate-buffered saline (PBS) solutions at physiological pH.
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Figure 5.1: Normalized absorption and fluorescence emission spectra of purified Dreiklang proteins
in PBS at pH 7.4.

Fig. 5.1 clearly shows that Dreiklang has three absorption bands and shows in ad-
dition a fourth peak from the protein at 280 nm. Two small peaks, one unusual in
the UV range at around 340 nm and another in the blue range at around 412 nm
and a major peak in the green range at 511 nm at a pH of 7.4 were observed. These
absorption bands can be associated to the different states of Dreiklang. In the ON-
state DRK exist in a protonated form and a deprotonated form, which have been
assigned to the absorption bands at 412 nm and 511 nm. The absorption band at
340 nm corresponds to the OFF-state of DRK. The maximum of the fluorescence
emission spectrum is found at 525 nm and as expected shifted to longer wavelength
due to the Stokes shift. The normalized absorption and emission spectra of the
purified Dreiklang proteins diluted in PBS at various pH-values are presented in
Fig. 5.2. Normalization was performed by setting the maximum observed intensity

to 1 and scaling the other curves in each plot by the same factor.
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Figure 5.2: Absorption- (a) and emission spectra (b) of purified Dreiklang protein in PBS at
various pH-values. Fluorescence emission spectra were taken with excitation at 470 nm.
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5.3 Excitation Spectrum and Emission Spectrum at different Excitation Wavelength

The protein is efficiently excited at all selected pH-values, which is shown by a clear
peak at 280 nm in all absorption curves related to the absorption of the amino acids
with aromatic rings, which are present within the protein (mainly tryptophanes
contribute to the 280 nm absorption) (Fig. 5.2 (a)). As already mentioned above,
the absorption spectra of Dreiklang at different pH-values show a major peak at
511 nm and a minor peak at 412 nm. The amplitude of the 511 nm peak decreased
in increasingly acidic solutions, whereas the 412 nm peak increased concomitantly,
with a clear isosbestic point at around 455 nm. The minor peak at around 412 nm
that increased with lower pH corresponds to a neutral form of the chromophore,
also termed protonated form. Higher pH-values convert the chromophore in an
deprotonated form, which absorbs at 511 nm and leads mostly to formation of a
reactive anionic form of the chromophore. Similar to other FPs, Dreiklang shows a
minor absorption peak blue-shifted to the main peak. This has been associated to
a second deprotonated form of the chromophore as shown by Cotlet et al. [98]. The
steady-state emission spectra of Dreiklang at different pH with excitation at 470 nm
are characterized by a dominant peak at 525 nm and a small shoulder at about
560 nm (see Fig. 5.2 (b)). As the pH increases, the intensity of the fluorescence
emission signal increases. These results are in good agreement with the data shown
by Brakemann et al. [37|. Additionally, other fluorescent proteins, e.g. GFP, show
also pH-dependent absorption and emission spectra as already described in several
works [16, 36, 67, 99].

5.3 Excitation Spectrum and Emission Spectrum

at different Excitation Wavelength

In order to understand, to which extent the absorption of radiation by Dreiklang

results in emission of light or fluorescence, an excitation spectrum was taken.

The absorption spectrum measures the wavelength at which a molecule absorbs
light. However, many compounds do not emit light after absorption of radiation
and the energy dissipates in the molecule or its environment without resulting in the
emission of photons. In contrast, an excitation spectrum determines the efficiency,
by which excitation by light of different wavelengths leads to fluorescence emission
of the observed molecules, as monitored at a fixed detection wavelength. If every
absorbed photon results in fluorescence emission with quantum yield determined
only by the wavelength-dependent absorption (extinction) coefficient, the excitation

and absorption spectra are similar.
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Excitation spectra and steady-state emission measurements with different excitation
wavelength were preformed using a FluoroMax-2 (Horiba Jobin Yvon GmbH) spec-
trometer with 2 nm resolution. For all measurements the same sample concentration
of ¢ = 16.6 ug/ml was used. An excitation spectrum of purified Dreiklang proteins
diluted in PBS at pH 7.4 was taken between 300 nm and 516 nm. The emission
wavelength was set to 525 nm. The results are shown Fig. 5.3. Additionally, the ab-
sorption spectrum of DRK at physiological pH from measurements above is depicted

in the same diagram.
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Figure 5.3: Overlay of the excitation spectrum of Dreiklang taken at an emission wavelength of
525 nm and the absorption spectrum. Both spectra were taken at physiological pH and
have been normalized to a maximal amplitude of 1.

Clearly, the excitation spectrum of Dreiklang has a similar shape as the absorption
spectrum of Dreiklang at a pH of 7.4 (see Fig. 5.3). Both spectra show a major
peak at 511 nm with a prominent shoulder at about 475 nm and minor bands at
415 and 345 nm. At physiological pH the chromophore is mostly found in the
deprotonated form, which is well excited at 511 nm and results in fluorescence
emission at 525 nm. The protonated form of the chromophore, which can be excited
at 412 nm and, as described above, is weakly fluorescent. This wavelength range
is explicitly respomnsible for the OFF-switching of the fluorophore. So no peaks
but clear bands are visible in fluorescence emission at 525 nm for lower excitation
wavelength at around 440 nm, in contrast to the the absorption spectrum. Another
possible reason for that is that the protonated state has a very low quantum yield
or this state emits at wavelength below 510 nm and is therefore filtered out in this

measurement.

Steady-state emission spectra of Dreiklang at various pH-values were performed by

excitation with 412 nm and emission range between 480 nm - 650 nm (Fig. 5.4 (a)) or
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5.3 Excitation Spectrum and Emission Spectrum at different Excitation Wavelength

505 nm and emission range of 510 nm to 650 nm (Fig. 5.4 (b)). Normalization is done
by setting the maximum observed intensity to 1 and scaling the other measurements
at the same excitation wavelength of the same factor under the premise that the

same protein concentration was used in all experiments.
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Figure 5.4: Steady-state emission spectra of purified Dreiklang protein at various pH-values for
excitation with 412 nm (a) and 505 nm (b).

When Dreiklang is excited at 412 nm, the fluorescence spectra display a narrow and
fairly invariant peak at 525 nm, and the emission amplitude is increasing with rising
pH and a shoulder at longer wavelengths, which develops into a second emission
band centered at 575 nm at pH 8. At this excitation wavelength mainly the neutral
form of the chromophore is excited, as already shown in the absorption spectra of
Fig. 5.2 (a). For excitation at 505 nm, which is associated with the wavelength range
for direct excitation of the anionic form of the chromophore, the peak at 525 nm
is broadened and a pronounced shoulder at longer wavelengths is observed. The
pH dependence is also clearly visible in the emission spectra upon excitation with
412 nm. Another aspect, which has to be discussed is that the unnormalized curves
for the two different measurements (excitation with 412 nm and excitation with
505 nm) show large differences in the amplitude of fluorescence intensity although
for both measurements the same concentrations were used (data not shown). This
effect is also found for other fluorescent proteins, for example like eGFP [98-100] and
could be explained by the fact that by excitation with 412 nm mainly the protonated
form of the chromophore is excited, which is not fluorescent. On the other hand,
at 505 nm mainly the deprotonated form is excited and shows a broad fluorescence
spectra as described above. By normalization of the fluorescence emission spectra to
their respective maximum one clearly recognizes a shift of the maximum to the blue
range for lower pH-values (see Fig. 5.5). This effect is visible for both excitation

wavelengths.
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Figure 5.5: Normalized emission spectra to their respective maximum of Dreiklang protein at var-
ious pH-values for excitation with 412 nm (a) and 505 nm (b).

This effect could be explained by the fact that at lower pH the protein is much more
protonated than for higher pH. This is also underlined by the bigger visible shift
for measurements at 412 nm, which is associated for the excitation of the neutral or

protonated form of the chromophore.

5.4 Fluorescence Lifetime Studies at Different

pH-Values

The lifetime of the excited state of purified Dreiklang proteins at different pH-
values was studied using the confocal multiparameter setup coupled with the SPAD
as detector (see section 3.3.1). A 470 nm laser diode with 20 MHz pulse repetition
rate was used to excite the sample and emission was selected with a 570Ip filter.
The adaptation of all measured fluorescence decay kinetics with a time increment of
12.2 ps/channel were carried out using the program Globals Unlimited ©. Thus, a
multi-exponential fit with deconvolution of the instrument response function (IRF)
were performed using a Levenberg-Marquardt algorithm for minimization of the
mean square error x2. Figure 5.6 (a) shows raw fluorescence decay curves obtained
at various pH-values and the measured instrument response function. The calculated
lifetimes with the respective amplitudes are shown in the right panel. The recorded
fluorescence decay kinetics could be fitted using a global three exponential model
with lifetimes of 80 ps, 740 ps and 2.7 ns. Decay associated spectra (DAS) were
constructed, which represents the effect of different pH-values on the amplitudes of

the exponential components of the model.
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Figure 5.6: (a) Fluorescence decay curves of purified Dreiklang proteins at different pH-values
and the measured IRF. (b) Decay associated spectra with lifetimes and respective
amplitudes of Dreiklang as a function of the pH.

Fig. 5.6 (a) shows that a short lifetime (80 ps) increases in amplitude with de-
creasing pH. This is also underlined by the calculated lifetimes and amplitudes (see
Fig. 5.6 (b)). In contrast, the amplitude of the long 2.7 ns component decreases
with decreasing pH. Furthermore, the 740 ps component has an almost constant
contribution over all pH-values. As already mentioned in section 5.2, fluorescent
proteins, exist in two forms at physiological pH, in a first approximation, a pro-
tonated form and a deprotonated. These two states have, as already indicated,
various spectroscopic properties and show overlapping absorption spectra. This as-
sumption excludes mono-exponential models for the decay of the fluorescence. At
least a bi-exponential model is required. Many different groups [98, 100-103] have
already shown that various fluorescent proteins like GFP can not be described with
a mono-exponential model and typical lifetimes for the protonated state are found
between 150 ps and 250 ps. The lifetime for the deprotonated state of the chro-
mophore is usually reported from 2.7 ns to 3.3 ns. Since Dreiklang is a GFP-like
fluorescent protein, it can be compared in a first approximation to GFP. Therefore,
it can be assumed that the measured 80 ps component represents the protonated
form of the chromophore, which is supported by the increase in the amplitude at
lower pH-values. On the other hand, the long 2.7 ns component could be associated
with the fluorescence lifetime of the deprotonated form of the chromophore. This

component dominates the fluorescence decay at alkaline pH.

The work of Cotlet et al. [98] distinguishes a third state, which is also deprotonated
and it is associated to immature proteins, as well as to the local oxygen concen-
tration. This form emits above 550 nm. This state could not be observed with
excitation at 470 nm and observation around 520 nm. Additionally, it shows a life-
time of the excited state close to 3 ns, which makes it very hard to be distinguished
from the 2.7 ns component. The 740 ps component with a small constant amplitude

is found in these measurements for all different pH-values can not be explained so far.
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However, several works [100, 101] found a similar unexplained lifetime component
of around 850 ps for GFP.

In order to get an impression about the spatial distribution of the average lifetime
and effects at different pH-values in living cells the averaged lifetime were mea-
sured with the fluorescence lifetime imaging microscopy (FLIM) setup based on a
QA detector (see section 3.3.1 and [104, 105]). For illumination and excitation of
living HEK293 cells expressing cytoplasmic DRK the 470 nm laser diode was used
and emission selected with a 565ALP filter. For more details of cell treatment see
section 2.5. Figure 5.7 (a) shows the spatial distribution of the average lifetime of
cytoplasmic Dreiklang in HEK293 cells with an intracellular pH of 5.0, 6.0, 7.4 and
8.0. Color scale bar on the left side represents the average lifetime (Fig. 5.7 (a)).
The lower panel of Fig. 5.7 (b) gives the corresponding normalized fluorescence de-

cay curves of the measured cells at different pH read out in a region of interest.
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Figure 5.7: (a) FLIM images of living HEK293 cells expressing cytoplasmic DRK after illumination
at 470 nm and emission selection above 565 nm at various pH-values. The color scale
bar encode the average lifetime. Lower panel shows the corresponding normalized
measured lifetime decay curves (b).
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It is clearly visible that the average lifetime increases with increasing intracellular
pH, as already shown in Fig. 5.6 for the long lifetime component of the purified
protein. The FLIM pictures (see Fig. 5.7 (a)) also show that the average lifetime
increases with higher pH-values, which is indicated in Fig. Fig. 5.7 (a) by changing
the colors from blue (~ 0.5 ns) to red at pH 8.0 corresponding to a lifetime of around
2 ns. These results are underlined by the given normalized decay curves (Fig. 5.7
(b)), which show clearly a rising contribution of the fast component with decreasing
pH. All of these results are in good agreement with the obtained data from the

lifetime studies at different pH-values.

5.5 Fluorescence Lifetime Kinetics at Different

Temperatures

Temperature dependence of the lifetime and fluorescence emission spectra were per-
formed using purified Dreiklang proteins diluted in PBS buffer (pH 7.4) containing
70 % glycerol and measured with the PML-16C setup (see section 3.3.2). The
470 nm laser diode with a repetition rate of 8 MHz was used to excite the sample.
The fluorescence emission signal was separated from laser light using a 488lp filter.
Fluorescence decay curves were taken in 16 channels with a spectral resolution of
12.5 nm in a fluorescence emission range from 450 nm to 640 nm. The analysis of all
measured fluorescence decay kinetics with a time increment of 6.1 ps/channel were
carried out using Global Unlimited © software. The recorded data was fitted with
a mono-exponential function for the sake of simplicity for different emission wave-
lengths and temperatures. Simultaneously, time integrated emission spectra were
taken at steps of 5 K in the wavelength range from 400 nm to 800 nm. Measurements
were started at room temperature (291 K) and stopped at 250 K. Normalization for
time integrated spectra is done by setting the maximum observed intensity to 1 (here
at 291 K) and scaling the other measurements at the same excitation wavelength of

the same factor.

Normalized time integrated fluorescence spectra at different temperatures (291 K
- 250 K) of DRK protein are shown in Figure 5.8 (a), exhibiting a fluorescence
maximum at 525 nm as expected for Dreiklang. Clearly, it is visible that the intensity
of the fluorescence emission decreases with decreasing temperature, but the shape
of the emission curve does not change. Fluorescence spectra for temperatures below

250 K could not be taken, because the fluorescence emission signal vanished.
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Figure 5.8: (a) Normalized fluorescence emission spectra of purified DRK proteins (pH 7.4) in
dependence of the temperature after excitation with 470 nm. (b) The obtained DAS
spectra from DRK at room temperature (291 K) and 250 K after excitation with 470 nm
and fitting with a single exponential model are shown on the right.

One would expect that the fluorescence emission signal increases with freezing of
the sample due to a higher scattering by working in a perpendicular mode (see
section 3.3.2) and since the distribution of vibronic modes in the excited state oc-
cur according to the Boltzmann statistic a clear change also in the shape of the
fluorescence emission spectra in dependence of the temperature is expected, which
sharpens the emission band with decreasing temperature. At lower temperatures
one would expect a narrower or sharper spectrum, a stronger signal and also a shift
of the emission peak to shorter wavelengths (blue range), due to the different pop-
ulation of the vibrational levels. These effects were observed for eGFP (data not
shown). So, it can be speculated that DRK switches by freezing under continuous
illumination into an OFF-state or a not clearly identified dark state. The switching
process from the fluorescence equilibrium state or ON-state of DRK to the OFF-
state occurs normally by illumination with 405 nm light, and it requires a hydration
process. One possibility would be that by the freezing process the necessary water
molecule for a hydration process moves closer to the chromophore and thus switch it
in the OFF-state without illumination of 405 nm. This is also underlined from the
fact that the DRK fluorescence turns back with nearly same amount after heating
the sample to room temperature again. Another option could be that the water
mobility is restricted due to freezing and the surrounding environment is distorted,
which is also influenced by the 70 % glycerol in the solution. This could lead to an
accumulation of the protein in a nonfluorescent dark state. Similar effects were also
observed for other switchable proteins like derivatives of IRFP in our group. The de-
cay associated spectra from obtained lifetime data at room temperature (291 K) and
at 250 K are plotted together to visualize the relative amplitudes of the calculated
lifetimes at different emission wavelengths (see Fig. 5.8 (b)). An averaged lifetime

of 2.0 ns was observed for Dreiklang at room temperature, which is faster than the
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obtained lifetimes (~ 2.7 ns) in former measurements (see section 5.4). This could
be explained by the presence of glycerol in the PBS buffer (pH 7.4), which leads to a
change in the lifetime. The comparison of the obtained lifetimes at room tempera-
ture with the lifetimes calculated at 250 K shows a clear increase of the lifetime, but
no changes or shifts in the wavelength of the emission peak at low temperatures.
Similar effects were visible for temperature dependence lifetime measurements on

eGFP in a 70 % glycerol-containing PBS solution (data not shown).

