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Zusammenfassung

Die Aufrechterhaltung und Regulation des intrazellularen pH-Wertes ist flr jede Zelle von
groliter Bedeutung, da viele wesentliche Stoffwechselprozesse auf einer streng kontrollierten
pH-Homoostase basieren. Letztendlich stdéren schon kleineste pH-Anderungen den
Zellstoffwechsel, indem sie wichtige Zellpfade beeinflussen und so verschiedene Krankheiten
férdern. Dabei spielen nicht nur intrazelluldre, sondern auch extrazellulare pH-Werte eine
wichtige Rolle. pH-Lemon, ein Sensor bestehend aus einem pH-stabilen und einem pH-
sensitiven fluoreszierenden Protein (FP), eignet sich hervorragend zur Visualisierung von
intrazellularen sauren pH-Werten. Die Lokalisation von pH-Lemon in sekretorischen Vesikeln
und Autolysosomen zeigte eine grof3e Heterogenitat der vesikularen pH-Werte. Reversible
Veranderungen dieser intravesikularen pH-Werte konnten in Echtzeit mit hoher Genauigkeit
gemessen werden. In Anbetracht der Anwendung von pH-Lemon zum Nachweis
extrazellularer pH-Werte wurden verschiedene Techniken entwickelt, um die
Zellmembranlokalisierung des Sensors zu erreichen. Neben der Expression von GPI-
verankertem pH-Lemon beschreiben wir neuartige Techniken, welche die Anwendung von
rekombinanten gereinigten genetisch codierten Sensoren umfassen. Die Immobilisierung
gereinigter Sensoren an der Plasmamembran lebender Zellen 6ffnet neue Turen flr noch
unbekannte Anwendungen genetisch codierter Sensoren. Daruber hinaus stellte sich unsere
Methode als ideal heraus, um rekombinante Sensorproteine auf Glasoberflachen zu
immobilisieren, was zu neuen Ansatzen auf dem Gebiet der Zellbiologie, Medizin und

Biotechnologie flihren konnte.



Abstract

The maintenance and regulation of intracellular pH levels is of utmost importance for every
cell, since many essential metabolic processes rely on a tightly controlled pH homeostasis.
Eventually, small pH alterations might disturb cell metabolism by affecting important cellular
pathways, thereby promoting various diseases. However, not only intracellular, but also
extracellular pH alterations play an important role. Hence, the determination and visualization
of intra- and extracellular pH values might lead to crucial insight into the development and
progression of various diseases. In order to measure pH levels and alterations with high
precision, we developed pH-Lemon, a pH indicator based on Férster resonance energy
transfer (FRET). pH-Lemon, a probe consisting of a pH stable and a pH sensitive fluorescent
protein (FP), is perfectly suitable for the visualization of intracellular acidic pH values.
Localization of pH-Lemon within secretory vesicles and autolysosomes revealed a great
heterogeneity of vesicular pH values. Reversible alterations of these intravesicular pH levels
could be measured with high precision in real-time. Considering the application of pH-Lemon
to detect extracellular pH levels, different techniques to obtain cell membrane localization of
the probe have been developed. Besides expression of GPl-anchored pH-Lemon, we describe
novel techniques comprising the application of recombinant purified genetically-encoded
sensors. The immobilization of purified sensors on the plasma membrane of living cells opens
new doors for yet unknown applications of genetically-encoded probes. Furthermore, our
method proved perfectly suitable for the immobilization of recombinant sensor proteins on
glass surfaces, leading to new approaches in the field of cell biology, medicine and

biotechnology.



1 Introduction

1.1 Intracellular pH homeostasis and regulation

The regulation of intracellular pH (pHi) values is of utmost importance to guarantee an intact
and functional cell metabolism, therefore, pH values are tightly controlled and regulated (1,2).
Hence, disturbances of pHi levels play a major role in the development and progression of
many different diseases (3—6). Recent evidences suggest that severe brain disorder such as
Alzheimer’s disease (AD) or Parkinson’s disease (PD) might be promoted by a pH imbalance
in the brain (6-8). Considering such serious consequences of pH dysregulations, the
determination of pH; values represents an important tool to gain a better understanding of the

complex interplay of pH and other metabolic processes.

1.1.1 pH homeostasis of mitochondria

The pH of intracellular organelles is widely spread over a huge pH range under physiological
conditions (9,10). Due to their role in cell metabolism, mitochondria represent a unique
compartment in terms of pH, harboring alkaline and acidic pH values in one organelle (11-13).
The mitochondrial matrix is known to be alkaline with pH values in the range of 7.6 to 8.0, while
it has been demonstrated, that the intermembrane space (IMS) contains mildly acidic pH
values (14—16). The events causing this pH gradient across the inner mitochondrial membrane
have already been described in 1961 by Mitchell et al.(16). Energy that is produced as a result
of the serial reduction of electrons is responsible for the generation of a hydrogen ion (H*)
gradient, due to the shuttling of H* against their gradient by complexes I, Ill and IV of the
respiratory chain from the mitochondrial matrix into the IMS. The pH gradient established by
the extrusion of H*, as well as the mitochondrial membrane potential (Wmiw), force H* to re-
enter the mitochondrial matrix. This re-entering is essential for the generation of adenosine-5'-
triphosphate (ATP) via the Fo/F1 ATP-Synthase located in the inner mitochondrial membrane
(IMM)(16—18). Besides H*, also other ions rely on the generated H* gradient in order to enter
the mitochondrial matrix (19-21). ATP-adenosine-5’-diphosphate (ADP) exchangers are
dependent on Wmio to fulfill their work, while sodium ion (Na*)/H* exchangers, as well as
potassium ion (K*)/H* exchangers, in contrast, rely on the H* gradient (22—-24). Alterations of
this sensitive homeostasis might have severe consequences. As an example, increased
mitochondrial calcium ion (Ca?*) levels result in a higher permeability of the IMM, which
eventually favors the opening of the mitochondrial permeability transition pore (mPTP).
Subsequent cytochrome c release will initiate the apoptotic cascade by activation of caspases,

finally resulting in programmed cell death (25,26).



1.1.2 pH homeostasis of the cytosol, the nucleus & the endoplasmic

reticulum

While the mitochondrial matrix represents the most alkaline compartment within a cell, the
cytosolic pH is slightly above neutral with pH values around 7.2 (27). This pH has to be tightly
regulated, as essential physiological processes would cause pH alterations (28). As an
example, glycolytic activity has the potential to cause elevated H* levels within the cytosol,
leading to decreased intracellular pH values (28-30). If not regulated, many intracellular
processes might be impaired, since several enzymes located in the cytosol rely on controlled
pH values to fulfill their role. Furthermore, ion transporters and channels have also been
described to function in a pH dependent manner (31-34). Therefore, the cell is in need of
complex regulation systems to control the intracellular H* concentration ([H*])). Due to their H*
buffering capacity, intracellular weak acids and bases, as well as phosphate groups are
responsible for regulating pH levels (27). Another mechanism for buffering excess cytosolic H*
consists of the bicarbonate buffering system. Hydrogen carbonate (HCO3") is generated upon
hydration and deprotonation of carbon dioxide (CO-) and effectively binds excess H* in order
to generate CO2, which is membrane permeable and can easily pass the cell membrane (35—
37). Cells furthermore possess several other possibilities to restore intracellular pH, comprising
different H* transporters (38—40). These transporters are located within the plasma membrane
of most cells as well as the membranes of some intracellular vesicles, and mostly represent
exchangers of alkali metal cations against H* (41,42). While there are many different types
known in mammalian cells, especially the Na*/H* Exchanger 1 (NHE1) located at the plasma
membrane plays an important role in pH homeostasis (43—45). The exchanger thereby utilizes
the Na* gradient comprising high extracellular and low intracellular Na* concentrations ([Na*]).
This difference is responsible for the exchange of Na* against H* via NHE1, causing effective
deprotonation of the cytosol (46,47). Considering increased lactate and pyruvate production
during glycolysis, H*-monocarboxylate co-transporters (MCTs) manage the export of glycolytic
products by co-transporting H* out of the cell (48,49). Nonetheless, to ensure cellular pH
homeostasis, also alkalinization of the cytosol has to be prevented. Hence, cells are also
capable of importing acidic loads to restore physiological pH levels (50). Although the
cytoplasmic pH has been extensively studied over the last years, the nuclear pH is still an
ongoing debate. While some might hypothesize that the pH is similar to the cytosol due to
possible free diffusion of H*, other groups reported that there is indeed a pH gradient between
the nucleus and the cytosol that seems to be tightly regulated (51-53). Experiments using
fluorescent dyes targeted to the endoplasmic reticulum (ER) also revealed a neutral pH within

this organelle, similar to the pH found in the cytosol (54,55).



1.1.3 pH homeostasis of the Golgi complex

Considering the high dynamics of the Golgi complex, the pH of this compartment remained a
mystery for quite a long time. Glickman and colleagues were the first to determine Golgi pH
levels using electron microscopy in combination with N-{3-[(2,4-Dinitrophenyl)amino]propyl}-
N-(3-aminopropyl)methylamine dihydrochloride (DAMP), a compound accumulating within
acidic structures (56). Since then, different methods and techniques have been developed to
accurately determine the different pH levels of the cis-Golgi with a pH of around 6.8, while the
trans-Golgi possesses more acidic pH of around 6.0 (57-59). As the pH level of the Golgi
complex is more acidic than the cytosol, the Golgi membrane requires H* pumps or -channels
for establishing the mild acidic pH. Two of these regulators represent the vacuolar-type H*
adenosine phosphatase (V-ATPase), a H* pump located within the membrane of the Golgi
apparatus, that is responsible for the generation of mild acidic pH levels within the Golgi lumen,
and the counter-ion transport of chloride ions (CI-)(60,61). However, the Golgi seems to have
another mechanisms regulation pH, as H* leaking back into the cytosol are thought to prevent
the compartment from reaching an unphysiological H+ concentration [H*] (60). Although Golgi
pH is known to regulate important functions such as secretion, trafficking and protein sorting,

the distinct roles of membrane transporters are still not fully characterized (62,63).

1.1.4 pH homeostasis of intracellular vesicles

In contrast to other organelles found in mammalian cell, the pH of most intracellular vesicles is
low to highly acidic, which is crucial for these structures to fulfill their roles. These vesicles
originate from different sources and belong to different pathways. Nonetheless they work

together within a complex interplay to regulate cell homeostasis (61,64,65).

I. Secretory vesicles

In order to transport essential components towards the cell membrane, secretory vesicles are
formed by the ER or by the Golgi complex containing the cargo that should be delivered (66).
However, the transported cargoes can differ widely. Not only plasma membrane proteins are
packed into vesicles to reach their final localization, also secretory proteins such as hormones
reach the extracellular space by vesicular transport (66,67). Important communication between
cells is possible due to vesicle release by the cell. As an example, neuronal vesicles, containing
neurotransmitters, fuse with the synaptic membrane for subsequent release of their cargo into
the synaptic cleft, enabling signal transduction (68,69). One hallmark of cellular secretion is
the transition of vesicular pH values during transport and the maturation of vesicles from the

Golgi towards the plasma membrane.



While newly synthesized vesicles that emanated from the Golgi complex are thought to have
a similar pH than the Golgi itself, vesicles acidify upon transport to the cell membrane. As a
result, vesicular pH values range from mildly acidic towards a pH of 5.5 (57,58,70). The
characteristic acidification of these vesicles is caused by V-ATPases present in their
membrane, that pump H* from the cytosol into the lumen of the vesicle (71). In order to prevent

excessive acidification, CI' channels counteract too low pH levels (72).

ii. Endosomes and lysosomes

In order to recycle parts of the plasma membrane and/or to take up extracellular components
cells also undergo endocytosis (73). The endocytic pathway consists of several compartments,
namely early endosomes (EEs), late endosomes (LEs) and lysosomes, however, all of these
vesicular subpopulations fulfill different roles (74). In the early stage of endocytosis, the plasma
membrane buds mainly at clathrin coated regions to from a vesicular structure (75). However,
the destination of these vesicles is quite diverse. The newly formed vesicles deliver the cargo
to EEs, which, in turn, are responsible for either recycling the cargo directly back to the
membrane or for delivering the content to recycling endosomes, that are capable of traveling
toward the membrane for re-use of the delivered content (76-80). However, not all cargoes
located within EEs are recycled back to the plasma membrane. Upon conversion of the EE to
the more acidic LE, possessing pH values of 5.5, the cargo is delivered towards the perinuclear
region with high lysosomal density (81). Eventually, the endosomal membrane might form
intravesicular vesicles (ILVs) by budding inward or by fusion with other endosomes to generate
multivesicular bodies (MVB). As a result of the increasing number of ILVs, the endosomes
grow and go through further maturation for final fusion with highly acidic lysosomes (82—-84).
This fusion creates endo-lysosomal vesicles with highly acidic pH values, which is essential
for the activity of lysosomal hydrolases (66,85). After successful degradation, the remaining

lysosome represents a storage pool for hydrolases and membrane components (86).

1.2 Lysosomes and their involvement in autophagy

One major cellular pathway that is dependent on lysosomes and acidic pH is represented by
autophagy (87). Cells usually possess sophisticated sensing mechanisms to recognize nutrient
availability and glucose levels that are important to guarantee ATP production (88,89).
Conditions where the extracellular glucose concentration or nutrient availability is restricted or
even diminished would lead to a severe metabolic crisis of cells (90). To counteract such
nutrient shortages, cells are capable of generating essential cellular building blocks for cell

metabolism and energy production by autophagy (91).
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As aresult of ongoing starvation, the mammalian target of rapamycin (mTOR), a central energy
sensor within the cell, is inhibited, leading to autophagy induction via a highly organized
signaling cascade (92,93). At the end of this process, the interplay of different autophagy
related genes (ATG) and the microtubule-associated proteins 1A/1B light chain 3B (LC3B)
results in the formation of an autophagosomal vesicle that either carries selected or random
cargo destined for degradation (94—-97). During autophagic flux, the neutral autophagosomes
fuse with acidic lysosomes in order to degrade the intravesicular components, finally leading

to the production of energy for the cell and its metabolic processes (91).

1.3 Role of V-ATPase in vesicular acidification

Acidic pH values are a hallmark of intracellular vesicles and the Golgi complex. Responsible
for the acidification are ion channels and pumps that are located within the membrane, as they
facilitate the accumulation of H* within the Golgi and vesicles, thereby acidifying the lumen.
However, their localization is not limited to vesicles, hence, they can be found within different
intracellular membranes. One prominent candidate is the well described V-ATPase, a multi-
subunit complex with diverse composition, depending on the compartment (98,99). In general,
the H* pump consist of two big parts, the membrane sector V, and the catalytic sector V4
subunit. While the Vo subunit is located within the membrane, the V; subunit acts as a
peripheral complex without integration into the vesicular bilayer. Together, these subunits
cause vesicular lumen acidification (98). The Vo subunit is responsible for H* translocation
across the membrane, while V4 hydrolyses ATP, thereby generating the force needed to pump
H* inside the compartment (100). However, the different pH levels of compartments
possessing V-ATPases might be regulated by their density within the membranes. According
to that theory, the Golgi complex is likely to have less V-ATPases within the Golgi membrane
than vesicles that are capable of acidifying their lumen to a higher extend (60). However, direct
evidence of different H* pump densities are largely missing, possibly also due to the constant
dynamic release and uptake of vesicular structures. While it is still questionable, whether the
pump density is responsible for the wide pH range throughout the secretory pathway, also the
activity of V-ATPases might be regulated by intrinsic signals. Experiments performed in the
past would, therefore, explain the different [H*] found in secretory vesicles as a result of
assembly and disassembly of the Voand V4 subunit. The first experiments suggesting that the
Vo and V1 subunit assembly could be the missing link were performed in yeast, where a high
rate of disassembly of the Vo and V; subunits was described upon glucose removal (101). In
general, V-ATPase activity also seems to be regulated by various other means, as aldolase

activity was described to regulate V-ATPase expression (102).
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Binding of the “regulator of the H*-ATPase of the vacuolar and endosomal membrane” (RAVE)
complex to the Vi subunit, as well as redox changes are thought to act as regulatory
mechanisms (103,104). Nowadays, several V-ATPase inhibitors are available (105). However,
one of the most commonly used inhibitors is bafilomycin-A (Baf-A), a macrolide antibiotic that
inhibits the V-ATPase and prevents H* from entering the vesicles (106—108). Bowman et al.
firstly described in 1988, that Baf-A was suitable to differentiate between different ATPase
enzymes, as they reported that Baf-A only inhibited the V-ATPase. Hanada et al. suggested
that the binding site of Baf-A is located within the Vo complex (109). These hypothesis was
confirmed by other groups, as they showed that Baf-A inhibited H* flux through the Vo complex,

whereas the H* pump activity could be restored upon addition of excess Vo (110,111).

1.4 Cellular pH dyshomeostasis

While the tight regulation of pH; is important for every cell, especially pH; dysregulations in
neurons have been described in more detail, since several commonly known diseases that
affect a great percentage of the population are related to an altered neuronal pH homeostasis
(112,113). Hence, understanding the molecular mechanisms behind these diseases is

extremely important in order to design and develop valuable treatment strategies (114).

Considering neuronal excitability, alkaline pH values in the brain are thought to increase the
excitability, while acidification has been reported to have the contrary effect (115). However,
one must take several factors into account that eventually promote disease conditions. As an
example, it has been reported that mild levels of cytosolic acidosis (pH 7.0 to 6.5) even seem
to reduce neuronal cell death induced by glutamate and might decrease ischemic injury
(116,117). Only some of many examples of diseases that are associated with dysregulated
neuronal activity are multiple sclerosis, PD and AD (112,113,118). The effective clearance of
amyloid beta peptides is dependent on functional degradation within neurons (119). These
mechanisms seem to be impaired during Alzheimer’s disease, as a downregulation of the
Na‘*/H* exchanger NHE6 has been reported to be responsible for increased endosomal
acidification. Methods to restore NHE6 expression could, therefore, represent a target for the
effective degradation of amyloid beta, thereby preventing the disease or serving as an effective
treatment strategy (120). While alkaline pH is known to prevent apoptosis in cells, acidification
directly promotes cell death (121). Ibaretta et al showed that an acid load effects lymphoblasts
from AD patients to a greater extent than control cells. This would lead to the hypothesis that
the H* buffering capacity and the extrusion of H* might be impaired in AD, finally causing

increased cell death (8).
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1.5 Cell metabolic activity affects extracellular pH

Many different metabolic processes are capable of producing H* that eventually could lead to
decreased pHex. Especially skeletal muscle and adipose tissue cells represent cells of high
glycolytic activity, thereby producing high amounts of lactic acid (122—124). Eventually, due to
the low acid dissociation constant (pKa), lactic acid dissociates to lactate and H* that can be
released from the cell via H+ transporters (125). While lactate is the main source of
extracellular acidification during glycolysis, also CO. generated during respiration is an
alternative cause of extracellular acidification. Upon conversion to carbonic acid (H2COs),
which dissociates to HCO3 and H*, CO, might contribute to extracellular pH (pHex) alterations
(29). While high lactate production might be a normal event within cells like skeletal muscle
cells, excessive lactate production and secretion is furthermore a hallmark of cancer cells
(126,127). Especially tumor cells mainly produce energy via glycolysis, a process known as
Warburg effect, which causes elevated intracellular lactate levels (128,129). Extrusion of
lactate and H* by the previously mentioned transporters inevitably leads to an increase of pH;
and an acidification of the pHex within the tumor microenvironment (TME), which in turn has
been described to be beneficial for cell proliferation, metastasis formation and treatment
resistance (130-132). The control and re-establishment of dysregulated pH levels, therefore,
seems to be a promising target for novel therapies. Hence, measuring pH and other ions within
local extracellular fluids is of utmost importance to better understand complex networks and

their interplay

1.6 Genetically encoded pH sensors

Over the last years, many genetically-encoded sensors have been developed to measure a
plethora of different ions and metabolites. Besides probes sensitive for calcium ions (Ca?*), K*,
magnesium ions (Mg?*) or ATP, also several pH sensors have been developed (133-136). pH
sensors can either work as single fluorescent protein (FP)- or double FP-based sensors
(11,137). The use of intensiometric single FP-based sensors rather allows the detection of pH
changes in a qualitative manner, as the quantitative determination of pH changes is
challenging due to the absence of a normalization reference (138). However, some single FP
probes provide and allow a ratiometric read-out that is either ratiometric by excitation or by
emission (138,139). Such principles allow the determination of pH values and their changes.
Nonetheless, probes relying on the Forster resonance energy transfer (FRET) principle still
represent the gold-standard of genetically-encoded probes, due to their facile calibration
(137,140). Mostly the FRET donor is represented by a cyan fluorescent protein (CFP) or a
green fluorescent protein (GFP), while yellow fluorescent proteins (YFP) and red fluorescent
proteins (RFP) act as FRET acceptors (141).
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Usually the donor and acceptor are connected via an ion- or analyte binding domain that is
capable of binding the analyte of interest in a highly specific and sensitive manner. Upon
binding, the domain usually undergoes a conformational change, yielding a reduction of the
distance between the FPs. As a consequence, the donor fluorescence emission decreases,
while the FRET emission increases (134,136). In contrast to sensors containing a specific
analyte binding domain, the most commonly used FRET-based pH sensors are not dependent
on conformational changes. In contrast, these sensors consist of one pH sensitive and one pH
insensitive FP. Due to a quench of the fluorescence ability of the pH sensitive FP upon
protonation, FRET changes can be detected and serve as a read-out for pH alterations
(137,142).

