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Abstract

The members of the nitric oxide synthase (NOS) family, eNOS, nNOS and iNOS, are well-

characterized enzymes. However, due to the lack of suitable direct NO sensors, little is known 

about the kinetic properties of cellular NO generation by the different nitric oxide synthase 

isoenzymes. Very recently, we developed a novel class of fluorescent protein-based NO-probes, 

the geNOps, which allow real-time measurement of cellular NO generation and fluctuation. By 

applying these genetic NO biosensors to nNOS-, eNOS- and iNOS-expressing HEK293 cells we 

were able to characterize the respective NO dynamics in single cells that exhibited identical Ca2+ 

signaling as comparable activator of nNOS and eNOS. Our data demonstrate that upon Ca2+ 

mobilization nNOS-derived NO signals occur instantly and strictly follow the Ca2+ elevation while 

NO release by eNOS occurs gradually and sustained. To detect high NO levels in cells expressing 

iNOS, a new ratiometric probe based on two fluorescent proteins was developed. This novel 

geNOp variant allows the measurement of the high NO levels in cells expressing iNOS. Moreover, 

we used this probe to study the L-arginine-dependency of NO generation by iNOS on the level of 

single cells. Our experiments highlight that the geNOps technology is suitable to detect obvious 

differences in the kinetics, amplitude and substrate-dependence of cellular NO signals-derived 

from all three nitric oxide synthase isoforms.
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1 Introduction

In higher organisms all three nitric oxide synthase (NOS) isoforms, neuronal, endothelial, 

and inducible NOS (nNOS, eNOS, iNOS), produce nitric oxide (NO) [1,2] that serves as 

important signal molecule for many cellular processes and biological functions [3–5]. The 

nNOS and eNOS isoenzymes are activated by Ca2+/calmodulin [6]. In contrast, iNOS is 

constitutively active [7] and the amount of iNOS-derived NO generation is predominately 

controlled on the transcriptional level [8]. Based on their distinct expression profile in 

particular organs and cell types eNOS-, nNOS- and iNOS-derived NO is involved in either 

the control of vascular tone [9], neurotransmission [10], or the immune response [11], 

respectively. While NO rather freely diffuses through bio-membranes [12], the susceptibility 

of this radical for oxidation clearly restricts its area of action [13]. The rather local intra-, 

endo- and paracrine actions of NO are mainly mediated by NO-induced nitrosylation of 

heme-containing proteins and enzymes [14,15] like the soluble guanylate cyclase (sGC) that 

represents a well-characterized, highly NO-sensitive downstream target [16]. However, due 

to its chemical reactivity NO may also modify other biomolecules [17] and modulate diverse 

signaling pathways or, at very high concentrations, initiate cytotoxic damage [18]. In 

addition to the classical NO-sensitive mechanisms of vasorelaxation, neurotransmission, and 

immune defense, NO is further discussed to control many other cellular processes in (patho)-

physiology [19–21]. Considering the short half-life [22] and limited diffusion [23] of NO, its 

various physiological activities are mainly determined by its local concentration and 

spatiotemporal distribution. Most of the current NO detection methods are indirect providing 

an end-point quantification of NO in cell populations [24] and deliver only limited 

information about the spatiotemporal patterns of cellular NO kinetics and fluctuation. Due to 

these technical limitations, the visualization of NO signals from distinct NOS isoforms in 

real-time and on the level of individual cells has not been comprehensively investigated. In 

this study we have exploited and refined recently developed genetically-encoded NO probes, 

the geNOps [25–27], to investigate NO dynamics in single cells. To ensure identical Ca2+ 

signaling for comparable activation of nNOS and eNOS, we utilized HEK-293 cells 

expressing either eNOS or nNOS. Our data highlight fast and pulsatile NO signals upon the 

activation of nNOS in single cells that appear strictly coupled to the cytosolic Ca2+ signal. In 

contrast, Ca2+-activated eNOS showed a delayed NO generation and slowly increasing NO 

levels that remained elevated even after Ca2+ levels return to basal values. Cells expressing 

iNOS (HEK293 cells) showed strong and stable NO production that was merely dependent 

of extracellular L-arginine supplementation. Our experiments emphasize that the different 

NOS isoenzymes provoke distinct patterns of cellular NO signals, which most likely shape 

the activity of tissue-specific downstream signaling pathways and related organ functions.