5.6 Investigations on the OFF-Switching Process

To get more information about the photoswitching mechanism of Dreiklang the
OFF-switching process was studied at different excitation intensities and for various
pH-values. All measurements were performed with the multiparameter setup, and
using a mercuryarc lamp as light source. The fluorescence emission signal was then
detected by the Andor Luca R ®™ camera. Measurements were taken with purified
Dreiklang in PBS and for living HEK293 cells expressing cytoplasmic Dreiklang pro-

tein (for more details about used cDNA plasmids and cell treatment see section 2.5).

In order to monitor the OFF-switching process and its dependence on the local
environmental pH, two emission lines of the mercuryarc lamp were selected for ex-
citation. The first was a DAPI filter set for UV light and a filter set for 405 nm
to monitor the OFF-switching. The emission range was selected by a 570lp filter.
Series of 200 images were taken with 0.1 s exposure time without EM gain and
auto-scaling. The samples were firstly illuminated for 5 s with UV light and then
monitored for up to 40 s under 405 nm light excitation. The cycles were repeated

for the whole series. Experiments were always carried out at room temperature.

Data analysis were done with Image J software by selecting a region of interest
(ROI) of 1,000 pixels and reading out the mean fluorescence intensity over time.
The resulting OFF-switching curves were subsequently analyzed with Origin soft-
ware and were fitted independently with a single exponential function in order to
calculate the OFF-switching time. All measurements were repeated several times
for more than 5 curves per intensity or pH-value. The averaged switching time with

corresponding standard error is given.
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Firstly, the dependence of the used light intensity on the switching process was
characterized. OFF-switching studies with the purified protein were done with a 5 ul
PBS solution droplet on a coverslip, and measured with a 10x objective. Intensities
of the mercury lamp could be selected with different neutral density filters (None,
ND4, ND8, ND4 + NDS8). The corresponding optical power were measured after
the 10x objective with a power meter (Nova; Ophir Photonics) for the 405 nm
excitation light and the resulting intensities calculated to be 30 W/cm? (None),
8 W/cm? (ND4), 4 W/em? (ND8) and 1 W/ecm? (ND4 + NDS).
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Figure 5.9: (a) Normalized OFF-switching process of Dreiklang protein diluted with PBS at a pH
of 7.4 by illumination with different intensities of 405 nm and fluorescence collected
through a 570lp filter. (b) Calculated switching times at different intensities.

In Figure 5.9 (a) and (b) it is significantly shown that the OFF-switching time is
strongly dependent on the used light intensity. For all following measurements, the
excitation intensity was chosen very carefully not to modify the acquired data with
additional quenching effects other than the photophysical processes under investiga-
tion. Since, the switching reaction of DRK is light-driven, one has to ensure always
a constant excitation intensity. Even if the used excitation is far away from the
OFF-switching peak, one will always trigger the switching process. It is just a mat-
ter of time. From these results, the following measurements were performed using

the minimum excitation intensity of 1 W/cm? for the 405 nm light.

OFF-switching studies with the purified protein at different pH-values were done
under same conditions as described above. Normalized OFF-switching curves of the

purified Dreiklang protein at different pH-values are given in Fig. 5.10 (a).
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Figure 5.10: (a) Normalized OFF-switching curves of purified Dreiklang protein at different pH-
values by illumination with 405 nm and fluorescence collected through a 570lp filter.
(b) OFF-switching time in dependence of the pH estimated with an exponential fit.

Clearly, a dependence between the OFF-switching time and utilized pH is visible.
For lower pH the curves decay faster that means the switching rate is increased.
This is better visualized by the histogram in Fig. 5.10 (b) presenting the calculated
OFF-switching times in dependence of the used pH. Between pH 5.0 and 7.0 the
switching time is unchanged, but above pH 7.4 it increases clearly. It must be noted,
that the absolute value of the measured time constants was not very accurate and
changed significantly in different measurement sets. However, in all measurements

the same trend for different pH-values was obtained.

To confirm that the behavior of the switching process in living organisms remains
unchanged, experiments were performed on HEK293 cells expressing cytoplasmic
Dreiklang. Before measurements, the cells were treated with ionophores in order to

change and adapt the intracellular pH (see section 2.5).
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Figure 5.11: (a) Normalized OFF-switching curves of cytoplasmic Dreiklang proteins expressed in
HEK293 cells at different pH-values by illumination with 405 nm and fluorescence
collected through a 570lp filter. (b) Histogram showing the OFF-switching time as a
function of intracellular pH.
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The OFF-switching curves at different pH and calculated times obtained in living
HEK293 cells expressing cytoplasmic Dreiklang (Fig. 5.11 (a) and (b)) show the
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same behavior and trend for the switching time, as in the purified protein. As de-
scribed in section 2.3, the switching process is based on a hydration / dehydration of
the chromophore, which causes a structural change. In order to explain the effects
on the chromophore structure Figure 5.12 shows the chemical structure of the chro-
mophore in the fluorescent equilibrium state and after irradiation with 405 nm in
the nonfluorescent OFF-state. In the figure the carbon atoms are given in light grey,
nitrogen atoms in blue, oxygen atoms in red and the water molecule is shown in light
blue. In the equilibrium state, the chromophore is largely planar and consists of two
aromatic rings, a six membered hydroxyphenyl and a five membered imidazolinone
ring with the important double bound between a nitrogen (N) and a carbon (C),
which are connected through a methine bridge. By irradiation with 405 nm, a hy-
dration of the imidazolinone ring occurs and the chromophore structure is changed.
The double bond of the five-membered ring disappears and a new hydroxyl group
(-OH) is added.
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Figure 5.12: Chemical structure of the Dreiklang chromophore in the fluorescent equilibrium state
(left) and after irradiation with 405 nm in the nonfluorescent OFF-state (right). Car-
bons presented in grey, nitrogen in blue, oxygen in red and the water molecule in light
blue. Reprinted and extended from [37].

Brakemann et al. estimated that this hydration process is due to a nucleophilic
addition, since the chromophore is present in a suitable conformation and the C
atom is engaged in a double bond. However, the pH-dependent measurements of
the OFF-switching time rather suggests an electrophilic addition mechanism. Since
water is a poor nucleophile, water addition to alkenes is known to be acid-catalyzed.
In this context, a proton serves as a catalyst by attacking the double bond, which
leads to formation of a carbocation, which is then sufficiently electrophilic to permit
nucleophilic attack by water. This process would fully account for the observed pH
dependence of the switching process. In the latter, a water molecule reacts with
the double bond and the protonation is thereby the slowest and therefore the rate-

determining step of the addition reaction. In this reaction the acid environment
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works like a catalyst, resulting in very short OFF-switching times for pH-values
between 5.0 and 7.0. Thus, the activation energy in basic solutions is increased for
the hydration process and leads to longer switching times. In conclusion, it can be

confirmed that the more basic the pH-value, the longer the switching process is.

5.7 Discussion

In this chapter, the reversibly photoswitchable protein Dreiklang was characterized
dependent on different conditions like temperature or different pH-values. A first
introduction about the fluorescent protein was given in section 2.3 and measurements
with Dreiklang as a fluorescence marker for diffusion studies were performed in

chapter 6.

It can be shown that the fluorescence protein Dreiklang used for this work exhibits
two absorption bands, a small one at 412 nm and a main peak at 511 nm, which
corresponds to the protonated and deprotonated form of the chromophore. The
amplitude of both peaks depends on the pH-value and a clear isosbestic point is
apparent at around 455 nm. The fluorescence emission shows a dominant peak at
525 nm with a small shoulder at longer wavelengths. The small shoulder can be
explained by a second deprotonated form of the chromophore, which was previously
described by Cotlet et al. for eGFP [98|. For increasing pH the fluorescence intensity
increases. All of these results show that Dreiklang protein used in this study exhibits
the same properties in absorption and emission, as described by Brakemann et al.
[37]. It is also comparable to other fluorescent proteins like GFP, but the pH-
dependence is shifted to the neutral range compared to eGFP or the parental Citrine
[16, 36, 67, 99].

Furthermore, the lifetime of the purified Dreiklang at different pH-values has been
determined and showed that with decreasing pH a fast component increases. The
obtained lifetimes (2.7 ns, 740 ps, 80 ps) are in good agreement with lifetimes found
for other FPs [98, 100-103]. Lifetime measurements in dependence of the tempera-
ture of DRK in glycerol reveal an increase of the average lifetime component with
lower temperatures from 2.0 ns at room temperature (291 K) up to 2.7 ns at 250 K.
In the same experiment time integrated fluorescence emission spectra were simulta-
neously taken at 5 K steps. They also exhibit a decrease of the fluorescence signal
intensity with decreasing temperature. Measurements under 250 K could not be
performed, because the whole fluorescence signal vanished or was too close to the
noise level to obtain accurate results. It has to be pointed out, that the fluorescence

signal recovers in the same amount after re-heating of the sample, excluding that
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irreversible damage of the protein occurs. This effect leads to the assumption that
DRK switches in the dark state by freezing under continuous illumination or under-
goes some yet uncharacterized photophysical processes. In other words one could
say that the equilibrium between the bright and dark population of DRK is affected
by temperature. At large temperatures DRK tends to stay in the bright state as
confirmed by the switch-ON constant by Brakemann et al. [37].

Another property of the photoswitchable protein, which has to be taken into account,
was the switching time. Dreiklang exists in three different forms, a fluorescent equi-
librium state, a fluorescent ON-state and a nonfluorescent OFF-state. From both
fluorescent states the protein can be switched by illumination with 405 nm into the
dark state (OFF-state). This switching occurs by a hydration process of the chro-
mophore. The time constant of the switching process from any fluorescent state
depends dominantly on the pH. In fact, the switching of DRK in the cytoplasm
of living HEK293 cells shows the same dependence as the purified protein in PBS.
Indeed, cytoplasm is a more complex environment than PBS, due to the presence
of many ion types, different viscosity, refractive index and vesicles. In all cases the
switching occurs very fast in a pH range from 5.0 to 7.0. For higher pH-values (7.4 to
10.0) the switching time gets clearly slower. These results can be explained by a nu-
cleophilic or an acid-catalyzed electrophilic addition, which extends the conclusions
drawn by Brakemann et al. [37]. Furthermore, the switching time in dependence of
the used illumination intensity was probed and it was confirmed out that high illu-
mination intensities lead to faster switching times, as expected for a photophysical

process.

In conclusion, Dreiklang reveals comparable properties to other fluorescent proteins
of the GFP family, but it has major advantages. The benefits of this protein are on
the one hand the decoupling of the fluorescence excitation from the optical switching
spectrum and the photostability. Additionally, the protein is an excellent pH sensor,
which can also be very useful for studies in living cells based on the measurements
of the fluorescence signal intensity. However, lifetime measurements or FLIM might
be negatively affected by this property especially in living organisms, where the
intracellular pH concentration is not under control. Furthermore, Dreiklang as a
photoswitchable protein is suitable for the application of optical super-resolution
techniques on single molecule level such as stimulated emission depletion microscopy
(STED) [32-34], stochastic optical reconstruction microscopy (STORM) [31, 106],
photoactivated localization microscopy (PALM) [35, 107] or reversible switchable
optical linear fluorescence transitions (RESOLFT) microscopy [108].
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6 Investigations on the Mobility of
the Na,K-ATPase in the Plasma

Membrane

6.1 Introduction

To clarify the dependence of the mobility of the Na,K-ATPase (NaK) in the cell
membrane on the different binding sites to cellular matrix or adapter proteins, e.g.
to caveolin-1 and ankyrin B, different mutations of the Na,K-ATPase were gener-
ated as described in section 2.4.2. The resulting changes of the protein mobility
in living cells was probed by fluorescence correlation spectroscopy (FCS) or by flu-
orescence recovery after photobleaching (FRAP). FRAP observes the diffusion of
chromophores in a photobleached area of some square micrometers and measures
the recovery time of the fluorescence signal. In contrast, FCS observes the fluores-
cence intensity fluctuations of molecules diffusing across a confocal volume of about
1 fL.. FCS allows the simultaneous observation of multiple fast-diffusing molecular
species, while FRAP is limited to a temporal scale of the diffusion time above 1 ms.
Additionally, FRAP requires high laser intensities to bleach the fluorophores, foster-
ing the production of reactive oxygen species (ROS). Both techniques are described
in more detail in chapter 3. The solution to the problem of ROS production can
be overcome by the use of Dreiklang as fluorescence marker, which is described in
detail in section 2.3 and characterized in chapter 5. In all cases one would expect
that the fluorescence tag has no influence on the diffusion behavior of the membrane
proteins. In order to verify this proposition, all studies in this chapter were per-
formed using Dreiklang as well as the popular eGFP as fluorescence marker and are

later on compared.
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6.2 Fluorescence Correlation Spectroscopy
6.2.1 Adjustment and Calibration for FCS Measurements

Intracellular distribution of the fluorescently labeled Na,K-ATPase was visualized
by confocal laser scanning microscopy (Fig. 6.1 (a)). FCS experiments of eGFP- or
Dreiklang-labeled Na,K-ATPase molecules in the cell were performed at the apical
position (upper membrane). To identify the position of the upper cell membrane,
the peak of the fluorescence intensity (Fig. 6.1 (b)) was identified by performing a
single-point scan in the z-direction with 0.5 um increments over a distance of 20 um.
Figure 6.1 (a) shows an exemplary z-scan measurement over the cell. The resulting
cell profile in z-direction is shown in Fig. 6.1 (b). It is assumed that the plasma mem-
brane is localized at the position with the highest count rate, since Na,K-ATPase is
a prototypical plasma membrane protein. Inside the cell cytoplasm, the fluorescence
signal has a little bit higher intensity than outside the cell, reflecting the presence
of Na,K-ATPase molecules in the endoplasmic reticulum (ER) followed by process-
ing through the Golgi and trans-Golgi network and targeting to the membrane by

transport vesicles.
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Figure 6.1: (a) Confocal image of HEK293T cells expressing eGFP-labeled Na,K-ATPase (green
emission) adjusted for measuring the z-profile of the cell (setup parameters are as
described above), the scale bar indicates 10 um. (b) A typical z-profile of a cell
(abscissa: z-position in um, ordinate: count rate in kHz) is illustrated resulting from
a z-scan with 0.5 um increments over a distance of 20 um across the cell. The peaks
in the count rate are attributed to the position of the basal (first peak) and the apical
(second peak) plasma membrane, respectively.
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6.2 Fluorescence Correlation Spectroscopy

For each investigated cell or solution, the autocorrelation curves (ACC) were gen-
erated by recording ten or twenty 10 s-long data series. Only curves from selected
cells, exhibiting a stable count rate during the whole measurement were taken for
analysis. For analysis of the FCS measurements, all autocorrelation curves were

normalized to the same amplitude and plotted, according to the following formula:

G(r)—1

—G(TRef) — (6.1)

norm. G(1) =

G(TRey) 1s the temporal average of G(7) over the time period from 5.2 - 10° s to
4.8 - 10° s. The normalized autocorrelation curves were then averaged, leaving out
autocorrelation curves that largely deviated from the majority of the data. In most
of the measurements, the first three curves could not be used for calculating the
average due to bleaching of immobile molecules in the membrane. Most of these
deviating curves relate to bleaching processes or just showed no correlation. The
fitting procedure in order to calculate the diffusion times for every measurement
was done by using the integrated software of the ConfoCor 3 system from Carl Zeiss
with autocorrelation models described in detail in section 3.2.4. These modern FCS
analysis software packages developed by microscope manufacturing companies allow
to fit autocorrelation curves according to the free diffusion model including triplet

transitions and up to M diffusion components, each with amplitude contribution y;:

which apply for three-or two-dimensional diffusion, respectively.

For calibration of the FCS instrument, standard solutions of Rhodamine 6G (R6G)
dissolved in water were used. Rhodamine 6G is a dye with a high quantum yield, a
known diffusion coefficient and it is used as a molecular diffusion standard due to
its extensive use in many applications [109, 110]. As can be seen from Figure 6.2
(a) and (b), the diffusion time for R6G in water is (25 + 1) us for eGFP settings
(PH70) and (29 + 2) ps in DRK settings with PH70 and (33 £ 3) ps in DRK
settings with PHS80, as expected from the properties of this molecule and the solvent.
This difference arises from the different size of the confocal volumes at the given

settings. Indeed, the beam waist 7y of the 488 nm laser line was calculated to be
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0.17 pm and that of the 514 nm argon line was calculated to be 0.18 um (PH70) and
0.19 um (PH80) based on the known diffusion coefficient of R6G in aqueous solution
(D =28 -10719 m?/s at 22 °C [111]). The measured autocorrelation curves were
evaluated using the model for free three dimensional diffusion (equation 3.23). It
has to be noted, that the published values for the diffusion coefficient of R6G in
water differ considerably depending on the method used for its determination (see
[110] and references therein for an overview about published values). The value used
for this work is typically inferred from early FCS studies and comparable with the
measurement technique [111, 112]. Recent publications list values for the diffusion
coefficient of R6G in aqueous solutions of 4.14 - 107 m?/s from dual-focus FCS
(see references in [113]), and more recent work using pulsed field gradient NMR
spectroscopy found 4.0 - 1071% m?/s [110].