The first genetically-encoded pH probe, pHluorin, was introduced by Miesenbdck and
colleagues (138). The ratiometric GFP derived probe was used as a reporter for fusion of
vesicles with the plasma membrane upon secretion. Due to the acidic pH within secretory
vesicles, the GFP fluorescence is quenched during transport, while fusion with the plasma
membrane and release into the neutral extracellular space caused a dramatic increase of the
fluorescence (138). Considering mitochondrial pH levels, the YFP derived probe SypHer is
perfectly suitable to detect pH changes within mitochondria, due to its relatively high pKa of
8.0 (11). Recently, two improved SypHer variants were introduced, while especially the third
generation, Sypher3s, displays enhanced brightness and a big dynamic range (143,144).
Another frequently used probe for pHi measurements is pHRed, a red fluorescent variant that
was developed by Tantama et al, possessing a pKa around 6.6 (145). pHRed was targeted to
mitochondria and measured in combination with a cytosolic ATP/ADP ratio sensor to examine
the link between cell metabolism and mitochondrial pH levels (145). Besides pHRed,
pHTomato represents another red shifted pH probe that facilitates multi-color imaging due to

only one excitation wavelength (146).

An example of a FRET-based pH indicator was developed by Esposito and colleagues using
the ECFP-EYFP FRET-pair for the determination of acidic to neutral pH values (137). They
used a construct named Cy11.5 as a template for the generation of different pHlameleon
variants with pKa values from 5 to 7. However, the applicability of these FRET-based indicators

upon targeting to distinct subcellular compartments remains elusive (137).
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1.7 Strategies for extracellular sensor immobilization

Considering the extracellular acidification caused by metabolic activities of cells, measuring
pHex Might help to design and generate novel approaches to counteract or stabilize cellular pH
homeostasis. However, many pH indicators have only been used for the determination of pH;
values so far (137,147). In order to precisely measure pHex close to the cell membrane, sensors
need to be located near the plasma membrane facing the extracellular space. In theory, this

can be achieved using different approaches.

One possibility to locate sensors at the outer side of the plasma membrane is the addition of a
glycosylphosphatidylinositol (GPI) anchor (148,149). Such targeting can be achieved by the
addition of the cadherin 13 (CDH13) membrane targeting sequence on the N-terminal end,
while the sequence for a GPIl-anchor is added at the C-terminal end of a sensor (149,150).
Expression of such constructs should result in glycosylation of the GPIl-anchor within the ER
with further transport to the Golgi. Secretory vesicles, emanating from the Golgi complex
transport the construct to the plasma membrane, where the GPIl-anchor inserts at the outer
side (149,150). In theory, every transmembrane protein that has at least one terminus located
toward the extracellular space could potentially serve as a carrier for the pH sensor (151).
However, it is much more complex, since overexpression of huge transmembrane proteins
could possibly disturb the membrane flexibility and impair normal cell homeostasis (152,152).
Hence, the choice of a targeting sequence that affects the cell physiology and morphology only

by minimal ways is essential to obtain meaningful results.

Besides expression of the construct, sensors can also be “loaded” onto the cell surface.
Recently, a sophisticated method based on membrane insertion has been described,
comprising a pH low insertion peptide (pHLIP) (153). Anderson and colleagues used this
method to locate a pH sensing chemical dye to the plasma membrane. The pHLIP peptides

benefit from their characteristic of membrane insertion in a pH dependent manner.

Slightly acidic pH results in protonation of asparagine and glutamine residues within the
peptide, thereby increasing its hydrophobicity. The low pH helps membrane associated folding
with subsequent membrane insertion of the peptide. Finally, the N-terminal end is located
within the extracellular space, while the C-terminal end is located within the cytosol. The
dissociation of the peptide has been described to be very low, even if the pH is raised again
(153).

Immobilization of fluorescein isothiocyanate (FITC), a chemical pH probe, has already been
achieved by using an amphiphilic polymer. The poly(ethylene glycol) (PEG)-phospholipid is

spontaneously inserted into the cell membrane due to its hydrophobic alkyl chains (154).
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Another method for targeting the cell membrane is represented by Ke and colleagues, who
used lipid-DNA consisting of a hydrophobic diacyl-lipid part and a hydrophilic DNA, fused to a
pH sensitive dye (155). Interaction of the membranous phospholipids with the hydrophobic tail
of the constructs thereby results in immobilization of the probe at the plasma membrane. Due
to the hydrophilic structure, the DNA fused to the probe is outward-facing the extracellular

space (155).

One further well-known possibility for immobilization represents the biotin-avidin interaction
(156). This technique has already been used for co-immunoprecipitation, pull-down assays as
well as for biotinylated antibodies, to target cell surface receptors (157-159). However, some
recently developed techniques exploited the strong non-covalent bond of biotin and avidin also
for immobilization of quantum dots on the cell surface (160). To achieve high biotinylation rates
of the plasma membrane, the use of a biotin acceptor peptide (AP) is highly advantageous.
While several different peptides exist, the 15 amino acids long AviTag is probably the most
frequently used AP (161,162). If the AviTag is fused to, for example, a transmembrane protein,
the peptide is exposed at the cell surface for further biotinylation using the recombinant purified
Escherichia coli (E.coli) biotin ligase (BirA) enzyme, that can be added to the extracellular

medium in order to biotinylate the AviTag (160).

In contrast to adding purified BirA to the cells, several groups reported that BirA targeted to the
ER very efficiently biotinylates the AP, if both proteins are present within the ER lumen
(163,164). Co-expression of the AP fused to a membrane leading sequence together with ER-
targeted BirA, therefore, leads to biotinylation of the AP in the ER lumen, subsequent transport
to the Golgi and packaging into secretory vesicles. When reaching the cell surface, the biotin
located at the AP is exposed to the extracellular space and can be bound by the avidin
counterpart (163,164). Besides avidin, also streptavidin and traptavidin are capable of binding
to biotin. Considering the high thermo- and pH-stability, streptavidin features some advantages
compared to avidin (165,166). Recently developed traptavidin has been described to feature

even lower dissociation rates over a long time and a high temperature and pH stability (167).

The fact that genetically-encoded probes are suitable to measure extracellular analyte
alterations as recombinant proteins has been demonstrated recently (134). Nonetheless, they
have never been applied after immobilization, which would drastically enhance our

understanding of local ion and analyte alterations.
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2 Materials and Methods

Parts of this section are reproduced in part or modified with permission from Burgstaller et al.,
2019 © American Chemical Society (176)

2.1 Chemicals, Buffers and Solutions

2.1.1 Chemicals

Agar—-Agar Kobe |, Bacterial Protease Inhibitor Cocktail, CaCl,, D-Glucose, HCI (30%), HEPES,
KCI, KH2PO4, MgCl,, NaCl, NaH2PO4, NaOH, Triton X-100, Trypton/Pepton, and Yeast Extract
were purchased from Carl Roth (Graz, Austria). Agarose was purchased from Carl Roth (Graz,
Austria). B-D-1-thiogalactopyranoside (IPTG), Bafilomycin-A, Benzonase Nuclease, Biotin,
Dulbecco’s Modified Eagle’s Medium (DMEM), Gramicidin, Imidazole, Isopropyl-Beta-D-
Thiogalactoside (IPTG), Monensin, 2-(N-Morpholino)Ethanesulfonic Acid (MES), NaNs, NH4Cl,
3-(N-Morpholino) Propanesulfonic Acid (MOPS) ), N-Methyl-D-Glucamine (NMDG) and Triton
X-100 were purchased from Sigma Aldrich (Vienna, Austria). Fetal calf serum (FCS),
Fungizone, Gibco RPMI 1640 cell culture medium, MEM Glutamax Supplement, MEM Amino
Acids, Penicillin, Protino Ni-NTA Agarose, and Streptomycin were purchased from
ThermoFisher Scientific (Vienna, Austria). Nigericin was purchased from Tocris (Abingdon,
United Kingdom).

2.1.2 Buffers used for protein purification

Buffer formulations to purify recombinant proteins expressed in E.coli were as followed: Lysis
buffer (in mM): 150 NaCl, 100 Na;HPO4, 10 Imidazole, 250 units Benzonase Nuclease, 100 pl
of Bacterial Protease Inhibitor Cocktail (diluted according to the manufacturer’s protocol), pH
8.0. Washing buffer 1 (in mM): 100 Na2HPQO4, 150 NaCl, 20 Imidazole, pH 8.0. Washing buffer
2 (in mM): 100 Na;HPO., 1000 NaCl, 20 Imidazole, pH 8.0. Purification buffer (in mM): 100
Naz;HPO4, 150 NaCl, 300 Imidazole, pH 8.0. Elution buffer for size exclusion chromatography
(SEC buffer) for recombinant pH-Lemon variants (in mM): 10 HEPES, 0.05% Triton X-100, pH
7.3 with N-Methyl-D-Glucamine (NMDG). SEC buffer for recombinant Traptavidin-fusion
constructs (in mM): 10 HEPES, pH 7.3 with NMDG.
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2.1.3 Buffers used for the characterization of recombinant sensors

SEC buffers with different pH values containing Triton X-100 were used for the characterization
of the recombinant purified sensors pH-Lemon (=mTurquoise2-EYFP), EYFP-mTurquoise2,
mTurquoise2-EYFP-mTurquoise2 and SypHer. To characterize traptavidin-pH-Lemon, pH
buffers without Triton X-100 were used. SEC buffers containing different concentrations of K*,
were used for in vitro measurements of traptavidin-GEPII 1.0. To obtain different [K*], KCI was
added to SEC buffer. 10 mM MES was used for the adjustment of pH values below 5.5, and
10 mM MOPS was used for adjustment of pH values above 9.0. The pH was adjusted either
using HCI or NMDG to different pH levels for the characterization of the pH probes, or to a pH

of 7.3 for measurements of the traptavidin-GEPII 1.0-construct.

2.1.4 Buffers used for fluorescence microscopy

Before fluorescence microscopy experiments, all cells expressing pH-Lemon constructs
(excluding traptavidin-constructs) were washed and stored for 30 min in a HEPES-buffered
solution (storage buffer) containing 138 mM NaCl, 5 mM KCI, 2 mM CaClz, 1 mM MgCl;, 10 mM
HEPES, 2.6 mM NaHCO3, 0.44 mM KH2PO4, 0.34 mM Na;HPO4, 10 mM D-glucose, 0.1%
vitamins, 0.2% essential amino acids, and 1% penicillin—streptomycin, pH adjusted to 7.4 with
NaOH. For fluorescence microscopy, a physiological buffer containing (in mM) 138 NacCl, 10
D-Glucose, 5 KCI, 2 CaCl,, 1 MgCl,, pH adjusted to 7.4 with NaOH was used. For the
characterization of pH-Lemon variants and SypHer in situ regarding their ECso values, 5 uyM
Nigericin and 10 yM Monensin were added to the physiological buffer and the pH was adjusted
using HCI or NaOH to different pH values ranging from 4.0 to 10.0, containing either (in mM)
10 MES (for adjustment of pH <5.5), 10 HEPES (for adjustment of pH 5.5-9.0) or 10 MOPS
(for adjustment of pH >9.0). In order to neutralize acidic vesicles, the neutralization buffer was
composed of a modified physiological buffer with addition of 0.5% NaNs; (Sigma Aldrich) and
50 mM NH4CI (Sigma Aldrich), pH adjusted to 9.0, NaCl reduced to 80 mM to maintain the
osmolarity. Phosphate buffered saline (PBS) was composed of (in mM) 137 NaCl, 2.7 KClI, 10
Naz;HPO4, 1.8 KHoPO,4 with the pH adjusted to 7.4.
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2.2 Design of sensor constructs

2.2.1 pH-Lemon sensor cloning and subcellular targeting

For cloning procedures, chemically competent 10-beta E.coli cells and restriction enzymes
purchased from New England Biolabs (Ipswich, MA, USA) were used. To generate differently
targeted pH-Lemon variants, primers were obtained from ThermoFisher Scientific. PCR
reactions were performed using Herculase Il fusion DNA polymerase (Agilent, Santa Clara,
USA). For all PCR reactions the manufacturer’s instructions were followed. The plasmid vector
pcDNAS3.1(-) served as the backbone for the construction of the differently targeted pH-Lemon
variants. Addition of the sequence LPPLERLTL (from GP41 human immunodeficiency virus)
(Tab. 1) using the HindllI-Stop-NES-EYFP_rev and EcoRI-EYFP_for primer pair (Tab. 2), led
to a cytosolic localized pH-Lemon variant. In order to target pH-Lemon into the lumen of
mitochondria, the N-terminus of pH-Lemon was fused to a commonly used mitochondrial
targeting sequence derived from COX8 (Tab. 1), which was used as a tandem dimeric repeat
to improve targeting efficiency. After fusion of the N-terminus of pH-Lemon to the calreticulin
(CaR) targeting sequence, and the C-terminus to the ER retention signal (KDEL) (Tab. 1), pH-
Lemon was targeted into the lumen of the ER. For the generation of the ER-targeted construct,
the primers Nhel-CaR-mT2_for and HindllI-Stop-KDEL_rev (Tab. 2) were used. Fusion of the
C-terminal end of pH-Lemon to the outer mitochondrial membrane (OMM) protein OMP25
targeting sequence led to a localization at the OMM (Tab. 1). HeLa cell cDNA was used for
cloning of LC3B (Tab. 1) into pcDNAS3.1(+) as vector backbone (ThermoFisher Scientific) using
the primer pair EcCoRI-LC3B_for and Xhol-Stop-LcC3B_rev (Tab. 2). After fusion of LC3B to
the C-terminal end of pH-Lemon, the sensor was targeted to autophagosomes and
autolysosomes. mTurquoise2 and EYFP were cloned into the LC3B containing vector using
the primers Nhel-mT2_for, BamHI-Linker-mT2_rev, BamHI-EYFP_for and EcoRI-EYFP_rev
(Tab. 2). In order to target pH-Lemon to the outer side of the plasma membrane, a GPI-anchor
was used (Tab. 1). Therefore, pH-Lemon was flanked with the membrane leading signal (MLS)
at the N-terminal end derived from CDH13 and with the GPI-anchor at the C-terminal end (Tab.
1). For this purpose, the primer pairs MLS1-Xhol-mT2_for / EcoRI-Linker-mT2_rev, and Nhel-
MLS2_for / EcoRI-Linker-mT2_rev were used for the amplification of mTurqoiuse2 with the
MLS of CDH13 attached (Tab. 2). GPI1-KpnI-EYFP_rev / EcoRI-EYFP and Hindlll-Stop-
GPI12_rev/ EcoRI-EYFP primer pairs (Tab. 2) were used for the amplification of EYFP, followed
by ligation of MLS-mTurquoise2 PCR product into pcDNA3.1(-) vector. All constructs were
confirmed for the correctness of their sequence by Sanger sequencing carried out by

Microsynth (Vienna, Austria).
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Table 1: Nucleotide sequences for cloning different pH-Lemon constructs. Table was reproduced

in part and modified from Burgstaller et al., 2019 with the permission of the publisher ACS Sensors.

SENSOR PART

SEQUENCE

Glycin-Serine (GS) Linker

GGTGGAGGCGGTAGC

Mitochondrial targeting

sequence (MTS)

ATGTCTGTTCTGACTCCTCTGCTGCTCCGGGGTCTCACAGGTTCC
GCAAGAAGACTCCCCGTGCCTAGGGCCAAAATTCATTCACTGGG
GGACCCCATGAGCGTGCTCACCCCACTCCTGCTGCGGGGGCTGA
CCGGCAGCGCTAGGCGGCTGCCAGTCCCCAGGGCCAAGATCCA
CAGTCTCGGCGATCCCAAGGATCCACCGGTCGCC

CDH13 leading sequence

ATGCAGCCGAGAACTCCGCTCGTTCTGTGCGTTCTCCTGTCCCAG
GTGCTGCTGCTAACATCTGCAGGATCC

GPIl-anchor

GACTGCAACGCGGCAGGGGCCCTGCGCTTCAGCCTGCCCTCAGT
CCTGCTCCTCAGCCTCTTCAGCTTAGCTTGTCTG

ER targeting sequence

ATGCTGCTGCCCGTCCCCCTGCTGCTGGGCCTGCTGGGCGCCG
CCGCC

ER retention site

AAGGACGAGCTG

OMP25 targeting sequence

CGAGGCGACGGAGAGCCGAGTGGAGTTCCTGTAGCTGTGGTGCT
GCTGCCAGTGTTTGCCCTTACCCTGGTAGCAGTTTGGGCCTTCGT
GAGATACCGAAAGCAGCTC

Nuclear exclusion sequence

TTGCCTCCATTAGAACGATTGACGTTA

LC3B

ATGCCGTCGGAGAAGACCTTCAAGCAGCGCCGCACCTTCGAACA
AAGAGTAGAAGATGTCCGACTTATTCGAGAGCAGCATCCAACCAA
AATCCCGGTGATAATAGAACGATACAAGGGTGAGAAGCAGCTTCC
TGTTCTGGATAAAACAAAGTTCCTTGTACCTGACCATGTCAACATG
AGTGAGCTCATCAAGATAATTAGAAGGCGCTTACAGCTCAATGCT
AATCAGGCCTTCTTCCTGTTGGTGAACGGACACAGCATGGTCAGC
GTCTCCACACCAATCTCAGAGGTGTATGAGAGTGAGAAAGATGAA
GATGGATTCCTGTACATGGTCTATGCCTCCCAGGAGACGTTCGGG
ATGAAATTGTCAGTG
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Table 2: Primers used to generate pH-Lemon constructs. Table was reproduced in part and modified

from Burgstaller et al., 2019 with the permission of the publisher ACS Sensors.

PRIMER

SEQUENCE

Hindlll-Stop-NES-EYFP_rev

TTTAAGCTTATAACGTCAATCGTTCTAATGGAGGCAACTTGTACAG
CTCGTCCATGC

EcoRI-EYFP_for

AAAGAATTCATGGTGAGCAAGGGCGA

Nhel-CaR-mT2_for

GCTAGCATGCTGCTGCCCGTCCCCCTGCTGCTGGGCCTGCTGGG
CGCCGCCGCCGACTCGAG

TATGGTGAGCAAGGGCGAGG

Hindlll-Stop-KDEL _rev

TGTTAAGCTTACAGCTCGTCCTTCTTGTACAGCTCGTCCATGC

Nhel-mT2_for

AAAGCTAGCTATGGTGAGCAAGGGCGA

BamHI-Linker-mT2_rev

AGCGGATCCCGCTACCGCCTCCACCCTTGTACAGCTCGTCCATG

EcoRI-Lc3b_for

AAGGAATTCATGCCGTCGGAGAAGACC

Xhol-Stop-Lc3b_rev

AGACTCGAGTTACACTGACAATTTCATCCCG

BamHI-EYFP_for

AAAGGATCCATGGTGAGCAAGGGCGA

EcoRI-EYFP_rev

TTTGAATTCCTTGTACAGCTCGTCCATGC

GPI1-Xhol-mT2_for

CTGTGCGTTCTCCTGTCCCAGGTGCTGCTGCTAACATCTGCAGGA
TCCCTCGAGTATGGTGAGCAAGGGCGAGG

Nhel-GPI2_for

AGATCTAGAATGCAGCCGAGAACTCCGCTCGTTCTGTGCGTTCTC
CTGTCC

EcoRI-Linker-mT2_rev

AGCGAATTCGCTACCGCCTCCACCCTTGTACAGCTCGTCCATG

GPI1-Kpnl-EYFP_rev

CTGAGGGCAGGCTGAAGCGCAGGGCCCCTGCCGCGTTGCAGTC
GGTACCCTTGTACAGCTCGTCCATGC

Hindlll-Stop-GPI2_rev

AGCAAGCTTACAGACAAGCTAAGCTGAAGAGGCTGAGGAGCAGG
ACTGAGGGCAGGCTGAAG
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2.2.2 Recombinant pH sensors

Three fusion constructs between mTurquoise2 and EYFP with different orientations of the FPs
(mTurquoise2-EYFP = pH-Lemon, EYFP-mTurquoise2, mTurquoise2-EYFP-mTurquoise2)
and the pH probe SypHer were ordered from Gene Universal Inc. (Newark, USA) in a

pET28a(+) backbone for recombinant protein expression in E.coli and protein purification.

2.2.3 Recombinant traptavidin-fusion constructs

Considering the approach of coupling recombinant sensors to surfaces (cells and glass slides),
fusion constructs of traptavidin and the respective probe (pH-Lemon or GEPII1.0) were
ordered from Gene Universal Inc. Traptavidin was attached via a (GGGGS). linker, with
traptavidin being located at the N-terminal end of the sensors. The vector backbone of these
constructs was pET28a(+) with a His-tag for expression of the constructs in E.coli and

subsequent purification.

