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5 Introduction

5.1 Importance of blood pressure regulation

Dysregulated blood pressure control leading to hypertension or hypotension is
prevalent in the modern western world and is a prominent risk factor for several
cardiovascular disorders. In Germany, 32.8% of men and 30.9% of women are
diagnosed with hypertension with a considerable high number of unreported
cases (Neuhauser et al. 2017). Untreated constant high blood pressure is the
most common and most important risk factor for cardiovascular diseases
including the development of organ dysfunction and subsequent failure (Oparil et
al. 2018; Williams et al. 2018). Stroke and myocardial infarction are known
complications and are a direct consequence of persistent high blood pressure
levels (Kaplan et al. 1999). Importantly, the reduction in cardiovascular induced
morbidity and mortality is largely mediated by adequate treatment-induced blood
pressure reduction, suggesting an urgent need for effective and specific
antihypertensive drugs (Pucci et al. 2015).

High blood pressure induces micro- and macrovascular dysfunction and damage.
At the microcirculatory level, endothelial dysfunction is followed by local
inflammatory = processes and  subsequent microvascular damage
(Dharmashankar and Widlansky 2010; Schulz et al. 2011). At the
macrocirculatory level, atherosclerosis is amongst the final consequences
(Hollander 1976). The vessel walls lose their ability to react to the blood flow
demands of the organs and the body. Thus, high blood pressure levels are
positively correlated with the onset of cardiac hypertrophy and left ventricular
systolic dysfunction and other organ malfunctions such as impaired renal function
and chronic kidney disease. In addition, hypertension is described as the most
important risk factor for carotid atherosclerotic lesions, responsible for stroke and
cognitive decline in elderly patients (lrigoyen et al. 2016).

Unfortunately, the symptoms and consequences of high blood pressure are
generally not apparent early onwards during the process of organ damage
development (Chobanian et al. 2003). Only with the manifestations of extended

cardiovascular damage, patients are able to recognise organ dysfunction or



failure, e.g. coronary artery disease. Mostly, patients suffer primarily from a
reduced response to metabolic stress or report symptoms of chest pain, the so-
called angina pectoris syndrome (Conti 2007). The latter reflects the need for
oxygen (O2) due to insufficient supply, potentially followed by ischemia of the
heart. To relieve patients from live-threatening symptoms and to reduce the risk
of myocardial ischemia, patients are supported with a variety of medications. A
milestone in the acute treatment is the induction of vasorelaxation (McGregor
1983).

During situations of an angina attack, the first drug to apply clinically is
nitroglycerin by inhalation (Montalescot et al. 2013). In the body, nitroglycerin is
metabolised to nitric oxide (NO), inducing the classical pathway of vasorelaxation
via activation of the soluble guanylyl cyclase (sGC) (Agvald et al. 2002).
Activation of sGC catalyses the formation of the important intracellular second
messenger 3’,5-cyclic guanosine monophosphate (cGMP) from guanosine-5'-
triphosphate (GTP). Binding of cGMP to protein kinase G isoforms (cGMP-
dependent protein kinase; PKG) activates the kinase, leading via phosphorylation
of various cellular substrate proteins to vasorelaxation, improved oxygen supply
and finally to pain relief for the patient. Unfortunately, long-term therapy with
nitroglycerin rapidly promotes nitrate tolerance, represented by a lack of
vasorelaxation due to inactivation of NO (Munzel et al. 2005). Pharmacological
strategies in order to generate compounds that do not induce this tolerance
phenomenon could represent novel treatment options for this frequently occurring
disease. Therefore, interest is dedicated to nitroxyl (HNO), the one-electron
reduced and protonated sibling of NO. Interestingly, studies reported the
endogenous generation of HNO by the reaction between hydrogen sulfide (H2S)
and NO (Eberhardt et al. 2014). Moreover, HNO has emerged as a novel
regulator of cardiovascular function with cardio- and vasoprotective properties
(Paolocci et al. 2001; Mondoro et al. 2001; Paolocci et al. 2003; Paolocci et al.
2007; Favaloro and Kempharper 2007; Switzer et al. 2009; Donzelli et al. 2012).
However, how exactly HNO lowers blood pressure still remains elusive and under
debate. A complete understanding of the molecular mechanisms that govern

HNO-mediated changes in blood pressure offers the opportunity to develop a



new and rational therapy to alleviate associated disease risks.

5.1.1 Blood pressure regulation by NO

The physiological regulation of blood pressure is achieved by changes in smooth
muscle tone as a consequence of a finely tuned balance between
vasoconstrictive and vasorelaxing properties. Smooth muscle relaxation causes
vessels to dilate with a resulting decrease in blood pressure and an adequate
maintenance of oxygen supply (Klinke et al. 2009). Active vasodilators released
by the endothelium include NO, prostacycline, and endothelium-derived
hyperpolarizing factor (EDHF) and they regulate three principal vasorelaxation
pathways (Figure 1) (Bevegard and Or6 1969; Ignarro et al. 1987; Palmer et al.
1987; Chen et al. 1988; Nagao and Vanhoutte 1992). These pathways converge
in a reduction of intracellular calcium (Ca?*) levels in smooth muscle cells, which
activate myosin light chain phosphatase (MLCP) and inhibit myosin light chain
kinase (MLCK). Vascular smooth muscle cell (VSMC) tone is dependent on the
phosphorylation status of the myosin light chains (MLC) and thereby on the
signalling events that control MLCK and MLCP activity. The overall result is a
reduction in the phosphorylation status of MLC, thereby lowering their ATPase
activity, resulting in diminished contraction of smooth muscle cells due to
attenuated cross-bridge cycling (Somlyo and Somlyo 1994; Hirano 2007).
Vasorelaxation is mediated by shear stress and circulating factors such as
bradykinin, acetylcholine, substance P, thrombin and adenosine, which bind to
and activate G-protein coupled receptors (GPCR) on the surface of endothelial
cells, which line the inner vessel walls (Dudzinski et al. 2006). Activation of
specific GPCR mediates the activation of phospholipase C (PLC), which cleaves
phosphatidylinositol (PIP2) to generate D-myo-inositol-1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG). Binding of IP3 to IPs-receptors (IP3R) at the
endoplasmatic reticulum (ER) induces Ca?* mobilisation from inner stores and
leads to an increased intracellular Ca?* concentration (Little et al. 1992; Kamato
et al. 2015). Ca?* and calmodulin form a complex, which in turn stimulates NO-
synthase (NOS) activity (Dudzinski et al. 2006). NOS oxidises L-arginine via the
intermediate N-hydroxy-L-arginine to NO and its by-product L-citrulline



(Forstermann and Sessa 2011). NO released by the endothelial cells freely
diffuses into smooth muscle cells, where it can bind to the heme group of sGC,
stimulating the catalytic ability of the enzyme to convert GTP to the second
messenger cGMP. Formed cGMP relays many of the biological effects of NO by
directly binding to and stimulating the activity of PKG (Hofmann et al. 2000). The
critical role of this kinase in the regulation of vascular tone was demonstrated in
PKG-deficient mice, which developed hypertension within 4-6 weeks (Pfeifer et
al. 1999). Importantly, three major groups of proteins bind cGMP at defined sites:
PKG belongs together with cAMP-dependent protein kinase (PKA) to the cyclic
nucleotide-dependent protein kinases (Francis et al. 2005). Other binding
partners of cGMP are cyclic nucleotide-dependent cation channels and cGMP-
hydrolysing phosphodiesterases (PDEs). Interestingly, cGMP is able to
potentially interact with all these proteins in one cell. However, due to the unique
properties of each binding site that interacts with cGMP and the cellular
compartmentalisation of the cGMP-binding proteins, the impact of these proteins
on cGMP signalling within one cell varies substantially. It depends amongst
others on the relative abundance and cGMP affinity of the cGMP-binding site as
well as on subcellular compartmentalisation, proximity to cyclases, PDEs and not

to forget, post-translational modifications as well (Francis et al. 2005).
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Figure 1: Vasorelaxation induced by distinct signalling pathways (adapted from
Burgoyne and Eaton 2010).

5.2 Nitroxyl (HNO)

5.2.1 Chemistry of HNO

The surprising discovery of endogenous NO production in the 1980s and its
involvement in many physiological signalling pathways in the cardiovascular,
nervous and immune systems raised the interest in NO and its derivatives
(Furchgott et al. 1984; Ignarro et al. 1987; Ignarro 1989). Primarily, oxidised NO
species such as nitrogen dioxide (NO2) and peroxynitrite (ONOO"), which are
reaction products of NO with molecular Oz or superoxide anion (O2’), were
investigated and their effects on the modification of macromolecules or immune



responses (e.g. macrophage burst) were described. However, researchers also
gained interest in the reduced and protonated derivatives of NO. One-electron
reduction of NO forms its anion, Nitrogen oxide or Nitroxyl (HNO, Nitrosyl hydride
in IUPAC nomenclature) (Switzer et al. 2009). Although HNO is a redox derivative
of NO, it possesses distinct chemical and biological properties. HNO is a weak
acid with a pKa = 11.5, leading to decomposition of HNO at a physiological pH in
comparison to its corresponding base NO- (Paolocci et al. 2007). Nevertheless,
despite the high pKa, there might be a substantial amount of NO-released, which
could contribute to the observed HNO effects and its exerted signalling
properties. However, HNO and NO- obtain different spin states, reducing the
probability of proton transfer and thereby the formation of the corresponding base
or acid. Furthermore, the molecules show an increased reactivity towards
kinetically more convenient reactions than proton transfer and the observed
effects can therefore mainly be ascribed to the original substance, HNO (Paolocci
et al. 2007; Switzer et al. 2009). However, the high reactivity of HNO significantly
complicates the study of its production, detection and understanding of its
chemistry, especially in a biological setting (Kamynina 2017). HNO is an
inherently unstable molecule due to its reaction with itself. It forms an HNO dimer
(hyponitrous acid, HaN20O») followed by its decomposition to nitrous oxide (N20)
and water (Fukuto et al. 2005b, 2005a; Switzer et al. 2009). As a consequence,
HNO cannot be stored or concentrated and more stable donor molecules are

needed to study its biochemical effects (DuMond and King 2011).

5.2.2 HNO donors

To study HNO effects in situ, HNO donors are needed. These donors can be
divided into two groups based on their chemistry (Kamynina 2017). The first
group is represented by hydroxylamine derivatives with an additional group to the
nitrogen atom and includes Angeli’'s Salt (AS), Pyloty’s acid and CXL-1020.
Deprotonation of these compounds is accompanied by redox reactions that alter
the oxidation state of the nitrogen atom (Huges and Wimbledon 1976; Dutton et
al. 2004; Miranda et al. 2005; DuMond and King 2011). Nitroso compounds

belong to the second group. These compounds undergo non-redox reactions to



release HNO. To this group belong the acyloxy nitroso compounds, such as 1-
nitrosocyclohexyl acetate (NCA) (Shoman et al. 2011).

The oldest and therefore most commonly used and studied HNO donor is the
short-lived Angeli’s salt (AS; NazN20s3). AS is highly unstable at a physiological
pH and releases HNO with a half-time of ~2.5 min at pH 4-8 in a ,bolus dose*
(Switzer et al. 2009). Therefore, only a very small amount out of a high initial
concentration is available to react with biological targets. Unfortunately, AS
cannot be modified to tune the release rate of HNO. Thereby, its short half-life
makes it challenging to study the impact of sustained HNO levels. These might
be more relevant to the cellular situation and also to evaluate the clinical
implementation and versatility. Moreover, decomposition of AS yields as well NO,
nitrate and nitrite to the same amount, whereas the reduction of nitrate to nitrite
may cause formation of carcinogenic nitrosamines (Switzer et al. 2009). Nitrites
oxidise the iron atoms in haemoglobin from ferrous iron (Fe?*) to ferric iron (Fe®*),
rendering it unable to carry oxygen. This could lead to a generalised lack of
oxygen and a methaemoglobinemia. Clinically, this is of importance and of
pathophysiological relevance for example in infants, in patients with a mutation
in the methaemoglobin reductase enzyme or in patients with insufficient
production of stomach acid e.g. vegetarians (Colica et al. 2017). The application
of AS in a clinical setting would be very limited and these additionally released

molecules could be major confounders in experimental and clinical studies.

First clinical studies with HNO donors were performed with Cyanamid, which is
used to date solely in the therapy of alcohol addiction. Released HNO interacts
with thiol residues of the alcohol degrading enzyme alcohol dehydrogenase,
leading to enzyme inhibition (DeMaster et al. 1998; Paolocci et al. 2007). The use
of Cyanamid proves that it is indeed feasible that HNO donors can be used in a

clinical setting.

Thus, a new group of HNO donors was generated, the acyloxy nitroso
compounds (Shoman et al. 2011). The rate of hydrolysis of these compounds is

dependent on the organic group and by modification of the position of the acyl



group. There is a variety of HNO donors with distinct release properties. The
longer-acting HNO donor NCA belongs to these compounds and releases HNO
spontaneously and slowly at neutral physiological pH with a half-life of about 800
min by spontaneous hydrolysis or esterase activity. Importantly, HNO is bound to
a scaffold, 3-methyl-1-nitrosocyclohexyl acetate (3MNCA), which is released
upon decomposition. Apart of this scaffold and in contrast to AS, NCA releases
HNO without other side products like nitrite. The characteristic blue colour
enables the control of the biochemical kinetics (Sha et al. 2006; Paolocci et al.
2007; Irvine et al. 2008). Taken together, NCA shows several important
advantages for experimental studies and potential in vivo use. Other acyloxy
nitroso compounds are nitrosocyclohexyl trifluoroacetate (NCFA), a rapid HNO-
releasing donor, and nitrosocyclohexyl pivalate (NCP) with a half-life longer than
37 hrs (Shoman et al. 2011). The scaffold alone, which is the structurally similar
t-butyl-ester of NCA, does not hydrolyse to HNO and failed to elicit a vasorelaxing
response, suggesting that the observed actions are not due to the scaffold of
NCA itself, but to the release of HNO (Donzelli et al. 2012).

CXL-1020, a Pyloty’s acid derivative, is a first generation pure HNO donor
compound, which has gained attention during the last years. CXL-1020 was the
first HNO donor, which was tested in clinical trials as a potential therapy for
patients with acute decompensated heart failure (ADHF) (clinical trials
NCT01092325, NCT01096043). In patients with ADHF, CXL-1020 elicited a
concentration-dependent decrease in pulmonary capillary wedge pressure
(PCWP) and improved the stroke volume index (SVI) as well as the cardiac index
(Cl) compared to placebo (Sabbah et al. 2013). Due to infusion site toxicity,
development was halted (Sabbah et al. 2013).

Bristol Myer Squibb generated a number of clinically relevant HNO donors with
BMS-986231, formerly CXL-1427, being a second generation HNO donor with a
half-life of 40-144 min in healthy individuals (Tita et al. 2017). It delivers HNO via
a pH-dependent chemical breakdown, when exposed to the pH neutral

environment of the blood stream (Cowart et al. 2019).



In healthy individuals, infusion of BMS-986231 for 24 to 48 hrs induced dose-
dependent and well-tolerated reductions in systolic and diastolic blood pressure,
whereas Cl increased. There were no effects on heart rate (HR) or the occurrence
of arrhythmias observed (Cowart et al. 2019). In an experimental canine heart
failure (HF) model, BMS-986231 demonstrated beneficial inotropic, lusitropic and
vasorelaxing properties with an improvement of left-ventricular ejection fraction
(LVEF), decreased end-diastolic stiffness and systemic vascular resistance
(Hartman et al. 2018). Results of a clinical phase lla study already proved safety,
tolerability and haemodynamic effects in response to 6 hrs BMS-986231
administration intravenously in patients hospitalised with advanced HF (Tita et al.
2017). Vasorelaxing, inotropic and lusitropic properties of BMS-986231 were
confirmed together with a clinically significant improvement of dyspnea. The
ongoing three related randomised clinical phase |l trials StandUP-AHF
(NCT03016325), StandUP-imaging (NCT03357731) and StandUP-kidney
(NCT03332186) may pave the way for HNO donors into clinical practice (Felker
et al. 2019).