6.2.2 Comparison of Diffusion Studies with Different
Fluorescence Labels (eGFP and Dreiklang)

For diffusion studies with FCS, it is essential to use an appropriate fluorescence tag,
which needs to match photophysical constraints depending on the required applica-
tion. Since the photoswitchable fluorescent protein Dreiklang is a promising marker
for FCS investigations, this work first of all compared DRK with the conventional,
nonswitchable eGFP in FCS applications. Therefore purified proteins of DRK and
eGFP both in solution and in the cytoplasm of living cells were measured by FCS.
Figure 6.2 (a) and (b) shows the averaged autocorrelation curves for the purified
proteins in PBS and for the cytoplasmic proteins expressed in the cytoplasm of
HEK293T cells with the resultant standard deviation. For the averaged curves of
the cytoplasmic proteins, 26 (DRK) or 17 (eGFP) measurements on cells were taken

into account.
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Figure 6.2: (a) Normalized autocorrelation curves of Rhodamine 6G in water (black curve), of puri-
fied Dreiklang (DRK) proteins in PBS (yellow curve) and of the DRK protein expressed
in the cytoplasm of HEK293T cells (orange curve). For both DRK measurements, the
curves were generated by averaging ten data acquisitions of 20 s duration at 0.7 %
laser intensity. The averaged curve of the cytoplasmically expressed DRK proteins was
constructed by measurements on 26 different cells. (b) Normalized autocorrelation
curves of Rhodamine 6G in water (black curve), of the purified eGFP protein in PBS
(light green curve) and of the eGFP expressed in the cytoplasm (dark green curve).
For both eGFP measurements, the curves were generated from the average of ten data
acquisitions of 20 s duration at 0.5 % laser intensity. For the averaged curve of the
cytoplasmically expressed eGFP protein, measurements on 17 different cells were taken
into account.

The measured autocorrelation curves were evaluated using the model for free three-
dimensional diffusion. In the three-dimensional model, the structure parameter S
must be between 5 and 9 to qualify as a "good" measurement. For the purified
DRK in PBS, a diffusion time of (106 £+ 22) us was found (Figure 6.2 (a), (b) and
Table 6.1). To establish what is the dominant process that gives rise to the mea-
sured fluorescence intensity fluctuations, the size of the observation volume element
was changed by changing the pinhole size to values above the desired (70 - 80) wm
diameter up to 280 um and FCS measurements on all samples were performed
(measurements on R6G and DRK in PBS are shown in Fig. 6.3). Thereby, it was
confirmed that the characteristic decay time of the autocorrelation curve scales with
the pinhole area (see eq. 3.24: 7p oc r2), which is expected for a diffusion process. As
previously described [89], this control is important in order to distinguish whether
fluctuations in fluorescence intensity arise from molecular diffusion or from the ki-
netics of a photophysical or photochemical process occurring on the fluorophore,
and that the measured diffusion coefficients are not affected by contributions from
other effects, e.g. the well-known pH-independent internal and the pH-dependent
external protonation processes of GFP, which exhibit correlation times of 50 us to
200 us 16, 114].
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The diffusion coefficient D for DRK in PBS was calculated from equation 3.24 by
using the beam waist 7y and the diffusion time 7 obtained from the autocorrelation
curve, yielding a value of (8.5 &+ 1.8) - 107" m?/s. In a different set of experiments
the diffusion time of purified eGFP in PBS buffer was determined (see Fig. 6.2
(b)), which yielded a diffusion time of (95 £+ 2) us and a diffusion coefficient of
(7.6 & 0.2) - 1071 m?/s.

As shown in Figure 6.2 (a) and (b), diffusion times were also measured upon expres-
sion of DRK and eGFP in the cytoplasm of HEK293T cells. Fig. 6.2 (a) and (b)
reveal that the diffusion time of the investigated fluorescence proteins in the cyto-
plasm is longer than the diffusion time of the purified proteins in PBS. Compared
to the diffusion time of (106 £+ 22) ps for the purified DRK protein in PBS, its
diffusion time in the cytoplasm of (479 + 222) us is about 4.5-fold longer, yielding
a diffusion constant of (1.9 £ 0.9) - 107" m?/s. This is about 4.5-fold smaller than
in PBS buffer, which reflects the higher viscosity of the cytoplasm and other diffu-
sion barriers present in the cell. Also, the diffusion time of eGFP expressed in the
cytoplasm is longer than the one for the purified proteins in PBS, with a diffusion
time of (376 + 69) us, which yields a diffusion constant of (1.9 & 0.3) - 107" m?/s.

Figure 6.4: Normalized autocorrelation
DRK in cytoplasm (N = 26) curves of DRK proteins ex-
—— DRK-Na,K-ATPase in PM (N = 28) pressed in the cytoplasm and
DRK-labeled Na,K-ATPase
in the plasma membrane
(PM) are shown (0.7 % laser
intensity). For each data set,
the normalized average of
more than 20 measurements
on cells were used. The DRK
protein expressed in the
i cytoplasm exhibits a much
00 T o1 1 faster diffusion time than the
DRK-labeled Na,K-ATPase
in the plasma membrane.
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6.2 Fluorescence Correlation Spectroscopy

Figure 6.4 shows the ACC of DRK-labeled Na,K-ATPase in the plasma membrane
of HEK293T cells (Fig. 6.4, black) as compared to the diffusion of DRK proteins
in the cytoplasm. Compared to the cytoplasmic DRK protein, the DRK-labeled
Na,K-ATPase exhibits a much slower diffusion time. This is due to the much
larger molecular weight of the fusion protein (about 184 kDa) than the isolated
fluorophores (27 kDa). Additionally, the dynamic viscosity of lipid membranes is
high compared to aqueous media. It is clearly evident from Fig. 6.4 that the auto-
correlation curve of DRK-labeled Na,K-ATPase in the plasma membrane exhibits
more than one characteristic diffusion time. The simplest model that could be fit to
these autocorrelation curve was a two-component two-dimensional diffusion model
with singlet-triplet transition (equation 6.2b). The summary of all diffusion time
values obtained by fitting this function to the data is listed in Table 6.1.

In order to ensure that the autocorrelation curves are not biased by quenching
or photobleaching effects, and to minimize photodamage of the sensitive biological

material, the dependency of the measured diffusion curves on the used laser intensity
was also studied (Fig. 6.5 (a) and (b)).

eGFP-Na,K-ATPase in PM DRK-Na,K-ATPase in PM
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Figure 6.5: Autocorrelation curves of Na,K-ATPase expressed in HEK293T cells carrying a N-
terminal eGFP (a) or DRK (b) label acquired using different laser intensities. Auto-
correlation curves normalized to the same amplitude, G(7) = 1 at 7 = 10 ps, show
that the characteristic decay times for DRK are strongly dependent on laser intensity.

Fig. 6.5 (a) and (b) shows the ACCs of eGFP- or DRK-labeled Na,K-ATPase at
different laser intensities. It is clearly visible that the DRK-labeled construct is
much more artificially quenched at high excitation intensities than the construct
carrying the eGEFP label. However, these results confirmed that the laser intensity
of 0.5 % up to 0.7 %, used consistently in all measurements on transfected HEK293T

cells does not cause excessive bleaching or photodestruction.
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Next, the diffusion behavior of DRK- and eGFP-labeled Na,K-ATPase constructs

in the plasma membrane of HEK293T were compared.

Figure 6.6: Normalized autocorrela-
tion curves of DRK- and
eGFP-labeled Na,K-ATPase
measured in the plasma

eGFP-Na,K-ATPase in PM (N = 20) membrane of HEK293T cells.
—— DRK-Na,K-ATPase in PM (N = 29) The normalized average cor-
relation curve with standard
: deviation was calculated
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Il g different cells, as indicated.
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514 nm (DRK), each at 0.7 %
laser intensity. Fluorescence
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1E-5 1E-4 1E-3 0.01 0.1 1 a 505 nm long pass (eGFP)
and a 530 nm long pass
(DRK) filter, respectively.
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Figure 6.6 clearly shows that different autocorrelation curves are obtained depending
on the used label. DRK-labeled Na,K-ATPase shows two correlation time compo-
nents of (318 £ 212) ps (amplitude fraction: 50 % + 7 %) and (44 + 14) ms
(amplitude fraction: 50 % 4+ 7 %), which can be related to diffusion processes.
Remarkably, the short time component of DRK-labeled Na,K-ATPase is not signif-
icantly larger than the one measured for isolated DRK expressed in the cytoplasm.
The eGFP-labeled Na,K-ATPase also exhibits two diffusion times, with the shorter
being (974 + 331) us (amplitude fraction: 31 % + 4 %), which is significantly larger
than the one measured for eGFP in the cytoplasm, and a longer component of
(67 £ 17) ms (amplitude fraction: 69 % + 4 %). It was confirmed by a two-sample
Student “s t-test that the corresponding diffusion time components of eGFP- and
DRK-labeled Na,K-ATPase were significantly different (P < 0.05). From these cor-
relation time, diffusion coefficients were determined according to equation 3.24, as
listed in Table 6.1.

In order to study the photophysical properties and arising differences between the
two fluorescence marker DRK and eGFP in more detail, both purified fluorescent
proteins were measured by FCS in PBS solvents of different viscosity. Since the
molecular weight (26.9 kDa) and structure of both fluorescence proteins should be
nearly identical, the fluorescence tag should have no influence on the shape of the
autocorrelation curves in FCS measurements. However, this was only true for the
isolated FPs. The DRK-labeled Na,K-ATPase showed significantly shorter diffu-
sion times compared with the eGFP-labeled Na,K-ATPase construct, which arises

possibly from an, as yet unidentified, photophysical quenching process.
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6.2 Fluorescence Correlation Spectroscopy

To challenge the hypothesis that the aforementioned quenching process already acts
on the isolated DRK molecules, the autocorrelation curves of purified eGFP and
DRK protein in sucrose solutions were measured. Sucrose solutions are suitable for
this purpose, since it is possible to cover an about 480-fold viscosity increase when
using 70 % (w/w) sucrose solutions compared to water (see Table A.4 in the ap-

pendix), thereby shifting the diffusion time by the same factor (according to eq. 3.24

and eq. 3.28 in section 3.2.4).

0.8 4

0.6 -

0.4+

norm. Autocorrelation G(t) / a.u.

0.2

.
i,
Lol

Purified eGFP in PBS (A, . = 488 nm)
0% Sucrose (w/w)
—10%

20%
—30%
——40%
—50%
60 %
70 %

Exc.

0.0
1E-5

T
1E-4

T
1E-3

T 7
0.01 0.1 1

norm. Autocorrelation G(t) / a.u.

0.8

0.6

0.4

0.24

Purified DRK in PBS (}‘Exc.= 514 nm)

0% Sucrose (w/w)
—10%

20%
—30%
——40%
—50 %
60 %
70%

0.0
1E-5

T
1E-4

T
1E-3

T T
0.01 0.1 1

Time /s Time /s
(a) (b)

10 0 % sucrose (w/w) 10 60 % sucrose (w/w)
37 ] Purified eGFP in PBS 37 1 Purified eGFP in PBS
>~ Purified DRK in PBS ~ Purified DRK in PBS
© ©
5 08 & o8
c c
2 S
< 06 < 064
S S
3 51
o o
5 044 5 044
< <
£ £
2 o024 2 o024

0.0 T T T T T 0.0 T T T T T

1E-5 1E-4 1E-3 0.01 0.1 1 1E-5 1E-4 1E-3 0.01 0.1 1
Time /s Time /s

(c)

(d)

Figure 6.7: Normalized autocorrelation curves of purified eGFP (a) and purified Dreiklang (b)
proteins in different sucrose/PBS solutions indicated by different colors. The curves
were generated from the average of three times 20 s data acquisitions of 10 s dura-
tion. Direct comparison of normalized and averaged autocorrelation curves of purified
Dreiklang (DRK) proteins (using 514 nm excitation) and purified eGFP proteins (using
488 nm excitation) in exemplarily depicted sucrose-free PBS buffer (c¢) and in 60 %
sucrose/PBS solution (d)

Figure 6.7 (a) and (b) show the normalized autocorrelation curves of purified eGFP
and DRK in PBS buffer solutions of different sucrose content and, hence viscos-
ity. For both FPs investigated, the increase of solvent viscosity causes a profound
increase of the diffusion times. The shape of the autocorrelation curves of eGFP
mostly did not show distortions. The autocorrelation curves of DRK were generally
much noisier than those of eGFP and clearly exhibited progressive changes in the
slope of the diffusion component with increasing viscosity (Fig. 6.7 (b)). In order

to visualize this difference more clearly, Fig. 6.7 (¢) and (d) show exemplarily a di-
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rect comparison of the mean autocorrelation curves of eGFP and DRK at indicated
sucrose solutions (sucrose-free and in 60 % sucrose/PBS). The shape of these mean

autocorrelation curves were clearly different.

6.2.3 FCS with DRK-/eGFP-labeled Na,K-ATPase on all
Mutants

In this section, the dependence of the mobility of the Na,K-ATPase (NaK) in the cell
membrane in relation to different interactions with components of the cytoskeleton
is demonstrated. The different mutations, as described in detail in section 2.2.4 and
section 2.2.5, were measured by FCS in the plasma membrane of living HEK293T
cells and analyzed as described in section 6.2.1. This study was performed on all
created mutants of the Na,K-ATPase and as well for the Na,K-ATPase wild-type for
both available fluorescence labels (Dreiklang and eGEFP). The cells used for the FCS
measurements were selected within the cell culture according to the expression level
of the fluorescent marker. Therefore, a bright-field and a confocal scanning image

were acquired before each measurement (see Fig. 6.8).

Another reason for acquiring these pictures was to check whether the cells are grown
in a single layer or in multiple cell layers. In the latter case, it is not possible to iden-
tify the upper membrane and to measure FCS curves correctly. Picture 6.8 shows dif-
ferent Dreiklang-/eGFP-labeled Na,K-ATPase ay-subunit constructs in HEK293T
cells, which were used for FCS experiments. The first column of images in Fig. 6.8
(a) and (b), represents the fluorescence signal only, the central column the bright-
field images of the same region, and the panels at the last column show an overlay
of the fluorescence and the corresponding transmission pictures. HEK293T cells ex-
pressing the fluorescence labels DRK and eGFP in the cytoplasm are also illustrated,
which show a fluorescence emission signal over the whole cell body, as expected for

cytosolic expression.
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Fluorescence signal Bright-field Overlay

DRK-pcDNA3.1x eGFP-N1

DRK-NaK-WT eGFP-NaK-WT
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Figure 6.8: (a) Visual comparison of the Na,K-ATPase tagged with Dreiklang in HEK293T cells
and cytoplasmically expressed Dreiklang. The first column shows the imaged fluores-
cence upon 514 nm excitation (laser intensity = 10 %) filtered with a 530 nm long-pass
filter, the central column the bright-field images of the same region, and the panels at
the last column show the overlay of the fluorescence and the transmission picture. As
expected, the cytoplasmic protein is expressed in the whole cell and the transporter
proteins DRK-NaK-WT, DRK-NaK-AC, DRK-NaK-AN and DRK-NaK-K456E show
a clear localization in the plasma membrane. The fluorescence signals from the mutants
exhibit also a more diffuse pattern with clear contribution from intracellular proteins
in contrast to the wild-type, especially the K456E mutant. (b) Visual comparison of
the Na,K-ATPase tagged with eGFP in HEK293T cells and eGFP expressed cytoplas-
mically from the peGFP-N1 vector. The first column shows the imaged fluorescence
under 488 nm excitation (laser intensity = 2 %) filtered with a 505 nm long-pass fil-
ter, the central column the bright-field images of the same region, and the panels at
the last column show the overlay of the fluorescence and the transmission picture. As
expected, eGFP-N1 is expressed in the cytoplasm and the transporter proteins eGFP-
NaK-WT, eGFP-NaK-AN, eGFP-NaK-AC and eGFP-NaK-K456E show a prominent
localization in the plasma membrane. In some cells, intracellular staining is also visi-
ble. The fluorescence signals from eGFP-NaK-K456E expressing cells exhibits a more

diffuse pattern with clear contribution from intracellular proteins.

eGFP-NaK-K456E

One can also see from Fig. 6.8 (a) and (b) for all DRK-/eGFP-labeled Na,K-ATPase
constructs, that a clear fluorescence localization in the plasma membrane is obtained,
as expected. A visual comparison between all different DRK-labeled Na,K-ATPase
mutants and the DRK-NaK-WT exhibits a diffuse pattern over the cell with a clear
contribution from intracellular proteins. This effect is the strongest for the mutant
DRK-NaK-K456E. Additionally, it could be observed that the total expression level
of the mutants is lower than in cells expressing the Na,K-ATPase wild-type labeled
with DRK. This effect is less visible for the eGFP-labeled Na,K-ATPase constructs

and the protein is more localized in the plasma membrane. Just the ankyrin B
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associated mutant (eGFP-NaK-K456E) shows a more diffuse pattern inside the cell,
like the DRK-NaK-K456E mutant. This effect is studied in more detail later on in

this work (see section 6.2.4).