2.3 Protein purification & in vitro fluorimetry

2.3.1 Recombinant protein expression and purification

For protein expression and purification, plasmid-DNA was transformed into chemically
competent one shot BL21 star (DE3) E.coli (ThermoFisher Scientific) using the standard
protocol for plasmid transformation according to manufacturer’s instructions. The following
constructs were transformed for purification: pH-Lemon = mTurquoise2-EYFP, EYFP-
mTurquoise2, mTurquoise2-EYFP-mTurquoise2, SypHer, traptavidin-pH-Lemon and
traptavidin-GEPII 1.0. One single colony was picked from each transformation from agar-agar
plates. The colony was inoculated in 10 mL of LB-media containing 50 pg/mL kanamycin and
cultured over-night vigorously shaking. On the next day, the pre-culture was transferred into 1
L of LB medium with 50ug/uL kanamycin. The bacteria were cultivated at 37°C in a shaking
incubator (MaxQ 8000 HP Incubated & Refrigerated Shaker, ThermoFisher Scientific) until an
ODeoo of 0.8 was reached. At this point, the protein expression was induced by the addition of
1 mM IPTG and the temperature was changed to 20°C. The time of induction varied depending
on the constructs used (e.g. 4 hours of induction were sufficient for pH-Lemon and SypHer,
traptavidin-GEPII 1.0 was incubated for 16 hours overnight to guarantee sufficient protein
expression). After protein expression for the defined times, cells were harvested by
centrifugation at 4°C with 6.000 rpm (Sorvall LYNX 6000, ThermoFisher Scientific).
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The pellet was resuspended in 15 mL lysis buffer followed by sonication (QSONICA Ultrasonic
Processor; 12 min, 50% amplitude, 1 sec on/off) on ice. After additional 45 minutes of
centrifugation at 10.000 rpm and 4°C, the supernatant was applied onto a gravity-based nickel
affinity column at a flow rate of 2 mL/minute. After 1 washing step using lysis buffer, the
agarose beads were washed twice with washing buffer 1 and washing buffer 2, respectively,
followed by the elution of the protein from the nickel column using purification buffer. Using
protein concentrator tubes with a molecular weight cut-off of 30kDa (Amicon Ultra-15, Merck
Chemicals and Life Science, Vienna, Austria), the protein solution was concentrated via
centrifugation at 3.600 rpm at 4°C (Eppendorf centrifuge 5810 R, Eppendorf, Vienna, Austria)
to a final volume of 500 uL. This solution was applied onto an AKTA™ pure system (GE
Healthcare, Vienna, Austria) for further purification via a Superdex Increase 200 10/300 (GE
Healthcare) following the manufacturer’s instructions and settings for the Akta as well as for
the use of the size exclusion column. SEC buffer was used for the size exclusion step. In order
to determine the protein concentration, NanoDrop™ 1000 UV/VIS spectrometer

(ThermoFisher Scientific) was used.

2.3.2 Characterization of recombinant proteins

The determination of the ECsy values as well as temperature dependencies was performed
using a CLARIOstar multi-mode fluorescence plate reader (BMG Labtech, Ortenberg,
Germany). All proteins were used at a concentration of 200 nM and diluted with SEC buffer.
The characterization of the pH probes was done with SEC buffers of different pH values. The
SEC buffers used for the characterization of traptavidin-GEPII 1.0 contained different
concentrations ([K*]) with a pH of 7.3. The samples were analyzed using FRET analysis with
an excitation at 430 nm + 10 nm and emission were collected at 475 nm = 10 nm for
mTurquiose2 with a dichroic mirror at 452.5 nm. The FRET emission was detected at 525 nm
1 10 nm with a dichroic mirror at 476.2 nm. Separate excitation of the two FPs was performed
at 430 nm = 10 nm for mTurquoise2 with the emission detected at 475 nm = 10 nm, dichroic
mirror: 452.5 nm. EYFP was excited at 480 nm + 10 nm with the emission collected at 525 nm
+ 10 nm, dichroic mirror: 501.2 nm. FRET emission spectra were generated using an excitation
of 413,4 nm = 8 nm and emissions were detected from 450 nm to 550 nm in 1 nm steps. The
emission spectra of EYFP were collected using an excitation at 480 nm + 8 nm and with the
detection of the emission from 510 nm to 580 nm in 1 nm steps. Spectral scans were
normalized for the area under the curve (AUC) using GraphPad Prism5 software (California,

USA) for analysis.
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2.4 Fluorescence lifetime imaging

2.4.1 Fluorescence lifetime imaging spectroscopy in vitro

Characterization of the recombinant purified pH-Lemon was performed using fluorescence
lifetime imaging microscopy (FLIM) on a time-resolved fluorescence spectrophotometer. The
spectrophotometer Fluotime 100 (Picoquant, Berlin, Germany) is based on a PicoHarp300 unit
(TCSPC-based). The microscope is equipped with a pulsed diode laser (LDHC440; Aexc = 440
nm; 50 ps pulse width; 20 MHz repetition frequency) as the excitation source and a
photomultiplier for single photon detection. The emission of mTurquoise2 and EYFP were

detected at 475 nm and 530 nm, respectively.

2.4.2 Fluorescence lifetime imaging microscopy in situ

Characterization of pH-Lemon using FLIM was performed on an upright fluorescence
microscope obtained from Nikon (A1 MP; Nikon, Amsterdam, The Netherlands) equipped with
a water immersion objective (25x; NA1.1; WD 2 mm; Nikon). The illumination of the pH-Lemon
donor mTurquoise2 was achieved by a train of 100 fs light pulses (Aexc = 880 nm; 80 MHz; Mai
Tai DeepSee HP, Newport Spectra Physics; Irvine, California). A Galliumarsenidphosphide
(GaAsP) hybrid photodetector (HPM-100-40; Becker & Hickl, Berlin, Germany) was used to
detect the fluorescence signals that passed a band-pass filter at 445 +/- 45 nm (445BP90,
Omega Optical, Brattleboro, VT, USA). Multi-dimensional time-correlated single photon
counting (TCSPC) employing TCSPC electronics (SPC-152; Becker & Hickl) was used to
generate the decays of fluorescence intensities in every pixel. Plotting the amplitude weighted
average fluorescence lifetime tau_ave was used to generate color coded values. Least-square
minimizing-based fitting of a biexponential fitting curve was used to obtain tau_mean. The
function was re-convoluted with the instrument response function for a proper description of
the time course of the pixel fluorescence intensity decays. For FLIM experiments, cells were

trypsinized and seeded on poly-L-lysine coated (0.1 mg/mL) coverslips.
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2.5 Wide-field imaging microscopy

An inverted and advanced fluorescent microscope was used for wide-field live-cell imaging of
pH-Lemon and SypHer in situ as well as traptavidin-pH-Lemon. The microscope was equipped
with x40 or x100 magnification objective (EC Plan-NEO FLUAR x40; alpha Plan FLUAR x100,
Zeiss, Gottingen, Germany) and a motorized sample stage (TILL Photonics, Gréfelfing,
Germany). Images were acquired using the charge-coupled device (CCD) camera AVT
Stingray 25 F145B (Allied Vision Technologies, Stadtroda, Germany) with a binning of 2 or 4.
Excitation was set at 430 nm and emissions were collected at 475 nm and 525 nm,
respectively, for FRET imaging of pH-Lemon. In order to measure pH-Lemon with illumination
of both FPs separately, CFP and YFP were excited at 430 nm and 500 nm, respectively, with
emissions collected at 475 nm and 525 nm. Live acquisition 2 (TILL Photonics) was used for
the acquisition of measurements and device control. Measurements of traptavidin-GEPII 1.0
were performed at the TILL microscope described above and at an OLYMPUS IX73 inverted
wide-field microscope (OLYMPUS, Vienna, Austria), which was equipped with a 40x (UApo N
340, 40x/1.35 Oil, «/ 0.17 / FN22, OLYMPUS) or an 10x objective (UPLXAPO10X, 10x/0.4 Air,
0/0.17). The microscope was equipped with an OMICRON LedHUB High-Power LED Light
Engine as light source with a 455 nm and 505 nm LED for the excitation of CFP and YFP,
respectively (OMICRON electronics, Vienna, Austria), as well as 430 nm and 500 nm excitation
fiters (AHF Analysentechnik, Tlbingen, Germany), respectively. The measurements were
performed using a binning of 2 or 4 on a Retiga R1 CCD camera (TELEDYNE QIMAGING,
Surrey, Canada) attached to an optical beam splitter (DV2, Photometrics, Arizona, USA) to

separate the emissions.

2.6 High resolution imaging

High resolution images were acquired using a Nipkow-spinning-disk-based array confocal
laser scanning microscope (ACLSM) consisting of a Zeiss Axiovert 200M (Zeiss Microsystems,
Jena, Germany) equipped with a x100 objective (a Plan-Fluar x100/1.45 oil objective, Zeiss
Microsystems, Jena, Germany). The microscope was equipped with VoxCell Scan® (VisiTech,
Sunderland, UK). The light source consisted of an air-cooled argon ion laser system (series
543, CVI Melles Griot, CA, USA). Emission filters ET480/40m (for CFP) and ET525/50m (for
EYFP) (Chroma Technologies, VT, USA) were used to detect emitted light during imaging.
CFP was excited using 445 nm laser light, while 510 nm laser light was used for YFP excitation.
RFP was excited at 561 nm. A CCD camera (CoolSnap HQ2, Photometrics, Tucson, Arizona,
USA) was used to acquire emissions at 475 nm, 525 nm and 610 nm (CFP, YFP or mCherry)
at a binning of 1, 2 or 4. The system was controlled using VisiView image acquisition and

control software (Visitron Systems, Puchheim, Germany).
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2.7 Cell cultivation and transfection

Cell culture materials were purchased from Greiner Bio-One (Kremsmdunster, Austria). DMEM
medium for the cultivation of HeLa and HEK-293 cells (ATCC, Wesel, Germany) contained
10% FCS, 100U/mL penicillin, 100 ug/mL streptomycin, and 2.5ug/mL, fungizone
(ThermoFisher Scientific). HEK-293 cells for FLIM imaging were grown in DMEM with MEM
Glutamax supplement, 10% FCS, 1% (v/v) antibiotics/antimycotics, and 1% (v/v) non-essential
amino acids (ThermoFisher Scientific). INS-1 832/13 (INS-1) cells (gift from C.B. Newgard,
Department of Pharmacology and Cancer Biology, Duke University School of Medicine, USA)
were cultivated in Gibco RPMI 1640 medium purchased from ThermoFisher Scientific. For the
cultivation of all cell lines, a humidified incubator with 37°C and 5% CO. was used. PolyJet
(SignaGen Laboratories, Rockville, USA) transfection reagent was used to transfect HeLa cells
according to the manufacturer’s protocol 48 hours before measurements in a 3:1 ratio (mixture
of 3 pL PolyJet with 1 ug DNA). TransFast purchased from Promega (Madison, USA) was
used for the transfection of HEK-293, INS-1 with pH-Lemon — GPI and Hela cells with pH-
Lemon - LC3B. 2,5 uL TransFast and 1,5 ug plasmid DNA were added to a modified DMEM
medium without serum. After 4 hours, the transfection medium was replaced with fresh DMEM
or Gibco RPMI 1640 media. In order to transfect cells used for FLIM imaging experiments, 2
pug of plasmid DNA were transfected into HEK-293 using a modified calcium-phosphate
method (168). For expression of the biotinylated AviTag on the cell membrane, cells were
either transfected using PolyJet transfection or infected via an Adenovirus serotype 5 (AV5)
obtained from VectorBuilder (Neu-lsenburg, Germany). Conventional transfection was done
by co-tansfecting the biotinylase and the GPIl-anchored AviTag. For viral infections, a virus
encoding for both constructs (the ER-targeted BirA and the GPI-targeted Avitag) separated via
an internal ribosome entry site (IRES) was designed and used at a MOI of 50 and incubated
in DMEM for 24 hours 2 days prior measurement. Independent of the method of transduction,
all cells expressing BirA were supplemented with 10 uM biotin. Co-localization of pH-Lemon -
GPI with the Golgi apparatus and intracellular vesicles was analyzed by co-transfecting cells
with pH-Lemon and mCherry-Golgi-7, which was a gift from Michael Davidson (Addgene
plasmid # 55167). For cell fixation, HeLa cells were washed 3 times with PBS, followed by 10
minutes incubation at room temperature with PBS containing 3.7% paraformaldehyde. After 3

additional washing steps cells were kept in PBS for imaging.
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2.8 Cell treatments

2.8.1 Starvation of cells

For autophagy induction, cells were washed with PBS twice to remove the nutrients and
starved for 2 hours in nutrient free salt-buffer (“physiological buffer”) containing 2 mM D-

glucose at 25°C.

2.8.2 Neutralization of endosomal vesicles

Vesicles were either neutralized using incubation with neutralization buffer (see chapter
“Buffers & Solutions”) for 5 minutes or pre-incubation with 0,5 yM Baf-A in DMEM for 70

minutes at 37°C (for the subsequent experiments, Baf-A was present in every buffer).

2.8.3 Acidic compartment staining

LysoTracker Red DND-99 (ThermoFisher Scientific) was used for 30 minutes at 37°C at a final
concentration of 75 nM. After the staining procedure, cells were washed 2 times with PBS prior

to analysis.

2.9 Calibration of pH-Lemon constructs

2.9.1 Calibration of pH-Lemon - cyto

Hela cells were transfected with the cytosolic pH-Lemon 48 hours prior measurements. To
ensure effective permeabilization, the cells were pre-incubated in a physiological buffer
containing 5 uM nigericin and 10 yM monensin. For titration of the cytosolic pH-sensor, buffers
with different pH values (as described in the section “Buffers used for fluorescence
microscopy”) with additional 5 yM nigericin and 10 yM monensin were perfused using the

gravity-based perfusion system (NGFI, Graz, Austria).

27



2.9.2 Calibration of pH-Lemon - GPI

Hela cells were transfected with pH-Lemon-GPI 48 hours prior to measurements. Cells were
perfused using a gravity-based perfusion system (NGFI). Extracellular buffers possessing a
pH of 4.0 and 10.0 were perfused to record the minimum and the maximum response of the
sensor. Respective maximal and minimal ratio signals of the cell surface of single cells were

used to define pH values according to formula

Ratio — Ratiopyin

H =K
p p*( Ratioy . — Ratio

2.10 Application of buffers and substances

2.10.1 Application by hand

The application of NaN3; and NH.CI for ACLSM measurements was done via injection by hand

to cells grown in 35 mm p-dishes (lbidi, Grafelfing, Germany).

2.10.2 Application via gravity-based perfusion system

A gravity-based perfusion system (NGFI) was used for titrations, therefore cells were grown
on 30 mm circular glass slides (Paul Marienfeld GmbH, Lauda-Kdnigshofen, Germany). For
fast and precise buffer exchange, the perfusion system was connected to a perfusion chamber
fitting the glass slides (NGFI). A vacuum pump (Chemistry diaphragm pump ME 1c,

Vacuubrand, Wertheim, Germany) was connected to ensure laminar buffer flow.

2.10.3 Application via BioPen® SYSTEMS - Fluicell

Cells seeded in 35 mm p-Dishes or on 30 mm circular glass slides were covered with
physiological buffer to prevent them from drying. Via a micromanipulator (Sutter MP-225,
Sutter Instruments, California, USA), the tip of the microperfusion system (BioPen, Fluicell,
MoéIndal, Sweden) was inserted into the liquid and positioned near the cells that should be
perfused. The device was used in order to apply the recombinant traptavidin-construct proteins

to the cell surface as wells as to couple glass surfaces.
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2.11 Traptavidin-Biotin coupling

2.11.1 Coupling of Traptavidin constructs on the cell surface

In order to bind traptavidin to the biotinylated cell surface, the cells were washed five times
with PBS. The recombinant proteins were diluted to a final concentration of 8 uM with the
respective x-times stock of PBS, in order to maintain buffer osmolarity. For the acquisition of
high-resolution images, cells were grown in 8-well p-Slides (Ibidi) and were incubated with 200
uL of the diluted recombinant protein for 40 minutes in the dark at 25°C followed by 5 washing
steps using PBS to remove excess protein. The cells were then kept in physiological buffer for
imaging. Single cell coupling was performed using the BioPen. Therefore, cells were perfused
with the 8 uM protein solution for 10-20 minutes. Afterwards the tip was removed and the cells
were kept in physiological buffer for 30 minutes to reduce background signal by dissociation of
unspecifically bound protein. The subsequent exchange of different pH or K* buffers was

performed using the gravity-based perfusion system (NGFI).

2.11.2 Coupling of traptavidin constructs on glass slides

Biotinylated 30 mm circular glass slides were purchased from Microsurfaces Inc. (New Jersey,
USA) and stored sterile at -80°C in argon environment. To bind traptavidin-sensors onto the
glass surface, either 600 L protein solution was added on top of the glass surface at 25°C for
40 minutes or the BioPen was used to perfuse the biotinylated glass slides for 40 minutes.
After coupling, the glass slide was washed 5 times with PBS and kept in physiological buffer
for 30 minutes to allow unbound protein to dissociate prior to imaging. For the subsequent

imaging experiment, a gravity-based perfusion system was used (NGFI).

2.12. Data analysis & statistical analysis

Obtained data were analyzed using Excel (Microsoft, Washington, USA), MetaMorph
(Molecular devices, California, USA) and GraphPad Prism 5 Software. Pseudo-colored ratio
images were generated using MetaMorph software. Ratio scale was set as demonstrated in
the figures. For data visualization, CorelDraw was used. Images generated using ACLSM were
adjusted in light and contrast (+40%/+40%). For the calculation of the ECsy values of
recombinant pH proteins, the FRET (or YFP) fluorescence was divided by the mTurquoise2
fluorescence. Since 100% of the EYFP fluorescence were quenched at a pH of 4.0, dividing

FRET/mTurquoise2 avoided a mathematically incorrect division by 0.
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3 Aims and Objectives

Based on the importance of the intra- and extracellular pH homeostasis of cells and within

organisms, we aim

1) To develop a genetically-encoded, FRET-based probe suitable for (local) pH

imaging.

The probe should thereby meet all criteria of highly sophisticated, state-of-the-art FRET-based
indicators, including a high signal-to-noise ratio, reversible, fast and reliable reporting of pH
alterations and should be suitable to visualize intra- and extracellular pH levels. Therefore, a
pKa close to 7.0 measuring a wide pH range is advantageous. The probe will extensively be

characterized in vitro. After the in vitro identification of suitable candidates, we will

2) Target and express the pH sensor to subcellular compartments including the ER,
mitochondria, the outer mitochondrial membrane, the cytosol and acidic vesicles

of single living cells.

Within these organelles we aim to visualize and quantify subcellular pH levels using the FRET-

based pH sensor.
Furthermore, pH alterations are of major interest within the TME. Hence, we aim to

3) Target the pH-sensor to the extracellular side of the plasma membrane to

visualize local extracellular pH alterations on the surface of cancer cells.

Besides the expression of the pH probe and its targeting to the outer side of the plasma

membrane, we aim

4) To develop and establish procedures for a selective immobilization of

recombinant purified biosensor proteins on the plasma membrane.