5.2.3 Endogenous HNO production

Regarding its biochemical properties, HNO shows selectivity towards certain
biological targets and it is suggested that it might be formed as an endogenous
signalling molecule. Nevertheless, it is to date still unclear under which
circumstances HNO is produced endogenously (Yuill et al. 2010; Kemp-Harper
2011).

Initial studies suggested that HNO production might be a consequence of nitric
oxide synthase (NOS) uncoupling, due to reduced availability of substrates or
cofactors such as tetrahydrobiopterin (BH4) (Pufahl et al. 1995; Clague et al.
1997). Nevertheless, endogenous HNO production due to this mechanism could
not be conclusively demonstrated.

In vitro experiments showed HNO production in response to heme-mediated
oxidation of hydroxylamine involving horse radish peroxidase (HRP), myoglobin

or myeloperoxidase in the presence of hydrogen peroxide (H202) (Donzelli et al.



2008). Also, studies suggested that the reduction of NO by superoxide dismutase
(SOD) or xanthine oxidase (XO) may yield HNO (Niketi¢ et al. 1999; Saleem and
Ohshima 2004). As HNO is the reduced sibling of NO, reduction of NO in a
physiological setting was as well evaluated. Although it seemed
thermodynamically unfavourable due to its negative reduction potential at
physiological pH, a couple of studies hinted to HNO as a product of the reaction
of NO with physiological reductants (Shafirovich and Lymar 2002; Lymar et al.
2005). Already twenty years ago, it was shown that especially the reaction of
nitrosothiols (RSNO) with other thiols (RSH) appeared to be physiologically the
most relevant way to result ultimately in HNO and disulfide formation (Wong et
al. 1998). Hogg et al. studied the reactions of NO and glutathione (GSH) and NO
transport mechanisms and suggested that HNO might be an intermediate in the
reaction of NO and GSH under anaerobic conditions, finally resulting in the
formation of NoO and glutathione disulfide (GSSG) (Hogg et al. 1996). Under
aerobic conditions, NO and GSH were shown to react to S-nitrosoglutathione
(GSNO) and the following reaction of GSNO and GSH might yield HNO as an
intermediate. In the aerobic setting, the authors suggested that HNO might
generate ONOO" as well (Hogg et al. 1996).

Recently, HNO was suggested to form endogenously as a result of the reaction
of the two gasotransmitters NO and H2S colocalised to its targets (Filipovic et al.
2013). This hypothesis was verified in isolated rat ventricular myocytes, which
were exposed to H.S and NO donors. Hereby, it was shown that the observed
increase in contraction was comparable to that achieved by the HNO donor AS
(Yong et al. 2010). Using an HNO-selective electrode, it was shown that HNO
could indeed be produced in vitro by the reaction of NO donors with H>S donors
(Eberhardt et al. 2014). The same study could show as well HNO production in
neurons by overexpression of inducible NOS (iNOS) together with cystathionine
beta-lyase (CBS), which produces HzS. Importantly, using the fluorescent HNO
detector CuBOT, basal levels of HNO in sensory neurons were detected. In order
to prove selectivity of the CuBOT sensor, depletion of cellular arginine, required

for NO production, or cysteine (C), required for H>S production, resulted in
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reduced fluorescence. As a physiological consequence, activation of the transient
receptor potential ankyrin 1 (TRPA1) channel via disulfide bond formation was
demonstrated in response to HNO production via this mechanism. As a result,
levels of calcitonin gene related peptide (CGRP), a known vasodilator, were
elevated. Although these results seem to be convincing, the authors stated that
other by-products could result from a reaction of NO with H>S, which also could
lead to these cellular consequences (Cortese-Krott et al. 2015). However, thus
far, HNO production was only observed, when NO and H>S were added
exogenously in high concentration to cells with the producing enzymes in close

proximity.

Follow-up studies using the CuBOT-sensor suggested HNO production in bovine
endothelial cells after exposure with ascorbic acid (Suarez et al. 2015). Also, they
could detect HNO production in RAW macrophages after stimulation with iNOS-
inducing agents and treatment with ascorbate using an HNO-selective electrode
(Suarez et al. 2015). These results suggested that HNO might be generated as
well via the reduction of NO by aromatic or pseudoaromatic alcohols, such as

hydroquinone or ascorbic acid (Hamer et al. 2015).

It is still not convincingly demonstrated, whether and importantly by which
mechanism HNO is produced endogenously. However, as HNO donors show to
have an impact on signalling pathways with physiological consequences and as
they are under examination in clinical trials, this provides a rational for further

elucidation of the mechanisms leading to these biochemical alterations.

5.2.4 Biochemistry and pharmacology of HNO

Besides of its autoreactivity, HNO is highly reactive with thiol residues or
metalloproteins (Mohamed 2010). It interacts with thiol residues of receptors or
ion-channels such as the ryanodine receptor 1 (RyR1) and RyR2 (Tocchetti et al.
2011). It represents a highly reactive electrophile, which preferably reacts with
soft nucleophils such as cysteine thiols (Miranda et al. 2003b; Fukuto et al. 2005a,
2005b). Thus, the reaction of HNO with thiols can either lead to the reversible
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production of disulfide or hydroxylamine (Doyle et al. 1988). In silico calculations
could show that indeed the reaction of HNO with thiols would be
thermodynamically favourable (Bartberger et al. 2001). The reaction rate of HNO
with thiols is fast in comparison to the rate for HNO dimerization. In consequence,
HNO related biochemical actions are significantly mediated by the oxidation of
thiols (Miranda et al. 2005). Mechanistically, HNO interacts initially with the
nitrogen atom to form N-hydroxylsulfenamide (Figure 2) (Doyle et al. 1988; Wong
et al. 1998; Miranda et al. 2005; Fukuto and Carrington 2011). In proximity to
other thiols, this leads to the formation of another disulfide and hydroxylamine.
Alternatively, the absence of thiols leads to isomerisation of N-
hydroxysulfenamide and to the irreversible product sulfinamide. Within the
nitrogen oxide species, HNO is the only one, which is able to produce
sulfinamide, which could thereby be used as a marker for the reactivity of HNO

but is unfortunately only of transient character (Donzelli et al. 2006).

The described interactions with thiols, thiol residues or metalloproteins are not
shown so far for NO, which might be an explanation for the disparate effects of
HNO and NO. Although being the one-electron-reduced sibling of NO, HNO
follows entirely its own and distinct signalling pathways (Fukuto et al. 2005a,
2005b; Fukuto and Carrington 2011). Importantly, the reaction of HNO with thiols
can result in posttranslational modifications followed by a great variety of

chemical and biological alterations.
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Figure 2: HNO reacts with thiol groups to form via an intermediate; either a
sulfinamide group or, in presence of an additional thiol, an interprotein disulfide
and hydroxylamine. P: protein, SH: protonated thiol group of cysteine (modified
from Gao et al. 2012).

Another target of HNO-mediated posttranslational modifications are ferric heme
proteins, as shown for metmyoglobin or methaemoglobin (Miranda et al. 2003a;
Doctorovich et al. 2014). Exposure results in the formation of ferrous heme-
nitrosyl complexes. One important target protein of HNO-mediated modification
is sGC, as HNO interacts with the ferrous heme enzyme and induces sGC-
mediated generation of cGMP, ultimately resulting in vasorelaxation. This has to
be taken into account, when evaluating vasorelaxing effects in response to HNO
donors which will be described in chapter 5.2.6 (Miller et al. 2009).

HNO shows a variety of effects on neuronal functions, on cardiovascular
functions and has been shown to be relevant for cancer treatment as well as for
the therapy of alcoholism. The following chapters will focus on its cardiovascular

functions.
5.2.5 HNO and cardiac function

Application of HNO donors to the myocardium in vivo leads to an increase in
contractile function and thereby a positive inotropic effect, and to an increase in

13



sarcomere relaxation, the positive lusitropic effect (Paolocci et al. 2001; Sabbah
et al. 2013). Effects on cardiac function were at first studied using AS in a dog
model of HF evoked by chronic tachypacing (Paolocci et al. 2001). In these
studies, AS increased cardiac contractility and simultaneously cardiac preload
was reduced. Importantly, HNO maintained its positive inotropic and lusitropic
effects in failing hearts, despite beta-adrenergic desensitization and despite
downregulation of Ca?* signalling pathways (Paolocci et al. 2003). In addition,
positive inotropic and lusitropic effects were independent of cardiac pre- or
afterload (Paolocci et al. 2001, 2007). Increased contractility evoked by HNO
exposure was not impaired by beta-blockers, suggesting modulation of cardiac
function independent of beta-adrenergic signalling (Paolocci et al. 2003; EI-
Armouche et al. 2010). Moreover, synergistic effects concerning the positive
inotropy of HNO in combination with beta-agonists such as dobutamine could be
observed, whereas NO treatment rather attenuated dobutamine-dependent
contractility (Paolocci et al. 2003). Therefore, a couple of groups suggested that
the observed effects of HNO occurred independently of beta-adrenergic
signalling and are rather associated with redox modifications of key proteins
responsible for excitation-contraction coupling within the cardiomyocyte
contractile machinery (Paolocci et al. 2003).

It has been proposed that posttranslational modulation of RyR2 and the
sarcoplasmic/ endoplasmic reticulum Ca?* ATPase (SERCA) 2a are responsible
for the positive inotropic effects induced by HNO donors on the myocardium,
leading to an increase in Ca?* release and at the same time an increase in Ca?*
reuptake into the sarcoplasmic reticulum (SR). Importantly, this is not associated
with an increase in total diastolic Ca?* concentrations (Tocchetti et al. 2007). HNO
interacts with thiol groups, as increased intracellular thiol content effectively
quenched HNO action, and thereby, enhanced the open probability of the RyR2
and the intracellular Ca?* release from the SR. These effects are redox sensitive
as they are fully reversible under reducing conditions (Tocchetti et al. 2007). In
contrast, extracellular Ca?*, which enters the cardiomyocyte via L-type-Ca?*-
channels, has been reported to not play a role in these studies investigating the
HNO donor AS. Taken together, HNO increases Ca?* cycling in animal models
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by its impact on Ca?* release from the SR. The Ca?* reuptake into the SR is
increased via the modulation of the ATP-dependent Ca?* transporter SERCA.
Cellular HNO targets are C674 of SERCA, which induces S-guanylation of this
cysteine and leads thereby to increased SERCA activity (Lancel et al. 2009).
Moreover, SERCA activity may be influenced by the modulation of
phospholamban (PLB). Recent studies showed that HNO enhanced PLB
oligomerisation and relieved thereby the brake on SERCA activity. As a
consequence, Ca?* reuptake into the SR was increased, leading to faster
myocardial relaxation during diastole (Froehlich et al. 2008; Sivakumaran et al.
2013). In line with the in vivo experiments, in vitro experiments showed as well
an increase in sarcomere shortening and relaxation and an elevation of Ca?*
transient amplitude with an increase in total, but not in diastolic Ca?*
concentrations (Tocchetti et al. 2007; Lancel et al. 2009; Kohr et al. 2010).
Importantly, these effects in response to HNO treatment were reversible after
addition of a reducing agent such as dithiothreitol (DTT), further supporting the
redox mechanism of action.

In addition to its effects on Ca?* cycling, HNO treatment has been shown to
influence Ca?* sensitivity of the myofilaments (Dai et al. 2007). Studies using a
mass spectrometry-based approach in combination with a biotin switch assay
suggested disulfide bond formation between actin and tropomyosin and myosin
heavy or light chains (Gao and Marshall 2011). As a consequence, Ca?*
responsiveness of the myofilaments was enhanced. However, only the HNO
donor NCA was able to enhance Ca?* sensitivity as well as cardiac contractility.
In response to AS, only cardiac contractility was improved, whereas Ca?*
sensitivity was not altered. This is another example for the distinct effects of
different HNO donors, which might be due to HNO release but as well due to the

release and biological actions of by-products.

5.2.6 HNO and vascular function
HNO has been reported to induce vasorelaxation also during vascular diseases
in vitro and in vivo. Vasorelaxation induced by HNO was demonstrated in isolated

and capacity vessels isolated from dogs and rodents (Fukuto et al. 1992b;
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Paolocci et al. 2003). During the first studies, Fukuto and colleagues suggested
that the HNO donor AS relaxed rabbit aorta and bovine intrapulmonary artery
most likely via activation of sGC (Fukuto et al. 1992a). A variety of studies using
different HNO donors described vasorelaxing effects in various vascular beds,
supporting independent vasorelaxing properties of HNO (Ellis et al. 2000;
Wanstall et al. 2001; Irvine et al. 2003; Andrews et al. 2009, 2015; Botden et al.
2012). Interestingly and in contrast to NO, HNO treatment did not lead to vascular
tolerance, suggesting that HNO might be suitable as an antihypertensive drug for
a long-term treatment (lrvine et al. 2007). These protective effects under
pathophysiological conditions may be due to its resistance to scavenging by
superoxide (Leo et al. 2012). Therefore, HNO could be of relevance in a clinical
setting as a novel therapeutic addition for the treatment of cardiovascular
diseases. However, how HNO lowers blood pressure still remains elusive.
Previous results in aortic and endothelium-denuded rings showed that HNO given
by NCA induced a concentration-dependent relaxation (ECso = 4.4 yM) (Donzelli
et al. 2012). Inhibitors of sGC, CGRP and voltage-dependent K* channels
significantly impaired the vasorelaxing response to NCA.

Previous experiments demonstrated that HNO-mediated vasorelaxation was
mainly mediated by sGC. sGC is a heme-binding metalloprotein, which can be
activated by HNO, as shown in in vitro experiments (Miller et al. 2009). It reduces
Fe3* to Fe?* and experiments with heme-free sGC could show that the heme
group was essential for the effect of HNO on enzymatic activity (Miller et al. 2009).
Interestingly, HNO-induced activation of sGC was 2-3 times lower than for NO-
induced activation at comparable concentrations. sGC activation in a thiol- and
oxygen-free buffer was not possible (Miller et al. 2009). However, Dierks et al.
attributed the vasorelaxing effect in response to HNO donors to NO release and
were doubtful that HNO could activate sGC (Dierks and Burstyn 1996). In these
studies, the experiments were performed in the presence of DTT, which might
scavenge HNO before it could interact with sGC. Further studies supporting the
idea that NO and not HNO is responsible for the vasorelaxing effect showed that
sGC could not be activated by HNO in the absence of SOD, although this finding
was challenged by other studies (Ellis et al. 2000; Wanstall et al. 2001; Irvine et
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al. 2003; Andrews et al. 2009; Zeller et al. 2009). In addition, inhibition of sGC by
1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one  (ODQ), a pharmacological
inhibitor of sGC, did not inhibit vasorelaxation completely, suggesting that HNO
might lead to vasorelaxation also by other mechanisms.

As one of those, modulation of voltage-gated potassium channels by HNO was
rationalised, as 4-aminopyridine (4-AP), which blocks these channels, was able
to abolish this effect in human radial or rat mesenteric arteries (Irvine et al. 2003;
Favaloro and Kemp-Harper 2009; Donzelli et al. 2012). Furthermore, activation
of the large conductance Ca?* activated K* channel (BKca) on the smooth muscle
cell membrane was discussed, as iberiotoxin, its inhibitor, was able to abolish this
effect (Irvine et al. 2003).

CGRP release in the context of HNO-mediated vasorelaxation was another
mechanism, which was evaluated (Paolocci et al. 2001; Favaloro and
Kempharper 2007; Eberhardt et al. 2014). In response to HNO donors such as
AS, CGRP levels were increased in the arterial plasma of dogs. However, this
finding was not consistent with observations made with other HNO donors,
suggesting that this effect might be due to the donor compound itself (Paolocci
et al. 2003). Furthermore, CGRP levels were also increased in the cranial dura
mater or sciatic nerves in mice exposed to AS (Eberhardt et al. 2014). In addition,
vasorelaxing effects in response to the HNO donor AS in coronary arteries were
reduced by CGRP inhibitors, further supporting this mechanism of action
(Favaloro and Kempharper 2007).

