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fluorescent indicators for cyclic GMP
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CGY

NO sensitive subdomain of transcription transcription factor
fluorescent protein(s)

orange fluorescent protein

nitroglycerin

sodium nitroprusside
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ABSTRACT

Nitric oxide (NO) is a small radical which mediates multiple important cellular functions in
mammals, bacteria, and plants. Despite the existence of a huge number of methods for de-
tecting NO in vivo and in vitro, it turned out that real-time monitoring of NO at the single-cell
level is very challenging. Recently, we expanded the palette of NO indicators by introducing
fluorescent protein-based NO-probes, the geNOps that directly respond to cellular NO fluc-
tuations and hence, open a new era of NO bioimaging. The aim of this thesis was to further
develop, characterize, and apply geNOps in order to grow our current knowledge about the
complex formation, diffusion, and degradation of one of nature’s most versatile signaling
molecules. For this purpose a cell line stably expressing the green G-geNOp was developed
and successfully used to test the NO releasing capability of different NO donors. Moreover,
targeting of the geNOps into the mitochondrial lumen enabled the visualization of local NO
signals within this organelle. Performing multichannel imaging experiments unveiled that NO
rises simultaneously within the mitochondria and the cytosol upon Ca?* mobilization in en-
dothelial cells. Furthermore, the geNOps technology was applied in HEK cells stably express-
ing NNOS, eNOS or iINOS to examine the enzymatic generation of NO by different NOS
isoforms on the single cell level. Our data clearly demonstrate that the Ca?*-dependent NO
signals in eNOS and nNOS expressing HEK cells significantly differ in terms of their amplitude
and kinetics. Interestingly, nNOS-derived NO signals occurred within seconds upon cell
treatment with a Ca* mobilizing agonist, while NO formation in eNOS expressing cells was
much slower. To visualize NO signals in iNOS expressing HEK cells a novel double fluorescent
protein-based ratiometric geNOp, referred to as CR-geNOp, was developed. The CR-geNOp
was suitable to detect high basal NO levels in iINOS expressing HEK cells and track the strict
dependency of NO generation from arginine. These experiments demonstrate that geNOps
are proper tools to visualize the generation and degradation of single cell NO signals in real-

time in diverse cellular model systems and experimental setups.
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ZUSAMMENFASSUNG

Stickstoffmonoxid (NO) ist ein kleines Radikal, welches viele wichtige Zellfunktionen in Sdu-
gern, Bakterien und Pflanzen steuert. Trotz der Existenz einer Vielzahl von Verfahren zur NO
Detektion in vivo und in vitro stellte sich heraus, dass die Echtzeitmessung von NO auf der
Ebene einzelner Zellen sehr herausfordernd ist. Vor kurzem haben wir die Palette der NO-
Indikatoren durch Einfiihrung der geNOps-Technologie erweitert, welche eine neue Ara der
NO-Bioimaging eroffnen kénnte. Das Ziel dieser Arbeit war es, die geNOps weiterzuentwi-
ckeln, zu charakterisieren und Anwendungen zu erproben, um unser aktuelles Wissen lber
die komplexe Entstehung, Diffusion und den Abbau des NO-Radikals zu erweitern. Zu diesem
Zweck wurde eine stabile Zelllinie, welche die griinen G-geNOps exprimiert, entwickelt daran
und erfolgreich die NO-Freisetzung verschiedener NO-Donoren getestet. Darliber hinaus
ermoglicht die geNOps-Technology durch in das Lumen von Mitochondrien gerichtete Sen-
soren die Visualisierung von lokalen NO-Signalen innerhalb dieses Organells. Mithilfe von
Mehrkanalaufnahmen ermoglichen die geNOps erstmals NO-Konzentrationsveranderungen
in Reaktion auf Ca?*-Mobilisierung gleichzeitig in Mitochondrien und im Zytosol von En-
dothelzellen zu messen. Weiters wurde die geNOps-Technologie in HEK-Zellen angewendet,
welche nNOS, eNOS oder iNOS stabil exprimieren. Die erlangten Daten zeigen deutlich, dass
die Ca?*-abhingigen NO-Signale in eNOS- und nNOS-exprimierenden HEK-Zellen sich wesent-
lich hinsichtlich ihrer Amplitude und dem kinetischen Verhalten unterscheiden. Interessan-
terweise zeigten nNOS-exprimierenden Zellen auf einen Stimulus hin einen sehr raschen NO-
Anstieg innerhalb von Sekunden, wahrend die NO-Bildung in eNOS-exprimierenden Zellen
viel langsamer war von statten ging und mehrere Minuten beanspruchte. Ferner wurde ein
ratiometrischer Sensor zur Visualisierung von NO-Signalen in iNOS-exprimieren HEK-Zellen
entwickelt. Dieser sogenannte CR-geNOp erlaubt es, hohe basale NO-Spiegel in iNOS-
exprimierenden HEK Zellen zu detektieren. AuRerdem sind diese neuen Sensoren dafiir ein-
gesetzt worden, um die Arginin-Abhédngigkeit der NO-Erzeugung dynamisch zu visualisieren.
Diese Experimente zeigen, dass die geNOps hervorragend geeignete Werkzeuge sind, die es
erlauben, die Entstehung und den Abbau von NO in Einzelzell-Modelsystemen unter ver-

schiedenen Ansatzweisen in Echtzeit erlauben.
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GENERAL BACKGROUND

Since | have started my scientific career | focused on the development and application of
different genetically encoded fluorescent probes!™, which enable the investigation of di-
verse cell signaling events in high resolution. In course of this research | was able to come up
with a completely novel class of genetically encoded nitric oxide (NO) probes, the geNOps.
The design, development, characterization and first applications of the geNOps have recent-
ly been published in Nature Communications *. In this thesis project | further developed and
refined the geNOps technology for real-time imaging of NO under various physiologically

relevant experimental setups.

AIMS OF THE STUDY

Live-Cell imaging of NO with high spatial and temporal resolution is hampered by the lack of
appropriate methods to visualize this short-lived radical®. Because of its aggressive nature
NO undergoes further chemical reactions within less than one second after it’s occurrence in
order to form stable molecules with oxygen species’. Especially the high reactivity makes it
so hard to specifically detect this radical in real-time in biological samples. Until recently,
only few techniques were described to visualize NO on the level of individual cells using fluo-
rescence microscopy-based tools®®. However, the available tools have many obstacles.
These fluorescent NO sensors often suffer from a low dynamic range and inappropriate sen-
sitivity!®. Most of them are affected by NO in an irreversible manner or indirectly respond to
NO. Mainly due to these limitations of current NO sensors, the dynamic regulation of NO

formation, diffusion, and degradation within single cells remains widely elusive!?.

In this thesis, | focused on the further development, refinement, and application of the geN-

Ops technology in order to overcome most of these limitations.

Accordingly, the specific aims of the present work are:
1. the construction and testing of a stable HEK-cell line expressing G-geNOp.
2. the design, construction, and application of mitochondria-targeted geNOps.
3. the usage of geNOps to compare nNOS- and eNOS-derived single cell NO signals.
4. the development of a novel double FP-based ratiometric geNOp.
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1. Introduction
1.1. Short historical overview of the discovery of nitric oxide

It is hard to think that only three decades passed since the discovery of NO and yet, al-
ready more than 100.000 scientific papers related to NO and its (patho)physiological im-
pact have been published. It is estimated that approximately 6000 papers about NO are
annually released by the scientific community. In view of that, the NO radical belongs to
the most studied molecules in biology. One of the first papers which initiated this field
was published by Furchgott and Zawadzki in 1980, who first provided evidence that an
endogenous compound, referred to as endothelium-derived relaxing factor (EDRF) is re-
sponsible for vasorelaxation in blood vessels?. Not until 7 years later, Furchgott and
Ignarro suggested that EDRF might be NO based on experimental observations. However,
the production of nitrogen oxide species was already observed 100 years ago by Mitchell
and Tannenbaum, who postulated that mammals are capable to produce NO*3. In 1985,
Stuehr and Marletta observed that macrophages are able to form nitrogen oxide species
such as nitrite and nitrate!. Just two years later, Hibbs and colleagues found out that the
amino acid L-arginine is the main source of nitrite and nitrate in macrophages®®. Subse-
guently, in 1988 Palmer et al. provided strong evidence that NO is synthesized from L-
arginine!®. In 1998, Murad, Furchgott and Ignarro received the Nobel Prize for their inven-
tion. It would be quite appropriate to mention that Moncada who made the same discov-
eries independently at the same time did not win the Nobel Prize. Because of the growing
number of findings and discoveries in the field of NO-biochemistry, the journal Science
proclaimed NO the molecule of the year in 19928, The historical story of NO is amazing
and far from being completed because a whole new picture of its role in tumor biology*®
or in the world of microorganisms including bacteria?® and fungi?! has recently emerged.
Also in plants NO regulates important functions?2. However, many unrevealed questions
related to NO biosynthesis, metabolism, and biological activities are waiting to be an-

swered.
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1.2. Nitric oxide: The versatility of a tiny radical

NO is a diatomic free radical with an unpaired electron pair?® and one of the 10 smallest
molecules found in biological systems?4. Due to its radical nature it permeates biological
membranes and hence possesses manifold qualities of impact?>. However, the under-
standing of NO’s essential role in many cells and tissues of mammals, plants and microor-
ganisms is far from being completed. In accordance with current scientific knowledge, NO
can act as a signaling molecule to maintain (sub)cellular functions?®, serve as a neuro-
transmitter?’or killing poison?8, can be used by bacteria to develop resistances against
antibiotics?® or to make a microorganism virulent against its host*°. Moreover, NO levels
below or above the physiological range of 100 pM to approximately 5 nM*° can lead to
severe diseases including hypertension3!, septic shock3?, arteriosclerosis and hypotension
33, diabetes and excessive bleeding3*, Parkinson’s disease®®, and rheumatoid arthritis3® to
mention only few of them. Nowadays, it is hard to find a disease which is not associated
with an altered NO homeostasis. In order to develop novel treatments and pharmacologi-
cal drugs against these diseases, it is crucial to understand the underlying mechanisms of
NO production, diffusion and decomposition in health and disease.

NO formation in mammalian cells is mainly driven by nitric oxide synthases (NOS)’, which
convert L-arginine to L-citrulline in the presence of molecular oxygen and cofactors such
as tetrahydrobiopterin, flavin mononucleotide and flavin adenine dinucleotide. To date,
three isoforms of NOS are well characterized. The calcium- (Ca?*) dependent isoforms
neuronal (NNOS)3® and endothelial (eNOS)3° NOS are constitutively expressed in different
cell-types. Additionally, the Ca?*-independent inducible NOS (iNOS)*° is found in the im-
mune system. Its expression is mainly regulated by cytokines and other mediators in
course of inflammation. All isoforms have in common that they consume L-arginine to
produce equal amounts of NO*'. Moreover, the existence of another NOS isoform, re-
ferred to as mitochondrial NOS (mtNQOS), is postulated and it is presumed that its regula-
tion is also Ca%*-dependent*2. It has been suggested that mtNOS is associated with the
matrix side of the mitochondrial inner membrane®3. The biological function of mtNOS is to
regulate the mitochondrial O, consumption, transmembrane potential, ApH and conse-
quently, ATP homeostasis**. Conversely, some other studiesled to the assumption that
mtNOS plays only a minor role in regulating mitochondrial bioenergetics.

It is apparent that the field of NO biochemistry has advanced tremendously in the last
-13 -



decades, however, several challenges remain and many discrepancies due to the lack of
proper analytical tools need to be (re)addressed. Accordingly, there is increasing interest
in detecting NO signals dynamically in single cells and subcellular organelles. In addition,
spatial and temporal monitoring of NO dynamics might be a key to deepen our under-

standing of the complexity of NO homeostasis.

1.3. NO detection methods in single cells

Visualizing NO in individual cells is a challenging matter probably due to the extremely
short half-life of NO of less than a second*. Over the past decades since the discovery of
NO, much effort has been put into the development of techniques, methods and assays
to detect NO. However, most of these methods ranging from enzymatic assays*®, chroma-
tographic methods*’ and electrochemical sensors*® for the investigation of NO-signals in
response to changing conditions or any exogenous treatment require populations of cells.
The detected signals simply represent amplified average recordings of thousands of cells
and hence, do not reflect the situation in individual cells of this population which may
differ from the average. Although, several attempts including chemical probes?, electro-
chemical sensors*?, and genetically encoded probes® were undertaken to detect NO sig-
nals in individual cells in real-time, all these methods have clear limitations as specified

below.