Furthermore, such new immobilization strategies of highly specific genetically-encoded probes

is of great interest in biotechnological or medical applications. Thus, we furthermore aim

5) To immobilize recombinant purified biosensor proteins on inorganic surfaces,

which will allow to quantify analyte concentrations within biological fluids.
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4 Results

4.1 EYFP fluorescence is sensitive to pH

In order to generate a pH sensor, that covers a wide range of pH values, we decided to test
two FPs with highly contrary pH sensitivities, namely mTurquoise2 and EYFP, for their
suitability to function as a pH sensor (15,169,170). Both FPs are monomeric, have a quite fast
maturation time of 33 min and 9 min, respectively, and therefore seemed to be promising
candidates for the design of a pH reporting construct (171). Importantly, EYFP has a high pKa
of 6.5, which makes it extremely sensitive for protonation (170,172). In contrast, mTurquoise2
has an extremely low pKa of 3.1, which, in theory, should prevent the FP from a loss of
fluorescence upon acidification (169). To investigate these characteristics of the two FPs we
transfected HelLa cells either with mTurquoise2 or EYFP, respectively. In order to investigate
the pH dependency of the fluorescence emission of the two FPs, we permeabilized cells
expressing the FPs using a combination of the K*/H* antiporter nigericin and the Na*/H*
antiporter monensin to adjust the intracellular pH using extracellular buffers (173—175). Upon
switching the pH from alkaline towards acidic, the fluorescence emissions of mTurquoise2 and
EYFP were recorded using a wide-field microscope. In line with the proposed pKa of
mTurquoise2, the fluorescence intensity remained almost unaffected over-time from a pH
range of 10.0 to 4.0. (Fig. 1a)(169,176). Contrary, the fluorescence emission of EYFP was
strongly affected by the increasing protonation of the FP, resulting in a decline of the
fluorescence (Fig. 1a), which was almost completely quenched at a pH of 4.0 (Fig. 1a)(176).
Plotting the fluorescence intensity values determined upon perfusion with buffers of distinct pH
against the pH values resulted in ECso curves for mTurquoise2 and EYFP. Due to the pH
sensitivity of EYFP, the ECsy was determined to be 6.3, which is close to the previously
described ECso value (Fig.1b)(172,176). While EYFP has lost 50% of its fluorescence at a pH
of 6.3, the loss of mTurquoise2 fluorescence was negligible at that pH level (Fig.1b). Due to
the pH stability of mTurquoise2 over an extremely wide pH range, the FP had lost only ~10%
of its fluorescence at a pH of 4.0 (Fig. 1b)(176). Based on these contrary characteristics of
mTurquoise2 and EYFP we hypothesized, that a combination of these two FPs will result in a

suitable pH sensor for measuring in the acidic to neutral range.
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Figure 1: pH sensitivity of mTurquoise2 and EYFP. mTurquoise2 and EYFP expressed in HelLa cells,
respectively, were analyzed regarding their pH sensitivity. For the adjustment of intracellular pH values
and subsequent pH titration, cells were permeabilized using nigericin and monensin. (a) Representative
normalized single cell fluorescence responses over-time of mTurquoise2 (cyan dots) and EYFP (yellow
dots). Cells were analyzed using fluorescence wide-field microscopy and buffers with different pH as
indicated in the panel (black numbers on top of the graph) were exchanged using a perfusion system to
adjust intracellular pH levels (n=3 for both FPs). (b) Concentration response curve in percentage of the
remaining fluorescence intensity of the two FPs against the respective pH value resulted in the
generation of ECso curves for mTurquoise2 (blue circles) and EYFP (yellow circles). Initial fluorescence
value at pH 8.0 was set as 100% fluorescence intensity and is indicated with black dotted line (n=3 for
both, average + SD). Reproduced in part & modified with permission from Burgstaller et al., 2019; ©
American Chemical Society

4.2 Fusion constructs of mTurquoise2 and EYFP respond to

pH alterations in a ratiometric manner

Due to the advantageous, fluorescence properties of mTurquoise2 and EYFP, we aimed to
test different fusion constructs of these proteins for their suitability to report pH alterations.
Within these constructs, mTurquoise2 acts as the FRET donor, while EYFP represents the
FRET acceptor (176). Most genetically-encoded, FRET-based sensors rely on conformational
rearrangements upon ion or analyte binding, thereby in- or decreasing FRET-ratio signals
(90,177). In contrast to these ion binding probes, the sensitivity of pH sensors is not based on
a change in the conformation and distance between the FRET donor and -acceptor, but relies
on a protonation and the subsequent reduction of the fluorescent ability, leading to decreased
FRET (90,137). Therefore, we hypothesized that the critical step in the design of a suitable pH
probe might be the distance between the two FPs, which should be reduced to a minimum to
ensure high FRET efficiency (178).
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Figure 2: Design and characterization of differently orientated fusion constructs of mTurquoise2
and EYFP. (a) Schematic drawing of the fusion construct consisting of the N-terminal located
mTurquoise?2 (blue square) and the C-terminal EYFP (yellow square) connected via a flexible (GGGGS):
linker (white square). (b) Normalized emission spectra of the construct shown in (a) with the intensities
of CFP and FRET emissions plotted in response to different pH values. Emissions were collected upon
excitation of mTurquoise2 at 413,4 nm. (c) lllustration of the EYFP-mTurquoise2 fusion construct with
EYFP (yellow square) at the N-terminal end and mTurquoise2 (blue square) at the C-terminal end,
connected via a (GGGGS): linker (white square). (d) Normalized emission spectra of the construct
described in (b) with the intensities of CFP and FRET emissions plotted in response to different pH
values. Emissions were collected upon excitation of mTurquoise2 at 413,4 nm. (e) Scheme of the triple
fusion construct comprised of EYFP (yellow square) flanked by one mTurquoise?2 (blue squares) on the
N- and C-terminal side, respectively, each connected via a (GGGGS): linker (white squares). (f)
Normalized emission spectra of the construct shown in (c) with the intensities of CFP and FRET
emission plotted in response to different pH values. Emissions were collected upon excitation of
mTurquoise2 at 413,4 nm. 4 individual experiments were performed for (b), (d) and (f). Reproduced in
part & modified with permission from Burgstaller et al., 2019; © American Chemical Society
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Therefore, a flexible (GGGGS); linker was introduced between the two FPs which should
guarantee their close proximity, but also allow some remaining flexibility, as FRET-efficiency
is dependent on the distance and orientation of the FPs (141,176). The first construct tested
comprised a fusion of mTurquoise2 at the N-terminal end and EYFP at the C-terminal end
(Fig. 2a)(176). The constructs was expressed in E.coli and further purified for measurements
in solution using a plate reader. The mTurquoise2-EYFP construct showed a strong pH
dependency, as depicted in the FRET spectra (Fig. 2b). While the CFP signal was reduced to
a minimum at a pH of 9.0, the FRET signal was distinctly increased, pointing to high FRET at
alkaline pH. Upon acidification, CFP emission increased, whereas the FRET signal decreased,
confirming a reduction of FRET due to protonation, causing a quench of the EYFP. Finally, at
acidic pH values, the FRET signal was almost absent (Fig. 2b)(176). The second fusion
construct of a potential pH sensor was composed of EYFP at the N-terminus and mTurquoise2
at the C-terminus, respectively (Fig. 2¢). Compared to mTurquoise2-EYFP, the FRET signal
of EYFP-mTurquoise2 was moderately higher at alkaline pH values. Upon decreasing the pH
levels, the sensor responded concentration dependently to pH changes. Addition of a buffer
with pH 4.7 quenched the EYFP fluorescence, leading to reduced FRET, representing a similar
response as observed previously (Fig. 2b & Fig. 2d)(176). Besides these two double FP
constructs, a third construct was generated consisting of three FPs. To test whether two
mTurquoise2 would enhance the FRET signal, EYFP was flanked with one mTurquoise2 on
both of its termini (Fig. 2e). In contrast to the other two sensors, precisely reporting pH changes
by a drastic change in the fluorescence emission (Fig. 2b & Fig. 2d), there was only a small
detectable change in the emission spectra upon (de-)protonation, making this combination

unsuitable to function as a pH probe, due to its reduced dynamic range (Fig. 2f)(176).

4.3 Design and characterization of pH-Lemon in vitro

Our characterization in vitro confirmed, that mTurquoise2-EYFP and EYFP-mTurquoise2
represent suitable pH-sensors and might hence be suitable to effectively measure pH also in
situ (176). In both constructs tested, a changing FRET-ratio signal can be detected as a result
of protonation (Fig. 3a). Even though a combination of an N-terminal EYFP with a C-terminal
mTurquoise2 seemed to have a slightly higher dynamic range as mTurquoise2-EYFP upon pH
alterations (Fig.2a — Fig.2d), we decided to use the mTurquoise2-EYFP construct for all further
experiments (176). Considering our aims of measuring acidic vesicular pH levels as well as
pH at the outer side of the plasma membrane, vesicular- and plasma membrane targeting
sequences will be located at the C-terminal end of the probe (149,179). This would result in a
sensor construct comprised of mTurquoise2 at the N-terminal end, followed by EYFP in the

middle and the targeting peptide or fusion protein located at the C-terminal end.
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We hypothesized, that such flanking of the pH sensitive EYFP should protect the protein, at
least to some extent, from possible proteolytic degradation. While a degradation of the FRET
donor mTurquoise2 would completely eliminate the fluorescence signal upon excitation of the
donor, degradation of the FRET acceptor EYFP would result in an increased but misleading
mTurquoise?2 signal that could falsely be interpreted as highly acidic pH values due to acceptor
destruction. Considering these important aspects, mTurquoise2-EYFP seemed to be an
advantageous combination. Due to the usage of a yellow, pH sensitive and bright FRET

acceptor EYFP, we named our novel pH reporter pH-Lemon (Fig. 3a)(176).
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Figure 3: Design and characterization of pH-Lemon in vitro. (a) Schematic illustration of pH-Lemon
consisting of mTurquoise2 at the N-terminus (cyan) and EYFP (yellow) at the C-terminus. The
deprotonated state of the sensor is displayed on the left, resulting in a detectable FRET signal (bright
yellow, grey arrow displays FRET) and a reduction of mTurquoise2 emissions (light cyan). In the
protonated state (right panel) EYFP fluorescence is quenched (light yellow) yielding a reduction of the
FRET signal, while the mTurquoise2 signal increases (bright cyan). (b) Representative fluorimetry
measurement of recombinant purified pH-Lemon. The pH response of the EYFP fluorescence upon HCI
addition is shown (n=3). (¢) ECso curve of pH-Lemon in vitro, determined using protein fluorimetry in
response to different pH values (n=4, each replicate is shown). Reproduced in part & modified with

permission from Burgstaller et al., 2019; © American Chemical Society
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We further aimed to test whether the sensor is suitable to resolve fast pH alterations in real-
time. For this purpose, recombinant purified pH-Lemon was analyzed using protein fluorimetry
to determine its kinetics upon pH-alterations. After a stable baseline has established at a basal
pH of 8.0, the pH was rapidly changed to 3.0 by addition of HCI. This caused a rapid drop of
the pH, which was precisely and quickly reported by the sensor. The fluorescence intensity of
the pH sensitive EYFP immediately decreased within seconds until no fluorescence emission
was detectable at a pH of 3.0 (Fig. 3b). Furthermore, we determined the ECsy of pH-Lemon in
vitro using different buffers with distinct pH values ranging from 3.0 to 9.0. The pKa of the
purified protein in aqueous solution was found to be 5.4 with a Hill slope of -0.79 (Fig. 3¢)(176).

4.4 The pH sensitivity of pH-Lemon is independent of the
environmental temperature

The environmental temperature is an essential parameter that could affect the kinetics and the
sensitivity of a genetically-encoded probe (134). Therefore, we analyzed the response of pH-
Lemon to distinct pH levels at different temperatures (Fig. 4). The recombinant purified sensor
was analyzed upon changing the environmental temperature from 25°C to 40°C in steps of
5°C. While 25°C was chosen as the minimal temperature, the highest temperature of 40°C
represents the maximal temperature tested, covering all physiologically relevant temperatures.
Importantly, the ECso of pH-Lemon was almost identical under the different conditions, with the
same dynamic range of around 0.8 under all temperatures tested (Fig. 4a)(176). The pKa of
pH-Lemon did not change upon increasing temperatures, as it remained at around 5.4 in the
average (Fig. 4b)(176). Additionally, also the Hill slope was not affected by the increasing
temperature and was found to be -0.91, -0.91, -0.89 and -0.89 for 25°C, 30°C, 35°C and 40°C,
respectively (Fig. 4¢)(176). These characteristics of pH-Lemon are highly advantageous in
terms of sensor applicability in vitro, and might be crucial for in vivo applications, where the

temperature cannot be arbitrarily chosen.
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Figure 4: pH-Lemon is temperature insensitive in vitro. (a) AFRET-ratio values of recombinant
purified pH-Lemon as determined using protein fluorimetry using different experimental buffer with
distinct pH values from 3.0 to 9.0. During measurements, the temperature of the same wells was
adjusted to 25°C (dark blue dots and line), 30°C (light blue dots and line), 35°C (light red dots and line)
and 40°C (dark red dot and line). n=4, average % SD. (b) Scatter dot plot of the pKa values of pH-Lemon
in response to the temperatures 25°C (dark blue dots and line), 30°C (light blue dots and line), 35°C
(light red dots and line) and 40°C (dark red dot and line) with data extracted from the curves shown in
(a), n=4, average * SD. (c) Scatter dot blot of the hill slopes of pH-Lemon at the different temperatures
25°C (dark blue dots and line), 30°C (light blue dots and line), 35°C (light red dots and line) and 40°C
(dark red dot and line) extracted from the curves shown in (a), n=4, average + SD. ns= not significant,
one-way ANOVA test with Tukey’s post-hoc test. Reproduced in part & modified with permission from

Burgstaller et al., 2019; © American Chemical Society

4.5 pH-Lemon is insensitive to physiological changes of
intra- or extracellular cation concentrations

Next, we aimed to investigate the sensitivity of pH-Lemon to changes of other physiologically
relevant ions besides H*, as a sensitivity to other ions would make the sensor unsuitable for
measuring intra- and extracellular pH levels and pH alterations. While K* represents the major
intracellular cation with cytosolic concentrations around 140 mM, Na* represents the most
abundant extracellular cation, also with a physiologic concentration of 140 mM in mammalian
organisms (177,180). As the tight regulation of [K*] and [Na'] is crucial to maintain cell
physiology, [K*] and [Na*] are kept close to 100.0 mM — 140.0 mM under physiological
conditions (177). Therefore, we analyzed the FRET-ratio signal of recombinant purified pH-
Lemon in the presence of 140.0 mM K* to mimic the intracellular environment (Fig. 5a), or

140.0 mM Na*, to imitate the extracellular fluid (Fig. 5b)(176).
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Under these conditions, the FRET-ratio signal of pH-Lemon was not significantly affected by
changes of Ca?*, Mg?*, or both (Fig. 5a & Fig. 5b), indicating that pH-Lemon is insensitive to

physiological changes of these ions.
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4.6 pH-Lemon is suitable for the detection of intracellular H*

alterations

Considering the precise performance of pH-Lemon in vitro, we aimed to characterize the probe
in situ to test its applicability for live cell imaging experiments. Therefore, we transfected HelLa
cells with cytosolic targeted pH-Lemon (pH-Lemon cyto) via lipid based transfection. Due to
the nuclear exporting sequence (NES), the construct was found solely in the cytosol (176).
Similar to the experiments performed for the in vitro analysis, we aimed to determine essential
sensor characteristics and kinetics in response to different buffers with distinct pH values
ranging from 4.0 to 10.0 (Fig. 6a). However, since the probe is located within cells and not
soluble in solution, the cells had to be permeabilized with a combination consisting of nigericin

and monensin (Fig. 6a).
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Plotting the single wavelength fluorescence emission signals of cytosolic pH-Lemon confirmed
the ratiometric behavior of the probe. While the FRET signals increased in response to

increasing pH values, the mTurquoise?2 signals declined (Fig. 6a)(176).
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Figure 6: Characterization of cytosolic pH-Lemon in HeLa cells. (a) Representative fluorescence
emission signals of mTurquoise2 (cyan dots) and FRET, i.e. EYFP (yellow dots), of permeabilized HeLa
cells expressing cytosolic targeted pH-Lemon in response to different pH values from 4.0 to 10.0 (black
numbers). n=3. (b) Representative FRET-ratio signal over time generated upon division of the data
shown in (a). (c) Representative FRET-ratio signal over time of permeabilized HelLa cells expressing
cytosolic targeted pH-Lemon upon repetitive switching of pH between 4.0 and 10.0. n=9. (d) ECso curve
of pH-Lemon displayed as the percentage of the FRET-ratio change determined using in situ wide-field
microscopy. n=3, average + SD. Reproduced in part & modified with permission from Burgstaller et al.,

2019; © American Chemical Society

Division of the mTurquoise2 signal by the FRET emission signal shown in Fig. 6a, generated
a ratio curve of pH-Lemon under different intracellular proton concentrations with the highest
FRET-ratio signal of pH-Lemon detected at a pH of 4.0 and lowest FRET-ratio signal of pH-
Lemon detected at a pH of 10.0 (Fig.6b). Upon decreasing the pH in steps of 1.0 or 0.5 pH
units, the FRET-ratio declined. In contrast to a moderate decrease of the FRET-ratio signal in
the very acidic or high alkaline pH range, the biggest sensor response was observed between

pH 5.5t07.0.
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The dynamic range of the probe in protein-rich intracellular environment was found to be
around 1.2, with FRET-ratio values of 0.3 to 0.5 at alkaline pH and FRET-ratio values of around
1.5 to 1.7 at acidic pH levels (Fig. 6b & Fig. 6c)(176). To test whether repetitive (de-
)protonation affects the FRET-ratio signal and the amplitude of the maximal response, buffers
with pH 4.0 and 10.0 were changed repetitively (Fig. 6¢). Within a few seconds, the intracellular
pH changed from the minimal to the maximal pH value and vice versa, as reported by the
FRET-ratio of pH-Lemon (Fig. 6¢)(176). However, neither the kinetics, nor the amplitude of
the sensor response were affected by repetitive pH-alterations, pointing to a high stability of
the sensor. The pKa of pH-Lemon was found to be 6.3 in situ (Fig. 6d), hence, we supposed
the sensor to perfectly respond to pH transitions from acidic toward neutral and vice versa,
meeting our criteria for imaging intracellular vesicles as well as pH changes at the plasma

membrane (176).

4.7 Image-based read-out of pH alterations in situ

Live-cell imaging is perfectly suitable to determine and follow changes of intracellular pH levels.
The generated pH curves not only contain information about the pH change, but also about
other parameters, like the kinetics of the reaction, the reversibility or the amplitude. However,
it might also be useful to determine pH alterations at a first glance by an optical color-based
read-out. To generate these images, HelLa cells were permeabilized as described previously
with subsequent adjustment of pH levels using various buffers. After acquisition of the donor
and acceptor fluorescence emission images, these images were used to generate pseudo-
colored ratio images by dividing the mTurquoise2 image by the FRET image with every pixel
containing a distinct intensity value. These images are color-coded over a color spectrum from
red to blue, with red representing the highest (i.e. acidic pH) and blue representing the lowest
ratio (i.e. alkaline pH) (Fig. 7)(176). Considering the ratiometric characteristics of pH-Lemon,
alkaline pH levels of 10.0 and 8.0 resulted in a high FRET fluorescence, while the mTurquoise2
fluorescence was mildly decreased, resulting in low mTurquoise2/EYFP FRET-ratio values
and, therefore, a blue color within the pseudo-colored FRET-ratio images. Due to increasing
protonation from pH 7.5 towards acidic, a decrease of the FRET fluorescence with a
simultaneous increase of the donor fluorescence could be detected. Due to the acidification,
the FRET-ratio values increased, leading to a color-transition in the pseudo-colored ratio
images from light blue (pH 7.0) to green (pH 6.0), yellow/orange (pH 5.5/pH 5.0) and finally
red (pH 4.0) (Fig. 7)(176).
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Figure 7: Visualization of intracellular pH alterations using an image-based read-out. HelLa cells
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expressing cytosolic pH-Lemon were permeabilized using a mixture of nigericin/monensin and images
were acquired using wide-field microscopy. Cells were analyzed in response to various buffers with
distinct pH values. Displayed are the fluorescence emission images of the FRET donor
(mTurqu.2=mTurquoise2, upper panels, cyan) and the FRET acceptor (EYFP, middle panels, yellow).
Respective pseudo-colored ratio images received upon division of mTurquoise2/FRET images are
shown in the lower panels and scaled from a ratio of 0.2 to 1.7 (ratio scale bar, right of lower panels).
Scale bar indicates 10 ym. Reproduced in part & modified with permission from Burgstaller et al., 2019;

© American Chemical Society

4.8 Separate exposure of the FPs enhances the dynamic

range of pH-Lemon

During classical FRET-imaging, the donor is excited at 430 nm and two emissions are collected
simultaneously at 475 nm and 525 nm. This measurement method represents a highly
sophisticated technique, however, requires a quite complex microscopic setup, since the
emission wavelength have to be separated using a beam-splitter with proper emission filters.
To extend the applicability of pH-Lemon, we also tested other measurement techniques. While
mTurquoise2 was excited at 430 nm and the emission was detected at 475 nm, also EYFP
was directly illuminated at 500 nm, with the emission detected at 525 nm (176). Again, we
expected the fluorescence emission signal of EYFP to drop with descending pH values due to
the protonation of the EYFP chromophore (Fig.8a). To test our assumption, we investigated
the fluorescence emissions of recombinant purified pH-Lemon in response to different pH

values.
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Figure 8: Direct illumination of the two FPs, mTurquoise2 and EYFP, increases the dynamic
range of pH-Lemon. (a) Schematic drawing of pH-Lemon under neural/alkaline pH values (-H*, left)
and upon acidification (+H*, right). mTurquoise2 (cyan) is excited at 430 nm, emission is detected at
475 nm. EYFP (yellow) is excited at 500 nm and the fluorescence emission is detected at 525 nm. Under
alkaline conditions, both emission signals can be detected. Upon acidification, the EYFP fluorescence
emission is reduced. (b) Fluorescence emission spectra of recombinant purified pH-Lemon upon
separate excitation, with the fluorescence emission peaks of mTurquoise2 and EYFP shown at different
pH values (indicated on the right). 4 experiments were performed. (c) Representative single cell
fluorescence signals over-time of mTurquoise2 (cyan dots) and EYFP (yellow dots) of pH-Lemon
expressed in Hela cells, upon repetitive switching between acidic (pH 4.0) and alkaline (pH 10.0) pH
values. n=10. (d) ECso curves of pH-Lemon either generated using FRET analysis (blue curve and dots,
plotted on left Y-axis) or separate exposure (dark red curve and dots, plotted on right Y-axis) in response
to pH values ranging from pH 4.0 to 10.0. n=3 for both. (e) Pseudo-colored ratio images of HelLa cells
expressing cytosolic pH-Lemon, received upon division of the mTurquoise2/EYFP image, which were
acquired using ACLSM. mTurquoise2 and EYFP were excited separately and permeabilized HeLa cells
were analyzed in response to buffers with various pH values (white numbers in each panel). Scale bar
represents 10 ym. Reproduced in part & modified with permission from Burgstaller et al., 2019; ©
American Chemical Society
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Analysis of the emission spectra unveiled an enlarged dynamic range of the EYFP
fluorescence emission signals compared to classical FRET measurements (Fig. 2a), when
illuminated separately (Fig. 8b)(176). The effect of an enhanced dynamic range was not only
observed using the purified protein, but also in permeabilized HeLa cells expressing pH-Lemon
(Fig. 8c). First, cells were kept in a buffer with a physiological extracellular pH of 7.4. Upon
switching the extracellular buffer to pH 10.0, the probe located in the cytosol responded in a
ratiometric manner, with an increase in EYFP and a decrease in mTurquoise2 fluorescence
(Fig. 8c). As expected, pH-Lemon showed a fast and reproducible response (Fig. 8¢) using
this alternative measurement technique (176). Since direct excitation of the EYFP resulted in
an enlarged dynamic range, it was necessary to test for a possible change of the ECs.
Importantly, the ECso remained unchanged under these conditions, when compared to
classical FRET-imaging data (Fig. 8d)(176). Generation of pseudo-colored ratio images
displayed a similar color-coding as images received from FRET measurements, which

facilitates a comparison of the different measurement techniques (Fig. 8e)(176).