To get a quantitative impression of the effects on the autocorrelation curves and
the counts per molecule (¢cpm) dependent on the position in the cell for FCS ex-
periments, a z-scan through a cell was taken while measuring the autocorrelation
curve. Thereby, counts per molecule per second is an output parameter of the FCS
instrument and is defined as cpm = N~!. (F), in which (F) is the mean fluores-
cence intensity. This was done e.g. for a cell expressing DRK-NaK-AN, as shown
in Fig. 6.9.
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Figure 6.9: (a) Autocorrelation curves G(7) of DRK-NaK-AN in dependence of the z-position in
the cell and the corresponding counts per molecules (b). (¢) Autocorrelation curves
G(7) of DRK-AN at the plasma membrane before and after the z-scan and the corre-
sponding counts per molecule (d).

z-Position / pm

Fig. 6.9 (a), represents the measured autocorrelation curves G(7) in dependence of
the z-position in the cell. The starting point was set after measuring the z-profile
at the position with the highest count rate (here z = 6.275 um) as described in the
experimental procedure in section 6.2.1. It is apparent that the first three curves
have the same G(0) level, which is expected since the plasma membrane is placed
close to the center of the confocal volume. It is also clear that the amplitudes of
the autocorrelation curves decrease when shifting the focus inside the cell. This can

be explained by the fact that DRK-NaK-AN is a typical plasma membrane protein
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6.2 Fluorescence Correlation Spectroscopy

and there is just a little bit of intracellular staining, with very few or no fluorescent
diffusing molecules that are not correlated. Additionally, the signal-to-noise ratio
decreases by moving inside the cell. Fig. 6.9 (b) shows the counts per molecule as a
function of the z-position, which also decreases with the z-position. In addition, the
effect of thermal reactivation of Dreiklang is visible in the diagram (see Fig. 6.9 (d)).
This is indicated by the higher counts per molecule after scanning through the cell
and measuring again at the plasma membrane, whereas the autocorrelation curve is
unchanged (Fig. 6.9 (c¢), yellow curve). The change in the z-position for the highest
count rate from 6.275 um to 6.7 um could be explained by a not fully stable z-axis
and as well by the fact that the confocal volume is smaller than the diameter of
the plasma membrane. Another important observation is that after measurements,
the cells look brighter than before. The reason for this could be that DRK proteins
get switched into the ON-state by measurements with the 514 nm laser line or a
pH shift in the cytoplasm occur during measurements, which could lead to a higher

fluorescence intensity since DRK is very pH sensitive. See therefore chapter 5.

To make sure that autofluorescence from proteins in the used cell culture medium
has no influence on the measurements, FCS measurements were acquired in the
cell culture medium above the cells for all constructs (Fig. 6.10 (a)). For the same
reason, the measurements were also performed in the cytoplasm of the cells. As
an example, the measurements on the eGFP- and DRK-labeled wild-type of the
Na,K-ATPase (eGFP-NaK-WT and DRK-NaK-WT) are given in Fig. 6.10 (b).

eGFP-Na,K-ATPase in Medium
—— DRK-Na,K-ATPase in Medium
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—— DRK-Na,K-ATPase in Cytoplasm
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Figure 6.10: (a) Normalized autocorrelation curves of eGFP-NaK-WT (cyan curve) and DRK-
NaK-WT (black) recorded in the cell culture medium above the cells. (b) Autocor-
relation curves of eGFP-NaK-WT (cyan curve) and DRK-NaK-WT (black) recorded
in the cytoplasm and normalized to the same amplitude.

From Fig. 6.10 (a) one can clearly see that there is no correlation signal in the
medium regardless of the sample used. Additionally, the FCS measurements in
the cell cytoplasm show a much faster diffusion behavior than the curves in the
membrane (Fig. 6.10 (b)). Due to the lower relative fluorescence intensity, which is
about 10 times lower than that for the membrane measurements, the influence of

the cytoplasmic fluorescence can be neglected.
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The goal of this study was to clarify the dependence of the mobility of the Na,K-
ATPase in the cell membrane in relation to differential interactions with components
of the cytoskeleton. Therefore, the different Na,K-ATPase mutants were measured
by FCS in the plasma membrane and analyzed as described above for Figure 6.2.
In Fig. 6.11 (a) and (b) the measured normalized averaged autocorrelation curves
of all Dreiklang-labeled Na,K-ATPase constructs in HEK293T cells are shown. For

all samples, the number of cells used for averaging was larger than 20.
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Figure 6.11: (a) and (b) Normalized autocorrelation curves with standard deviation of the different
DRK-labeled Na,K-ATPase os-subunit constructs measured by FCS. For each data
set, the measurements on more than 20 cells were averaged. In this set of experiments,
the three Na,K-ATPase constructs show the same diffusion behavior compared with
the NaK-WT. Only the cytoplasmic DRK protein exhibits a faster diffusion.

No clear differences in diffusion between the different Dreiklang-labeled Na,K-ATPase
constructs compared with the wild-type are visible. For this reason, it is not neces-
sary here to give the calculated diffusion times and the associated diffusion coeffi-
cients. However, it is clear that all autocorrelation curves exhibit two characteristic
diffusion times, as already shown for the Na,K-ATPase W'T labeled with both eGFP
and DRK in the plasma membrane of HEK293T cells. These results could mean
that the disruption of the interaction motifs associated with caveolin-1 (NaK-AC and
NaK-AN) or ankyrin B (NaK-K456E) does not affect the interaction of the Na,K-
ATPase with the cytoskeleton in the way that differences in the diffusion behavior
in the plasma membrane are observed. However, it must be considered that DRK
diffusion is biased by photochemical quenching processes, which maybe override the
small differences in the diffusion behavior and that, therefore, the fluorescence tag

Dreiklang is not a good choice for FCS studies, as already shown in section 6.2.2.

Therefore, the same measurements were performed on identical constructs labeled
with eGFP as fluorescence marker. For all constructs more than 30 cells were taken

into account for analysis.
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6.2 Fluorescence Correlation Spectroscopy
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Figure 6.12: Normalized autocorrelation curves of eGFP-labeled Na,K-ATPase constructs mea-
sured in the plasma membrane of HEK293T cells. For the data set in the normalized
average correlation curve with standard deviation from measurements on more than
30 cells is shown, as indicated. Excitation laser wavelength was 488 nm at 0.5 % laser
intensity. Fluorescence emission was detected with a 505 nm long pass filter.

Figure 6.12 shows the normalized autocorrelation curves of eGFP-labeled Na,K-
ATPase constructs with corresponding standard deviation. It is clear that different
diffusion times are obtained for the different Na,K-ATPase constructs, but all con-
structs reveal two correlation time components (71 and 73), which can be related
to diffusion processes. The Na,K-ATPase wild-type shows the slowest autocorre-
lation curve with diffusion components 7, = (533 £+ 160) ps (amplitude fraction:
41 % + 6 %) and 7 = (63 £ 18) ms (amplitude fraction: 59 % + 6 %). The ankyrin
B associated mutant (eGFP-NaK-K456E) exhibits the fastest diffusion times with
7 = (334 4+ 132) ps (amplitude fraction: 46 % + 8 %) and 7w =
(41 + 9) ms (amplitude fraction: 54 % + 8 %). The two caveolin-1 associated mu-
tants labeled with eGFP show an intermediate profile with diffusion components of
(411 £ 127) ps (amplitude fraction: 43 % + 5 %) and (43 £ 9) ms (amplitude
fraction: 57 % + 5 %) for eGFP-NaK-AC. The Na,K-ATPase eGFP-labeled mu-
tant AN exhibits for the shorter component (438 £+ 149) ps (amplitude fraction:
42 % + 5 %) and a longer one being (46 + 7) ms (amplitude fraction:
58 % + 5 %). It was confirmed by a two-sample Student s t-test that the cor-
responding diffusion time components of Na,K-ATPase wild-type and the three mu-
tants were significantly different (P < 0.05). From these diffusion times the corre-
sponding diffusion coefficients D were calculated according to equation 3.24. The
results are listed in Table 6.2.
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6 Investigations on the Mobility of the Na,K-ATPase in the Plasma Membrane

Additionally, a double and a triple mutant labeled with eGFP (eGFP-NaK-ACAN
and eGFP-NaK-ACANK456E) were also created (see section 2.2.5) and measured
under same conditions by FCS. The double mutant carries the two caveolin-1 asso-

ciated mutations and the threefold mutant comprises the two caveolin-1 associated
(NaK-AC and NaK-AN) and also the ankyrin B associated mutation (NaK-K456E).

Fluorescence signal Overlay

Bright-field

eGFP-NaK-WT

eGFP-NaK-ACAN

eGFP-NaK-ACANKA456E

Figure 6.13: Visual comparison of the Na,K-ATPase tagged with eGFP in HEK293T cells. The
first column shows the imaged fluorescence signal under 488 nm excitation (laser
intensity = 2 %) filtered by a 505 nm long-pass filter. The central column shows the
bright-field images of the same region, and the panels at the last column show the
overlay of the fluorescence and the transmission pictures. As expected, the transporter
proteins eGFP-NaK-WT, eGFP-NaK-ACAN and eGFP-NaK-ACANK456E show a
prominent localization in the plasma membrane. In some cells, intracellular staining
is also visible.

Figure 6.13 shows the eGFP-labeled Na,K-ATPase xy-subunit double- and threefold
mutant as well as the Na,K-ATPase wild-type in HEK293T cells, which were used
for the FCS measurements. The first column of images in Fig. 6.13, represents
the fluorescence signal only, the central column the bright-field images of the same
region, and the third column shows an overlay of the previous two images. From the
pictures it is evident that the Na,K-ATPase wild-type exhibits the most prominent
fluorescence in the plasma membrane, whereas a strong intracellular staining is
visible in the double- (eGFP-NaK-ACAN) and the threefold mutant (eGFP-NaK-
ACANK456E). This could indicate that the transport to the plasma membrane is

maybe already disrupted in these mutations.
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6.2 Fluorescence Correlation Spectroscopy

The diffusion behavior of the double- and threefold mutant is then compared with
the Na,K-ATPase wild-type diffusion. FCS curves were averaged over more than 29
cells and are presented in Fig. 6.14.

eGFP-NaK-WT (N =30)
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Figure 6.14: Normalized autocorrelation curves of eGFP-labeled Na,K-ATPase wild-type, double-
(eGFP-NaK-ACAN) and threefold mutant (eGFP-NaK-ACANK456E) measured in
the plasma membrane of HEK293T cells. For each data set the measurements on more
than 29 cells were averaged. Excitation laser wavelength was 488 nm with 0.5 % laser
intensity, fluorescence emission was detected with 505 nm long pass filter, respectively.

Figure 6.14 clearly shows that different autocorrelation curves are obtained for the
different Na,K-ATPase mutants and also for the wild-type. The two resulting diffu-
sion times for eGFP-NaK-WT were already mentioned above. For the eGFP-labeled
Na,K-ATPase double mutant (eGFP-NaK-ACAN) two correlation time components
of (335 £ 130) us (amplitude fraction: 44 % + 6 %) and (38 £ 9) ms (amplitude
fraction: 56 % %+ 6 %) were found, which are comparable with the results for eGFP-
NaK-K456E (see also Fig. 6.12 and Table 6.2). The double mutant is therefore also
faster than the single mutants associated with caveolin-1 (eGFP-NaK-AC, eGEFP-
NaK-AN). The threefold mutant eGFP-NaK-ACANK456E exhibits the fastest dif-
fusion times, with 7 = (299 4+ 102) us (amplitude fraction: 51 % + 6 %) and
7> = (34 £ 8) ms (amplitude fraction: 49 % + 6 %). A two-sample Student s t-test
confirms that the measured diffusion times of the Na,K-ATPase wild-type and the
two mutants were significantly different (P < 0.001).
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6.2.4 Total Number of Particles in the Observation Volume

To illustrate in more detail the differences in the expression level in the plasma mem-
brane of the different Na,K-ATPase constructs, which was already indicated by the
fluorescence images of the cells (Fig. 6.8), the number of particles were analyzed and
compared. For all investigated cells, the number of particles were calculated using
the ConfoCor 3 integrated software (Carl Zeiss). Therefore, the measured autocor-
relation curves were evaluated using a two-component model for two-dimensional
diffusion. The model was fit to the data in the time range between 1 - 107° s and
3.36 s. For all investigated constructs the mean value with corresponding standard
deviation is given. For all samples, the number of cells used for averaging was
larger than 20 as written in every chart. The data were acquired during different
experimental sessions and are therefore not directly comparable to each other in the
calculated absolute number of particles, but the trend of the different constructs
could be compared. Every histogram was made of data taken within one session
(see Fig. 6.15 - 6.17).

Figure 6.15 shows the averaged number of particles (Np) in the observation volume
for the different DRK-labeled Na,K-ATPase mutants (DRK-NaK-AC, DRK-NaK-
AN) and wild-type (DRK-NaK-WT) in HEK293T cells.
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The DRK-NaK-WT exhibits with Np = 27 + 14 the highest number of molecules in
the observation volume. The mutant DRK-NaK-AC shows a lower number of 24 + 9
and DRK-NaK-AN exhibits the lowest number with Np — 17 4+ 10. This effect was
already visible in the taken images of Fig. 6.8, where a clear diffuse intracellular
pattern for the DRK mutants is visible. Additionally, these mutants exhibit the
smallest fluorescence signal in the plasma membrane. A two-sample Student s t-
test confirms that the calculated number of particles (Np) of Na,K-ATPase wild-type
and the mutant DRK-NaK-AN was significantly different (P < 0.01).
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6.2 Fluorescence Correlation Spectroscopy

Next, the Na,K-ATPase mutant K456E labeled with Dreiklang (DRK-NaK-K456E)
was compared with the Na,K-ATPase wild-type labeled with Dreiklang and, in ad-
dition, eGFP-labeled Na,K-ATPase wild-type is shown in the same histogram (see
Figure 6.16).
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From the histogram (see Fig. 6.16) one can clearly see that the eGFP-NaK-WT
exhibits the highest number of Np = 132 4+ 104 and the DRK-NaK-K456E mutant
(Np = 52 £ 26) the smallest. The DRK-NaK-WT number of Np = 63 &+ 30 particles
lies between those other two constructs. From the obtained data, it is visible that the
mutant DRK-NaK-K456E exhibits a lower expression level in the plasma membrane
compared to the wild-type proteins, as already seen in the images in Fig. 6.8. One
would expect that the fluorescence tag has no influence on the properties of the
protein. But in the diagram it is clearly apparent that there is a profound difference
between DRK-NaK-WT and GFP-NaK-WT even if they are measured with the
same setup settings (data not shown). A two-sample Student s t-test confirms that
Np of eGFP-NaK-WT was significantly different from DRK-NaK-WT (P < 0.001).

Fig. 6.17 reveals the resulting average number of particles for all Na,K-ATPase con-
structs labeled with eGFP (eGFP-NaK-WT, eGFP-NaK-AC, eGFP-NaK-AN and
eGFP-NaK-K456E) and shows that in this case there is no difference in expression.
Also shown in Fig. 6.17 are the double- and threefold mutant (eGFP-NaK-ACAN
and eGFP-NaK-ACANKA456E).
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It seems that the number of particles are more similar for some of the eGFP-labeled
Na,K-ATPase constructs like the wild-type, the eGFP-NaK-AC- and the eGFP-
NaK-AN mutant. This is underlined by the resulting numbers for eGFP-NaK-
WT with Np = 45 £ 23 and the two caveolin-1 associated mutants (eGFP-NaK-
AC, eGFP-NaK-AN) with Np = 44 + 25 and 41 + 24. But for the ankyrin B
associated mutant (eGFP-NaK-K456E) the number of particles is a little bit lower
with 35 £ 21 compared with the other constructs, which was already visible for
the construct labeled with Dreiklang. Also the images of this mutant show a more
prominent intracellular staining than the other ones. The double- and the threefold
mutant (eGFP-NaK-ACAN and eGFP-NaK-ACANK456E) exhibit with 31 + 16
and 31 £ 15 the lowest number of molecules (Np). A two-sample Student’s t-
test confirms that the calculated number of particles (Np) of Na,K-ATPase wild-
type and the two mutants eGFP-NaK-ACAN and eGFP-NaK-ACANK456E were
significantly different (P < 0.01).