1.3.1. Microelectrodes for single cell NO detection

One of the first NO sensors for single cell analysis was developed by Malinski’s group us-
ing a porphyrin-based NO microsensor®’, which allows the selective detection of NO with
a response time of less than 10 ms. The microsensor consists of p-type semiconducting
polymeric porphyrin and a cationic exchanger (Nafion) placed on a thermally sharpened
carbon fibre with a tip diameter of approximately 0.5 microns. The sensor excels by a
wide measuring range from 10 nM to 300 uM. Furthermore, it can be operated either in
an amperometric or a voltammetric mode. The small dimensions allow the microsensor
to be mounted practically at any place or in any position on a single cell*>. However, injec-
tion of the small NO sensitive electrode into normal cells is impracticable. Hence, this

technique actually detects the release of NO from single cells but not intracellular NO
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signals. The size of these electrochemical sensors is a critical parameter with respect to
the robustness and sensitivity which needs to be taken into consideration in the usage for
biological experiments. The available diameters range from few hundred nm to more
than two millimeters which directly affects the responsiveness of the sensor>°. According-
ly, for NO measurements on the single cell level, it should be considered that NO will de-
cline instantly with increasing distance from the point of formation due to its rapid diffu-
sion across biological membranes with a velocity of 3300 um?2. Furthermore, the NO con-
centration decreases exponentially with increasing distance to the source because of its
rapid decomposition in biological milieus. While the detected NO concentration on the
cell surface amounts up to 1000 nM, NO signals are no longer detectable at a distance of
more than 50 um far from the cell surface>!. Hence, the major bottlenecks in the usage of
this sensor are the critical distance and the fact that NO signals are detected outside the
cell rather than allowing the detection of NO directly within cells. Organelle-specific de-

tection of NO in intact living cells is practically impossible with electrochemical sensors.

1.3.2. Small chemical fluorescent NO sensitive probes

To monitor NO signals in subcellular compartments of single living cells a novel probe was
recently introduced by Wang et al.>> Conjugation of the well-known fluorescence based
chemical NO sensor diaminofluorescein (DAF-2) with a HaloTag allowed specific targeting
of the NO-sensitive dye to the plasma membrane and into organelles such as the nucleus,
endoplasmic reticulum, and mitochondria. The principle of DAF and its derivatives is
based on the reaction of the non-fluorescent aromatic vicinal diamines with NO in the
presence of dioxygen, yielding a green fluorescent triazole form>3. DAF-2/am (acetoxyme-
thyl ester) passively diffuses across biological membranes into the cells where esterases
cleave the ester residue resulting in intracellular accumulation of DAF-2°4. DAF-2 offers
the advantage of high NO sensitivity with a detection limit of 5 nM. The main disad-
vantage of all DAF variants, however, is the nonspecific accumulation of the dye in orga-
nelles®. To circumvent this limitation and to enable subcellular imaging of NO, Wang et
al. took advantage of the HaloTag technology which utilizes protein fusion tags that un-
dergo covalent bonds with synthetic chemical ligands such as DAF-2 allowing organelle-
specific targeting of the construct in cells®2. Conjugating DAF-2 to HaloTag yielded the so-

called HTDAF-2 constructs. This approach allowed determining the distribution of NO sig-
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nals within organelles and at the plasma membrane in individual single cells in a spatial
and temporal manner. However, as all other DAF variants, the novel HTDAF-2 has the
disadvantage to respond irreversibly with low amplitude®. Even though HTDAF-2 enables
subcellular detection of NO-signals, this method remains an end-point measurement
technique which does not allow visualizing NO in a dynamic manner®>. The validity of such
approaches to measure the NO status in single cells is thus only halfway to reaching the

target.

1.3.3. Genetically encoded NO sensors

For dynamic and reversible detection of cellular parameters such as kinase activities, ion
signals, expression patterns or transport events, genetically encoded fluorescent probes
(GES) have proven to be excellent tools*®. However, GES for detecting NO signals have
been elusive until very recently. The visualization of cellular NO signals has been accom-
plished indirectly by utilizing a genetically encoded fluorescent cyclic guanosine mono-
phosphate indicator (CGY). This ratiometric Forster resonance energy transfer- (FRET)
based sensor consists of the a- and B-subunits of the soluble guanylate cyclase that spon-
taneously dimerizes to form a functional NO-sensing heterodimer®. The B-subunit con-
tains an N-terminal heme-binding region which is capable of binding NO in a reversible
manner. Binding of NO to the B-subunit of the heterodimer activates the cGMP conver-
sion machinery within the sensor®. One NO molecule leads to the generation of approxi-
mately 3,000 to 6,000 molecules cGMP per minute®. The newly formed cGMP binds to the
conjugated FRET-based cGMP sensor and causes an increase in the FRET ratio. Because of
the advantageous signal amplifying capability of this probe, which was named NOA-1, NO
signals ranging from 0.1 nM to 10 nM are well detectable®. However, there are several
disadvantages which impede the broad application of NOA-1. As two constructs are re-
quired to be expressed in equal amounts in order to obtain full functionality of the probe,
the practicability of NOA-1 is limited. Moreover, since the NO signal is converted to cGMP
in up to 6000 fold higher concentration which is than sensed by the CGY domain, already
small concentrations of NO saturate the probe?C. Therefore, the upper detection limit is
cut down to 10 nM*°. Moreover, NOA-1 is based on sGC subunits that are affected by dif-
ferent intracellular pathways such as kinases, which therefore have the potency to signifi-

cantly affect the readout of the NO sensor. Eventually, NOA-1 is an indirect NO sensor as
-16 -



it responds to intracellular cGMP levels. Hence, the probe cannot be adequately used in
cells which constitutively express sGC and endogenously produce cGMP such as smooth
muscle cells.

A more promising class of genetically encoded nitric oxide probes has been recently in-
troduced by our lab. This class encompasses the so called geNOps?, which are single FP-
based NO probes consisting of a bacteria-derived NO sensing domain, referred to as GAF
domain, fused to different FP variants®. The color palette of geNOps covers a broad range
of the visible spectrum of light including cyan, green, yellow and orange. The GAF domain
contains five distinct amino acids at the positions R81, D96, D99, C113 and D131 that
form a non heme iron pocket®. It is assumed that NO binding to the iron(ll) center, which
seems to be in close vicinity to the chromophore, affects either the electron density or
proton status in the chromophore of the fluorescent protein and hence, changes the fluo-
rescence intensity of geNOps leading to a measurable signal'. Binding of NO to the geN-
Ops instantly reduces the fluorescence intensity of the FP in a reversible and concentra-
tion-dependent manner. Disturbing the iron(ll) pocket by exchanging only one amino acid
at position R81G results in a non-responsive construct which is used as a control in order
to discriminate artificial signals from real NO signals®. The clear iron(Il) dependency of the
probe to respond to intracellular NO fluctuations requires iron(ll) loading of cells. This is,
however, a critical procedure which might limit a broad applicability of the geNOps, e.g.
for in vivo NO imaging. Nevertheless, geNOps are highly sensitive and selective to NO with
a high signal-to-noise ratio. The NO detection area ranges from 7 nM to approximately
200 nM, which is in the physiological range of endogenously formed NO!. Taking ad-
vantage of the broad color palette of geNOps, these probes allow the combination with
other fluorescent probes for simultaneous multichannel imaging of cellular parameters
(e.g. Ca?) in single living cells'. Due to the small size and simple composition of geNOps,
these probes are easily targetable into organelles. In this thesis | demonstrate that mito-
chondria-targeted geNOps are suitable to image NO signals within this important cellular
organelle. In order to further develop and refine the geNOps technology, a geNOp-based
NO sensor cell line and novel double FP-based geNOps have been generated and tested
within this project. Based on these efforts geNOps might evolve from promising proto-

types to state-of-the-art standard tools in the field of NO research.
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1.4. Design and engineering of genetically encoded probes

The implementation of FP-based probes has revolutionized the field of live-cell imaging.
Since the development of the first genetically encoded Ca?* sensor, referred to as
Cameleon, by the pioneer of this field Roger Tsien in 1997°7, more than 100 genetically
encoded probes have been developed so far8. The vast availability of various FPs enabled
scientists to design and construct sophisticated versions of sensors which can be classified
as translocation-based probes®, FRET-based sensors activated by conformational rear-
rangement®, intensity-based single FP probes* enzyme activity-based FRET-sensors®,

and ratiometric single FP probes®? (Figure 1).
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Figure 1: Basic principle of different single and double FP-based genetically encoded
probes: (A) Schematic illustration of a FRET-based sensor which is activated by a confor-
mational change upon binding of the analyte of interest to the substrate-specific domain.
In the presence of the analyte, FRET from CFP to YFP increases in a reversible and concen-
tration dependent manner. Examples for commonly used FRET pairs are CFP/YFP,
GFP/OFP, and BFP/GFP. (B) Same basic principle of a FRET sensor as described in panel A.
Instead of an analyte, a phosphorylation event leads to a conformational rearrangement,
which further yields an increase of FRET between the two fluorophores. (C) Schematic
overview of a protease-activated FRET sensor. The initial FRET decreases upon cleavage of
the connecting domain, which consists of a cleavage site, in an irreversible manner. Ex-
amples for these kinds of sensors are caspase-reporting probes. (D) An intensity based
single FP probe consisting of a substrate specific domain fused to the N-terminus and an
additional domain to the C-terminus of the FP, which can undergo interaction with do-
main 1 upon binding of the analyte of interest to domain 1. This interaction leads to a
change of the protonation state of the FP, resulting result in a decrease of the fluores-
cence intensity. (E) A single FP-based ratiometric probe is depicted, which can be excited
at two distinct wavelengths. The analyte-specific domains interact, which results in a
change of the protonation status of the chromophore and a subsequent a shift of the
spectral properties.
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There are some points that need to be considered when designing a novel FP-based
probe. The choice of the FP variants might be important because there is no “single best
FP” or “best FRET pair” for every circumstance since each FP and FP combination has ad-
vantages and disadvantages. Properties like brightness, photo stability, pH dependency
and the tendency to form oligomers defines the quality and eventually influences the de-
cision which FP comes into consideration for a particular application®. If the intension is
to make a FRET-based sensor which consists of two fluorescent proteins, the situation is
further complicated due to the fact that individual FRET pairs might influence the dissoci-
ation constant (Kq4) of the ligand differently®. Classical FRET-based probes contain cyan
and yellow variants as donor and acceptor FPs, respectively. Red-shifted FRET pairs using
green and orange or red FPs have been used more recently in order to reduce phototoxi-
city and improve the applicability. However, we reported that the affinity of a probe to its
ligand can be significantly influenced by exchanging the fluorophores®. As demonstrated
by Waldeck-Weiermair et al., replacement of the CFP/YFP FRET-pair of a Cameleon by
GFP/OFP variants (circularly permuted GFP and mKOk) resulted in a red-shifted Camele-
on, referred to as GO-Cam, with significantly altered characteristics including the FRET
efficiency and the sensitivity to Ca?*, which fortunately enabled Ca?* measurements in
mitochondria®. Knowledge about specific properties of FPs, such as the tendency for oli-
gomerization, is also very important for choosing an FP. Hence, several FPs are prone to
forming noncovalent dimers or even oligomers and thus, can create significant artifacts or
tremendously affect the functionality of the probe®. The tendency of a particular FP to
form oligomers is a matter of protein concentration, more precisely the number of FPs
within a cell or compartment, and the affinity (Kq) which defines its properties. Strongly
monomeric FPs include mEGFP (L221K), mCitrine (A206K), mCerulean3 (A203K), and
mKate2.5. Conversely, DsRed2, TurboRFP, zsYellow and acGFP for instance are strongly
prone to form oligomers®3. Thus, when choosing an FP in order to design a novel genet-
ically encoded probe it is important to give special attention to these properties of FPs.

Simply knowing these facts about FPs is certainly not enough. The core element of a ge-
netically encoded sensor is the substrate-specific binding domain which is either sand-
wiched by two FPs like in FRET-based sensors or conjugated to a single FP as it is the case
in the geNOps! or recently developed Ca?* sensors®. When choosing a ligand specific pro-

tein domain to function as the actual sensor for an analyte of interest, this peptide needs
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to fulfil a number of requirements. The peptide should be sensitive and specific for the
analyte, it should be easily expressed in the desired model system (mammals, plants or
bacteria) and must of course be non-toxic to these cells. If the design of a FRET sensor is
intended, either a dramatic conformational change of the protein/peptide or an interac-
tion with a second specific protein domain would be required upon binding the analyte.
The conformational change due to the binding of calmodulin and the myosin light chain
kinase peptide M13 upon Ca?*-binding in the so-called Cameleons, which are widely used
for Ca?* sensors®*, is a good example. Camelons have been greatly improved by rationally
designed mutations of calmodulin and M13 in order to optimize the Ca?*-binding affinity
and to reduce interactions with other intracellular signaling molecules®>.