5.3 cGMP-dependent protein kinase (PKG)

The cGMP-dependent protein kinase (PKG) is a homodimeric serine/threonine
kinase containing various structural elements. PKG has been classified into the
AGC-branch of the kinase complement of the human genome, due to the
homology of its catalytic domain and similar phosphorylation consensus sites on
substrate proteins (Osborne et al. 2011; Arencibia et al. 2013). PKGI and PKGilI
are encoded by two different genes, namely Prkg1 and Prkg2, and are
distinguishable by their amino acid sequence in the N-terminus of the regulatory

domain. Although PKGI and PKGlI are highly homologous, they display disparate
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tissue expression, localisation and have distinct substrate preferences. PKGI is
especially localised in the cytosol, while PKGIl is anchored to the plasma
membrane by an N-terminal myristoyl residue (Francis et al. 2010). In the
following, the focus has been set on PKGI isoforms, as they have been shown to
be prominently involved in blood pressure homeostasis. In contrast, PKGII plays
an important role in the regulation of bone remodelling (Rangaswami et al. 2009),
intestinal secretion (Vaandrager et al. 1998), renin secretion (Gambaryan et al.
1998) by the kidney and aldosterone production by the adrenal gland
(Gambaryan et al. 2003).

Alternative splicing of two exons of the PKGI-gene pre-mRNA yields two
isoforms, PKGla. and PKGIf, which differ in the first 90-100 amino acids of their
N-terminal region (Hofmann et al. 2000). This is very important, as the respective
N-terminal regions interact with isoform specific G-kinase anchoring proteins
(GKAPs) that enable compartmentalised signalling events by localising the
kinase into substrate vicinity (Vo et al. 1998). Furthermore, the isoform-specific
differences in the N-terminal domain impact on cGMP affinity and substrate
specificity (Wolfe et al. 1989; Sekhar et al. 1992; Tang et al. 1993; Ruth et al.
1997; Surks et al. 1999; Ammendola et al. 2001; Richie-Jannetta et al. 2003;
Francis et al. 2010). Variations in the N-terminal region of the splice isoforms
PKGla and PKGIB are therefore responsible for the observed functional
differences. Both isoforms are commonly co-expressed, however, to a different
extent in the various tissues. PKGIf is predominantly soluble and present in high
concentrations (>0.1uM) in muscle, platelets, cerebellum, hippocampus, dorsal
root ganglia, neuromuscular endplate and the kidney vasculature, as well as in
low concentrations in vascular endothelium, granulocytes, chondrocytes and
osteoclasts (Hofmann et al. 2000; Geiselhoringer et al. 2004a). In contrast, the
PKGla isoenzyme is mainly expressed in lung, heart, platelets, cerebellum and,
importantly, in smooth muscle cells of the uterus, vessels, intestine and trachea
(Keilbach et al. 1992; Vo et al. 1998; Hofmann et al. 2000; Corradini et al. 2015).
PKGI isoforms can change their subcellular location, mediated by the N-terminal
leucine zipper (LZ) (Francis et al. 2010; Sharma et al. 2017).

Studies using PKG-targeted knock-out (KO) mice were employed to investigate
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the physiological role of PKG. Conventional PKG KO mice revealed a severely
reduced life span of only 6 weeks due to impaired relaxation of vascular and
visceral smooth muscle cells. Furthermore, mice showed defects in axon
guidance and neuronal plasticity (Pfeifer et al. 1998; Massberg et al. 1999;
Hedlund et al. 2000; Schmidt et al. 2002). Due to their short life span and the
necessity to investigate as well adult mice and chronic disease models,
conditional PKG KO mice were generated. In these mice, tissue-specific PKG
deletion was studied. Conditional PKG KO mice are fully viable and display
dependent on the target tissue various phenotypes (Wegener et al. 2002;
Kleppisch et al. 2003). Interestingly, mice with mutations in the LZ domain of
PKGlo are basally hypertensive and display impaired cGMP-mediated
vasorelaxation. Mechanistically, these mutations hinder protein dimer formation
and substrate recognition and thus correct subcellular localisation, showing the
functional importance of this domain. In addition, the mice also develop diastolic
dysfunction and progressive left ventricular hypertrophy (Michael et al. 2008;
Blanton et al. 2013). Taken together, these studies highlight that PKGI functions
are crucially important for unperturbed cardiovascular function, with the functional
importance of every structural element. Alteration of its structural elements

results in impaired PKGI signalling and thus downstream effector signalling.

5.3.1 PKG and vasorelaxation

PKG is described as one of the major players involved in the multiple molecular
signalling events leading to vasorelaxation in mammals (Geiselhoringer et al.
2004a, 2004b).

One important substrate of PKG is BKca (Figure 3). Phosphorylation by PKG
promotes its open-probability and leads to hyperpolarisation by increased cellular
export of K*. The hyperpolarisation facilitates closure of the voltage dependent
Ca?* channels and reduces thereby Ca?* influx into the cells (Fukao et al. 1999;
Barman et al. 2003). In addition, PKG activation results in increased PLB
phosphorylation. PLB phosphorylation removes the inhibitory effect on SERCA,
which imports Ca?* from the cytosol into the SR. Therefore, PKG-mediated PLB
phosphorylation enhances import of Ca?* into the SR, consequently decreasing

19



cytosolic Ca?* concentrations in the VSMCs and thus contributing to
vasorelaxation (Lalli et al. 1999; Koller et al. 2003).

Another target of PKG is the IP3 receptor-associated PKG-substrate (IRAG) in
smooth muscle cells (Fritsch et al. 2004). Vasoconstriction is initiated by
activation of the PLC-IP3 signalling pathway (see chapter 5.1.1). However, in
VSMCs, pro-contractile agonists such as noradrenaline activate PLC. As a
consequence, IP3 generation in VSMCs is increased, which results in activation
of the IP3R with subsequent Ca?* release from the SR (Raeymaekers et al. 2002;
Yao and Garland 2005). In order to induce vasorelaxation, PKG phosphorylates
IRAG and inhibits thereby IPs-dependent Ca?* release via the IP3R (Schlossmann
et al. 2000; Fritsch et al. 2004; Geiselhoringer et al. 2004b). Additionally, PLC-
dependent IP3-production is inhibited by PKG-dependent phosphorylation of the
regulator of G-protein signalling 2 (RGS2) (Obst et al. 2006; Osei-Owusu et al.
2007).

In summary, orchestrated phosphorylation of the PKG substrates BKca, PLB,
IRAG and RGS2 in VSMCs reduces intracellular Ca?* levels and thereby inhibits
MLCK activity (Hirano 2007). This in turn reduces phosphorylation of MLC and
inhibits its ATPase activity. As a consequence, actin-myosin interaction is
reduced, resulting in deceleration of cross-bridge cycling and ultimately
culminating in smooth muscle cell relaxation.

Additionally, these signalling events are supported by MLCP activation, which
also promotes smooth muscle relaxation. PKG phosphorylates RhoA, the
activator of Rho kinase (ROCK), and prevents RhoA translocation to the
membrane, an important trigger for ROCK activation. ROCK cannot be activated
by RhoA and is not able to inactivate MLCP (Sauzeau et al. 2000; Sawada et al.
2001).

Furthermore, PKG activation prevents MLCP inactivation by phosphorylation of
the myosin phosphatase target subunit 1 (MYPT1) of MLCP at serine (S) 695.
ROCK phosphorylation of MYPT at threonine (Thr) 696 is prevented by
phosphorylation of MYPT1 at Ser695 (Surks et al. 1999; Wooldridge et al. 2004;
Somlyo 2007). Therefore, PKG contributes to vasorelaxation independently of

intracellular Ca?* fluxes.
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In addition, phosphorylation of the small heat shock protein 20 (HSP20) by PKG
enhances actin-binding with subsequent reduction of actin cytoskeleton
reorganisation and diminished smooth muscle constriction (Beall et al. 1997,
1999).

In summary, PKG activation mediates blood vessel relaxation by decreasing
intracellular Ca?* concentrations, together with a reduction in myofilament Ca?*
sensitivity and thereby attenuation of actin-myosin interaction and cross-bridge
cycling (Murphy and Walker 1998; Etter et al. 2001).

H,0,

Figure 3: Targets of PKG in a VSMC that mediate vascular smooth muscle tone
(adapted from Burgoyne and Eaton 2010).

5.3.2 PKG and cardiac function

NO and natriuretic peptides, such as the atrial natriuretic peptide (ANP) and the
brain natriuretic peptide (BNP), are regulators of cardiac contractility and
remodelling and various studies discuss the significance of PKG with regard to
the NO-cGMP signalling cascade (Layland et al. 2002; Koitabashi et al. 2009;
Kruger et al. 2009; Kinoshita et al. 2010). ANP and BNP are both secreted by
cardiomyocytes, ANP in the atria and BNP in the ventricles, and amongst other

factors in response to stretching caused by increased blood volume (Maisel et al.
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2018). NO treatment of isolated adult rat ventricular myocytes (ARVMSs) is
associated with negative inotropic effects via PKG signalling (Layland et al.
2002). In adult mice with a conditional cardiomyocyte specific PKGl KO, cGMP
analogues were not able to induce negative inotropic effects (Wegener et al.
2002). These results suggested that the reduction of myocardial contractility is
mediated by activation of PKGI. With regard to isoenzyme specific effects,
studies using transgenic overexpressing PKGIB mice confirmed the anti-
hypertrophic effects of NO donors (Wollert et al. 2002). Transgenic
cardiomyocyte specific overexpression of PKGla enhanced in murine ventricular
myocytes in particular the NO/cGMP-induced inhibition of L-type Ca?* channel
activity, suggesting that this might be the underlying mechanism for NO-mediated
negative inotropy (Schroder et al. 2003). Knock-in (KI) mice constitutively
expressing a PKGlo mutant with replacement of C42 by a serine, displayed
diastolic dysfunction and an impaired Frank-Starling mechanism (Scotcher et al.
2016). This model will be described in more detail in chapter 5.3.4. These studies
showed the great importance of increasing the understanding of the molecular
regulation of PKGla by second-messenger binding and posttranslational

modifications and the resulting mode of activation.

5.3.3 PKG structure

PKGla and PKGIB are constitutive dimeric proteins with monomers arranged in
parallel (Francis et al. 2010). Each monomer consists of a regulatory and a
catalytic domain. The regulatory domain can be divided into a LZ domain, a
flexible linker with autoinhibitory (Al) and autophosphorylation sequences as well
as two cGMP-binding sites. The catalytic domain contains the Mg*/ATP-binding
pockets and catalyses the transfer of one phosphate from ATP to a
serine/threonine residue on target proteins (Hofmann et al. 1992, 2000; Pfeifer et
al. 1999). The LZ domain promotes protein dimerization, interaction with
substrate proteins and GKAPs and thereby subcellular localisation (Richie-
Jannetta et al. 2003; Francis et al. 2005; Sharma et al. 2008). The Al domain
functions as a pseudo-substrate and inhibits PKGI activity in the absence of
cGMP by blocking the catalytic sites. Interestingly, the LZ and the Al domains
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differ between PKGla and PKGIB and thus contribute to their substrate specificity
(Surks et al. 1999; Ammendola et al. 2001; Francis et al. 2005). The LZ domain
can be modified by oxidative posttranslational modifications and is essential with
regard to redox-regulation and subcellular localisation of PKGla in substrate
vicinity, which will be introduced in the following chapters.

The cGMP-binding sites bind cyclic nucleotides in general. However, both cGMP-
binding sites have a higher preference towards cGMP over cyclic adenosine
monophosphate (cCAMP). Both PKGlI isoforms bind two molecules of cGMP and
are very similar with regard to Ky and Vmax and phosphorylation of synthetic
peptides (Surks et al. 1999; Ammendola et al. 2001; Tang et al. 2003).

The two cGMP-binding sites, cyclic nucleotide binding site (CNB)-A and CNB-B
are also defined as the high and low affinity site. Hereby, the CNB-A high affinity
site displays a comparably slow dissociation of bound cGMP, whereas the CNB-
B site shows a faster dissociation (Reed et al. 1996; Kim et al. 2011). Especially,
the low affinity binding site is more selective for cGMP than for cAMP and appears
to be responsible for cGMP selectivity in PKG (Lorenz et al. 2015). Binding of
cyclic nucleotides induces a conformational change that relieves the catalytic site
from autoinhibition and enables subsequent substrate phosphorylation (Wall et
al. 2003; Alverdi et al. 2008).

5.3.4 Regulation of PKGla by oxidants

Alternatively to the classical NO-cGMP pathway, PKGla has been described to
function as a redox-sensor and can be posttranslationally modified by oxidants
with impact on its subcellular localisation, substrate interaction and kinase
activity, independently of cGMP-binding. In response to oxidants such as H2O.,
the kinase homodimer complex forms an interprotein disulfide via C42 in the LZ
domain of PKGla (Burgoyne et al. 2007). Structural studies confirm that C42 on
each chain closely aligns to explain the susceptibility to oxidants. Due to the
localisation of C42 within the LZ, it is likely that interdisulfide formation impacts
on kinase localisation and translocation into substrate vicinity. Activation of PKG
by cGMP increases PKG Vmax, Whereas disulfide activation increases the kinase

affinity for its substrates (Burgoyne et al. 2007). The physiological importance of
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this mechanism becomes evident in PKGIla-C42S Kl mice, which cannot form the
interprotein disulfide bond and basally display a hypertensive phenotype
(Burgoyne et al. 2007). These mice were also protected from septic injury related
to hypotension during sepsis, whereas wildtype (WT) mice showed increased
oxidative activation of PKGla, followed by increased blood vessel permeability,
hypotension, reduced cardiac output and subsequently insufficient perfusion of
end organs (Rudyk et al. 2013). Moreover, this emphasizes that oxidants might
also be indispensable for the maintenance of blood pressure homeostasis as the
mice are basally hypertensive and that oxidants are not only detrimental and
contribute to disease, but also impact on signal transduction, summarised as

redox signalling.

5.4 Redox-regulation of signalling pathways

The oxidant-dependent regulation of PKG is an example for the emerging role of
reactive oxygen species (ROS) in the control of physiological and
pathophysiological signalling pathways (Corcoran and Cotter 2013; Rani et al.
2014; Cuello 2017). ROS are endogenous metabolic by-products of cellular
respiration and metabolic reactions, but they are also produced in a tightly
controlled manner by enzymes such as nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases (Schroder et al. 2012; Brandes et al. 2014;
Schroder 2019). Due to elevated levels of ROS in tissues during various global
diseases such as cancer, inflammation and cardiovascular disorders, they were
primarily associated with cell damage and aging. Based on these findings, a
therapeutic strategy was to counteract ROS actions using antioxidants (Harman
1956; Gerschman et al. 2001). Whilst some preclinical studies suggested a
protective effect of antioxidants, large translational trials could not confirm
antioxidants in their role as a cure-all against ageing, cancer or cardiovascular
diseases (Stephens et al. 1996; Chappell et al. 1999; Bjelakovic and Gluud 2007;
Bjelakovic et al. 2007; Pauling et al. 2009). Especially in the field of
cardiovascular diseases, studies led to the assumption that antioxidants do more
harm than good (Miller et al. 2005). Together with other studies in the field of

cancer research, these results paved the way for a new paradigm: ROS are to
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date also regarded as physiological regulators of intracellular signalling pathways
(Eaton 2006; Burgoyne et al. 2012a). Current studies suggest that oxidants play
critical roles in the function of healthy tissues or adaptation to stress that limits
disease progression (Cuello and Eaton 2018). In this scenario, elevated levels of
oxidants may cause dysregulation by overstimulating these originally regulatory
pathways and contribute in this way also causatively to the aetiology. But not just
the concentration of oxidants within the cell, but also the oxidant species and the
type of the oxidative posttranslational modification have an impact on protein
function. Irreversible hyperoxidation may lead to protein dysfunction as described
later on (Meng et al. 2002).