6.3 Fluorescence Recovery after Photobleaching

6.3.1 Image-, Data Analysis and Fitting Procedure

Fluorescence recovery after photobleaching (FRAP) measurements were performed
on a commercial Leica microscope setup as described in detail in section 3.3.4.
FRAP image sequences from every investigated cell were subsequently analyzed
using ImageJ software and the BioFormats plugin [115]. Figure 6.18 shows an
exemplary image sequence of a FRAP measurement. Mean fluorescence intensities
I(t) were read out within a defined region of interest 1 (ROI1) in the bleached area

on the cell membrane.
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In order to compensate for bleaching effects over the scanning time, the averaged
fluorescence intensity I,.¢(¢) of a reference area (ROI2, also on the membrane) was
taken. For background correction, the fluorescence intensity lpq.(t) outside the cell
was specified (ROI3).

The data were analyzed using the open source software easyFRAP [116]. In the
first step, the background intensity is subtracted from all measurements and then a
double normalization procedure is performed, which scales the data between 0 to 1.
This type of normalization accounts for differences in starting intensities in ROI1
and for the fluctuations of the total fluorescence signal during the complete sequence

acquisition, due to photobleaching or variations in the laser intensity:

Npre

L. > Irora(t)
t=1

Npre

Iromn(t)

]Rom(t) . 1 Zm
t=1 H( )

[doublenorm (t) = (63)

Npre

The subscript pre symbolizes the time before bleach. The full scale normalization

is performed according to:

[doublenorm (t) - Idoublenorm (tpostbl)

Ifullscalenorm (t) =

~

1— [doublenorm( postbl)
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6 Investigations on the Mobility of the Na,K-ATPase in the Plasma Membrane

and corrects additionally for differences in the bleaching depth. These steps were
performed for every investigated cell of the same Na,K-ATPase construct. Since
the obtained data were not well described with a mono-exponential model, a two-
exponential model was used. Thus, the following model was fitted to the data using

a non-linear least square minimization algorithm implemented in MatLAB:

Iprr(t) = Io(t) —a-e ™ —c.e7 ¥ . (6.5)

From these fit functions the mobile fraction M and the t; o-values for all cells were
determined. The mobile fraction is given from equation 3.30, but in case of a full

scale normalization the formula reduces to the following expression:

M=1I, . (6.6)

The t;o-value is given by the time of half-maximal recovery I of I and is deter-
mined numerically by the software in case of full scale normalization with a double-
exponential model. This procedure was performed for every investigated cell and

Na,K-ATPase construct for comparison.

6.3.2 FRAP with DRK-labeled Na,K-ATPase

Fluorescence recovery after photobleaching (FRAP), as described in section 3.2.5,
requires the irreversible photobleaching of the fluorescent markers in the region of
interest (ROI). By the use of Dreiklang as fluorescence marker, reversible FRAP
studies are possible, in which the protein is switched into the OFF-state instead of
irreversible bleaching. Thus, the process is reversible and can be repeated several

times for the same cell and ROI, without any photodamage.

Figure 6.19 shows the normalized averaged fluorescence recovery curves of the var-
ious DRK-labeled Na,K-ATPase os-subunit constructs, acquired by reversible or
irreversible FRAP measurements. The number of cells used for calculation of the

average was larger or equal to 16.
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6.3 Fluorescence Recovery after Photobleaching
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Figure 6.19: (a) Normalized averaged reversible fluorescence recovery curves of Dreiklang-labeled
Na,K-ATPase mutants and wild-type measured in the plasma membrane of HEK293T
cells. (b) Normalized averaged irreversible fluorescence recovery curves of DRK-
labeled Na,K-ATPase mutants and wild-type measured in the plasma membrane of
HEK293T cells. Measurements of 16 and more cells are taken into account, as indi-
cated.

It can be directly seen that the recovery of the fluorescence signal occurs for all
investigated Dreiklang-labeled Na,K-ATPase constructs on a very long temporal
scale and does not reach a plateau within two minutes observation time, as shown
in Fig. 3.8 (a). This usually corresponds to I, and it is directly proportional to
the mobile fraction of fluorophores M. The determined mobile fraction M is for
all constructs around 81 % to 87 %. Fig. 6.19 (a) shows that DRK-NaK-WT ex-
hibits the slowest ¢; o-value of (78 £ 37) s. This corresponds approximately to the
FRAP diffusion time. The two caveolin-1 associated mutations result in ¢, /,-values of
(46 £ 21) s for DRK-NaK-AC and (52 £ 23) s for DRK-NaK-AN. The ankyrin B as-
sociated mutant (DRK-NaK-K456E) exhibits the fastest ¢;o-value of
(39 £ 23) s. It was confirmed by a two-sample Student “s t-test that the correspond-
ing t,o-values of the mutants compared with the WT were significantly different (P
< 0.05).

Next, the behavior of the fluorescence recovery of the DRK-labeled Na,K-ATPase
constructs after reversible and irreversible bleaching is compared. Notably, reversible
bleaching was obtained by switching the Dreiklang proteins into an OFF-state.
Fig. 6.19 (b) clearly shows that different recovery curves are obtained for FRAP
experiments with irreversible bleaching than for reversible bleaching measurements
(see again Fig. 6.19 (a)).

All averaged normalized recovery curves from Fig. 6.19 (b) exhibit a much faster
recovery for all Na,K-ATPase constructs compared to the corresponding curves from
reversible bleaching experiments. This is underlined by the determined ¢, /o-value for
e.g. of DRK-NaK-WT, which is about (19 & 12) s. This is four times faster than the

t1/2-value resulting from the reversible bleaching measurement. The corresponding
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6 Investigations on the Mobility of the Na,K-ATPase in the Plasma Membrane

mobile fraction M of the DRK-NaK-WT was calculated to be (85 £ 18) %. For the
mutants (DRK-NaK-AC, DRK-NaK-AN and DRK-NaK-K456E), the determined
mobile fractions and the #;,-values are not significantly different (P > 0.05) from
those obtained for DRK-NaK-WT (see Table 6.3). These recovery curves do also not
reach a plateau within the observed time. All determined mobile fractions M and
t1/2-values are summarized in Table 6.3. The diffusion constants D of all constructs

were calculated using eq. 3.31 and the determined ¢, /o-values are listed in Table 6.3.

6.3.3 FRAP with eGFP-labeled Na,K-ATPase

FRAP experiments were also performed on the different eGFP-labeled Na,K-ATPase
mutants and wild-type in order to compare the measured diffusion constants with
those obtained by FCS. Figure 6.20 presents the normalized averaged fluorescence re-
covery curves of all eGFP constructs measured in the plasma membrane of HEK293T

cells. For the average more than 18 cells were taken into account.
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Figure 6.20: Normalized averaged fluorescence recovery curves of eGFP-labeled Na,K-ATPase mu-
tants and wild-type measured in the plasma membrane of HEK293T cells. Measure-
ments of 18 and more cells are taken into account, as indicated.

Fig. 6.20 shows that all constructs show a similar fluorescence recovery compared
to those labeled with Dreiklang. The recovery of the fluorescence signal from ir-
reversible photobleaching with eGFP as marker is faster than the recovery from
reversible- and irreversible bleaching measurements with the fluorescence tag DRK
and each curve reaches the plateau within the observation time of 2 minutes, which
corresponds to a partial recovery to initial state. In this set of measurements, the
eGFP-NaK-WT exhibits the lowest mobile fraction with (75 £+ 22) % and the mu-
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tant eGFP-NaK-AN the highest with (93 £ 11) %, as clearly visible in Fig. 6.20.
The other two mutants do not show significant differences from the wild-type re-
garding the determined mobile fractions. The calculated ¢, /,-values show a similar
trend. The wild-type and the mutant eGFP-NaK-K456E possess the fastest fluores-
cence recovery with a t;/o-value of (8 £ 6) s. The eGFP-NaK-AC mutant has also
a very similar recovery time of (11 + 8) s. Only the caveolin-1 associated mutant
(eGFP-NaK-AN) shows a significant difference in the ¢; o-value of (12 & 5) s and of
the mobile fraction compared to the eGFP-NaK-WT as confirmed by a two-sample
t-test (P < 0.05). The determined mobile fractions M, ¢, o-values and the calculated
diffusion constants D are summarized in Table 6.3 for all FRAP measurements with
eGFP-labeled proteins.

6.4 Discussion

6.4.1 Differences between DRK- and eGFP-labeling for the
Diffusion Measurements by FCS

In this section, the diffusion properties of eGFP and Dreiklang as measured by FCS
under different experimental situations are compared. When these proteins are mea-
sured as purified FPs in PBS buffer, the autocorrelation curves and the estimated
diffusion times are very similar (Table 6.1). The resulting diffusion coefficients (Ta-
ble 6.1) of eGFP agree well with the data published for the fluorophores in aqueous
solutions (8.7 - 107" m?/s [117]; (9.32 &+ 0.22) - 10~ m?/s [118]). According to
equation 3.28, these diffusion coefficients would yield values for the hydrodynamic
radius of 3.0 nm (eGFP) or 2.7 nm (DRK) assuming a dynamic viscosity of water at
22 °C equal to ny = 9.5 - 107* Pa - s [113]. These agree with the published results
for GFP ((2.3 £ 0.05) nm [118]) and are consistent with the dimension of the eGFP
B-barrel from crystal structures (barrel diameter ~3 nm, barrel length ~5 nm, PDB
structure 1GFL). When expressed in the cytoplasm of HEK293T cells, DRK as well
as eGFP yielded one correlation time with 376 us and 479 us, which is attributed
to diffusion (Table 6.1). The same diffusion constants of (1.9 & 0.9) - 10~ m?/s for
DRK and eGFP were obtained. These values are smaller by a factor of about 4 - 4.5
than those measured in PBS buffer and agree fairly well with the range of values of
2.5 t0 3 - 107! m?/s reported from FRAP experiments [117]. The smaller diffusion
coefficient values reflect the higher viscosity of the cytoplasm and other diffusion
barriers located inside the cell, in agreement with [117], in which a 3.2-fold higher
viscosity of the cytoplasm compared to water was found. Based on the values of

the viscosity of water as an approximation for PBS solution (ny = 9.5 - 107 Pa - s
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at 22 °C [113]), the viscosity of the cytoplasm can be calculated from the above
diffusion times as 3.8 - 4.3 - 1073 Pa - s, which is similar to the viscosity of a ~43 %
(w/w) glycerol/water mixture at 20 °C [119].

Table 6.1: Summary of calculated diffusion times and constants.

Sample Diffusion Time mp Diffusion Constant D
in m?/s
R6G in eGFP settings, PH70 25us + 1ups 2.8 10710 *
R6G in DRK settings, PH70 29us+  2us 2.8 10710 *
R6G in DRK settings, PHS0 33us + 3 pus 2.8 10710 *
Purified DRK in PBS 106 pus + 22 ps (8.5 £1.8) - 10~ 11
Purified eGFP in PBS 95 us £ 2 us (7.6 £0.2) - 10711
DRK in cytoplasm 479 us & 222 ps (1.9 +£0.9) - 107!
eGFP in cytoplasm 376 us = 69 us (1.9 +£0.3) - 107!
DRK-Na,K-ATPase in PM 318ps + 212 ps (50 £7) % (2.8 £1.9) - 107!
44ms+ 14ms (50+7)% (1.8 £ 0.6) - 10713
eGFP-Na,K-ATPase in PM 974 us &+ 331pus (31 +4) % (0.7 £0.3) - 10711
67ms + 17ms (69 +4) % (1.1 £0.3) - 10713

111, 112]

Both, eGFP- and DRK-labeled Na,K-ATPase in the plasma membrane exhibited
a much slower diffusion. This is due to both the larger molecular weight (about
184 kDa) compared to the isolated FPs (27 kDa), and more importantly, the larger
dynamic viscosity of the lipid membranes compared to aqueous media. In both
cases, the autocorrelation functions exhibited two diffusion components (Table 6.1).
Whereas the relative contribution of fast and slowly diffusing fractions was about
(50/50) % in case of the DRK-labeled proteins, values of (31/69) % were found for
the eGFP-labeled ones.

Formally, the autocorrelation curves indicate the presence of at least two indepen-
dent fractions with largely different mobility. However, a rationalization of the two
temporal components is complicated. The fast diffusion time of the DRK-labeled
Na,K-ATPase in the plasma membrane is not significantly larger than that of the
isolated DRK protein in the cytoplasm. This is a surprising result even considering
the fact that the diffusion coefficient (or diffusion time) is only weakly dependent
on the protein molecular weight. From a rough approximation which treats the dif-
fusing molecules as spheres with hydrodynamic radii proportional to the cubic root
of the molecular weight (eGFP: 26.9 kDa, eGFP-labeled Na,K-ATPase «- and gly-
cosylated B-subunit: 183.5 kDa) the diffusion coefficient should increase by a factor
of f\‘/% ~ 1.9 for the isolated eGFP/DRK proteins compared to eGFP-/DRK-
labeled Na,K-ATPase. The fast diffusion time of the eGFP-labeled Na,K-ATPase
in the plasma membrane is about 3-fold larger than the diffusion time of eGFP in
the cytoplasm, which would be reasonable in comparison with the rough calcula-

tion made above. However, diffusion of membrane-intrinsic proteins might encounter
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boundary conditions that restrict the effective area, through which diffusion is possi-
ble (e.g. fixed macromolecules at high density or "excluded" membrane areas, which
- due to different lipid content - might be in a liquid crystalline phase). Under such
conditions, the effective area available for particle diffusion might be smaller than
the detection volume, which in effect can lead to the observation of artificially short
correlation times, i.e. some of the diffusion area is not accessible by the proteins. In
any case, the differences between the short diffusion times of the DRK- and eGFP-
labeled Na,K-ATPase cannot be due to differences in molecular weight or differential
friction caused by the fluorescence tags, since the hydrodynamic properties of eGFP
and DRK should be very similar. Different oligomerization or aggregation behavior
of DRK- compared to eGFP-labeled Na,K-ATPase is also rather unlikely. Although
eGFP and DRK have not been modified to explicitly yield monomeric FPs (e.g. by
the most common A206K mutation [120]), it was reported that eGFP and DRK
migrate as monomers on semi-native SDS gels [37]. However, even the artificial cre-
ation of dimeric or even tetrameric Na,K-ATPase complexes based on FP-mediated
assembly would only increase diffusion time by 26 % or 58 %, respectively, nor would
one expect to find an increased fraction of slowly diffusing Na,K-ATPase complexes
in the case of eGFP-labeling.

From the above correlation times, the calculated diffusion coefficients for DRK- and
eGFP-labeled Na,K-ATPase in the plasma membrane are compiled in Table 6.1.
The diffusion coefficient associated with the short diffusion time of eGFP-labeled
Na,K-ATPase is about 10-fold smaller than that of the isolated eGFP in solution
and those from the long diffusion times are about 300-fold (DRK label) or 730-fold
(eGFP label) smaller than the ones measured in PBS. In the literature, very little in-
formation about the diffusion of Na,K-ATPase is available for a comparison. In fact,
only FRAP studies exist, which were carried out several years ago. For Na,K-ATPase
in renal proximal tubule epithelial cells, a diffusion constant D = 3.3 - 107! m?/s
was found, which increased to 2.39 - 107" m?/s upon treatment with cytochalasin
A, an agent, which causes actin depolymerization and thus disrupts the cytoskeleton
[121]. Vaz and co-workers studied the related Ca>"-ATPase (about 100 kDa) from
rabbit muscle sarcoplasmic vesicles reconstituted in liquid-crystalline phase bilayers
and found D = 1.8 - 1072 m?/s (at 36 °C) and D = 9.9 - 10713 m?/s (at 13 °C).
Other values for comparison can be obtained from a more theoretical viewpoint.
Within the model for two-dimensional diffusion developed by Saffman and Delbriick
in 1975 [122], membrane proteins are considered as cylindrical inclusions of radius
Ry that diffuse in an infinite two-dimensional bilayer of thickness h and viscosity n,,

within a solvent of viscosity ns. This results in a weak, logarithmic dependence of
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the diffusion constant Dgp on the particle radius:

kg T h-nm
Dgsp = .B .h(ln 77 —7) , (6.7)

where v /=~ 0.5772 is the Euler-Mascheroni constant. In a recent systematic study on

the diffusion dynamics of membrane proteins with largely varying size (molecular
weights between 11.3 kDa (0.7 nm radius) for cytochrome b5 and 345 kDa (3.6 nm
radius) for a trimeric ABC transporter, AcrB) reconstituted in black lipid mem-
branes, lateral diffusion coefficients between 8.5 - 1071 m?/s and 10.2 - 1072 m?/s
were reported [123|, in compliance with the Saffman-Delbriick model, which was
also confirmed by others [124]. However, other authors found a stronger 1/R, de-

pendence on the radius following Stokes-Einstein behavior [125] according to:

kg-T -\

D =
SE 4-7-nm-h- Ry

(6.8)

Here, the parameter \ is introduced as a characteristic length scale for dimensional
reasons. Justifications for the Stokes-Einstein-like behavior were given based on e.g.
hydrophobic mismatch or changes in bulk hydrodynamics due to height mismatch
between the membrane and the embedded protein [126]. However, the question
whether Saffman-Delbriick or Stokes-Einstein behavior governs diffusion of mem-

brane proteins is still a matter of debate and cannot be resolved here.