4.9 pH-Lemon is suitable for fluorescence lifetime imaging

microscopy

In order to test the applicability of pH-Lemon for other microscopic techniques than ratiometric
fluorescence intensity imaging, we tested the suitability of the probe for fluorescence lifetime
imaging microscopy (FLIM). Besides FRET imaging, FLIM measurements represent another
highly sophisticated gold-standard method for quantitative imaging approaches (181).
Therefore, we either expressed mTurquoise2 or pH-Lemon, respectively, in HEK-293 cells.
After permeabilization of the cells for H* using nigericin and monensin, pH values from 4.0 to
8.0 were adjusted. The fluorescence lifetime of mTurquoise2 slightly declined with decreasing
pH if the FP was expressed alone in HEK-293 cells (Fig. 9a)(176). However, interestingly, the
fluorescence lifetime of mTurquoise2 increased pH-dependently, if the lifetime of the FP was
measured in the pH-Lemon construct, probably caused by the quench of the EYFP and
reduced FRET-efficiency upon acidification (Fig. 9a)(176). To investigate whether FLIM is also
suitable to provide a high-resolution, image-based read-out of pH-Lemon, we analyzed the
abundances of fluorescence lifetimes of mTurquoise2 frequencies of these permeabilized
cells. Therefore three different pH values were chosen, a high pH of 7.01, a low pH of 4.03
and a pH of 6.05, which is close to the ECso of pH-Lemon (Fig. 9b)(176). The relative
abundances of fluorescence lifetimes at these pH values also nicely confirmed the pH-
dependency of mTurquoise2 in pH-Lemon. While mTurquoise2 in pH-Lemon had a

fluorescence lifetime of around 2.4 ns at neutral pH, the lifetime increased to 2.8 ns at pH 6.0.
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Upon acidification to pH 4.0, the fluorescence lifetime of the mTurquoise2 in pH-Lemon further
increased to 3.5 ns (Fig. 9a & Fig. 9b)(176). These distributions of fluorescence lifetimes that
are clearly pH dependent, could also be observed in pseudo-colored images of HEK-293 cells
(Fig. 9¢)(176). Upon changing intracellular pH levels, a pH-dependent color-code could be
determined. Similar to the pseudo-colored ratio images obtained from the FRET- as well as
separately exposure measurements, cells appeared blue at alkaline pH, green at a pH near
the ECso of pH-Lemon and red at acidic pH (Fig.7, Fig.8e & Fig. 9¢). This color-coded read-
out of pH values was independent of the expression level of the probe, as the same color was
obtained by analyzing cells with low and high expression of pH-Lemon (Fig. 9¢ & Fig. 7)(176).
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Figure 9: pH-Lemon is suitable for the detection of pH alterations using fluorescence lifetime
imaging microscopy (FLIM). (a) Fluorescence lifetime curves of mTurquoise2 in HEK-293 cells
expressing either mTurquoise2 alone or as part of cytosolic targeted pH-Lemon. Cells were
permeabilized using nigericin and monensin and different pH values were adjusted. (b) Relative
abundances of mTurquoise2 fluorescence lifetimes in the pH-Lemon construct, expressed in HEK-293
cells at high pH (pH 7.01), a pH close to the ECso of pH-Lemon (pH. 6.05) and low pH (pH 4.03). (¢)
Pseudo-colored FLIM images of HEK293 cells expressing pH-Lemon targeted to the cytosol in response
to pH 7.01 (upper panels), 6.05 (middle panels) and 4.03 (lower panels). Scale bar indicates 10 ym.
Reproduced in part & modified with permission from Burgstaller et al., 2019; © American Chemical

Society
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4.10 pH-Lemon does not discriminate between neutral to

alkaline pH values

Every cellular organelle is known to have a specific pH range, which ensures homeostasis and
proper functioning of cell metabolism (2). Therefore we aimed to test the suitability of pH-
Lemon to detect organelle specific pH values by generating differently targeted pH-Lemon
constructs (Fig.10)(176). While the cytosolic pH-Lemon already proved suitable to detect
cytosolic pH alterations in permeabilized cells, expression of the pH probe in intact HelLa cells
confirmed a neutral, homogenously distributed pH value in the cytosol of these cells (Fig.
10a)(176).
a

b
C d

Figure 10: Targeting of pH-Lemon to intracellular compartments for the visualization of pH levels.

(a) Representative pseudo-colored ratio image of HelLa cells transfected with cytosolic targeted pH-
Lemon. Cytosolic targeting was achieved using a nuclear exporting sequence (NES). (b) Representative
pseudo-colored ratio image of HelLa cells expressing pH-Lemon targeted to the ER. Targeting to the
lumen of the ER was achieved using an N-terminal targeting sequence of Calreticulin (CaR) and a C-
terminal ER-retention site (KDEL). (c¢) Representative pseudo-colored ratio image of the pH at the outer
mitochondrial membrane (OMM) in HelLa cells transfected with pH-Lemon fused to OMP25. (d)
Mitochondrial (mito) targeting of pH-Lemon expressed in HelLa cells was achieved using a tandem
dimeric repeat of the COX8 targeting sequence. Image displays a representative pseudo-colored ratio
image. The corresponding pH values to the pseudo-coloration are displayed in the ratio scale bars on
the right. All images were acquired using an automated Nipkow-spinning-disk-based array confocal
laser scanning microscope. Scale bars indicate 10 pm. Reproduced in part & modified with permission

from Burgstaller et al., 2019; © American Chemical Society
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Fusion of pH-Lemon to Calreticulin (CaR) on the N-terminal end and to an endoplasmic
reticulum retention site with the amino acid sequence KDEL at the C-terminal end forced the
probe to enter the ER lumen (182). pH-Lemon targeted nicely to the ER, without any unspecific
signals detectable. As expected, the ER showed pH levels similar to that found within the
cytosol (Fig. 10b)(176). Considering the high metabolic activity at the mitochondrial membrane
as well as the intermembrane space (IMS), pH-Lemon was fused to OMP25, a protein located
at the outer mitochondrial membrane (OMM)(183). This caused membrane staining of
mitochondria without signals coming from the mitochondrial matrix. Interestingly, although
there are many metabolic processes occurring at the mitochondrial membrane, no acidic pH
values were detected at the OMM of HelLa cells (Fig. 10c)(176). In order to generate a sensor,
that is located in the mitochondrial matrix, pH-Lemon was fused to a tandem dimeric repeat of
the commonly used mitochondrial targeting sequence of COX8 (184). Again, the ratio signal
of pH-Lemon confirmed the neutral to alkaline pH in the mitochondrial matrix of HeLa cells
(Fig.10d)(176). These experiments indicated, that pH-Lemon might be suitable to confirm pH
levels in the alkaline range, however, a precise determination of alkaline pH levels cannot be

made.

4.11 pH-Lemon fused to LC3B detects autophagic vesicles

The application of pH-Lemon already confirmed neutral to alkaline pH values in the cytosol,
the ER, the mitochondrial matrix as well as at the OMM (176). However, considering a slightly
acidic pKa of 6.3, applications within acidic compartments might be even more interesting.
Acidic pH values are mainly found in intracellular vesicular structures like lysosomes, secretory
or endosomal vesicles (64,176,185). To achieve vesicular targeting of pH-Lemon, the probe
was fused to the N-terminal end of LC3B, which is a commonly used targeting sequence for
the autophagic pathway (Fig. 11a)(176,179). LC3B fulfills an essential role in the formation of
the phagophore to build up autophagosomes for subsequent fusion with acidic, hydrolase
containing lysosomes to re-use the amino acids or fatty acids as building blocks (179,186). We
hypothesized, that pH-Lemon fused to LC3B might be suitable to detect pH changes resulting
from fusion events of neutral autophagosomes with acidic lysosomes. In order to test our
hypothesis, high resolution images of pH-Lemon - LC3B were acquired (Fig. 11b & Fig. 11c).
The fluorescence emission images of mTurquoise2 and EYFP display mild cytosolic and
nuclear staining (Fig. 11b)(176). While many small roundish structures with strong
mTurquoise2 fluorescence were detectable, only some of these structures displayed EYFP
fluorescence (Fig. 11b)(176). We concluded that small structures possessing both fluorescent

signals might be autophagosomes, which should have neutral pH values (176).
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In contrast, structures possessing only mTurquoise2 fluorescence might be autophagosomes
that underwent fusion with lysosomes (=autolysosomes), indicated by the reduction of EYFP
signal due to the acidic lysosomal pH. The majority of the vesicles could be found in a
perinuclear region in a high density with some single vesicles also in the periphery (176).
Analysis of the images upon pseudo-coloration revealed a huge pH heterogeneity of LC3B
positive vesicles, with many vesicles possessing mild acidic pH values (green and yellow
vesicles) and some structures with extremely acidic pH levels (red vesicles) as well as almost
neutral pH, possible neutral autophagosomes (Fig. 11b)(176). A zoom into vesicles confirmed
the dependency of the two fluorescence emission signals on the proton concentration. While
acidic pH caused a reduction of the EYFP signal, the mTurquoise2 was clearly detectable. In
contrast, alkalization of the vesicles led to an increase of the EYFP fluorescence, resulting in
a reduced donor fluorescence (Fig. 11c).
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Figure 11: pH-Lemon is targeted to autophagic vesicles upon fusion to LC3B. (a) Schematic

N-I mTurquoise2|
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drawing of pH-Lemon-LC3B, consisting of mTurquoise2 (blue square) and EYFP (yellow square)
connected via a linker (white square) at the N-terminal end and LC3B (grey square) at the C-terminal
end of the construct. (b) Representative ACLSM images of starved HelLa cells expressing pH-Lemon-
LC3B. Fluorescence emission images of mTurquoise2 (upper left image) and EYFP (lower left image)
are shown. Respective pseudo-colored ratio image (right,) was generated by division of mTurquoise2
by EYFP fluorescence emission signals. (¢) Zoom of vesicular structures in HelLa cells expressing pH-
Lemon-LC3B. Fluorescence emission signals of mTurquoise?2 (left column), EYFP (middle column) and
the corresponding pseudo-colored ratio images (right column) are shown. Estimated pH values of the
ratio image are displayed. Scale bar represents 5 ym (b) and 1 ym (c¢). Reproduced in part & modified

with permission from Burgstaller et al., 2019; © American Chemical Society
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4.12 pH-Lemon is suitable for the real-time visualization of
autophagy

For the previously described experiments, HelLa cells were starved for two hours prior to
measurements, which resulted in the detection of many acidic vesicles thought to be
autolysosomes. However, the induction of autophagy caused by either starvation or other
stimuli represents an important event in cell metabolism (187). Hence, monitoring the induction
of autophagy in real-time is of great importance and interest. To test the suitability of pH-Lemon
to track the autophagic flux in real-time, i.e. the fusion of autophagosomes with lysosomes,
Hel a cells were imaged using wide-field microscopy upon starvation. Interestingly, the number
of vesicles did not change within 30 minutes of starvation (Fig. 12). However, the appearance
of some acidic vesicles after 45 minutes points to the formation of (probably) autolysosomes.
During prolonged starvation, the number of vesicular structures increased with many red and

green vesicles detectable in a perinuclear region after 105 minutes (Fig. 12).

Time (min)

Time (min)

Figure 12: Dynamic visualization of autolysosome formation. HelLa cells expressing pH-Lemon-
LC3B were imaged using wide-filed microcopy and kept in a physiological buffer with 2 mM glucose,
without amino acids or fetal calf serum. Images were acquired every 15 minutes for the duration of 105
minutes. Ratio images were generated by division of mTurquoise2 by FRET emission. Scale bar

represents 10 um. Estimated pH values according to the respective ratios are displayed.
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4.13 Targeting pH-Lemon to the secretory pathway

Besides autophagy, acidic pH values are furthermore a hallmark of the secretory pathway, as
secretory vesicles acidify on their way to the plasma membrane (176,188). To target the pH
probe to the secretory pathway, we fused pH-Lemon to the targeting sequence of CDH13 on
the N-terminal end and a GPI-anchor on the C-terminal end (Fig. 13)(176).
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Figure 13: Targeting the secretory pathway by expression of pH-Lemon — GPI. (a) Representative
pseudo-colored ratio images of HelLa cells expressing pH-Lemon — GPI with a zoom at the plasma
membrane indicated by the white square (zoom in left panel). Scale bar represents 10 um. (b) HelLa
cell co-expressing mCherry-Golgi-7 and pH-Lemon - GPI. Shown are the mCherry signals (left image),
the mTurquoise?2 signals of pH-Lemon (middle image) and the respective overlay (right image). Sale
bar represents 10 um. (¢) Pseudo-colored ratio images of INS-1 cells expressing pH-Lemon — GPI. Sale
bar represents 10 um. (d) Representative pseudo-colored ratio images of HEK-293 cells transfected
with the pH-Lemon — GPI construct. Estimated pH values are indicated beside the ratio bars. Sale bar
represents 10 ym. All images were acquired using ACLSM. Reproduced in part & modified with

permission from Burgstaller et al., 2019; © American Chemical Society

49



Upon expression, the probe first entered the ER, leading to a weak ER signal, with subsequent
transport into the Golgi apparatus. Due to the GPIl-anchor fused to the probe, the sensor was
packed into secretory vesicles emanating from the Golgi complex and transported towards the
plasma membrane, where the GPIl-anchor was integrated into the cell membrane. Since the
probe was facing the extracellular space, the sensor reported the pH of the extracellular buffer
of 7.4, leading to a blue membrane color. Interestingly, a huge portion of the probe could be
found in secretory vesicular structures that were mainly located in a perinuclear region
(Fig.13a)(176).

Similar to the LC3B construct, the GPI-fusion construct revealed a huge pH heterogeneity of
secretory vesicles in HelLa cells, i.e. different colors in the ratio images, possibly due to the
acidification that is necessary for secretory vesicle maturation (Fig. 13a)(176). To prove that
the vesicular structures were indeed intracellular vesicles and not caused by sensor
accumulation, we co-expressed mCherry-Golgi-7, a frequently used marker for the Golgi
apparatus, with pH-Lemon — GPI in HelLa cells. Due to its targeting sequence, the mCherry
construct was found in the Golgi complex, but also within vesicles (176). The generation of
overlays of the mCherry construct and the mTurquoise2 fluorescence image of pH-Lemon
confirmed our assumption that pH-Lemon — GPI is located in secretory vesicles, since the
majority of the vesicles showed a clear overlay of the two signals. The intracellular structures
were hence caused by transporting pH-Lemon towards the plasma membrane within secretory
vesicles and were not the result of accumulating sensor proteins within the cytosol (Fig.
13b)(176). To exclude the possibility of HeLa cell line specific effects, the construct was tested
in two other cell lines. Therefore, the pancreatic beta cell line INS-1 832/13 (INS-1) (Fig. 13c)
and the human embryonic kidney cell line HEK-293 (Fig. 13d) was transfected with the
construct (176). In contrast to HeLa cells where single vesicles could be distinguished also in
the high-density vesicular region, in INS-1 cells, this region seemed blurred green, which may
represent the Golgi apparatus. Some acidic vesicles were found in the branching arms of the
cells (Fig. 13c). The previously seen heterogeneity with different colored vesicles could not be
observed in HEK-293 cells (Fig. 13d). Surprisingly, the sensor unveiled huge, highly acidic
vesicles that take up excessive amounts of intracellular space. Furthermore, the amount of
sensor that traversed the entire cell and was exposed on the cell surface seemed to be less in
both cell lines compared to HelLa cells (Fig. 13a & Fig. 13b)(176).
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4.14 Revealing the pH heterogeneity of secretory vesicles
using pH-Lemon

Considering the different pH values of intracellular vesicles, we analyzed these different
populations in more detail. Expression of the probe in HeLa cells led to the previously observed
localization within vesicles bearing different pH values (Fig. 14a)(176). Within one single cell,
the vesicles could be divided into different sub-groups of red, yellow, green, cyan and blue
vesicles, based on their color, i.e. pH values (Fig. 14a). Interestingly, red vesicles, and to some

extent also the other vesicles, seemed to have a different pH at the border (Fig. 14a)(176).
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Figure 14: Classification of vesicles into different sub-categories based on their pH values. (a)
Representative pseudo-colored ratio image of a region with high vesicular density in a HelLa cell
expressing pH-Lemon — GPIl. Pseudo-coloration revealed vesicles with different ratio, i.e. pH values
displayed as differently colored structures (lower panel, scale bar indicates 10 ym). Upper panel
displays a zoom of single representative vesicles with different colors, red, yellow, green, cyan and blue,
i.e. acidic to alkaline pH. Scale bar indicates 1 um. (b) Scatter dot plot of the vesicles of 10 cells divided
into different categories with estimated pH values of <4.5 (red dots), ~5.5 (yellow dots), ~6.0 (green
dots), ~6.5 (cyan dots) and 27.0 (blue dots). The vesicle area in um2 is shown on the Y-axis. Values are
displayed as median + interquartile range, n=1150 vesicles in total of 10 different cells. (¢) Scatter dot
plot of the number of vesicular structures per z-plane per cell of the vesicles analyzed in (b). The vesicles
of one cell are displayed as small dots with the same color and connected via a thin line, while big dots
(red, yellow, green, cyan, blue) represent the average (average + SEM) of the vesicle number in each
category, n=1150 vesicles in total. Reproduced in part & modified with permission from Burgstaller et

al., 2019; © American Chemical Society
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To determine a possible connection between the pH and the size of the vesicles, 1150 vesicles
of 10 different cells expressing pH-Lemon - GPI were analyzed. The vesicles were assigned
to one of five groups according to their ratio vales (i.e. pH values) and plotted against the
vesicle area. Red, yellow, green and cyan vesicles seemed to have similar size between 0.2
and 1 uym? (Fig. 14b)(176). In contrast, the size of blue, i.e. alkaline vesicles and structures
within the analyzed cells ranged from 0.5 ym? to 6 ym? (Fig. 14b)(176). The majority of
intracellular vesicles belonged to the category with estimated pH values of <4.5 (red) and ~6.0
(green), with approximately 50 structures per z-plane per cell in the average. The number of
yellow, cyan and blue vesicles was lower with average 20, 30 and 10 structures per z-plane

per cell, respectively (Fig. 14c)(176).

4.15 Visualization of vesicles with different pH values using

fluorescence lifetime imaging microscopy

pH-Lemon has already proven suitable for the detection of intracellular pH alterations using
fluorescence lifetime imaging microscopy (FLIM) (176). However, the possibility to visualize
the pH level of small structures like secretory vesicles and the Golgi apparatus using other
techniques than array confocal laser scanning microscopy and fluorescence wide-field
microscopy would drastically expand the applications of the probe. For this purpose, we

transfected HEK-293 cells with pH-Lemon — GPI followed by further analysis using FLIM.
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Figure 15: Detection of vesicular pH levels using FLIM. (a) Representative images of the
mTurquoise?2 fluorescence intensity of HEK-293 cells expressing pH-Lemon — GPI. (b) Corresponding
pseudo-colored fluorescence lifetime images of the cells shown in (a) based on the different
fluorescence lifetimes caused by different intra- and extracellular pH levels. Scale bar represents 10 um
for (a) & (b). Ratio scale of the fluorescence lifetimes with estimated pH values is indicated on the right.
Reproduced in part & modified with permission from Burgstaller et al., 2019; © American Chemical

Society
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As observed previously, the construct was located at the cell surface and within vesicles,
causing a bright fluorescence signal detected at the cell border, within vesicles and the Golgi
apparatus (Fig. 15a)(176). As expected, a pseudo-coloration of the fluorescence lifetime of
mTurquoise2 of pH-Lemon — GPI displayed a similar color-coding as observed previously
using ACLSM, indicating the different pH values of the different subcellular structures (Fig. 13,
Fig 14 & Fig. 15b)(176). Importantly, a comparison of the fluorescence intensity image with
the fluorescence lifetime image demonstrated that there was no correlation between the
brightness caused by high abundances of mTurquoise2 at various subcellular structures and
the fluorescence lifetime of the FP (Fig. 15)(176). While the cell surface showed a short
fluorescence lifetime of approximately 2.2 ns (blue), some intracellular vesicles possessed a
long fluorescence lifetime of up to 3.5 ns (red). Similar to the experiments using conventional,
high resolution fluorescence intensity imaging on an ACLSM, intracellular vesicles covered the
whole range of fluorescence lifetimes (yellow and green) (Fig. 13, Fig 14 & Fig. 15b)(176).
These experiments indicate the suitability of pH-Lemon — GPI for subcellular pH quantifications
of small cellular structures using FLIM, and confirmed the pH heterogeneity of intracellular

vesicles as observed by ACLSM.