Oxidants can regulate signalling pathways in a tightly controlled manner by
inducing a variety of protein modifications, described as posttranslational
modifications. These modifications, which include for example S-glutathiolation
or disulfide bond formation, can alter the structure and function of these
biomolecules and thereby impact on downstream signalling events (Cuello and
Eaton 2018). Within the proteins, the amino acid cysteine belongs to the most
susceptible targets for posttranslational modifications and can thereby operate
as a redox sensor (Couvertier et al. 2014). Evolutionally, it was shown that the
cysteine content of proteins increased from 0.41% in archaea to 2.26% in
mammals (Miseta and Csutora 2000). In addition, a variety of proteins contain
highly conserved regions between species and organisms, in which the cysteines
are embedded (Go and Jones 2013). This suggests a regulatory function beyond
just structural roles, namely operating as a redox switch. The oxidation state of a
cysteine thiol group is dependent on its acid dissociation constant (pKa); a low
pKa is associated with a markedly more reactive cysteine. The pKa of reactive
cysteine thiols are mostly below the ambient pH, as in glutaredoxin with 3.5.
Thereby, the thiol group is predominantly deprotonated at a cellular pH and highly
reactive towards oxidation (Giles et al. 2001). In most cytoplasmic proteins, thiols
have pKa values higher than the ambient pH, concluding that they are mostly
protonated and unreactive under physiological conditions (Kamynina 2017). In
addition to the pKaj, the structural microenvironment, created by neighbouring

amino acids, and the precise position of a cysteine residue defines its reactivity
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towards redox modifications (Roos et al. 2012). Due to a great variety of different
posttranslational modifications, with each potentially inducing a functional
different activity or graded response, the thiol group can serve as a finely tuned
redox switch. H2O2 for example has been observed to oxidise a variety of thiol
proteins in cells and tissues, however, mostly via peroxidases (Winterbourn 2008;
Cuello and Eaton 2018). Oxidised forms of cysteine thiols include sulfenic (SOH),
sulfinic (SO2H), sulfonic (SO3H) acids, inter- and intraprotein disulfides and S-
nitrosothiol (Figure 4) (Ullrich and Kissner 2006; Paulsen and Carroll 2013). The
various modifications differ in their stability, reactivity and reversibility.
Importantly, the majority of these posttranslational modifications involving
cysteines are reversible. Reducing reactions and especially oxidoreductase
enzymes, such as thioredoxin (Trx) or glutaredoxin, are able to reverse oxidative
modifications (Berndt et al. 2007). However, sulfinic acids are mostly irreversible,
when they form in proteins. This terminal reaction can impact on protein activity

and may inactivate enzymes (Meng et al. 2002).
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Figure 4: Posttranslational modifications in response to oxidants (adapted from
Cuello and Eaton 2018).
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There are proteins, which are directly regulated by the cellular redox state
(Tanner et al. 2011). Posttranslational modifications of proteins at critical cysteine
residues may stimulate, modulate or inhibit catalytic activity, or promote
conformational changes that alter the possibility to interact with substrates,
binding partners and as a consequence subcellular translocation (Kamynina
2017). Within these proteins, a catalytically important cysteine has often an
enhanced reactivity towards oxidants due to a low pKa. An oxidative modification
could mediate enzyme inactivation as the essential catalytic thiol would no longer
be available to perform biochemical reactions. These types of reactions occur
typically in protein tyrosine phosphatases and ribonucleotide reductases (Meng
et al. 2002). Moreover, oxidation of cysteines can also induce changes in protein
structure, such as intra- or intermolecular disulfide bonds. PKGla is, as described
above, an example how interdisulfide bond formation in response to oxidants
such as H20: alters substrate phosphorylation and physiological functions
(Burgoyne et al. 2007). However, whether oxidants such as HNO might have an
impact on kinase conformation, localisation and activity and thus might contribute

to the HNO-mediated vasorelaxation remains incompletely understood.

5.5 Background of the study

It was shown that HNO-induced vasorelaxation was attenuated, but not
completely inhibited by ODQ, a pharmacological inhibitor of sGC. Therefore, the
aim of this thesis was to investigate PKGla as potential target for HNO-mediated
oxidation in the vasculature. Understanding the principles of thiol modification
and subsequent disulfide formation, PKGla might be a potential target of HNO. It
has been shown that the la isoform of PKG is subject to oxidative modulation,

besides the classical regulation by cGMP.

The combination of the unique pharmacological actions of HNO such as
increased myocardial contractility and peripheral vasorelaxation opens new
possibilities concerning HF therapy. Furthermore, antiaggregatory and

vasorelaxing effects enable application in cardiovascular pathologies such as
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angina pectoris, acute hypertensive crisis and atherosclerosis. In contrast to NO
donors, which induce a tolerance phenomenon during long-term treatment, show
reduced effectivity under oxidative conditions and are possibly cytotoxic under
certain conditions, HNO donors do not show these adverse side effects and might
be of benefit in a clinical setting as a novel therapeutic addition for the treatment

of cardiovascular diseases.

5.6 Aims of this doctoral thesis

The aim of this thesis was to investigate PKGla as a novel target of HNO-
mediated oxidation. Key findings of this work have been published recently
(Donzelli, Goetz et al. 2017).
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6 Materials and methods

6.1 Materials
6.1.1 Chemicals

Name Company

Acetic Acid Merck Millipore (Billerica, USA)
Acetone Th. Geyer (Renningen, Germany)
Acetonitrile Th. Geyer (Renningen, Germany)

[y-2P] Adenosine 5'-triphosphate (y-
32.ATP)

Hartmann Analytic (Braunschweig,

Germany)

2-Amino-2-hydroxymethylpropane-
1,3-diol (Tris)

Sigma-Aldrich (St. Louis, USA)

2-Propanol

Merck Millipore (Billerica, USA)

30% Acrylamide/ Bis Solution 37.5:1

Bio-Rad (Hercules, USA)

1,4-Dithiothreitol (DTT)

Roth (Arlesheim, Germany)

Acetic acid (glacial) 100%

Merck Millipore (Billerica, USA)

Adenosine 5'-triphosphate (ATP) 10

mmol/L

Merck Millipore (Billerica, USA)

Ammonium persulfate (APS)

BioRad (Hercules, USA)

Ampicillin trihydrate

SERVA Electrophoresis (Heidelberg,
Germany)

Aqua B. Braun

B. Braun Melsungen (Melsungen,

Germany)

Bacto™ Agar

BD Biosciences (San Jose, USA)

Bacto™ Tryptone

BD Biosciences (San Jose, USA)




Bacto™ Yeast Extract

BD Biosciences (San Jose, USA)

B-Escin

Sigma-Aldrich (St. Louis, USA)

-Mercaptoethanol

Sigma-Aldrich (St. Louis, USA)

Bromophenol blue

BioRad (Hercules, USA)

Bovine Serum Albumin (BSA)

Sigma-Aldrich (St. Louis, USA)

CaClz (20 mmol/L) 10X

New England BioLabs (Ipswich, USA)

Calcium chloride dihydrate (CaCl; « 2
H20)

Merck (Darmstadt, Germany)

Carbon dioxide (CO>)

SOL Deutschland (Krefeld, Germany)

cGMP

BIOLOG Life Science Institute

(Bremen, Germany)

cOmplete protease inhibitor cocktail
tablets

Roche (Basel, Suisse)

Coomassie Blue R250 / G250

Merck Millipore (Billerica, USA)

D(+)-Glucose

Roth (Arlesheim, Germany)

Dulbecco’s Modified Eagle Medium
(DMEM)

Thermo-Fisher Scientific (Waltham,
USA)

Ethylene glycol bis-(B-aminoethyl
ether) N,N,N’,N'-tetraacetic acid
(EGTA)

Sigma-Aldrich (St. Louis, USA)

Ethylenediaminetetraacetic acid
(EDTA) disodium salt dihydrate

Roth (Arlesheim, Germany)

Enhanced Chemiluminescence (ECL)

GE Healthcare (Chicago, USA)

Ethanol Absolute P. A., Reag. Ph.
Eur. (Min. 99.9 %)

Th. Geyer GmbH & Co. KG (Hoxter-
Stahle, Germany)
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Fentanyl

Janssen CILAG GmbH (Neuss,
Germany)

Glycerol solution

Sigma-Aldrich (St. Louis, USA)

Guanosine 3’,5’-[8-3H] cyclic
monophosphate

American Radiolabeled Chemicals,
Inc. (St. Louis, USA)

Glycine PUFFERAN®

Roth (Arlesheim, Germany)

HEPES PUFFERAN®

Roth (Arlesheim, Germany)

Hydrochloric acid (HCI) fuming 37%

Merck Millipore (Billerica, USA)

Lipofectamine

Thermo-Fisher Scientific (Waltham,
USA)

Magnesium chloride hexahydrate
(MgClz « 6H20)

Sigma-Aldrich (St. Louis, USA)

Magnesium sulfate heptahydrate
(MgSO4 * 7 H20)

Merck (Darmstadt, Germany)

Maleimide

Sigma-Aldrich (St. Louis, USA)

Medetomidine

Pfizer GmbH (Berlin, Germany)

Methanol Avantor Performance Materials
(Center Valley, USA)
Midazolame Hameln Pharmaceutics GmbH

(Hameln, Germany)

N,N,N’,N’-Tetramethylethylendiamine
(TEMED)

Bio-Rad (Hercules, USA)

Nitrogen (N2), liquid

SOL Deutschland (Krefeld, Germany)

PD Minitrap™ G-25 column, GE28-
9180-07

GE Healthcare (Chicago, USA)
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Potassium chloride (KClI)

Merck (Darmstadt, Germany)

Potassium dihydrogen phosphate
(KH2PO4)

Merck (Darmstadt, Germany)

Powdered milk

Carl Roth (Arlesheim, Germany)

ProtoGel® acrylamide solution

Thermo-Fisher Scientific (Waltham,
USA)

Sodium chloride (NaCl)

Avantor Performance Materials
(Center Valley, USA)

Sodium dodecyl sulfate (SDS) pellets

Carl Roth (Arlesheim, Germany)

Sodium fluoride (NaF)

Sigma-Aldrich (St. Louis, USA)

Sodium hydrogen carbonate
(NaHCO:3)

Merck Millipore (Billerica, USA)

Sodium hydroxide (NaOH) solution
0.1 mol/L

Carl Roth (Arlesheim, Germany)

Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP)

Sigma-Aldrich (St. Louis, USA)

Trizma®-base

Sigma-Aldrich (St. Louis, USA)

TurboFect Transfection Reagent

Thermo-Fisher Scientific (Waltham,
USA)

Tween® 20

Sigma-Aldrich (St. Louis, USA)

6.1.2 Buffers and solutions

Name Ingredients

Concentration

Coomassie Brilliant Blue
Acetic acid
Methanol

stain solution

Coomassie Blue R250

0,25 % (w/v)
10% (v/v)
45% (viv)
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Denaturing alkylation Urea 6 mol/L

buffer (DAB) buffer Tris-HCI pH 8 200 mmol/L
EDTA 10 mmol/L
SDS 0.5% (w/v)

Extraction buffer TrispH 7.4 20 mmol/L
NaCl 150 mmol/L
EDTA 1 mmol/L
EGTA 1 mmol/L
NaF 2 mmol/L
Protease inhibitor

FRET imaging buffer NaCl 140 mmol/L

(FRET buffer) KCI 5 mmol/L
MgCl> 1.2 mmol/L
CaxCl 2 mmol/L
HEPES 5 mmol/L
pH 7.3 NaOH

HEK-medium DMEM medium
D(+)-glucose 4.5 g/l
FCS 10 %
L-glutamine 2 mmol/L
Penicillin 100 U/ml
Streptomycin 100 pg/ml

HEK-Typsin/EDTA Trypsin 0.5¢g/
EDTA x4Na in Hank’s | 0.2¢g/I
B.S.S.

Intracellular-like HEPES 10 mmol/L

medium (ICM) KCI 125 mmol/L
NaCl 19 mmol/L
EGTA 1 mmol/L
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CaCl 0.33 mmol/L
pH 7.3 KOH

Intravital microscopy NaCl 118.4 mmol/L

buffer KCI 3.8 mmol/L
CaCl 2.5 mmol/L
MgSOq4 1.2 mmol/L
NaHCO3 20 mmol/L
KH2PO4 1.2 mmol/L
pH 7.4 by gassing with
5% CO2zin N2

In vitro kinase assay TrispH 7.4 30 mmol/L

buffer MgCl2 15 mmol/L

Lysis buffer TrispH 7.4 20 mmol/L
NaCl 150 mmol/L
EDTA 1 mmol/L
NaF 2 mmol/L
cOmplete protease 1 tablet

inhibitor cocktail

Semi-dry transfer buffer | Glycine 0.29 % (wlv)
Methanol 20% (viv)
SDS 0.037 (w/v)
Tris pH 8.3 0.58 (w/v)
SDS-PAGE Glycine 1.44 % (w/v)
electrophoresis buffer SDS 0.1 % (w/v)
Tris 0.3 % (w/v)
4 x SDS-PAGE running | SDS 0.4 % (wlv)
gel buffer Tris pH 8.7 18.2 % (w/v)
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4 x SDS-PAGE stacking | SDS 0.4 % (w/v)
gel buffer Tris pH 6.8 6 % (w/v)
TrispH 7.4 Tris 1M
TTBS Sodium chloride 0,8 % (w/v)
Tween 20 0.1 % (viv)
TrispH 7.6 0.058 % (w/v)
TBS (x10) TRIS base 48.4¢g
NaCl 160g
ddH20 2000ml

6.1.3 Instruments

Name

Company

Accu-jet® pipette controller

BRAND (Wertheim, Germany)

AttofluorTM Cell Chamber, for

microscopy

Thermo-Fisher Scientific (Waltham,
USA)

Autoclave VARIOKLAV®

Sartorius (Gottingen, Germany)

Axiocam 105 digital camera

Carl Zeiss (Oberkochen, Germany)

Benchtop incubator WS 60

JULABO (Seelbach, Germany)

Bioruptor® Plus sonication device

Diagenode (Liége, Belgium)

Centrifuge 5415D

Eppendorf (Hamburg, Germany)

Centrifuge 5415R

Eppendorf (Hamburg, Germany)

CO: incubator HeraCell™ 240

Thermo Fisher Scientific (Waltham,
USA)

DMI3000b inverted microscope with
40x objective

Leica Camera (Wetzlar, Germany)

Dry block heater Thermostat 5320

Eppendorf (Hamburg, Germany)
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DV2 DualView emission splitting

system

Photometrics (Tucson, USA)

Eclipse E600 optical microscope

Nikon (Minato, Japan)

ECL Semi-Dry Transfer Unit TE 77

GE Healthcare (Chicago, USA)

Electrophoresis chamber Mini-
PROTEAN® 3 / Tetra Cell

Bio-Rad (Hercules, USA)

Electrophoresis chamber Sub-Cell®
GT

Bio-Rad (Hercules, USA)

Eppendorf Reference® / Eppendorf
Research® pipettes

Eppendorf (Hamburg, Germany)

Gel dryer Model 583

Bio-Rad (Hercules, USA)

Heat block Dri-Block® DB-1

Techne (Staffordshire, UK)

Inclined orbital shaker Polymax (2040)

Heidolph Instruments (Schwabach,
Germany)

Incubator Shaker C25

Eppendorf (Hamburg, Germany)

Injection syringe 25 pL

Hamilton (Reno, USA)

Light source pE-100 (440 nm)

CoolLED (Andover, UK)

LTQ Orbitrap mass spectrometer

Thermo Fisher Scientific (Waltham,
USA)

MICROMAN® pipettes

Gilson (Middleton, USA)

Mini-PROTEAN® Comb, 10-/ 15-well

BioRad (Hercules, USA)

Mini Rocker Shaker MR-1

Biosan (Riga, Lativa)

Mini-Shaker Model Kihner

B. Braun Melsungen (Melsungen,

Germany)
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Multi-wire myograph system - 620M

Danish Myo Technology A/S
(Hinnerup, Denmark)

optiMOS™ Camera

Qlmaging (Surrey, Canada)

Packard Tri-Carb Liquid Scintillation

counter

Packard Instrument Company (lllinois,

USA)

pH Meter, digital

Mettler Toledo (Columbus, USA)

PIPETMAN® pipettes

Gilson (Middleton, USA)

Pipetus®—akku

Hirschmann Laborgerate (Eberstadt,

Germany)

PowerPac Bacic Power Supply

BioRad (Hercules, USA)

Power source EC570-90

E-C Apparatus Corporation (St.
Petersburg, USA)

Precision balance Pioneer®

OHAUS (Parsippany, USA)

Rotating mixer RM 5

Ingenieurblro CAT (Ballrechten-

Dottingen, Germany)

Scanner CanoScan LiDE 60

Canon (Tokyo, Japan)

Short Plate / Spacer Plate for Mini-
PROTEAN®

Web Scientific (Cheshire, UK) / Bio-
Rad (Hercules, USA)

Spectrophotometer NanoDrop ND-
1000

Thermo Fisher Scientific (Waltham,
USA)