Consequently, such examples imply that the amino acid sequence and structure of the
sensor domains of genetically encoded probes should not have high homology to signal-
ing domains of the respective host organism to avoid cross-interactions which might per-
turb both, the functionality of the sensor and physiological activity of the host cells by
interacting with respective intracellular proteins. In line with this assumption many genet-
ically encoded probes for mammalian cells are built of bacteria-derived proteins. Once all
components of the sensor are compiled, structural bioinformatics can help to predict the
structure of the chimeric constructs. Although a viable, general prediction methods re-
mains outstanding, there are several bioinformatic tools available to predict the structure
based on homology to determine which parts of a protein are responsible in structure
formation®®. Knowledge about the actual structure is helpful and sometimes even essen-
tial for the assessment of the functionality of a genetically encoded probe. Only in rare
cases the direct fusion of a suitable FP variant to a sensor domain yields a functional
probe.

In most cases several rounds of modifications aiming at changing the orientation and in-
troducing flexible and/or rigid linker domains of different length are necessary until a
functional appropriate genetically encoded probe is developed. Linkers are often rational-
ly designed and show analogies to naturally occurring multi-domain proteins. They are
classified in small, medium and large linkers with average length of 4.5 + 0.7, 9.1 + 2.4,
and 21.0 + 7.6 residues, respectively®’. Flexible linkers mostly consist of small or hydro-
philic amino acids such as glycine and serine®. Useful small linkers consist of two to ten

amino acids including glycine serine (GS)x residues that provide high flexibility between
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the fusion proteins and, hence, can facilitate proper folding. If a separation of protein
domains is required, rigid linkers adopting alpha-helical structures can efficiently keep
protein domains at a certain distance®. Nowadays, a growing number of databases pro-
vide information about several thousands of natural and empirically derived suitable link-
er candidates for specific applications’®. However, the actual structure and size of the
exact linker for the design of a novel optimized FP-based probe often needs to be deter-
mined empirically. For this purpose fluorescence-based high throughput screening devic-
es are helpful.

Constructs without any sorting sequences are usually localized to the entire cytosol and,
depending on their size, also within the nucleus. If targeting into organelles or to the
plasma membrane is desired, a localization sequence of usually up to 20 amino acids’*
needs to be added. Mitochondrial targeting sequences (MTS) for instance are composed
of alternating charged and hydrophobic amino acid residues in order to form an amphi-
pathic structure’?. With the help of chaperons and mitochondrial recognition receptor
complexes (Tim, Tom, MPP, MTS) the fusion-protein is translocated across the mitochon-
drial membranes into the matrix. Depending on the length of the translated construct,
more than one repeat of the signal peptide may be required for correct targeting. The
signal peptides are mostly fused to the amino terminus of the protein’3. Sometimes tar-
geting is hampered by the size or 3D structure of the chimeric construct, and/or unex-
pected intramolecular interactions.

Given the plethora of possibilities to design a genetically encoded sensor, researchers
have to consider all these mentioned criteria (and many more) to find the most appropri-
ate and promising combination of components. Before starting with the creation of a bio-

sensor it would be advisable to spend time in elaborating a clever strategy.
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2. MATERIALS AND METHODS

2.1. Cloning of geNOps

Briefly, cloning was performed according to standard procedures and all products were
verified by sequencing. Genomic DNA of E. coli DH10a was isolated by phenol/chloroform
extraction and subsequent ethanol precipitation and solubilization in 30 pl deionized wa-
ter. The bacterial DNA was used as a template to isolate the GAF subunit of the NorR
transcription factor by PCR with the following primers: forward 5'-
GGCATCGATATGAGTTTTTCCGTTGATGTGC-3' that adds a Clal restriction site and reverse
5'-GGCAAGCTTAAGGGGACAAGCCAATCATCT-3' including a stop codon and a Hindlll site.
To obtain various single FP-based geNOps, the PCR product of the GAF domain was C-
terminally fused to either super ECFP, blue-green emitting FP (GEM)20, EGFP, circularly
permuted Venus or mKOk via Clal and Hindlll in the mammalian expression vector
pcDNA3.1(-) (Invitrogen, Austria). To construct the Ca?*-insensitive probes (C-geNOp™!t
and G-geNOp™“t), the two arginines at positions 75 and 81 of the GAF domain were mu-
tated by a two-step PCR protocol using two additional primers: forward 5'-
AGCGCTGGAAGCGATTGCCGCCG-3' and reverse 5-CCGGCGGCGGCAATCGCTTCCAGCGCT-
3'. For targeting of geNOps into mitochondria, two COX VIII mitochondria-targeting se-
guences were added to the N terminus of the respective constructs. PCR products were
purified by electrophoresis on a 1,5 % agarose gel followed by gel extraction. Top 10
chemically competent E. coli cells were transformedwith the ligation products by heat
shock at 42°C for 60 s. Cells were plated on LB-Agar plates supplemented with ampicillin.
Individual clones were selected for inoculation of 5 ml of LB liquid medium supplemented
with ampicillin and were incubated over night at 37°C in a shaker. STET mini preparation
was performed to isolate the plasmid DNA. The inserts were verified according to their
size by PCR using the following sequencing primers: pcDNA3.1(-)_for 5'-
CACTGCTTACTGGCTTATCG-3' and pcDNA3.1(-)_rev 5'-CAACAGATGGCTGGCAACTA-3'. For
large scale plasmid purification, stock cultures of the verified clones were used to inocu-
late 200 ml LB-liquid medium supplemented with ampicillin and were grown for approxi-
mately 16 h at 37°C under permanent shaking at 200 rpm. Plasmids were purified using
the PureYield™ Plasmid Maxiprep System (Promega, Germany) with nuclease-free water

and stored at 4°C.
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For cloning of single FP-based geNOps, the same PCR-product was subcloned using the
GAF_Clal_for primer and a GAF reverse primer including a Stop codon and a Hindlll-site:
GGCAAGCTTAAGGGGACAAGCCAATCATCT, in frame with the respective fluorescent pro-
tein, such as td-Tomato, tag-RFP or Strawberry.

To construct the mutated probe, so called geNOp™, a two-step PCR protocol was per-
formed using the additional primers GAFmutR75AR81A_P2_for 5'-
AGCGCTGGAAGCGATTGCCGCCG-3’ and GAFmMutR75AR81A_P1_rev 5’-
CCGGCGGCGGCAATCGCTTCCAGCGCT-3’ containing two single nucleotide exchanges to
obtain the substitutions of R75G and R81G in the GAF domain. In the first PCR step the N-
and C-terminal parts of the GAF domain were amplified by using the primer pairs
Gaf_Clal_for/GAFmutR75AR81A _P1_rev and Gaf_EcoR1_rev/GAFmutR75AR81A_P2_for.
The PCR-products were purified by gel electrophoresis as described previously. Both PCR-
products were designed to form an overlapping region required in the second PCR-step.
Equal amounts of both products were mixed with the primers Gaf EcoR1 rev and
Gaf_Clal_for to obtain a full length GAF-domain carrying the site specific substitutions at
position 75 and 81. The plasmid containing the double-geNOp as well as the mutated PCR
product were digested with Clal and EcoRl and purified by gel electrophoresis. Insert and
plasmid were ligated and further processed as described previously to obtain the purified
plasmid on large scale. The rigid alpha-helical linker was synthesized by Genscript (USA)
including the restriction sites BamH| N-terminally and EcoRl C-terminally:
GAGGCCGCCGCCCGGGAGGCCGCCGCCAGAGAGGCCGCCGCCAGGGAGGCAG-
CAGCCCGCGAGGCAGCAGCCCGGGAGGCTGCTGCCAGA-
GAGGCTGCTGCCAGGGAGGCCGCCGCCCGCGAGGCTGCTGCCCGGGAGGCTGCAGCCAGA

2.2. (Bio)Chemicals and buffer solutions

Cell culture materials were obtained from PAA laboratories (Pasching, Austria). Histamine,
Iron(ll)fumarate, BHQ and EGTA were purchased from Sigma Aldrich (Vienna, Austria).
NOC7, were form Santa Cruz (San Diego, USA). Sodium nitroprusside was purchased from
Gatt-Koller (Absam, Austria). Prior to experiments, cells were washed and maintained for
20minutes in a HEPES-buffered solution containing 138 mM NaCl, 5 mM KCI, 2 mM CaCl2,
1 mM MgCI2, 1 mM HEPES, 2.6 mM NaHCOs, 0.44 mM KH2PO4, 0.34 mM Na;HPOa, 10

mM D-glucose, 0.1% vitamins, 0.2% essential amino acids and 1% penicillin-streptomycin;
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the pH was adjusted to 7.4 with NaOH. Further preincubation before imaging was done
with a HEPES-buffered solution containing additionally 1 mM Iron(ll)fumarate and 1 mM
ascorbic acid. During the experiments, cells were perfused in a physiological Ca%*-
containing buffer, consisting of 140 mM NaCl, 5 mM KCI, 2 mM CaCl;, 1 mM MgCl, 10
mM D-glucose and 1 mM HEPES; the pH was adjusted to 7.4 with NaOH. During experi-
ments, nitric oxide solution was applied to the cells corresponding to the amount of NOC-

7 that was added to the physiological buffer.

2.3. Cell culture and transfection

Hela cells (Callaway 2013) were grown in Dulbeccos's Modified Eagle Medium (Sigma
Aldrich) containing 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml strepto-
mycin, and plated on 30-mm glass coverslips. Culture medium of EA.hy926 (Ahn et al.
1995) cells contained additionally HAT. At 60—80% confluence cells were transfected with
1.5 pg (per 30-mm well) of plasmid DNA encoding the appropriate geNOp using Trans-
FastTM transfection reagent at 3ug/well (Promega, Madison, USA) in 1ml of serum- and
antibiotics-free medium. Cells were maintained in a humidified incubator (37°C, 5% CO,,
95% air) for 16—20 hours prior to exchange back to the respective culture medium. All
experiments were performed either 24 hours or 48 hours after transfection. For dual re-
cordings using fura-2, cells were incubated in storage buffer containing 3.3 uM fura-2/AM
for 40 min. Prior to the experiments, cells were incubated 20 min in the iron(ll) fumarate

solution.

2.4. Cell culture stably NOS expressing HEK cells

Stable cell lines of HEK293 cells expressing either eNOS or nNOS were generated as de-
scribed (Schmidt et al., 2001). Cells were cultured in DMEM, supplemented with 10% (v/v)
heat-inactivated fetal calf serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 1.25 ug/ml
amphotericin, and 1 mg/ml geneticin (G418) in humidified atmosphere (95% 0,/5% CO,)
at 37°C.
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2.5. Generation of stable HEK-cell line expressing G-geNOp

Wild-type HEK293 cells were plated on a 6 well plate and incubated for two days until a
confluency of 60% was reached. Transient transfection was performed using 1.5 ug Plas-
mid DNA coding for cytosolic G-geNOp and 2.5 pL Transfast™ per well. After 24 hours,
the cells of each well were transferred onto a 10 cm dish. 24 hours later, cells were ex-
posed to Geneticin (G418) at a final concentration of 0.8ug/ml for one week. Subsequent-
ly, G-geNOp-positive cells were sorted via fluorescence-based flow cytometry and plated
onto 96 well plates (one cell per well). Cells were further cultivated in DMEM + 10% FCS +
G418 until a colonies became visible. G-geNOp-positive colonies were examined using a
conventional widefield microscope and positive, functional clones were selected and

stored, or further cultivated.