2 Materials and methods

2.1 Reagents and buffers

Dulbecco's modified Eagle's medium (DMEM) and Nω-nitro-L-arginine (LNNA) were 

obtained from Sigma-Aldrich (Vienna, Austria). Fura-2-acetoxymethyl ester (fura-2/am), 

tetramethylrhodamine methyl ester perchlorate (TMRM) was purchased from Invitrogen 

(San Diego, CA, USA). TransFast™ transfection reagent was obtained from Promega 
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(Mannheim, Germany). Antibodies against eNOS and nNOS were obtained from BD 

Transduction Laboratories™ (Schwechat, Austria), alpha-tubulin was from Cell Signaling 

Technology® (Cambridge, UK). Adenosine-5′-triphosphate (ATP) and L-arginine were 

purchased from Roth (Karlsruhe, Germany). Ionomycin was obtained from Abcam 

(Cambridge, UK). NOC-7 was from Santa Cruz (San Diego, CA, USA). The geNOps probes 

and the Iron(II) booster solution were from Next Generation Fluorescence Imaging GmbH - 

NGFI, Graz, Austria (www.ngfi.eu). Fetal Calf Serum (FCS), 100× Penicilin/Streptomycin, 

and Amphotericin were purchased form GIBCO (Invitrogen, Austria). Geneticin (G418) was 

purchased form Sigma Aldrich (Vienna, Austria).

2.2 Molecular cloning

In brief, cloning of the geNOp consisting of seCFP and tagRFP was performed according to 

standard procedures and all constructs were verified by sequencing. The rigid alpha-helical 

linker was synthesized by Genscript (Piscataway, NJ, USA) including the restriction sites 

BamHI at the N-terminus and EcoRI at the C-terminus: 

GAGGCCGCCGCCCGGGAGGCCGCCGCCAGAGAGGC-CGCCGCC-

AGGGAGGCAGCAGCCCGCGAGGCAGCAGCCCGGGAGGCTGCTGCCA-

GAGAGGCTGCTGCCAGGGAGGCCGCCGCCCGCGAGGCTGCTGCCCGGGAGGCT

GCAGCCAGA. Plasmid DNA encoding for the NO sensitive geNOps was provided from 

NGFI, Graz. cDNA encoding the double FP based ratiometric geNOp was subcloned into a 

pcDNA3.1(–) vector via the restriction sites XhoI (N-terminus) and HindIII (C-terminus).

2.3 Cell culture

Human embryonic kidney (HEK293) cells were cultured in DMEM containing 10% fetal 

bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. HEK293 cells stably 

expressing nNOS [28], eNOS or iNOS 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 

μg/ml amphotericin, and 1 mg/ml geneticin (G418) in humidified atmosphere (95% O2/5% 

CO2) at 37 °C. Culture medium of EA.hy926 cells additionally contained 1% HAT (5 mM 

hypoxanthin, 20 μM aminopterin and 0.8 mM thymidine). Prior to transfection cells were 

plated on 30 mm glass cover slips. At 60–80% confluence cells were transfected with 1 ml 

of serum- and antibiotic-free medium containing 1.5 μg of the appropriate plasmid DNA and 

2.5 μg of TransFast transfection reagent (Promega, Madison USA). Cells were maintained in 

a humidified incubator (37 °C, 5% CO2, 95% air) for 16–20 h before replacing the culture 

media against DMEM containing antibiotics and FCS. All experiments were performed 

either 24 or 48 h after transfection.

2.4 Fluorescence imaging

For cytosolic Ca2+ recordings using fura-2, cells were incubated in storage buffer containing 

3.3 μM fura-2/AM for 40 min as previously described [29]. For NO imaging cells were 

loaded with iron(II) fumarate solution for 20 min and subsequently incubated in a storage 

buffer composed of 138 mM NaCl, 2 mM CaCl2, 5 mM KCl, 1 mM MgCl2, 1 mM HEPES, 

2.6 mM NaHCO3, 0.44 mM KH2PO4, 0.34 mM Na2HPO4, 10 mM D-glucose, 0.1% 

vitamins, 0.2% essential amino acids, and 1% penicillin/streptomycin, pH 7.4 for 1 h prior to 

experiments. All imaging experiments were performed using a semi-automatic gravity-
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driven superfusion system. During experiments cells were superfused with a HEPES-

buffered solution (HBS) containing 138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 MgCl2, 10 

mM D-glucose, 10 mM HEPES, pH 7.4 (NaOH or HCl adjusted) as previously described 

[29]. For Ca2+-free conditions HBS containing 1 mM EGTA instead of CaCl2 was used. 