Spectrophotometer SmartSpecTM
3000

BioRad (Hercules, USA)

Sterile working bench HeraSafe™ HS
12 class |l

Thermo Fisher Scientific (Waltham,
USA)
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Thermomixer 5436

Eppendorf (Hamburg, Germany)

TissuelLyser

QIAGEN (Hilden, Germany)

TC Flask

Eppendorf (Hamburg, Germany)

Ultracentrifuge Optima L-90K with
rotor SW 32 Ti

Beckman Coulter (Brea, USA)

Vacuum filtration manifold, Millipore®
model 1225

Sigma-Aldrich (St. Louis, USA)

MiniVent ventilator

Harvard Apparatus (Holliston, USA)

Vortex shaker

Heidolph Instruments (Schwabach,

Germany)

Water purification system Milli-Q

Merck Millipore (Billerica, USA)

Whatman® glass microfiber filters,
Grade GF/C

Sigma-Aldrich (St. Louis, USA)

X-ray cassette

Wardray (Surrey, UK)

X-ray cassette 18 x 24 cm

Rego X-Ray (Augsburg, Germany)

6.1.4 Expendable materials

Name

Company

AccuMarQ™ Pre-stained Molecular
Weight Markers

Badrilla (Leeds, UK)

Amersham™ ECL™ / ECL
Select™ Western Blotting

Detection Reagents

GE Healthcare (Chicago, USA)
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Amersham™ Hybond™ PVDF /
Amersham™ Protran™
Nitrocellulose (NC) Blotting

Membranes

GE Healthcare (Chicago, USA)

Amersham™ Hyperfilm™ ECL

GE Healthcare (Chicago, USA)

Assistent® Cover glass 25 mm g

Glaswarenfabrik Karl Hecht (Sondheim

v.a. Rhon, Germany)

Assistent® Elka object slide

Glaswarenfabrik Karl Hecht (Sondheim

v.a. Rhon, Germany)

Cell scraper 2-position blade

Sarstedt (Nurnbrecht, Germany)

CELLSTAR® 6 well cell culture
plate

Greiner Bio-One (Frickenhausen,

Germany)

Comply™ Lead Free Steam
Indicator Tape

3M Deutschland (Neuss, Germany)

Cuvette

Sarstedt (Nurnbrecht, Germany)

Disposable pipette

Sarstedt (NUmbrecht, Germany)

DMEM (high glucose)

Thermo-Fisher Scientific (Waltham, USA)

Ethanol 96%

Roth (Arlesheim, Germany)

Fuchs Rosenthal Counting
Chamber

Brand (Wertheim, Germany)

Gibco® Dulbecco’s phosphate-
buffered saline (DPBS), no

calcium, no magnesium

Thermo-Fisher Scientific (Waltham, USA)

Gibco® Fetal Bovine Serum

Thermo-Fisher Scientific (Waltham, USA)

Gibco® Medium 199 (1x), Hanks'
Balanced Salts

Thermo-Fisher Scientific (Waltham, USA)
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Gibco® Penicillin-Streptomycin

Thermo-Fisher Scientific (Waltham, USA)

Latex gloves powder-free

VWR International (Radnor, USA)

MICROMAN® Capillaries and

Pistons

Gilson (Middleton, USA)

Nitrile Examination Gloves

Ansell (Iselin, USA)

Parafilm

Pechiney Plastic Packaging (Chicago,
USA)

Pierce® Protein-Free T20 (TBS)
Blocking Buffer

Thermo-Fisher Scientific (Waltham, USA)

Pipette tips 10, 200, 1000 uL

Sarstedt (NUmbrecht, Germany)

Precision Plus Protein™ All Blue /
Dual Color Standards

Bio-Rad (Hercules, USA)

Rapid Fixer / Developer for medical

X-ray film processing

Agfa (Mortsel, Belgium)

Reaction tubes 1.5, 2 mL

Sarstedt (NUmbrecht, Germany)

Serological pipettes 1, 2, 5, 10, 25

mL

Sarstedt (NUmbrecht, Germany)

Sterile scalpel blade

C. Bruno Bayha (Tuttlingen, Germany)

Sterile tube

Sarstedt (NUmbrecht, Germany)

Stripette® disposable serological
pipette

Corning Incorporated (Corning, USA)

SYPRO™ Ruby protein gel stain

Thermo-Fisher Scientific (Waltham, USA)

Tapira® cleansing tissue

GVS-
GROSSVERBRAUCHERSPEZIALISTEN

(Friedewald, Germany)
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Test tubes 15, 50 mL

Germany)

Greiner Bio-One (Frickenhausen,

Thinwall Polyallomer Tube

USA)

Beckman Coulter Life Sciences (Brea,

6.1.5 Kits

Name

Company

Cleavable iCAT Reagent — Assay Kit

SCIEX (Framingham, USA)

HiSpeed® Plasmid Maxi Kit

QIAGEN (Hilden, Germany)

6.1.6 Enzymes

Name Origin Company

Difco™ Trypsin 250 n/a BD Biosciences (San
Jose, USA)

PKGla Bovine lung Merck Millipore (Billerica,

USA)

6.1.7 Reagents for the treatment of cells and animal studies as well as in

vitro assays

Substance Solvent Company
1-Nitrosocyclohexyl DMSO Axon Medchem
acetate (NCA) (Groningen,
Netherlands)
3-Isobutyl-1- DMSO Santa Cruz (Dallas,

methylxanthine (IBMX)

USA)

Angeli’s salt (AS)

10 mmol/L NaOH

Cayman Chemicals (Ann
Arbor, USA)

Dimethyl sulfoxide
(DMSO)

Sigma-Aldrich (St. Louis,
USA)

Forskolin (FOR)

DMSO

Sigma-Aldrich (St. Louis,
USA)
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Hydrogen peroxide H20 Sigma-Aldrich (St. Louis,
(H2032) solution 30% USA)

(w/w) in H20

1H-[1,2,4]-oxadiazolo- DMSO Cayman Chemicals (Ann

[4,3-a]-quinoxalin-1-one
(ODQ)

Arbor, USA)

6.1.8 Antibodies

6.1.8.1 Primary antibodies for Western immunoblotting

Name Company Host Working Dilution

Anti-PKGI, Enzo Life Sciences Rabbit 1:1000,

polyclonal (Farmingdale, USA) in 1% milk / TBST

Anti-pVASP, Cell Signaling Rabbit 1:1000,

polyclonal Technology (Danvers, in 5% BSA/TBST
USA)

6.1.8.2 Secondary labelling antibodies and reagents for Western

immunoblotting

Name Company

Host Working Dilution

whole antibody

ECL™ Anti-rabbit | GE Healthcare
IgG, HRP linked (Chicago, USA)

Sheep 1:2000,

in 5% BSA/TBST
or 1% milk/TBST
(depending on the
primary antibody

dilution)

6.1.9 Cells
Name Company
HEK293A Thermo-Fisher Scientific (Waltham,

USA)
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HEK293T

Thermo-Fisher Scientific (Waltham,
USA)

6.1.10 Plasmids

Name

Supplier

AKARIII

Kind gift of VO Nikolaev (University
Medical Center Hamburg-Eppendorf,
Germany)

pcDNA-PKGla-WT

Kind gift of P. Eaton (King’s College
London, UK)

pcDNA-PKGla-C42S

Kind gift of P. Eaton (King’s College
London, UK)

pcDNA-PKGIla-C117/195S

Kind gift of P. Eaton (King’s College
London, UK)

pcDNA-PKGla-C42/117/195S

Kind gift of P. Eaton (King’s College
London, UK)

6.1.11 Bacteria

E.coli strain

Company

Subcloning Efficiency ™ DH50.™

Thermo-Fisher Scientific (Waltham,
USA)

6.1.12 Software

Name

Company

CanonScan Toolbox

Canon (Tokyo, Japan)

GelQuant.NET

BiochemLabSolutions.com (San
Francisco, USA)
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Imaged with Fiji (version 1.5.1) and Wayne Rasband, National Institutes of
pMManager (version 1.4.5) Health (Bethesda, USA)

MaxQuant Max Planck Institute of Biochemistry
(Munich, Germany)

NanoDrop® 1000 3.8.1 Thermo-Fisher Scientific (Waltham,
USA)

Prism 5 GraphPad Software (La Jolla, USA)

SwissProt Database Swiss Institute of Bioinformatics

(Geneva, Switzerland)

Word, PowerPoint, Excel Microsoft (Redmond, USA)

6.2 Methods

The experiments were performed in the working group of Prof. Dr. Friederike
Cuello in the Institute of Experimental Pharmacology and Toxicology at the
University Medical Center Hamburg-Eppendorf. All methods were carried out in
accordance with the relevant guidelines and regulations. Experiments were
approved by the relevant institutional or licensing committees as indicated in the

relevant section.

6.2.1 Animal experiments

6.2.1.1 Ethical standards

Wire myography measurements were conducted in accordance with the Home
Office Guidance on the Operation of the Animals (Scientific Procedures) Act 1986
in United Kingdom and approved by an institutional review committee. Intravital
microscopy was performed in accordance with the German animal protection law
and approved by the Ministerium flir Energiewende, Landwirtschaft, Umwelt und
ldndliche Rdume of Schleswig-Holstein. The isolation of primary mouse VSMCs
from cGi500 transgenic mice was approved by the Regierungspréasidium

Tibingen in compliance with the humane care and use of laboratory animals. All
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animals were kept on a conventional laboratory diet and unlimited supply of

municipal drinking water.

6.2.1.2 Wire myography

2"4 and 3 order mesenteric arteries were isolated from male WT C57BL/6 mice
and subjected to wire myography measurements as described previously
(Prysyazhna et al. 2012).

Third-order mesenteric arteries were mounted for isometric tension recordings on
a wire myograph (Danish Myo Technology A/S), stretched to the optimal pre-
tension conditions (using DMT Normalization Module), bathed in Krebs solution,
maintained at 37°C and gassed with 95% O2: 5% CO2. Vasotone measurements
of mesenteric arteries were assessed by determining the responses of U46619-
pre-constricted vessels to the HNO donors AS (0-100 umol/L) or NCA (0-100
pumol/L). The concentration-response curves to HNO donors were constructed in
a cumulative fashion. Tension experiments were carried out using one or two

vessels per animal from 4 different WT animals.

Figure 5: Preparation of the murine gastrointestinal tract. The mesenteric vessels
(veins and arteries) are indicated by the white arrow.

45



6.2.1.3 Intravital microscopy

12-week-old male C57BL/6NCrl mice (Charles River) were used to study
microvascular networks in vivo in the cremaster muscle using intravital
microscopy as described previously (de Wit et al. 1993). Mice were anaesthetised
with fentanyl (0.05 mg/kg), midazolame (5 mg/kg), and medetomidine (0.5 mg/kg)
by intraperitoneal injection. After intraperitoneal injection of a first bolus of the
anaesthetics, the mouse was tracheotomised to secure the respiration via a
MiniVent ventilator (MiniVent, Harvard Apparatus). The animals were ventilated
with a stroke volume of 0.225 mL at 160 strokes per min. In a second step, a
central venous catheter was inserted into the right jugular vein for the
maintenance of the anaesthesia. Next, the thin and highly vascularised cremaster
muscle was prepared for intravital microscopy to study vascular responses: the
right muscle was opened, detached from the testicle and spread radially as a flat
sheet over a cover slip for transillumination under a compound microscope. The
arteries were constantly superfused with a 35 °C prewarmed intravital microscopy
buffer. In each mouse, 7 to 18 arterioles were studied using an optical microscope
(Eclipse E600, Nikon) and a 20-fold objective. The microscope was equipped with
a digital camera (Zeiss Axiocam 105) connected to a PC to allow image storage
(Zen2 lite, Zeiss) and subsequent analysis. Arteriolar inner diameters were
measured by a code written in the laboratory of Prof. de Wit using the
commercially available software (LabVIEW, National Instruments). Arteriolar
diameters were assessed before and during application of NCA (10 or 50 pmol/L;
group 1) or AS (3 to 50 uymol/L; group 2). The respective solvent (0.1% DMSO
for NCA or 0.1 mmol/L NaOH for AS) was also evaluated. To assess vascular
reactivity, the effect of acetylcholine (ACh, 10 ymol/L) was also assessed. All
substances were added to the superfusion solution using a roller pump and the
final concentration reaching the preparation is indicated. After application of each
substance, vessels were allowed to recover for 3 to 5 min, to return to their resting
diameter. At the end of the experiment, mice were sacrificed by intravenous
injection of pentobarbital (24 mg/kg) and both cremaster muscles of each animal
were harvested for western immunoblot analysis. While the right cremaster

muscle had been exposed to the HNO donors during the experiment, the left
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cremaster muscle was prepared immediately after pentobarbital injection and

served as the untreated control.

6.2.1.4 FRET-experiments in primary VSMCs

For Forster Resonance Energy Transfer (FRET) measurements, primary VSMCs
from R26-CAG-cGi500(L1) mice were isolated (Thunemann et al. 2013b). These
cells express the FRET-based biosensor cGi500 (cGMP indicator with an ECsg
of 500 nmol/L) (Russwurm et al. 2007). VSMCs were continuously superfused
with intracellular-like medium (ICM) at room temperature (RT). Cells were
permeabilised by superfusion with B-Escin (100 ymol/L in ICM; 80 sec.) and
subsequently exposed to ICM supplemented with increasing concentrations of
cGMP (0.1, 1, 10 ymol/L; 2 min each). The individual fluorescence of cyan
fluorescent protein (CFP) and yellow fluorescent protein (YFP) was recorded
simultaneously using a DualView DV2 beam-splitter (Photometrics) and saved
as individual TIFF images. After each cGMP application, baseline recovery of the
fluorescence signals was achieved before the next drug application. After the
initial series of cGMP applications, VSMCs were exposed to DMSO (0.02%; in
ICM) or NCA (100 ymol/L in ICM containing 0.02% DMSO) for 30 min followed
by superfusion with ICM supplemented with increasing concentrations of cGMP
(0.1, 1, 10 ymol/L). Acquired images were analysed using ImagedJ with Fiji and
pMManager and calculated using Microsoft Excel to correct for background
fluorescence and the CFP/YFP ratio (R) traces, which reflect FRET changes
(Dao et al. 2016). FRET responses were measured as amplitudes over baseline.
The individual FRET changes (AR) were then normalised to the FRET change
induced by the first application of cGMP (10 pmol/L; ARO) and are displayed as
AR/ARO. Further details on measurement and evaluation of FRET signals in
VSMCs are described elsewhere (Thunemann et al. 2013a, b).

6.2.2 Experiments with purified proteins
6.2.2.1 NOxICAT-Methology
Redox-modified cysteines in PKGla in response to HNO were identified by a thiol-

trapping technique using isotope-coded affinity-tag chemistry (NOxICAT) as
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described previously (Lindemann and Leichert 2012). In brief, non-tagged
recombinant human PKGla, prepared as described elsewhere (Scotcher et al.
2016), was pre-treated with DTT (100 mmol/L, 30 min) in an anaerobic chamber
to maintain SH-groups in a reduced state. DTT was removed by buffer exchange
via passing the sample through a PD MiniTrapTM G-25 column (28-9180-07; GE
Healthcare). After buffer exchange, samples were exposed to NCA (25 ymol/L,
15 min), AS (25 pmol/L, 15 min) or vehicle (DMSO) at RT. The reaction was
terminated using ice-cold acetone and proteins precipitated overnight at -20 °C.
On the next day, the precipitate was resuspended in a volume of 80 pL containing
denaturing alkylation buffer (DAB-buffer), 20 puL acetonitrile and 1 vial ICAT
reagent “light” from the cleavable ICAT methods development kit (SCIEX).
Reduced cysteines were labelled under denaturing conditions at 37 °C in a
thermomixer at 1300 rpm for 2 hrs. After a second acetone precipitation step,
oxidised cysteines were reduced for 30 min in 80 yL DAB containing 2 mmol/L
TCEP. Subsequently, one vial cleavable ICAT reagent “heavy”, resuspended in
20 uL acetonitrile, was added and previously oxidised cysteines were labelled at
37 °C at 1300 rpm for 2 hrs. The reaction was stopped by acetone precipitation.
The pellet was resuspended in 80 puL denaturing buffer from the cleavable ICAT
reagent kit. 20 pyL acetonitrile was added to the protein digest with 100 pL
aqueous trypsin resuspension from the ICAT reagent kit. ICAT labelled peptides
were purified by cation exchanger chromatography and affinity chromatography.
Light- and heavy-ICAT-labelled peptides were analysed and quantified by
reverse phase nano-liquid chromatography and detected by MS/MS with Fourier
transform mass spectrometry in an LTQ Orbitrap instrument (Thermo Fisher
Scientific, Waltham, USA). Peptides were identified by SwissProt database and
quantified by MaxQuant.