416 pH-Lemon features high stability in acidic

environments

Targeting pH probes to either autolysosomes or the secretory pathway bears the risk of sensor
degradation due to acidic pH levels in these environments (189,190). These acidic vesicles
represent an extremely hostile environment for genetically-encoded sensors. The high activity
of H" pumps acidifying the vesicular lumen and the possible presence of proteases could
damage the sensor (190). To minimize the risk of potentially non-functional sensor within acidic
vesicles, the FPs need to be stable in terms of degradation or proteolysis. Our previous
analysis of pseudo-colored ratio images resulted in red color for acidic structures and blue for
neutral compartments. However, false positive red colored vesicles within the ratio images
would also be observed, if the EYFP would be non-fluorescent as a consequence of
degradation or misfolding. To confirm that the red color in these ratio images indeed resulted
from quenching of the fluorescence due to acidic pH and not from degradation of the EYFP,
we aimed to neutralize acidic vesicles to regain EYFP fluorescence (Fig. 16a)(176). We
hypothesized that the addition of a mixture consisting of sodium azide (NaN3z) and ammonium
chloride (NH4CI) might result in neutralization of intravesicular pH values, as it has been

described previously (Fig. 16a)(191).
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Figure 16: EYFP fluorescence was restored upon neutralization of vesicular pH levels. (a)
Schematic drawing of the proposed mechanisms of the neutralization of acidic vesicles. V-ATPases
(grey) located at the vesicular membrane function as proton pumps (H*, red) by hydrolyzing ATP in
order to generate an acidic lumen. Addition of sodium azide (NaNs) and ammonium chloride (NH4Cl)
potentially neutralizes acidic vesicles by diffusion of azide and ammonia through the membrane,
buffering the high vesicular proton concentration, thereby possibly generating hydrazoic acid and
ammonium, respectively. (b) ACLSM images of HeLa cells expressing pH-Lemon — GPI. Shown are the
mTurquoise2 and EYFP fluorescence images, as well as the respective pseudo-colored ratio images of
untreated cells (basal, upper row) and the same cells after treatment with NaN3z and NH4CI for 10
minutes (+NaN3/NH4Cl, lower row). Scale bar indicates 10 ym. Reproduced in part & modified with

permission from Burgstaller et al., 2019; © American Chemical Society
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We suggested that, when administered to cells, azide and ammonia might diffuse into the
lumen of the vesicle, thereby buffering high [H*] (Fig. 16a)(176). To test our assumption, HelLa
cells expressing pH-Lemon — GPI were analyzed using high resolution microscopy. As
expected, the comparison of the mTurquoise2 and EYFP signals of untreated cells revealed
many acidic vesicles, possessing strong mTurquoise2 fluorescence, but weak or no EYFP
signal, leading to the previously observed color-coding including all five differently colored
vesicle groups (Fig. 16b). The same cells were subsequently imaged after addition of an
alkaline buffer containing NaNs and NH4ClI. This mixture strongly affected the intracellular pH,
as it increased vesicular pH levels remarkably (Fig. 16b)(176). Upon image acquisition 10
minutes after treatment, the formerly quenched EYFP signal was retained, while the
mTurquoise2 signal was mildly decreased (176). The increase of vesicular pH levels was
clearly visible in pseudo-colored ratio images that displayed mainly blue, cyan and some green
vesicles. Highly acidic, red vesicles could not be detected in cells that were treated with NaN3
and NH4ClI (Fig. 16b & Fig. 17b)(176). Interestingly, zooming into the vesicular region revealed
that the effect of these compounds seemed to be quite heterogeneous. Although the
neutralizing effect of the compound is rather strong, not every vesicle was completely
neutralized, and some vesicles possessing a mild acidic pH can still be observed (Fig.
17b)(176). However, this experiment confirmed our hypothesis that pH-Lemon is highly stable
and not degraded in acidic environments, which favors dynamic long-time pH imaging using

vesicular targeted pH-Lemon.
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Figure 17: Heterogeneous response of intracellular vesicles upon treatment with neutralizing
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agents. Representative images of HelLa cells transfected with pH-Lemon — GPI with zoom into a region
of high vesicular density. mTurquoise2 (left panels), EYFP (middle panels) and pseudo-colored ratio
image (right panels) are displayed under untreated control conditions (basal) (a) or after treatment with
NaNs/NH4Cl for 10 minutes (b). Scale bars represent 10 um. Estimated pH values according to the ratio
are given. Reproduced in part & modified with permission from Burgstaller et al., 2019; © American
Chemical Society
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4.17 Precise real-time determination of vesicular pH values

using pH-Lemon - GPI

Our previous experiments already proved the stability of pH-Lemon — GPI in acidic
environments and the ability of the probe to detect pH alterations in extremely small structures.
Nevertheless, these protocols represent end-point measurements with high-resolution. In
order to test the suitability of pH-Lemon to resolve pH changes in real-time, HelLa cells
transfected with pH-Lemon — GPI were analyzed on a wide-field microscope over-time. Despite
the significant lower resolution of the wide-field microscope, the region of high vesicle density
(i.e. ROI, region of interest) as well as single vesicles possessing different pH values from
acidic to almost neutral could be detected (Fig. 18a)(176). Over a period of 10 minutes, the
average pH of the ROIs slightly decreased (Fig. 18b). While the pH seemed rather stable and
did not show spontaneous and obvious alterations, the basal pH of the vesicular regions
differed from cell to cell. Interestingly, we could observe a huge heterogeneity of the average
vesicular pH, with pH values ranging from 5.3 to 5.8 (Fig. 18b)(176). In order to test the
responsiveness and the velocity of vesicle targeted pH-Lemon to detect pH alterations, we
again neutralized these vesicles using NaN3/NH4CIl. Upon administration of NaNs/NH4CI, a
similar effect as observed using high-resolution microscopy was measured. Administration of
these compounds resulted in a decreased number of acidic, i.e. red, vesicles (Fig. 18a), and
the pH increased within a few seconds, resulting in an increase of around 0.3 pH units in the
average vesicular region (Fig. 18¢)(176). Due to the prominent effect of NaNs/NH4CI, we
expected the neutralization to be irreversible. Unexpectedly, a wash-out of the chemicals
resulted in a decrease (i.e. re-acidification) of the vesicular pH that was significantly slower
than the neutralization (Fig. 18¢)(176). After wash-out, the basal pH levels were reached again
after ~3 minutes (Fig. 18c¢) and the number of red, acidic vesicles seemed to be increased
(Fig. 18a)(176). Furthermore, we aimed to compare the response of pH-Lemon — GPI to
LysoTracker Red DND-99, representing a frequently used staining method for acidic vesicles.
The dye functions in an intensiometric manner, which strongly depends on the pH (192). Due
to very heterogenous staining efficiencies, the measured intensities of HelLa cells stained with
LysoTracker Red DND-99 scattered a lot (Fig. 18d). Upon vesicle neutralization, the intensity
dropped unitl no fluorescence was measurbale any more (Fig. 18d & 18e)(176). Wash-out of
NaNs/NH4CI did not restore LysoTracker Red DND-99 fluorescence, probably due to its
irreversible loss upon neutralization (Fig 18d & 18e)(176). These experiments clearly indicated
the advantages of the genetically-encoded pH sensor pH-Lemon for staining of vesicles and

precise, dynamic and reversible pH measurements.
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Figure 18: Dynamic real-time measurements of vesicular pH changes. (a) Pseudo-colored ratio
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images of HelLa cells transfected with pH-Lemon — GPI under resting conditions (basal, left panel), in
response to NaNs/NH4Cl (middle panel) and after wash-out (right panel). The measured region of
interest (ROI) is displayed. Scale bar represents 10 um. n=10 cells from 3 independent experiments.
(b) Representative single cell responses of cells transfected with pH-Lemon — GPI over-time. The
average pH of the intracellular region with high vesicle density (ROI) was determined using wide-field
microscopy over a period of 10 minutes. n=3 (c¢) Representative pH curve of a single cell in response
to NaNs/NH4Cl with subsequent wash-out and re-acidification of the vesicles. n=3 (d) Representative
single cell responses of Hela cells stained with LysoTracker Red DND-99 using the same protocol as
in (b). n= 45 cells from 3 independent experiments. (e) Representative fluorescence intensity images of
LysoTracker Red DND-99 stained HelLa cells under basal conditions (left panel), treated with
NaNs/NH4Cl (middle panel) and after wash-out (right panel). Scale bar represents 10 ym. Reproduced

in part & modified with permission from Burgstaller et al., 2019; © American Chemical Society
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4.18 pH-Lemon is suitable to monitor V-ATPase activity

The activity of V-ATPases in the vesicular membrane is essential for the generation of an acidic
lumen (99)(Fig. 19a). Inhibition of the H* pump is known to cause defects in vesicular
acidifiction, leading to an increased luminal pH (110). To test the suitability of pH-Lemon for
the detecetion of V-ATPase activity by monitoring the vesicular pH, we aimed to alter the
luminal pH levels via application of the commonly used V-ATPase inhibitor Baf-A (110,176)
(Fig. 19a).
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Figure 19: Monitoring vesicular pH as a measure of V-ATPase activity. (a) Schematic drawing of
the proposed mechanism by which V-ATPases (grey) located in the vesicular membrane pumps H* into
the lumen, thereby acidifiying the vesicle (A). Application of Baf-A is thought to inhibit V-ATPase activity,
thereby leading to an increased luminal pH (B). (b) Representative pseudo-colored ratio images of
control Hela cells (upper row) and Baf-A treated cells (lower row) expressing pH-Lemon — GPI. Images
are representative for the vesicluar pH levels in basal conditions (left column), after treatment with
NaN3/NH4Cl (middle column) and after wash-out (right column). Scale bar respresents 10 um, estimated
pH levels are indicated. n=8 for both conditions. Reproduced in part & modified with permission from
Burgstaller et al., 2019; © American Chemical Society

In comparison to control HelLa cells, treament with Baf-A caused an increased basal pH in
intracellular vesicles (176). While control cells possessed a huge heterogeneity concerning
their vesicluar pH levels, ranging from an estimated pH of 6.5 to 4.0, Baf-A treated cells mainly
contained vesicles with an estimated pH of 6.0 or higher (Fig. 19b)(176). We assumed that
the substances might have only a small or no effect in Baf-A treated cells, due to vesicular pre-
neutralization by Baf-A. As expected, control cells responded to neutralization by NaNs/NH4Cl
with a clear increase of vesicular pH levels with a subsequent re-acidification upon wash-out
(Fig. 19b)(176). In contrast, the pH alteration in Baf-A treated cells was hardly visible in

pseudo-colored ratio images.
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Due to the constant inihibition of the V-ATPase, the vesicles re-acidified only to their basal pH
levels, but did not reach extremely acidic values (Fig. 19b)(176). Using real-time imaging, we
aimed to determine the exact pH values of the measured vesicular regions (Fig. 20).
Compared to control cells, possessing average basal pH levels of the vesicular region of 5.9 +
0.02, the pH of Baf-A treated cells was found to be significatly increased to 6.2 + 0.02 (Fig.
20a)(176). Due to the already neutralized vesicles in Baf-A treated cells, addition of
NaN3/NH4Cl caused a milder increase of the pH compared to control cells (Fig. 20c & Fig.
20d)(176). Noteworthy, there was still a neutralizing effect of NaN3/NH4Cl in both groups, that
showed the same kinetics upon NaNs/NH4Cl administration. Removal of NaN3s/NH4Cl led to the
already previously observed re-acidification in control cells, while the effect was hampered in
Baf-A treated cells (Fig. 20a, Fig. 20c & Fig. 20d)(176).
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4.19 Extracellular pH strongly affects vesicular pH levels

The pH of intracellular vesicles seems to respond quickly, but reversibly to events causing
vesicular pH neutralization, under conditions where the V-ATPases are not inhibited.
Considering the metabolic settings within the TME, the pHex levels are lowered due to
increased export of H* and lactate (129,130). As these decreased pH levels might distress the
surrounding cells, we aimed to investigate, to which extend the intracellular vesicles are
affected and how they respond to pHex changes (Fig. 21)(176). To test the effect of different
pHex levels on the vesicular pH, images of HelLa cells transfected with pH-Lemon — GPI were

acquired in response to various, acidic pHex levels.
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Figure 21: Effect of extracellular pH alterations on vesicular pH levels. (a) Pseudo-colored ratio
images of HelLa cells expressing pH-Lemon — GPI, acquired using high-resolution microscopy, in
response to pHex levels of 6.0 (upper row), 5.0 (middle row) and 4.0 (lower row). Scale bar represents
10 um. (b) Representative pseudo-colored ratio images of intracellular vesicles containing pH-Lemon
— GPI in response to switching pHex values of 7.4 (left image), 10.0 (middle image) and 4.0 (right image)
as indicated in the panel. Scale bar represents 10 um. (c) Representative pH response of the vesicular
region of a single living cells displayed in (b) upon changing the pHex from 7.4, to 10.0 and 4.0 over time.
n=5. Reproduced in part & modified with permission from Burgstaller et al., 2019; © American Chemical

Society

As expected, the sensor located at the outer plasma membrane displayed the pH values of
6.0, 5.0 and 4.0 that were adjusted in the buffer. At a pH of 6.0, many acidic vesicles having a
pH ~4.0 and several vesicles having a pH ~6.0 could be observed within these cells. Upon
acidification, the vesicular pH levels acidified rapidly, with some less acidic structures of bigger
size visible within the cytosol at a pHex of 5.0 (176).
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Finally, acidic pHex values of 4.0 strongly affected intracellular pH levels, resulting in
acidification of nearly all structures containing the sensor, i.e. the Golgi complex and the
vesicles (Fig. 21a). Dynamic wide-field measurements displayed the strong pH dependent
effect on the vesicles upon changing pHex levels. While there were some acidic vesicles visible
at the beginning of the measurements with extracellular pH 7.4, which represents physiological
pHex values, the number of highly acidic vesicles decreased upon changing to an alkaline buffer
(Fig. 21b)(176). Interestingly acidic pH values had a more prominent effect on the vesicular
pH compared to alkaline pH levels, rapidly acidifying all pH-Lemon — GPI positive structures
(Fig. 21b)(176). This effect was confirmed during dynamic recordings of the vesicular pH
levels, where administration of a buffer with pH 10.0 led to a small, slow increase of the average
vesicular pH from 5.5 to 6.0, whereas changing the pH to 4.0 caused a fast, massive drop of
the pH to 4.5 within some seconds (Fig. 21¢c)(176). These experiments indicate, that
extracellular acidic pH levels, as they occur within the TME, might affect pH; levels and

therefore, hamper or even re-program cell metabolism.

4.20 Novel approach for targeting pH-Lemon solely to the

plasma membrane

Monitoring pHex levels in terms of cell metabolism alterations or cell-to-cell signaling might
represent a valuable tool to gain a better understanding of the cascades occurring within the
TME or during intercellular communication (193,194). However, precise measurements of pHex
levels are challenging using conventional targeting signals, such as the GPIl-anchor, due to a
high background signal arising from the intracellular vesicles (176). In order to measure
accurately on the plasma membrane, we re-designed a sophisticated approach for exploiting
the biotin-avidin interaction (160,163,164 ). Considering the fact that many genetically-encoded
sensors are still fully functional as purified proteins extracted from E.coli, we hypothesized, that
coupling recombinant purified pH-Lemon to a biotin residue located at the plasma membrane
might represent the first method to obtain an immobilized, fully functional sensor measuring
pHex levels (134,137,195). For that purpose, we generated two constructs for transfection into
mammalian cells. The first construct encoded for the mCherry tagged AviTag fused to CDH13

and a GPl-anchor for membrane localization (Fig. 22a).
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Figure 22: Expression of AviTag and the enzyme biotin ligase (BirA) to obtain membrane-bound

biotin. (a) Schematic drawing (upper panel) of a construct encoding for the CDH13 targeting sequence
(grey square), followed by the 15 amino acid long AviTag (green square), the fluorescent protein
mCherry (red square) and the GPl-anchor signal (blue square) on the C-terminal end. Lower panel
displays a representative fluorescence image of HelLa cells expressing the the AviTag-mCherry
construct. Scale bar indicates 10 ym. (b) Schematic illustration (upper panel) of a construct encoding
for the Calreticulin targeting sequence (CaR, white square), BirA (blue square), mCherry (red square)
and four amino acids acting as ER retension signal (KDEL, orange square). Representative
fluorescence image of HelLa cells expressing the BirA-mCherry construct, acquired using high-resolution
microscopy. Scale bar indicates 10 um. (c) Proposed mechansim and zoom of the events occuring in
the ER upon expression of the constructs described in (a) and (b). The ER targeted BirA (cyan) fused
to mCherry (red) is located in the lumen of the ER. Due to the CDH13 targeting signal, the AviTag-
mCherry-GPI construct is transpoted into the ER, where the GPI-anchor binds to the membrane. If biotin
is present, BirA catalyses the reaction to bind biotin to the AviTag (green). (d). After adding biotin to the
AviTag (c), the construct is transported to the plasma membarne via the Golgi complex and the secretory
vesicles to reach its final localization at the outer side of the plasma membrane (yellow). The GPI-anchor

is inserted into the membrane, followed by mCherry (red) and the biotinylated AviTag (black and green).
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Expression of this construct led to the known pattern of mild ER and high vesicle, as well as
high plasma membrane staining, as previously observed expressing pH-Lemon — GPI (Fig.
14a & Fig. 22a). The second construct encoded for BirA, an enzyme derived from E.coli that
is capable of biotinylating the AviTag, fused to mCherry (Fig. 22b)(196). Due to the CaR and
ER retention signal KDEL fused to BirA, mCherry fluorescence was detected within the ER in
Hel a cells expressing the construct (Fig. 22b). Co-transfection of these two constructs should
finally result in the events displayed in Fig. 22c. The mCherry tagged BirA enzyme can be
found in the ER due to the ER-targeting sequence. Before the AviTag-mCherry-GPI construct
is packed into vesicles in order to be transported to the plasma membrane, it is also localized
at the ER, where it is glycosylated. If biotin is present, BirA is responsible for the biotinylation
of the AviTag (Fig. 22c¢). Afterwards, the biotinylated AviTag is transported to the Golgi
complex, packed into secretory vesicles and trasported towards the plasma membrane. On
the outer cell surface, the GPIl-anchor is inserted into the plasma membrane, followed by
mCherry, which favors the selection of transfected, fluorescent cells during fluorescence
microscopy (Fig. 22d). The biotinylated AviTag, representing the N-terminal end of the

construct, can be found exposed to the extracellular space (Fig. 22d).

4.21 Immobilization of purified sensors at the cell membrane

using the traptavidin-biotin interaction

After expression of the respective constructs, biotinylation of the AviTag in the ER and
transport to the outer side of the plasma membrane, the cells harbor a highly biotinylated
surface, that, in theory, will be recognized by avidin counterparts. The non-covalent binding of
biotin and avidin is the strongest known in nature, however, we aimed to further enhance the
force of binding in order to minimize dissociation during dynamic measurements over-time
using extracellular perfusion (156). Therefore, we took advantage of the recently developed
traptavidin, with minimal dissociation rates and high stability over a wide pH range (166). This
traptavidin was fused to pH-Lemon, the construct was expressed recombinantly in E.coli and
purified. Incubation of the biotinylated cells with the purified sensor in solution should result in
binding of traptavidin to biotin only at cells expressing both, the enzyme BirA and the
biotinylated AviTag (Fig. 23a). Expression of both contructs resulted in a high mCherry
fluorescence signal within vesicles and at the plasma membrane. The weaker ER signal of the
BirA enzyme could not be distinguished from the the AviTag construct, since both mCherry-
tagged constructs displayed mild ER signal. In accordance with our expectation, incubation of
HeLa cells expressing BirA and the AviTag resulted in accurate staining of the cell surface

after incubation with recombinant purified traptavidin-pH-Lemon (Fig. 23b).
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Both fluorescence signals, the mTurquoise2 as well as the EYFP signal, were clearly
detectable, regardless of a high or weak expression level of the mCherry constructs (Fig. 23b).
The precise staining solely at the cell border favors measurements at the cell surface, as the
background signals are minimized. Compared to the pH-Lemon — GPI construct, that could be
found to a great extent also in intracellular vesicles, the purified sensor bound to biotin should
only display pH changes occuring in the extracellular space (Fig. 23b). Importantly, no
unspecific binding of the sensor could be detected, as cells lacking AviTag-mCherry and BirA-

mCherry did not show any mTurquoise2 or EYFP fluorescence after coupling (Fig. 23b).
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Figure 23: Cell surface labelling with traptavidin-pH-Lemon. (a) Schematic drawing of the purified
construct consisting of traptavidin (grey) fused to pH-Lemon (cyan+yellow) with a flexible (GGGGS)2-
linker (red). Traptavidin is able to bind the biotinylated AviTag (black and green), which can be found on
the N-terminal end of mCherry (red). The C-terminal end of the FP is connected to the GPI-anchor
(grey), which is inserted into the plasma membrane (light yellow). (b) Representative fluorescence
emission images of HelLa cells expressing BirA-mCherry and AviTag-mCherry-GPl using ACLSM.
Displayed are the mCherry fluorescence (first row), the mTurquoise2 fluorescence (second row), the
EYFP fluorescence (third row) and the brightfield image (fourth row). Scale bar indicates 20 pym.
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4.22 Precise monitoring of extracellular pH alterations using

purified traptavidin-pH-Lemon bound to biotin

After successfully attaching the purified sensor to the plasma membrane, as confirmed using
ACLSM imaging, we aimed to measure pHex alterations in real-time. Therefore, we measured
HelLa cells with bound traptavidin-pH-Lemon using wide-field microscopy in response to
different pHex values. Until now, it has been challenging to measure sensor responses directly
at the cell surface using wide-field microscopy with lower resolution, due to the blurring signals
from the cell border and the intracellular vesicle background (176). Using our novel approach,
the cell surface was clearly visible even at low resolution (Fig. 24a). Due to the restriction of
the signal to the membrane, the whole cell can be measured as the region of interest (ROI)

(Fig. 24a), without measuring any unwanted artefacts.
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Figure 24: Dynamic real-time imaging of traptavidin-pH-Lemon bound to biotinylated AviTag. (a)
Representative EYFP fluorescence signals of HelLa cells transfected with BirA-mCherry and AviTag-
mCherry-GPI after coupling with traptavidin-pH-Lemon. Cells were perfused with buffers of different pH
values and wide-field images were acquired at a pH of 6.0 or 9.0 Scale bar represents 20 ym. (b) pH
responses over-time of HelLa cells coupled with traptavidin-pH-Lemon and ROIs as depicted in (a) in
response to different pH values from 6.0 to 9.0. Single cell responses are displayed in black, average
response is shown in red. (c) Fluorescence intensity over-time of EYFP of the ratio curves displayed in
(b). (d) Fluorescence intensity over-time of mTurquoise2 of the ratio curves displayed in (b). n=3 for all
panels.
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Interestingly, the recombinant purified sensor totally retained its functionality upon
immobilization at the cell surface. Traptavidin-pH-Lemon reported pH changes of extracellular
buffers in a fast, accurate and repetitive way with a high signal-to-noise ratio (Fig. 24b).
Importantly, the basal ratios of the cells were in a very narrow range, with an average ratio of
4.0 (Fig. 24b), indicating the accuracy of this method. The ratiometric design of pH-Lemon
favors measurements with a low fluorescence intensity, as the sensor was sensitive to pH
changes, regardless of the fluorescence intensities of EYFP (Fig. 24¢c) and mTurquoise2 (Fig.