2.6. Immunoblotting

Cells were harvested and homogenized by sonication (3x 5s) in ice-cold RIPA lysis buffer
(Sigma, Vienna, Austria) containing 2 mM EDTA and Complete™Protease Inhibitor Cock-
tail (Roche, Vienna, Austria). Protein concentration was determined with the Pierce™ BCA
Protein Assay Kit using bovine serum albumin as standard (Fisher Scientific Austria GmbH,
Vienna, Austria). Denatured samples (4 ug) were separated by SDS-PAGE on 10% gels and
transferred electrophoretically to nitrocellulose membranes. After blocking with 5% non-
fat dry milk in Tris-buffered saline containing 0.1% (v/v) TWEEN-20 for 1 hour, mem-
branes were incubated overnight at 4°C with a primary antibody against eNOS (1:1000;
BD), nNOS (1:1000; BD) or B-actin (1:200,000; Sigma). Thereafter, membranes were
washed 3 times and incubated for 1h with a horseradish peroxidase-conjugated anti-
mouse 1gG secondary antibody (1:5,000). Immunoreactive bands were visualized by
chemiluminescence using ECL detection reagent (Biozym, Germany) and quantified densi-

tometrically using the Fusion SL system (Peqglab, Erlangen, Germany).
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2.7. Structural models of geNOps

Models of all geNOps were generated with the online tool Phyre2 (Protein Homolo-
gy/analogy Recognition Engine V 2.0). This software uses a profile-profile alignment algo-
rithm to predict the 3D structure of the desired protein by entering the sequence of the
protein of interest. The alignment is based on hidden Markov models via HHsearch
(Soding 2005) to significantly improve accuracy of alignment and detection rate. Analysis
of the predicted proteins was performed with the software DeepView/Swiss Pdb viewer

V4.1.0 obtained from Expasy.

2.8. Fluorescence measurements of NO concentrations with geNOps

Characterization of the probes was performed in transiently transfected single Hela cells
using different concentrations of an NO donor as described in the results section. Meas-
urements were mainly performed on an iMIC inverted and advanced fluorescent micro-
scope motorized sample stage (OTill Photonics, Graefling, Germany) with following set-
ups: Zeiss tube lens f=164.5, Polychrome 5000 (1109-0-693; ©Till Photonics), filter-set
obtained from AHF Analysentechnik (Tubingen, Germany); GFP/OFP emission filter ET
Fitc/Tritc dual emitter, excitation filter GFP/OFP E500spuv, Dichroic 560dcxr, Dichroic
495dcxru. For imaging of the double FP-based probes consisting of SECFP and tag-RFP the
E500spuv exciter, the 495dcxru dichroic and the 59004m ET Fitc/Tritc Dual emitter
(www.CHROMA.COM) were used. C-geNOps were excited at 430 nm and emission was
collected at 480 nm. For dual imaging of Fura-2 and G-geNOp following parameters were
used: 15 % intensity of the excitation light, a camera binning of 4 and 150 ms for 340 nm,
50 ms for 380 nm, and 300 ms for 480 nm. The emitted light was collected at 510 nm for
fura-2/am and 520 nm for G-geNOp using a charge-coupled device (CCD) camera (Camera
Allied Vision Technologies, (Stadtroda, Germany). For control and acquisition the software
Live acquisition 2 (©Till Photonics) was used.

Experiments for characterization of geNOps were performed on a Nikon eclipse TE300
inverted microscope (Tokio, Japan) using the setups as followed: Nikon tubus-lens plan
flour 40x/1.30 Oil DicH ==/0.17 WD 0.2. Light source, Xenon-lamp Optiquip Model 770;
shutter obtained from LEP 093586 (Ludl electronic products), Spot pursuit CCD Camera.

The FRET-based probe geNOp4.0 was excited at 430nm and emission was collected using
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a beamsplitter 01-05-Em 505 dcxr D480/30m D535/40m. Emissions were collected using
the dichroic filter XF56 (Omega Opticals). For control and acquisition the software Vi-

siview® (Visitron Systems GmbH, Germany) was used.

2.9. Image analysis

The background values of the respective channels were subtracted to obtain F and calcu-
late FO (reflecting the function of fluorescence of the probe over time without stimula-
tion) using an appropriate equation e.g. FO=Finital*exp(-K*Time) + Fplateau in case of a fluo-
rescence decrease reflected by a one exponential decay. To normalize the geNOp signals
over time the formula 1-F/FO calculated, whereby F is the background subtracted raw

fluorescence over time.

2.10. Spectral umixing

Spectral unmixing was performed using the following equations:

B2 * CHI — B1 = CHII
Al *B2 —B1 x A2

Fl1 =

A1l « CHII — A2 * CHI
Al *B2 —B1x A2

Fl2 =

FI1: is the unmixed (pure) fluorescence of e.g. (mt)C-geNOp in channel 1

FI2: is the unmixed (pure) fluorescence of e.g. (mt)G-geNOp in channel 2

Al:is the average fluorescence of (pure) fluorophorel (e.g. (mt)C-geNOp = 0.660) in channel 1
A2:is the average fluorescence of (pure) fluorophorel (e.g. (mt)C-geNOp = 0.380) in channel 2
B1: is the average fluorescence of (pure) fluorophore2 (e.g. (mt)G-geNOp = 0.084) in channel 1
B2: is the average fluorescence of (pure) fluorophore2 (e.g. (mt)G-geNOp = 0.916) in channel 2
CHI: is the mixed fluorescence signal (image) in channel 1

CHII: is the mixed fluorescence signal (image) in channel 2
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2.11. Statistical analysis

Statistical analysis was performed using the GraphPad Prism software version 5.04
(GraphPad Software, San Diego, CA, USA). Analysis of variance and t-test were used for
evaluation of the statistical significance. P<0.05 was defined to be significant. Comparison
of multiple parameters was analyzed using 1way ANOVA Benferroni’s Multiple Compari-
son test . At least three different and independent experiments were performed for each

experimental setup. Data are either shown +SEM or £SD as indicated.
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3. RESULTS

3.1. Visualization of single cell NO profiles in response to transiently applied NO-
donors

We generated a HEK-cell line stably expressing the G-geNOp variant (Figure 2A) in order

to visualize NO signals on the single cell level in response to NOC-7 and SNP, two different

NO-releasing small chemical compounds. The NO-donors were consecutively applied to

and removed from cells during imaging using a gravity-based perfusion system that en-

sures a continuous flow rate (Figure 2B).
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Figure 2: HEK cell line stably expressing the NO-sensitive G-geNOp (A) Wide field images
of HEK cells stably expressing cytosolic G-geNOp. Scale bar 20 um. (B) Schematic illus-
tration of a gravity-based half-automatic perfusion system for the controlled applica-
tion and removal of NOC-7 and SNP.
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All cells expressing G-geNOp with different intensities showed a clear reduction of fluo-
rescence in response to NOC-7 and SNP (Figure 3A), indicating fast NO accumulation
within cells upon the addition of the NO donors. Normalized fluorescence signals (1-F/Fo)
demonstrate that both NO donors evoked homogeneous cellular NO elevations that
completely recovered upon washout of the NO-releasing compounds (Figure 3B). Howev-
er, 10 uM SNP induced only 50 % of the cellular NO signal (9.63 + 1.05 %, n=3/38) that
was reached by 10 pM NOC-7 (18.10 + 1.20 %, n=3/38, p<0.0001). In order to achieve
equal intracellular NO levels with both NO donors, a concentration of 1 mM of SNP was

required (Figures 3A,B).
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Figure 3: Intracellular NO profiles in response to different NO-releasing molecules (A)
Representative, non-normalized fluorescence intensity traces (from 3 independent ex-
periments) in arbitrary units versus time of single HEK cells stably expressing cytosolic
G-geNOp in response to 10 uM NOC-7, 10 uM SNP, and 1 mM SNP. Black bold curve
represents the average curve of 26 single cell traces (light grey curves). Dotted black
curve represents Fo, which was used for normalization. (B) Normalized and inverted
single traces (1-F/Fo, light grey curves) and mean curve (black bold curve) over time in
response to 10uM NOC-7, 10uM SNP, and 1 mM SNP extracted from panel C.
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Subsequently, we tested the capacity of freshly prepared versus expired NOC-7 to elevate
intracellular NO levels in HEK cells. For this purpose we prepared four experimental buff-
ers containing 5 UM NOC-7. The NO-donor was either added freshly or kept within the
reservoirs for 1h, 2h, and 3h at room temperature prior to measurement. The different
buffers were consecutively applied to and removed from the G-geNOp expressing cells

using a perfusion system (Figure 4A and B).
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Figure 4: Stability test of NOC-7 using stably G-geNOp expressing HEK cells (A) Repre-
sentative NO concentration response curve over time of stably G-GeNOps expressing
HEK cells upon application of fresh and old NOC-7-consisting buffer solutions. All NOC-
7 containing buffers were prepared initially with a final concentration of 5uM using the
same stock solution (50 mM). The elapsed time from preparation until imaging was to
1h, 2h, and 3h as indicated (B) Schematic illustration of a gravity based half-automatic
perfusion system to consecutively add and remove NOC-7-containing solutions during
imaging. (C) Temporal correlations of cellular NO signals in response to freshly pre-
pared and old NOC-7-containing buffers.
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This approach unveiled the lack in stability of aqueous NOC-7 solutions, which expectably
showed decreased capacities over time to elevate intracellular NO levels (Figures A and
C). Interestingly, NO signals recovered significantly faster after the removal of old buffers
compared to the intracellular NO response that was evoked by fresh NOC-7 (Figures 4 A
and C), probably pointing to an adhesion of the intact NO-liberating molecule at cellular

components.
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3.2. Generation of cyan and green fluorescent mitochondria-targeted geNOps

Determination of the spatiotemporal distribution of NO in living cells is of significant in-
terest for the understanding of the exact function of NO under physiological and patho-
logical conditions. Recent studies have demonstrated the accumulation of endogenously
produced NO in cancer cell membranes (Hela cells®?) while other studies claim that NO is
freely membrane permeable’. In order to further examine the diffusibility of endoge-
nously produced NO and exogenously administrated NO donors, we have generated and
tested differently colored, mitochondrial-targeted geNOps for multichannel imaging ex-
periments. Accordingly, we introduced mitochondria-targeting sequences to the N-
terminus of the C-geNOp and G-geNOp constructs, respectively, in order to obtain orga-
nelle-targeted mtC-geNOp and mtG-geNOp (Figure 5A). Correct organelle localization of
the probes was examined in Hela cells by confocal imaging. As shown in (Figure 5B) both

constructs were clearly directed into the mitochondria.
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Figure 5. Mitochondria-targeted cyan and green geNOps. (A) Schematic illustration of
mitochondrial targeting. (B) Representative confocal images of mitochondria-targeted
mtC-geNOp (left panel) and mtG-geNOp (right panel). Scale bar represents 10 um.

3.2.1. Functionality test of the mitochondria-targeted geNOps

Furthermore, we tested the functionality of the organelle-targeted NO probes by expos-
ing Hela cells expressing the respective constructs to different NO donors. The obtained
NO-signals of the mitochondrial geNOps upon administration of 10 uM NOC-7 were com-
parable to the non-targeted cytosolic geNOp variants (Figure 6A-B), indicating that the

properties of geNOps remain unaffected upon mitochondrial targeting. Moreover, con-
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secutive addition of another NO donor sodium nitroprusside (SNP) at high concentration
over a long period of time did not affect the functionality of geNOps, demonstrating the
robustness of the organelle-targeted NO-probes and the suitability of these probes for
long term measurements (Figure 6C). This approach proves that the mitochondria-
targeted geNOps can be used to label mitochondria as well as to visualize changes in local

NO fluctuations in living cells using fluorescence microscopy.
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Figure 6. Mitochondrial NO signals in response to exogenously applied NO donors. (A)
Normalized average curves ((1-F/F0) in %)) *+SEM of mtC-geNOp (left cyan panel) and
mtG-geNOp (right green panel) signals with (n=4 for mtC-geNOp; n=7 for mtG-geNOp).
Experiments were performed using Hela cells. (B) Concentration response curves show-
ing the effects of different NOC-7 concentrations on fluorescence intensities of either
mtC-geNOp (left panel, cyan curve, n=4) versus C-geNOp (left panel, black curve, n=5) or
mtG-geNOp (right panel, green curve, n=6) versus G-geNOp (right panel grey curve, n=6).
Experiments were performed using Hela cells. Points represent average values + SEM. (C)
Representative time course of fluorescence over time of mtG-geNOp expressing Hela
cells in response to consecutive application of 3 mM SNP (n=3).
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3.2.2. Visualizing endogenously generated NO signals within mitochondria of
EAhy.926 cells