6.2.2.2 3H-cGMP binding assays

3H-cGMP binding assays were performed using recombinant PKGla, *H-labeled
cGMP, non-radioactive cGMP and assay buffer. Recombinant PKGla (0,1 pg/pL)
was diluted in assay buffer to a final concentration of 600 fmol/assay. 3H-cGMP
(concentration of 1 mCi/ml; specific activity of 25 Ci/mmol) solved in 50% EtOH
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was diluted to a final concentration of ~5pmol/ assay in assay buffer, considering
that EtOH is able to break the structure of the kinase. Non-radioactive cGMP was
diluted in assay buffer with increasing final concentrations (O nmol/L, 10 nmol/L,
30 nmol/L, 100 nmol/L, 300 nmol/L, 1 ymol/L, 3 umol/L) to compete with 3H-
cGMP. To assay the ability of PKGla-WT to bind cGMP under oxidising and
reducing conditions, the kinase was either pre-treated with NCA (100 pmol/L) for
30 min on ice covered with aluminium foil to oxidise the kinase or pre-treated with
DTT (100 mmol/L) for 10 min on ice to reduce the kinase. For each pre-treatment
group, 24 samples were prepared in triplicates for each condition: seven different
concentrations of non-radioactive cGMP and samples without PKGla to
determine cGMP-binding to the filter. Following the pre-treatment, *H-cGMP (~5
pmol/ assay) and unlabelled cGMP in the specified different concentrations were
added to the assay as well as assay buffer to reach a final volume of 50 pL.
Samples were incubated for 1h on ice, covered with aluminium foil and 4 ml of
4°C ice-cold (NH,),SO, (3.8M) solution were added to each sample to stop the
reaction. Samples were subsequently vacuum-filtered over Whatman® glass-
microfiber filters previously prewetted in (NH,),SO, (3.8 mol/L) using the
constantly running Millipore vacuum filtration system. Due to the vacuum
filtration, the filter papers dried quickly and were then incubated with 2 ml of a 2%
SDS solution for 1h in the scintillation vials, dissolving the filter papers and
releasing the proteins. 10 ml of Rotiszint® scintillation fluid was added to each
vial, followed by intensive shaking to ascertain the formation of a homogenous
suspension. The vials were finally counted for 5 min in the Packard scintillation
counter using the [®H]-program. With regard to data analysis, 1 pL of diluted 3H-
cGMP was counted in 2 ml of 2% SDS in order to allow calculation of the total
specific activity of the used volume in each sample and thereby to calculate the
concentration of bound 3H-cGMP in each sample. The mean value of counts
reached in the samples without PKGla was subtracted from each count result as
a background of cGMP-binding to the filter paper as well as counts reached in
samples with cGMP (3 pmol/L) with the assumption that in these samples only
unlabelled cGMP should bind to PKGla.
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o PKGla Recombinant PKGlo

/ (0,1ug/uL) \ e PT'“

+NCA 100 pmol/L +NCA 100 pmol/L +DTT 100 mmol/L +DTT 1OI mmol/L
3H cGMP cGMP 3H cGMP cGMP 3H cGMP cGMP 3H cGMP cGMP
5 pmol/L xx nmol/L 0 nmol/L 0 nmol/L 5 pmol/L xx nmol/L
10 nmol/L 10 nmol/L
30 nmol/L 30 nmol/L
5 pmol/L 100 nmol/L 5 pmol/L 100 nmol/L
300 nmol/L 300 nmol/L
1 pmol/L 1 pmol/L
3 umol/L 3 umol/L

Figure 6: Experimental design of the *H-cGMP binding assays. Every condition
was prepared in triplicates. Thereby, 24 samples were measured in each
experiment.

6.2.3 Experiments in cells

6.2.3.1 Cell culture

All work steps were carried out under sterile cell culture conditions in a tissue
culture hood. HEK293T and HEK293A cells were cultured at 37°C and 5 % CO:
in Dulbeccos MEM (DMEM) supplemented with fetal calf serum (FCS; 10%) and
penicillin/streptomycin (1%) in cell culture flasks or 6-well plates. HEK293T cells
contain the SV40 Large T-antigen that promotes episomal replication and thereby
amplification of transfected plasmids containing the SV40 origin of replication and
are in general an ideal cell model due to their ease of growth and transfectability
(Yuan et al. 2018). Cells were passaged, when they reached 70-80% confluence
or when plated into culture multi-well plates. To disrupt adherent cell monolayers,
the culture medium was removed, 3 ml of 37°C Trypsin/EDTA were added and
cells were incubated for 2-3 min at 37°C. Subsequently, trypsin digestion was
stopped by addition of 9 ml of 37°C pre-warmed DMEM, cells were carefully
resuspended and transferred into 50 ml centrifuge tubes. After centrifugation for
5 min at 600 xg, the supernatant was aspirated off and the cell pellet resuspended
in 10 ml or 20 ml fresh DMEM, as appropriate. Cells were counted using the
hemocytometer and an appropriate volume of the cell suspension was aliquoted

into freshly prepared cell culture flasks or culture multi-well plates with media.
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6.2.3.2 Transformation

The pcDNA-PKGIla-WT plasmid as well as the pcDNA-PKGla-C42S, the pcDNA-
PKGla-C117/195S and the pcDNA-PKGla-C42/117/195S plasmid were kindly
provided by the working group of Prof. Philip Eaton (King’s College London,
London, UK). For amplification, plasmids were transformed into competent DH5a
bacteria and plasmid DNA extracted with the Plasmid Maxi Kit from QIAGEN. In
brief, a bacterial colony was inoculated in 250 ml LB medium with a selective
antibiotic for an overnight culture. The bacteria were harvested by centrifugation
for 15 min at 6000 xg at 4°C, resuspended in buffer P1, lysed with buffer P2 and
the reaction neutralised using buffer P3. The cellular debris was removed using
a provided filter cartridge and a plunger and endotoxins were eliminated by
adding the provided buffer ER (provided in the Plasmid Maxi Kit). The plasmid
DNA was immobilised on a filter, washed with the provided buffer QC and eluted
with water at RT. The DNA concentration was determined using NanoDrop®.

6.2.3.3 Transfection

For transfection of HEK293A or HEK293T cells with plasmid DNA, approximately
200 000 cells per well were plated into 6-well plates. After 24 hrs, cells were
transfected with a transfection mix either consisting of Opti-MEM (400 pL),
plasmid-DNA (2 pg) and TurboFect2000® (6 uL) or for FRET measurements
using the A-Kinase activity reporter Ill (AKARIII)-sensor consisting of Opti-MEM
(50 pL), plasmid-DNA (0.5 pg) and Lipofectamin® (1.15 pL) for each well under
sterile conditions. When the cells were transfected with a combination of two
different plasmids at the same time, the amount of plasmid-DNA was reduced to
1 ug per plasmid-type. After 20 min incubation at RT, the reaction mix was added
dropwise to each well. 24 hrs after transfection, cells were used for experiments,
such as FRET measurements or in vitro PKGlo activity assays. In cells
transfected with the vasodilator-stimulated phosphoprotein (VASP)-plasmid,
transfection efficiency was monitored by a microscope equipped with a red
fluorescent protein (RFP)-filter due to the mCherry-sequence tag in the VASP-

plasmid.
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6.2.4 Assessing PKG kinase activity

6.2.4.1 VASP-phosphorylation experiments

To investigate the impact of oxidative modification of PKGla on substrate protein
phosphorylation, HEK293T cells were transfected with the mCherry-VASP-
plasmid and the PKGla-WT-plasmid or the various mutants: PKGIla-C42S,
PKGIla-C117/195S. After successful transfection, cells were exposed to NCA
(100 pmol/L in DMSQ), 3MNCA (100 pmol/L in DMSO) or vehicle control (DMSO,
0.1%) for 30 min or exposed to AS (500 pymol/L in 10 mmol/L NaOH) or vehicle
control (10 mmol/L NaOH) for 15 min or to H202 (100 umol/L) or SperNo (100
pumol/L) for 10 min by adding the compound directly into the medium. Cells were
harvested under non-reducing conditions to study oxidative modifications using
Laemmli sample buffer (3x) supplemented with maleimide (100 mmol/L) or under
reducing conditions to study phosphorylation using Laemmli sample buffer (3x)
supplemented with 9% (v/v) B-mercaptoethanol. Prior to gel electrophoresis, non-
reducing samples were homogenised, while reducing samples were heated at
95°C for 5 min.

6.2.4.2 Assessment of PKG activity by FRET

FRET measurements were performed as described elsewhere (Sprenger et al.
2012). HEK293A cells were cultured and passaged as described previously in
chapter 6.2.3.1. HEK293A cells are known for their flat cell morphology and
adhesive properties and were therefore suitable for these experiments (Yuan et
al. 2018). For transfection of HEK293A cells with plasmid DNA, cells were plated
onto round glass coverslips (8 = 24 mm), which were positioned in 6-well plates.
After 24 hrs, when the cells reached 60 % confluency, the transfection mix for
each well was prepared under sterile conditions as described in chapter 6.2.3.3.
Cells were transfected to express PKGlo-WT or the various PKGla-mutants,
PKGla-C42S or PKGla-C117/195S, in combination with the AKARIII-sensor
plasmid. To ensure whether the alteration of the FRET response occurs due to
changes in PKGI activity and is not due to the activation of other endogenous
kinases, cells were also transfected with the AKARIIl-sensor alone. 24 hrs after

transfection, cells were used for FRET measurements. Coverslips with HEK293A
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cells were mounted in the imaging chamber. The cells were washed once with
400 pL of FRET buffer and 400 pL of fresh FRET buffer containing 3% of DMSO
were added to the chamber. This step was performed to rule out vehicle effects.
NCA (2 mmol/L) diluted in DMSO was stored on ice and prior to treatment diluted
in FRET buffer. In the chamber, a final concentration of NCA of 30 pmol/L in 3%
DMSO was achieved. FRET measurements were performed using an inverted
fluorescent microscope equipped with ImagedJ software. CFP, the FRET donor,
was excited at 440 nm using a CoolLED single-wavelength light emitting diode.
The emitted light from the sample was split into CFP and YFP signals using a
dual view and detected via a CCD camera. Cells with optimal sensor expression
were selected using live fluorescent light, which was switched off immediately
after finding an appropriate cell to avoid photobleaching of the FRET sensor. An
exposure time of 2-5 msec was commonly sufficient to yield an optimal signal-to-
noise ratio and images were acquired in CFP and YFP emission channels every
5 sec. After a stable baseline of around 100 sec was reached, NCA (100 pmol/L;
in FRET buffer) was added into the chamber. After approximately 500 sec, the
FRET trace reached a plateau and 400 pL of FRET buffer with Forskolin (50
mmol/L) and IBMX (100 mmol/L) were added into the chamber to induce maximal
activity of the sensor. FRET signals were continuously recorded, until a stable
plateau was reached. FRET imaging data were analysed offline. The single CFP
and YFP intensities from each cell were measured using ImagedJ and copied into
an Excel spreadsheet to calculate the corrected FRET ratio YFP/CFP. FRET
measurements were routinely corrected for the bleed-through of the donor
fluorescence (CFP) into the acceptor (YFP) channel. Cells, which showed a

negative ratio were excluded.
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Figure 7: FRET microscope setup. The Cool LED light source is used for CFP
excitation at 440 nm. The Dual View splits the emitted sample fluorescence into
an acceptor channel (YFP) and a donor channel (CFP). Both signals are detected
via a CCD camera and transferred to a computer that calculates the FRET ratio
using ImagedJ software (adapted from Sprenger et al. 2012).

6.2.4.3 In vitro PKGla activity assay using a recombinant substrate

Kinase activity was investigated by assessing phosphorylation of recombinantly
expressed Hise-tagged C1-M-C2 domain of cardiac myosin-binding protein C,
which is an established substrate of PKG (amino acid residues 153-450) in the
presence of radiolabelled y*?P-ATP (GE Healthcare) (Thoonen et al. 2015;
Stathopoulou et al. 2016). HEK-293T cells transfected with PKGla-WT, PKGla-
C42S, PKGIla-C117/195S, or PKGla-C42/117/195S were exposed to NCA (100
pgmol/L, 30 min), AS (500 umol/L, 15 min) or vehicle (NaOH for AS; DMSO for
NCA) and harvested in lysis buffer. Afterwards, the samples were diluted 1:1 in
in vitro kinase assay buffer containing ATP (100 pymol/L final concentration and
spiked with y32 P-ATP). The in vitro kinase reaction was initiated by addition of
Hise-tagged C1-M-C2 (500 pmol/reaction), pre-bound to Ni-NTA agarose beads,
prior equilibrated in in vitro kinase assay buffer. The samples were incubated for
30 min at 30 °C and 1300 rpm, followed by centrifugation for 1 min at 1000 xg.
The supernatant was discarded and the agarose beads resuspended in 75 pL 3x
reducing Laemmli sample buffer. Samples were heated for 5 min at 75 °C and
proteins resolved by 10% SDS-PAGE. Gels were stained with Colloidal
Coomassie stain to assure equal substrate content between samples, destained
in 20% (v/v) methanol, incubated briefly in 20% (v/v) glycerol in water and
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vacuum-dried. Experiments were analysed by autoradiography. Densitometry
was subsequently performed using GelQuant NET software provided by
biochemlabsolutions.com and normalised to the substrate signal obtained by

Coomassie staining.

6.2.5 SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is an
analytical gelelectrophoresis method that allows the separation of proteins
according to their molecular mass independently of their charge. Discontinuous
gels, composed of a stacking and a running gel, were used. Electrophoresis gels
with 10 or 15 wells and thickness of 1.0 mm were produced immediately before
use. Running gels consisted of 7.5% acrylamide to detect PKGla or of 10.5%
acrylamide to detect VASP or C1-M-C2. Stacking gels consisted of 6%
acrylamide. APS and TEMED were used to initiate polymerization of the gels. 5
ul of prestained Precision Plus Protein™ Standards from BioRad Laboratories
were used to estimate the molecular mass of proteins in gels. Gels were run at
constant voltage of 200 V in electrophoresis chambers containing electrophoresis
buffer.

Table 1: SDS-PAGE tris-glycine gel compositions.

Reagent Stacking gel (ml) | Resolving gel (ml)
7.5% 10.5%

Stacking buffer (4x) | 2.5 - -

Resolving buffer

(4) - 2.5 2.5

Acrylamide solution | 1.16 2.5 3.5

H20 6.23 4.89 3.89

10% APS 0.1 0.1 0.1

TEMED 0.01 0.01 0.01

Final volume 10 10 10
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6.2.5.1 Western Blotting by semi-dry transfer

Western Blotting was performed to transfer proteins, which were separated using
SDS-PAGE, onto polyvinylidene fluoride (PVDF) or nitrocellulose, which was
then used for immunodetection of the proteins of interest.

PVDF membranes with a size of 8.5 cm x 5.5 cm were activated in methanol for
20 sec and then incubated in transfer buffer until use. Nitrocellulose membranes
were cut in a similar size and were only immersed in transfer buffer.
Subsequently, a symmetric blotting sandwich was assembled containing per gel
6 buffer-soaked filter papers, a PVDF or nitrocellulose membrane and the gel.
The membranes faced the anode-side of the blotting machine, since the
negatively charged proteins migrate to the anode. Transfer was run for 2 hrs at

constant current of 45 mA per membrane.

6.2.5.2 Immunoblotting

After protein transfer, the membranes were incubated in 10% (w/v) non-fat milk
or 5% BSA in TTBS for 30 min to block unspecific binding sites. Subsequently,
the membranes were incubated in primary antibodies prepared in 1% non-fat milk
or 5% BSA in TTBS at 4°C overnight under rotation and afterwards washed 3
times with TTBS for 10 min to remove unbound antibodies, before incubating in
the secondary antibody (goat anti-rabbit or goat anti-mouse) prepared in 1% non-
fat milk or 5% BSA in TTBS solution for 1 h at RT. The secondary antibodies are
conjugated to HRP and specifically interact with the respective primary
antibodies.