If, due to the uncertainty of the A parameter in eq. 6.8, the Saffman-Delbriick formula
is used to predict the diffusion coefficient of membrane-embedded Na,K-ATPase
(with the radius of the membrane-embedded part of the protein Ry = 2.4 nm esti-
mated from PDB structure 2ZXE [48], the solvent viscosity 7, = 4 - 10712 Pa - s given
by the dynamic viscosity of the cytoplasm determined here, and a membrane thick-
ness = 4 nm), diffusion constants between 6.0 - 1072 m?/s and 2.2 - 107!2 m?/s are
obtained, if the extreme values for the membrane viscosity published in the literature
(3-150 - 1072 Pa - s [123, 127, 128]) are taken into account. All these comparisons
show that theoretical free diffusion models as well as measurements on artificial bi-
layer systems can only rationalize diffusion times in the range of a few milliseconds
for membrane-embedded ATPases, whereas diffusion times in the range of tens to
one hundred milliseconds appear to be characteristic for experimental situations in
living cells, in which membrane proteins are engaged in molecular interactions or
anchoring processes that severely restrict diffusion. For Na,K-ATPase, several in-
teractions with components of the cytoskeleton like ankyrin B [64] or other matrix
proteins like caveolin-1 [62] are well established, and it will be addressed in the mem-

brane of native cells (see section 6.2.3 and section 6.4.2), whether the interference
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with these interaction motifs changes the dynamic mobility behavior of the enzyme
in cellular membranes. Since previous works have also suggested that the diffusion
times of e.g. membrane receptors vary according to the density of molecules in the
membrane [89], it was also checked, whether a correlation of the obtained diffusion
times to the average number of molecules in the confocal volume (calculated from
the G (0) value) existed. However, we found no systematic correlation even though N
values of more than 50 were observed (data not shown). Interestingly, such a density
of Na,K-ATPase molecules in the confocal area (~ 0.125 um?) would yield a total of
about 500,000 molecules in the plasma membrane of a spherical cell of 20 um diam-
eter, which (given a turnover number of charge transport by Na,K-ATPase of about
100 s™! at 25 °C [129]) would result in a whole-cell current of about 10 pA, a typical
value for Na,K-ATPase expressed in mammalian cells measured by electrophysiology
[130].

This work also shows that photophysical properties of DRK and eGFP are very dif-
ferent, although eGFP and DRK have nearly identical molecular weight and molec-
ular structure. If the photophysical properties of DRK and the parental eGFP were
similar, the fluorescence tag should have no influence on the shape of the autocor-
relation curves or the diffusion behavior of the fluorescence-tagged proteins in FCS
measurements. However, the normalized autocorrelation curves of the DRK-labeled
Na,K-ATPase are of lower amplitude compared to eGFP and especially the shorter
of the two diffusion times is markedly different. In addition, the same differences
were observed for the purified proteins (eGFP, DRK) upon slowing down diffu-
sion velocity by means of viscous media. These results strongly indicate that DRK
undergoes some, as yet not clearly identified, photophysical quenching processes.
This transition could e.g. be switching to the dark state, for which the true "ac-
tion spectrum" is not known in detail and clearly necessitates further investigation.
This quenching process is apparent on a time scale of hundreds of microseconds to
milliseconds and, therefore, has a great influence on the autocorrelation curves of
DRK-labeled membrane protein complexes of large molecular mass. It cannot be
observed when molecular diffusion is studied in an aqueous medium. Due to the
low viscosity of the aqueous medium the diffusion time of purified DRK through the
OVE is short. If the diffusion time is shorter comparable to the characteristic decay
time of the photophysical switching process, one only observes DRK molecules that
are in the "bright" state, but rarely observes switching between these states while
the molecule is traversing the OVE. In contrast, when molecular diffusion is slowed
down, as is the case in the plasma membrane, and the diffusion time becomes much
longer than the characteristic time of the switching process, the molecule switches
between photophysical states many times while passing through the observation

volume element. Hence, it can be observed. Further support for the notion of an
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additional quenching process in DRK as compared to eGFP can be drawn from
Figure 6.5 (b), since the normalized autocorrelation curves of DRK-labeled Na,K-
ATPase profoundly depend on the intensity of the excitation laser. Regarding other
evidence for photobleaching in the literature, the initial work by Brakemann and
co-workers found a half-life time of 21 s for irradiation of DRK-expressing FE.coli
colonies at 491 nm with 188 kW /cm? intensity [37]. In a recent work that eval-
uated the usability of DRK for several superresolution microscopy techniques, the
authors applied GSDIM (ground-state depletion followed by individual molecule re-
turn), a spatially stochastic image reconstruction mode [108|. Using 488 nm laser
light at 3 kW/cm? intensity to transfer the fluorophores from the singlet ground
state (Sp) into a long-lived dark state via the excited state S;, a switching time of
10 s was reported to obtain sufficiently complete dark-state conversion. Since the
excitation power in our FCS experiment (40 uW or 12 pW at the objective lens
for DRK- or eGFP-labeled cells, respectively) is equivalent to about 25 kW /cm?
(DRK) or 10 kW/cm? (eGFP), it is conceivable that dark-state conversion of DRK
is an experimental concern for FCS on the time scale typical for the diffusion of
membrane-embedded protein complexes. Thus, the fluorescence properties of the
DRK chromophore need to be examined in much more detail, especially regarding
the action spectra for ON- and OFF-switching or dark state conversion / bleaching
and the intensity dependence of these processes in order to understand the effects

of these processes on FCS curves better in future investigations.

6.4.2 Mobility in the Plasma Membrane Probed by FCS

In this work, the dependence of the mobility of the Na,K-ATPase ay-subunit in
the cell plasma membrane of the different binding sites on the cytoskeleton, e.g. in
interaction motifs with caveolin-1 (NaK-AC, NaK-AN) and in an interaction mo-
tif of ankyrin B (NaK-K456E) labeled with DRK or eGFP were probed by FCS.
Since no differences in the diffusion behavior of the Na,K-ATPase mutants and
WT labeled by DRK were observed (see Fig 6.11 (a) and (b)), the fluorescence la-
bel was changed to the well-known fluorescent protein eGFP. More details about
the photoswitching problems observed by FCS for DRK-labeled membrane proteins
are given in section 6.4.1. The resulting normalized autocorrelation curves for the
different eGFP-labeled Na,K-ATPase constructs (eGFP-NaK-AC, eGFP-NaK-AN,
eGFP-NaK-K456E) exhibit a clear difference in diffusion behavior compared to the
Na,K-ATPase wild-type (see Fig. 6.12 and Fig. 6.13). In all cases, the autocorre-
lation curves exhibited two diffusion components, a fast and a slow diffusion time
(see Table 6.2). Differences are also clearly visible for the double- and the threefold
mutant (eGFP-NaK-ACAN, eGFP-NaK-ACANK456E).

112



6.4 Discussion

Table 6.2: Summary of calculated diffusion times and determined diffusion coefficients for different
eGFP-labeled Na,K-ATPase constructs.

Sample Diffusion Time 7p  Fractional Amplitude Diffusion Constant D
in % in m?/s
eGFP-NaK-WT 533 us = 160 ps 41 + 6 (1.4 £ 0.4) - 10711
63 ms + 18 ms 59 4+ 6 (1.1 £0.3) - 10713
eGFP-NaK-AC 411 ps + 127 ps 4345 (1.8 £ 0.6) - 10711
43ms + 9 ms 57 + 5 (1.7 £ 0.4) - 10713
eGFP-NaK-AN 438 us £ 149 us 42 £ 5 (1.6 £0.5) - 1011
46 ms + 7 ms 58 + 5 (1.6 £ 0.2) - 10713
e(FP-NaK-K456E 334 us + 132 us 46 + 8 (2.2 £0.9) - 10~ 11
41ms+ 7 ms 54 4 8 (1.8 £ 0.4) - 10713
eGFP-NaK-ACAN 335 us + 130 us 44 £ 6 (2.2 4+£0.9) - 10711
38ms+ 9ms 56 + 6 (1.9 £05) 10713
eGFP-NaK-ACANK456E 299 us £ 102 us 51+ 6 (2.4 £0.8) - 10711
34ms + 8 ms 49 + 6 (2.1 £0.5) - 10713

The Na,K-ATPase WT exhibits the slowest mobility of all investigated constructs,
with diffusion coefficients of D; = (1.4 + 04) - 107" m?/s and Dy, =
(1.1 £ 0.3) - 107" m?/s. The relative contribution of fast and slow diffusion com-
ponent is about 41 % and 59 %. The two caveolin-1 associated mutants show signif-
icantly different diffusion times compared to the Na,K-ATPase wild-type. The cal-
culated diffusion constants are (1.8 & 0.6) - 107! m?/s and (1.7 & 0.4) - 10713 m?/s
for eGFP-NaK-AC and (1.6 £+ 0.5) - 107" m?/s and (1.6 + 0.2) - 107 m?/s
for eGFP-NaK-AN. The contribution of fast and slow diffusion is very similar
for both mutants with (43/57) % for NaK-AC and (42/58) % for NaK-AN. The
ankyrin B associated mutant shows a faster diffusion with diffusion coefficients of
(2.2 +0.9) - 107" m?/s and (1.8 + 0.4) - 10713 m?/s (46 % and 54 %).

Furthermore, the double mutant (eGFP-NaK-ACAN) exhibits a faster diffusion
compared to the single mutations associated with caveolin-1 (eGFP-NaK-AC, eGFP-
NaK-AN) and a very similar diffusion behavior like the ankyrin B associated mutant
with diffusion coefficients of (2.4 + 0.8) - 107'! m?/s and (1.9 + 0.5) - 107'% m?/s
(44 % and 56 %). The fastest diffusion is found for the threefold mutant that com-
prises all single mutations with diffusion coefficients of (2.4 + 0.8) - 107! m?/s and
(2.1 £ 0.5) - 107'3 m?/s. The relative contribution of fast and slow diffusion is now

51 % and 49 %.

In order to understand the measured diffusion times and the calculated diffusion
coefficients of the different Na,K-ATPase constructs, the structure of the biological

membrane has to be considered (see Fig. 6.21).
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lipid rafts

membrane protein membrane protein

Figure 6.21: Plasma membrane structure with processes that might hinder the free, two-
dimensional diffusion of membrane proteins. (1) Free diffusion of a membrane protein
through the lipid bilayer. (2) A Membrane protein bound to the cytoskeleton like a
transmembrane protein. (3) Multimeric complex of membrane proteins, which lead to
a reduced mobility compared to a single membrane protein (1). (4) Corral forming by
membrane proteins, that reduces the mobility of the observed protein. Also shown are
lipid-rafts (light green), which lead to microdomains in the plasma membrane and are
not accessible for most of the transmembrane proteins. The image was reproduced in
modified form from [131].

Nowadays, a lot of different models, which try to describe the plasma membrane
structure of living cells and the observed diffusion behavior of membrane proteins
have been proposed, but the whole system is still not fully understood. The first
model was the fluid mosaic model described in 1972 by Singer and Nicolson [132]. In
this model, the biological membrane is considered as a two-dimensional liquid, which
is highly dynamic. All membrane-embedded proteins and lipids can laterally diffuse
freely through the membrane (see Fig. 6.21 (1)). Recent findings points out consid-
erable heterogeneity in the membrane organisation and a more complex structure as
initially assumed. In the plasma membrane lipid microdomains exist (shown in light
green in Fig. 6.21), also referred as lipid-rafts in the literature, which are enriched
in cholesterol content and contain various glyco- and sphingolipids. The increased
affinity of certain membrane proteins to those lipids leads to an accumulation in
the microdomains (microdomain model) [133]. Therefore, it is clearly evident that
diffusion of membrane proteins is hindered by these microdomains, because mostly
they can not escape from these compartments of the cell membrane or they do not
have access to it. Moreover, interactions with the cellular cytoskeleton and other

cellular matrix proteins, as well as integral membrane proteins lead to the forma-
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tion of heterogeneous protein complexes (meshwork model). This causes at the same
time a complex and dynamic restructuring of the plasma membrane. Thus, the lipid
bilayer can be understood as a medium, which allows a dynamic patterning of the

membrane protein complexes [134, 135].

Two other models have been also proposed in the literature, the membrane-skeleton
"fence" model also termed membrane-skeleton "corralling" model and the anchored-
protein "picket" model. The former suggests that a fence is built up at the intracellu-
lar interface of the lipid bilayer by the actin filament network and leads therefore, to
small compartments. Transmembrane proteins are thus hindered in diffusion, which
is then resulting in shortened diffusion times within one compartment. Kusumi et
al. also assumed that the transmembrane proteins can hop between the different
compartments, which lead to a long term hop diffusion for transmembrane proteins.
The anchored-protein "picket" model works for all membrane proteins and assumes
that different transmembrane proteins are anchored to the membrane-skeleton fence
and lined up in there. Therefore, they act like pickets on the membrane-skeleton.

For more details about these two models see Kusumi et al. [136, 137].

The Na,K-ATPase oy-subunit studied in this work is an integral membrane protein
with 10 transmembrane segments and several large cytoplasmic loops, as already
described in section 2.2. Tt is clearly evident from Fig. 6.21 and the different plasma
membrane structure models, that the diffusion of the Na,K-ATPase in the plasma
membrane does not correspond to free Brownian motion in a two-dimensional liquid.
Even for Na,K-ATPase WT the diffusion behavior is more complex and can be
affected by microdomains or compartments, which might not be accessible by the
protein. The enzyme can also be hindered in diffusion by the cytoskeleton meshwork
as well as by lipid-rafts. The higher viscosity of the plasma membrane compared to

water influences also the diffusion time, as mentioned in section 6.4.1.

Furthermore, the diffusion behavior can be affected by other proteins like caveolin-1,
which is a membrane protein and belongs to caveolae, as already mentioned above.
Caveolae are invaginations of the plasma membrane that built up microdomains,
which are enriched of e.g. cholesterol [60]. Thus, they belong to the lipid-rafts, which
are described within the different models for the biological membrane structure. The
binding of Na,K-ATPase to caveolae domains has been extensively discussed in the
literature. Furthermore, Xie et al. assumed that enzymes like the Na,K-ATPase
and other signaling proteins tend to concentrate in caveolae, which might then lead
to the formation of large signaling complexes [59]. Cai et al. showed by FRAP
measurements on LLCPK1 cells that cav.-1 is highly immobile within the plasma
membrane [62]. From all these hypotheses, it is probable that the disruption of the
cav.-1 binding sites (NaK-AC and NaK-AN) on the Na,K-ATPase as-subunit leads
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to a faster diffusion compared to the Na,K-ATPase wild-type. This was effectively
observed, in the diffusion measurements by FCS as described in section 6.2.3. It is
also evident that the double mutant (NaK-ACAN) in which both interaction motifs
with caveolin-1 are disrupted, exhibits a faster diffusion compared to the NakK-
AC and NaK-AN mutants and the NaK-WT. One can speculate that the double
mutant loses the interaction with caveolin-1 and thus the interaction with lipid-rafts
or microdomains completely, whereas the single mutants are maybe just untightened

on one side of the enzyme.

