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Foreword

The following pages of this thesis refer to the development of novel genetically
encoded, fluorescent protein based potassium ion (K*) sensors, the GEPIIs. These
probes were developed on a recently identified K* binding protein, which was found
in E.coli and referred to as Kbp. The role of Kbp, a protein formerly known as YgaU,
was characterized and published in May 2016, some months before | started my
PhD under the supervision of Prof. Dr. Roland Malli. Based on this protein, we
decided to explore whether the usage of Kbp within a fluorescence resonance
energy transfer (FRET-) based sensor is suitable to yield functional K* probes.
Within this thesis we demonstrate the suitability of these GEPIIs for the visualization
of K* alterations and dynamics in vitro, in situ and in vivo. Our data emphasize that
the usage of GEPIIs will fundamentally contribute to a better understanding of the
cellular and organismal K* homeostasis and the role of K* on the subcellular level

in physiology and pathology.
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Kurzzusammenfassung

Intra- und extrazellulare Kalium-lonen (K*) Konzentrationen regulieren viele
essentielle zellulare und biologische Funktionen. Nichtsdestotrotz mangelt es noch
heute an verwendbaren K*-sensitiven Sensoren. Basierend auf der Dringlichkeit
solcher Messmethoden haben wir vor kurzem genetisch codierte, Forster Resonanz
Energie Transfer (FRET-) basierte, K*-sensitive Sensoren entwickelt, welche die
Echtzeitmessung von intra- und extrazellularen K* Dynamiken erlauben. Diese
neuen Sensoren, auch GEPIlls (genetisch codierte Kalium-lonen Indikatoren)
genannt, bestehen aus einem bakteriellen, K*-bindenden Protein, welches von
einem turkis- und einem gelb-fluoreszierenden Protein flankiert wird. Die Bindung
von K* an diese Konstrukte bewirkt eine massive Zunahme des FRET-Signals,
welches in einem hohen Signal zu Rausch Verhaltnis resultiert. Die Anwendung von
GEPIIs als rekombinantes Protein erlaubt eine schnelle und prazise Bestimmung
von K* Konzentrationen in verschiedenen Korperflissigkeiten. Des Weiteren
erlaubte die Verwendung des rekombinanten Sensorproteins die Visualisierung von
Zellwachstum und Zelltod mit hoher raumlicher und zeitlicher Auflésung. Die
gereinigten Sensorproteine stellten sich auch fur die Visualisierung von K*
Dynamiken im Gewebe lebender Tiere als geeignet heraus. Die Expression von
GEPIIs in lebenden Pankreaszellen erlaubte prazise Echtzeit-Messungen von
subzellularen K* Signalen wahrend der Zell-Depolarisation. Zusammengefasst
stellen GEPIIs ein wertvolles Tool fur die Durchfihrung verschiedener K* Analysen
dar, und werden in Zukunft neue, bahnbrechende Mdglichkeiten fur subzellulare K*

Messungen in lebenden Zellen erdffnen.



Abstract

The maintenance of intra- and extracellular potassium ion (K*) concentrations is
important for many cellular processes and biological functions. Based on the urgent
need of detection methods for K*, due to the lack of applicable probes, we have
recently developed Forster resonance energy transfer (FRET)- based K* sensitive
probes, allowing the real-time visualization of intra- and extracellular K* dynamics.
These probes, referred to as GEPIIs (genetically encoded potassium ion indicators),
consist of a bacteria-derived K* binding protein, Kbp, sandwiched by a cyan and a
yellow fluorescent protein variant. Upon K* binding to these chimeras, FRET-signals
increase dramatically, yielding a high signal to noise ratio. Recombinant GEPIIs are
suitable for the quantification of K* levels in diverse bodily fluids in a fast and
convenient manner. Moreover, the recombinant protein proved suitable for
monitoring cell viability and cell growth with high spatial and temporal resolution. In
addition, purified GEPIlIs can be applied in vivo for the visualization of extracellular
K* dynamics in tissues of living animals. Expression of GEPIlIs in cells allows hitherto
unfeasible real-time detection of subcellular K* dynamics. Our data highlight
organelle specific K* fluxes in response to cell depolarization. Altogether, our data
emphasize that GEPIlIs are suitable for diverse K* assays and will open new

avenues for live-cell K* imaging in future.



1 Introduction

Potassium ions (K*) represent the most abundant intracellular cation (1,2). Besides
their important function in keeping cellular osmolarity (2), K* is associated with many
processes and functions in (patho-) physiology (3-5). As an example, K* is
fundamentally involved in cellular processes such as regulating cell volume (6), cell
excitability (7) or exo- and endocytosis (8,9). Recent research even identified a
participation of K* in the regulation of several enzymatic activities (10-13). However,
many (sub-) cellular dysfunctions associated with disturbances of the K~
homeostasis are still far from being understood due to the lack of applicable
detection methods for K* (14-16). Hence, the development of K* sensitive probes,
suitable for the application and quantification of K* in single living cells or in vivo, is

of great interest in cell biology and (patho-) physiology research.

1.1 Maintenance of the K* homeostasis within organisms

One of the most important regulations of K* concentrations ([K*]) in an organism
takes place at the cellular level, as maintenance of the cellular K* homeostasis is
important for many essential cellular processes (1,17). Thus, it is not surprising that
a huge variety of K* channels and transporters are present within cells and their

organelles (18-20).

1.1.1 Regulation of intracellular [K*] by Na*/K* ATPase

The most important and prominent example of an active K* transporter is the sodium
ion (Na*)/K* pump, also referred to as Na*/K* adenosine-5-triphosphatase
(ATPase) (Figure 1) (21). The transporter exchanges two K* from the extracellular
space against three intracellular Na* (Figure 1) (22—-24). Thus, it is fundamentally
involved in the maintenance of the cellular K* gradient across the plasma membrane
(25). However, the exchange is energy dependent, as ATP is hydrolyzed to
adenosine-5-diphosphate (ADP) and inorganic phosphate (Pi) (Figure 1) (26,27).
It is assumed that around 50% of the energy generated within the central nervous
system (CNS) are consumed by the active K* transporter to maintain intracellular
[K*] (28,29).
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Figure 1: Schematic representation of the Na*/K* ATPase located in the plasma membrane of eukaryotic
cells. The Na*/K* ATPase represents a multimeric protein complex composed of different subunits, including
o~ (brownish), B- (dark blue) and y subunits (light blue), located in the plasma membrane of eukaryotic cells.
Upon hydrolysis of ATP to ADP + Pi the multimeric protein complex exchanges three intracellular Na* for two
extracellular K*, thereby generating a K* gradient across the plasma membrane. Selected interaction partners
of the Na*/K* ATPase such as ankyrin (turquoise), IPsR (red), PLCy1 (brown), PIsK (yellow) and cofilin (white)
are shown. Figure according to Dempski et al., 2005, Cortes et al., 2006, Dempski et al., 2008, Geering, 2008
and Ogawa et al., 2009 (23,25,30-32).

From a structural point of view, the transporter consists of several subunits,
including a, B and y fragments (25,30), where the a subunit represents the catalytic
core, hydrolyzing ATP and transporting the cations (31), the  subunit fulfills
chaperone functions (23) and the y subunit essentially contributes in the modulation
of Na*/K* ATPase activity (Figure 1) (32).

Interestingly, interactions of the Na*/K* ATPase with ankyrin (33), attaching integral
membrane proteins to elements of the cytoskeleton (34), phospholipase Cy1 (35), a
key player in the generation of 1,4,5-inositol triphosphate (IP3) (36) or the IP3
receptor (IP3R) directly (37), a membrane protein complex acting as a calcium ion
(Ca?*) channel (38) have been described (Figure 1). Moreover, interactions of the
Na*/K* ATPase with the phosphoinositide 3-kinase (PIsK) (39) involved in
fundamental cellular function such as cell growth and differentiation (40) or cofilin,

an actin disassembling protein, were described previously (Figure 1) (41,42).



A localization of the Na*/K* ATPase was, although rarely described, not only
observed at the plasma membrane, but also within the nuclear envelope of cells
(43). While controversial, as nuclear pores seem to be nonrestrictive to small ions
or molecules (44,45), the Na*/K* ATPase within the nuclear envelope generates
Na*/K* gradients between the nucleo- and cytoplasm across the nuclear envelope
(43). Garner determined basal nuclear [K*] in rat hepatocytes of ~150 mM K* within
the nucleus and ~110 mM K* within the cytosol, using chemical fluorescent K*
indicators (43). This study is in line with older findings from the 1970s (46) and 1980s
(47) describing elevated nuclear [K*]. Nonetheless, until today, the physiological

relevance of a Na*/K* ATPase located within the nuclear envelope remains elusive.

1.1.2 Regulation of intracellular [K*] by K* channels

Besides the intracellular distribution of the Na*/K* ATPase, a huge variety of K*
channels is spread within the membrane of cellular organelles and the plasma
membrane (48). These K* channels are divided into five different subfamilies (49),
including voltage gated K* (Kv) channels (Figure 2a) (50), inwardly rectifying K*
(Kir) channels (Figure 2b) (51), two-pore domain K* (K2P) channels (Figure 2c)
(52), small conductance Ca?* activated K* (SKCa) channels (Figure 2d) (53) and
the slowpoke K* (SLO) channel family (Figure 2e) (54,55).

Each of these subfamilies contains multiple members, resulting in a total of ~100 K*
channel encoding genes in mammals (56). Typically, each K* channel is associated
with specialized functions within cells (60-56). Thus their expression is highly

regulated and cell type as well as tissue specific (48,55,56).
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Figure 2: Schematic representation of different K* channel subfamilies. Extracellular face of the plasma
membrane (PM) is represented in light blue, intracellular side in light yellow. Loop regions of all channels are
represented in black, transmembrane helices as colored rectangles. (a) Schematic demonstration of the voltage
gated K* (Kv) channel family. The channels consist of six trans-membrane helices (blue rectangles), N- and C-
terminus are located within the cytosol. The voltage sensing domain of these channels is indicated with “++”.
The extracellular loop connecting the 5" and 6 helix of the channel is internalizing into the PM. (b) Schemata
demonstrating the structure of inwardly rectifying K* (Kir) channels, consisting of two transmembrane helices
(red rectangles). Of note, the inter-helical linker located at the extracellular site of the PM represents a
membrane internalizing loop. N- and C- terminus are located within the cytosol. (c) Architecture of two-pore
domain K* (K2P) channels, consisting of four transmembrane helices (green rectangles). N- and C- terminus
are located within the cytosol, loops connecting helix 1 with helix 2 and helix 3 with helix 4 integrate into the PM
at the extracellular space. (d) Panel demonstrates the structure of small conductance Ca?* activated K* (SKCa)
channels (brown rectangles). Notably the structure is similar to Kv channels (a), however, these channels are
lacking the voltage sensitive domain. N- and C- terminus are located within the cytosol. (e) Schematic
representation of slowpoke K* (SLO) channels consisting of seven transmembrane helices (violet rectangles).
Similar to Kvs, these channels possess a voltage sensitive domain (++), involved in the gating of the channel.
The N- terminus of these channels is facing the extracellular side, while the C- terminus is located intracellular.
Figure according to Gonzalez et al., 2012 (49).
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) Voltage gated K* (Kv) channels

As already suggested by the nomenclature, Kv channels (Figure 2a) conduct in
response to changes of the membrane potential (50,57). Within the family of K*
channels, the Kv channel subfamily represents the most extensive one, with 40
identified, Kv encoding genes in humans (58). These channels are especially
important for excitable cells in order to remain their functionality (59). However, also
their involvement in apoptosis (60), cell differentiation (61) and growth (62), or the

maintenance of cardiac activity (63) has been demonstrated.
) Inwardly rectifying K* (Kir) channels

A second important subfamily of K* channels are the Kir channels (Figure 2b) (51).
This subfamily can further be divided into four functional groups, including classical
Kir channels, being constitutively active and exhibiting strong inward rectification
(64), G-protein coupled inwardly rectifying K* (GIRK) channels, stimulated by the
B/y subunits of activated G-protein coupled receptors (GPCRs) upon their agonist
binding (65), ATP-sensitive K* (Katp) channels (66) and K*-transport channels
(KTCs) (51).

Constitutively active Kir channels are especially expressed within glia cells of the
central nervous system (CNS), where they establish the high K* selectivity of the
glia cell membrane (67). Additionally, within these cells these channels generate a
strongly negative resting membrane potential (67), providing a driving force for the
spatial K* buffering by glia cells within the CNS (67,68).

GIRK channels are mainly found in neurons and atrial myocytes (69). In neurons,
these channels represent regulators of neuronal excitability (70). Recently, these
channels have even been linked to the development of addictions, as GIRK
knockout mice show altered behavior in response to addictive drugs (70). In
addition, exposure of mice to addictive drugs results in altered surface expression
patterns of GIRK channels within neurons (70). Besides the function of GIRK
channels in neurons, these channels are fundamentally involved in cardiac
repolarization (71) and are, for example, activated via GPCR-binding of the
cholinergic agonist carbachol (72), yielding a cellular K* influx and hyperpolarization
of cardiac myocytes (73).
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Katp channels are typically found within metabolically active tissues (74) as well as
cardiac tissue in a high concentration (75). In the heart these channels are
fundamentally involved in the adaption to ventricular pressure load (76), are blocked
by high concentrations of ATP (77) and thus serve as metabolic sensors that

crosslink cell metabolism with changes in their electrical potential (78).

KTCs are found especially in polarized or excitable cells, such as kidney cells (79)
and neurons (64), where KTCs are essentially involved in setting the resting
membrane potential and are important for the regulation of the intracellular K*
concentration ([K*]i) (64).

) Two-pore domain K* (K2P) channels

Third, K2P channels (Figure 2c) are considered as K* selective leak channels (80),
gated by changes in pH (81), stretch (82) or temperature (83). Additionally, these
channels are activated upon coupling to G-proteins (84) or after administration of
anesthetics (85). Nowadays, 15 members of this K* channel subfamily have been
identified (86), however, their precise physiological function remains elusive until
today (87). Nonetheless, they significantly contribute to the maintenance of the
resting membrane potential (88) and are mainly expressed in sensory and motor
neurons of the autonomic nervous system (89), as well as retinal ganglion cells (88).
Prominent examples of these K2P channels are, for example, TREK (90) or TASK

(91) channels.
IV)  Small conductance Ca?* activated (SKCa) channels

Fourth, the family of SKCa channels (Figure 2d) belongs to K* channels activated
by an increase in intracellular Ca?* concentration ([Ca?'])) (92). Their name, small
conductance Ca?* activated K* channels, refers to their small conductance
generated upon channel opening (93). In principal, they are divided into three
subtypes including SKCa1, SKCa2 and SKCa3 (49). Originally, these channels were
discovered in red blood cells and were first cloned by Kohler et al. in 1996, who
described them as calcium-activated, voltage independent K* channels when
expressed in Xenopus oocytes (93). In principal, several members of this subfamily
are considered to act as tetramers due to their similarity with Kv channels (49).

13



V) Slowpoke K* (SLO) channels

Last, K* channels of the SLO family (Figure 2e) are encoded by so called SLO
genes (54). One characteristic of these channels is that they feature an unusual
large conductance upon activation (94). One famous example of these channels is
the “big” K* (BK) channel (95), which is activated by both, changes in membrane
potential and an increase in [Ca?*]i (96). In mammals, the SLO family is encoded by
four genes, including Slo1, Slo2.1, Slo2.2 and Slo3 (49). Typically, changes of
various intracellular ions, such as Ca?* (96), Na* (97), chloride ions (CI-) (98), or
protons (H*) (99) activate these channels (54). All four members of the SLO family
are activated by specific ions (96—-99), leading to a link between the intracellular ion
metabolism with the cellular membrane K* conductance. Their expression is
typically associated with all types of excitable cells, including neurons (100),
smooth- (101) and skeleton muscle cells (102), endocrine cells (103), or astrocytes
(104) and microglia (54,105).

1.1.3 Maintenance of the organismal [K*]

All mammalian cells and their organelles have an absolute requirement for K* to
fulfill their physiological function (1). However, global hypo- as well as hyperkaliemia
come along with severe systemic diseases, including tiredness, hypo- or
hypertension, heart rate alterations or even heart failure (106,107). Thus, it is of
great importance to keep the extracellular K* concentrations ([K*]ex) within a narrow
physiological range of ~ 3.5 — 5.0 mM K* (108). Welch et al. performed a study in
2009 including 10 European countries, focusing on the uptake of selected minerals.
The study pointed to huge geographical differences in the amount of K* intake, with
cross-country differences of greater than 35% for both sexes. Nonetheless, despite
these massive differences concerning the K* uptake of individuals, no evidences for
a positive correlation of K* intake and serum K* levels are existent (109). In healthy
individuals, at least, K* excretion is increasing upon enhanced uptake, indicating
that the resorption of K* via the digestive tract as well as its systemic elimination is

tightly regulated to maintain the physiologic [K*]ex in the body (1,110).

Usually, the kidney is responsible for the maintenance of a constant total body K*
level (111). This is achieved via the specialized structural and cellular organization

of the nephron, which can be divided into several subparts (Figure 3) (112).
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These include the glomerulus, proximal convoluted tubule (PCT), loop of Henle and
the distal convoluted tubule (DCT), composed of the thick ascending limb (TAL),
initial and cortical collecting duct (ICT/CCT) and the medullary collecting duct (MCD)
(Figure 3) (113).

5 1 1 Afferent arteriole
2 Efferent arteriole

3 3 Bowman's capsule

4 Glomerulus
11 5 Proximal convoluted tubule

6 Loop of Henle

7 Descending limb
8 Thin Ascending limb
6= 9 Thick Ascending limb

10 Distal convoluted tubule

71 11 Initial collecting duct

8 12 Cortical collecting duct

13 Medullary collecting duct

Figure 3: Schematic representation of the nephron anatomy. The anatomy of the kidney is organized in
nephron structures as demonstrated in the schemata. Blood enters the bowman’s capsule (3) and the
glomerulus (4) via the afferent arteriole (1) and leaves via the efferent arteriole (2). Collected liquid moves from
the glomerulus (4) to the proximal convoluted tubule (5) and enters the loop of Henle (6) composed of the
descending (7) and the thin ascending limb (8). Further it moves via the thick ascending limb (9), the distal
convoluted tubule (10), the initial collecting duct (11) and the cortical collecting duct (12) to the medullary
collecting duct (13), where the urine is afterwards collected and excreted. Figure according to Thevenod and
Wolff, 2016 (114).

It is estimated that ~ 75% of all K* is already reabsorbed in the PCT of the nephron
(Figure 3) (1,115). In principal, two different modes of K* reabsorption have been
identified within the PCT, including the solvent drag, being dependent on the flow of
water rather than active transport, and the lumen-positive potential facilitating ion
fluxes across a gradient (Figure 4a) (116). Further ~ 20% of K* is reabsorbed within
the TAL, via trans- and paracellular pathways (Figure 4b). The transcellular
pathway is achieved via the Na*/K*/2ClI- cotransporter (NKCC2), moving Na*, K* and
CI- from the lumen of the tubule into the cells (Figure 4b) (117). Further, especially
the secretion of K* and CI is essentially regulated to stimulate the paracellular K*
reabsorption pathway via the lumen-positive potential (Figure 4b) (117). While
passing the ICD and CCD, K" is reabsorbed via a transcellular pathway, via the ATP
dependent K*/H* exchanger (Figure 4c). However, in total, only ~ 2% are

reabsorbed via these pumps (116,118,119).
15
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Figure 4: Pathways of ion resorption in different segments of the kidney. Schematic cross sections of cells
(beige), the tubule duct lumen (green) and the extracellular fluid (ECF, blue) are represented. (a) Schematic
illustration of K* reabsorption in the proximal convoluted tubule. “+” indicates a positive potential within the lumen
of the duct. K* within the proximal convoluted tubule is mainly reabsorbed via paracellular pathways including
the solvent drag, but also via the lumen-positive potential, acting as a driving force for K* to reenter the ECF.
(b) Within the thick ascending limb, K* is reabsorbed into the ECF via both, trans- and paracellular pathways.
The lumen-positive potential, generated by the positive potential within the lumen of the duct (+), as well as the
transcellular pathways are involved. The transcellular pathway is stimulated via Na*/K*/Cl- cotransporter 2
(NKCC2, blue) located at the apical side of the cells. Intracellular K* is then leaking from the cells to both sides,
the ECF and back to the lumen via K* leak channels (orange), while CI- leak channels (green) are located at
the basal side of the cells. (¢) K* reabsorption within the initial and cortical collecting duct is achieved via K*/H*
ATPases of a-intercalated cells, exchanging intracellular H* for extracellular K* upon hydrolysis of ATP.
Furthermore, principal cells within the initial and cortical collecting duct possess K* leak (orange)- and H20
channels (aquaporins, light blue) on their apical side (d, upper panel), leading to K* extrusion from the cells,
resulting in reduced [K*]i and increased [K*] in the lumen of the duct. The increased [K*]ex stimulates the
paracellular K* reabsorption in the medullary collecting duct (d, lower panel). Additionally, a-intercalated cells
support the final renal K* reabsorption via K*/H* ATPases (red circle) within their apical membrane, while on the
basal membrane Na*/K* ATPases (light blue), K* (orange) and CI- leak channels (green) and HCOs/CI
exchangers (grey) are located. Figure according to Palmer, 2015 (1).
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Although seeming controversial, principal cells located in the collecting duct secrete
K* into the lumen of the duct, while absorbing H20, thus concentrating luminal [K*]
(Figure 4d, upper panel) (120). Finally, during passing the MCD, the increased [K]
is reabsorbed via both, passive trans- and active paracellular transport of the K*/H*
ATPase (Figure 4d, lower panel), finally leading to only ~ 2% of initially secreted K*
being excreted via the urine (121,122).