Fluorescent recordings were taken on an advanced wide-field fluorescent microscope (Till 

Photonics, Graefling, Germany) equipped with a motorized sample stage, a polychrome V 

monochromator (Till Photonics), a 40× objective (alpha Plan Fluar 40×, Zeiss, Göttingen, 

Germany) and a charge-coupled device camera (AVT Stingray F145B, Allied Vision 

Technologies, Stadtroda, Germany). Fluorescence of C-geNOp and C-geNOpmut transfected 

cells was recorded at 480 nm upon 430 nm excitation. For detecting NO dynamics of CR-

geNOp, expressing cells were alternately excited at 430 and 570 nm and the emissions were 

collected at 480 and 590 nm, respectively. Multichannel imaging experiments for 

simultaneous recording of cytosolic Ca2+ and NO, and G-geNOp expressing cells loaded 

with fura-2/am were alternately excited at 340, 380 and 480 nm and emission was collected 

at 515 nm (515dcxr). SypHer fluorescence was sequentially excited at 430 and 500 nm. Data 

acquisition and control was carried out by the Live Acquisition 2.0.0.12 software (Till 

Photonics).

2.5 Image analysis

The background values recorded by the respective channels were subtracted from the 

emission of the probe to obtain F and calculate F0 (reflecting the function of fluorescence of 

the probe over time without stimulation) using an appropriate equation e.g. F0=Finital*exp(-
K*Time) + Fplateau in case of a fluorescence decrease reflected by a one exponential decay. 

To normalize the geNOp signals over time the formula 1-F/F0 was used for calculation, 

whereby F is defined as the background subtracted raw fluorescence over time.

2.6 Immunoblotting

Wild-type HEK293 cells or HEK293 cells stably expressing either nNOS or eNOS were 

harvested and homogenized by sonication (3 × 5 s) in ice-cold RIPA lysis buffer (Sigma, 

Vienna, Austria) containing 2 mM EDTA, protease and phosphatase inhibitors (Complete™, 

PhosSTOP™, Roche, Vienna, Austria). Protein concentration was determined with the 

Pierce™ BCA Protein Assay Kit (Fisher Scientific Austria GmbH, Vienna, Austria) using 

bovine serum albumin as standard. Denatured samples (30 μg) were separated by SDS-

PAGE on 10% gels and transferred electrophoretically to nitrocellulose membranes. After 

blocking with 5% nonfat dry milk in Tris-buffered saline containing 0.1% (v/v) TWEEN-20 

for 1 h, membranes were incubated overnight at 4 °C with a primary antibody against eNOS 

(1:2000; BD Transduction Laboratories), nNOS (1:1000; BD Transduction Laboratories) or 

β-actin (1:200,000; Sigma-Aldrich). Thereafter, membranes were washed 3 times and 

incubated for 1 h with a horseradish peroxidase-conjugated anti-mouse IgG secondary 

antibody (1:5000). Immunoreactive bands were visualized by chemiluminescence using 

ECL detection reagent (Biozym, Germany) and quantified densitometrically by the Fusion 

SL system (Peqlab, Erlangen, Germany).
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2.7 Structural analysis of geNOps

Structural models of geNOps were generated with the online software Phyre2 (Protein 

Homology/analogy Recognition Engine V 2.0) which uses a profile-profile alignment 

algorithm to predict the 3D structure of the protein of interest. The alignment is based on 

hidden Markov models via HHsearch [30] 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 (Lausanne, Switzerland).

2.8 Statistical analysis

Statistical analysis was performed using the GraphPad Prism software version 5.04 

(GraphPad Software, San Diego, CA, USA). Data are presented as mean ± standard error of 

mean (SEM) of independent experiments (n) throughout the manuscript. For comparison 

between two groups, two-tailed Student t-test was used for evaluation of statistical 

significance and a P value of <0.05 was considered significant and indicated by *. For 

comparison across multiple groups, one-way ANOVA with Barlett's test for equal variances 

and Benferroni's Multiple Comparison test were used for evaluating statistical significance. 

At least three independent experiments (n) were performed in at least triplicates for each 

experimental setup. Data are shown as mean ± standard deviation (SD) as indicated.