Mitochondria are elongated cylinders resembling bacteria that inhabit a substantial por-
tion of the cytosolic volume in mammalian cells. They are remarkably mobile and elastic,
constantly changing their shape. Intracellular locomotion of organelles can potentially
lead to fluorescence artifacts during imaging experiments. Taking in consideration that
geNOps are single FP-based probes which are prone to pH-fluctuations or (sub)cellular
movements, we have generated NO-insensitive mitochondria-targeted geNOps, referred
to as mtC-geNOp™t and mtG-geNOp™,, for control experiments. In these probes position
R81G in the GAF domain is substituted to disable the fixation of iron(ll) and consequently,
the sensitivity towards NO gets lost. Accordingly, we examined the endothelial surrogate
EAhy.926 cell line transiently expressing either mtG-geNOp or mtG-geNOp™,, respective-
ly. Initial treatment with ATP evoked a clear mtG-geNOps signal which was intensely re-
duced beyond the baseline upon further treated with L-NAME, a potent NOS inhibitor,
indicating basal NOS-activity in endothelial cells. Subsequent addition of NOC-7 instantly
increased the mt-G-geNOps signal that completely recovered after removing NOC-7 from
the media (Figure 7A). Respective geNOps signals in endothelial cells expressing non-
targeted cytosolic G-geNOp did not significantly differ from the mitochondrial responses
(Figure 7B and C). The control group of EAhy.926 cell expressing the NO-insensitive mtG-
geNOp™t, however, remained unaffected by these treatments under the same experi-

mental conditions (Figure 7A).
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Figure 7. Visualization of NO signals in mitochondria of endothelial cells. (A) Average
curves +SEM showing mitochondrial NO signals measured by mtG-geNOp expressed in
EA.hy926 cells (green curve, n=7) and respective signals obtained with mtG-geNOpmut
(red curve, n=7). Cells were first treated with 100 uM ATP, then with 1 mM L-NAME and
subsequently with 10 uM NOC-7. (B) Average curves +SEM showing cytsolic NO signals
measured by G-geNOp expressed in EA.hy926 cells (green curve, n=5). As shown in panel
A, cells were treated first with 100 uM ATP, then with 1 mM L-NAME and subsequently
with 10 uM NOC-7. (C) Columns represent maximum average values of curves shown in A
and B. *P<0.05 versus basal. #P<0.05 versus +ATP. P values were calculated using un-
paired t-test.

3.2.3. Multichannel imaging of cytosolic and mitochondrial NO signals

Our data demonstrate that cytosolic Ca?*-triggered NO elevations yield a significant NO
signal within the mitochondria. In order to clarify whether the observed mitochondrial NO
signals correlate with the cytosolic signals, we performed multichannel imaging experi-
ments to visualize cytosolic and mitochondrial NO signals simultaneously within single
endothelial cells. For this purpose, individual EAhy.926 cells co-expressing the cytosolic G-
geNOp and the mitochondrial mtC-geNOp were used. As shown in the representative
images (Figure 8A) the fluorescence signals of the cytosolic and mitochondrial probe
could be completely separated using a confocal imaging system. However, a spectral
crosstalk between the cyan and green probe was observed using a wide-field imaging
system because of the small spectral gap of the excitation and emission properties of the

respective FPs.
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Figure 8. Simultaneous recording of cytosolic and mitochondrial NO signals. (A) Confocal
images of a representative endothelial cell expressing both, mtC-geNOp (left image) and
cytosolic G-geNOp (middle image). Scale bar, 10 um. (B) Representative simultaneous
recordings of mtC-geNOp (grey curve) and cytosolic G-geNOp (green curve) signals over
time in a single EA.hy926 cell in response to 100 uM ATP.

To eliminate the spectral overlap we applied spectral unmixing which eliminates the spec-
tral crosstalk between sECFP and EGFP fluorescence signals. Interestingly, simultaneous
recordings of cytosolic and mitochondrial NO signal using cytosolic C-geNOp and mito-
chondrial mtG-geNOp unveiled identical ATP-triggered NO signals in both compartments
(Figure 8B). The same effect was observed in cells expressing the mitochondrial mtC-
geNOp and cytosolic G-geNOp under the same experimental conditions. These data clear-
ly showed that NO invasion and decline occur with the same kinetics in both compart-
ments the cytosol and mitochondria. This might indicate that once NO is formed upon
Ca?* elevation in the cytosol, it can diffuse freely and very fast across the mitochondrial

membrane.
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3.3. Visualization of NO profiles in eNOS- and nNOS-expressing HEK cells: A compar-
ative analysis

3.3.1. Testing expression of NOS isoform in HEK cell clones

The geNOps technology for the first time enables the investigation and comparison of NO
dynamics single cells with high temporal and spatial resolution. For this purpose we used
HEK cells stably expressing either eNOS, referred to as eNOS-HEK, or nNOS, referred to as
nNOS-HEK, respectively. The expression of each NOS isoform was confirmed by Western
Blot analysis (Figure 9). As expected, expressions of neither eNOS nor nNOS was detecta-
ble in HEK293 wild-type cells (HEK-WT) (Figure 9B), while both NOS isoforms were pre-

sent in the respective HEK cell clones (Figure 9A and B).
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Figure 9. Western Blot analysis of nNOS and eNOS expression in HEK-cell clones: (A)
Bars represent the expression rate of eNOS and nNOS in wild-type HEK cells (left bars),
eNOS-HEK (red bars) and nNOS-HEK (black bars, n=3). (B) Representative Western blots of
total homogenates of wild-type HEK293, eNOS-HEK or nNOS-HEK cells (10 pg of protein)
showing eNOS (140 kDa), nNOS (155 kDa), and B-actin (43 kDa) (n=3).
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3.3.2. IPs-mediated cytosolic Ca?* signals remain unaffected by eNOS and nNOS
expression

Both nNOS and eNOS are tightly regulated by cytosolic Ca?* signals. Thus, we first com-
pared the [Ca?*]¢to profiles in wild-type HEK293cells (Figure 10A), eNOS-HEK cells (Figure
10B) and nNOS-HEK cells (Figure 10C) by live-cell imaging using the chemical sensor fura-
2. For this purpose, fura-2/am-loaded cells were stimulated with 100 uM of the IPs-
generating agonist ATP. As shown in Figure 10, no significant differences in the ampli-
tudes and kinetics of IPs-mediated cytosolic Ca?* signals were observed among these

three cell lines, indicating that the cellular Ca®* homeostasis remains largely unaffected by

the expression of eNOS and nNOS.
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Figure 10. Overexpression of eNOS and nNOS does not influence the cytosolic Ca?* ho-
meostasis: (A) Representative time course of cytosolic Ca%* signals in response to 100 uM
ATP in wild-type HEK293 cells (black curve, n=56/4), (B) eNOS expressing HEK cells (dark
grey curve, n=57/4), and (C) nNOS expressing HEK cells (light grey curve, n=70/4). (D) Bars
represent mean values in #SD in response to 100 uM ATP triggered cytosolic Ca?* eleva-
tions in WT-HEK cells (black bar, n=56/4), eNOS-expressing HEK cells (dark grey bar,
n=57/4), and nNOS-expressing HEK cells (light grey bar, n=70/4). *P<0.0001 versus control

using 1way ANOVA Benferroni’s Multiple Comparison test.
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3.3.3. Visualizing the different NO formation profiles in eNOS- and nNOS-HEK

cells using the geNOps technology
Further, we examined cytosolic Ca®*-triggered NO signals in eNOS-HEK and nNOS-HEK
cells transiently transfected with C-geNOp. This approach should allow investigating
whether or not the enzymatic behavior and the consequent NO profiles differ between

these two NOS isoforms.
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Figure 11: Single NO traces in HEK cells expressing either eNOS or nNOS. (A) NO signals
of a single, representative eNOS-HEK cell upon stimulation with 100 uM ATP are shown.
(B) Representative NO signals of a single nNOS-HEK cell in response to 100 uM ATP. (C)
Overlay of panel A and B. Single cell measurements of nNOS- and eNOS-derived NO sig-
nals. (D) Representative NO signals of nNOS expressing HEK cells upon stimulation with
100 uM ATP. (E) Single cell recordings of NO signals in eNOS expressing HEK cells in re-
sponse to 100 uM ATP. All HEK-cell were transiently transfected with the cyan NO probe
C-geNOp.
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All HEK cells expressing eNOS showed a clear C-geNOp signal in response to treatment
with 100 uM ATP, indicating that cell stimulation with the IPs-generating agonist yields
eNOS activation and consequent NO production in this cell clone. As shown in Figure 11A,
the NO plateau phase reached its maximum approximately 3 minutes after cell stimula-
tion with ATP. Also HEK cells expressing nNOS showed a clear C-geNOP signal in response
to ATP. Interestingly, the Ca?*-triggered NO signals in nNOS-HEK cells occurred extremely
fast (Figure 11B, C and D). Although both cell types show the same cytosolic Ca?* patterns
in response to ATP (Figure 11A-D), we observed completely different kinetics of NO pro-
files in NNOS HEK cells (Figure 11D) versus eNOS HEK cells (Figure 11E).
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Figure 12: Statistical analysis of NO and Ca?* signals in eNOS-HEK and nNOS HEK cells.
(A) Bars represent maximum initial slope of nNOS- (red bar, n=31/3) and eNOS-derived
(black bar, n=22/3) NO signals in response to 100 uM ATP. (B) Bars represent the half
maximum rate of AFinensity against time of cytosolic Ca%* elevations in eNOS-HEK cells
(black bar, n=54/4) and nNOS-HEK cells (red bar, n=66/4), as well as the half maximum
rate of AFintensity against time of NO signals in eNOS-HEK (black bar, n=32/3), and nNOS-
HEK cells (red bar, n=32/3). (C) Bars represent the initial slope of cytosolic Ca?* elevations
in nNOS-HEK (red bars, n=68/4) and eNOS-HEK cells (n=68/4). (D) Bars represent the max-
imum response of NNOS-HEK cells (red bar, n=27/3) and eNOS-HEK cells (black bars,
n=25/3) upon response to 100 uM ATP. All mean values are shown in +SD, *P<0.05 versus
control using the unpaired t-test.
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Moreover, several nNOS-expressing HEK cells showed oscillatory NO signals (Figure 11D)
similar to the pattern of cytosolic Ca?* signals measured with fura-2 (Figure 10A — C). In
contrast, ATP-evoked NO signals in eNOS-expressing HEK cells were always slow, even
and long lasting (Figure 11E) and, hence, completely different compared to respective
fura-2 traces (Figure 10A — C). These data indicate two things: firstly, it is once again clear-
ly demonstrated how fast geNOps respond to NO fluctuations within cells and secondly, it
is quite obvious that the nNOS isoform behaves completely different in comparison to the
eNOS isoform in terms of the kinetics of NO synthesis and release. Quantification of C-
geNOp and fura-2 signals confirmed the observation that NO formation in response to
ATP is much faster in nNOS expressing HEK cells compared to eNOS-HEK cells (Figure 12A
and B) despite identical kinetics of cytosolic Ca%* signals (Figure 12C). Moreover, these
data show that the eNOS-evoked NO amplitude is significantly higher than nNOS-evoked
NO signals (Figure 12D).
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3.4. Rational design of a ratiometric double FP-based geNOp

3.4.1. Different red-fluorescent proteins fused to the NO binding GAF domain

yield red constructs almost insensitive to NO
Red-shifted probes are often preferred because of their low autofluorescence in the long-
wavelengths spectrum. Thus, we intended to expand the palette of geNOps by creating
novel red-shifted NO-probes. Out of a vast number of available RFPs we selected the td-

Tomato, tag-RFP, and Strawberry for the development of red-shifted geNOps as listed in

Table 1.

Table 1:
Fluorescent Excitation/Emission pKa Extinction Coeffi- Fluorescence Prone to Halflife for

Protein Maximum (nm) cient Per chain Quantum aggregation  Maturation at

(Mtem?) Yield 37°C (min)

tdTomato 554/581 4,7 138,000 0.69 dimeric 60
Strawberry 574/596 <4,5 90,000 0.29 monomeric 50
TagRFP 584/555 3,8 100,000 0,48 moderate 100

We deliberately selected RFP variants that naturally occur dimeric, strongly monomeric or
prone to oligomerization in order to cover a wide variety of characteristics which could
potentially affect the functionality of the respective NO probes. On the basis on this idea
we produced three new red-shifted chimeras by fusing either tdTomato, Strawberry or
TagRFP to the NO sensitive GAF domain. In order to test the functionality of these red-
shifted chimeras, we exposed HEK cells expressing the respective constructs to high con-
centrations of NOC-7 (Figure 13 A). Unexpectedly, the fluorescence intensity of the red-
shifted probes remained almost unaffected compared with the functional orange genet-

ically encoded nitric oxide probe (O-geNOps) (Figure 13 A and B).
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Figure 13: Functionality tests of the red-shifted NO probes. (A) NO dynamics in repre-
sentative single HEK cells in response to 10 uM NOC-7. HEK293 cells were transiently
transfected either with tag-RFP-GAF (left panel), strawberry-GAF (middle panel), td-
Tomato (right panel), or O-geNOp (Figure B). All curves are shown inverted (1-F/F0 in %).
(C) Bars represent maximal fluorescence change +SD of O-geNOp (orange bar, n=32/3),
strawberry-GAF (light red bar, n=14/3), tag-RFP-GAF (red bar, n=15/3), td-Tomato-GAF
(dark red bar, n=38/3) in HEK293 cells in response to 10uM NOC-7. *P<0.0001 versus con-
trol using 1way ANOVA Benferroni’s Multiple Comparison test.