Considering the strict K* homeostasis handling of the kidney, still, it is rather a long-
term regulation (119). Initially, alterations of the extracellular K* concentration ([K*]e)
are buffered by skeleton muscle cells, which incorporate additional amounts of K*
(17). The regulation of these K* movements is considered to be regulated mainly by
two factors including insulin (123) and catecholamines (124). First, insulin secretion
from pancreatic p-cells does not only stimulate glucose, but also K* uptake into
insulin-responsive tissues (123). However, the effect of insulin on glucose and K*
uptake are differential, as, for example, patients with a chronic kidney disease show
impaired insulin-stimulated glucose uptake, whereas their cellular K* absorption
remains unaffected (125). Second, catecholamines such as adrenaline or
noradrenaline essentially participate in the regulation of plasma [K*] (124). Typically,
administration of (nor)adrenaline causes a short transient serum hyperkalemia
caused by the activation of hepatic KCa channels, followed by a second phase of
serum hypokalemia due to the activation of Na*/K* ATPase by p-adrenoreceptors
(124).
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1.2 K* and its implication in health and disease

1.2.1 K* and the regulation of the cell volume

Nowadays it is well accepted that K* represents the most abundant intracellular
cation (1,17), fundamentally involved in the regulation of the cell volume (6).
However, until around the 1920s, scientists believed that animal cells, especially red
blood cells, maintained a constant cell volume as the plasma membrane was
thought to be impermeable for extracellular cations such as K*, and especially Na*
(126). However, already some vyears later Jacobs et al. recognized that an
impermeability of the cell membrane for cations would lead to colloid-osmotic
swelling of red blood cells and finally, their hemolysis (127). The first evidence for
cation permeable cell membranes was achieved using isotopic tracers (128). From
this time on, scientists recognized the importance of a cation permeable cell
membrane to prevent cells from swelling and finally their death. Based on this ability
of cells to dynamically regulate their ion homeostasis across the cell membrane,
Tosteson et al. established a mathematical model estimating cell volume changes
in response to high or low extracellular ion concentrations ([ion]) (129). Experiments
performed to proof their model pointed to the ability of red blood cells to regulate

their K* uptake or K* excretion depending on [K*]ex (130).

Almost 20 years later, in the middle of the 1980s, Tivey et. al depicted that also other
cells such as Hela, show an increase in their cell volume upon exposure to hypo-
osmolar solutions (131). However, the increase was not as great as one would
predict using a theoretical model (131). Their experiments demonstrated that cells
fight their swelling and volume uptake by excreting K* from the cytoplasm, probably
to prevent membrane disruption. Vice versa, if cells were exposed to hyperosmolar
solutions, HelLa cells incorporated additional K* to keep their osmolarity. Already
these early and rather simple experiments pointed to the important role of K* in the

regulation of the cell volume (131).

It was recently identified, that such cellular volume alterations are fundamentally
involved in the progression of the cell cycle of many cell types (132-134). Thus, for
example BSC1 cells, a monkey kidney cell line, exhibit a volume loss of 20-50%
during the transition from prophase to metaphase (132). These results demonstrate
the importance of an adjustable cell volume not only for the adaption to changes in
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the extracellular milieu (130), but also for cell division (132). Although data
demonstrating a change in the K* channel expression patterns during these
progressions of the cell cycle are available (135), a direct evidence whether or not
[K*]i changes are involved and occur during these volume alterations remains

elusive until today.

1.2.2 K* and the membrane potential

In principal, the term “membrane potential” describes the difference of an electric
potential between the inside and outside of a cell (136). This difference is generated
by ion- and charge gradients towards the plasma membrane (137), especially
including Ca?* (138), chloride ions (CI-) (139), magnesium ions (Mg?*) (140), K*, Na*
(141) and organic anions (Figure 5) (142).
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Figure 5: Schematic illustration of ion distributions across the cell membrane. Schematic cross section
across the cell plasma membrane (phospholipid bilayer, yellow head groups, black tails). Extracellular- (upper,
light blue) and intracellular side (lower, light orange) of the plasma membrane is represented. Distribution of
Ca?* (green), CI- (turquoise), K* (red), Mg?* (yellow), Na* (blue) and organic anions (grey) is represented via a
triangle gradient scale, where the broad side represents high concentration ([high]) and thin side low ([low],
white triangle, upper right) ion concentrations. Cell membrane potential is generated by tightly regulating and
maintaining different [ion] distributions across the plasma membrane. Figure according to Wilbrandt, 1937,
Dulhunty 1978, Sheu et al., 1983, Miao et al., 1993, Bara et al., 1997, Ma et al., 2017 and Roux 2008 (136—
142).
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In the early 19" century, Hober et al. reported an influence of ion concentrations
([ilon]) on the cellular trans-plasma membrane current in muscle tissue (143). At the
beginning, these relationships were studied in frog sartorius muscles using internal
microelectrodes to investigate, how predicted models correlated with experimental
relations (143). Several years later scientists investigated the role of various [K*]ex
on the membrane potential, as under physiologic conditions very high
concentrations of K* are present within the cell (~ 140 mM), but only very low
concentrations in the extracellular space (~ 5 mM) (144). Thus, small changes in
[K*]ex strongly affect the membrane potential of a cell, which is typically ranging from
-40 mV to -80 mV under basal conditions (145).

The fact that also intracellular organelles such as mitochondria can possess a
membrane potential was first described in the 1930s (146). Peter Mitchell, one of
the pioneers in mitochondria research, recognized that energy synthesis via
complex |-V of the mitochondrial respiratory chain is strictly coupled to the
membrane of the organelle (147). Membrane disruption of respirating mitochondria
thereby drastically decreased ATP synthesis, indicating that the intact mitochondrial

membrane represents an important feature for energy production (147).

In principal, the membrane potential of a cell fulfills two functions: firstly, it allows the
cell to store energy in form of an electrochemical gradient, which, for example,
mitochondria use for the generation of energy (148). Secondly, the electrochemical
gradient is essential for excitable cells such as muscle cells and neurons, in order
to allow signal transmission and progression (149). However, the fact that K* is not
only important for the cell in order to keep osmolarity, but also to remain excitable

is well known today.
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1.2.3 Regulation of exo- and endocytosis by K*

K* is fundamentally involved in the regulation of the vesicular transport within cells
(8,9,150). Several studies performed already in the 1980s describe an effect of
increases in the [K']ex to trigger especially exocytosis, i.e. neurotransmitter and
hormone release, in a concentration and time dependent manner (Figure 6) (8,150).
The involvement of Kv channels in exocytosis was identified quite recently (151).
Thus, Kv 2.1 for example, abundantly expressed in neurons and neuroendocrine
cells, interacts with syntaxin and SNAP25 in several cell types as well as in vitro,

enhancing neurotransmitter and hormone release (Figure 6) (151).
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Figure 6: Stimulatory effect of [K*]ex on neurotransmitter and hormone release of neuroendocrine cells.
Schematic representation of a neuroendocrine cell with its plasma membrane (grey line) and cargo-containing
vesicles (yellow circles with cargo shown as light pink granules). Extracellular space and cytosol are indicated
(left panel). Kv 2.1 (red channel, both panels) is expressed in these cells and frequent interaction partners of Kv
2.1 such as SNAP25 (light green) and syntaxin (light blue) are demonstrated. At low [K*]ex, Kv 2.1 remains
closed due to the negative membrane potential, thus Kv 2.1 is impermeable for K* (red circle, left panel).
Increases of [K*]ex depolarizes the cell, Kv 2.1 opens, leading to K* fluxes across the plasma membrane, further
causing exocytosis and secretion of cargo-containing vesicles (right panel). Figure according to Ceccarelli et
al., 1988, Grohovaz et al., 1989 and Singer-Lahat et al., 2007 (8,150,151).

Vice versa, the uptake of metabolites or macromolecules, a process referred to as
endocytosis, is known to be directly affected by K* (9). This fact becomes evident,
as K* depletion of fibroblasts results in a drastically reduced receptor mediated
internalization of low density lipoprotein (LDL) and decreased coated pit formation
within the cells (9). Interestingly, the exposure of cells to hypotonic solutions,
causing a K* efflux from cells, results in similar effects of minimized internalization
(152).
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1.2.4 Enzymatic activities and K*

Many intracellular enzymes use di- or polyvalent metal ions as a cofactor to fulffill
their function (153,154). However, the fact that there are also enzymes depending
on monovalent cations such as K* was first described in 1953 by Kachmar and
Boyer, who identified the presence of K* as an essential requirement for the activity
of the pyruvate kinase (155). Today, many other studies demonstrating the
importance of monovalent cations such as Na* and K* as cofactors for enzymes are
available (12,156-158).

Typically, enzymes requiring monovalent cations as cofactors are separated into
two groups, type | and type Il enzymes (Figure 7) (159). Type | enzymes are
proteins requiring K* as a cofactor for reaction catalysis, as K* is directly involved in
the binding of the substrate (Figure 7a) (159). Simple examples of such type |
enzymes depending on K* are the pyruvate kinase (11,155) as well as the diol- (160)
and glycerol dehydratase (161). Very often, enzymes involved in phosphoryl transfer
reactions are associated with their dependency on the magnesium (Mg?*) or
manganese (Mn?*) cation (159). However, usually a full activation of these enzymes
requires also the presence of K* (159). Mg?* and K* can act cooperatively to allow
an optimal binding of the phosphate component of a molecule into the catalytic site

of a protein (159).

In comparison to type | enzymes, type |l enzymes do not directly need K* for binding
their substrate. K* rather changes the conformation of the active site to be
accessible for the substrate (Figure 7b) (159). A typical example is the ribokinase,
an enzyme catalyzing the phosphorylation of ribose using Mg?* and ATP with the
absolute need for K* (162). Interestingly, the enzyme can also use cesium (Cs*) as
cofactor, having a similar size and charge as K*, but not at all Na*, highlighting the
ion specificity and importance of K* for the enzyme (159,162). Some of many
examples of such type Il enzymes are the amino-imidazole riboside kinase (12),
pyruvate dehydrogenase kinase (13) or the serine dehydratase (159,163).
Altogether, these data demonstrate the important role of K* for the maintenance of
a physiological cellular metabolism, as K* is directly involved in the regulation of
enzymatic activities. This important attribute of K* becomes even more evident

considering its involvement in tumor progression.
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Figure 7: Schematic demonstration of monovalent cation (M*) dependent enzymes and the role of M* for
substrate binding in type | and type Il enzymes. M* dependent enzymes are represented in grey (a and b)
with a schematic demonstration of the enzymes ion- and substrate binding pocket. (a) Schematic representation
of a M* dependent type | enzyme. Upon binding of M* (red circles) the enzyme undergoes a conformational
change (middle panel) making the substrate-binding pocket of the enzyme accessible for the substrate (yellow
triangle, right panel). (b) In comparison to M* dependent type | enzymes (a), M* in type Il enzymes (b) is not
altering the enzymes conformation (middle panel), but is directly involved in substrate binding (right panel).
Figure according to Gohara et al., 2016 (159).

A recent study demonstrated that within the tumor microenvironment, an area of
increased necrotic cell death, [K*]ex are significantly elevated (Figure 8a) (15). This
increased [K*] leads to facilitated K* uptake of cells, for example of tumor infiltrating
effector T-cells (Figure 8a) (15), which are supposed to eliminate cells showing
cancerous alterations (164). Usually these cells activate their T-cell receptor (TCR),
a transmembrane heterodimer important for the recognition of a foreign antigen,
which is bound to the major histocompatibility complex (MHC) | or Il (Figure 8) (165).
The activation of the TCR requires a highly regulated signal transduction process,
involving cluster of differentiation (CD) 4 and CD8 (166), where CD8 is stabilizing
the interaction between MHC Il or MHC | and TCR (166). However, it has been
demonstrated that within the tumor microenvironment, T-cells suffer an impaired
activation of the Akt-mTOR signaling (Figure 8a) (15). This suppression was directly
linked to increased [K™]i, as the normalization of [K*]i via gramicidin, a K* specific
pore, or expression of the potassium channel Kv 1.3 reconstituted Akt-mTOR
activation (Figure 8b). The suppression of the Akt-mTOR signaling within T-cells
was linked to enhanced activity of phosphatases (15), however, a direct evidence
for the regulation of intracellular phosphatases by K* is, although conceivable,

missing (Figure 8a).
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Figure 8: Schematic representation of K* mediated T-cell immunosuppression and effects of Kv 1.3
expression on T-cell function. Within the tumor microenvironment necrotic tumor cells release high [K*] into
the extracellular space, leading to increased [K*lex. Tumor-infilirating T-cells thereby migrate into the
environment with elevated [K*]ex, leading to increases in [K*]i within these T-cells. While tumor cells represent
antigen (green circle) bound to MHC | (violet) to the T-cell receptor (TCR, pink), the intracellular signaling
cascade in these T-cells is altered. (a) The effect might directly be caused by increased [K*];, affecting protein
phosphatase 2A (PP2A), leading to decreased phosphorylation of Akt (yellow) and furthermore reduced
production of interferon y (IFNy) and interleukin-2 (IL-2). (b) Expression of Kv 1.3 (red channels) in these cells
leads to decreased [K']i, restores the phosphorylation of Akt and increases INFy and IL2 production. Figure
according to Eil et al., 2016 (15) and reproduced from Gurusamy et al., 2017 with permissions from publisher
American Association for Cancer Research (167).

1.2.5 K* and apoptosis

The term apoptosis describes a controlled mechanism leading to the programmed
death of a cell (168). Already studies in the 1950s observed a distinctly different
mode of cellular death than necrosis, showing ultrastructural features suggesting a
controlled mode of death (169). However, until then, mainly necrosis, the cell death
caused by noxious stimuli leading to irreversible damage of the cell, was described
(170). In 1972, Kerr, Wyllie and Currie perceived the importance of a programmed
cell death and referred to it as apoptosis (171), a controlled cell death being
important in physiology as well as pathology (172).

As the maintenance of the electrochemical K* gradient across the plasma

membrane requires a functional Na*/K* ATPase (1,23), however, apoptosis is
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associated with dysfunctions of the exchanger (173), intracellular K* levels are
continuously decreasing (174). The fact that K* is fundamentally involved in the
regulation of apoptosis through the modulation of enzyme function was excessively
investigated during the 90s (174-177). Key regulator enzymes of apoptosis include
caspases degrading proteins, and nucleases that degrade DNA (Figure 9)
(178,179). These enzymes fulfill their function in a K* dependent manner. Thus, a
decrease in [K']i is a key event during the programmed cell death, as physiological
[K*]i levels of ~ 140 mM fully suppress the apoptotic cascade (Figure 9a) (180,181).
Nonetheless, these enzymes become active with an intracellular K* depletion,
initiating apoptosis (Figure 9b) (180,181). These results become more significant
as keeping the cells in high [K*]ex after an apoptotic stimulus prevents cells from
dying via the programmed cell death (182). However, whether the [K*]idrop is an
initiator or a consequence of apoptosis remains elusive, but the effect is probably

universal (183).
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Figure 9: Effects of [K*]i on apoptotic pathways. Schematic representation of a cell with its cytoplasm (light
brown), nucleus (yellow) and the plasma membrane (dark brown). Caspases (red, blue and green), nucleases
(violet, yellow and orange) and DNA (black double helix) are represented. (a) Under physiological conditions
with high [K*]i, K* inhibits caspase- (red, blue and green) and nuclease activity (violet, yellow and orange), thus
preventing the induction of apoptosis and avoiding DNA fragmentation. (b) The inhibition of caspase and
nuclease activity is abrogated upon loss of the intracellular K* gradient, leading to caspase- and nuclease
activation, DNA fragmentation and finally apoptosis of the cell.
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1.2.6 K* and cancer

Typically, carcinogenic compounds decrease [K*]i while increasing the intracellular
Na* concentration ([Na*]i), while anti-carcinogenic compounds have the opposite
effect (184). Some examples of such carcinogenic compounds reversing the
intracellular ion composition are for example cadmium (185), fat (186) or alcohol
(187). Anti-carcinogenic agents such as vitamin C (188) and D (184), selenium (189)
and indomethacin (190) have the opposite effect of elevating [K*].. Interestingly,
similar effects of decreasing global [K*] can be observed in stress (191) or diseases

such as alcoholism (192), which come along with increased cancer rates (193,194).

In addition to the direct influence of (anti)carcinogenic compounds on the
intracellular ion composition, cancer is very often associated with alternations in the
K* channel expression pattern (195). Thus, breast, colon or prostate cancers are
commonly associated with an overexpression of Kv 1.3 (195). Some cancer types,
especially adrenal cancers are correlated with recurring somatic mutations of Kir 3.4
(196). These mutations and different channel expression patterns not only promote
cancer development, but might be an important hallmark for cancer malignancy
(195). Expression level of the G-protein-activated inwardly rectifying K* channel
(GIRK1), for example in breast cancer cells, correlates with the degree of lymph

node metastases (197).

All these examples demonstrate the importance of an intact intracellular K*
homeostasis for the maintenance of cellular physiology, as imbalances can promote

cancer development (195).
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1.3 Fluorescent proteins and their usage for the design of genetically

encoded biosensors

1.3.1 Discovery of fluorescent proteins and their engineering

In 1955, Davenport and Nichol discovered proteins that possess the ability to
fluoresce, when they were experimenting with diverse hydromedusae (198).
However, the first isolation of a so-called green fluorescent protein (GFP) was
achieved several years later in 1962 from the jellyfish Aequorea victoria (199). From
a structural point of view, a fluorescent protein (FP) consists of 11 antiparallel -

strands arranged in a so-called B-barrel structure (Figure 10) (200).

Figure 10: Structure of wild type green fluorescent protein. Front (a) and bottom view (b) of wild type green
fluorescent protein isolated from Aequorea victoria. Chromophore composed of the amino acids serine-tyrosine-
glycine (SYG) is visualized in red. 3D-structures of the protein were predicted using the Phyre2 online prediction
tool and illustrated using PyMol Viewer.

In principal, specific amino acids within the FPs, referred to as chromophore, are
responsible for their ability of fluorescence (Figure 10). Interestingly, a FP is not
directly fluorescent after its synthesis, but requires several minutes for its
maturation. This process known as chromophore maturation requires, however, no
cofactors instead of molecular oxygen (O2) (201). The advantageous features of
FPs led already some while after their discovery to the use of GFP for the
visualization of gene expression (202) or the identification of protein localizations
(203) in single living cells. Further homologous proteins of GFP have been identified
in marine animals, thus, for example a red fluorescent protein expressed in the coral

Discosoma (204).
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Nowadays, countless homologous variants of this GFP evolved via mutations of the
original variant, covering the whole visible spectra including the UV- and infrared-
area (205). These FPs referred to as UV-, blue-, cyan-, yellow-, orange-, red and
far-red fluorescent proteins (UVFPs, BFPs, CFPs, YFPs, OFPs, RPFs and fRFPs)
feature highly variable properties concerning their excitation- and emission spectra,

brightness, photo- and pH-stability and chromophore maturation time (205).