After three additional washing steps, each membrane was incubated in 2 ml of
Amersham Enhanced Chemiluminescence (ECL) reagent for 2 min.

In this step, the luminol contained in the ECL reagent becomes oxidised via
catalysis by HRP and H,O, under alkaline conditions, producing light as a by-
product. The presence of p-iodophenol increases the HRP turnover rate and
thereby enhances the light emission up to 1000-fold. The intensity of the emitted
light is a result of the number of the reacting enzymes, thus proportional to the
amount of bound antibody and therefore directly related to the amount of the
detected protein on the blot. The emitted light is detected as a signal when
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exposing the blots to autoradiography films (Amersham Hyperfilm™ MP), which
are then processed in developer and fixer photographic solutions. Immunoblots

were analysed using the GeneTools software (Syngene, Cambridge, UK).

6.2.5.3 Coomassie Brilliant Blue staining

PVDF membranes were stained with the Coomassie Brilliant Blue stain, a
triphenylmethane dye that attaches to alkaline amino acids, for 1-2 hrs and
afterwards destained with Coomassie destaining solution, where appropriate, to

control for equal protein loading.

6.2.6 Statistics

Differences between experimental groups during the FRET-recordings using
AKARIII' were analysed using Student’s t-test, differences between more than two
groups were analysed using one-way ANOVA followed by Bonferroni“s post-hoc
test as appropriate at the significance level of 0.05. Other statistical comparisons
were performed by one-way ANOVA (in vitro kinase assays with HEK293T
lysates) or two-way ANOVA (FRET analysis using cGi500) followed by
Bonferroni’s multiple comparisons test; Student’s t-test comparing samples with
the same cGMP concentration (cGMP-binding assays). Arteriolar diameter

changes were normalised to the respective maximal possible response:

% of maximal response = (Dg , wDcon)(Ppax—Pcon) * 100

where D is the diameter in the presence of the substance, D the control

Subst
diameter before application and D,,_ the respective maximal diameter observed
for each vessel during the experiment. Data within groups were compared using
paired t-test and corrected according to Bonferroni for multiple comparisons.
Quantitative data are given as mean + S.E.M and a value of P < 0.05 was

considered significant.
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7 Results

7.1 HNO induces vasorelaxation in isolated murine mesenteric arteries
Mesenteric arteries are key to blood pressure regulation and contribute to a large
extent to the total peripheral resistance (Christensen and Mulvany 1993). They
arise from the aorta and supply the intestine with oxygen and nutrients. To
confirm vasorelaxation in response to HNO donors, vasotone measurements
were performed in vitro using isolated murine mesenteric arteries. Third-order
mesenteric arteries from WT male mice on a C57BL/6 genetic background were
isolated and subjected to wire myography measurements. Prior to vasotone
measurements, arteries were pre-constricted with the thromboxane A2 receptor
agonist U-46619 (100 nmol/L). The concentration-response curves to both HNO
donors, namely the short-lasting agent AS and the longer-lasting agent NCA,
were constructed in a cumulative fashion. In mesenteric arteries, AS induced
concentration-dependent vasorelaxation with an ECsg of 0.44 uymol/L (ECso 0.44
pmol/L £ 0.6 ymol/L; 1-2 vessels per mouse from 4 mice) (Figure 8A). Similarly,
NCA was able to dilate isolated mesenteric arteries with an ECso of 2.96 ymol/L
(ECs0 2.96 + 0.47 pmol/L; 1-2 vessels per mouse from 4 mice) (Figure 8B).
Subsequently, western immunoblot analysis was performed in homogenates
from mesenteric arteries under non-reducing conditions, using a PKGla-
antibody. The PKGla monomer was detectable at 75 kDa, the PKGla
interdisulfide dimer at 150 kDa. Representative immunoblots revealed that both
HNO donors enhanced interprotein disulfide formation in homogenates from WT
mesenteric arteries (Figure 8C). The band corresponding to the interdisulfide
dimer was absent under reducing western blotting conditions and thereby proving
the oxidative character of this modification. Interestingly, the antibody detected
additional bands, which migrated below the monomer in samples treated with AS
and below the interdisulfide dimer band in samples treated with NCA. Due to the
observation that these bands were also only detectable under non-reducing
western blotting conditions, it was likely to hypothesize that they represented
oxidative modifications of other cysteines in PKGla. Interestingly, in the literature,
intradisulfide formation in PKGla had been reported previously (Landgraf et al.
1991; Eaton 2006).
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Figure 8: HNO-mediated vasorelaxation in murine mesenteric arteries in vitro.
The effect of AS (A) or NCA (B) on vasorelaxation was assessed in isolated
mesenteric arteries from WT mice. U46619 (100 nmol/L) was used to preconstrict
vessels. Subsequently, increasing concentrations of NCA (0.1, 0.3, 1, 3, 10, 30, 100,
300 ymol/L) or AS (0.1, 0.3, 1, 3, 10, 30, 100 pmol/L) were administered. Experiments
were performed in 1-2 vessels obtained from at least 4 animals for each HNO donor.
Immunoblot analysis for PKGla. was performed under reducing (R) or non-reducing
(NR) conditions to correlate kinase conformation in response to HNO donors AS and
NCA in endogenous PKGla with alterations in vascular tone. The vessels, which were
used for immunoblotting were exposed to NCA (30 pymol/L for 30 min) or AS (3 pmol/L
for 15 min) (adapted from Donzelli, Goetz et al. 2017).

7.2 NOXICAT analysis reveals cysteine oxidation in response to HNO
donors in PKGla
To identify redox-modified cysteines in recombinant human PKGla, the NOxICAT
methodology was combined with HNO application in collaboration with Prof.
Leichert (Lindemann and Leichert 2012). These experiments were predominantly
performed by Dr. Sonia Donzelli and were an essential milestone in this
dissertation project. The method allowed to differentiate between reduced and
HNO-oxidised cysteinyl thiol residues via selective labelling with light or heavy
ICAT isotopes and subsequent analysis by mass spectrometry. Thereby, this
method also allowed a quantitative as well as a qualitative analysis of cysteine
oxidation.
In these experiments, pre-treatment with the reducing agent DTT was crucial,
otherwise recombinant PKGla would have been completely oxidised by air.
Therefore prior to the start of the experiment, recombinant PKGla was exposed
to various DTT concentrations to ascertain that the majority of the kinase was in
its reduced state, before HNO-mediated oxidation was performed in an anaerobic
environment. PKGla contains 11 cysteines. Amongst the cysteines that were
found oxidised by HNO exposure, was C42 as expected (Figure 9). Surprisingly,
C117 and C195 were also found to be modified after exposure to HNO.
Despite DTT-prereduction, C42 was already partially oxidised under basal
conditions, before the treatment with the HNO donors, whilst C117 and C195
were predominantly found in their reduced state. This demonstrates that C42 is
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highly susceptible to oxidative modification. In response to the HNO donor AS,
C42 was completely oxidised. C117 as well as C195 were half-maximally
oxidised, however, to a similar extent. In response to the HNO donor NCA, C42
as well as C117 and C195 were found to be completely oxidised. The oxidative
modification of C42 in response to both HNO donors was in accordance with the
previously described interdisulfide bond forming between two PKGla. monomers
(Burgoyne et al. 2007). Recapitulating the similar extent of oxidation of C117 and
C195, it was likely to hypothesise that these two cysteines might form an
intradisulfide bond. Also, the existence of such an intradisulfide bond had been
demonstrated previously by the analysis of the crystal structure (Osborne et al.
2011). As the oxidative modification particularly of C117 and C195 was more
pronounced in response to NCA-treatment, further experiments focused

predominantly on the experimental HNO donor NCA.
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Figure 9: Identification of HNO-modified cysteines in PKGla by NOxICAT.
Exposure of recombinant human PKGla to the HNO donors AS and NCA induced
oxidation of C42, C117 and C195 in PKGla. Fourier Transform Mass
Spectrometry spectra are expressed as the relative abundance of the detected
peptides in mass charge (m/z) containing C42 (left), C117 (middle) and C195
(right) in response to vehicle (top), NCA (25 mmol/L for 15 min; middle) or AS (25
pmol/L for 15 min; bottom). Quantification of the detected oxidised (pink) versus
reduced (blue) peptide fraction is shown as percent of the total detected peptides
(adapted from Donzelli, Goetz et al. 2017).

7.3 Assessment of PKGla activity in cells

Interestingly, C117 and C195 are localised in the high-affinity cGMP-binding
pocket of PKGla as shown previously in the crystal structure (Osborne et al.
2011). As this is the high affinity site of second messenger binding and this might
be a crucial position with regard to PKGla activity, it could also explain effects on

vasorelaxation as observed in mesenteric arteries. The vasodilator-stimulated
phosphoprotein (VASP) is one of the established substrates, which is
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phosphorylated by PKGla and therefore changes in VASP phosphorylation can
be directly correlated with PKGla activity (Krause et al. 2003). To increase signal
intensity and improve signal detection, the VASP signal was boosted by co-
transfection of a VASP-mCherry plasmid with PKGla-WT and the various PKGla-
mutants: the non-interdisulfide forming mutant PKGla-C42S or the non-
intradisulfide mutant PKGla-C117/195S. Transfected and non-transfected cells
were controlled using a brightlight-filter and a RFP-filter to ensure successful
transfection with VASP-mCherry. Transfected cells were treated with vehicle
(DMSO 0.02%, 30 min) or NCA (100 pmol/L; 30 min). Subsequently, western
immunoblot analysis for phosphorylated VASP (pVASP) and PKGla was
performed under reducing (R) and under non-reducing (NR) conditions. Western
immunoblot analysis for PKGla. showed under NR conditions the monomer at 75
kDa and the interprotein disulfide dimer at 150 kDa. NCA treatment increased
PKGla interprotein disulfide dimer formation (Figure 10A), similarly as in
samples from the mesenteric arteries. The additional band below the PKGla
monomer likely corresponds to an intradisulfide that forms upon NCA exposure.
The interdisulfide dimer was absent in cells transfected with the PKGIla-C42S
mutant as expected, whereas the intradisulfide signal below the monomer
remained. Importantly, in cells transfected with the PKGIla-C117/195S mutant,
the putative intradisulfide signal was absent, strongly suggesting involvement of
C117 and C195 in intradisulfide bond formation in PKGla. The interdisulfide
dimer was, as expected, detectable in cells transfected with the PKGla-
C117/195S mutant. In response to NCA, phosphorylation of VASP was enhanced
in PKGla-WT expressing cells, compared to vehicle-treated controls, suggesting
an activatory effect of NCA on PKGIla-WT (Figure 10B, 10C). This effect was
abolished in the non-interdisulfide forming PKGIla-C42S, suggesting a crucial role
of this cysteine with regard to PKGla activity, which might be due to subcellular
redistribution into substrate vicinity followed by substrate phosphorylation (Figure
10C). In cells expressing the non-intradisulfide forming mutant, VASP
phosphorylation was potentiated. However, the effect on VASP-phosphorylation
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did not reach significance in cells expressing the PKGlo-mutants compared to

PKGloa-WT expressing cells.
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Figure 10: VASP-phosphorylation in response to the HNO donor NCA.
HEK293T-cells were transfected with PKGla-WT or PKGla mutants PKGla-C42S
or PKGIla-C117/195S and VASP-mCherry and exposed to NCA (100 pmol/L for
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positions of monomeric (75kDa), inter- (150 kDa) and intradisulfide (below
150 kDa) PKGla are indicated. For detection of VASP phosphorylation (pVASP),
western immunoblotting was performed under reducing conditions (R) (C).
Densitometry was performed using Imaged and NCA-treated samples were
normalised to the respective control and shown in arbitrary units (A.U.) (B). Data
are representative of 9 independent experiments. Data are given as mean £ SEM,
using two-way ANOVA.

7.4 FRET measurements using the AKARIll-sensor

To investigate the functional consequences of the intradisulfide on PKGla. activity
using an independent methodology, measurements using Forster Resonance
Energy Transfer (FRET) technology were performed (Forster 1948). FRET is a
well-established method, which uses a genetically encoded reporter construct
expressing two fluorophores as well as a substrate- and a phosphopeptide-
binding domain. Phosphorylation leads to a conformational change. Donor and
acceptors are coming in close proximity, leading to an increased FRET signal
(Wu and Brand 1994). As shown previously by Prof. Nikolaev and his group, the
A-Kinase activity reporter Ill (AKARIII), generated in order to assess activity of
PKA, contains a substrate domain that is also recognised by PKG and was
therefore considered suitable for the present study (Allen and Zhang 2006;
Gambaryan et al. 2012). The reporter was used to measure alterations in PKGla
activity in living cells. HEK293A cells were co-transfected with the AKARIII-
sensor-plasmid and PKGla-WT, PKGIla-C42S or PKGla-C117/195S and
exposed to the HNO donor NCA. NCA-exposure of cells co-transfected with
PKGIla-WT enhanced the FRET signal when compared to cells transfected with
AKARIII only. Thereby, it could be confirmed that the AKARIII may as well
function as a suitable readout for the assessment of PKGla kinase activity. In
cells expressing the PKGla-C42S mutant, the AKARIII FRET-response was
significantly reduced compared to cells expressing PKGla-WT (Figure 11). In
cells expressing the non-intradisulfide forming mutant PKGla-C117/195S, the
FRET signal was slightly reduced compared to PKGla-WT-expressing cells,
however, remained statistically non-significant. Regarding the values of single
measurements, particularly the cells transfected with PKGla-WT displayed a

broader scatter when compared to the PKGIa-C42S mutant transfected cells
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(Figure 11, right panel). The FRET measurements suggested that PKGla-
activity in response to NCA was dependent on C42 oxidation and less affected
by intradisulfide formation between C117/195, as the FRET ratio was diminished

to a lesser extent when these cysteines were mutated.
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Figure 11: Assessment of PKGla activity using AKARIIl FRET-
measurements. HEK293A cells were plated onto cover slips and co-transfected
with PKGla-WT or PKGla mutants PKGIla-C42S or PKGIa-C117/195S and the
AKARIII sensor. After 48 hrs, the cells were transferred to the FRET setup and
controlled for cell viability. Cells with optimal sensor expression were selected for
subsequent experiments. After 3 min and at a stable baseline, NCA (100 umol/L)
was added to the chamber. When a plateau of the response was reached,
Forskolin (50 mmol/L) and IBMX (100 mmol/L) were added to induce a maximal
FRET response. FRET results in response to NCA are shown in relation to the
maximal response induced by Forskolin/IBMX. Bar charts summarise the data
obtained from 18-29 cells. Data are given as mean + SEM. ** indicates P<0.006
for Brown-Forsythe-test, *** indicates P<0.008 for ordinary one-way Anova.

7.5 Assessment of PKGla activity in vitro

In order to establish a further readout for PKGla activity, HEK293T-cells were
transfected with PKGla-WT, PKGla-C42S, PKGIla-C117/195S or PKGla-
C42/117/195S. Non-transfected cells served as a control. Transfected and non-
transfected cells were exposed to AS (500 pmol/L for 15 min) or NCA (100 pmol/L
for 30 min). Kinase activity was analysed by assessing substrate phosphorylation
in the presence of radiolabelled y*?P-ATP and autoradiography. PKGla-WT
activity was significantly increased in response to the HNO donor NCA as
reflected by enhanced phosphorylation of the recombinantly expressed C1-M-C2
domain of cardiac myosin-binding protein C, an established substrate of PKGla
(Figure 12A) (Thoonen et al. 2015). Replacement of C42 or C117/195 by an
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oxidation-resistant serine significantly reduced substrate phosphorylation in
response to NCA and AS, which was completely abolished in the triple mutant
PKGla-C42/117/195S (Figure 12A, 12B). These results suggest that NCA and
AS activate PKGla as reflected by increased substrate phosphorylation in
PKGIla-WT and that activity is dependent on the oxidative modification of C42,
C117 and C195. Interestingly, NCA and AS showed a distinct behaviour with
regard to their impact on substrate phosphorylation: whilst NCA-induced
substrate phosphorylation was significantly reduced after replacement of
C117/195 (Figure 12A), AS induced substrate phosphorylation was more
dependent on the presence of C42 (Figure 12B).