3.4.2. Td-Tomato in combination with ECFP-conjugated GAF gains sensitivity
towards NO

So far our data unveiled that the three red FPs (tdTomato, Strawberry and TagRFP) yield
in NO insensitive constructs (Figure 13) in contrast to the monomeric kusabira Orange
(mKOx). Nevertheless, we took advantage of the non-responsiveness of the RFP-GAF con-
structs in order to design a ratiometric probe in which the NO sensitive GAF domain is
sandwiched between an ECFP that is quenchable by NO and a nonresponding RFP (Figure
14A). For this purpose we decided to use the td-Tomato. Based on the wide spectral gap
between ECFP and td-Tomato, we assumed that the non-responsive RFP could act as a
reference FP while the ECFP remain functional. As expected, HEK cells expressing the
double FP-based probe showed clear fluorescence in the cyan and red channels (Figure

14B).
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Figure 14: Design and testing of double FP-based ratiometric NO-probes: (A) Schematic
3D structure of the double FP-based probe consisting of ECFP, GAF and the red fluores-
cent protein td-Tomato. (B) Representative pseudo-colored wide field images of HEK293
cells expressing the double FP-based NO probe. Left image shows the CFP-channel, mid-
dle image shows the RFP-channel, right image represents the respective pseudo-colored
ratio image.

In order to test the functionality of the cyan and red fluorescent construct, HEK cells ex-
pressing this chimera were exposed to high concentrations of NOC-7. As shown in Figure
15A, the ECFP signal was strongly reduced upon NO administration as expected. Surpris-
ingly, the red fluorescence signal was also quenched by NOC-7. We could exclude spectral
bleeding of the CFP into the RFP channel by performing imaging experiments using the
RFP settings for recording the C-geNOp construct only and vice versa (Figure 15B). This
finding indicates that the actually NO-insensitive td-Tomato gains sensitivity towards the
radical in a fusion construct containing the NO sensitive ECFP also in addition. It is tempt-
ing to speculate that the 3 chromophores, two within the td-Tomato and one within ECFP,
communicate with each other, thereby forming a super-chromophore that is affected

upon NO binding to the central GAF domain.
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Figure 15: Spectral properties of CFP and RFP: (A) Representative simultaneous record-
ings of CFP and RPF fluorescence intensities over time in HEK293 cells expressing the
ECFP-GAF-td-Tomato construct upon response to 10 uM NOC-7. (n=98/5) (B) Columns
represent average fluorescence intensities of C-geNOp in channel 1 and 2 (cyan bars,
n=6/4), and tag-RFP-GAF in channel 1 and 2 (red bars, n=14/4) (Channel 1 and 2 are opti-
mized for ECFP and RFP fluorescence) showing spectral crosstalk between the respective

FPs. (C) Excitation and emission spectra of CFP, (D) RFP, (E) and the respective spectral
overlay of both, CFP and RFP.
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3.4.3. Redesign and testing of a tagRFP based ratiometric geNOp

In order to exterminate this undesired effect we redesigned the ratiometric geNOps using
the tag-RFP variant instead of td-Tomato and introduced an additional rigid alpha helical
tandem-linker between the GAF domain and the RFP to keep the red-fluorescent protein
in distance from the NO binding domain (Figure 16A). When HEK cells expressing the
novel ratiometric geNOps (Figure 16B), referred to as CR-geNOps, were exposed to high
concentrations of NOC-7 the signal intensity of the ECFP channel instantly decreases
whereas the RFP signal remained completely unaffected. Hence, the new double FP-

based geNOp can be used as a ratiometric NO reporter (Figure 16 C-D).
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Figure 16: Re-design and characterization of the the CR-geNOps: (A) Schematic 3D struc-
ture of the double FP-based probe consisting of the ECFP, GAF, the red fluorescent pro-
tein td-Tomato, and an additional alpha helical rigid linker. (B) Representative pseudo-
colored wide field images of HEK293 cells expressing the CR-geNOps. Left image shows
the CFP-channel, middle image shows the RFP-channel, right image represents the re-
spective pseudo-colored ratio image. (C) Representative simultaneous single recordings
of CFP and RPF fluorescence intensities over time in HEK293 cells expressing the CR-
geNOp upon response to 10 uM NOC-7. (D) The respective ratio curve (Fs7o/Faso) from

panel C is shown (n=98/5).
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Admittedly, we observed a significant increase in the basal fluorescence ratio over three
days after transfection in HEK293 cells expressing the CR-geNOp (Figure 17A). However,
no significant differences in the basal ratio among different dishes on the same respective

days were observed (Figure 17B).
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Figure 17: Statistical analysis of the basal ratio of CR-geNOps in HEK cells in different
days (A) Bars represent the basal ratio (Fs7o/Faso) of HEK293 cells expressing CR-geNOp
after 24 hours (white bar, n=20/3), 48 hours (grey bar, n=20/3), and 48 hours (black bar,
n=21/3). (B) Box and whiskers represent range of basal fluorescence intensities of CR-
geNOps expressing HEK293 cells in three different dishes either 24 hours (white box, n=§;
dark grey box; n=8, light grey box, n=4), 48 hours (white box, n=9; dark grey box; n=5,
light grey box, n=6), or 72 hours (white box, n=5; dark grey box; n=12, light grey box, n=4)
after transfection. *P<0.05 versus control using 1way ANOVA Benferroni’s Multiple Com-
parison test.

3.4.4. Application of CR-geNOp in HEK cells stably expressing iNOS

In order to test whether the CR-geNOp is a capable NO reporter for the assessment of the
actual NO status in single cells, we examined the probe in a HEK cell clone that stably ex-
presses iNOS and, hence, constitutively forms NO. To estimate the initial NO concentra-
tion in single cells, wild-type HEK cells as a control and HEK cells stably expressing iNOS
were transiently transfected with the CR-geNOp construct. The basal fluorescence inten-
sity in both groups was recorded for two minutes. The resulting signal ratio (Figure 18F)
revealed a significant difference between non-NO producing WT-HEK and iNOS-HEK cells,
indicating that the latter indeed constantly produce high concentrations of NO. These
data demonstrate the capability of CR-geNQOps for direct estimations of actual NO-levels

within single cells.
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Figure 18. Live-cell imaging of Ca?* and NO signals in iNOS-HEK cells: (A-B) Curves repre-
sent cytosolic Ca?* patterns in response to 100 uM ATP. HEK293 cells (panel A, black
curve) and iNOS-HEK cells (panel B, red curve) were loaded with fura-2/am prior to meas-
urement. (C) Bars represent maximal ratio changes (F340/F380) in HEK293 cells (black
bar, n=66/3) and iNOS-HEK cells (red bar, n=49/3) upon stimulation with 100 uM ATP. (D-
E) Representative curves show NO signals over time in HEK293 cells expressing CR-geNOp
(black curve, panel D), and iNOS-HEK cells expressing CR-geNOp (red curve, panel E) upon
stimulation with 100 uM ATP. (F) Respective statistics of panel D and E are shown (black
bar HEK293, n=26/3; red bar iNOS-HEK, n=24/3). ***P<0.0001 versus control using the
unpaired t-test.

3.4.5. While iNOS-HEK cells show alterations of the cellular CaZ* homeostasis,
Ca?* mobilization does not increase NO levels

Furthermore, we utilized the CR-geNOps to study the dynamic regulation of iNOS in iNOS-
HEK cells. Unlike the other NOS isoforms including eNOS and nNOS, the inducible NOS is
Ca%*-independent. NO formation lasts as long as the iNOS enzyme is expressed by the
cells. To confirm this, iINOS-HEK cells expressing the CR-geNOp were stimulated with the
inositol 1,4,5-trisphosphate (IP3)-generating agonist ATP. Ca?* mobilization was visualized
in both cell types using fura-2/am. Interestingly, the basal cytosolic Ca%* level in iNOS-HEK

cells was higher compared to WT-HEK cells (Figure 18 A and B). In addition, the maximal
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cytosolic Ca?* peak upon treatment with ATP was increased in WT-HEK cells (Figure 18 C).
These findings might indicate that the high NO level impacts the cellular Ca?* homeosta-
sis. However, we further tested if Ca?* mobilization affects intracellular NO levels using
CR-geNOp. No significant change in the fluorescence of CR-geNOps was observed upon
Ca?* mobilization in both cell types. Therefore, these findings confirm that iNOS activity is

not further triggered by cytosolic Ca?* elevations (Figure 18 D and E).

3.4.6. Investigating the substrate dependency of iNOS-mediated NO formation
using CR-geNOp in iNOS-HEK cells

All NOS isoforms including eNOS, nNOS and iNOS have in common that they transform L-
arginine to citrulline in the presence of several cofactors and molecular oxygen in order to
form NO. Various inhibitors have been developed in the past to intervene in this pathway
to block the biotransformation of arginine to citrulline and thereby inhibit NO biosynthe-
sis. To examine if CR-geNOps are suitable to investigate the substrate dependency of iN-
0S, we used the nitro derivative L-NNA that is known to irreversibly and potently inhibit
all NOS isoforms. Treatment of iINOS-HEK cells with L-NNA clearly reduced the CR-geNOps

ratio-signal within 5 minutes (Figure 19 A).
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Figure 19. Visualizing the dynamic repression of NO by L-NNA in iNOS-HEK cells: (A) Rep-
resentative time course showing NO signals in INOS-HEK and WT-HEK cells, respectively.
Both cell types were treated with 300 uM L-NNA and subsequently with 10 uM NOC-7. (B)
Respective statistics from figure A. Left bars represent average fluorescence intensity
change in % upon administration of 10 uM NOC-7 in iNOS-HEK (red bars, n=15/3) and WT-
HEK (black bars, n=23/3). Bars in the middle show average values of the basal ratio inten-
sities in both cell types, iNOS-HEK (red bars, n=15/3) and WT-HEK cells (black bars,
n=23/3), respectively. Right bars shows the comparison of basal ratio values (red bars,
n=23/3) and 10 uM NOC-7 (dotted red bars, n=15/3) evoked maximal ratio values in iNOS-
HEK cells. ***P<0.0001 versus control using the unpaired t-test.

This finding highlights the practicability of CR-geNOp which allows real-time visualization
of the cellular NO degradation upon iNOS inhibition. The ratio-signal of wild-type HEK
cells, used as a negative control, remained unaffected by this treatment (Figure 19 A). A
short subsequent addition of 10 uM NOC-7 elicited an equally strong increase of the ratio

signal in both, wild-type and iNOS-HEK cells (Figure 19 B).
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3.4.7. Using CR-geNOp to visualize the effects of arginine-depletion and sup-
plementation on cellular NO signals in iNOS HEK cells

Considerations regarding cellular arginine pools
We further analyzed the substrate dependency of iINOS-HEK cells by manipulating the
intracellular arginine pools. There are several existing pools of arginine within the cell:
Pool 1 is freely exchangeable with extracellular arginine which is under the control of the
cationic transporter (CAT-1). Pool 1 can be depleted by exchanging the pool by L-lysine.
Pool 2 is not freely exchangeable and cannot be depleted by L-lysine. Pool 2 can further
be divided in two additional pools, Pool 2A and 2B. Pool 2A is the result of citrulline recy-

cling and conversion to arginine whereas pool 2B is gained by protein breakdown.