1.3.2 Usage of fluorescent proteins for the design of genetically encoded
FRET-based probes

The fact that these FPs are not only a valuable tool for the visualization of gene
expression and investigation of protein localizations within cells, but are also
suitable for the design of so-called genetically encoded probes (GEPs) was
recognized many years after their isolation in 1962 (199). The first development of
a GEP succeeded in 1997 by Miyawaki et al., who exploited Forster resonance
energy transfer (FRET) occurring between two FP variants, CFP and YFP, for the
design of genetically encoded Ca?* indicators (206). By fusing calmodulin (CaM), a
Ca?* binding protein (207) and the myosin light chain kinase M13, a protein
interacting with Ca2* bound CaM (208), with an N-terminal CFP and a C-terminal
YFP, they yielded functional Ca?* indicators (206). In the absence of Ca?*, FRET-
efficiency between CFP and YFP is low, while the binding of Ca?* to CaM triggers a
conformational change of the probe, yielding increased FRET-fluorescence, i.e.
decreased CFP fluorescence (Figure 11a) (206). According to the feature of these
indicators to be protein-based, they can also be introduced into cellular organelles
by fusing localization specific peptides or domains to the N- or C- terminus,

respectively (206).

In addition to these CFP/YFP based FRET-probes (Figure 11a), red shifted variants
using GFPs as donor and RFPs as acceptor have been developed (209). These
probes feature some advantages over their CFP/YFP based ancestors, including
reduced photo-toxicity due to longer excitation wavelengths and facilitated
combination with second indicators, thus allowing simultaneous measurements
within single cells (209). Having recognized the possibility of generating such GEPs
by the usage of FP-based FRET-pairs soon led to the development of a huge variety
of other sensors (210-213).

28



Although the requirements for the design of novel probes are rather simple, the
major difficulty represents the identification of appropriate ion-, metabolite- or cell
signaling event specific domains. In case of FRET-based GEPs these domains
usually undergo conformational changes in response to association or dissociation
of the ligand, increasing FRET, thereby decreasing donor fluorescence (Figure 11a)
(214). Additionally, proteins used within GEPs should not interfere with cell signaling
pathways and should not show toxic effects upon expression in mammalian
systems. However, several suitable domains fulfilling all these requirements have
already been identified and used for the generation of FRET-based probes (Figure
11a). Nowadays a huge variety of these GEPs is available for the visualization of
diverse intracellular metabolites and ions. Only some of many examples are sensors
sensitive for Ca?* (206,209), ATP (210), ATP/ADP ratio (215), pyruvate (211), CI-
(216) or Mg?* (212).

Analyte binding
domain

Modification
sensitive domain

Figure 11: Functional principle of genetically encoded FRET-based probes. (a) Schematic illustration of
an analyte binding, genetically encoded, FRET-based indicator. The analyte binding domain is located within
two FPs, referred to as FRET-donor (donor) and FRET-acceptor (acceptor). In the analyte unbound
conformation, the two FPs are distant from each other, yielding high donor and low acceptor fluorescence (left
panel). Upon analyte binding (A, red circle) to an analyte binding domain the probe undergoes a conformational
rearrangement, yielding increased FRET- and decreased donor fluorescence. (b) Schematic representation of
a modification sensitive FRET-based indicator. A modification sensitive domain is located between the FRET-
donor (donor) and the FRET-acceptor (acceptor). FRET-acceptor fluorescence is low in the unmodified
conformation (left panel). Upon (de)modification of the modification sensitive domain, the probe undergoes a
conformational rearrangement, yielding high FRET- and decreased donor fluorescence (right panel). Figure
adapted from Bischof et al., 2017, with permissions from the publisher Nature Communications (217).
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Also FRET-based probes for the visualization of kinase activities in single living cells
have been developed, including Akt, AMPK, ERK, FAK, MAPK, mTOR, Src, and
many more (218). These probes mainly rely on a chemical modification which then

alters the conformation of the probe, and thus, FRET-efficiency (Figure 11b) (218).

Nevertheless, besides FRET-probes depending on a conformational
rearrangement, other principles have been described, including protein-protein
interactions linked to a FRET-based read-out (219), or indirectly using a combination
of pH sensitive and stable FPs as FRET-donors and -acceptors (220). These FRET-
based sensors are suitable for the visualization of highly dynamic processes within
cells, including visualizations protein-protein interactions (219) or autophagy and pH

transitions within intracellular vesicles (220).

1.3.3 Usage of fluorescent proteins for the design of genetically encoded

single FP-based probes

Quite recently, besides these FRET-based indicators, also probes consisting of only
one fluorescent protein have been developed (Figure 12) (221-223). According to
their design, these indicators are also referred to as single FP-based probes. Mostly,
these tools consist of circularly permuted FPs (cpFPs) fused to specific analyte-
binding domains (Figure 12) (223,224). The most famous examples for these kind
of indicators represent the genetically encoded Ca?* indicators for optical imaging
(GECOs) (224,225), the genetically encoded nitric oxide probes (geNOps) (222),
and the quantitative evaluators of cellular energy (QUEENS) (221).

The major advantage of such single FP-based probes, in comparison to FRET-
based probes, are their narrow spectral properties (222,224,225). They often only
have one excitation maximum, with one or two emission wavelengths, allowing an
intensiometric (Figure 12a), or even ratiometric read-out (Figure 12b and 12c).
However, their principle of function can be very diverse, as upon analyte binding to
the analyte specific domain fused to the FP, either their emission intensity is altered
(Figure 12a) (222,224,225), their emission wavelength is shifted to another
maximum (Figure 12b) (224), or their excitation maximum is shifted at a constant

emission wavelength (Figure 12c) upon analyte binding (221,223).
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As these indicators are also protein-based, they can be fused to localization specific
peptides for their targeting to specific (sub)cellular localizations (222,224).
According to their features, the probes can rather easily be combined to perform
multi-color and/or multi-parameter imaging of various analytes in different cellular

compartments on the single cell level (222,224,225).

a

Figure 12: Functional principle of genetically encoded single FP-based probes. Schemata represent
illustrations of genetically encoded, single FP-based probes. Mostly, these probes consist of circularly permuted
FPs (cpFPs) fused to analyte specific binding domains (light and dark geen) on both, the N- and C-terminus,
respectively. These sensors can either function in an (a) intensiometric manner, having one emission being low
(left panel) or high (right panel) depending on the analyte (A, yellow circles) concentration, or in an (b) emission
ratiometric manner, altering their emission maximum upon analyte binding (left and right panel). Their excitation
maximum can also be shifted (c¢), depending on the unbound (left panel) or bound conformation of the sensor
(right panel), yielding excitation ratiometric probes. cpFP colours are chosen randomly and are not restricted to
the respective class of sensor. Blizzards represent excitations and emissions, respectively. Figure according to
Nagai et al., 2001, Zhao et al. 2011, Wu et al., 2013 and Yaginuma et al., 2015 (219,221-223).

31



1.4 E.coli Kbp as a specific K* binding protein

In 2016, Ashraf et al. identified Kbp (K* binding protein), a protein formerly called
YgaU with unknown function, as a K* binding protein in E.coli (Figure 13) (226). The
protein with a size of around 16-kDa consists of an N-terminal bacterial OsmY and
nodulation (BON) domain and a C-terminal lysine motif (LysM) (226). BON domains
are predicted to be membrane-associated phospholipid binding domains (227),
however, experimental evidences supporting this conclusion are controversial (226—
229), while the function of LysM domains has been well characterized earlier
(226,230). Frequently, these LysM domains are associated with peptidoglycan
binding (231) and increased expression levels of Kbp modulate peptidoglycan
crosslinking (231,232). It has been demonstrated that the expression level of Kbp
(YgaU) is increased upon exposure of E.coli to osmotic stress, as it is part of the
RNA polymerase sigma S (RpoS) regulon (233), encoding the sigma factor-38
(234). In principal, RpoS represents a central regulator of the general stress
response in E.coli, thereby acting proactive, allowing the cell to survive
environmental challenges, and retroactive, preparing cells for sequential stress
(235). However, Ashraf et al. demonstrated in their work that cytoplasmic expression
of Kbp is required for normal growth of E.coli at [K*]ex above 1 mM, as well as under
conditions of salt-induced osmotic stress (226). Structural analysis showed that one
protein of Kbp binds one K* with an equilibrium dissociation constant (Kp) of 161 uM
+ 8 pM, thereby undergoing a huge conformational rearrangement (Figure 13)
(226).

Figure 13: Schematic illustration of apo-Kbp and
Kbp-K*. Panels demonstrate schematic surface models
of apo-Kbp (upper panel, K* unbound) and Kbp-K*
(lower panel, K* bound). Lower panel is color coded
according to the electrostatic potential (red=negative
potential, white=neutral potential and blue=positive
potential). Reproduced from Ashraf et al., 2016, with
permissions from publisher Structure (226).
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In principal, the BON domain represents the K* binding pocket, while the LysM
domain flips and interacts with the BON domain upon K* fixation, stabilizing the
complex (Figure 13) (226). The protein is thereby highly specific for K* over Na*,
probably due to the smaller size of Na*, while Kbp was binding rubidium ions (Rb*)
(Kp=225 pM £ 8 uM), Cs* (Ko~ 2000 pM) and ammonium ions (NH4") (Kp~ 1000

M), all having a similar size and charge as K*, however, with lower affinity (226).
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2 Aims and Objectives

Considering the importance of an intact cellular and global K* homeostasis within
organisms, we aimed to broaden the spectrum of available K* indicators. Several
chemical, K* sensitive probes have been developed recently, however, due to their

restrictions in applications we aim

1) To develop genetically encoded, FP-based sensors, meeting all criteria of
state-of-the-art FP-based FRET-biosensors, including:
i. Selectivity for K* over other ions, especially Na*
ii. Reversible association and dissociation of K*
iii. Thermo-stability of K* binding to allow in vivo measurements
iv. Non-toxic upon expression in mammalian systems
v. Appropriate Kb of the probe to allow extra- or intracellular K*

measurements

The development of such K* sensitive probes may feature some advantages over
conventional ion-selective electrodes (ISE), especially when applied for research
diagnostics in small laboratory animals. Frequently, mice need to be sacrificed for
the determination of plasma- or serum [K*], due to the required sample volumes for
ISE instruments, while determinations of urine [K*] are totally unfeasible with most

devices. Thus we aim

2) To apply these K* sensitive probes for the determination of [K*] within
biological samples, which may represent a high throughput alternative for

conventional ISE-based [K*] measurements

The development of FP-based probes allowing such measurements may allow the
repetitive sample collection of one animal over time, due to smaller sample volumes

required for the measurements.

In addition, vital cells maintain a steep K* gradient across their plasma membrane.

Therefore, we aim

3) To apply these genetically encoded sensors sensitive for K* for the

visualization of cell death or cell growth.
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Most cell viability assays represent end-point measurements, while the analysis of
[K*] within the supernatant of cells may allow the online-visualization of cell viability

and growth of one given population of cells over time.
Besides the application of the recombinant sensor protein in vitro, we aim

4) To apply the K* sensitive probes in vivo for the measurement of extracellular

K* dynamics in living animals.

Having characterized and applied the recombinant, purified protein of these probes,

we further aim

5) To perform the characterization of the sensors upon expression in
mammalian cells, considering especially the parameters of
i. lon selectivity and
ii. K* sensitivity in situ
Characterization of the probes upon expression in mammalian cells will uncover

whether the measurement of K* fluctuations in single living cells is feasible. Besides

the untargeted expression within cells we aim to

6) Target the genetically encoded K* indicators to subcellular localizations
including
i. Cytosol
ii. Nucleus
iii. Mitochondria and

iv. Subplasmalemmal area for
7) The quantification of subcellular [K*] within single living cells.
Finally, applying these genetically encoded sensors within excitable cells will allow

8) The visualization and correlation of (sub-)cellular K* and Ca?* fluctuations

upon cell stimulation.
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3 Material and Methods

The text of the methods section is partially based on the concise description of the
methods in Bischof et al., 2017 (217).

3.1 Chemicals and buffer solutions

Materials used for cell culture were purchased from PAA laboratories (Pasching,
Austria). Restriction enzymes and chemically competent 10-beta E.coli cells were
obtained from New England Biolabs (New England, GB). Agar-Agar Kobe |, CaClz,
CsCl, D-glucose, EGTA, HEPES, KCI, MgClz2, NaCl, NaOH, NHs (32 %), RbCl,
Triton X-100, Tryptone/Peptone and Yeast extract were purchased from Carl Roth
(Graz, Austria). Agarose was obtained from VWR International (Vienna, Austria).
1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis acetoxymethyl
ester (BAPTA-AM), 2-deoxy-D-glucose (2-DG), digitonin, gramicidin, monensin,
nifedipine, N-Methyl-D-glucamin (NMDG), oligomycin A, ouabain,
tetraethylammonium chloride and valinomycin were obtained from Sigma Aldrich
(Vienna, Austria). Bacterial protease inhibitor cocktail containing AEBSF, E-64,

bestatin, EDTA and pepstatin were purchased from Amresco (Cleveland, US).

Bacterial cultivation was performed using Luria-Bertani (LB) medium. 1 L of medium
was prepared using 10 g NaCl, 10 g trypton/pepton and 5 g yeast extract followed
by autoclaving (Autoclave type 17, MELAG, Berlin, Germany).

Buffers used for the purification of recombinant GEPIlls were composed of the
following: Lysis buffer contained 100 mM Na2HPO4, 200mM NaCl, 10mM imidazole,
250 units of benzonase nuclease and bacterial protease inhibitor cocktail, pH=8.0.
Washing buffer contained 100 mM Naz2HPO4, 200 mM NaCl, 40 mM imidazole, pH
adjusted to 8.0. Purification buffer was composed of 100 mM Na2HPO4, 200 mM
NaCl, 200 mM imidazole, pH adjusted to 8.0. Buffer used to elute the protein (Elution
buffer) was composed of 10 mM HEPES, with or without 0.05% Triton X-100 and
pH was adjusted to 7.3 using NMDG.

Buffers used to determine the ECso values of GEPIIs in vitro were composed of the
following: Elution buffer, with or without 0.006, 0.02, 0.06, 0.2, 0.6, 2, 6, 20, 60, 200,
600, 2000 or 4000 mM KCI. Buffers used to generate the calibration curve consisted
of Elution buffer with or without (in uM): 200, 300, 400, 500, 600 or 700 KCI.

Selectivity of GEPIIs in vitro was determined using Elution buffers containing 0.02,
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0.06, 0.2, 0.6, 2, 6, 20, 60, 200, 600, 2000 or 4000 mM CaClz, CsCl, NaCl, NH4* or
RbCI, pH adjusted to 7.3 with NMDG and HCI (Carl Roth, Graz, Austria)

The buffers used for the ECso determination of GEPIIs in situ were composed of the
following substances (in mM): 140 NMDG, 10 HEPES pH adjusted to 7.4 with HCI
(K* free buffer) or contained 100 KCI, 40 NMDG, 10 HEPES, pH adjusted to 7.4 with
HCI (100 mM K* buffer). To additionally obtain buffers containing (in mM): 0.01 K*,
0.03 K*, 0.1 K*, 0.3 K*, 1 K*, 3 K*, 10 K*, 30 K*, K* free and 100 mM K" buffers were
mixed in appropriate portions. To receive a buffer containing 300 mM K*, 300 mM
KCI, 10 mM HEPES with pH adjusted to 7.4 using NMDG was prepared.

Hemoglobin determination in murine sera was performed using drabkin’s solution
composed of 77 yM KCn, 607 uM K;[Fe(CN)g], 12 mM NaHCOs and 0.01% triton
X-100.

Assay buffer used for cell viability experiments was composed of (in mM): 143 NaCl,
2 CaClz, 1 MgCI2, 10 HEPES either with 10 D-glucose or 10 2-DG.

Prior to fluorescence microscopy experiments, cells were washed and stored for
30 min in a HEPES-buffered solution (storage buffer) containing 138 mM NacCl,
5mM KCI, 2mM CaClz, 1 mM MgClz, 10 mM HEPES, 2.6 mM NaHCOs, 0.44 mM
KH2PO4, 0.34 mM Naz2HPO4, 10 mM D-glucose, 0.1% vitamins, 0.2% essential

amino acids and 1% penicillin—streptomycin, pH adjusted to 7.4 with NaOH.

For physiological fluorescence microscopic measurements of cells, cells were
perfused in a physiological buffer containing in mM: 138 NaCl, 5 KCI, 1 MgClz, 10
D-glucose and 10 HEPES, either with 2 CaClz (Ca?* buffer) or 1 EGTA (Ca?* free
buffer). Inhibitory effects on INS-1 cell depolarization of nifedipine and
tetraethylammonium were checked using 100 uM nifedipine or 15 mM

tetraethylammonium chloride.

Depolarization buffer used to depolarize INS-1 cells was composed of (in mM): 73
NaCl, 70 KCI, 1 mM MgClz, 10 D-glucose and 1 HEPES, either with 2 CaCl2
(Depolarizing Ca?* buffer) with or without 15 tetraethylammonium or 0.1 nifedipine

or contained 1 EGTA (Depolarizing Ca?* free buffer).

Nominally Ca?* free buffer used for BAPTA-AM loading contained (in mM): 138
NaCl, 5 KCI, 1 MgCl2, 10 D-glucose and 10 HEPES.
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3.2 Cloning of GEPIls

Cloning was performed according to conventional restriction digestion based
procedures and all products were verified by sequencing (Eurofins Genomics,
Germany). Genomic DNA of E.coli 10-beta served as PCR template to isolate the
Kbp from bacterial cells. Therefore, the following primers, also found in Table 1,
were used: Kbp fwd that adds a Clal restriction site at the 5’ end and Kbp rev adding
an EcoRl restriction site at the 3’ end of wild type Kbp. To receive functional GEPIIs,
wild type Kbp was fused to the fluorescent protein variants mseCFP, a cyan
fluorescent protein at its N-terminal end and the circularly permuted Venus (cpV), a
yellow fluorescent protein variant, at its C-terminal end via Clal and EcoRI in the
mammalian expression vector pcDNA3.1(-) (Thermo Fisher Scientific, Austria) to
receive GEPII 1.0. For the construction of the K* insensitive probe Ic-BON GEPII
1.0, several acidic amino acids within the BON domain of Kbp (E32Q, D41N, D43N,
D51N, D59N, E64Q, E67Q, D83N and D84N) were mutated, respectively. The
single nucleotide exchanges to receive Ic-BON GEPII 1.0 were performed by a 5-
step overhang PCR, sequentially using the following primers in the given order: Ic-
BON 01 fwd, Ic-BON 02 fwd, Ic-BON 03 fwd, Ic-BON 04 fwd, and Ic-BON 05 fwd, all
in combination with Kbp rev primer resulting in Clal and an EcoRl restriction sites at
the terminal ends. To generate the low sensitive K* probe Ic-LysM GEPII 1.0 all
acidic amino acids within the LysM domain of wild type Kbp comprising D104N,
E125Q and D135N were exchanged by their respective amides. Mutations were
inserted into wild type Kbp by a 2-step overhang PCR using Ic-LysM 01 fwd and Ic-
LysM 02 fwd primer, both in combination with Kbp rev, resulting in Ic-LysM Kbp
containing a Clal and an EcoRl restriction site at the terminal ends, respectively. To
obtain GEPII 2.7, GEPII 2.10 and GEPII 2.15 containing a 7, 10 or 15 amino acid
linker within the BON and LysM domain, overlap extension PCRs using the reverse
primers GEPII 2.7 rev, GEPII 2.10 rev and GEPII 2.15 rev, each in combination with
Kbp fwd to receive the front fragments, were performed. The rear fragments were
received using the forward primers GEPII 2.7 fwd, GEPII 2.10 fwd and GEPII 2.15
fwd, each in combination with Kbp rev. Finally, the front and rear fragments of the
respective variants were fused using the Clal restriction site adding Kbp fwd and the
EcoRI site adding Kbp rev primer pair, to ligate the Kbp variants between the

fluorescent proteins, respectively. Mitochondrial targeting of GEPIIs was achieved
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by a tandem dimeric repeat of COX VIII targeting sequence at the N-terminal end.
To obtain nuclear targeting of GEPIls, the class Il nuclear localization signal
KRSWSMAFC was added via the primers cpV fwd and NLS cpV rev, or to observe
cytosolic localization, the lysine rich motif LPPLERLTL derived from GP41 from
human immunodeficiency virus was fused via the primers cpV fwd and NES cpV
rev, both to the C-terminal end of GEPIlIs. To attach GEPIIs to the inner leaflet of
K-ras-derived CAAX-motife
MSKDVKKKKKKSKTKCVIM was fused to the C terminus of cpV via cpV fwd and
CAAX cpV rev primers.

the plasma membrane, the

Table 1: Primers for the generation and targeting of GEPIIs. Table reproduced from Bischof et al., 2017,
with permissions from publisher Nature Communications (277).