3 Results and discussion

3.1 Simultaneous imaging of Ca2+ and NO in single endothelial cells unveils a delayed, 
slow- but sustained eNOS-mediated NO generation

We used fura-2 and the green fluorescent NO-sensitive G-geNOp (Fig. 1A and B) to 

simultaneously record histamine-induced Ca2+ signal and Ca2+-triggered NO generation by 

eNOS in the endothelial cell line EAhy.926. Cell stimulation with the inositol-1,4,5-

trisphosphat (IP3)-generating agonist histamine (100 μM) yielded an instant rise in cytosolic 

Ca2+ levels followed by a plateau phase at about 80% of the initial spike (Fig. 1C). In 

contrast, NO levels slowly increased with a delay of 7.7 ± 3.5 s (n = 8) compared to the Ca2+ 

signal and maximal NO generation was observed after approximately 4 min of stimulation. 

Upon washout of the agonist, cytosolic Ca2+ decreased to basal level within 50.8 ± 25.3 s (n 

= 8) while NO started to decline with a delay of 22.2 ± 13.3 s (n = 8) (Fig. 1C). A similar 

delay in agonist-induced endothelial cell NO formation (indirectly analyzed by cGMP) 

compared with cytosolic Ca2+ signal (measured with fura-2) was previously observed in 

freshly isolated porcine aortic endothelial cells [29]. Our data are also in line with previous 

studies showing a significant temporal delay between the addition of vasoactive compounds 

and maximal vessel relaxation [31,32]. Our present findings demonstrate now on the single 

cellular level that despite fast Ca2+ mobilization, endothelial NO generation through eNOS 

occurs delayed (with slower kinetics) and that the NO levels remain more sustained than the 

Ca2+ elevation.

3.2 nNOS-derived NO signals occur fast and pulsatile

In order to directly compare the NO generation kinetics of eNOS- and nNOS-derived NO 

signals, we used HEK293 cells stably expressing either eNOS or nNOS as a cell model. This 
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approach allowed us to study NOS kinetics upon identical Ca2+ stimulation in one given cell 

type. As confirmed by Western blot analyses, neither nNOS nor eNOS were expressed in 

wild-type HEK293 cells (Fig. 2A and B) but expression levels of the enzymes were 

comparable in the respective HEK293 cell clones (Fig. 2A and B).

Several studies have demonstrated that elevated NO levels affect the cellular Ca2+ 

homeostasis [31,33,34]. Therefore, we studied whether NOS expression affects basal Ca2+ 

levels or agonist-triggered Ca2+ signals in the NOS-expressing HEK293 cells. Treatment 

with ATP (100 μM) evoked a sharp and transient cytosolic Ca2+ signal in all HEK293 cells 

(Fig. 3A, upper panel). In comparison to wild-type HEK293 cells neither the basal Ca2+ 

levels nor the maximal amplitudes of ATP-induced Ca2+ profiles were altered in HEK293 

cells expressing eNOS or nNOS, respectively (Fig. 3A and B). These results indicate that in 

our experimental conditions, the cellular Ca2+ signaling of HEK293 cells remained 

unaffected by the stable expression of the NO-generating isoenzymes. Next, we transiently 

transfected the cell lines with cyan geNOp (C-geNOp) in order to visualize NOS-specific 

NO dynamics. In wild-type HEK293 cells C-geNOp did not sense NO formation upon IP3-

mediated Ca2+ mobilization confirming the absence of any Ca2+/calmodulin dependent NOS 

isoform (Fig. 3A left lower panel).

However, HEK293 cells stably expressing eNOS showed prominent NO elevations upon 

administration of ATP indicating that eNOS expressing HEK293 cells are activated by Ca2+ 

mobilization. Similar to our experiments with the endothelial cell line EAhy.926. described 

above and our previous observations in these cells [35], the eNOS-derived NO generation 

also occurred gradually, slowly and sustained in HEK293 cells compared to the fast arising 

and declining Ca2+ signal (Fig. 3A, D, and E). This confirms the slower activation kinetics 

of this isoenzyme. In contrast, triggering the same ATP-induced Ca2+ signal in HEK293 

cells expressing nNOS revealed an instant and fast NO signal that nearly instantly followed 

the Ca2+ signal. The maximal amplitude of the NO signal was higher in eNOS-expressing 

cells compared to nNOS (Fig. 3E). On a time basis the nNOS-mediated NO formation 

occurred almost as fast as the respective Ca2+ signals (Fig. 3A, C, and D). Accordingly, 

upon the identical Ca2+ signal, eNOS exhibits slow activation kinetics but sustained NO 

activity (Fig. 3E), whereas nNOS derived NO strictly follows the cytosolic Ca2+ signal (Fig. 