In order to manipulate the substrate source, iINOS-HEK cells were treated with 1 mM L-
Lysine for 90 min and subsequently with 1uM of the potent proteosomal and lysosomal
protein breakdown inhibitor MG132 for further 30 min prior to imaging experiments. As
expected, when arginine-depleted iNOS-HEK cells were supplemented with 50 uM L-
arginine a fast increase of the CR-geNOp ratio signal was observed until a plateau was
reached within approximately 5 minutes (Figure 20 A). This finding again shows that the
ratiometric cyan/red geNOp can be used to investigate biotransformation of NO by iNOS
upon the addition of extracellular arginine. In other words, our data clearly demonstrate
the kinetic rate of L-arginine turnover into NO in iNOS-HEK cells which is in line with other
reports. As an additional control, L-arginine supplementation on non-treated (non-
arginine-depleted) iNOS-HEK cells did not show a significant benefit under the same ex-
perimental conditions, indicating that these cells supply iNOS with arginine from intracel-
lular pools (Figure 20 A). In order to confirm the intracellular arginine depletion within
cells, pretreated and non-pretreated iNOS-HEK cells were exposed to 300uM L-NNA (Fig-
ure 20 A).
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Figure 20: Visualizing the arginine dependency in iNOS-HEK cells (A) Representative time
course showing NO signals in arginine-depleted iNOS-HEK (red curve) versus non-
depleted iNOS-HEK cells (black curve). Depleted cells were treated with 1mM L-Lysin for
90 min and additional 1uM MG132 for 30 min. During measurement, cells were treated
with 50 uM L-arginine for 90 sec and subsequently with 500 uM L-NNA. Curves are nor-
malized representing (R/R0). (B) Bars represents respective statistics from figure C. Max-
imal ratio changes of arginine depleted iNOS-HEK cells (red bar, n= 21/3) and control cells
(black bar, n= 7/3) upon 50 uM L-Arginine supplementation. (C) Representative time
course of a depleted iINOS-HEK cell upon supplementation with various concentrations of
L-Arginine (0,3 uM, 3 uM, and 30 uM) in the presence of 1uM MG132 and 1 mM L-Lysin.
***P<0.0001 versus control using the unpaired t-test.

As shown in Figure 20 A and B, strong NO repression was observed in non-treated cells,
whereas, the already low NO levels in arginine-depleted cells further dropped slightly
upon L-NNA addition. These findings demonstrate that CR-geNOp can be used to indirect-
ly test the efficiency of any arginine depletion protocol.

Moreover, we tested the CR-geNOps technology in terms of its sensitivity to detect iNOS-
mediated NO signals in response to various arginine concentrations. Cells were pretreat-
ed with L-lysin and MG132 as described above in order to knock-off the available arginine

pools. Repetitive short additions of even small concentrations of arginine revealed transi-
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ent iINOS-mediated cellular NO signals (Figure 20 C). These findings point to an effective
arginine uptake mechanism and enormous conversion capacity of the stably expressed
iNOS enzyme in HEK293 cells. Moreover, this experiment clearly demonstrates the con-
centration-dependent transformation of arginine to NO which is already saturated at
3uM arginine. It was also obvious that upon the removal of high arginine levels (30 uM)
the NO signals declined with a certain delay, although the amino acid was removed effi-
ciently using a gravity-based perfusion system. This is an interesting finding as it indicates
that HEK cells start generating an intracellular arginine pool upon the administration of

excess arginine.
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4. DISCUSSION

4.1. Stable HEK cells expressing G-geNOps

A classical protocol was used to generate a HEK293 cell clone stably expressing G-geNOp.
These NO sensor cells have been cultured for month without any loss of the G-geNOp
functionality, indicating that geNOps are very stable sensors and well tolerated by mam-
malian cells. The HEK293 cells stably expressing G-geNOp were treated with different NO-
releasing compounds in order to visualize NO signals in single cells in response to the dif-
ferently active NO donors. Since the discovery of NO as a vasodilator in the cardiovascular
system??, the interest in drug-based NO-releasing compounds increased tremendously’>.
Some NO-releasing compounds such as nitroglycerin’® are already used since decades, i.e.
long before the discovery of the signaling functions of NO. Nitroglycerin, also known as
glyceroltrinitrate (GTN), was first used in 1878 to treat angina attacks’’. Sodium nitro-
prusside (SNP)’8, another NO donor which primarily acts as a vasodilator, was first used in
human medicine in 1928 for the treatment of severe hypertension’. Decades later, how-
ever, despite of enormous research efforts, only two NO-donating drugs entered the
market and no additional NO-donating drugs have been therapeutically used so far®°. Ex-
isting but not so far licensed NO-donor drugs are diazeniumdiolates®!, S-nitrosothiols®?,
NO donor hybrid drugs®® and NO-generating materials®*, which were developed as prom-
ising candidates for medical treatment in the cardiovascular system?®. So far the geNOps
technology has not been used to investigate cellular NO signals in response to these drugs
but our data herein emphasize that such experiments would allow a better characteriza-
tion of all kind of NO-releasing compounds and materials in future. It is important to men-
tion that NO donors have the potency to generate too high concentrations of NO, which
then can act on completely different targets and induce harmful effects8>8¢, Studies about
the toxicity of NO-releasing compounds point to the importance of reliable methods for
the investigation of the NO-releasing capacity of NO donors. Hunter et al. demonstrated
that chemiluminescence assays, electrochemical sensors and Griess assays yielded clear
discrepancies in the NO concentration in solution®>. These NO detection methods are
therefore questionable for the analysis of the NO-releasing capacities and kinetics of NO

donors>. The specific real-time measurement of NO in situ (in single cells, tissues and

-56-



whole animals) with high resolution in a feasible and reliable manner is still an important
issue®’. As geNOps enable exact bioimaging of NO signals on the level of individual cells,
these fluorescent probes have the potency to become standard tools for the investigation
of the pharmacokinetic characteristics of NO donors®. Using the geNOps technology, we
demonstrated the intracellular NO profiles in response to two chemically completely dif-
ferent NO donors i.e. sodium nitroprusside and NOC-7, respectively. Moreover, to cir-
cumvent elaborative and invasive transfection procedures a HEK293 cell clone that stably
expresses green fluorescent G-geNOp was produced for the analysis and quantification of
exogenously generated NO within single cells. As HEK293 cells normally do not produce
NO endogenously®® this cell type is suitable for the generation of a geNOp-based sensor
cell line. Such a sensor cell line might also be useful for many other applications e.g. in co-
culture conditions with NO-producing primary cells or even in living animals>°0,

In this thesis it is shown that the NO donor concentration, quality and the way of applica-
tion eventually determine the patterns of intracellular NO profiles. Such information is
indispensable for the in situ pharmacokinetic characterization of different NO donors,
which are indicative for several diseases’. Notably, geNOps have been shown to stably
respond to multiple repetitive applications of NO donor pulses over very long time?. Ac-
cordingly, the experiments using NO-releasing compounds presented herein allow semi-
guantitative conclusions regarding the different amplitudes and kinetics of respective
cellular NO signals (Figures 2 and 3).

Although the stably expressing HEK cell clone probably originates from a single cell, a
broad heterogeneity of G-geNOps expression levels was observed (Figure 3). This is a
common feature of stable cell clones as the transcription of the gene of interest is under
the control of many factors such as diverse environmental stresses®® that influence e.g.
cell growth rates®? and the cell cycle status®®. The single FP-based geNOps are non-
ratiometric probes and, hence, the NO-induced loss of fluorescence intensity accelerates
with the geNOp expression level'. Accordingly, normalization of the geNOps signals is
essential for quantification of cellular NO signals particularly in case of a comparative
analysis. As shown in our recent study a strict linear correlation between the basal fluo-
rescence intensity of geNOps and the strength of the NO-induced fluorescence quenching
over a broad range of fluorescence intensities has been found®. This is an important fea-

ture of geNOps with regard to an absolute quantification of cellular NO signals. As shown
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in Figure 3, normalization of the G-geNOQOps signals in response to NOC-7 and SNP unveiled
homogeneous NO signals in different HEK cells from the same plate, indicating that HEK
cells are not diverse in regard of their capacity to take up and degrade the NO radical,
which originates from the NO donor. In contrast, using geNOps in Hela cells clearly
demonstrated heterogeneity of cellular NO signals among different cells in response to
NOC-7%. These differences point to cell type specific NO metabolism and decomposition
rates, which might have multiple implications in cell physiology and pathology and can be
uncovered using the geNOps technology. The use of stably G-geNOp expressing HEK-cells
represents a powerful approach to study NO signals in situ in response to a huge variety
of NO donors.

In a so far unpublished project”, we used the geNOps technology to investigate the NO
releasing properties of GTN in smooth muscle cells. NO biotransformation of GTN is driv-
en by an enzyme referred to as aldehydehyrdogenase-2 (ALDH-2). As mentioned above,
GTN has been used in medicine as a powerful NO donor for a long time. However, the
underlying mechanisms responsible for the bioactivation of GTN to NO are still debated®*.
Taking advantage from the geNOps technology, we could for the first time visualize intra-
cellular GTN transformation to NO at low concentrations (less than 1 uM) of GTN. Moreo-
ver, the geNOps technology was used to confirm that certain mutations within the ALDH-
2 facilitate the bioactivation of GTN.

With the publication of these results in near future the usability of geNOps as excellent
tools for high resolution investigation of the generation and decomposition of intracellu-

lar NO signals in situ will be further demonstrated.

* Manuscript in press (Journal of Chemical Biology, 2016). Title: Formation of nitric oxide by aldehyde de-
hydrogenase-2 is necessary and sufficient for vascular bioactivation of nitroglycerin. Autors: Marissa Opelt,
Emrah Eroglu, Markus Waldeck-Weiermair, Michael Russwurm, Doris Koesling ,Roland Malli, Wolfgang F.
Graier, John T. Fassett, Astrid Schrammel, and Bernd Mayer
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4.2. Mitochondria targeted geNOps

The generation of mitochondria-targeted geNOps was accomplished by fusing a mito-
chondrial targeting sequence to the sensors. In contrast to cameleons, FRET-based genet-
ically encoded Ca?* probes which are difficult to target to mitochondria®, the smaller
geNOps required just one copy of the mitochondrial targeting sequence of COX VIII for
precise organelle targeting. As demonstrated, the functionality of geNOps in mitochon-
dria remained completely unaffected although the mitochondrial milieu differs complete-
ly from the cytosol in terms of pH® and the presence of ROS®®, the two most important
parameters that can severely affect the correct functionality of geNOps®. Although the G-
geNOp and C-geNOp are the most pH sensitive probes?, the responsiveness of mitochon-
dria-targeted variants was comparable to the cytosolic NO signals (Figure 6A and B). The
administration of moderate concentrations of NOC-7 (10 uM) evoked equal geNOps am-
plitudes in the cytosol and mitochondria. The same observation was made upon Ca?*-
triggered endogenous NO formation in endothelial cells. This data might indicate that
once NO is produced within or outside the cell, it can diffuse freely and fast across the
plasma- and mitochondrial membranes, which is controversial to the observations of
Wang et al®? who utilized the well-known chemical NO sensor DAF-2 variant covalently
fused with a Halo-Tag, which enables the organelle-specific targeting of the probe. Appli-
cation of 200 uM DEA NONOate on Hela or MCF-7 cells loaded with the NO sensitive dye
showed a slow increase of the NO signal within the plasma membrane. The maximum
amplitude, however, was reached approximately 15 minutes after application of high
concentrations of DEA NONOate. In comparison, with geNOps the maximum amplitude
upon 10 uM NOC-7 was already reached approximately after 10 seconds. Notably, the
limiting factor in our experiments was the gravity-driven perfusion system which is rather
slow in exchanging the buffers during imaging. Hence, our data indicate that NO is almost
immediately elevated within the cytosol and mitochondria once cells are in contact with a
NO-releasing compound. Moreover, in the study of Wang et al. the amplitude of HTDAF-
2DA in the cytosol and nucleus was rather low under the same experimental conditions,
indicating that NO is mainly retarded by the plasma membrane in HelLa or MCF-7 cells®2.
In this thesis, however, it was clearly demonstrated that neither endogenously nor exog-
enously produced NO is able to accumulate in any compartment or at the plasma mem-

brane. Moreover, simultaneous recordings of NO signals in the cytosol and mitochondria
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using the C-geNOp and G-geNOp variants in EAhy.926 cells confirmed this observation.
Ca?*-triggered NO formation in the endothelial cells instantly evoked cytosolic and mito-
chondrial NO signals with completely the same NO profile in both compartments, indicat-
ing that once NO is formed it can diffuse extremely fast across any membrane. These re-
sults are also in line with former reports’4, showing that NO is able to freely diffuse across
biological membranes.