Primer Name

Primer Sequence (5‘- 3°)

Kbp for GGCATCGATATGGGTCTGTTCAATTTTGTG
Kbp rev GCTGAATTCCTCTTCCGGAATACGCAAC
Ic-BON 01 fwd CCTGAGTCAGCAGGCGAAGAACAAAATCCTTGTTGCGGTGG
GGAATATTTCCGGTATTGCCAGTGTCAATAATCAGGTG
Ic-BON 02 fwd CCAATAAAGTGAATATTCAAATTGCCAACGGCAAAGCGACGGTCACTGGTAA
CGGCCTGAGTCAGCAGGCGAAGAAC
Ic-BON 03 fwd AGTAAGAAGGTGCAGCAGCATCTGAACAAAACCGGTATACCGAATGCCAATA
AAGTGAATATTC
Ic-BON 04 fwd TCTGTTCAATTTTGTGAAAGATGCCGGAGAAAAACTCTGGGACGCGGTTACA
GGTCAGCACGATAAAGACGATCAGGCGAAGAAGGTGCAGCAGCATCTG
Ic-BON 05 fwd GGCATCGATATGGGTCTGTTCAATTTTGTG
lc-LysM 01 fwd TTTTTAGCATCGGTTTATTCGCTTGGAAGATTTTATTGTACAGATTAGCGTTAC
CGTAGACCTGTTTGGAAATGGCACTCAGAGTGTTGCCAGACTTAAC
lc-LysM 02 fwd TGAGAATTCCTCTTCCGGAATACGCAACACTTGCCCCGGATAAATTTTATTCG
GGCTTTTTAGCATCGGTTTATTCGCTTG
GEPII 2.7 fwd GGCGGAGGCGGAAGCGGCGGACAGTTTTATACCGTTAAGTCTGGC
GEPII 2.7 rev TCCGCCGCTTCCGCCTCCGCCGCTGGCAGTGGCTGGTGTCGCCG
GEPII 2.10 fwd GGCGGAGGCGGAAGCGGCGGAGGCGGATCCCAGTTTTATACCGTTAAGTCT
) GGC
GEPII 2.10 rev ggATCCGCCTCCGCCGCTTCCGCCTCCGCCGCTGGCAGTGGCTGGTGTCGC
GEPII 2.15 fwd GGCGGAGGCGGAAGCGGCGGAGGCGGATCCGGCGGAGGCGGAAGCCAGT
TTTATACCGTTAAGTCTGGC
GEPII 2.15 rev GCTTCCGCCTCCGCCGGATCCGCCTCCGCCGCTTCCGCCTCCGCCGCTGGL
AGTGGCTGGTGTCGCCG
cpV fwd GAATTCATGGACGGCGGCGTG
NLS cpV rev AGCAAGCTTAGCAAAACGCCATGCTCCAGCTGCGTTT
GGTACCCTCGATGTTGTGGCGGATCTTGAAG
NES cpV rev CCTAAGCTTATAACGTCAATCGTTCTAATGGAGGCAAGGTACCCTCGATGTTG
TGGCGGATCTTGAAG
CAAX cpV rev AAGCTTTTACATAATTACACACTTTGTCTTTGACTTCTTTTTCTTCTTTTTAACA

TCTTTGCTCATGGTACCCTCGATGTTGTGGCGGATCTTGAAG
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3.3 Protein expression and purification

For recombinant expression of purified GEPIIs the coding sequence of respective
GEPII variants was sub-cloned into PETM-11 bacterial expression vectors. Proteins
were expressed in E. coli BL-21 (DE3) cells. Single colonies were inoculated in
Luria-Bertani medium (20 ml) containing 50 mg L' kanamycin and were cultured at
37 °C for 16h vigorously shaking. The pre-cultures were then transferred to 1 L of
Luria-Bertani medium containing 50 mg L' kanamycin for selection. The cultures
were incubated at 37 °C and shaken at 200 rom. When an ODeoo of 0.8 was
obtained, protein expression was induced by adding 1 mM (-D-1-
thiogalactopyranoside (IPTG) and cells were incubated at room temperature. After
4h cells were pelleted using a Fiberlite F9-6xx1000 rotor in a Sorvall LYNX 6000
Superspeed centrifuge at 6.000 rpm for 15 minutes, supernatant was removed and
pelleted cells were resuspended in 20 mL of lysis buffer. Subsequently cells were
lysed by sonication (QSONICA Ultrasonic Processor; 12 min, 50% amplitude, 1 sec
on/off) and lysates were cleared by centrifugation at 12.000 rpm for 45 min at 4 °C
(Sorvall LYNX 6000) followed by a filtration step (0,45 um cellulose acetate syringe
filters). Proteins were then purified using a 5 mL HisTrap column (GE Healthcare,
Vienna, Austria) for immobilized metal affinity chromatography on an Akta Pure
system (GE Healthcare) at room temperature. HisTrap columns were equilibrated
using lysis buffer. Cleared E.coli lysates were applied on the columns at a flow rate
of 2 mL min' and contaminants were removed using washing buffer. Finally,
proteins were eluted with purification buffer and the His6-Protein A tag was cleaved
overnight at 4 °C using 2% (w/w) of 1 mg/mL recombinant His-tagged TEV protease.
Processed proteins were repurified from the fusion tags and TEV protease at room
temperature using size exclusion columns (16/600 200 pg, GE Healthcare) on an
AKTA Pure system (GE Healthcare, Vienna, Austria). Subsequently proteins were
eluted using elution buffer. Finally, molar protein concentration was calculated using
absorbance at 280 nm, determined by NanoDrop 1000 UV/VIS spectrometer
(Thermo Fisher Scientific, Vienna, Austria) and the specific molar extinction

coefficient of the protein constructs (¢€280: 59500 M-'cm™).
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3.4 Characterization of purified GEPlls

Purified GEPIIs were analyzed using the CLARIOstar fluorescent plate reader (BMG
Labtech, Ortenberg, Germany). For GEPII characterization, black CELLSTAR 96-
well cell culture microplates (PS, F-Bottom, Greiner-Bio-One, Linz, Austria) were
used. Permanently, 50 uL of diluted proteins with a concentration of 1 yM were pre-

laid in the single wells.

For spectral recordings, 50 uL of elution buffers containing KCI at concentrations
ranging from 0 mM to 4000 mM were added to the wells containing the purified
GEPIls, yielding a final protein concentration of 500 nM and K* concentrations
ranging from 0 mM to 2000 mM. Spectral recordings upon increasing K* levels were
then performed using the following setup: Excitation at 413.4 nm £ 8 nm, No. of
single recorded wavelength points: 121, Emission from 441.4 nm to 561.4 nm in
steps of 1 nm £ 5 nm, Gain: 2000, focal height adjusted to blank. Recorded spectra
were analyzed using Graphpad Prism5 Software (Graphpad, La Jolla, USA),
equalized for area under curve and smoothed using 6th order polynomial, averaging

6 neighbors on each side.

For assessment of ECso values and the specificity of GEPIls, single point scans
were performed using the fluorescence multichromatic mode of BMG Analysis
software with the following standardized settings: Excitation 430 nm £ 10 nm,
Emissions: 475 nm + 5 nm and 525 nm + 5 nm. Dichroic filters used: 455 nm and
480 nm, Gain: 2000, focal height adjusted to blank. ECso values of GEPIIs were
determined using elution buffers containing either KCI, NaCl, RbCI, CsCI, NH4* or
CaClz at concentrations ranging from 0 mM to 4000 mM. 50 pL of the respective
elution buffers containing different ions at increasing concentration were then added
to the proteins, resulting in a final protein concentration of 500 nM and ion
concentrations ranging from 0.003 mM to 2000 mM. Finally, data were calculated
dividing emissions 525/ 475 nm and ratio values were shown as difference from
blank (O mM [ion]), either normalized to 100% using maximal response or raw-
values were represented and fitted using sigmoidal dose-response (variable slope)

equation in Prism5 (Graphpad).
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The pH stability of GEPII 1.0 was determined using the following setup: Excitation
430 nm £ 10 nm, Emissions: 475 nm + 5 nm and 525 nm = 5 nm. Dichroic filters
used: 455 nm and 480 nm, Gain: 2000, focal height adjusted to blank. Elution buffers
with pH adjusted from 5.5 to 10.0 in steps of 0.5 and recombinant GEPII 1.0 were
diluted to a final protein concentration of 1 yM. 50 uL of the protein containing
solutions were then transferred into the single wells of the CELLSTAR 96-well plates
(Greiner-Bio-One). Elution buffers featuring different pH values were prepared,
either containing 0, 0.2, 2.0 or 20.0 mM KCI and were added to the proteins bearing
the same pH values, resulting in final protein concentrations of 500 nM, K*
concentrations from 0 mM to 10 mM and adjusted pH values. Data were calculated

dividing emissions 525/ 475 nm and raw ratio values were plotted over pH.

3.5 Animals

For all experiments, male C57BL/6J mice obtained from Charles River Laboratories
(Sulzfeld, Germany) were used. Mice were maintained in a clean environment with
a regular light-dark cycle (12h/12h) and unlimited access to chow or Western-type
diet (WTD; 21% fat, 0.2% cholesterol; Ssniff Spezialdiaeten GmbH, Soest,
Germany) and water. Blood was collected by either retro-bulbar or v. facialis
puncture and serum was prepared by centrifugation for 10 min at 2000 rpm (himac
CT15RE, Hitachi, Dusseldorf, Germany). To receive the bile from the animals, mice
were sacrificed by cervical dislocation. Gallbladders were removed and centrifuged
for 15 min at 2000 rpm to release the bile (Hitachi). Urine was collected from mice
fed WTD for 20 weeks after cervical dislocation by direct aspiration from bladders
using syringe and needle. Animal experiments were carried out in accordance with
the European Directive 2010/63/EU and approved by the Federal Ministry of
Science, Research, and Economy, Vienna, Austria. Renal ischemia was induced in
anesthetized mice. Taking care of intestines, bowel and vasculature, microvascular
clamps were applied to both renal pedicles for 25 minutes. During surgery, mice
were hydrated and body temperature was kept at approximately 37 °C using an

adjustable heating pad. As a control, non-operated healthy mice were used.
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3.6 Assessment of clinical renal injury parameters

Biochemical analysis included serum urea and creatinine (Roche Diagnostics,
Mannheim, Germany). Serum neutrophil gelatinase-associated lipocalin (Lipocalin-
2) was evaluated using a commercially available enzyme-linked immunosorbent
assay (R&D Systems, Minneapolis, MN, USA). Measurements were performed

using a FLUOstar Omega photometer (BMG Labtech, Ortenberg, Germany).

3.7 Histology

Formalin fixed paraffin embedded kidney tissue of healthy mice and mice after
ischemia reperfusion injury was sectioned at 4 ym and stained with Periodic Acid-
Schiff (Sigma-Aldrich) using a standard protocol. Finally, slides were dehydrated,
cleared and mounted in anhydrous mounting medium Roti-Histokitt Il (Carl Roth).
Stainings were evaluated for the number of tubular casts in 6 high power fields

(HPFs) by one blinded examiner.

3.8 Determination of K* levels within human and murine samples using
GEPII 1.0

For the calibration curve, elution buffers containing 200, 300, 400, 500, 600 or 700
MM KCI were prepared. 40 uL of the respective solutions were added to 40 uL
containing 1 yM GEPII 1.0 containing elution buffer in the single wells, yielding a
final protein concentration of 500 nM for each concentration and K* concentrations
ranging from 100 yM to 350 pM in 50 uM steps. As a reference, elution buffer
containing 0 uM KCI was analyzed. Samples were examined using the CLARIOstar
fluorescence platereader (BMG Labtech) in combination with CELLSTAR 96-well
plates, PS, F-Bottom (Greiner-Bio-One). Measurements were performed at an
excitation of 430 nm = 10 nm, emissions were collected at 475 nm £ 5 nm and 525
nm = 5 nm. Dichroic filters used: 455 nm and 480 nm, Gain: 2000, focal height
adjusted to blank (standard CLARIOstar setup). Final calibration curve was
calculated dividing emissions 525/475 nm, the ratio values were blank corrected and
were plotted over [K*]. Analyzes to receive the calibration curve was performed with
Prism5 (Graphpad) using one phase decay equation. The equation received was
solved for x and applied to calculate the [K*] in mMol/L within biological samples,

according to the formula:
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K] (mMol) AR — 1.205 0.002938 Dilution
= = (—0. * —
L —0.03651 — 1.205 ( ) 1000

For analyzes of [K*] within human and murine samples, constantly GEPIl 1.0 at a
concentration of 1 uM and the standard CLARIOstar fluorescence plate reader setup
were used. Samples were analyzed using CELLSTAR 96-well plates, PS, F-Bottom

(Greiner-Bio-One).

Assessment of human plasma and murine serum K* levels were performed by
diluting the biological samples 1:12.5 with elution buffer. Subsequently, 40 uL of
each sample were added to wells already containing 40 yL GEPIl 1.0 at a
concentration of 1 uM, resulting in a final volume of 80 yL and a sample dilution of
1:25. Samples were analyzed, the ratios of the emissions 525/475 nm were
calculated and corrected for blank. [K*] within the samples were calculated
according to the formula received from the calibration curve. Additionally, murine
sera were analyzed for hemoglobin (Hb) content using drabkin’s reagent and were

corrected for hemolysis.

Human and murine urine [K*] were analyzed by first diluting the samples 1:25 with
elution buffer, followed by sequentially diluting this pre-dilution 3 times in 1:3 steps,
resulting in 1:75, 1:225 and 1:675 dilutions. 40 pL of each urine sample were added
to wells already containing 40 uL GEPII 1.0 at a concentration of 1 yM, resulting in
a final volume of 80 uL and sample dilutions of 1:50, 1:150, 1:450 and 1:1350.
Samples were analyzed, the ratios of the emissions 525/475 nm were calculated
and corrected for blank. [K*] within the samples were calculated according to the
formula received from the calibration curve using the first serial dilution lying within

the range of the calibration curve.

3.9 GEPII 1.0 based cell growth and cell death assay

Measurements at a conventional fluorescence microscope (TILL Photonics) were
performed by additionally adding 5 yM GEPII 1.0 within the 100 yL of supernatant
per well. INS-1 832/13 (INS-1) cells were seeded the day before the experiments in
96 well y-plates (Ibidi, Munich, Germany) and analyzed at a confluency of 90 —
100%. Cells were permeabilized at the time point indicated by application of 30 uM
digitonin. Experiments were performed at an iMic inverted and advanced fluorescent

Microscope using an x20 magnification objective (alpha Plan Fluor 20x, Zeiss,
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Gottingen, Germany) with a motorized sample stage (Till Photonics, Graefling,

Germany). For illumination a Polychrome 5000 (Till Photonics) was used.

Emissions were recorded using a charged coupled device camera (AVT Stringray
F145B, Allied Visions Technologies, Stadtroda, Germany). Filter set was obtained
from AHF Analysentechnik (Tubingen, Germany). FRET-based GEPII
measurements were performed at an excitation of 430 nm and emissions were
collected simultaneously at 480 nm and 535 nm using an optical beam-splitter
(Dichroic 69008 — ET — ECFP/EYFP/mCherry for CFP/ YFP). Alternately, FRET-

and mseCFP emissions, and bright field images were acquired.

Long time cell-death experiments were performed by analyzing INS-1 cells seeded
in CELLSTAR 96-well plates, PS, F-Bottom (Greiner-Bio-One). Cells were seeded
one day before the experiment and showed 80-100% confluency at the day of
analysis. 40 uL of assay buffer, either containing 10 mM glucose or 10 mM 2-DG
and 500 nM GEPII 1.0 were used as cell supernatant. Analyses of supernatant were
performed every hour for 15h by directly analyzing the plates containing the
adherently growing cells using the standard CLARIOstar protocol. Calculations of
[K*] were performed after blank correction using the calibration curve. For

permeabilization 50 uM digitonin were added.

Bacterial growth experiments were performed using LB medium. 1,85*10° E.coli
cells were seeded in 39 mL at t=0h and cultured for 12 h at 37 °C vigorously shaking.
After 4, 8 and 12 hours and 1 additional hour at 75 °C, suspensions were measured
regarding ODesoo and 1 mL of supernatant was centrifuged at 2500 rpm for 10 min
(himac CT15RE) to pellet bacterial cells. Supernatant was taken off, the equivalent
volume of 30 mM NMDG containing solution was added and the mixture was heated
to 95 °C for 20 min to remove NH4* from the sample and to inactivate proteases.
After centrifugation at 10.000 rpm for 20 minutes, supernatant was diluted 1:10 with
elution buffer, 40 uL of the pre-treated media were added to the CELLSTAR 96-well
plates, PS, F-Bottom (Greiner-Bio-One), containing 40 pyL of 1 yM GEPII 1.0,
yielding a final dilution of 1:40, and samples were analyzed using the CLARIOstar
fluorescence plate reader with standard setup. The emissions at 525/475 nm were
captured and corrected for blank. [K*] within the samples were calculated according

to the formula from the calibration curve.
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Propidium iodide (PI) staining of bacteria was performed using Pl (Sigma-Aldrich)
at a final concentration of 1ug/mL in PBS. Bacterial cell numbers were adjusted to
8*107 cells/mL and cells were stained for 5 min at RT using Pl containing PBS,
composed of (in mM): 137 NaCl, 2.7 KCI, 10 Na2HPO4, 1.8 KH2PO4. For analysis
50 pL of the bacteria containing solution were transferred into CELLSTAR 96-well
plates PS, F-Bottom (Greiner-Bio-One) and fluorimetric analysis was performed
using the CLARIOstar fluorescence plate reader. Pl staining solution without
bacteria served as blank. Excitation was set at 535 nm + 10 nm, emission was
collected at 617 nm = 5 nm. Dichroic filters used: 576 nm, Gain: 2000, focal height
adjusted to blank.

3.10 Two-photon microscopy

Surgical preparation of the cremaster muscle was performed as originally described
by Baez (236) with minor modifications (237). Mouse experiments were performed
according to German legislation for the protection of animals and approved by the

Regierung von Oberbayern, Minchen, Germany.

Briefly, male mice were anaesthetized with an i.p. administration of
ketamine/xylazine (100 mg/kg ketamine, 10 mg/kg xylazine). The right cremaster
muscle was excised by a ventral incision of the scrotum, opened ventrally and
spread over the pedestal of a custom-made microscopy stage. The body
temperature was maintained at 37 °C using a heating pad placed under the mouse.
Throughout the procedure, as well as after surgical preparation during in vivo

microscopy, the muscle was superfused with warm buffered saline.

In vivo imaging was performed using a Zeiss LSM 7MP microscope, equipped with
a Ti:Sa laser (Chameleon Vision Il). Excitation wavelength was 810 nm. Light from
the specimen was collected with a W-Plan- Apochromat 20x/1.0 objective (Zeiss)
and detected by two LSM BIG Detectors at 460-500 nm and 520-560 nm.

For GEPII 1.0 tissue loading, purified recombinant GEPII 1.0 was added into the
muscle bath for 20 minutes (1:10 dilution) at a concentration of 4 uM. Subsequently,
baseline imaging was performed. After adding 20 mM K™ in elution buffer to a final
concentration of 10mM K*, and was washed out with buffered saline 10 min later.
Measurements were conducted at 20 and 130 ym depth in the muscle tissue at the

indicated time points.
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3.11 Cell culture and transfection

DMEM (Sigma Aldrich) containing 10% fetal bovine serum, 100 UmL™" penicillin,
100 ug mL™" streptomycin and 2.5 uyg mL™" fungizone (Thermo Fisher Scientific)
was used to grow EA.hy926, HeLa and HEK293a cells. INS-1 cells were cultivated
in GIBCO RPMI Medium 1640 obtained from Thermo Fisher Scientific, additionally
supplemented with 10% FCS, 10 mM HEPES, 1 mM sodium pyruvate, 0.05 mM 2-
mercaptoethanl, 100 U mL™" penicillin, 100 yg mL™" streptomycin and 2.5 ug mL™"
fungizone (Thermo Fisher Scientific). Transfection of cells in 30 mm imaging dishes
was performed at a confluency of 60-80% using 1 mL of serum- and antibiotic-free
medium (DMEM) mixed with 1.5 ug of the respective plasmid DNA and 2.5 ug of
TransFast transfection reagent (Promega, Mannheim, Germany). Cells were
incubated in a humidified incubator (37 °C, 5% CO2) for 3 h before changing back
to the appropriate culture medium. After further cultivation of cells at 37 °C and 5%

COz2 for 48 h, experiments were performed.

To load cells with BAPTA-AM, culture media was removed from cells and replaced
with 37 °C warm, nominally Ca?* free buffer containing 50 yM of BAPTA-AM directly
before fluorescence microscopic experiments. Cells were stored for 45 min in a
humidified incubator (37 °C, 5% COz2). Excessive BAPTA-AM was removed by

washing steps with 37 °C warm, nominally Ca?* free buffer.