As already mentioned in section 2.2.4, ankyrin B is a cytoskeleton protein which is
involved in the stabilization of the Na,K-ATPase in the plasma membrane [56]. The
mutated binding site (NaK-K456E) is also associated to fix the Na,K-ATPase on the
cytoskeleton. Therefore, a mutation on this position leads to a partially released or
even freely diffusing Na,K-ATPase in the plasma membrane. In comparison, it seems
that the binding of the Na,K-ATPase on the cytoskeleton through the ankyrin B
interaction motif has a stronger influence on the diffusion behavior than the binding
to microdomains by the two single binding sites associated to cav.-1. If both cav.-
1 binding sites are disrupted, as it is the case for the double mutant, then the
diffusion behavior is comparable to the diffusion of the eGFP-NaK-K456E mutant.
The threefold mutant (NaK-ACANK456E) comprises all three single mutations and
exhibits a clearly faster diffusion within the plasma membrane compared to all other
Na,K-ATPase mutants and WT. This fact could be explained by no or just a reduced
binding to the cytoskeleton (NaK-K456E) and impaired recruitment to lipid-rafts
or microdomains (NaK-AC and NaK-AN).

Since the Na,K-ATPase studied here is one enzyme type or even a complex of the a,-
and 3;-subunits, one would expect that a single characteristic diffusion time would
be obtained by FCS measurements. However, the previously described models of the
membrane structure would predict a large variance of the mobility for membrane-
embedded proteins. Therefore, a single-component model is not sufficient to describe
the measured autocorrelation curves for this type of proteins. This has been already
shown by other groups for various integral membrane proteins [133, 138]. In liter-
ature, the diffusion time is commonly estimated considering the molecular weight
of a protein, as already mentioned in section 6.1. The Na,K-ATPase ay-subunit to-
gether with the (3;-subunit has a molecular weight of about 183.5 kDa, which gives a
diffusion time of around 1.8 ms in the case of free diffusion roughly calculated from
the molecular weight. If one now assumes that caveolin-1 builds up macrostruc-
tures of 14 to 16 monomers with a total weight between 300 kDa up and 400 kDa
[60], a diffusion time of 2.6 ms would be expected. It is therefore evident that

even the formation of large hetero-oligormeric protein complexes cannot explain the

116



6.4 Discussion

observed, very long diffusion times [139]. These roughly calculated diffusion times
does not fit to the data obtained by FCS measurements (e.g eGFP-NaK-WT 7, =
(533 + 160) ps and 7 = (63 £+ 18) ms).

From another point of view, more recent works suggest that membrane proteins
undergo an anomalous subdiffusion, instead of free Brownian diffusion. In case of
anomalous diffusion, the mean-square displacement (MSD) of molecules is no longer
linear with the time t, as it is the case of normal free diffusion. The MSD is rather
proportional to t*, with 0 < o« < 1. If « corresponds to 1, then the molecules diffuse
freely [133, 139-141|. Wawrezinieck et al. suggests that FCS measurements within
the plasma membrane probed for one size of observation volume element (OVE)
are difficult to interpret in presence of microdomains and cytoskeleton meshwork.
This is especially true, for the diffusion behavior of different membrane components,
like lipids or transmembrane proteins. Therefore, diffusion laws were defined, which
describe the diffusion behavior of proteins as a function of the size of the OVE also
termed as spot area (w?). Fig. 6.22 shows four different possible diffusion models
for the membrane organization, which are presented from Lenne and co-workers and

are used for their simulations of the diffusion laws.
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Figure 6.22: Different membrane models used for simulated FCS diffusion laws (a) Free diffus-
ing molecules (black dots) showing pure Brownian motion in the OVE (large grey
circle). (b) Membrane model with impermeable obstacles (dark grey circles) like mi-
crodomains, that restricted the diffusion. (¢) Dynamic partition model suggests that
the molecules can diffuse into and out of the microdomains. (d) Cytoskeleton mesh-
work model, associated that the diffusion of molecules is hindered by barriers (light
grey grid). Image is reconstructed [135].
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Fig. 6.23 shows the diffusion time 7p as a function of the spot area (w?) for the
different diffusion membrane models given in Fig. 6.22 (a) - (d). The diffusion laws
were tested in simulations for the existence of different barriers and microdomains
within the plasma membrane and compared with measurements on living COS-7

cells expressing a lipid and a transmembrane protein [142].
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Figure 6.23: Results for the different membrane models of simulated FCS diffusion laws, like free
diffusing molecules, impermeable obstacles, dynamic partition or meshwork. The
diffusion time 7p as a function of the spot area (w?) is given. Image is reconstructed
and extended from [135].

Lenne et al. underlined the suggestions of Wawrezinieck et al. and showed the same
analytical method for various membrane proteins in living COS-7 cells measured
by FCS [135]. It is also shown in literature that protein diffusion coefficients vary

between different cell lines, as well as for different measurement techniques [140].

In the case of the considered Na,K-ATPase WT and mutants a short diffusion time
(299 us - 533 ps) was always obtained. This could be explained by an appar-
ently reduced observation volume element induced by a compartmentalization of
the plasma membrane, which generates inaccessible regions of the plasma membrane
for the Na,K-ATPase. This results in artificial shortened diffusion times. On the
other hand, it must be considered that FCS measurements on the plasma membrane
contain always a signal contribution from the cytoplasm, which exhibits a shorter
diffusion time [141, 143]. The slow diffusion time obtained for all Na,K-ATPase
constructs (34 ms - 63 ms) can be explained by the fixation of the observed proteins
to the cytoskeleton meshwork. A hop diffusion process also cannot be excluded.
The two calculated diffusion coefficients of the Na,K-ATPase constructs are in good

agreement with those found in literature. The group of Oshugi et al. exhibited for
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example very similar diffusion coefficients for membrane-binding fluorescent proteins
in COS-7 and HeLa cells (D; = 2.7 - 107" m? /s and Dy = 5.6 - 107!3 m?/s). In that
paper, the autocorrelation curves were mainly fitted with two-component models for
two-dimensional and three-dimensional diffusion. The short diffusion time was as-

sociated to free diffusion of molecules near the plasma membrane in the cytoplasm
[143].

In conclusion, although a clear statement about the reason for the complex diffusion
times can not be given, the data show that clear effects on the characteristic diffusion
times of the various eGFP-labeled Na,K-ATPase constructs can be discriminated,
when known interaction motifs are disrupted by mutations. Future studies should
focus on the mobility of different mutations of the Na,K-ATPase, which are asso-
ciated to human diseases like FHM, RDP and AHC by FCS. These measurements
could give a hint, whether some FHM, RDP or AHC mutations are associated with
altered interactions with Na,K-ATPase binding partners, which might show up by
differences in diffusion behavior. All of these studies might help to understand the

pathophysiology of these diseases more in detail.

6.4.3 Total Number of Molecules in the Confocal Volume for

Different Na,K-ATPase Constructs

In section 6.2.4, the total number of molecules Np in the confocal volume element
depending on the measured Na,K-ATPase constructs by FCS was studied. This
number of molecules Np provides information about the expression level of the
Na,K-ATPase protein in the plasma membrane. More precisely, it reflects only the
mobile fraction of proteins. The FCS measurements in which Dreiklang was the
used fluorescence label show that the number of diffusing molecules is low. As a
comparison, Na,K-ATPase wild-type labeled with eGFP (eGFP-NaK-WT) exhibits
a higher expression level in the cell membrane than Na,K-ATPase wild-type labeled
with DRK (DRK-NaK-WT). This effect is also observable by the acquired images
of DKR-labeled cells, which showed a reduced plasma membrane fluorescence signal
compared to the eGFP marked cells. The obtained reduced fluorescence signal
under the use of Dreiklang could be explained by characteristics of Dreiklang. The
physiological pH of living cells is about 7.1 and at this pH 50 % of the Dreiklang
chromophores are shifted to the protonated form of the chromophore compared to
a pH of 7.4 (see section 5.2). This protonated form has its absorption maximum at
412 nm. Therefore, the Dreiklang-labeled cells give reduces fluorescence signal by

excitation at 514 nm.
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The different Na,K-ATPase mutants labeled with eGFP compared to the eGFP-
NaK-WT show that the two caveolin-1 associated mutants (NaK-AC, NaK-AN)
behave similarly to the NaK-W'T. This is also visible for the same mutants when
Dreiklang is used as fluorescence marker. The ankyrin B associated mutant (NaK-
K456E) reveals for both labels a clearly reduced number of particles and the cell
images indicate a lot of diffuse intracellular staining. This suggests a disrupted or
disordered transport of the membrane protein from the ER to the plasma mem-
brane. The same effect was observed in AAS measurements of section 2.4.6, in
which the rubidium uptake was significantly reduced for the NaK-K456E mutant
compared to the NaK-WT. The lowest number of molecules was observed for the
threefold- (eGFP-NaK-ACANK456E) and the double (eGFP-NaK-ACAN) mutant,
which show values three times smaller compared to the NaK-W'T. The same trend
was also visible for the rubidium uptake and the images shown exhibit for both
mutants a more diffuse intracellular pattern, instead of a clear plasma membrane

staining.

The obtained results of the reduced amount of Na,K-ATPase molecules for the dif-
ferent mutants in the plasma membrane can be confirmed in future investigations
with a plasma membrane preparation. In order to better understand the reasons of
the reduced amount of Na,K-ATPase molecules the question should be solved, if the
transport mechanism from ER to the membrane is disrupted in some of the studied
Na,K-ATPase mutants or not.

6.4.4 Mobility in the Plasma Membrane Studied by FRAP

In this section different types of FRAP measurements on the Na,K-ATPase con-
structs are compared and the two used labeling strategies (eGFP and Dreiklang) as

well as reversible and irreversible photobleaching are considered.

First of all, the diffusion constants D for every construct were calculated using
eq. 3.31 and the assumption was made that the bleach radius was about 1 um, as
previously discussed by [29]. All calculated diffusion constants are summarized in
Table 6.3 together with the determined mobile fractions M and ¢ /,-values for all
investigated eGFP-/DRK-labeled Na,K-ATPase constructs.
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6.4 Discussion

Table 6.3: Summary of determined mobile fractions M, t;o-values and calculated diffusion con-
stants D for different eGFP-/DRK-labeled Na,K-ATPase constructs.

Sample Bleaching Method Mobile Fraction M t1/2 Diffusion Constant D
in % ins in m2/s
DRK-NaK-WT reversible 87 £ 17 78 & 37 (3.2 &£ 1.5) - 10713
DRK-NaK-AC reversible 83 4+ 22 46 + 21 (5.4 & 2.5) - 10713
DRK-NaK-AN reversible 81 4+ 19 52 + 23 (4.8 £2.1) - 10715
DRK-NaK-K456E reversible 81 4+ 24 39 + 23 (6.4 4+ 3.8) - 10715
DRK-NaK-WT irreversible 85 + 18 19+ 12 (1.3 £0.8) - 10714
DRK-NaK-AC irreversible 94 + 13 17+ 9 (1.5 +0.8) - 1014
DRK-NaK-AN irreversible 87 + 15 18 + 11 (1.4 +£0.9) - 10714
DRK-NaK-K456E irreversible 85 + 17 18 + 12 (1.4 +£0.9) - 10714
eGFP-NaK-WT irreversible 75 + 22 8+ 6 (3.142.3) 10714
eGFP-NaK-AC irreversible 82 £ 19 11+ 8 (2.3 £1.7) - 10714
eGFP-NaK-AN irreversible 93 + 11 124+ 5 (2.1 4+ 0.9) - 10714
eGFP-NaK-K456E irreversible 79 + 19 8+ 6 (3.142.3) - 10714

Additionally, the photoswitchable Dreiklang protein as fluorescence label offers the
opportunity for reversible FRAP measurements with minimal cell damage. This
can be achieved by switching the protein in a nonfluorescent OFF-state instead of
irreversible bleaching with high laser intensities. These measurements show that the
fluorescence recovery exhibits a completely different behavior for reversible bleaching
compared to the irreversible one. The recovery of the fluorescence signal of the OFF-
switched Na,K-ATPase constructs labeled with DRK took a longer time compared
to the irreversible FRAP measurements, which show mostly a fast recovery shortly
after photobleaching. The reversible bleaching provided ¢ o-values of (39 £ 23) s
up to (78 £ 37) s, which lead to diffusion coefficients of (6.4 + 3.8) - 107'° m?/s
and (3.2 £ 1.5) - 107 m?/s respectively. The calculated mobile fraction M for this
set of data is also not very accurate, because no plateau was reached during the
data acquisition. The slow ¢ /o-values are explained by the fact that Dreiklang is
mostly found in the ON-state at room temperature. Therefore, the OFF-switched
chromophores tend to reactivate due to thermal equilibrium and 100 % recovery
is always reached for reversible FRAP measurements. Brakemann and co-workers
specified that this equilibrium time constant at room temperature is about 400 s
[37]. Nevertheless, the different DRK-labeled Na,K-ATPase constructs measured
by reversible FRAP show t;/o-values, which are significantly different (P < 0.05),
compared to the Na,K-ATPase WT. That means that the three mutants (DRK-NaK-
AC, DRK-NaK-AN and DRK-NaK-K456E) show a faster recovery time than the
Na,K-ATPase WT, which suggests that the diffusion of the mutated Na,K-ATPase
constructs is faster, most likely due to disruption of interactions with the respective
matrix proteins. The largest deviation from the Na,K-ATPase WT is found for the

ankyrin B associated mutant. As previously mentioned, the ¢, /o-values are estimated
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6 Investigations on the Mobility of the Na,K-ATPase in the Plasma Membrane

from the fluorescence recovery curves, which contain contribution both from the
thermal reactivation and pure diffusion processes. The contribution of both effects
introduces large inaccuracies in the calculated parameters, which make it difficult
to derive quantitative conclusions from the data. Additionally, 100 % recovery is

always reached after a certain time.

Irreversible FRAP measurements on DRK-labeled Na,K-ATPase constructs show a
faster recovery compared to reversible FRAP (see Table 6.3). However, no signifi-
cant differences between the Na,K-ATPase mutants and the wild-type are observed.
Again it needs to be considered that Dreiklang undergoes some reversible photo-
physical processes as well on the timescale for FRAP measurements, as already
mentioned about the FCS measurements (see section 6.4.1) and underlined by a
lower total number of molecules Np, which lead to a reduced expression of the
membrane protein in the plasma membrane compared to eGFP-labeled cells (see
section 6.4.3).

On the other side, a fast component with a large contribution is visible for all fluores-
cence recovery curves in the irreversible FRAP measurements (see Fig. 6.19 (b) and
Fig. 6.20) for both labels (eGFP and DRK). This component has been attributed
in literature to a photoswitching process of the chromophores and leads often to an
overestimation of the mobility and to false identification of the diffusion behavior.
Sinnecker et al. showed for different enhanced green fluorescent proteins like eYFP,
eCFP and Citrine that they undergo reversible photobleaching under commonly
used FRAP settings and lead therefore to significant artifacts in the experiments
[38]. It was also shown that this effect has no influence on FCS measurements, since
the timescale (above ms to hundreds of s) is not accessible by FCS. Furthermore,
Mueller and co-workers showed the same effect for other fluorescent proteins under
typical FRAP conditions. They additionally give suggestions how to minimize these
effects and presented a mathematical procedure to correct FRAP data for these
reversible photobleaching effects [39]. Morisaki et al. demonstrated that this pho-
toswitching effect is not present for other fluorophores. The group showed FRAP
measurements on GFP-tagged histone H2B and H2B labeled with the organic flu-
orophore tetramethylrhodamine (TMR) through the genetically encoded HaloTag.
They demonstrated that H2B-GFP in FRAP shows an apparent fast component
of 15 %, whereas the same measurements with the organic fluorophore (H2B-Halo-
TMR) presented only a very small fast component (~ 1 %) contribution [40]. In
summary, the presented FRAP data for eGFP and DRK in this work can also in-
clude a fast component from reversible photoswitching and are therefore, may also
be biased by the aforementioned FRAP artifact. Furthermore, the reversible FRAP
data should be considered as a first qualitative result which only gives a hint about

the different diffusion behavior of the various Na,K-ATPase constructs.
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6.4 Discussion

The results obtained by the FRAP measurements on eGFP-labeled Na,K-ATPase
constructs exhibit, compared to the Dreiklang-labeled constructs, a faster recov-
ery. Furthermore, all the recovery curves reach a plateau region. The calculated
mobile fractions for the different Na,K-ATPase constructs yield values between
(75 £ 22) % for eGFP-NaK-WT and (93 £ 22) % for eGFP-NaK-AN. The two
other mutants (eGFP-NaK-AC and eGFP-NaK-K456E) exhibit intermediate mo-
bile fraction values. From these data it could only be shown that M for the eGFP-
NaK-AN mutant is significantly different from the Na,K-ATPase wild-type. One
can say from these data, that the wild-type has lowest mobility, which means that
it is fixed within the plasma membrane or bound to the cytoskeleton, whereas 25 %
of the caveolin-1 associated eGFP-NaK-AN mutant are mobile. On the other hand,
the second caveolin-1 associated mutant (eGFP-NaK-AC) and the ankyrin B asso-
ciated mutant (eGFP-NaK-K456E) exhibit similar values of the mobile fractions as
the NaK-WT. This could be attributed to an insufficient statistics, and the number
of cells should be increased to better discriminate small variations of this param-
eter. The evaluated ¢, /,-values show the same trend as for the mobile fraction of
the different Na,K-ATPase constructs. The NaK-W'T construct exhibits the fastest
recovery or diffusion of (8 £ 6) s and the eGFP-NaK-AN mutant the slowest with
(12 £ 5) s. Those are significantly different according to statistical consideration
(P < 0.05). Conversely the other Na,K-ATPase mutants show intermediate values
which are not significantly different. The estimated ¢;/5-values from the measured
data greatly deviates from expectations. One would expect a faster recovery for the
studied Na,K-ATPase mutants compared to the Na,K-ATPase wild-type. Indeed
the disruption of the ankyrin B associated binding site should lead to a more free
diffusion and therefore higher mobility. The same assumption could be made for
the two caveolin-1 associated mutants of the Na,K-ATPase. However, no of such

differences were observed with irreversible FRAP measurements.