24d), displaying a strong dependency on (de-)protonation (Fig. 24b — Fig. 24d).

4.23 Recording extracellular K* changes at the cell surface

Besides pH alterations occurring as a result of the metabolic setting of cells, for example, within
the TME, especially extracellular K* alterations are of great importance (129,197). The highly
K* sensitive and recently developed genetically-encoded K* ion indicators (GEPIIs) led to new
insights into intracellular K* homeostasis, by recording K* changes as a result of de- or
increased FRET efficiency upon K* binding to Kbp, the K* binding protein (134,198). Especially
GEPII 1.0, a highly sensitive K* variant, has the potential to monitor K* changes that might
occur within the extracellular environment, due to its high K* affinity (134,197). However,
although GEPII 1.0 expressed in the cytosol of HeLa cells responded to K* changes from 0
mM to 100.0 mM accurately (Fig. 25a & Fig. 25b), measuring K* in the extracellular space
remained impossible. Using the GPIl-anchor, GEPII 1.0 was successfully targeted to the outer
side of the plasma membrane, as confirmed using wide-field imaging microscopy (Fig. 25a).
However, although the fluorescence of both FPs was detectable, the sensor did not respond
upon changing the [K*] in the extracellular space from 0 mM to 100.0 mM, suggesting that
intracellular modifications might result in fluorescent, but non-functional sensors. Interestingly,
the number of vesicles seemed to be reduced, compared to cells expressing pH-Lemon — GPI,
but instead of localization within vesicles, a higher signal of sensor localized within or at the
ER could be detected (Fig. 25a).
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Figure 25: Targeting of GEPIl 1.0 to the plasma membrane via a GPl-anchor caused K*
insensitivity. (a) Representative wide-field images of the mseCFP and FRET fluorescence emission
signals of HeLa cells expressing cytosolic GEPII 1.0 (upper panels) and GPl-anchored GEPII 1.0 (lower
panels). Scale bar indicates 10 uym. (b) Single cell responses of 3 independent measurements of HelLa
cells expressing cytosolic GEPII 1.0 in response to increasing K* levels as indicated in the panel. Cells
were permeabilized using 15 yM gramicidin. (¢) Single cell responses of HelLa cells expressing GPI-

anchored GEPII 1.0 in response to increasing K* levels over-time as indicated in the panel. n=3.

4.24 Fusion of traptavidin to GEPIl does not impair structural
rearrangement in vitro

Considering the successful application of purified pH-Lemon to measure pH at the cell border,
we hypothesized, that the binding of recombinant traptavidin-GEPIl 1.0 to the biotinylated
AviTag may allow extracellular K* measurements directly at the cell membrane for the first
time. For this purpose, we generated a fusion construct of traptavidin and GEPII 1.0, which
was purified analogously to the pH sensor. In contrast to pH-Lemon, which does not rely on a
conformational rearrangement of the two FPs to measure pH alterations, K* sensing by GEPII
1.0 requires a structural rearrangement altering FRET-efficiency (134,176). However, the
addition of a rather huge traptavidin protein might have a negative impact on the sensor
functionality or even impair K* binding. In order to exclude these possibilities, the protein was

analyzed on a fluorescence plate reader in response to various [K*].
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Despite addition of the rather huge traptavidin protein, the size of the additional fusion construct
seemed to have no impact on K* sensing, as spectral analysis of the protein confirmed a strong
dependency on [K*] in vitro (Fig. 26a). The estimated ECs, of recombinant traptavidin-GEPII
1.0 of 544 yM (501.4 - 590.8) seemed to be perfectly suitable for the detection of extracellular
K* changes (Fig. 26b), that are thought to occur in the yM or small mM range.
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Figure 26: Purified traptavidin-GEPIl 1.0 accurately measures [K*] in vitro. (a) Fluorescence
emission spectrum of purified traptavidin-GEPII 1.0. The protein was measured in aqueous solution
using fluorescence spectrometry in response to different [K*] of 10 uM, 30 uM, 100 pM, 300 uM, 1 mM,
3 mM, 10 mM and 30 mM. (b) Concentration response curve of traptavidin-GEPII 1.0 determined using

the same [K*] as displayed in (a).

4.25 Traptavidin-GEPIl 1.0 remains functional upon
immobilization at the cell surface

We could show that addition of traptavidin does not hamper the sensitivity of GEPII 1.0 for K*.
Nonetheless, the protein was measured in vitro with the ability to move and adapt to essential
conformational changes upon K* binding. To test the suitability of the construct to measure K*
upon its immobilization in situ, we aimed to bind the traptavidin-GEPII 1.0 protein on
biotinylated surfaces of HelLa cells. As expected, BirA and AviTag expressing cells displayed
a clear membrane staining of mseCFP and FRET fluorescence upon incubation with the
purified traptavidin-GEPIlI 1.0 (Fig. 27a). The signals received from traptavidin-GEPIl 1.0
seemed to be homogenously distributed among the cell border of single cells, with variable
intensities detected on different cells (Fig. 27a). In contrast to the measurements in vitro, the
sensor bound to the cell surface might be forced to stay in a restricted place with a decreased
ability to move, due to a high abundance of sensor proteins within a small membrane area. In
order to test the functionality of the sensor, the cells were measured using wide-field

microscopy.
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Exploiting the traptavidin-biotin interaction, it was possible for the first time to obtain functional
K* sensitive GEPII 1.0 on the cell membrane, as extracellular K* changes could be measured
precisely in real-time (Fig. 27b). The FRET ratio changes were clearly detectable with a low
signal-to-noise ratio (Fig. 27b). Possessing an ECsy for K* of 3.2 mM (2.6 - 4.6) when bound
to the cell surface (Fig. 27¢), the sensor might be able to distinguish between slight changes

of K* within cellular environments.
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Figure 27: Traptavidin-GEPIl 1.0 detects extracellular K* alterations at the cell surface. (a)
Representative fluorescence emission images of HelLa cells expressing BirA-mCherry and AviTag-
mCherry-GPI (left column). Middle and right images show the fluorescence of mseCFP (middle column)
and FRET (right column) after incubation with traptavidin-GEPII 1.0. Scale bar represents 10 um. (b)
Dynamic real-time measurements of traptavidin-GEPII 1.0 bound to the surface of HelLa cells using
wide-field microscopy. Representative single cell response of the K* sensor located at the cell membrane
of a single living HeLa cell in response to different [K*] administered using a perfusion system. n=3. (c)

ECso curve of the construct immobilized on the cell surface generated using measurements as shown in

(b). Values show average + SD, n=3.
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4.26 Immobilization of traptavidin fusion constructs on

glass surfaces allows pH and K* determinations within fluids

Especially the field of biotechnology and biomedical analysis is constantly growing and in need
of new designs and measurement techniques that improve and simplify the determination of
biotechnologically and medically relevant parameters. Considering the strong binding of
purified sensors fused to traptavidin on biotinylated cell surfaces, we hypothesized, that these
purified sensors might also be stable on planar biotinylated surfaces like glass. Addition of the
sensor of choice, would, in theory, result in immobilized sensors present on a glass slide to
determine distinct parameters within biological samples. Contact of the fluids with the glass

slides using perfusion might result in detectable FRET alterations, similar to the approach used

on the cell surface (Fig. 28a).
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Figure 28: Binding traptavidin-pH-Lemon to glass surfaces allows long-term measurements and
storage. (a) Schematic illustration of a biotinylated glass slide (light blue). Addition of a recombinant
purified, genetically-encoded sensor fused to traptavidin should result in strong non-covalent binding
and yield an immobilized sensor on the glass surface. (b) Representative pH response of immobilized
pH-Lemon on a glass slide upon perfusion of distinct pH buffers over-time, as indicated in the panel.
n=3. (c) Pseudo-colored ratio images of the area measured in (b) in response to different buffers with
distinct pH values. (d) pH response of the glass slide measured in (b) after lyophilization and rehydration

after 2 days of storage at -80°C.
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First, we performed experiments using traptavidin-pH-Lemon and incubated biotinylated glass
slides with the recombinant purified probe. As expected, the incubation of the biotinylated glass
surfaces with purified sensor resulted in the binding of the sensor to the planar glass surface.
Also on the glass surface, traptavidin-pH-Lemon responded to alterations in pH levels, with an
extremely high signal-to-noise ratio (Fig. 28b). Although measuring for a long time with
constant perfusion, the dissociation was negligible and the traptavidin-biotin interaction
seemed to be pH stable over a pH range from 5.0 to 10.0 (Fig. 28b). Generation of pseudo-
colored ratio images showed a similar color pattern as previously observed using different cell
lines expressing pH-Lemon (Fig. 28c). It has already been demonstrated earlier, that GEPII
1.0 is suitable to do such measurements (134,195). However, still lots of recombinant protein
had to be used and disposed after each single determination (134,195). Therefore, measuring
K* by simply adding biological fluids to GEPII 1.0 immobilized on glass might represent a
suitable tool to do such determinations in a high-throughput manner. Our experiments
emphasize, that GEPII 1.0 is also suitable to measure K* alterations after immobilization on
glass surfaces. Traptavidin-GEPII 1.0 was able to discriminate between different [K*] ranging
from 0.1 mM to 100 mM, covering the whole range of physiologically relevant extracellular [K*]
(Fig. 29a). Interestingly, the ECso of traptavidin-GEPII 1.0 immobilized on glass was slightly
elevated to 9.0 mM (5.8 — 14.0) in comparison to in situ experiments where the probe was

immobilized on the cell surface (Fig. 27c & Fig. 29b).
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Figure 29: Inmobilized traptavidin-GEPII 1.0 enables the determination of K* levels in fluids. (a)
Representative response of traptavidin-GEPII 1.0 immobilized on biotinylated glass slides. Data were
acquired using wide-field microscopy upon perfusion with buffers containing different [K*]. n=3
independent experiments. (b) ECso curve (n=3, average + SD) of immobilized traptavidin-GEPII 1.0 on

glass, determined from measurements as demonstrated in (a) in response to different [K*].
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Considering the experimental setup where one biotinylated glass slide is coupled with a large
amount of recombinant protein to covering the whole glass surface, we aimed to reduce the
coupling area and the protein volume to a minimum. We hypothesized, that this technique
might be suitable to generate glass surfaces with several different sensors bound to it to
determine many different parameters at once. This approach would represent a big
improvement in terms of the experimental design, leading towards high-throughput analysis.
Therefore, we first re-designed the method of protein application to the glass surface. During
the first experiments described in Fig. 28 and Fig. 29, the whole biotinylated glass slide was
covered with a big volume of purified sensor protein (~600 L), offering a surplus of the sensor
in order to guarantee a high binding rate. We aimed to reduce the area, as well as the sensor
amount by pipetting the sensor onto the glass surface using drops of 2 uL that were air dried
to guarantee high binding efficiency. These highly fluorescent drops were then washed to

remove excess sensor protein and observed using a 10x objective (Fig. 30a).
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Figure 30: Measuring K* alterations in a defined area of immobilized protein. (a) Representative
images of the mseCFP signal (left images) and the FRET emissions (right images) of a traptavidin-
GEPII 1.0 spot on a biotinylated glass slide. A pipette was used to apply 2 uL of purified protein onto a
selected area of the 30 mm circular biotinylated glass slide. The images were acquired using a 10x
maghnification on a fluorescence wide-field microscope.Scale bar indicates 50 uym. (b) Representative
single cell response of an area as demonstrated in (a) upon alteration of K* levels using real-time wide-

field FRET measurements. Buffers were exchanged using a gravity based perfusion system. n= 9.

In contrast to the background, the sharp edges of the applied spot were striking, with a brighter
fluorescence at the border and a slightly decreasing fluorescence signal when coming towards
the center of the spot. Due to the size of a 2 pL spot, although using a 10x magnification, it
was not possible to image the whole area that was covered by the protein. Nevertheless, the
sensor performed in response to various [K*] with high precision, and a big dynamic range, as
expected (Fig. 30b).
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4.27 Traptavidin-GEPII 1.0 is functional after immobilization

via microperfusion

Considering the generation of glass surfaces suitable for multi-parameter imaging, the
methods of application still had to be improved, since it was not possible to image the whole
area of the applied spot, although an already low magnification was used. In order to further
improve our setup, we decided to use a novel, sophisticated device called BioPen, which
represents a microperfusion system. This system enbles perfusion with a few microliters of
fluid over a long time. The use of the BioPen in combination with a micromanipulator enabled
the precise application within a distinct, selected area. This generated a demarcated perfusion
“bubble”, that comprised only a few um in diameter, with a precision, that cannot be achieved
using spot-application by hand. As a result of this bubble, an extremely small region was
coupled with traptavidin-GEPII 1.0, that could even be observed as a whole using a 40x

magnification (Fig. 31a).
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Figure 31: Generation of sensor patterns via a microperfusion enables K* meaurements within a
small, defined region. (a) mseCFP (left image) and FRET fluorescence signals (right image) of
traptavidin-GEPIl 1.0 applied onto biotinylated glass using a microperfusion system. Images were
acquired using a 40x magnification. Scale bar represents 20 um. (b) Representative FRET ratio signal
over time of the spot displayed in (a) upon perfusion with buffers possessing different [K*] as indicated

in the panel. n=3.
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The fluorescence area did not display sharp edges, as observed previously putting a pipette
drop onto the glas (Fig. 30a), but instead seemed to be blurred at the border with a higher
fluorescence intensity in the center (Fig. 31a). Nevertheless, when measuring the response of
the spot to different [K*], we could observe that the sensor was functional and responded to
increasing [K*] in a concentration dependent manner (Fig. 31b). These experiments
demonstrated, that our approach might be suitable to generate glass slides possessing many
spots of different sensors in a small area, that can be observed at the same time for the
simultaneous determination of parameters relevant for medical analysis or biotechnological

use.

4.28 Coupling of selected cells using microperfusion

Another major advantage of the microperfusion system was its application in situ, to reduce
protein volume and to facilitate the possibility to select a few single cells that should be coupled
with the sensor. In future, this might lead to the possibility to use different sensors to adjecent
cells for monitoring cell-to-cell communication and cell signalling. In analogy to the glass
surface, the area of choice containing living cells was perfused using the BioPen. INS-1 cells
were infected with a virus simultaneously encoding the GPl-anchored AviTag fused to mCherry
and the ER targeted BirA, separated via an IRES, respectively. In analogy to the lipid based
co-transfection, the viral infection yielded high expression levels as measured by the red
fluorescence observed at the plasma membrane (Fig. 32a). Importantly, cells did not show
any mseCFP or FRET fluorescence prior to the coupling (Fig. 32a). After 10 minutes of
microperfusion, the same cells were imaged, showing a bright fluorescence signal of bound
traptavidin-GEPII 1.0 at the cell border (Fig. 32a). Similar results were obtained using HelLa
cells (Fig. 32b). During perfusion, the size and position of the perfusion bubble can easily be
controlled, due to the highly fluorescent protein that is perfused (Fig. 32b). Within 10 minutes
of perfusion, cells that were covered with the bubble displayed a strong fluorescent staining
coming from traptavidin-GEPII 1.0. In contrast, cells at the bottom of the image which were
located outside of the microperfusion area did not display a signal of traptavidin-GEPII 1.0,
although infected with the virus (Fig. 32b). This met our expectation of a highly restricted
perfusion zone, that facilitates single cell staining for yet challenging measurement approaches

using different cell lines.

74



ER-BirA +
AviTag-mCherry-GPI mseCFP FRET during perfusion after perfusion
o
s Q
3 + B
= <
g B G
o o &
[=] (o)]
s &
o =
<
=
9
5 -
3 o
= o
<)
=
[v]
C mseCFP FRET
[K'T (mM)
o o =
ga3ee o 8 8
O ~ M= M — O O = O -
14 7 it :
2 ; ;
3 (
B 1.2
o
o
¥ i
S 1.0 wd |
14 Cello1-16
— Mean response
0 5 10 15 20

Time (min)

Figure 32: Living cells are highly accessible to be coupled with traptavidin-GEPII 1.0 using the
microperfusion system. (a) Representative fluorescence emission images of INS-1 cells infected with
the virus encoding for the ER-BirA and mCherry tagged AviTag (left images) before (upper row) and
after (lower row) perfusion with traptavidin-GEPII 1.0. The mseCFP (middle row) and FRET signals (right
row) were acquired before and after perfusion with traptavidin-GEPII 1.0. Scale bar indicates 20 uym. (b)
Representative fluorescence emission images of HelLa cells infected with the virus during (left images)
and after (right images) microperfusion with traptavidin-GEPII 1.0. The mCherry signal of AviTag-
mCherry-GPI as well as the FRET fluorescence of traptavidin-GEPII 1.0 is shown. Scale bar indicates
20 um. (c) Single cell responses of INS-1 cells upon titration of increasing levels of K* over a period of
22 minutes. Right panels display representative images of INS-1 cells with purified traptavidin-GEPII 1.0
bound on the cell surface. mseCFP (left image) and FRET (right image) fluorescence signals are

demonstrated. Scale bar indicates 20 ym, n=3.
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Importantly, the recombinant purified traptavidin-GEPII 1.0 was not only immobilized at the cell
surfaces using the microperfusion system, but was also able to report extracellular K*
alterations, with a similar accuracy and kinetics as determined using no microperfusion system
(Fig. 32c & Fig. 27b). This indicates that the extraordinary strong interaction of biotin and
traptavidin in combination with genetically-encoded purified sensors might be suitable for yet

unknown applications in the field of fluorescence microscopy.

5 Discussion

Considering the metabolic imbalances that result in or are based on pH dyshomeostasis, the
determination and tracking of pH values and alterations is of utmost importance (3,199,200).
The development and progression of several neurodegenerative diseases that cause or are
based on impairments in the autophagic- and/or secretory pathway are closely linked to a
dysfunctional pH homeostasis (201-203). Also within the TME, acidification of the extracellular
space leads to cellular metabolic imbalance and reprogramming (129,204). Although crucial,
the determination of pH values within intracellular acidic vesicles and the extracellular space
is challenging due to the hostile environments or the lack of targeting signals, suitable to

specifically localize genetically-encoded probes (189).

To overcome the limitations of measuring pH levels within these compartments, we designed
a novel pH probe referred to as pH-Lemon, which is suitable for the precise determination of
pH alterations especially within the acidic pH range. pH-Lemon consists of two FPs with very
different pH sensitivity (176). While mTurquoise?2 is one of the most pH stable FPs available,
possessing a pKa of 3.1, EYFP is extremely sensitive to pH alterations due to its pKa of around
6.5 (169-171). In our models, we confirmed these already published data concerning the pH
sensitivity of the two FPs. Although mTurquoise2 is mildly affected by extremely acidic pH, the

loss of fluorescence emission signal is negligible compared to EYFP (176).

We furthermore tested, whether the orientation of the two FPs has an effect on the dynamic
range and functionality of our pH probes. The construct comprising an N-terminal EYFP and a
C-terminal mTurquoise2 showed a slightly enhanced FRET efficiency. This might be due to a
closer distance between the chromophores of two FPs if orientated this way. Hypothesizing
that two mTurquoise2 might even further improve the FRET efficiency led to the generation of
a triple FP-based construct with an EYFP flanked by one mTurquoise2 on each side,
respectively. Unexpectedly, a dramatically reduced FRET signal could be detected, which

might be caused by a misfolded EYFP due to the huge size of the fusion construct.
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However, although the EYFP-mTurquoise2 sensor designed seemed to feature a slightly
better dynamic range, we felt that the mTurquoise2-EYFP orientation might be better suitable
to fit our aims of targeting the sensor to acidic vesicles using LC3B. The fusion protein to
achieve autophagosomal targeting, LC3B, is cleaved at the C-terminal end, and, therefore, the
sensor has to be located at the N-terminus of LC3B (179). Within the construct mTurquoise2-
EYFP-LC3B, the pH sensitive FRET acceptor is flanked by two other proteins, which might, in
theory, protect the EYFP, at least to some extend, from degradation. While degradation of the
EYFP would lead to a misleading signal due to enhanced donor fluorescence, degradation of
the mTurquoise2 would lead to a loss of both fluorescence signals in FRET measurements,

excluding the possibility of result misinterpretation.