3.12 Live cell imaging

Prior to the measurements, cells were equilibrated in storage buffer for 30 minutes.
During the experiment, buffers were exchanged using a flow chamber containing
the attached growing cells, connected to a gravity-based perfusion system (NGFlI,
Graz, Austria) and a vacuum pump (Chemistry diaphragm pump ME 1c,
Vacuubrand, Wertheim, Germany). Experiments were performed at an iMic inverted
and advanced fluorescent Microscope using a x40 magnification objective (alpha
Plan Fluor 40 x, Zeiss, Goéttingen, Germany) with a motorized sample stage (Till
Photonics, Graefling, Germany). For illumination a Polychrome 5000 (Till Photonics)
was used. Emissions were recorded using a charged coupled device camera (AVT
Stringray F145B, Allied Visions Technologies, Stadtroda, Germany). Filter set was
obtained from AHF Analysentechnik (Tubingen, Germany). FRET-based GEPII
measurements were performed at an excitation of 430 nm and emissions were

collected simultaneously at 480 nm and 535 nm using an optical beam-splitter
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(Dichroic 69008 — ET — ECFP/EYFP/mCherry for CFP/YFP). Ca?* imaging using
CAR-GECO1 was performed at an excitation of 575 nm and emission was collected
at 600 nm. For control and acquisition the software Live acquisition 2 (Till Photonics)

was used.

Subcellular targeting of GEPIIs was ensured using an array confocal laser scanning
microscope (ACLSM) built on a fully automatic inverse microscope (Axio Observer
Z1, Zeiss, Germany), appointed with VoxCell Scan (Visitron Systems) using a x100
objective (Plan-Fluor 100x/1.45 oil, Zeiss). Excitation was performed using light
coming from laser diodes (Visitron Systems). GEPIIs were excited at 445 nm
(50mW) and emission was collected using emission filters ET480/40nm (Chroma
Technolofies, Corporation, VT, USA). Images were captured using a CCD camera
(CoolSnap HQ2, Photometrics). Pictures were processed and analyzed using the

ImagedJ package.

3.13 Data analysis
Analysis of raw data acquired was performed using Excel (Microsoft, Washington,
US) in combination with GraphPad Prism5 software (Graphpad). Bleaching

correction of live cell imaging data was performed by curve fitting.

Representative ratio images were created using MetaMorph microscopy automation
and image analysis software (Molecular Devices, Sunnyvale, US). Background
correction was performed and FRET- and mseCFP images were divided with

appropriately set ratio range.
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4 Results

4.1 Development and characterization of a genetically encoded
potassium ion indicator, GEPII 1.0

Based on the recent characterization of Kbp (226) we decided to explore whether
the conformational change upon K* binding is suitable for the design of a functional
FRET-based K* sensor. Therefore we fused FPs such as monomeric super
enhanced cyan fluorescent protein (mseCFP) (238) and circularly permuted Venus
(cpV) (239), an approved FRET-pair (210), to the N- and C- terminus of Kbp,
respectively, and referred to the construct as genetically encoded potassium ion
indicator (GEPII) 1.0 (Figure 14a, upper panel) (217). This design of the probe
should resultin low FRET in the absence of K*, whereas in the presence of K* FRET
fluorescence should drastically increase due to the structural rearrangement of Kbp
(Figure 14a, both panels). First experiments performed with the purified protein of
GEPII 1.0 containing the wild type Kbp confirmed our hypothesis of a dose
dependent increase of the FRET-signal with increasing K* concentrations, whereas
FRET fluorescence was low in the absence of K* (Figure 14b). The absorbance
spectrum of GEPII 1.0 remained unaffected by K* (Figure 14c). This experiments
unveiled a hill slope of GEPII 1.0 for K* close to 1 (0,8375 £ 0,02903), indicating that
one Kbp binds one K* (Figure 14d and Appendix Table 1), with an ECso of 0,4171
mM (0.3898 mM — 0.4703 mM) (Figure 14e and Appendix Table 1) (217). In order
to investigate whether GEPIl 1.0 binds K* reversibly and repetitively, the
recombinant protein was embedded in agarose and analyzed in response to
addition and removal of 1 mM K* via a perfusion system (Figure 14f). This
experiments pointed to a reversible binding of K* by Kbp, as FRET-ratio signals of
GEPII 1.0 increased and decreased repetitively in response to K* (Figure 14f).
Experiments determining the association rate constant (kon) and the dissociation
rate constant (koff) unveiled fast on and off kinetics of the sensor with kon values of
1,19*10' mM-' s and kot values of 7,53*10-' s (Figure 14g) (217).
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Figure 14: Design and in vitro characterization of GEPII 1.0. (a) Schematic representation of GEPII 1.0
consisting of a N-terminal monomeric super enhanced cyan fluorescent protein (mseCFP, cyan, all panels)
and a C-terminal circularly permuted venus (cpV, yellow, all panels). The two fluorescent proteins flank wild
type Kbp (wt Kbp), composed of (interdomain-) linkers (grey), the BON (light green) and the LysM (dark
green) domains (upper panel). Lower panels demonstrate the proposed conformations and the principle of
function of GEPII 1.0 as 3D-structure, either in the K* unbound (left panel) or K* bound conformation of Kbp
(grey, both panels). (b) In vitro emission spectrum of GEPII 1.0 at different concentrations of K* ranging from
0 mM to 10.0 mM K*. (¢) Absorbance spectrum of GEPII 1.0 at 0 mM K* (black line) and 50 mM K* (green
line), n=1. (d) Normalized K* binding kinetic of GEPII 1.0 using binding-saturation fit. Hill slope £ SD is
indicated. Data represents average + SD, n=4. (e) Normalized concentration response curve of GEPII 1.0
for K* in vitro, Ko and 95% confidence interval are indicated, data represents average + SD, n=4. (f) K*
binding reversibility test of GEPIl 1.0 embedded in 0.5% agarose upon administration and removal of 1.0
mM K* using a gravity based perfusion system, data represents average + SD, n=7. (g) Reaction rate
constant of GEPII 1.0 at 25 °C in vitro. Kon and Kot are indicated in the panel, data represents average, n=3
for each concentration. Reproduced from Bischof et al., 2017 with permission of publisher Nature
Communications (217).
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To further characterize the novel genetically encoded probe, several important
aspects involving temperature sensitivity and stability, pH constancy as well as K*
selectivity were investigated (Figure 15). Interestingly, K* binding by GEPII 1.0
showed a temperature dependency, as the ECso of GEPIl 1.0 increased with
increasing temperature from 0.43 mM (0.38 mM - 0.47 mM) at 25 °C to 4.257 mM
(3.92 mM - 4.62 mM) at 45 °C (Figure 15a) (217). However, GEPII 1.0 proved very
thermostable, as the FRET-ratio signal of GEPII 1.0 repeatedly and totally recovered
in the presence of K* after repetitive heating to 65 °C and cooling to 25 °C (Figure
15b). Next, analyses of the pH dependency of the FRET-ratio signal received from
GEPII 1.0 in the presence of different [K*] were performed (Figure 15c). These
experiments demonstrated an almost constant K* response of GEPII 1.0 from pH
7.0 to pH 9.0 (Figure 15¢), covering the range of physiologic intra- and extracellular
pH values (217,240,241).
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Figure 15: K* selectivity, thermo- and pH stability of GEPII 1.0. (a) Normalized ECso curves of GEPII 1.0 for
K* at different temperatures ranging from 25 °C (dark blue line) to 45 °C (dark red line) (left panel, data
represents average + SD, n=6 for all). Right panel represents respective ECso values of GEPII 1.0 plotted over
temperature. (b) FRET-ratio signal of GEPII 1.0 over time in the presence of 5.0 mM K* recorded at 25 °C (white
circles) and 65 °C (red squares). Data shows average + SD, n=8. (¢) FRET-ratio signals of GEPII 1.0 in the
absence (black), or presence of 0.1 mM (grey), 1.0 mM (orange) or 10.0 mM K* (red) at different pH values.
Data represents average + SD, n=8 for each. (d) lon selectivity of GEPII 1.0 for K* (red dotted line and squares),
in comparison to Rb* (orange line and squares), Cs* (yellow line and squares), NH4* (blue line and squares),
Na* (green line and squares and Ca?* (grey line and squares). Average * SD is indicated, n=3 for each ion and
concentration. Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications (217).
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Further, we analyzed the selectivity of GEPII 1.0 for K* in vitro. Therefore, increasing
concentrations of several monovalent cations, having a similar ionic radius as K*
such as Rb*, Cs*, Na® and NHa4", or the physiologically important divalent cation
Ca?*, were tested. The FRET-ratio signal of GEPII 1.0 remained unaffected by the
physiologically important ions Na* and Ca?* (Figure 15d and Appendix Table 1).
GEPII 1.0 did only respond to NH4* (EC50=0.6574 mM), Rb* (EC50=1.379 mM) or
higher concentrations of Cs* (EC50=5.154 mM) (Figure 15d and Appendix Table
1), pointing to the selectivity of Kbp for K*.

4.2 Quantification of K* within biological samples using GEPII 1.0

4.2.1 Determination of [K*] within human and murine samples

We speculated, that the highly K* sensitive GEPII 1.0 is a suitable tool for the
measurement of the [K*] within tiny volumes of human and murine serum, plasma
and urine samples. Thus, we tested whether GEPII 1.0 can accomplish such
measurements in a convenient, fast, and reliable manner. Such an assay may be
an easy, cheap, and sensitive high throughput alternative to conventional K*
quantification methods such as the ISE (Figure 16a). First, an analytical calibration
curve of GEPIl 1.0 was established for the absolute quantification of [K*] within
biological samples using recombinant GEPII 1.0 (Figure 16b). To test our idea of
using GEPII 1.0 for the quantification of [K*], we then collected urine samples of
healthy human donors, determined [K*] within these samples using recombinant
GEPII 1.0 and compared the results with the values determined by a conventional
ISE (Figure 16c¢). The comparison showed a close agreement between the two
methods (Figure 16¢). GEPII 1.0 even proved stable within human urine samples
for at least 4h (Figure 16d) (217).

Further, human plasma samples of healthy human donors and hemodialysis
patients (HD-P) were analyzed using the same procedure. Importantly, the
recombinant protein also proved stable within human plasma samples for at least
4h (Figure 16e). To test the suitability, accuracy and precision of the novel [K*]
determination method for the determination of [K*] under both, physiological and
pathological conditions, we again compared [K*] determined using GEPII 1.0 with
[K*] determined using the ISE instrument (Figure 16f) (217).
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Figure 16: Application of GEPII 1.0 for the determination of [K*] within human urine and serum samples.
(a) Schematic representation of the workflow to determine [K*] within biological samples. After sample collection
and preparation, the sample is diluted and added to wells containing recombinant GEPII 1.0. (b) Analytical
calibration curve and function of recombinant GEPII 1.0 in distilled water containing defined [K*] ranging from
100 pM to 350 uM K*. Data represents each replicate of the measurements, n=10. Values were fitted using one
phase decay. R? and function (f(x)) are indicated in the panel. (c) Bland-Altman plot (left panel) showing human
urine [K*] of healthy human donors determined using ISE and GEPII 1.0, respectively (n=15). Bias (black dashed
line) and 95% limits of agreement (red dashed lines) are demonstrated. Right panel shows the direct comparison
of [K*] determined using ISE and GEPII 1.0. Data represents each sample and average + SD, n=15, p=0.9625,
paired t-test. (d) Stability test of recombinant GEPII 1.0 in human urine samples. Same samples were analyzed
at t=0h (white circles) and after 4h (yellow circles) (n=5, p=0.4444, paired t-test). (e) Stability test of recombinant
GEPII 1.0 within human plasma samples. Same samples were analyzed at t=0h and after 4h (n=5, p=0.5238,
paired t-test). (f) Left panel represents Bland-Altman plot showing plasma [K*] of healthy human donors (white
circles, n=15) and hemodialysis patients (blue circles, n=15) determined using ISE and GEPII 1.0, respectively.
Bias (black dashed line) and 95% limits of agreement (red dashed lines) are demonstrated. Right panel shows
a direct comparison of [K*] determined using GEPII 1.0 (blue circles) and ISE (white circles) (n=30, data
represents each sample and average = SD, p=0.6504, paired t-test). (g) Comparison of [K*] determined using
GEPII 1.0 of healthy human donors (white circles, ctrl) and hemodialysis patients (blue circles, HD-P), n=15 for
both, data represents each replicate and average + SD, ***p<0.0001, unpaired t-test. Reproduced from Bischof
et al., 2017 with permission of publisher Nature Communications (217).
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Again, GEPII 1.0 was able to precisely determine [K*] within these samples when
compared to values determined by ISE (Figure 16f) (217).

As expected, samples taken from HD-P showed increased plasma [K*] in
comparison to healthy human donors, as we have determined using GEPII 1.0

(Figure 169).

To demonstrate the significance of such a novel assay, [K*] within samples of small
laboratory animals were determined, as these animals possess a very limited
amount of bodily fluids. Having demonstrated the accuracy and precision of purified
GEPII 1.0 for such applications in human samples (Figure 16), we determined the
[K*] within serum samples of mice. For our [K*] measurements in murine serum
samples using GEPII 1.0 there was no need to sacrifice the animal, as one drop of
blood was sufficient to perform the analyses. GEPII 1.0 proved stable within murine
serum (Figure 17b) and urine samples (Figure 17c¢) for at least 4h. Independent on
the collection method, [K*] of single animals matched whether the blood was taken
from the orbital sinus (6.695 mM £ 0.3402 mM) or the facial vein (6.706 mM + 0.3450
mM, p=0.9319) (Figure 17c) (217). Additionally, [K*] measurements were
performed within murine urine and bile samples with [K*] of 242.2 mM £ 47.51 mM
within urine and 6.220 mM * 2.525 mM within bile samples (Figure 17d) (217).
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Figure 17: Determination of [K*] within murine serum, urine and bile samples. (a) Stability test of
recombinant GEPII 1.0 within murine serum samples. Same samples were analyzed for [K*] at t=0h and after
4h using GEPII 1.0 (n=5, p=0.7416, paired t-test). (b) Same urine samples of mice were analyzed for their [K*]
at t=0h and after 4h using GEPIl 1.0 (n=5, p=0.8134, paired t-test). (¢) Comparison of murine serum [K*]
determined using GEPII 1.0. Samples were collected from the same animal, either from the vena facialis (V.f.)
or by retro-orbital bleeding (Orb.) (n=5, p=0.9319, paired t-test). (d) [K*] of murine urine (yellow bar, n=11,
average + SD) and bile samples (green bar, n=7, average + SD). Reproduced from Bischof et al., 2017 with
permission of publisher Nature Communications (217).
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To further challenge the GEPII 1.0 based K* quantification assay, we went on in a
murine kidney dysfunction model. Ischemia reperfusion injury (IRI) of the kidney was
surgically inflicted. The renal damage was confirmed by measuring typical clinical
kidney function parameters such as serum creatinine (Figure 18a), serum urea
levels (Figure 18b), serum lipocalin-2 (Figure 18c), as well as histologically by
counting tubular casts (Figure 18d). All of these parameters were drastically

increased in IRI mice in comparison to control mice (Figure 18a-d) (217).
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Figure 18: Determination of [K*] with recombinant GEPII 1.0 within murine serum samples of healthy
mice and mice after induced ischemia reperfusion injury. (a) Serum creatinine levels of healthy mice (white
circles, ctrl) and mice after induced renal ischemia reperfusion injury (blue circles, IRI). Data represents each
sample (n=5 for both) and average + SD, ***p<0.0001, unpaired t-test. (b) Serum urea levels of healthy mice
(white circles, ctrl) and mice after induced renal ischemia reperfusion injury (blue circles, IRI). Data represents
each sample (n=5 for both) and average + SD, ***p<0.0001, unpaired t-test. (c) Serum lipocalin-2 levels of
healthy mice (white circles, ctrl) and mice after induced renal ischemia reperfusion injury (blue circles, IRI). Data
represents each sample (n=5 for both) and average + SD, *p=0.0163, unpaired t-test. (d) Tubular casts per six
high power fields of healthy mice (white circles, ctrl) and mice after induced renal ischemia reperfusion injury
(blue circles, IRI). Data represents each sample (n=5 for both) and average + SD, **p=0.0011, unpaired t-test.
(e) Urine [K*] of healthy mice (white circles, ctrl, n=8) and mice after induction of ischemia reperfusion injury
(yellow circles, IRI, n=3). Data represents each sample and average + SD, ***p=0.0004, unpaired t-test. (f)
Serum [K*] of healthy mice (white circles, ctrl, n=8) and mice after induced ischemia reperfusion injury (blue
circles, IRIl, n=18). Data shows each sample and average + SD, ***p<0.0001, unpaired t-test. (g) Serum
hemoglobin (Hb) levels of healthy mice (white circles, ctrl, n=8) and mice after induced renal ischemia
reperfusion injury (red circles, IRI, n=18) of the same serum samples as demonstrated in (f). Data shows each
sample and average + SD, p=0.8725, unpaired t-test. (h) ECso curves of the same wells containing GEPII 1.0
and increasing [K*] before (white circles, black dashed line) and after lyophilization (blue circles, blue dashed
line). Data shows average + SD, n=3 for each. (i) Representative emission spectrum of GEPIl 1.0 in the
presence of different [K*] after lyophilization. Reproduced from Bischof et al., 2017 with permission of publisher
Nature Communications (217).
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Our GEPII 1.0 based K* quantification assay within urine (Figure 18e) and serum
samples (Figure 18f) of these mice clearly confirmed the dramatic renal injury of IRI
mice compared to controls, by decreased urine and increased serum [K*] (Figure
18e and 18f). Importantly, hemoglobin levels in murine serum levels were not

significantly different, excluding artefacts caused by hemolysis (Figure 18g) (217).

As a simplification for the [K*] determination assay, we tested whether GEPII 1.0 is
still functional after a freeze-drying process. Therefore, a 96-well plate containing
recombinant GEPII 1.0 in solution was lyophilized and stored for two weeks in the
dark at -80 °C. For analysis, the same wells before and after lyophilization of GEPII
1.0 were compared concerning their FRET-ratio signal in response to different K*
concentrations (Figure 18h). These experiments demonstrated the fully restored
functionality of GEPII 1.0 in vitro after freeze-drying (Figure 18h and 18i). Taken
together, our results demonstrate the suitability of GEPII 1.0 for the quantification of
K* levels, which can be accomplished in an automatable 2-step process, including
sample preparation in wells containing (freeze-dried) GEPII 1.0 followed by analysis
using FRET-fluorimetry (Figure 16a and Figure 18h and 18i) (217).

4.2.2 Quantification of [K*] in cell cultivation media to determine cell viability

and cell death

Almost all cells, ranging from simple bacteria to highly differentiated mammalian
cells, maintain a steep K* gradient across their plasma membrane (1,17,242). This
K* gradient is mostly achieved by an active, ATP consuming process of a Na*/K*
ATPase and is important for many cellular processes and biological functions.
Based on this common characteristic of vital cells, we decided to test whether the
measurement of [K*]ex is a reasonable marker to estimate cell death (Figure 19a).
First we examined an increasing number of cells after full cell permeabilization in a
K* free environment and tested the cell supernatant for its [K*] using recombinant
GEPII 1.0 (Figure 19b) (217). As expected, [K*]ex linearly correlated with increasing
cell numbers (Figure 19b), suggesting that cells of the same type possess same
[K*]i. Considering these results, demonstrating that already a few dying cells release
a K* amount to the extracellular medium detectable with recombinant GEPII 1.0, we
proceeded by analyzing the supernatant of INS-1 cells, a pancreatic p-cell line, over
time (Figure 19c¢). Cells were kept either in the presence of 10 mM glucose or 10
mM of its toxic antimetabolite 2-deoxy-D-glucose (2-DG) and GEPII 1.0 in the
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supernatant (Figure 19c). While in the presence of physiological concentrations of
glucose in the cultivation media [K*]ex remained almost constant over time, cells
cultured in the presence of 2-DG gradually increased [K*]ex as a consequence of
the severe energy crisis caused by the glycolysis inhibitor (Figure 19¢) (243). By
addition of digitonin at the end of the measurements, [K*]ex increased to similar
levels, pointing to the same cell number under both condition (Figure 19¢c) (217).
To explore whether the usage of GEPII 1.0 in the extracellular space is also
applicable using a conventional fluorescence wide-field microscope, cells seeded in

96-well plates were analyzed in response to a necrotic stimulus (Figure 19d).
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Figure 19: Application of recombinant GEPII 1.0 for the dynamic visualization of cell death over time. (a)
Schemata demonstrating cellular loss of K* upon cell death, leading to an increase in [K*]ex. (b) Correlation
analysis of the average FRET-ratio signal £+ SD measured using recombinant GEPII 1.0 plotted over defined
HelLa cell numbers. HelLa cells were permeabilized using 30 yM digitonin (n=4 for each cell number). (c)
Extracellular [K*] in the supernatant of INS-1 cells measured with recombinant GEPII 1.0 plotted over time. Cells
were either kept in the presence of 10 mM glucose (white circles, black line) or 10 mM 2-DG (red squares, red
line). After 14h, 50 uM digitonin were applied. Data shows average + SD, n=6 for both, *p=0.0189, ***p<0.0005
using unpaired t-test. (d) Representative FRET-ratio signal over time of GEPII 1.0 (red squares) in the
supernatant of HelLa cells upon application of 30 uM digitonin at the time point indicated in the panel.
Representative single cell morphology (white circles) of a HelLa cell is demonstrated as % of shape change. (e)
Normalized FRET-ratio signal of GEPIl 1.0 in the supernatant of HEK293a cells upon application of 30 yM
digitonin (red circles) or the same amount of DMSO (blue circles) at the time point indicated in the panel (black
arrow). Data represents average + SD, n=6 for both conditions, ***p<0.0001. (f) Normalized FRET-ratio signal
of GEPII 1.0 in the supernatant of Ea.hy926 cells upon application of 30 uM digitonin (red circles) or the same
amount of DMSO (blue circles) at the time point indicated in the panel (black arrow). Data represents average
+ SD, n=6 for both conditions, ***p<0.0005. Reproduced from Bischof et al., 2017 with permission of publisher
Nature Communications (217).
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Simultaneously to recording the FRET-ratio signal of GEPII 1.0, bright-field images
of HelLa cells were acquired for the correlation of morphological cell changes with
their K* release (Figure 19d). Interestingly, [K*]ex drastically increased prior to
detectable morphological alterations of the cells (Figure 19d). Similar results of
increasing [K*]ex upon application of digitonin were obtained using other cell lines,
such as human embryonic kidney cells (HEK293a) (Figure 19e) or Ea.hy926, an
endothelial hybridoma cell line (Figure 19f) (217).