3D and E). Moreover, our data show that the average Ca2+ -evoked nNOS-derived NO 

formation occurred even slightly faster than the respective global cytosolic Ca2+-elevation 

(Fig. 3F). Either this finding might point to a local activation of nNOS or little cytosolic 

Ca2+ elevations are sufficient to maximally stimulate the enzyme.

In order to probe whether cytosolic Ca2+ mobilization in eNOS and nNOS expressing cells 

alters the cytosolic pH, we utilized the pH sensitive genetic biosensor SypHer [65]. In line 

with another study, cell treatment with an IP3-generating agonist evoked a mild cytosolic 

acidification in eNOS and nNOS expressing HEK cells (Fig. 4A and B). As geNOps are pH 

sensitive, this effect might disturb NO measurements. Therefore, we performed control 

experiments using the NO-insensitive C-geNOpmut, which is still prone to pH fluctuations 

[25]. This approach revealed that the ATP-induced cellular acidification (Fig. 4A and B) is 

not strong enough to significantly influence the cyan fluorescence signal of the NO probe in 

eNOS and nNOS expressing cells (Fig. 4 C and D).
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Several studies have shown that the specific enzymatic activity of purified nNOS [36–40] is 

considerably higher than that of purified eNOS [41–44]. In these studies the enzymatic 

activity of the different NOS isoforms was controlled by the concentration of several 

cofactors. Therefore, such experiments are not conclusive in terms of NOS activities in 

intact cells. Using the geNOps technology, however, allowed us to demonstrate that in HEK 

cells nNOS-mediated NO formation is indeed significantly faster compared to eNOS-

derived NO production. Moreover, our experiments are well in line with mathematical 

simulations that propose generation of sharp NO pulses by nNOS and a steady-state NO 

generation on the time scale of seconds to minutes by eNOS [45]. Our data emphasize that 

the fast and strictly Ca2+-controlled NO signals by nNOS might be essential to locally 

transmit information for neurotransmission at the short time of neuronal firing while in the 

vasculature a long-lasting release of NO by eNOS is suitable to ensure long-lasting changes 

of vessel tone.

It has been shown that eNOS and nNOS are differentially targeted to distinct subcellular 

compartments [46,47]. While eNOS is predominately found in the sub-plasmalemma region 

[48], nNOS is rather located at the ER membrane or in the cytosol [49]. It has been reported 

that both NOS isoforms translocate upon Ca2+ mobilization [50] and it can be assumed that 

differences in the subcellular distribution of the enzymes might, at least in part contribute to 

the isoform-specific differences in the kinetics of NO generation. From this point of view 

Ca2+-dependent NOS isoforms might be activated much faster in close vicinity of Ca2+ 

release or Ca2+ entry channels. In order to test whether the kinetic differences of eNOS- 

versus nNOS-derived NO signals are indeed dependent on cell type-specific intracellular 

Ca2+ gradients, we treated our model cells with the Ca2+ ionophore in the absence of 

extracellular Ca2+ and subsequently re-added extracellular Ca2+ to uniformly elevate 

cytosolic Ca2+ levels. These conditions were chosen to avoid the generation of local Ca2+ 

gradients that may distinctly impact the kinetics of the various NOS isoenzymes. In HEK293 

cells expressing nNOS the production of NO was about 4-times faster compared to eNOS-

expressing cells (Fig. 5). These results indicate that the different NO profiles are rather 

based on the kinetic activities of the enzymes per se than on their subcellular localization. 

Furthermore, studies have demonstrated that NOS activity is controlled by posttranslational 

modifications [51–53], so we cannot exclude that the observed differences between NO 

generation by eNOS and nNOS are also influenced by variations in phosphorylation, 

acetylation, methylation or palmitoylation of the respective enzymes.

3.3 The newly developed ratiometric NO probe, CR-geNOp, allows the measurement of 
high intracellular NO levels in iNOS-expressing cells

The first generation of geNOps bears the drawback that their non-ratiometric characteristic 

makes them incapable to directly compare NO levels within various cells [25,26]. In order to 

overcome this limitation we improved the geNOps by engineering a ratiometric NO probe 

based on two FPs.