Using the mTurquoise2-EYFP fusion protein we proved, that the novel combination of the FPs
resulted in a pH sensor suitable to measure a wide range of pH values from 4.0 to 8.0 with a
pKa of 6.3 (176). Interestingly, the pKa of pH-Lemon expressed in situ was higher than in vitro,
which might be due to the protein-rich environment when pH-Lemon is expressed in living cells
(176). Considering the pKa in situ, the sensor is perfectly suitable to determine neutral to acidic
pH values, but is inappropriate for the application if pH values higher than 7.5 are expected.
Due to saturation of the senor in the alkaline pH range, distinct steady state pH values or pH
alterations cannot be resolved by pH-Lemon, as differently targeted pH-Lemon variants could
not discriminate between the alkaline pH levels of the mitochondrial matrix and the rather
neutral cytosol. However, the probe acts as a precise pH reporter if targeted to acidic
compartments, like autophagosomal or secretory vesicles, which is extremely important in
terms of investigating impaired vesicular pH homeostasis in these organelles (176). While most
genetically-encoded sensors rely on conformational rearrangements upon ion or analyte
binding, yielding alterations in FRET efficiency, structural changes are not necessary for pH
measurements (134,136). Many of the commonly used genetically-encoded pH probes rely on
the principle of reversible (de-)protonation, which alters the fluorescence characteristics of the
sensors (11,137,146). The presence of analyte binding domains, for example, within the
GEPIIs or ATeams, might furthermore be responsible for the temperature sensitivity of these
indicators, which altering their affinity for an analyte (134,136). This complicates the
performance of different experiments using various cell lines or special experimental protocols
that possibly require different temperatures. pH-Lemon, in contrast, features high temperature
insensitivity over a wide temperature range, facilitating the measurement of special protocols

like the effect of cold or heat stress on cell metabolic processes (176).
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So far, there are several methods available for the determination of pH in situ. Noteworthy,
ratiometric sensors are highly advantageous in terms of pH measurements, since
intensiometric sensors strongly depend on their expression level (138). SypHer, ratiometric
pHluorin and E2GFP represent only some of the commonly used ratiometric single FP based
probes, but their benefits lie mostly in the detection of neutral to alkaline pH levels
(138,139,147). However, the palette of sensors suitable for acidic pH values seems limited.
Under acidic conditions, Dendra2 turns from green to red caused by protonation of the phenolic
group. The pKa of Dendra2 has been described to be at 7.2 and 7.5 (205). Another sensor
that has already been applied for the visualization of endocytosis by measuring pH alterations
represents the ratiometric E'GFP, possessing a pKa of 6.0 (206). However, FRET-based
sensors still represent the gold-standard for the precise quantification of ion concentrations
and their alterations (207). A GFP-RFP FRET-pair fused to LC3B is already available to track
pH fusion events during autophagy and is based on a similar working principle as pH-Lemon
(142). Nevertheless, the use of this GFP-RFP construct bears some disadvantages, as the
FRET donor is pH sensitive and quenched, leading to the loss of donor and acceptor emission
signals (142).

Notably, another sensor using a CFP-YFP FRET-pair has been introduced in 2008, which is
called pHlameleon (137). It consists of ECFP and EYFP to function as a FRET-based pH
reporter. Although the design is similar to our developed pH sensor, there are still some major
differences. A desirable feature of a pH sensor is the possibility to apply the sensor using FLIM.
FLIM is a very useful technique to measure ion concentrations by determining the fluorescence
lifetime of a fluorophore (181,208,209). If targeted into the lumen of acidic vesicles, the low pH
values cause an increase in the fluorescence lifetime of mTurquiose2, while lifetimes become
shorter under neutral to alkaline conditions. We successfully proved, that pH-Lemon can be
applied using the FLIM technique for the precise quantification of subcellular pH values (176).
In comparison to pHlameleons containing ECFP as the FRET donor with a reported lifetime of
3.0 ns, mTurquoise2 used in pH-Lemon has a longer fluorescence lifetime of 4.0 ns, making it
more suitable for FLIM analysis and (169,210). In addition, pHlameleons were not targeted to
intracellular vesicles, therefore, their suitability to function in intracellular acidic environments
remains unknown (137). Besides using FLIM to observe intracellular vesicles, pH-Lemon can
be measured using different fluorescence intensity imaging techniques, which extremely
broadens the applicability of the probe. While one method comprises the classical FRET
imaging technique with excitation of mTurquoise2 and detection of two emission signals,
mTurqoiuse2 and FRET, simultaneously to determine their ratio, pH-Lemon can also be
analyzed using separate excitation of the two FPs with detection of their emissions,

respectively (176).
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As the principle of FRET measurements requires a sophisticated set-up using beam-splitters
and appropriate filter sets, the possibility to measure pH-Lemon using separate excitation
expands the applicability a lot (211). Surprisingly, this technique incredibly increased the
dynamic range, which facilitates tracking of very small pH changes (176). This confirms that

the development of pH-Lemon closes a gap in the field of pH measurements.

To target the probe to the secretory pathway a GPl-anchor was used. The presence of the
sensor on the plasma membrane functioned as an internal control and facilitated the calibration
of the sensor without the need of cell- and vesicle-permeabilizing agents. On its way to the
plasma membrane, pH-Lemon — GPI entered acidic vesicles that were easily detectable due
to a high vesicular, but only weak ER staining. pH-Lemon — GPI revealed differently colored
vesicles upon ratio-pseudocoloration, representing vesicles with different pH values (176).
Interestingly, most clearly acidic, pH-Lemon containing vesicles showed a differently colored
border (176). Due to the size of the vesicular membrane of only some nanometers, it is unlikely
that this represents the membrane itself possessing a different pH. However, the surrounding
of vesicles might be more acidic than the cytosol, due to an elevated [H] that is likely to be
pumped into the lumen of the vesicle by the V-ATPases (98). Another possibility that might
explain pH heterogeneity within vesicles is the formation of MVBs (212). These structures can
be observed upon invagination of the vesicular membrane or fusion with EEs, which
subsequently leads to the formation of ILVs. Most of these ILVs and their cargos are destined
for degradation upon fusion of the MVB with a lysosome (212). Since MVBs are thought to
fuse with vesicles that were previously formed from endocytosed plasma membrane, it is
indeed possible that a portion of the GPl-anchored sensor is in the lumen of MVBs (75,212).
Unexpectedly, pH-Lemon targeted vesicles seemed to possess a slightly bigger size compared
to LC3B targeted vesicles. This might also point to the possible localization within MVBs, since
their size has been reported to be larger in comparison to lysosomal vesicles (213-215). A
localization of pH-Lemon — GPI within MVBs could, therefore, explain the slightly bigger size
of some vesicular structure observed when expressing this construct (176). Notably, it is not
possible to determine the proportional distribution of secretory- and endocytosed vesicles
when using GPIl-anchored pH-Lemon. Additional co-staining would be necessary to determine
the amount of secreted vesicles, though, dyes like LysoTracker Red DND-99 are not applicable
due to their accumulation within all acidic structures (192). Co-transfection with a FP tagged
endosomal or lysosomal protein might result in specific staining, however, distinguishing
between the different types of vesicles might be complex due to the high vesicle turnover, the

recycling of membrane structures and the constant fusion of intracellular vesicles.
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Compared to Hela cells, the secretory pathway of HEK293 cells seemed to be strongly
affected by the expression of pH-Lemon — GPI (176). The sensor abundance seemed to be
strongly reduced at the plasma membrane, however, intracellular vesicles displayed an

increased size as well as extremely acidic pH values and high abundance of the probe (176).

We hypothesized, that this effect might be caused by impaired secretion, leading to enlarged
vesicles caused by accumulation of the sensor within these structures. Considering the low
fluorescence signal at the cell border, these big sensor containing vesicles were not capable
of fusing with the plasma membrane, but instead maybe fuse with MVBs for storage or
degradation. INS-1 cells displayed, as expected, a similar distribution of vesicular structures
as Hela cells, although the number of acidic vesicles seemed to be elevated, with a region
possessing an extremely high sensor density with moderate acidity, possibly representing the

Golgi complex (176).

To exclude any artefacts of our vesicular pH measurements caused by sensor degradation, it
was necessary to prove the functionality of the sensor located within the lumen of these
vesicles. We used a mixture of NaNs/NH4ClI for neutralization, as this worked reliably in the
past (191). After administration of these chemicals, the intravesicular pH was neutralized
extremely fast, indicating that H* transported towards the vesicle membrane by V-ATPases or
H* already present in the lumen of vesicles might be captured immediately (176). Due to the
color transition from formerly red to green, i.e. neutralization, we could show that the sensor is
still functional, and the reduced EYFP fluorescence in these structures is not caused by
degradation of the FP, which would falsely also result in a high ratio and, hence, red vesicles
(176). Interestingly, the effect of these substances could be reversed, as wash-out of the
chemicals led to re-acidification of the vesicles, suggesting a high activity of the V-ATPases
(176). It seems that cells try to restore vesicular pH levels under any circumstance, maybe
even through enhancing V-ATPase activity, as the amount of highly acidic vesicles after wash-

out seemed to be increased in some cells.

These experiments led us to the hypothesis that vesicular ion channel activity can easily be
monitored using pH-Lemon, which was confirmed using Baf-A (108). The inhibition of the V-
ATPases located in the vesicular membrane led to a similar phenomenon as previously
observed using NaNs/NH4CI, but, in this case, the H* pump activity was completely blocked
(110). In contrast to the neutralizing chemicals, Baf-A pretreatment was necessary to
guarantee inhibition of the H* pump, resulting in neutralization of many vesicles (176). As
expected, wash-out of additionally applied NaNs/NH4ClI could restore the vesicular pH only to
some extent (176). These experiments proved that Baf-A works as a potent H* pump inhibitor,

however, NaN3/NH4Cl seemed to neutralize more efficiently than Baf-A in our model (176).
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This might be due to different V-ATPase densities or activity on secretory vesicles compared
to endosomes and lysosomes (60,101). In contrast to the functional principle of Baf-A, the
neutralizing effect of NaNs/NH4Cl is independent of the amount of vesicular V-ATPases (108).
Considering the high abundance of ion channels in the vesicular membrane, it might even be
highly interesting to monitor vesicular pH as an indirect read-out for ion pump/channel activity
(216). Possible alterations of vesicular pH levels caused by inhibition or activation of distinct
ion channels and pumps could easily be observed and may yield a better understanding of the

overall role of H* channels in these subcellular structures.

Considering the importance of controlled pH values within a cell, we aimed to use the GPI-
targeted sensor in order to visualize pHex alterations. We hypothesized that pHex alterations
might have severe consequences on cell metabolism by altering the intracellular pH levels.
Strong pH changes, in particular pH decreases, can be found in the TME (128,129).
Furthermore, areas of acute inflammation are known for their extremely acidic pHex, due to the
metabolic activity and active immune cells fighting against the inflammation (217). The GPI
construct, therefore, proved suitable to visualize changes of pHex values with the possibility to
simultaneously monitor the effect on the intracellular pH, in particular, within vesicles (176).
Interestingly, acidic pHex seemed to disrupt the vesicular pH completely, while alkaline pH
affected only some of them. It seems like vesicles try to maintain their acidic pH, thereby
fighting against neutralization in order to be capable of performing important degradation
processes. Since most vesicles usually bear an acidic lumen, these compartments might be
the only possibility for the cells to store and accumulate H* without the risk of severe damage
caused by H* upon transport or diffusion to other organelles (218). However, the background
signal coming from the ER and the vesicles upon expression of the GPI-targeted construct
might complicate clean measurements of pHex alterations directly on the plasma membrane,

especially if they are rather small (176).

To overcome the limitations of precise pHex measurements at the cell exterior, we re-designed
a sophisticated approach to biotinylate the cell surface (160,163,164). This approach included
the expression of BirA within the ER, as well as the AviTag that was supposed to travel through
the ER, to the Golgi complex and, finally, via vesicles to the plasma membrane. So far, different
proteins have been used to reach cell surface localization, however, a GPIl-anchor has not
been used to target the biotinylated AviTag to the membrane (163,164). Nevertheless, the time
where both proteins, the enzyme and the AviTag, were located within the ER seemed sufficient
for biotinylation of the AP. The rate of biotinylation might even be increased if a protein that
resides within the ER for a longer time than a GPl-anchor was chosen. Although we
hypothesized, that the big folded structure of mCherry near the AviTag might hamper its
effective biotinylation, the addition of mCherry was necessary to select for cells expressing the
constructs.
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Since both transfected constructs, BirA as well as the AviTag, were tagged with mCherry, it
was not possible to check for double transfection before coupling with the recombinant
proteins, as both constructs displayed mild ER signal. Nevertheless, considering the aim of
coupling CFP-YFP based FRET-sensors to the cell surface, the construct design containing
mCherry was necessary to exclude spectral overlaps with CFP and YFP. However, positively
transfected cells are likely to express both constructs upon co-transfection. Concerning the
size of the FP, the biotinylation was successful, although the rate of biotinylation might be
further increased if the FP was removed. While the first experiments were performed using a
co-transfection of the AviTag and the BirA encoding plasmids, we wanted to further facilitate
the method by generation of one Adenovirus encoding for both constructs separated by an
IRES site. Considering the possibility of lower expression of the second ORFs when using an
IRES, we decided that the first ORF should encode for the AviTag and the second for BirA.
We hypothesized, that a lower expression of the BirA would be sufficient to biotinylated high
amounts of the AviTag (219,220). This approach represented a big step in the adaptation of
our novel method. While lipid based transfection is not suitable for primary cells or neurons,

most cells can be infected using viruses encoding for the constructs.

The coupling of the recombinant sensor proteins was done by bathing the cells for
approximately 30 minutes with the purified sensors. After incubation with the probe, the
sensors were bound in high abundance to the cell surface, with solely staining of the plasma
membrane. The biotinylation rate, i.e. mCherry signal coming from the GPI-AviTag, seemed to
correlate with the sensor intensity after coupling. This led to the conclusion, that the
supplemented biotin concentration was high enough and that the enzyme works very
effectively within the ER. Considering the aim to detect extracellular acidification, pH-Lemon
was the first purified sensor that was coupled to biotin on the cell surface. The approach yielded
high plasma membrane staining, with the absence of intracellular vesicles. Although the
sensors might have featured less flexibility upon immobilization in comparison to the freely
diffusive probes in organelles, they still remained functional and precisely responded to
extracellular pH and K* changes. Compared to pH-Lemon — GPI, purified traptavidin-pH-
Lemon had a higher pKa of 7.0. Importantly, the biotin-traptavidin interaction was extremely
strong. Although pH values in a range between 5.0 and 10.0 were perfused to calibrate the
sensor, the strong bond of biotin and traptavidin was not affected, emphasizing a very low
dissociation rate. While a huge sensor volume was used in order to incubate all cells growing
on glass slides, the volume of protein solution was drastically reduced by the application of a

microperfusion system.
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Although the sensors were previously coupled in non-moving solution, perfusion with the
BioPen, generating a constant buffer flow, did not impair sensor coupling efficiency. Contrary,
a strong fluorescence signal could be found at the cell border after 10 minutes of coupling,
highlighting the strong interaction between biotin and its counterpart. The coupling of only
selected cells highlights the precision of this method, which might in future even allow the
coupling of neighboring cells with different probes. Depending on the size of the perfused area,
especially big cells like cardiomyocytes or neurons could be coupled partially with sensor

protein. This would allow tracking of action potentials and cell signaling cascades.

In future, the coupling of traptavidin-pH-Lemon to the plasma membrane could further be used
to visualize endocytotic events that might occur after some time allowing precise intracellular
pH measurements within endosomal vesicles. This approach could, therefore, also serve as
an identification method for the dynamics of the plasma membrane. Such approaches of using
genetically-encoded sensors have already proven suitable to detect and follow endocytotic
events (221). While the GPl-anchored pH-Lemon was localized within secretory vesicles and
possibly also endosomes and lysosomes, a localization of the purified sensor in secretory
vesicles can, at the early stage after endocytosis, be excluded. The fusion of endosomes with
lysosomes can also be tracked, due to reduction of the EYFP signal upon increasing
acidification. Upon co-staining with LysoTracker Red DND-99, the amount of EEs compared
to the other vesicular populations possessing pH values close to neutral could easily be
determined (192).

Besides pH-Lemon, our approach can also be used to couple other sensors of choice to the
cell surface. This method represents a novelty in the field of using genetically-encoded sensors
in an alternative way. So far, cells had to be transfected with different plasmids to eventually
achieve plasma membrane located, genetically-encoded sensors measuring different analytes
(222—-224). However, the expression of different constructs might not be beneficial for the cell,
and therefore, might irritate and influence cell homeostasis in different ways (225). Using our
novel approach, only one plasmid, encoding for BirA and the AviTag, is needed which can

either be transduced by transfection or viral infection.

The application of purified sensors without the need of in situ-expression of the sensor opens
new doors for previously impossible applications. The CDH13 signal in combination with the
GPI anchor turned out to be a useful targeting approach for pH-Lemon to measure a signal at
the extracellular side of the plasma membrane. However, using other genetically-encoded
sensors, like the recently developed GEPIIs, the same targeting sequence was unsuitable as
the probe has lost its functionality (134). Despite the correct localization of the sensor at the
cell border, the GPI-targeted GEPII 1.0 did not respond to K* alterations.
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This might be due to glycosylation within the ER and Golgi complex that eventually prevents
K* from binding or hampers the conformational change of the K* binding site. While it was not
clear whether the immobilization via the non-covalent biotin-traptavidin binding might disturb
K* binding or the structural change, the immobilized sensors turned out to remain fully
functional. Furthermore, although present in a high density at the cell membrane, traptavidin-
GEPII 1.0 could still adapt to the structural change upon K* binding, leading to increased FRET,
thereby reporting changes in [K*]. The use of purified traptavidin-GEPII 1.0 represents the first
time to measure extracellular [K*] and alterations directly at the cell surface. In terms of K*
alterations in the TME caused by increased cell death and, as a result, elevated [K*], this
method might lead to novel insights into tumor development and cell death in the necrotic core
of a tumor (197). Especially in excitable cells such as cardiac myocytes and neurons, K*
alterations across the plasma membrane are essential for these cells to fulfill their function
(226,227). But not only K* alterations are of utmost importance in neuronal metabolism, also
cell signaling pathways like neuronal vesicle release or Ca?" signals could possibly be
observed in the future (228,229).

The application of purified sensors might also be used in combination with antibodies.
Biotinylated antibodies are already available and could be targeted to a plasma membrane
protein of choice for further coupling with a traptavidin-fused sensor (230). To further minimize
the size of the biotinylated protein, instead of antibodies, nanobodies that are targeted against
a membrane protein could be used (231). Upon biotinylation of a nanobody targeted against a
special membrane component, different purified sensors could be bound to the biotin residue.

This method would circumvent the need of transfection/infection and overexpression.

Purified sensors cannot only be bound to the cell surface for applications in situ, but can also
be linked to surfaces of non-biological origin. The coupling of sensor proteins to glass slides
possessing a biotinylated surface represents a major improvement in terms of biotechnology.
While the biotin density seemed to be considerably lower at the glass compared to the cell
surface, the density of sensor protein was still sufficient to detect sensor fluorescence, suitable
for the quantification of analyte concentrations. As described by the company (Microsurfaces,
Inc.), the biotin is thought to be linked to the glass via a PEG layer that provides hydrophilic
groups for immobilization. Similar to the application in situ, the sensor possessed a high
stability, even under extreme pH conditions or at high [K*]. Furthermore, the sensor coupled
glass slides did not seem to be affected by a gravity-based perfusion system generating a
laminar flow across the surface. Incubation of the glass slide with 0.5 mL of protein solution
covered the whole slide and led to a homogenous fluorescence signal. Since the use of a huge
amount of solution is not feasible, we tested different methods to systematically reduce the
sensor volume. Already the application of 2 puL of recombinant purified protein proved suitable

to precisely measure and quantify K* alterations.
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The fluorescence emissions were considerably higher at a roundish region at the border
compared to the center of the spot. This might be due to surface tension that is higher at a 2
ML spot. This tension could have led to an accumulation of the sensor at the contact sides
between the solution and the glass surface, creating a brighter border. Nonetheless, the sensor
reacted ratiometrically and precisely, independent of a localization on the border or within the
center of the spot. Due to the size, only parts of the spots could be observed using a 10x

magnification.

Therefore, we further reduced the sensor volume using the microperfusion system.
Interestingly, perfusion of the glass using the device created small spots that could easily be
observed using a 40x magnification. This techniques might in future be used to generate
surfaces for multi-parameter imaging. The use of different sensors for the determination of
parameters relevant for medical treatment, for example, pH, glucose, K*, Mg?* and Ca?*, would
pave the way for screening of biological fluids within very short periods of time. Patients would
immediately know, whether they should e.g. attend dialysis or consult a medical doctor to
check for their health condition or get medical treatment. This might lead to the generation of
novel devices, similar to the highly sophisticated insulin devices that drastically increase the
life quality of diabetic patients. Considering biotechnological applications, using such sensor
spots within a tube connected to the fluid source would serve as a real-time read out for the
fast determination of various parameters. Especially within bioreactors, in sewage plants or in
the food production/processing, important components of fluids have to be checked constantly
to ensure high quality (232—234). Using this technique, taking specimen by hand will become

redundant.

Considering the aspects of metabolic imbalances of cells, the determination of ion or
metabolite concentrations is essential for a better understanding of processes regulating health
and disease. The application of pH-Lemon might help to determine critical events in pH
homeostasis in terms of vesicle metabolism in autophagy, secretion and endocytosis that
could, eventually, help to generate new therapeutical strategies. Furthermore, the previously
unknown application of purified genetically-encoded sensors, immobilized exploiting the affinity
of biotin-traptavidin, could represent a hallmark for novel screening strategies, allowing precise

real-time determinations of relevant parameters.
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