4.2.3 Quantification of [K*] in cell cultivation media to determine cell growth

In contrast to dying cells we hypothesized that, vice versa, cell proliferation may
decrease [K*]ex (Figure 20a). To test our assumption, we investigated the [K*]ex over
time of bacterial culture media. 1.85*10° E.coli cells were seeded at t=0h in 39 mL
LB media, and [K*]ex using purified GEPII 1.0 as well as the ODeoo were analyzed
every 2h for 12h (Figure 20b) (217). Our experiments demonstrated a gradual
decrease of [K*]ex, especially during the exponential phase of bacterial growth
(Figure 20b). Altogether, [K*]ex within the media decreased from 10.2 mM at t=0h to
9.4 mM after 12h of bacterial cultivation (Figure 20b). As expected, [K*]ex well
correlated with the increasing cell number (Figure 20c). Final heating of the culture
to 75 °C for 1h resulted in positive propidium iodide (PI) staining (Figure 20d) and
restored [K*] within the media, demonstrating the applicability of measuring [K*]ex
for the assessment of vital cells, whereas ODeoo remained almost unaffected under
these conditions (Figure 20b) (217).

Interestingly, within a group of diverse antibiotics tested, only ampicillin led to
positive Pl staining, whereas kanamycin and gramicidin treatment did not alter Pl
fluorescence (Figure 20d). However, [K*]lex was significantly elevated by all
substances tested, indicating low cell viability, which was detected using GEPII 1.0
(Figure 20e).

To simplify the method of measuring [K*] over time within culture medium, we tested
the functionality of GEPII 1.0 within agar-agar (Figure 20f and 20g) (217). Also
under these conditions, GEPII 1.0 was able to report different predefined (Figure
20f) as well as dynamic K* alterations (Figure 20g), indicating that the fluorescent
tool can be used for the determination of cell growth or death within solid cultivation

matrices such as agar-agar as well (217).
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Figure 20: Application of recombinant GEPII 1.0 for the dynamic visualization of cell growth over time.
(a) Schemata demonstrating cellular uptake of K* upon cell growth, leading to a decrease in [K*]ex. (b) [K*]ex Of
E.coli culture medium determined using recombinant GEPII 1.0 (green circles and green dashed line) and ODsoo
(white circles and grey dashed line) plotted over time. Data shows average + SD of 5 measurements, *p=0.05,
***p<0.0005 using one-way ANOVA test with Tukey’s multiple comparison test. After 12h bacterial cultures
were heated to 75 °C as indicated in the panel. R? of [K*]ex fitted using a sigmoidal curve is given in the panel.
(c) Correlation analysis of [K*]ex and cell number of data represented in (b). Data represents average
measurement values. R? of points, fitted using one phase decay, is indicated in the panel. (d) Propidium iodide
(PI) fluorescence intensity of PI stained E.coli cultures after 12h of bacterial growth (12h) or after different
approaches to lyse the cells for 1h including heating the culture to 75 °C (HEAT), or treatment with ampicillin
(AMP), kanamycin (KAN) or gramicidin (GRAM). Bars represent average + SD, n=5 for each condition,
**p<0.001, ***p<0.0001 using one-way ANOVA test with Tukey’s multiple comparison test. (e) Same bacterial
cultures as seen in (d) were analyzed for [K*]ex using recombinant GEPII 1.0 after 12h of bacterial growth (12h),
or after different approaches to lyse the cells for 1h using heating the culture to 75 °C (HEAT), or treatment with
ampicillin (AMP), kanamycin (KAN) or gramicidin (GRAM). Bars show average + SD, n=5 for each condition
***p<0.0001 using one-way ANOVA test with Tukey’'s multiple comparison test. (f) Fluorescence emission
spectra of GEPIl 1.0 embedded in agar-agar containing 0, 1.0, 2.0 or 5.0 mM K*. (g) Fluorescence emission
spectra of GEPII 1.0 embedded in agar-agar containing O (green dashed line) or 2.0 mM K* (grey dashed line),
and same both samples after addition of 50.0 mM K* (solid lines). Reproduced from Bischof et al., 2017 with
permission of publisher Nature Communications (217).
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4.3 Recombinant GEPII 1.0 is applicable for in vivo imaging using two-

photon excitation

To test the ability of GEPII 1.0 to detect K* fluctuations in vivo, purified GEPII 1.0
was loaded into an exposed striated muscle of a mouse. Application of the
recombinant protein onto the exposed muscle led to a deep diffusion of GEPII 1.0
into the tissue within 20 minutes, without entrance of the protein into blood vessels
(Figure 21a). First experiments demonstrated a constant fluorescence signal,
indicating that the probe was stable (Figure 21a) (217). To figure out whether the
recombinant probe is still functional in vivo, 10 mM of K* were added and removed
from the preparation via a water bath (Figure 21b and 21c). The addition of K*
resulted in a dramatic increase of the FRET-ratio signal measured in different tissue

depths, demonstrating that the probe remained

fully functional under these conditions (Figure 21b and 21c¢). Vice versa, GEPII 1.0
also responded upon removal of K* by a decrease of the FRET-ratio signal (Figure

21b) (217).
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Figure 21: Application of GEPII 1.0 for in vivo imaging of extracellular K* alterations. (a) Representative
FRET (left panel) and mseCFP images (right panel) of GEPII 1.0 loaded in the mouse cremaster muscle. Images
were acquired at a z-depth of 50 um. Blood vessels (v) and localization of GEPII 1.0 along muscle fibers (arrow)
are shown. Scale bar represents 100 ym. (b) Representative FRET-ratio responses of GEPIl 1.0 over time
loaded into the cremaster muscle of a mouse. Response was recorded at different z-depths of 20 pm (blue
circles) and 130 um (red circles) upon administration and washout of 10.0 mM K* at time points indicated (black
arrows). (c) Representative FRET (yellow, upper) and mseCFP (blue, middle) intensity images of recombinant
GEPII 1.0 loaded into the cremaster muscle of a mouse. Bottom images represent pseudo-colored ratio images.
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Images were acquired either under basal conditions (left images) or upon administration of 10 mM K* (right
images) as shown in (b). Scale bar represents 100 um. Reproduced from Bischof et al., 2017 with permission
of publisher Nature Communications (217).

4.4 Testing the functionality of GEPII 1.0 in situ

A further important aspect of the novel genetically encoded K* indicator was to test
its functionality when expressed in single living mammalian cells. Therefore, HelLa
and INS-1 cells transiently transfected and expressing cytosolic targeted GEPII 1.0
were analyzed using a conventional fluorescence wide-field microscope. Cells
expressing the probe showed a physiologic morphology, indicating that GEPII 1.0 is
non-toxic for mammalian cells (Figure 22a). To test the sensor also for its
functionality when expressed in living cells, increasing concentrations of
extracellular K* were administered to permeabilized cells using a gravity based
perfusion system. Subsequently upon administration, GEPII 1.0 responded by an
increase in FRET and a decrease in the donor fluorescence (Figure 22b) (217). As
expected, the FRET-ratio signal represented the increase in [K*] in a dose
dependent manner (Figure 22b and 22c¢). We furthermore generated a red-shifted
GEPII variant referred to as R-GEPII 1.0, by exchanging the donor FP, mseCFP, for
the GFP variant Clover, and the FRET-acceptor, cpV, for mRuby2 (Figure 22d).
Also this probe was tested for its functionality in permeabilized cells upon
administration of increasing [K*] (Figure 22e). Interestingly, the sensitivity of GEPII
1.0 for K* in situ was decreased to 0.8186 mM (0.7209 mM - 0.9296 mM) (Figure
22f and Appendix Table 1) in comparison to the sensitivity determined in vitro
(EC50=0.4171 mM, Figure 14e) (217). The ECs0 of R-GEPII 1.0 was elevated in
comparison to GEPII 1.0, to 3.253 mM (2.825 mM — 3.745 mM) (Figure 22f and
Appendix Table 2). However, due to the reduced dynamic range of R-GEPII 1.0
(Figure 22e) in comparison to GEPIl 1.0 (Figure 22b), we proceeded our
experiments using the CFP/ YFP based probe.
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Figure 22: Testing the functionality of GEPII 1.0 and R-GEPII 1.0 in situ. (a) Representative array confocal
laser microscopy (ACLSM) images of HelLa (left image) and INS-1 cells (right image) expressing cytosolic GEPII
1.0. Scale bar represents 10 um. (b) Representative response of digitonin treated HelLa cells perfused in the
absence of [K*]ex. At the time points indicated, increasing concentrations of K* were administered and removed
from the cells using a gravity-based perfusion system. Fluorescence curve of circularly permuted Venus (cpV,
yellow dashed line) and monomeric super enhanced CFP (mseCFP, blue dashed line) as well as FRET-ratio
signal over time (black solid line) are demonstrated. (c¢) Pseudo-colored FRET-ratio images of HelLa cells
expressing cytosolic GEPII 1.0. Cells were permeabilized with digitonin. Pseudo-colored FRET-ratio images
upon application of increasing extracellular [K*] are shown. Scale bar in the lower left image represents 10 ym.
(d) Schematic representation of R-GEPII 1.0 containing wild type Kbp (wt Kbp, grey) fused to a N-terminal GFP-
variant, Clover, and a C-terminal RFP-variant, mRuby2. (e) Representative response of gramicidin treated HeLa
cells perfused in the absence of [K*]ex. At the time points indicated, increasing concentrations of K* were
administered and removed from the cells using a gravity-based perfusion system. Fluorescence curve of Clover
(green dashed line) and mRuby?2 (red dashed line) as well as FRET-ratio signal over time (black solid line) are
demonstrated. (f) Normalized ECso curves of GEPII 1.0 and R-GEPII 1.0 in situ. Data represents average + SD,
n=6 for GEPII 1.0, n=3 for R-GEPII 1.0. Reproduced from Bischof et al., 2017 with permission of publisher
Nature Communications (217).

Since K* alterations are mostly associated with Na* fluctuations within living cells
(244), we aimed to elucidate whether Na*™ might potentially affect the K* sensing
ability of GEPII 1.0 in situ. Cells expressing GEPII 1.0 were permeabilized and
analyzed in response to a given concentration of K* at different intra- (Figure 23a)
or extracellular (Figure 23b) physiologically relevant Na* concentrations ([Na*]).
This experiments pointed to the independence of physiological intra- and
extracellular Na* alterations when K* is measured using GEPII 1.0 (Figure 23a and
23b) (217).
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Figure 23: Effects of intra- and extracellular Na* concentrations on K* sensing with GEPII 1.0. (a) HeLa
cells expressing GEPII 1.0 were pre-treated with digitonin, valinomycin and monensin for cell permeabilization.
FRET-ratio signals over time in the presence of different intracellular relevant [Na*] ranging from 0 — 40.0 mM
were recorded in response to 10 mM K*. Buffers were exchanged using a gravity based perfusion system (left
panel). Maximally received AFRET-ratio signals at different [Na*] were then analyzed and compared (right
panel). All data represent average + SD, n=4, one-way ANOVA test with Tukey’s multiple comparison test. (b)
HelLa cells expressing GEPIl 1.0 were pre-treated with digitonin, valinomycin and monensin for cell
permeabilization. FRET-ratio signals over time in the presence of different extracellular relevant [Na*] ranging
from 130.0 — 150.0 mM were recorded in response to 10 mM K*. Buffers were exchanged using a gravity based
perfusion system (left panel). Maximally received AFRET-ratio signals at different [Na*] were then analyzed and
compared (right panel). All data represent average + SD, n=3, one-way ANOVA test with Tukey’s multiple
comparison test. Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications

(217).

4.5 The sensitivity of GEPII 1.0 is dependent on acidic amino acids and
on the steric interaction of the BON and LysM domain within Kbp

The intracellular K* concentration is assumed to be close around 140 mM (1,43).
However, as GEPII 1.0 is already saturated at around one third of this concentration,
we further aimed to reduce the K* sensitivity, without affecting the specificity of
GEPIIs. First, we hypothesized that within Kbp, negatively charged residues of
amino acids might be responsible for K* binding (217). Thus, we replaced all acidic
amino acids within the BON domain, representing the actual K* binding pocket
(226), with their corresponding amides, and named the resulting construct low-
charge BON (Ic-BON) GEPII 1.0 (Figure 24a). To test the variant for its K* sensing
ability, the recombinant protein of Ic-BON GEPII 1.0 was exposed to increasing
concentrations of K* (Figure 24b and 24c and Appendix Table 1). These
experiments demonstrated, that a replacement of all acidic amino acids within the
BON domain yielded a K* insensitive variant. Importantly, the probe was also
insensitive to other ions including Ca?*, Cs?*, Na*, NH4*, and Rb* (Figure 24c and

Appendix Table 1) (217).
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Figure 24: Design and characterization of Ic-BON GEPII 1.0 in vitro. (a) Schematic representation of Ic-BON
GEPII 1.0. The N-terminal monomeric super enhanced CFP (mseCFP, cyan) and the C-terminal circularly
permuted Venus (cpV) flank a mutated Kbp (grey, light green and dark green). Point mutations introduced and
their position within the Kbp of Ic-BON GEPII 1.0 are shown. (b) /n vitro fluorescence emission spectra of Ic-
BON GEPII 1.0 at different [K*]. (c) Concentration response demonstration of Ic-BON GEPII 1.0 in response to
increasing concentrations of K* (red circles), Ca?* (grey circles), Cs* (yellow circles), Na* (green circles), NH4*
(blue circles) and Rb* (orange circles). Data represents average + SEM, n=2 for each ion and concentration.
Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications (217).

Having identified that the K* sensitivity of GEPIlls can be shifted by inserting
mutations within Kbp, we speculated that the generation of a variant lacking all
acidic amino acids within the LysM domain will also show reduced affinity for K*
(Figure 25a). We referred to the construct as low-charge LysM (Ic-LysM) GEPII 1.0
(Figure 25a), purified the recombinant protein and added increasing [K*] to the
protein (Figure 25b and 25c) (217). These experiments unveiled concentration
dependent alterations of the fluorescence emission spectrum of Ic-LysM GEPII 1.0,
where FRET fluorescence was rising, i.e. mseCFP fluorescence decreasing with
increasing [K*] (Figure 25b). The ECso of Ic-LysM GEPII 1.0 for K* in vitro was found
to be 27.53 mM (24.38 mM — 30.87 mM) (Figure 25c and Appendix Table 1) with
a hill slope of 1.090 + 0.061 (Figure 25d and Appendix Table 1), indicating that the
insertion of mutations did not change the binding stoichiometry of Kbp (217). Similar
to GEPII 1.0 the construct showed a thermo-sensitive binding behavior, as the ECso
was increasing with increasing temperature (Figure 25e and 25f). However, the
probe kept its specificity for K* over all other ions and turned out to be even more
specific for K* in comparison to GEPII 1.0, as only Rb* increased the FRET-ratio
signal of Ic-LysM GEPII 1.0 with an ECso of 42.58 mM (35.01 mM — 51.79 mM)
(Figure 25g and Appendix Table 1). These experiments pointed to the high
specificity of the novel, low K* sensitive GEPII variant, lc-LysM GEPII 1.0 (217).
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Figure 25: Design and in vitro characterization of Ic-LysM GEPII 1.0. (a) Schematic representation of Ic-
LysM GEPII 1.0 composed of a N-terminal monomeric super enhanced CFP (mseCFP, cyan) and a C-terminal
circularly permuted Venus (cpV). The two fluorescent proteins flank a mutated Kbp (grey, light green and dark
green). Point mutations introduced and their position within the Kbp of Ic-LysM GEPIl 1.0 are shown. (b)
Fluorescence emission spectra of Ic-LysM GEPII 1.0 in the presence of increasing [K*]. (c) Normalized in vitro
ECso curve of lc-LysM GEPII 1.0 for K*. Data represents average + SD, n=4. (d) Normalized K* binding kinetic
of lc-LysM GEPII 1.0 using binding-saturation fit. Hill slope and 95% confidence interval is indicated, data
represents average * SD, n=4. (e) Normalized ECso curves of Ic-LysM GEPII 1.0 for K* at different temperatures
ranging from 25 °C (dark blue line) to 45 °C (dark red line). Data shows average + SD, n=6). (f) Respective ECso
values of Ic-LysM GEPII 1.0 as determined in (e) plotted over temperature. (g) lon selectivity of Ic-LysM GEPII
1.0 for Rb* (orange line and circles), NH4* (blue line and circles), Cs* (yellow line and circles), Na* (green line
and circles) and Ca?* (grey line and circles). Average = SD is indicated, n=3 for each ion and concentration.
Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications (217).