For this purpose we fused tagRFP, a strongly monomeric red FP variant, to the highly NO-

sensitive C-geNOp to yield a ratiometric geNOp, referred to as CR-geNOp. To protect the 

tagRFP from any direct influence of NO, a rigid alpha helical linker based on (EAAAK)n 
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repeats was introduced between the NO-binding GAF domain and the red FP variant (Fig. 

6A). For testing this novel ratiometric probe, CR-geNOp expressing HEK293 cells were 

treated with NOC-7, a potent NO-releasing compound. As shown in Fig. 6B, the red 

fluorescence of CR-geNOp remained unaffected by the addition of NOC-7 (10 μM) while 

the cyan signal was strongly quenched in response to this NO donor, demonstrating the 

ratiometric readout by this new probe.

To further test the applicability of the novel double FP-based ratiometric geNOp we utilized 

HEK293 cells stably expressing the constitutively active iNOS that is known to generate 

large amounts of NO [54] though, the exact cellular NO concentrations are a matter of 

debate [55]. Ratiometric imaging of CR-geNOp uncovered strongly elevated NO levels in 

single iNOS-expressing HEK293 cells (Fig. 7A and B). In contrast to our experiments with 

nNOS and eNOS we observed clear heterogeneities of the ratio-signals among individual 

iNOS-expressing cells, possibly indicating differences in expression level and/or enzyme 

activities in the given cells (Fig. 7B). To confirm that the basal CR-geNOp ratio variances 

indeed reflect different iNOS-derived intracellular NO levels, cells were treated with NG-

nitro-L-arginine (LNNA), a potent, irreversible NOS inhibitor [56,57]. Addition of the 

inhibitor immediately decreased the CR-geNOp ratio signal in iNOS-expressing HEK cells 

while that of NOS-negative control cells remained unaffected (Fig. 7B). Subsequent 

application of high concentrations of the NO-donor NOC-7 increased the fluorescence ratio 

signal of the NO probe equally in both cell types. Notably, in iNOS-expressing cells the 

amplitude of the signal induced by the NO-donor was comparable to the increased NO levels 

based on the iNOS activity in the given cell. These findings demonstrate the high and 

sustained activity of iNOS in the cell model used. This is in agreement with reports showing 

that under certain pathological conditions such as sepsis [58,59] high cellular NO 

concentrations can be persistently formed by iNOS. Eventually, the application of the 

geNOps technology in iNOS-expressing HEK293 cells proved the benefit of the novel 

ratiometric NO sensor to dynamically visualize NO fluctuations in single cells at 

pathophysiological relevant levels.

3.4 L-Arginine-depletion uncovers the tight substrate dependency of iNOS

The role of L-arginine supplementation to promote NOS activity is controversially discussed 

[59,60]. Nevertheless, distinct NOS-derived NO signals could be obtained even in the 

absence of extracellular L-arginine, indicating that L-arginine supplementation is not 

necessarily required for iNOS activity [61].

This obvious independency of iNOS activity from extracellular L-arginine highlights the 

high capacity of cells to supply the substrate from adequate internal amino acid pools [62]. 

To examine whether the internal amino acid pool is sufficient for sustained iNOS activity in 

our model, we recorded NO levels over time in iNOS-expressing HEK293 cells, upon 

addition of L-arginine (Fig. 7C). In these experiments, iNOS was found to continuously 

produce high amounts of NO even in the absence of extracellular L-arginine (Fig. 7C). 

Supplementation of the amino acid only moderately increased cellular NO levels (Fig. 7C). 

This is in line with findings that L-arginine washout from the medium of an activated 

macrophage cell line only slightly affected iNOS-derived NO formation [61]. Next we tested 
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the contribution of endogenous L-arginine to iNOS-derived NO formation. To inhibit the 

protein degradation machinery of the proteasome as important L-arginine source we applied 

the proteasome inhibitor MG132 [63]. In our experiments we combined MG132 and the 

cationic amino acid L-lysine, which is known to replace the remaining freely available L-

arginine [64], to deplete cellular L-arginine pools in iNOS-expressing HEK293 cells. As 

shown in Fig. 7C, the limitation of intracellularly available L-arginine strongly affected 

iNOS-derived NO generation. Addition of L-arginine to iNOS-expressing HEK293 cells 

pretreated with MG132 and L-lysine resulted in a prompt increase of NO levels, which 

gradually decreased upon washout and consumption of the amino acid by the cells (Fig. 7C). 