The resulting diffusion coefficients D (Table 6.3) for the different eGFP-labeled
Na,K-ATPase mutants and wild-type show values between (2.1 £ 0.9) - 107 m?/s
and (3.1 £ 2.3) - 107! m?/s, which agree well with the data published for Na,K-
ATPase in intact renal proximal tubule epithelial cells ((3.31 + 0.7) - 107 m?/s;
[121]). Recent publications list values between 1 - 107'% cm?/s and 1 - 107'* cm?/s
for membrane-embedded proteins (see [29]), and a more recent work gives values for
membrane proteins studied by FRAP between 2 - 107! ¢cm? /s and 2.2 - 10713 cm? /s
depending on the number of transmembrane segments [144]. The Na,K-ATPase
xXo-subunit used in this work consists of 10 transmembrane segments, which show a
diffusion coefficient that is in good agreements with the data obtained by Kumar et

al.
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Compared to the diffusion coefficients for the Na,K-ATPase labeled with eGFP re-
sulted from FCS experiments (see Table 6.2), a large mismatch between the obtained
data is visible. The diffusion coefficients from FRAP experiments are at least one
order of magnitude smaller (107'* m?/s) as the one obtained by FCS (107! m?/s
- 107" m?/s). One would expect similar results for both techniques on identical
systems or Na,K-ATPase constructs. Other groups observed similar mismatches be-
tween the diffusion coefficients measured by FRAP and FCS. For example, Calizo
and co-workers found diffusion coefficients in the order of 107'* m?/s by FCS and
107" m?/s by FRAP on G-protein coupled receptors [145]. Similar effects were
observed by Adkins et al. who assumed that the diffusion coefficients determined
by FRAP are always one order of magnitude smaller than those observed by FCS.
In that case the dopamine transporter tagged with the yellow fluorescent protein
(YFP) was studied and compared with a epidermal growth factor receptor and f3
adrenergic receptor both labeled with eGFP [146]. These authors proposed that
the resulting diffusion coefficients or diffusion times depend on the used cell line,
which was shown for non-neuronal cells like HEK293 and neuronally derived N2a
cell line. Kiihn et al. also confirmed the work of Adkins and co-workers for different

cell lines, for measurements in the cytoplasm and the nucleus and the differences in
the diffusion coefficients for FRAP and FCS [26].

Another aspect which has to be taken into account is that FRAP is a complex
experiment which requires many parameters to be carefully chosen or accurately
determined. As examples, the used bleaching profile (spot, line, disk) and bleaching
depth are often assumed, which could lead to large variations in the resulting fluo-
rescence recovery curves |27, 28|. An additional problem for FRAP measurements
in living cells is the unexpected phototoxicity, which can arise from the high inten-
sity laser irradiation in the bleaching point and could produce substantial damage

around the bleached region of interest [147].

An additional aspect that has to be considered is that a living cell is a complex
system, especially the plasma membrane. This membrane is not just a flat fixed skin,
but it shows crinkles, invaginations and a lot of enclosed compartments, which could
lead to differences in the obtained diffusion times. In fact, one can not distinguish
between these regions by FRAP (see also [136]). FRAP is also very insensitive to
changes of the protein weight [148|.

Weiss and co-workers showed that the diffusion coefficients are underestimated in
most typical FRAP studies and FRAP data are highly prone to misinterpretations
[149]. In this work, the t;,-values were just evaluated for each Na,K-ATPase con-
struct and used as diffusion time in order to calculate the diffusion coefficients. This

is valid only as a rough approximation and a more quantitative data analysis for the
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diffusion behavior and the mobility of the Na,K-ATPase in the plasma membrane
would be required. For a better description of the resulting fluorescence recovery
curves, one has to assume a model to correctly simulate the system. This is the
only way to distinguish between pure diffusion, binding reactions and mixtures of
these processes [24, 148, 149]. In literature, many different fit models have been
proposed, which vary widely regarding their underlying hypotheses [150, 151|. Even
more so, the quality of the measured curves does not allow a clear identification
of the underlying model for the process. This is the reason why only qualitative

parameters as t;/o-values and M have been estimated from the data.

It is appropriate at this point to speculate and think about the used [3;-subunit,
which stabilize the Na,K-ATPase a,-subunit as already mentioned in section 2.2.
It would be interesting to investigate whether the obtained FRAP curves behave
differently with other 3-subunits. Finally, one can say that fluorescence recovery
after photobleaching technique seems to be not the best choice for studies of the
mobility of different Na,K-ATPase constructs in the plasma membrane, while FCS
is tentatively preferable as the more accurate method. In fact, it allows for a more

accurate estimation of the diffusional mobility of membrane proteins.
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7 Summary

The aim of this work was the study of the mobility of the Na,K-ATPase xs-subunit
and various mutations within the plasma membrane of living cells. The two common
main techniques for diffusion studies are fluorescence correlation spectroscopy (FCS)
and fluorescence recovery after photobleaching (FRAP), which are well described in
literature [12, 23].

FCS observes fluorescence intensity fluctuations of molecules diffusing across a con-
focal volume of about 1 fL. On the other side, FRAP observes the diffusion of
chromophores in a photobleached area of some square micrometers and measures
the recovery time of the fluorescence signal. FCS allows the simultaneous observa-
tion of multiple fast-diffusing molecular species, while FRAP is limited to a temporal
scale of the diffusion time above 1 ms. Furthermore, both methods require labeling
of the observed proteins with suitable fluorescent markers. Since from the literature
it is known that common genetically encoded fluorescent proteins, e.g. eGFP and
Citrine, lead to artifacts in diffusion studies by FRAP due to photoswitching of the
protein [38-40], the reversibly photoswitchable fluorescent protein Dreiklang (DRK)
was used as fluorescent marker for these measurements [37]. In order to study the
diffusion of different mutations on the Na,K-ATPase by FCS the well-known fluores-
cent protein eGFP were utilized as fluorescence marker. For a later on comparison
all FCS and FRAP measurements were performed with both fluorescence tags, eGFP
and DRK.

Since several mutations in the Na,K-ATPase a-subunit genes are associated with
different diseases, the overall understanding of the integration of the Na,K-ATPase
into the plasma membrane is of great interest. By mutational disruption of bind-
ing sites of the Na,K-ATPase «y-subunit associated with ankyrin B (NaK-K456E)
and caveolin-1 (NaK-AC, NaK-AN) it could be expected to observe changes in
the plasma membrane targeting of the enzyme, changes of the localization within
the plasma membrane and, consequently, of the diffusion behavior of the enzyme
[56, 57, 61, 62].
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7 Summary

FCS studies on the Na,K-ATPase labeled with DRK lead to the conclusion that
DRK is unsuitable for FCS analysis. It seems that DRK undergoes photophysical
quenching processes, which are in the same time range as the observed diffusion
times and thus small differences in diffusion are not measurable.

The different Na,K-ATPase mutants labeled with eGFP (eGFP-NaK-AC, eGFP-
NaK-AN, eGFP-NaK-K456E, eGFP-NaK-ACANK456E) exhibit significant differ-
ences in the diffusion behavior within the plasma membrane compared with the
Na,K-ATPase wild-type (eGFP-NaK-WT). All constructs exhibit two diffusion con-
stants, one component for fast diffusion (D) and a slow diffusion component (D).
Furthermore, the eGFP-NaK-W'T shows the slowest diffusion behavior with diffu-
sion coefficients of D; = (1.4 £+ 0.4) - 107" m?/s and Dy = (1.1 £ 0.3) - 1073 m?/s.
In contrast, the ankyrin B associated mutant shows the fastest diffusion from all ob-
served Na,K-ATPase mutants with coefficients of D; = (2.2 £ 0.9) - 107" m?/s and
Dy = (1.8 £ 0.4) - 107" m?/s. The diffusion behavior of the two mutants associated
with the binding to caveolin-1 (eGFP-NaK-AC, eGFP-NaK-AN) are located in be-
tween the two aforementioned constructs. The fastest diffusion times were found for
the threefold mutant (eGFP-NaK-ACANK456E), which comprises all single mu-
tations and exhibits diffusion coefficients of D; = (2.4 + 0.8) - 107" m?/s and
Dy = (2.1 £ 0.5) - 10713 m?/s.

FRAP measurements on various Na,K-ATPase constructs labeled with eGFP do not
show significant differences, but affirm problems commonly associated with FRAP
experiments using genetically encoded fluorophores. DRK as fluorescence marker
in standard FRAP settings also exhibits artificial shortened diffusion components,
which can be attributed to reversible photoswitching of the fluorescent proteins and
therefore these data may be prone to common FRAP artifacts. This problem is
overcome by reversible FRAP experiments with DRK as fluorescence marker. How-
ever, these reversible FRAP data should be considered as a first qualitatively result
and only provides a hint for differences in the diffusion behavior of the various Na,K-
ATPase constructs, because a thermical reactivation of the OFF-switched proteins
into the ON-state is possible which overrides recovery by diffusional entry of fluo-

rescent molecules into the bleached area.

From all investigated constructs in reversible FRAP measurements, the DRK-NaK-
WT exhibited the slowest diffusion with a diffusion coefficient of D =
(3.2 £ 1.5) - 107" m?/s and the DRK-NaK-K456E the fastest diffusion with D =
(6.4 + 3.8) - 107 m?/s. Also in this set of experiments, the two caveolin-1 asso-
ciated mutants (DRK-NaK-AC, DRK-NaK-AN) are found between the two other
constructs with diffusion coefficients of D = (5.4 + 2.5) - 107" m?/s and D =
(4.8 £ 2.1) - 10715 m?/s.
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FCS and FRAP experiments reveal for the different Na,K-ATPase constructs the
same diffusion trend and differential behavior of the different mutants, but a large
mismatch of the resulting diffusion coefficients is visible. The data from FRAP
experiments are at least one order of magnitude smaller (1074 m?/s - 10715 m?/s) as
the one obtained by FCS (107! m? /s - 1073 m?/s). One would expect similar results
for both techniques on identical systems or Na,K-ATPase constructs. However, from

literature this mismatch is well-known and described by many other working groups
in this field [26, 145, 146].

The obtained results for the diffusion behavior of the different Na,K-ATPase o-
subunit constructs can be explained well by the microdomain model as well as
by the meshwork model. It seems that a combination of both microdomains and
meshwork influence the binding of the Na,K-ATPase within the plasma membrane

and, therefore, the diffusion behavior.

These measurements open another view on the integration of the Na,K-ATPase
within the plasma membrane and provides an opportunity to gain a deeper under-
standing of the anchoring of this enzyme in the membrane. FCS measurements can
be therefore used in future investigations on Na,K-ATPase mutants linked to several

diseases.
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Appendix

Used Buffer for Oocyte Preparation and AAS Measurements:

Table A.1

ORI + Ca2+
(pH 7.5 - 7.6)

110 mM NaCl
5 mM KCl
1 mM MgCla
2 mM CaCly
5 mM HEPES
mit NaOH

ORI + Ca2+
(pH 7.5 - 7.6)

110 mM NaCl
5 mM KCl
1 mM MgCla
5 mM HEPES

Nat-Buffer
(pH 7.4)

100 mM NaCl
1 mM CaCly
5 mM BaClsa
5 mM NiCly or 2 mM MgCly
2.5mM MOPS
2.5 mM Tris
10 uM Ouabain

Nat-Loading Solution
(pH 7.4)

110 mM NaCl
2.5 mM Nat-Citrate
2.5 mM MOPS
2.5 mM Tris

NMDG t-Buffer
(pH 7.4)

100 mM NMDG C1
1 mM CaCly
5 mM BaClsa
5 mM NiClz or 2 mM MgCla

2.5 mM MOPS
2.5 mM Tris

10 uM Ouabain
1 mM RbCl
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Appendix

Used Buffer for the Cell Culture and pH-Dependent Measure-
ments:

Table A.2
Original PBS 137 mM NaCl
(pH 7.4) 2.7 mM KCl

8.1 mM NaxHPOy4- 2H20
1.76 mM KH2POy

Original PBS Original PBS
(pH 6.0 - 8.0) HC1 or NaOH
Original PBS Original PBS
(pH 5.0 - 5.5) 10 mM CH3COO3Na - 3H20
PBS equivalent 150 mM NaCl
(pH 10.0) 5 mM KCl
5 mM HEPES
5 mM Tris
10 mM CAPS

Spectral Properties of the Used Fluorescent Proteins:

Comparison of some important spectral properties of the fluorescent proteins W'T
GFP, eGFP, TagRFP and DRK. € is the extinction coefficient at the excitation wave-
length (Age.). The brightness is the calculated product of the extinction coefficient

e and the quantum yield @),. The data for Agse, Apm, €, and @), were obtained from
[37, 67, 69-T1].

Table A.3
Fluorescent Protein A, AEm € Qy Brightness (e- Qy)
in nm in nm in M~lem™! in M~tecm™

wild-type GFP 396 504 25,000 - 30,000  0.79 19,750 - 23,700

475 9,500 - 14,000 7,505 - 11,060
eGFP 488 507 - 509 55,000 - 57,000 0.60 33,000 - 34,200
TagRFP 555 584 100,000 0.48 48,000
DRK 511 529 83,000 0.41 34,030
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Viscosity of Aqueous Solutions of Sucrose:

Sucrose solutions were prepared at indicated percentages (in % w/w) in PBS buffer

and the physicochemical properties of aqueous sucrose solutions are given [152].

Table A .4

% sucrose (w/w) viscosity ratio (n/nw)

0 1.000
10 1.333
20 1.941
30 3.181
40 6.150
50 15.400
60 58.370
70 480.600
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List of Abbreviations

AAS
ACC
ADC
ADP
AHC
ATP
BSA
cav.-1
cav.-2
CLSM
CNS
DAS
DMEM
DNA
DRK
DYT12
eGFP
ER
FBS
FCS
FHM
FLIM
FWHM
FRAP
FRET
HEK?293
IC

IHS
IRF
ISC
LQT4
MPLC
MSD
NA
NaK
NCX
OVE
PALM
PBS
PCR
PM

QA
RESOLFT
RNA
ROI
ROS
RPD
SNR
SPAD
STED
STORM
TAC
tagRFP
TCSPC
THGF
TM
wWT

Atomic absorption spectrophotometry

Autocorrelation curve
Analog-to-digital converter
Adenosine diphosphate

Alternating hemiplegia of childhood
Adenosine triphosphate

Bovine serum albumin

Caveolin-1

Caveolin-2

Confocal laser scanning microscopy
Central nervous system

Decay associated spectra
Dulbecco’s Modified Eagle Medium
Deoxyribonucleic acid

Dreiklang

Rapid dystonia parkinsonism
Enhanced green fluorescent protein
Endoplasmic reticulum

Fetal bovine serum

Fluorescence correlation spectroscopy
Familial hemiplegic migraine

Fluorescence lifetime imaging microscopy

Full width at half maximum

Fluorescence recovery after photobleaching

Forster resonance energy transfer

Human embryonic kidney 293 cell line

Internal conversion
International headache society
Instrument response function
Intersystem crossing

Long-QT syndrome type 4

Medium pressure liquid chromatography

Mean-square displacement
Numerical aperture
Na,K-ATPase
Na,Ca-exchanger
Observation volume element

Photoactivated localization microscopy

Phosphate buffered saline
Polymerase chain reaction
Plasma membrane
Quadrant anode

Reversible switchable optical linear fluorescence transitions (microscopy)

Ribonucleic acid

Region of Interest

Reactive oxygen species

Rapid dystonia parkinsonism
Signal-to-noise ratio

Single-photon avalanche photodiode

Stimulated emission depletion (microscopy)
Stochastic optical reconstruction microscopy

Time-to-amplitude-converter
Tag red fluorescent protein

Time-correlated single photon counting

Transversely heated graphite furnace
Transmembrane
Wild-type
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