Furthermore, we hypothesized that the introduction of linkers of variable lengths
between the BON and LysM domain might also result in variants having lower K*
sensitivity by impeding their interaction (Figure 26a — 26¢). Also these mutated
constructs, referred to as GEPII 2.7 (Figure 26a), GEPII 2.10 (Figure 26b) and
GEPII 2.15 (Figure 26c) showed lower affinity for K* in comparison to GEPII 1.0,
with ECso values of 3.24 mM (2.96 mM — 3.55 mM), 4.39 mM (4.01 mM — 4.80 mM)
and 8.59 mM (7.70 mM — 9.58 mM) in vitro at 25 °C, respectively (Figure 26d and
Appendix Table 3) (217). Analysis of the binding kinetics unveiled, however, hill
slopes close to 1 for all constructs (Figure 26e — 26g and Appendix Table 3),
indicating that all of these variants bind K* in a non-cooperative manner and that

one protein of Kbp binds one K* (217).
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Figure 26: Design and in vitro characterisation of GEPII 2.7, GEPII 2.10 and GEPII 2.15. (a-c) Upper panels
show schematic representations of GEPII 2.7, GEPII 2.10 and GEPII 2.15, composed of a N-terminal monomeric
super enhanced CFP (mseCFP, cyan) and a C-terminal circularly permuted Venus (cpV). The two fluorescent
proteins flank mutated Kbps (grey, light green and dark green) containing inter-domain linkers of 7, 10 and 15
amino acids between the BON and LysM domain, respectively. Sequences of the introduced linkers are given.
Lower panels demonstrate respective fluorescence emission spectra of GEPII 2.7, GEPII 2.10 and GEPII 2.15
at different [K*], respectively. (d) Normalized ECso curves of GEPII 2.7 (red circles and curve), GEPII 2.10 (green
circles and curve) and GEPII 2.15 (blue circles and curve) for K* in vitro. Data represents average + SD, n=4
for each construct and [K*]. (e-f) Normalized K* binding kinetics of GEPII 2.7, GEPII 2.10 and GEPII 2.15 using
binding-saturation fit. Hill slopes and 95% confidence intervals for each construct is indicated, respectively. Data
represents average * SD, n=4. Reproduced from Bischof et al., 2017 with permission of publisher Nature
Communications (217).
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4.6 Characterization of mutated GEPII variants within single living cells
Having characterized the novel GEPII variants in vitro, we further aimed to apply
them in situ for the quantification of (sub-) cellular K* concentrations and dynamics.
To address these objectives, we decided to use our novel generated construct
referred to as Ic-LysM GEPII 1.0, having the highest apparent Ko, which seemed
the most promising variant for the visualization of physiologic intracellular K*
concentrations. Similar to the experiments performed with GEPII 1.0, we expressed
cytosolic Ic-LysM GEPII 1.0 in HelLa cells (Figure 27a), pre-permeabilized the cells

using gramicidin or digitonin and administered increasing [K*]ex to the cells (Figure

27b) (217).
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Figure 27: In situ characterization of Ic-LysM GEPIls. (a) Representative array confocal laser scanning
microscopy (ACLSM) image of HelLa cells expressing cytosolic Ic-LysM GEPII 1.0. Scale bar represents 10 pm.
(b) Representative FRET-ratio signal of a gramicidin treated HeLa cell expressing Ic-LysM GEPII 1.0, perfused
in the absence of [K*]ex. At the time points indicated, increasing concentrations of K* were administered and
removed from the cells using a gravity-based perfusion system. (c) Normalized ECso curves of Ic-LysM GEPII
1.0 (green circles and ECso value written in green) and Ic-LysM R-GEPII 1.0 (red circles and ECso value written
in red), containing the green fluorescent protein variant Clover and the red fluorescent protein variant mRuby2
instead of mseCFP and cpV, respectively, determined in HelLa cells. Data represents average + SD, n=6 for Ic-
LysM GEPII 1.0, n=3 for Ic-LysM R-GEPII 1.0. (d) Representative single cell response of a HelLa cells expressing
lc-LysM GEPII 1.0, permeabilized with gramicidin. At the time points indicated, buffers either containing 0 mM
K* or 30.0 mM K* were administrated to the cells (e) HeLa cells were permeabilized with digitonin, monensin
and valinomicin. After cell treatment, 140 mM K*, 140 mM Rb*, 140 mM Cs*, 140mM of Na* or 90 mM of Ca%*
were administrated to the cells. Data represents average + SEM, n=3. (f) Analysis of the maximum AFRET-ratio
signals upon administration of different ions as demonstrated in (e). Bars represent average + SEM, n=3,
*p<0.05, ***p<0.0005, one-way ANOVA test with Tukey’s multiple comparison test. Reproduced from Bischof et
al., 2017 with permission of publisher Nature Communications (217).
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Respective FRET-ratio signals were then blotted over [K*] to estimate the ECso of
the probe in situ (Figure 27c). Interestingly, also the ECso of lc-LysM GEPII 1.0 was
drastically increased when expressed in cells to 60.95 mM (45.52 mM — 81.62 mM)
(Figure 27c and Appendix Table 1) (217). In analogy to R-GEPII 1.0, we generated
a construct containing Clover and mRuby?2 flanking Ic-LysM Kbp and referred to the
construct as Ic-LysM R-GEPII 1.0. ECso of lc-LysM R-GEPII 1.0 was found to be
75.12 mM (35.05 mM — 161.0 mM) (Figure 27c and Appendix Table 2). Ic-LysM
GEPII 1.0 responded repetitively and reversibly over time to the administration or
removal of K, indicating that the probe is suitable for dynamic long time imaging of
K* alterations in situ (Figure 27d) (217). The selectivity of Ic-LysM GEPII 1.0 in situ
was tested in pre-permeabilized cells upon administration of 140 mM K*, Rb*, Cs*
and Na* or 90 mM of Ca?*, respectively (Figure 27e and 27f), and was comparable

to experiments performed in vitro (Figure 25q) (217).

To test whether also Ic-BON GEPII 1.0 shows a similar behavior in situ, the variant
was expressed in HelLa cells. Upon cell permeabilization, 140 mM of K*, Rb*, Cs*,
Na* or 90 mM of Ca?* were administered to the cells (Figure 28a and 28b).
Importantly, none of these ions and concentrations tested increased the FRET-ratio
signal of Ic-BON GEPII 1.0 (Figure 28a and 28b). These experiments pointed to
the insensitivity of Ic-BON GEPII 1.0 to various ions being physiologically important

or having a similar size and charge as K".
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Figure 28: Characterization of Ic-BON GEPII 1.0 in situ. (a) HelLa cells were permeabilized with digitonin,
monensin and valinomicin. After cell treatment, 140 mM K*, 140 mM Rb*, 140 mM Cs*, 140mM of Na* or 90
mM Ca?* were administrated to the cells. Data represents average + SEM, n=3. (b) Analysis of the maximum
AFRET-ratio signals upon administration of different ions as demonstrated in (a). Bars represent average +
SEM, n=3, one-way ANOVA test with Tukey’s multiple comparison test.
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4.7 Application of GEPIls in situ

4.7.1 Application of Ic-LysM GEPII 1.0 for the online visualization of [K*]i upon

cell permeabilization

Based on the characterization of Ic-LysM GEPII in situ, we exploited the probe for
the dynamic visualization of cell death over-time in response to a necrotic stimulus
using digitonin or gramicidin. After expression of Ic-LysM GEPII 1.0 in HelLa cells,
necrotic stimuli were applied to the cells using a gravity based perfusion system. As
expected, application of digitonin (Figure 29a) as well as gramicidin (Figure 29b)
rapidly and drastically reduced intracellular [K*] indicating cell death. These results
pointed to the suitability of digitonin and gramicidin, a prominent K* selective pore
forming peptide, to rapidly manipulate intracellular [K*]. Additionally, these
experiments demonstrated the suitability of Ic-LysM GEPII 1.0 for the dynamic

visualization of [K*]i (217).
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Figure 29: Online visualization of intracellular K* fluctuations upon cell permeabilization. (a)
Representative responses of 3 HelLa cells expressing Ic-LysM GEPII 1.0 treated with 5 pM digitonin at the time
point indicated in the panel. During the measurements cells were perfused in the absence of extracellular K*
using a gravity based perfusion system (n=4). (b) Representative responses of 3 HelLa cells expressing Ic-LysM
GEPII 1.0 treated with 10 yM gramicidin at the time point indicated in the panel. During the measurements cells
were perfused in the absence of extracellular K* using a gravity based perfusion system (n=4). Reproduced
from Bischof et al., 2017 with permission of publisher Nature Communications (217).
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4.7.2 Quantification of subcellular [K*] using targeted GEPIls

Besides the expression of cytosolic GEPIls, we generated constructs without
targeting sequence, localizing in both, the nucleus and cytosol of cells, as well as
constructs localizing in nucleus and mitochondria of single living cells (Figure 30a).
Basal FRET-ratio signals of intact HeLa cells of different GEPIlls were recorded
(Figure 28b — 28d). While the average FRET- ratio signals of the insensitive variant
Ic-BON GEPII 1.0 remained unaffected by the targeting (Figure 28b), GEPII 1.0
(Figure 28c) and Ic-LysM GEPIlI 1.0 (Figure 28d) reported organelle-specific

differences depending on their subcellular localizations (217).
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Figure 30: Targeting of GEPIIs to subcellular localizations. (a) Representative array confocal laser scanning
microscopy (ACLSM) images of HelLa cells expressing either untargeted, cytosolic, nuclear or mitochondrial
targeted GEPII 1.0. Scale bar in the upper left image represents 20 um. (b) Basal FRET-ratio values (left panel)
and pseudo-colored FRET-ratio images (right panel) of HeLa cells expressing Ic-BON GEPII 1.0 either in the
cytosol (cyto), the nucleus (nuc) or the mitochondria (mito). Scale bar represents 20 um. Bars in the left panel
represent average = SD, n=5. (¢c) Basal FRET-ratio values (left panel, average + SD, n=3) and pseudo-colored
FRET-ratio images (right panel) of HeLa cells expressing GEPII 1.0 either in the cytosol (cyto), the nucleus (nuc)
or the mitochondria (mito). Scale bar represents 20 um. (d) Basal FRET-ratio values (left panel, average + SD,
n=6) and pseudo-colored FRET-ratio images (right panel) of HeLa cells expressing Ic-LysM GEPII 1.0 either in
the cytosol (cyto), the nucleus (nuc) or the mitochondria (mito). Scale bar represents 20 um. (e) Left panel
demonstrates representative pseudo-colored FRET-ratio images of HelLa cells expressing untargeted Ic-LysM
GEPII 1.0 either under basal conditions (upper image) or after cell permeabilization using 5 uM digitonin (lower
image). Right panel shows the corresponding statistics of the FRET-ratio signal recorded in single cells either
within the cytosol (cyto, blue bar) or the nucleus (nuc, orange bar). Data represents average + SD, n=5,
***n<0.0001, paired t-test. (f) FRET-ratio signals of digitonin permeabilized HelLa cells expressing GEPII 1.0
(light orange bars, n=3 for each bar) or Ic-LysM GEPII 1.0 (light green bars, n=6 for each bar), both either
targeted to the cytosol (cyto), the nucleus (nuc) or the mitochondria (mito). Data represents average + SD.
Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications (217).
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FRET-ratio signal differences were more prominent in case of Ic-LysM GEPII 1.0
(Figure 28c), due to the higher Ko for K*. Highest FRET-ratio values were thereby
measured in the nucleus, lowest ratio values within mitochondria (Figure 28d).
These differences in FRET-ratio values between the cytosol and nucleus were also
observed using untargeted Ic-LysM GEPII, localizing in the cytosol and nucleus
(Figure 28e). However, all localization specific differences of GEPII 1.0 and Ic-LysM
GEPII 1.0 were equalized by cell permeabilization (Figure 28f), indicating that the
targeting of GEPIIs did not cause any significant artefacts (217).

Next, we aimed to quantify [K*]i within different subcellular compartments of INS-1,
HelLa, HEK293a and Ea.hy926 cells. (Figure 31a). These experiments revealed
higher [K*] within the nuclei than within the cytosol of all cell lines tested (Figure
31a). Interestingly, these differences were most pronounced in Ea.hy926 cells, with
a nuclear [K*] ([K*]nuc)/cytosolic [K*] ([K*]eyto) ratio of 3.77, while being lower in HeLa
([K*Jnuc/[K*]eyto=3.38), HEK293a (2.39) and INS-1 (1.94) cells (Figure 31b) (217).
Vice versa, the mitochondria of all cell lines showed a lower [K*] in comparison to
the cytosol (Figure 31a), with mitochondrial [K*] ([K*]mito)/[K*]cyto ratios of 0.78, 0.49,
0.65 and 0.42 in Ea.hy926, HeLa, HEK293a and INS-1 cells, respectively (Figure
31c) (217).
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Figure 31: Quantification of subcellular [K*] within the organelles of single living INS-1, HeLa, HEK293a
and Ea.hy926 cells. (a) Basal [K*] £+ SEM of INS-1 (white bars), HeLa (black bars), HEK293a (red bars) and
Ea.hy926 cells (blue bars) expressing lc-LysM GEPII 1.0 targeted to the cytosol (cyto), the nucleus (nuc) or the
mitochondria (mito), respectively. N=7 independent experiments for all cells and all localizations. (b) Nuclear
[K*)/Cytosolic [K*] ([K*lnuc/[K*]eyto) ratios of INS-1 (white circle), HelLa (black circle), HEK293a (red circle) and
Ea.hy926 cells (blue circle). Data were calculated from the data represented in (a) and shows average + SEM.
(c) Mitochondrial [K*]/Cytosolic [K*] ([K*Imito/[K*]cyto) ratios of INS-1 (white circle), HeLa (black circle), HEK293a
(red circle) and Ea.hy926 cells (blue circle). Data were calculated from the data represented in (a) and shows
average + SEM. Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications
(217).
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In order to validate our results of higher nuclear [K*], we aimed to target a potential
Na*/K* ATPase present in the nuclear envelope (Figure 32a). For this purpose, we
tried to establish a protocol allowing us to visualize a Na*/K* ATPase dependent K*

uptake into the cytosol and further into the nucleus of cells (Figure 32a).

a b d

[ATplcyw [K ]cyto [K ]cym
B 12 8 1.2
5] - 5] .
Extracellular space = _% GEPII 1.0 % lo-LysM
& 3 X £ 11 E 1.4|GEPI10
I = z
L —_ —
o o
Ouabain K’ i) E 1.0/ - § 10
® @ 8 E E
P " 4 i3
Gramicidin pore e 1 .QL‘L' 0.9 .S’ 0.9
& 2
ADP = Pi Moy 0 0.8 0.8
Ay &£ 2 &£ 2 5 #
ATP Pase &5 ¥ & mg’o\@’{” & moga:’
ATP
@ C e ) g )
[ATP]nuc [K ]nuc [K ]nuc
ADP+F 4 % 12 3 1.2
. 2 GEPII 1.0 = le-LysM
ol K E 1.1 £ 4 4/ GEPI0
= ¥ o o
i = z
14 o o
Nucleus | Cytosol & 2 é 1.0 i § 1.0
= m iy
P 1 S 09 S 09
14 g 0 s O
e &
0 0.8 0.8
& 0(9 c}’/ 0 e@ Q &
e\o‘p v O\o‘J fb o‘)rb Q}\y ’o"'fbg

Figure 32: Targeting the active K* transport in the cytosol and nucleus of HeLa cells. (a) Schematic
representation of a cell with the extracellular space (white), the plasma membrane (thick black line), the cytosol
(light yellow) and the nucleus (beige). Na*/K* ATPase (green) is located at the plasma membrane and also
within the nuclear envelope, and might be responsible for an active K* (red circles) transport upon ATP
hydrolysis at both localizations. Gramicidin pores (pink) permeabilize the plasma membrane gradient dependent
for K*. ouabain (dark blue) administration on cells will block the Na*/K* ATPase located within the plasma
membrane, and eventually also subcellular located Na*/K* ATPases. 2-DG (orange) as a glycolysis inhibitor will
block ATP generation within the cell and thus abolish an ATP dependent K* transport. (b) Basal ATP levels
within the cytosol of control HelLa cells (red bar, Glucose) or cells treated with 2-DG (white bar, 2-DG) upon cell
pre-treatment with either 10 mM glucose or 10 mM 2-DG for 30 minutes. Bars represent average + SD, n=3 for
both, ***p<0.0001 using unpaired t-test. (c) Basal ATP levels within the nucleus of control HeLa cells (blue bar,
Glucose) or cells treated with 2-DG (white bar, 2-DG) upon cell pre-treatment with either 10 mM glucose or 10
mM 2-DG for 30 minutes. Bars represent average + SD, n=3 for both, ***p<0.0001 using unpaired t-test. (d,e)
Normalized FRET-ratio values of gramicidin pre-permeabilized HelLa cells expressing either (d) cytosolic or
nuclear targeted (e) GEPII 1.0 upon administration of 140 mM K*. Cells were either kept for 30 minutes in the
presence of 10 mM glucose (Glucose), 10 mM 2-DG (2-DG) or 1 mM ouabain (Ouabain). Bars represent
average + SD, n=3 for all conditions, statistical analysis was performed using one-way ANOVA test with Tukey’s
multiple comparison test. (f,g) Normalized FRET-ratio values of gramicidin pre-permeabilized HelLa cells
expressing either (f) cytosolic or nuclear targeted (g) Ic-LysM GEPII 1.0 upon administration of 140 mM K*.
Cells were either pretreated for 30 minutes in the presence of 10 mM glucose (Glucose), 10 mM 2-DG (2-DG)
or 1 mM ouabain (Ouabain). Bars represent average + SD, n=5 for all conditions, **p<0.001, ***p<0.0001, one-
way ANOVA test with Tukey’s multiple comparison test.
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Therefore, HelLa cells expressing GEPII 1.0, which is early saturated at high [K*],
and Ic-LysM GEPII 1.0, allowing [K*] measurements above 100 mM, both either
targeted to the nucleus or the cytosol, were analyzed, respectively. Cells were
permeabilized using gramicidin, kept in the presence of glucose (control), treated
with 2-deoxy-glucose (2-DG) for a depletion of intracellular ATP levels (2-DG) (245),
or treated cells with ouabain, a prominent inhibitor of Na*/K* ATPase (246). As
expected, cell treatment with 2-DG treatment drastically reduced intracellular ATP
concentration ([ATP]) in the cytosol (Figure 32b) as well as in the nuclei of HeLa
cells (Figure 32c). Upon administration of 140 mM K™ to pre-permeabilized cells,
the FRET-ratio signal of GEPII 1.0 did not report differences depending on the cell
treatment in the cytosol (Figure 32d) and the nuclei (Figure 32e) of HelLa cells. In
contrast, cells expressing Ic-LysM GEPIl 1.0 reported treatment dependent
differences in [K*]nuc (Figure 32f) and [K*]eyto (Figure 32g), with significantly reduced
[K*]i values upon 2-DG treatment in both locals (Figure 32f and 32g). Ouabain
treatment, however, only affected [K*leyto (Figure 32f), while [K*]nuc remained
unchanged (Figure 32g). These experiments strongly point to the ability of cells and
especially their nucleus to accumulate K* in an energy dependent manner, even if

cells were permeabilized using gramicidin (Figure 32a).
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4.7.3 Real-time visualization of cytosolic K* transients

To further exploit the GEPII technology, we expressed different GEPIIs in INS-1
cells. To trigger intracellular K* alterations in this cells, we depolarized the cells and
monitored [K*]eyto simultaneously with the cytosolic Ca?* concentration ([Ca?*]cyto)
using the far-red fluorescent, genetically encoded Ca?* indicator CAR-GECO1
(Figure 33a) (217,225). As already observed earlier (247), cytosolic [Ca?']
([Ca?*]eyto) drastically increased upon cell depolarization (Figure 33a). Shortly
delayed upon cellular Ca?* entry, Ic-LysM GEPII 1.0 reported a transient reduction

of [K*]eyto Within these cells (Figure 33a and 33b) (217).
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Figure 33: Real-time visualization of cytosolic K* transients upon depolarization of in INS-1 cells. (a)
Representative single cell K* (black solid line) and Ca?* (green dashed line) responses of an INS-1 cell
expressing cytosolic Ic-LysM GEPII 1.0 and CAR-GECO1, a single FP-based, far red fluorescent genetically
encoded Ca?* indicator. At the time point indicated, cell was depolarized by the application of 70 mM
extracellular K* (n=9). On- (b) and off kinetics (c¢) of the Ca?* and K* signals as shown in (a), represented as
A[K*)i plotted over A[Ca?*]i in %. Representative single cell response of an INS-1 cell expressing either cytosolic
GEPII 1.0 (d, n=6) or cytosolic Ic-BON GEPII 1.0 (e, n=8). Cells were depolarized using 70 mM K* at the time
points indicated in the panels. (f) Representative single cell response of a MIN-6 cell expressing cytosolic Ic-
LysM GEPII 1.0. Cell was depolarized using 70 mM K* at the time point indicated in the panel (n=8). Reproduced

from Bischof et al., 2017 with permission of publisher Nature Communications (217).
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Vice versa, analysis of the off-kinetics unveiled that [K*]i returned to basal levels
faster than [Ca?*]i (Figure 33c). However, importantly the FRET-ratio signal of the
high K* sensitive variant GEPII 1.0 (Figure 33d), and the K* insensitive variant Ic-
BON GEPIl 1.0 (Figure 33e) remained unchanged upon cell depolarization.
Additionally, similar results of a transient intracellular K* alteration were observed

using MIN-6 cells (Figure 33f), another rodent pancreatic -cell line (217).