The geNOps response induced by L-arginine administration was independent from the initial 

NO level in arginine depleted iNOS expressing HEK293 cells pretreated with MG132 and 

L-Lysine (Fig. 7D) supporting our conclusion that the activity of iNOS expressed in 

HEK293 cells is almost independent from the extracellular L-arginine supply. Repetitive 

addition of increasing amounts of L-arginine to iNOS-expressing and MG132/L-lysine 

pretreated cells demonstrated the L-arginine concentration dependency of iNOS-mediated 

NO formation (Fig. 7E). Interestingly, a concentration as low as 3 μM L-arginine appeared 

to be sufficient to restore a maximal iNOS activity. This is feasible considering that cells 

have a high capacity to take up and accumulate extracellularly applied L-arginine. Upon 

washout of 3 μM L-arginine, elevated NO levels rapidly declined. In contrast, NO levels 

decreased more slowly upon washout of higher L-arginine concentrations (Fig. 7E), 

indicating that iNOS-expressing HEK293 cells efficiently take up and store extracellular 

available L-arginine if necessary. Eventually, these experiments demonstrate that the 

geNOps technology can be successfully employed to study the consequences of e.g. L-

arginine deficiency on subcellular NO dynamics.

Overall by utilizing the new geNOps technology our study reveals different properties of the 

three NO generating isoenzymes on the single cell level. Hence, the geNOps technology 

seems to be a promising approach to study NO generation kinetics in different cell types.
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iNOS inducible nitric oxide synthase

IP3 inositol 1,4,5-trisphosphate

NO nitric oxide

FP fluorescent protein

LNNA NG-nitro-L-arginine

[Ca2+]cyto cytosolic Ca2+ concentration

[NO]cyto cytosolic NO concentration

WT wild type
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Fig. 1. Simultaneous imaging of Ca2+ and NO in single endothelial cells.
(A) The scheme represents the functional principle of G-geNOp that FP fluorescence is 

quenched upon NO binding to the probe. (B) Representative wide field images of EA.hy926 

cells expressing G-geNOp prior to exposure (left panel) and in the presence of the NO-donor 

NOC-7 (10 μM, right panel). (C) Representative [Ca2+]cyto (black curve) and [NO]cyto (blue 

curve) signals shown in percentage of the respective maximal increases in response to 100 

μM histamine. Curves represent at least 4 independent experiments. (For interpretation of 
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the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 2. Western Blot analysis of nNOS and eNOS expression in HEK-cell clones
(A) Bars represent the expression rate of eNOS (blue bars) and nNOS (green bars) in wild-

type (left panel, n = 3), eNOS- (middle bars, n = 3) and nNOS-expressing HEK293 cells 

(right bars, n = 3). (B) Representative Western blot of total homogenates of wild-type, 

eNOS- or nNOS-expressing HEK293 cells (10 μg of protein) probed for eNOS (140 kDa), 

nNOS (155 kDa) and β-actin (43 kDa) expression (n = 3). Mean values are shown ±SD, *P 
< 0.05 versus control using unpaired t-test. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Ca2+-triggered eNOS- and nNOS-specific NO signals.
(A) Representative time course of cytosolic Ca2+ (upper panel) and NO signals (lower panel) 

in response to 100 μM ATP in wild-type HEK293 cells (left panel), stably eNOS-expressing 

HEK293 cells (middle panel), and stably nNOS-expressing HEK293 cells (right panel). NO 

recordings were performed using C-geNOp. (B) Bars represent mean values in ±SD of basal 

fura2 ratios (left panel) and maximum cytosolic Ca2+ elevations in response to 100 μM ATP 

(right panel) of wild-type HEK293 cells (black bars, n = 52/12), eNOS expressing HEK293 

cells (blue bars, n = 53/12) and nNOS expressing HEK293 cells (green bars, n = 65/12). (C) 
Representative pulsatile NO signals in nNOS-expressing HEK cells (D) Overlay of 

representative cytosolic Ca2+ (black curve) and NO recordings of stably nNOS- (green 

curve) or eNOS- (blue curve) expressing HEK293. Experiments were at least performed 4 

times. (E) Single cell NO responses (light grey curves) and mean curves of eNOS-

expressing HEK cells (blue curve, n = 5/32) and nNOS-expressing HEK cells (green curve, 

n = 5/37). (F) Bars represent the half time (t1/2) of maximum fura-2 ratio (upper blue bar, n 