While NO in mitochondria might regulate diverse organelle functions**, the molecular
mechanisms that contribute to the mitochondrial NO homeostasis remain largely elusive.
Several studies even suggest the existence of a mito-NOS*? that is an splicing variant of
nNOS®’. Apart from enzymatically produced NO in mitochondria, other studies provide
strong evidence of a mitochondrial storage pool of nitrite that can be reduced to NO un-
der hypoxic conditions®®. It would be highly interesting to use the geNOps technology in
order to re-investigate different modes of mitochondrial NO production.

Since geNOps are single FP-based probes and prone to strong pH fluctuations, their usage
might be limited and data interpretations should be done carefully. Under certain condi-
tions or treatments, cells strongly acidify or become more alkaline, especially under hy-
poxic conditions®®. For that reason, it is worth to use the NO-insensitive mutated geNOp
variant, shows the same pH sensitivity, as a negative control in order to discriminate be-
tween (sub)cellular pH fluctuations and “real” NO signals. Alternatively, the red-shifted O-
geNOp, that is more stable to pH fluctuations?, can be used for such purposes. Neverthe-
less, the pH sensitivity of geNOps remains an important issue and always needs to be
considered for all kind of experiments when performing NO-bioimaging in single cells.

In summary, mitochondria-targeted cyan and green variants of geNOps were generated
and their suitability for subcellular imaging of NO dynamics in single endothelial cells was
demonstrated. The possibility to image NO dynamics in subcellular compartments with
high spatial and temporal resolution will enable us to study and better understand

(sub)cellular signaling events, which involve NO signaling.
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4.3. eNOS and nNOS-derived NO profiles

HEK cells expressing either nNOS or eNOS were used as a model system for the investiga-
tion of their respective NO synthesis in a dynamic manner. Both, the nNOS and eNOS
isoforms have in common to be tightly regulated by cytosolic Ca?* concentrations and
calmodulin®. Taking advantage of the geNOps technology we clearly demonstrate that
nNOS-derived NO signals occurred extremely fast almost simultaneously with cytosolic
Ca?* elevations. In contrast eNOS-derived NO signals are much slower, despite equally
fast cytosolic Ca®* signals. The gradual slow rise of NO upon cell stimulation with an IP3-
generating agonist has been also reported in the human umbilical vein cell line EA.hy926
which is known to solidly express eNOS?. Similar kinetics of single cell NO signals in endo-
thelial cells from bovine pulmonary artery upon cell treatment with the IP3-generating
agonist bradykinin as well as shear stress have been reported using NOA-1, an indirect
highly NO sensitive sensor®. Accordingly, these data emphasize that the Ca?*-evoked
eNOS-derived NO formation requires a certain starting time until the full enzymatic activi-
ty is reached. Although the kinetics of cellular NO formation, diffusion and degradation
can be extracted from other data e.g. tension-based measurements of NO-induced vessel
relaxation!®, the great benefit of fluorescent NO probes is that they directly convert cel-
lular NO fluctuations into visible signals in real-time. Hence, imaging cellular NO signals
with geNOps provides high spatial and temporal resolution which offers unique possibili-
ties in (re)investigating the (sub)cellular NO homeostasis. For instance, imaging eNOS
shuttling'®® in combination with the geNOps technology in single endothelial cells might
be suitable to correlate NO formation with the subcellular localization and translocation
of the NO-producing enzyme or other relevant proteins such as calmodulin and caveo-
lin102,

Our results demonstrating that neither the expression of eNOS nor nNOS affected the
cellular Ca?* homeostasis indicate that NO does not significantly impact Ca%*-shuttling key
proteins such as Ca?*-channels, exchangers and pumps® in HEK293 cells. However, other
studies emphasize that NO can specifically control Ca%* signals in certain cell types. Patel
et al. for example reported that both Ca?* oscillations and intercellular Ca?* waves are
altered by NO in hepatocytes. In endothelial cells it has been shown that cell treatment

with the NO donor NOC-12 clearly reduced IPs-mediated Ca?* signals®. In a similar study
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HEK cells were treated with a NO donor, which reduced mitochondrial Ca?* buffering and
store operated Ca?* entry'%, The effect of NO on the Ca?* hemostasis might require rela-
tively high and sustained intracellular NO levels, which might not be achieved by express-
ing eNOS or nNOS. However, the equal cytosolic Ca?* patterns in wildtype and NOS-
expressing HEK cells justifies the usage of these cell lines to eventually compare the dy-
namics of eNOS- and nNOS-mediated NO production.

The fast NO signals in HEK cells expressing nNOS, indicate that NO synthesis by this en-
zyme is extremely effective, probably due to a faster conversion of L-arginine to L-
citrulline and NO release from the enzyme. Indeed, our data confirm models that predict
the formation of sharp NO pulses by nNOS'%197 The measurements of NO using geNOps
in single HEK cells expressing nNOS represent the first experimental evidence that this
enzyme is indeed capable to generate NO signals within less than a second. The fast NO
production by nNOS might reflect the signaling function of NO in neurons, in which cell
responses, signal transduction, and cell-to-cell communications are extremely fast pro-
cesses. As in many neurological diseases the NO homeostasis seems to be affected and,
known to essentially contribute to the pathogenesis of such disorders, it would be im-
portant to use the geNOps technology in respective model systems. Recently, Madeline
Lancaster and colleagues produced the first brain organoide!®®, which might be suitable
to image neuronal NO signals using the geNOps technology.

From a methodological point of view the fast NO signals in nNOS expressing HEK cells, in
which even sharp NO oscillations could be detected, point to a fast on and off kinetic of C-
geNOp. Several experiments (Figures 3, 4, and 7) showed a slow recovery of the geNOps
signal after removing the NO donors from the cells. However, it was difficult to assess if
the slow recovery of the geNOps signal is due to a slow washout of the NO donor and NO
itself or slow off kinetic of geNOps. Experiments with nNOS-HEK cells, however, suggest
that geNOps are indeed capable to visualize NO fluctuations in a real-time manner.
Moreover, the NO oscillation patterns also confirm the short half-life of NO within cells.
However, in another study it was reported?3, that NO within cells have a longer half-life as
under atmospheric conditions. Accordingly, the kinetics of NO signals within cells might

be significantly influenced by the capacity of cells to degrade the radical.
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4.4. Double FP-based Ratiometric geNOps

Imaging approaches such as live monitoring in deep tissues or whole animals require low
background noisel®. Genetically encoded red-shifted probes are valuable tools for such
purposes since they have the benefit of reduced autofluorescence, longer stokes shift, i.e.
a wide spectral gap between its excitation and emission maxima, lower scattering, and
lower phototoxicity at longer wavelengths in comparison to FPs with spectral properties
close to the UV area'??. Thus, we attempted to design novel red-FP-based geNOps. Unex-
pectedly, all RFP-based probes proved insensitive to NO. These results indicate that red
fluorescent proteins must be distinctly different - beyond the spectral properties - in re-
gard to amino acid composition at specific sites or especially in the chromophore that do
not allow a quenching of the fluorescence signal in response to NO. Taking advantage
from the insensitivity of the RFP-based probes, a (pseudo)ratiometric geNOp was de-
signed and constructed. Surprisingly, the RFP fused to the CFP- and GAF-consisting con-
struct gained apparent sensitivity towards NO, although RFP fused to GAF remained com-
pletely unaffected by NO. This observation might point to a complex energy transfer be-

tween the chromophores, as hypothesized in Figure 21.

NO-Sensitive GAF-domain

Figure 21. Hypothetical super-chromophore: Schematic overview of the chimera consist-
ing of ECFP-GAF-tdTomato. The hypothetical influence of NO upon binding to the GAF
domain on the chromophores of the FPs is shown in green.
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However, this effect was no longer observed after the introduction of a flexible linker that
keeps the fluorophores in distance (Figure 16), which confirms that the range of chromo-
phore interaction is limited to close distances!?.

The underlying mechanism of the NO sensitivity of geNOps is still a mystery. Binding of
NO to the GAF domain immediately leads to a concentration-dependent and reversible
loss of fluorescence intensity from the probe. One hypothesis for that is based on the idea
that either an electron transfer occurs among certain amino acids!*? or the proton status
of the chromophore changes upon binding of NO to the GAF domain, in a similar manner
as it has been hypothesized for Gem-GECOs'!'3. However, the actual reason for the NO
sensitivity of geNOps is still elusive.

To test the functionality and applicability of the novel ratiometric geNOp, referred to as
CR-geNOps, HEK-cells expressing iNOS were used. Notably, these experiments unveiled
that iINOS-HEK cells constitutively produce high amounts of NO. This also means that the
NO probes transiently expressed by the cells are permanently exposed to high concentra-
tions of NO. Nevertheless, even three days after transfection of geNOps in iINOS-HEK cells,
the functionality of geNOps remain fully functional, indicating that even sustained high
levels of NO do not harm the probe.

One intension in the development of a ratiometric probe was to enable the assessment of
actual NO concentrations within cells that are able to form NO. This was, however, only
partially successful. The baseline fluorescence of CR-geNOps that was expressed in
wildtype HEK cells showed a distinct signal. Compared with iNOS-HEK cells, the basal ratio
was significantly higher and reached exactly the same level as the wildtype HEK cells upon
repression of NO in these cells (Figure 19). This approach unveiled that CR-geNOps are
suitable for the direct assessment and quantification of NO levels in cells. However, for
reasons which could not be explained, the basal ratio of CR-geNOps expressed by
wildtype HEK cells increased significantly over three days (Figure 17). Nonetheless, com-
parison of cells on different dishes on the same day again showed the same basal ratio
without any significant difference (Figure 17). These data indicate that the expression
level of the fluorescent protein-containing probes might influence the basal ratio by form-
ing oligomers or by degradation and de novo synthesis of the probe. Similar considera-
tions have been made for a FRET-based genetically encoded ATP probe, which was not

useful to quantify basal ATP levels in bacterial'®. However, one may use the CR-geNOps
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for direct estimation of NO levels in cells, as long as the time of expression as a function
of the basal ratio signal is considered.

Moreover, the range of possible applications of the double FP based geNOps is not re-
stricted to single cell imaging. Single FP-based probes like the first generation of geNOps
have limitations such as being prone to pH fluctuations or cell movements?!. Having a ref-
erence FP (the tag-RFP in this case) makes it easier to discriminate such artifacts. Fur-
thermore, the novel double FP-based CR-geNOps might also be a useful tool for in vivo
imaging experiments, in which the insensitive RFP acts as a reference FP.

The CR-geNOps were used to test the applicability of this probe as well as the enzymatic
properties of iNOS. In this thesis, the dynamic up- and downregulation of the iNOS en-
zyme activity was demonstrated using highly potent NOS inhibitors and by supplying argi-
nine to iINOS-HEK cells (Figure 19 and 20). The presented data clearly show the potency of
geNOps to investigate specific NOS inhibitors in a dynamic manner in situ. Thus, the geN-
Ops technology can be utilized for the investigation of existing inhibitors and potent can-
didates in course of the development of novel NO inhibitor drugs. Selective iNOS inhibi-
tors might be very useful for the causative treatment of septic shock, in which massive
iNOS-mediated NO formation leads to a life-threatening hypotension, cardio depression
and vascular hyporeactivity?®

Like the nNOS and eNOS isoforms, also the iNOS utilizes arginine as a natural fuel in order
to form NO. Specific inhibitors of the protein degradation such as MG132 and cationic
amino acids have been used to deplete the cellular arginine pool*'®, Here we used this
protocol of arginine depletion in iINOS-HEK cells in order to visualize substrate dependen-
cy of iNOS. Interestingly, supplementation of high concentrations of arginine to non-
arginine depleted cells did not yield a further increase of NO signals, indicating that the
acute iNOS activity does not rely on extracellular arginine. This finding also confirms that
cells store a lot of arginine, recycle the amino acid from citrulline and protein degrada-
tion!'®, However, addition of arginine to arginine depleted cells immediately showed a
clear increase of intracellular NO levels. , These findings highlight that iNOS can be fueled
by extracellularly applied arginine in a fast and effective manner. Moreover, short and
constitutive addition of different concentrations of arginine to depleted cells yielded a
concentration dependent response with a ECso of approximately 0.4 uM arginine. Consid-
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ering an arginine concentration of 100 uM to 1000 uM within cells!!’/, our finding indicate
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that upon expression of iINOS NO can be produced efficiently. Notably, when cells were
supplied shortly with higher concentrations of arginine, the NO signal was much longer
visible, indicating that cells are capable to efficiently take up arginine and to metabolize
the whole amount within a short period of time (Figure 20). Such experiments demon-

strate that geNOps can be also used to study the transport and metabolism of arginine.
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