To further characterize the transient cytosolic K* decrease in INS-1 cells, we either
unspecifically blocked all K* channels using tetraethyl ammonium chloride (TEA)
(Figure 34a, 34e and 34f), replaced extracellular Ca%* with EGTA (Figure 34b, 34e
and 34f), or blocked the L-type Ca?* channels using nifedipine (Figure 34e and 34f)
(217). Additionally, we buffered intracellular Ca?* elevations using BAPTA-AM
(Figure 34c — 34f). All of these treatments significantly reduced the intracellular K*
transient in response to cell depolarization (Figure 34e). Based on these
observations we concluded that upon cell depolarization, extracellular Ca?* enters
the cell via voltage-gated Ca?* channels which, in turn, activates K* channels,
leading to a K* efflux from the cells (Figure 34f) (217).
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Figure 34: Characterization of the depolarization induced transient of [K*]i in INS-1 cells. (a)
Representative single cell response of an INS-1 cells expressing cytosolic Ic-LysM GEPII 1.0 (black solid line)
and CAR-GECO1 (green solid line). Cell depolarization using 70 mM K* was performed in the presence of 15
mM tetraethyl ammonium chloride (TEA, n=3). Substances were administrated using a gravity based perfusion
system. (b) Representative single cell response of an INS-1 cell expressing cytosolic Ic-LysM GEPII 1.0 (black
solid line) and CAR-GECO1 (green solid line). Cell depolarization using 70 mM K* was performed in the absence
of extracellular Ca?* (EGTA, n=7). (c) Representative single cell responses of INS-1 cells expressing CAR-
GECO1, either loaded with BAPTA-AM (left panel, BAPTA-AM, black circles, n=5) or treated with the same
concentration of DMSO (left panel, ctrl, grey circles, n=3) were depolarized using 70 mM K* at the time point
indicated in the panel. Right panel represents statistical analysis of the corresponding maximal Afluorescence
intensities of cells either loaded with BAPTA-AM (BAPTA-AM, black bar, n=5) or treated with DMSO (ctrl, grey
bar, n=3). Data represents average + SD, ***p<0.0001, unpaired t-test. (d) Representative single cell responses
of INS-1 cells expressing cytosolic Ic-LysM GEPII 1.0 under the same conditions as shown in (c). n=3 for ctrl,
n=6 for BAPTA-AM loaded cells. (e) Maximal AFRET-ratio signals upon cell depolarization using 70 mM K* of
untreated control cells (ctrl, n=17), in the absence of extracellular Ca2* (EGTA, black bar, n=7), in the presence
of 15 mM TEA (TEA, blue bar, n=6), in the presence of 100 uM nifedipine (Nifedipine, green bar, n=6), or of
cells loaded with BAPTA-AM (BAPTA-AM, red bar, n=6). Statistical analysis was performed using one-way
ANOVA test with Tukey’s multiple comparison test, ***p<0.0001. (f) Schemata demonstrating the proposed
mechanism of action upon cell depolarization and the targets of used pharmacological inhibitors. Reproduced
from Bischof et al., 2017 with permission of publisher Nature Communications (217).
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4.7.4 Real-time visualization of subcellular K* transients

Besides the visualization of [K*]cyto upon cell depolarization (Figure 32 and Figure
33), we expressed subplasmalemmal-, nuclear- and mitochondrial-targeted Ic-LysM
GEPII 1.0 variants in INS-1 cells (Figure 35a). While the K* transient upon cell
depolarization at the inner side of the plasma membrane showed similar kinetics
compared tothe cytosol (Figure 35b), [K*]nuc and [K*]mitoc were dynamically affected
in a completely different manner (Figure 35b). [K*]nuc sShowed a sustained reduction,
while [K*]mito gradually increased over time in response to cell depolarization (Figure
35b) .
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Figure 35: Real-time visualization of subcellular [K*]i in INS-1 cells upon cell depolarization. (a)
Representative array confocal laser scanning microscopy (ACLSM) images (a) and single cell responses upon
cell depolarization using 70 mM K* (b) of INS-1 cells expressing either cytosolic- (cyto, (a), upper left panel and
(b), black curve), nuclear- (nuc, (a), upper right panel and (b), green curve), sub-plasmalemmal- (sub PM, (a),
lower left panel and (b), blue curve) or mitochondrial targeted (mito, (a) lower right panel, and (b), red curve) Ic-
LysM GEPII 1.0, respectively. Scale bar in (a), upper left image represents 20 um. Reproduced from Bischof et
al., 2017 with permission of publisher Nature Communications (217).
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5 Discussion

Recently, the development of K* sensitive fluorescent indicators suitable for the
quantification of (sub-)cellular and extracellular [K*] gained more and more interest.
These probes alter their fluorescence in response to K* binding and are either based
on crown-ethers (248-250) or represent aptamers (251). However, mostly these
probes suffer from cytotoxicity, cannot be applied within living cells, are difficult to

target to subcellular localizations or cannot be applied in vivo.

We addressed the urgent need for applicable protein-based K* sensitive probes
using a recently characterized bacterial protein, Kbp (226), and developed novel
genetically encoded, FRET-based, K* sensitive indicators. The design of our
genetically encoded potassium ion indicators, the GEPIls, is analogous to a huge
variety of other FRET-based probes such as Ca?* (206,209), glucose (213) or ATP
sensors (210). All of these sensors are based on a conformational change of a
substrate-specific protein, altering the fluorescence emission spectrum of the probe
(214). The huge conformational rearrangement of Kbp, from an elongated towards
a roundish conformation upon binding of K*, was already demonstrated by Ashraf
et al. (226). This property of Kbp makes it ideally suited for the design of the GEPIIs.
Similar to the study by Ashraf et al., who determined a Kb of Kbp of 160 uM using
isothermal titration calorimetry (ITC) (226), GEPII 1.0 containing the wild-type Kbp
showed an ECs00f 417.1 yM (370 uM — 470 uM) in vitro (217). This slightly elevated
ECso of Kbp in GEPII 1.0 might be caused by the fusion of FPs to the N- and C-
terminus, respectively, aggravating the conformational change of Kbp. Nonetheless,
GEPII 1.0 remained specific for K* over other ions having a similar size or charge
as K*, which is in line with data by Ashraf et al. (226). Especially the FRET-ratio
signal of GEPII 1.0 was not affected by the physiologically relevant Na*, which is

much higher concentrated in the extracellular space than K* (1).

Lately, an identical approach of developing genetically encoded K* indicators based
on Kbp was published (252). The authors generated a CFP/YFP based K* sensitive
probe, referred to as KIRIN1, by exchanging the donor FP, mseCFP of GEPIIs for
mCerulean3, another CFP variant (252). Interestingly, the ECso of KIRIN1 in vitro
(1.66 £ 0.05 mM) (252) was significantly elevated in comparison to GEPII 1.0 (217).
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Considering the high sensitivity of GEPII 1.0 for K*, we hypothesized that it will not
be suitable for the visualization of physiologic intracellular K* fluctuations, except K*
alterations following cell death. The high sensitivity and selectivity of GEPII 1.0,
however, seemed promising for the visualization and quantification of [K*]ex.
Therefore, we used recombinant GEPII 1.0 as a sensitive method to determine [K*]
within bodily fluids including human and murine plasma, serum, urine and bile
samples. Our data demonstrated the suitability of GEPII 1.0 to accurately determine
[K*] within biological samples as precise as the golden standard instruments for
clinical diagnostics, the ISE (217). However, standard instruments in clinical
diagnostics need quite large sample volumes of several mL, while for [K*]
determinations with GEPIIs 5 uL of sample volume were sufficient (217). The
parameter of sample volume is especially critical when working with small laboratory
animals such as mice having a blood volume of around 1.5 mL (253). Therefore,
GEPIIs can represent a high throughput and low cost alternative allowing repetitive
determination of [K*] within samples of one given animal over time, without the need

of its scarification.

Moreover, we utilized recombinant GEPII 1.0 for the online visualization of cell
growth and cell death. Our approach demonstrated the suitability of measuring [K*]ex
to visualize cell growth or death of one given population of cells over time (217). Our
data emphasized, that in a 96-well plate with a total of ~ 100.000 cells when
confluent, already 2.500 dead cells which corresponds to 2.5%, release an amount
of K* measurable with GEPII 1.0. Simultaneous investigation of cell morphology and
[K*]ex upon application of a necrotic stimulus unveiled a much faster release of K*
from cells than morphological alterations were visible (217). The establishment of
such online cell viability measurement on a conventional fluorescence microscope

may allow the visualization of acute single cell death within a population of cells.

Vice versa, we tested the application of GEPII 1.0 for the visualization of cell growth
using E.coli cultures. Our data demonstrate, that such an approach is feasible using
GEPII 1.0, as extracellular [K*] declined from 10.2 mM to 9.4 mM within 12h of
bacterial growth. However, after 12h E.coli cells were heated to 75 °C for 1h, which
fully restored [K*]ex, indicating that K* was in fact incorporated into bacterial cells
(217). Thus, using the read-out of [K*]ex using recombinant GEPII 1.0 was suited to

differentiate between vital and dead cells, while a prominent method of staining dead
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cells, PI, did only poorly or failed to measure differences between vital cells and cells
lysed using different approaches. Our data emphasize that measuring [K*]ex with
GEPII 1.0 in combination with measuring ODsoo of cultures could represent a
valuable approach to estimate the amount of dead and vital cells within cultures
(217), without the need of staining agents such as PI, which can be toxic by
themselves (254).

Recombinant GEPII 1.0 even proved applicable for in vivo imaging using 2-photon
excitation. Thereby, the recombinant protein solution of GEPIl 1.0, which was
diffusing into the tissue, proved stable for at least 30 minutes and enabled dynamic
[K*]ex measurements in living animals (217). Such usage of recombinant GEPII 1.0,
or in general, recombinant proteins, will represent fast and reliable alternatives to
electrochemical electrodes, which are forced into the animal. In future, the usage of
GEPIIs may allow intra-vital microscopy in the extracellular surrounding of excitable
cells such as neurons and muscle cells, which will yield a better understanding of
cellular trans-membrane K* fluctuations in vivo. The experimental setup of keeping
the prepared tissue for imaging in a water-bath will additionally allow an immediate
manipulation of the extracellular fluid to apply pharmacologically active compounds

directly to the area of interest in vivo.

Importantly, GEPIlI 1.0 did not only prove applicable as a recombinant protein
allowing measurements of extracellular K* fluctuations, but even proved functional
upon the expression within mammalian cell lines. Calibration of the probe in situ
unveiled a slightly elevated ECso value of 0.8186 mM in comparison to the
calibration in vitro (217). Importantly, our experiments performed in situ unveiled that
physiologically relevant fluctuations of Na*, which are mostly associated with
changes in K* (244), do not affect K* sensing using GEPII 1.0. For the expression
within single living cells we also generated a red-shifted variant containing Clover
as a donor FP, and mRuby2 as FRET-acceptor. Upon the exchange of the FRET-
pair used in GEPIIs we observed a slight elevation of the ECso to 3.252 mM in situ.
The exact mechanism how the exchange of FPs alters the sensitivity of a genetically
encoded sensor remains elusive, has, however, already been observed earlier
(209). Our calibrations of GEPII 1.0 and R-GEPII 1.0 performed in situ demonstrated
the suitability of GEPIIs, containing the wild-type Kbp, to differentiate a [K*] range

between 0 — 100 mM K*, which would allow the intracellular visualization of K*
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alterations upon cell death. A similar approach of the development of a GFP/RFP,
based K* sensor referred to as KIRIN1-GR, was published recently (252). The
authors used Clover, a GFP variant as the donor FP and mRuby2, a RFP variant
representing the acceptor FP, to yield a construct identical with R-GEPII 1.0, with
Kbs of 2.56 mM + 0.01 mM in vitro for KIRIN1-GR versus 4.113 mM £ 0.73 mM for
R-GEPII in situ (252). However, the different mode of characterization, in vitro vs. in

situ, makes it difficult to compare the determined ECso values.

Nonetheless, vital cells maintain a steep K* gradient across their plasma membrane
(1), thus, we chose different approaches to desensitize GEPIIs for K* to enable the
investigation of physiologic intracellular K* fluctuations. It has already been
demonstrated recently, that genetically encoded probes can quite easily be adjusted
in their sensitivity by the introduction of point mutations within the analyte specific
binding domain (210,221). In the publication of Ashraf et.al. describing the structure
and function of Kbp, they did not investigate which amino acids of Kbp are directly
involved in K* binding (226). Thus, we assumed that negatively charged amino acids
located within the BON and LysM domain of Kbp might be responsible for the affinity
of Kbp to the positively charged K*. Upon exchange of most acidic amino acids
located either in the BON or LysM domain, respectively, we observed drastically
reduced affinity of GEPIIs for K*. The constructs referred to as Ic-BON GEPII 1.0
and lc-LysM GEPII 1.0 have either totally lost their K* binding affinity (lc-BON GEPII
1.0) or the affinity for K* was reduced ~ 70 fold (Ilc-LysM GEPII 1.0) (217).
Nonetheless, importantly, both variants remained unspecific for other ions having a
similar charge or size as K*. Further optimizations of the K* sensitivity for intracellular
K* imaging close to an ECso of 140 mM K" may be achieved by the specific

combination of single point mutations within both, the BON and the LysM domain.

As Kbp consists of two domains, BON and LysM, we further hypothesized that the
introduction of linkers of variable length between the two domains may reduce the
K* sensitivity of GEPIIs due to aggravation of their interaction. All constructs tested,
namely GEPII 2.7, GEPII 2.10 and GEPII 2.15, containing amino acid linkers of 7,
10 and 15 amino acids, respectively, showed reduced K* affinity (217). However,
these constructs have not been tested for their K* selectivity, as even single point

mutations in the actual K* binding pockets did not alter this aspect. Nonetheless, all
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constructs still possessed hill slopes close to 1, indicating that one protein of Kbp

was binding one K* ion (217).

Another approach, which has already proven highly suitable to refine the ligand
affinity of genetically encoded probes, is to perform error prone PCRs, which would
introduce random point mutations within the ligand binding domain (224,225). In
case of GEPIls, we decided to use rational design rather than stochastic
modification and yielded several constructs having lower affinity for K*. Nonetheless,
error prone PCR approaches may yield improved GEPIls with optimized Kps for

intracellular K* measurements or improved dynamic range.

Having identified the K* sensor variant with the lowest affinity for K*, Ic-LysM GEPII
1.0, we went on for its characterization upon expression within mammalian cells.
Interestingly, similar to GEPII 1.0, Ic-LysM GEPII 1.0 showed a drastically increased
ECso in situ to 60.95 mM compared to experiments performed in vitro (217). We also
generated a red-shifted variant of this probe, lc-LysM R-GEPII 1.0, which even
showed lower affinity. One explanation for the higher Kos of GEPIls upon expression
within cells might be the proteinaceous environment. However, further experiments
within single cells were performed using the CFP/YFP based probe due to the bigger
dynamic range of this variant. As expected, Ic-BON GEPII 1.0 did not respond upon
titration of increasing amounts of diverse ions, indicating the sensor is also a suitable

negative control for GEPIIs in situ (217).

Our first experiments performed with GEPIIs expressed in cells aimed to quantify
[K*]i. Upon expression of GEPII 1.0 and Ic-LysM GEPII 1.0 targeted to different
subcellular localizations, we observed organelle specific differences of the FRET-
ratio signal of different cellular compartments. Highest FRET-ratio values were
recorded from the nuclear- targeted, lowest FRET-ratio values from the
mitochondria- targeted GEPIllIs (217). These differences were absent upon
expression of Ic-BON GEPII 1.0, excluding artefacts caused by the targeting.
Additionally, all differences of GEPII 1.0 and Ic-LysM GEPII 1.0 were equalized by
membrane permeabilization (217). Interestingly, the differences of nuclear- and
cytosolic FRET-ratio signals were also evident upon expression of untargeted Ic-
LysM GEPII 1.0, localizing in the cytosol and nucleus of cells. Quantification of the

FRET-ratio values received upon expression of targeted Ic-LysM GEPII 1.0 resulted
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in cytosolic [K*] ~ 100 mM, nuclear [K*] ~ 200 mM and mitochondrial [K*] ~ 50 mM
for different cell lines (217). In each cell line, the highest [K*] was measured within
the nucleus of the cells. Although seeming controversial due to the presence of
nuclear pores permeable for proteins, already studies performed in the 1970s (46)
and 1980s (47) measured a higher [K*]nuc. In line with these observations is the
presence of a Na*/K* ATPases located within the nuclear envelope, which has been
demonstrated recently (43). There, the ATPase may generate a K* gradient towards
the nuclear membrane. Although apoptosis is inhibited by elevated [K*] andthe
higher [K*]nuc eventually may prevent DNA fragmentation (181) and apoptosis
initiation (180), experimental evidences for the physiological consequences of
higher [K*]nuc still remain elusive. However, the relative distribution of intracellular
[K*] was cell type specific, and may represent hallmarks of cancerous alterations.
All of our experiments performed to validate the results of higher [K*]nuc confirmed
the presence of an ATP consuming transport mechanism within the nuclear
envelope. While the cytosolic and nuclear FRET-ratio signal of GEPII 1.0, which
does not distinguish between [K*] of 100 mM to 140 mM, remained unaffected upon
treatment with 2-DG and ouabain, Ic-LysM GEPIl 1.0 reported organelle and
treatment specific differences. Within the cytosol, the FRET -ratio signal of Ic-LysM
GEPII 1.0 was affected by both, 2-DG and ouabain treatment, while the nuclear
FRET-ratio signal was only affected by the intracellular ATP depletion using 2-DG.
This experiments pointed to i) an ATP dependent K* accumulation within the
nucleus of HelLa cells, ii) being not abolished by ouabain treatment, which might not
be cell membrane permeable. However, further experiments to understand the

physiological importance of high [K*]nuc are inevitable.

To demonstrate the applicability of GEPIlls for the real-time visualization of
intracellular K* transients, we expressed Ic-LysM GEPII 1.0 in different
compartments of INS-1 cells (217). It has already been demonstrated recently, that
the depolarization of INS-1 cells results in an increase of the intracellular [Ca?*]
(247). We hypothesized, that this increase in intracellular [Ca?*] may open Kv or
KCa channels expressed within this cell line, as well as another pancreatic p-cell
line such as MIN-6. Indeed, our experiments showed a transient intracellular [K*]
reduction upon cell depolarization in both cell lines. Expression of GEPIls in
combination with genetically encoded Ca?* indicators allowed the correlation of
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intracellular Ca?* and K* signals for the first time. Importantly, the high sensitive K*
sensor GEPII 1.0 and Ic-BON GEPII 1.0 did not show the effect of a transient

cytosolic K* decrease (217).

We further aimed to characterize the transient cytosolic K* signal within INS-1 cells
using pharmacological modulators. All of our treatments tested, including the
removal of extracellular Ca?*, unspecifically blocking all K* channels using TEA,
blocking L-type Ca?* channels using nifedipine or buffering the increase in [Ca?*)i
drastically reduced the K* transient (217). These results led to the conclusion that
INS-1 cells express membrane potential dependent L- or T- type Ca?* channels
leading to a Ca?* influx upon cell depolarization, which, in turn, activated KCa
channels leading to the K* efflux from cells (217). Besides the visualization of
cytosolic K* transients upon depolarization, we aimed to investigate subcellular K*
fluctuations. Our experiments confirmed the assumption of concentration and
electrical gradients driving K* fluxes into energized mitochondria, pointing to an
effect of intracellular Ca?* elevations on mitochondrial K* homeostasis. Besides the
influence of Ca?* elevations on mitochondrial K*, our experiments pointed to an

impact on the nuclear K* equilibrium (217).

In future, GEPIIs will open new avenues of extra- and intracellular K* imaging in
vitro, in situ and in vivo, representing essential tools in (patho-) physiology and cell
biology research. By the usage of GEPIls, scientists could investigate the
pharmacological effects of a variety of K* channel modulators on global and (sub-)

cellular K* dynamics.
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7 Appendix

Appendix Table 1: Sensitivity and specificity parameters of GEPII 1.0 variants in vitro (i.v.) and in situ
(i.s.). Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications (217).

Limit of ECso Hill
GEPII detection [K*] Slope [E,\f:‘} E%i‘i [Eg"] [Eﬁi‘il [Eggs]
variant [K*] (mM) (mM) (K ; ; ; . .
iV iv/is. iv/is. (mM)iv. (MmM)iv. (MmM)iv. (mM)iv. (mM) i.v.
0.42/  0.83/1.1
GEPII 1.0 ‘ <0.01 - - - 1.38 5.06 1.94 -
Ic-LysM 3047/ 11712
GEPII 1.0 ‘ <10 60.95 2 - 42.58 - - -
Ic-BON
GEPII 1.0 i i i i i i

Appendix Table 2 Sensitivity parameters of R-GEPIIs in situ (i.s.)

GEPII Limit of detection ECso [K'] Hill Slope
variant [K*] (mM) i.s. (mM) i.s. (K*) i.s.
R-GEPII 1.0 \ <0.1 3.25 1.25
lc-LysM
R-GEPII 1.0 ‘ <3.0 75.12 0.8027

Appendix Table 3: Sensitivity parameters of GEPII 2.7, GEPII 2.10 and GEPII 2.15 in vitro (i.v.).
Reproduced from Bischof et al., 2017 with permission of publisher Nature Communications (217).

GEPII Linker Linker Amino Acid Limit of detection ECso [K*] Hill Slope

variant length sequence [K*] (mM) i.v. (mM) i.v. (K*) i.v.
GEPII 2.7 | 7 GGGGSGG <0.1 3.24 1.25
GEPII 2.10 ‘ 10 GGGGSGGGGS <0.1 4.39 1.27
GEPII 2.15 ‘ 15 GGGGSGGGGSGGGGS <0.1 8.59 1.16
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