= 54/4 for eNOS-expressing cells; upper green bar, n = 66/4 for nNOS expressing cells) and 

C-geNOp (lower blue bar, n = 32/3 for eNOS-HEK cells and lower green bar, nNOS-

expressing cells) signals triggered by 100 μM ATP. Mean values are shown ±SD, *P < 0.05 
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versus control using unpaired t-test. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. pH sensitivity of geNOps.
(A) Representative time course of cytosolic pH changes in response to 100 μM ATP in 

eNOS-HEK cells (left panel) and nNOS-HEK cells (right panel) expressing the cytosolic 

SypHer. (B) Bars represent mean values in ±SD of maximal sypHer ratio changes in 

response to 100 μM ATP of eNOS-HEK cells (blue bars, n = 4/41) and nNOS-HEK cells 

(green bars, n = 4/46). (C) Representative time course of NO signals of eNOS-HEK cells 

(left panel) and nNOS-HEK cells (right panel) to 100 μM ATP. Cells were transiently 

transfected with the NO insensitive geNOpmut. (D) Bars represent mean values in ±SD of 
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maximal geNOpmut responses upon administration of 100 μM ATP of eNOS-HEK cells 

(blue bars,n = 4/21) and nNOS-HEK cells (green bars, n = 4/21). Mean values are shown 

±SD, *P < 0.05 versus control using unpaired t-test. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Ca2+-evoked nNOS- and eNOS-derived NO generation profiles in ionomycin 
permeabilized cells
(A) Mean curves represent NO generation profiles derived from eNOS (blue curve) and 

nNOS (green curve) in response to Ca2+ addition. Experiments were performed in the 

presence of 5 μM ionomycin. NO recordings were performed using C-geNOp. (B) Bars 

represent respective statistics of panel A, maximum initial slope of nNOS- (green bar, n = 

34/3) and eNOS-derived (blue bar, n = 36/3) NO signals. Mean values are shown ±SD, *P < 

0.05 versus control using unpaired t-test. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. CR-geNOp, a ratiometric NO probe based on two FPs.
(A) Schematic structures of CR-geNOp consisting of the cyan FP (CFP), a NO-sensitive 

GAF domain, a rigid linker (EAAAK)n and the red FP (tagRFP) in the presence and absence 

of NO, which quenches CFP fluorescence only (B) Left panel: fluorescence intensity CFP 

(cyan curve) and RFP (red curve) over time in cells expressing CR-geNOp. Cells were 

treated with 10 μM NOC-7 as indicated. Right panel: respective ratio signal (red/cyan; 

F584/F480) of CR-geNOp (n = 98/5). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Visualizing of NO dynamics in iNOS-expressing cells
(A) Representative pseudo-colored ratio images (F584/F480) of CR-geNOp-transfected wild-

type (upper images) and iNOS-expressing HEK293 cells (lower images) under initial 

conditions (left panel) and in the presence of 500 μM L-NNA (middle panel) or 10 μM 

NOC-7 (right panel). Scale bar represents 10 μm. (B) Mean curves (bold line) and single cell 

traces (thin lines) showing NO signals of stably iNOS-expressing (red bold curve, n = 23/3) 

and wild-type HEK293 cells (black bold curve, n = 15/3). Cells were treated with 300 μM L-

NNA followed by administration of 10 μM NOC-7. (C) Representative time course showing 
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NO signals in arginine-depleted (red curve) versus non-depleted iNOS-expressing HEK293 

cells (black curve). Cells were treated with 50 μM L-arginine and 500 μM L-NNA as 

indicated. Bars represent respective statistics from panel C. Maximal ratio changes of 

arginine depleted iNOS-expressing (red bar, n = 21/3) and non-depleted iNOS HEK293 cells 

(black bar, n = 7/3) upon 50 μM L-arginine supplementation. Mean values are shown in 

±SD, *P < 0.05 versus control using unpaired t-test. (D) Correlation of maximal arginine-

induced ratio changes (y-axis) with respective basal ratio values (x-axis) of arginine-

depleted iNOS-expressing HEK293 cells. (E) Representative time course showing cellular 

NO signals of an arginine-depleted (using MG132 and L-lysine) iNOS-HEK cell in response 

to increasing concentrations of arginine (0.3 μM, 3 μM and 30 μM). Arginine was added 

transiently and repetitively as indicated. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)
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