Western immunoblotting under non-reducing conditions using a PKGla-antibody
was used to correlate the PKGlo oxidation status with PKGla substrate
phosphorylation in response to NCA and AS (Figure 12C). Western
immunoblotting revealed monomeric PKGla migrating at 75 kDa and the PKGla
interprotein disulfide dimer at 150 kDa in cells transfected with PKGla-WT in
response to NCA or AS. Interestingly, an additional band below the dimer was
again detectable, potentially representative of the intradisulfide in PKGla. This
was particularly evident in samples treated with NCA, but also in PKGla-WT
samples treated with AS. Under both experimental conditions, the intradisulfide
was detectable below the dimer. The intradisulfide was absent in samples treated
with decomposed NCA (100umol/L; 30 min) or DMSO as the corresponding
solvent for NCA (0.02%; 30 min) (Figure 12C; upper panel). Furthermore, in
samples treated with NaOH as a solvent control of AS, nitrite (NO2"), a by-product
released during decomposition of AS, or decomposed AS (500 umol/L for
15 min), there was no intradisulfide detectable (Figure 12C; lower panel),
providing evidence that the release of HNO rather than a by-product was
responsible for the oxidative modification in PKGla. In cells expressing PKGla-
C42S, as expected, no interdisulfide formation was detectable, with only the
monomer and the intradisulfide band below the monomer apparent in response
to NCA treatment. Importantly, replacement of either C117 or C195 was sufficient
to abolish the appearance of the lower band, again consistent with the hypothesis
that formation of an intradisulfide between C117 and C195 is responsible for the
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appearance of the additional band. In the triple mutant, only monomeric PKGla
was detectable after HNO treatment. Importantly, treatment with 2-
mercaptoethanol reduced the interdisulfide-linked dimer and also the faster
migrating bands, an observation consistent with an oxidative nature of the
modification in PKGla. Taken altogether, these findings further supported the

formation of an intradisulfide in PKGla.
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Figure 12: Effect of HNO-mediated PKGla oxidation on kinase activity.
HEK293T cells were transfected to express PKGla-WT or various mutants
PKGIla-C42S, PKGIla-C117/195S, PKGIla-C42/117/195S and exposed to (A)
NCA (100 pmol/L for 30 min), (B) AS (500 umol/L for 15 min). In vitro kinase (IVK)
assays were performed in cell lysates by addition of recombinant Hise-tagged C1-
M-C2 domain of cardiac myosin-binding protein C as a substrate in the presence
of y3?P-ATP. Substrate phosphorylation was detected by autoradiography. Bar
charts represent the results of 5 independent experiments. Data are expressed
as *P < 0.05, **P < 0.01, **P < 0.001 by comparison against each respective
unstimulated control or WT after HNO-exposure. Immunoblotting for PKGla
under non-reducing (NR) or reducing (R) conditions was performed in the same
samples (C). In addition, HEK293T cells were transfected to express PKGlo-WT
and exposed to NCA (100 umol/L for 30 min) or the respective controls, namely
DMSO or decomposed NCA donor compound; AS (500 pmol/L for 15 min) or the
respective controls NaOH, nitrite (NO2-) or decomposed AS. Representative
immunoblots show PKGla migrating at 75 kDa (monomer) and 150 kDa (dimer).
n.s.: non-significant; dec: decomposed (adapted from Donzelli, Goetz et al.
2017).

7.6 FRET measurements in murine VSMCs using cGi500

Intradisulfide formation may modulate kinase activity by affecting cGMP-binding
to the kinase. This hypothesis was addressed in permeabilised mouse VSMCs
isolated from transgenic mice, stably expressing the FRET-based cGMP-
biosensor cGi500 comprising the cGMP-binding domains of PKGla including
C117 and C195. The FRET-sensor binds cGMP with an ECso of 500 nmol/L and
relates conformational changes upon cGMP-binding into changes in the FRET
ratio. To exclude the possibility of endogenous cGMP formation by sGC in
response to HNO donor-treatment, cells were permeabilised with B-Escin to
maintain intracellular cGMP concentrations low. Furthermore, experiments with
ODQ, a pharmacological inhibitor of sGC were performed to further exclude
FRET-alterations that are mediated by cGMP-production by sGC and to be able
to correlate changes in the FRET ratio exclusively to superfused cGMP (data not
shown).

Isolated VSMCs of transgenic mice expressing the FRET-based cGMP-
biosensor cGi500 were subjected to increasing cGMP concentrations before and
after exposure to NCA and simultaneously FRET signals were recorded (Figure
13A). Hereby, an increased FRET ratio reflects cGMP-binding to the sensor. As

shown by the representative FRET trace, cGMP addition leads to enhanced
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FRET signals in a concentration-dependent manner, as expected. DMSO had no
effect on the FRET-ratio. Exposure to NCA alone induced an increased FRET
signal in the absence of cGMP (Figure 13B). This result suggests that NCA-
induced oxidation of the sensor - and thereby intradisulfide formation - induces a
conformational change that may mimic cGMP-binding. Moreover, subsequent
exposure to increasing cGMP concentrations resulted in significantly smaller
FRET-changes than the same cGMP-concentration prior to NCA treatment,
suggesting a competition of intradisulfide formation and cGMP-binding. Based on
this observation, it is possible that oxidation of endogenous PKGlo during
conditions of enhanced generation and release of ROS may impact on cGMP-

binding to the kinase.
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Figure 13: Assessment of intradisulfide-induced changes in the cGMP-
binding domain of PKGla. 3-Escin-permeabilised primary mouse VSMCs stably
expressing the FRET sensor cGi500 were superfused with intracellular-like
medium (ICM) containing increasing concentrations of cGMP (0.1, 1, 10 ymol/L).
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This was followed by incubation with DMSO (0.02%, A) or NCA (100 pmol/L, B)
and by another incubation with ICM supplemented with increasing concentrations
of cGMP (0.1, 1, 10 ymol/L). Changes of the FRET signals were recorded by
FRET-microscopy. Representative FRET traces are shown on the left. The bar
charts on the right summarise the FRET results from 10 cells per group as the
AR/ARO (amplitude relative to the signal induced by the first application of 10
pmol/L cGMP) induced by cGMP incubation before (white bars) or after exposure
to DMSO (black; A) or NCA (red; B). *P <0.01, **P <0.01, ***P <0.001,
comparing cGMP-induced changes in FRET ratio before and after DMSO or NCA
by two-way ANOVA (adapted from Donzelli, Goetz et al. 2017).

7.7 c¢GMP-binding assays using *H-cGMP

As suggested by previous results, the intradisulfide forms in the high affinity
binding domain in response to NCA and might alter cGMP-binding to the kinase.
Therefore, cGMP-binding assays were performed. Recombinant human PKGla
was reduced by exposure to DTT (100 mmol/L) or oxidised by exposure to the
HNO donor NCA (100 ymol/L) in order to induce inter- and intradisulfide bond
formation.

Recombinant reduced or oxidised PKGla was incubated with increasing
concentrations of unlabelled cGMP that was spiked with 3H-cGMP. 3H-cGMP
binding to the kinase was analysed using scintillation counting and the bound
fraction of cGMP was calculated (Figure 14). cGMP-binding to the NCA-oxidised
kinase was significantly reduced compared to the DTT-reduced kinase,
corroborating previous results that the intradisulfide might counteract cGMP-
binding to PKGla.
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Figure 14: In vitro cGMP-binding to PKGla after exposure to DTT (100 mmol/L
for 10 min; black squares) or NCA (100 pmol/L for 30 min; red dots) was
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investigated by measuring binding of 3H-cGMP in the presence of increasing
concentrations of unlabelled cGMP (0, 10, 30, 100, 300, 1000 nmol/L). The data
are representative of 5 independent experiments. *P <0.05, **P <0.01, ***P
<0.001, comparing exposure to DTT or NCA at the same cGMP concentrations
by t-test (adapted from Donzelli, Goetz et al. 2017).

7.8 NCA by-products in combination with oxidants induce intraprotein
disulfide bond formation

To test whether other oxidant stimuli are able to induce intradisulfide formation,
HEK293T cells were transfected to express the PKGla-C42S mutant and were
subsequently exposed to various oxidative stimuli. By using the PKGla-C42S
mutant, the aim was to exclude interdisulfide formation and focus solely on the
intradisulfide. However, only after exposure to NCA, the intradisulfide was
detectable, but not after exposure to other oxidants (Figure 15A).

The scaffold compound of NCA, 3MNCA, which does not release HNO in a
significant manner, was demonstrated in previous studies to induce the formation
of GSSG from GSH (Shoman et al. 2011). Regarding our observation that NCA
induced the formation of an intrasulfide on PKGla and treatment with other HNO
donors resulted in less pronounced intradisulfide formation, it was hypothesised
that the scaffold might be of structural importance for intradisulfide formation. To
evaluate the role of the scaffold, HEK239T cells were transfected with the PKGla-
C42S mutant and were treated with a combination of various oxidative stimuli and
the scaffold compound 3MNCA (Figure 15B). Combined treatment with oxidants
and the scaffold compound 3MNCA resulted in intradisulfide formation in PKGla.
To determine, whether 3MNCA alone is sufficient to induce intradisulfide
formation, the extent of intradisulfide formation was compared and quantified in
cells transfected with PKGla-WT, which were exposed to NCA or 3MNCA
(Figure 15C). 3MNCA was able to slightly induce intradisulfide formation,

however, this effect was significantly increased after exposure to NCA.

73



kDa

NCA NaOH H202 CysNO GSNO IPA/NO Sper/NO

IB: PKGla (NR)

kDa

NCA NaOH  H202 CysNO GSNO IPA/NO SperNO

+3MNCA

kDa

150 —

IB: PKGla (NR)

75 =

DMSO 3MNCA NCA 3MNCA NCA 3MNCA NCA

Figure 15: Combined treatment of 3MNCA and oxidants induce intraprotein
disulfide bond formation in PKGla. HEK239T cells were transfected with
PKGIla-C42S (A,B) or PKGla-WT (C). Cells were exposed to NCA (100 umol/L
for 30 min), NaOH (10 pmol/L for 15 min), H2O2 (100 ymol/L for 10 min), CysNO
(100 pmol/L for 10 min), GSNO (100 pmol/L for 10 min), IpaNO (100 umol/L for
10 min) and SperNO (100 umol/L for 10 min). Cells were additionally treated with
3MNCA (100 umol/L for 30 min) (B, C). Cells were harvested under non-reducing
conditions and probed using a PKGla-antibody. Intradisulfide bond formation was
detectable in cells treated with NCA as well as in cells, which were treated with a
combination of 3MNCA and other oxidants. 3AMNCA was sufficient to induce
formation of the intradisulfide bond albeit with a low stoichiometry (C).

7.9 Regulation of cremaster arteriolar dilation by HNO donor compounds
After molecular characterisation of the intradisulfide in vitro, the next aim was to
correlate HNO application in vivo with intradisulfide formation in endogenous
PKGla. In collaboration with Prof. C. de Wit and Dr. K. Schmidt, well-established
intravital imaging of the cremaster muscle microcirculation was performed. In
anesthetised and ventilated mice, the thin, highly vascularised cremaster muscle
was prepared for intravital microscopy to study microvascular networks including
arterioles (NCA; n = 68 arterioles in 6 mice; AS; n = 73 arterioles in 6 mice) (Wolfle
and Wit 2005). Vascular responses were recorded during the experiment and
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quantified afterwards. Prior to the experiments, the diameter of the arterioles was
assessed (maximal diameters between 13 and 49 ym) and the average diameter
was comparable between the intervention groups (NCA: 27.6 + 0.8 um; AS 29.2
+ 0.9) (Figure 16A, B). The arterioles showed spontaneous tone (depicted as the
quotient of the resting and maximal diameter) with a mean of 40 + 1% (ranging
from 10 to 85%). The spontaneous tone exhibited by the arterioles was similar in
both groups (NCA: 41 + 2%, AS: 40 £ 2% of maximal diameter; p = 0.63). Every
artery was used as its own control and predilated with the endothelium-
dependent vasodilator ACH (10 umol/ L) to ensure vascular responsiveness in
each experiment. After washout, DMSO was applied as a vehicle for NCA and
washed out again. Addition of NCA (50 pmol/L) nearly doubled arteriolar
diameter. A summary of independent experiments revealed that ACH as a
positive control was able to induce approximately 80% of the maximum response
in both intervention groups showing intact endothelial function and dilator
capacity (NCA: 82 £ 3%; AS 91 + 2% of the maximum response). DMSO did not
induce vasorelaxation, but on the contrary, a small constriction (from 11.6 £ 0.8
to 19 £ 0.8; p <0.05). However, NCA (10 ymol/L) induced vasorelaxation was
comparable to the response evoked by ACH (dilation from 11.0 £ 0.9 to 24.6 +
0.8 um). At a higher concentration, NCA (50 pymol/L) induced an even more
pronounced vasorelaxation (26.3 £ 0.8 ym; p <0.05 vs. 10 ymol/L NCA).
Similarly, application of 3 ymol/L AS induced a significant vasorelaxation in
arterioles (from 11.6 £ 0.8 ym to 19.0 £ 0.8 ym) and a higher concentration of AS
(50 pmol/L) dilated the arterioles even more (to 23.8 £ 0.8 ym). By western
immunoblotting, kinase oxidation state was correlated under NR conditions and
showed predominantly intradisulfide formation in response to NCA. These results

are in line with the vasotone measurements in mesenteric arteries.
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Figure 16: Correlation of intradisulfide formation in endogenous PKGla
with HNO-mediated vasorelaxation in vivo. Both HNO donors induced
concentration-dependent vasorelaxation in arterioles in vivo. The effect of NCA
was studied in 68 vessels from 6 mice. The effect of AS was studied in 73 vessels
from 6 mice. Data are given as mean + SEM. *** indicates P <0.001 for paired
comparisons (t-test). Western immunoblot analysis for PKGla was performed
under reducing (R) and non-reducing (NR) conditions in isolated cremaster
muscles exposed to NCA (50 pmol/L) or AS (50 pmol/L). Black arrows indicate
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the positions of monomeric (75 kDa), inter- (150 kDa) and intradisulfide (below
150 kDa) PKGla (adapted from Donzelli, Goetz et al. 2017).
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8 Discussion

Studies support the contemporary view that oxidants have cellular signalling
properties and are crucial for the maintenance of organ and tissue homeostasis
(Cuello and Eaton 2018). Thereby, the opinion that oxidative posttranslational
modifications in target proteins are responsible for transducing an oxidant signal
into a biological response has only started to emerge. The present study
contributes a puzzle piece to the broader understanding on how oxidants regulate
vasotone and thus might be therapeutically exploited. It demonstrates and
characterises thoroughly intradisulfide bond formation in PKGla, precisely in the
high affinity cGMP-binding pocket (Donzelli, Goetz et al. 2017). This is not entirely
new, in fact, Hofmann and colleagues were the first to describe the presence of
an intradisulfide bond in PKGla that formed in response to metal-ion induced
oxidative stress in vitro (Landgraf et al. 1991). Later-on, it was also observed in
the crystal structure of the regulatory domain of PKGla, suggesting a constitutive
rather than an inducible character of this modification (Osborne et al. 2011). The
initial observation in the present study that HNO donors induced oxidative
modification of C117 and C195 that are forming the intradisulfide was a chance
finding and thus unexpected. Central focus of this thesis project was to rationally

elucidate whether this intradisulfide might impact on the function of PKGla.

8.1 HNO induces vasorelaxation in isolated murine mesenteric arteries

The vasorelaxing effect of HNO donors such as NCA was described previously.
This was confirmed experimentally in the present thesis. It was shown that HNO-
mediated vasorelaxation was partially dependent on the modulation of voltage-
dependent K*-channels and CGRP receptors (Donzelli et al. 2012), with sGC
activation contributing as the main effector. Consequently, in sGC KO mice
studied by Zhu et al., vasorelaxation in response to the HNO donor CXL-1020
was abolished, whilst the positive inotropic effect was maintained (Zhu et al.
2014). However, these mice might have potential adaptational issues due to the
genetic deletion of sGC. Other groups demonstrated that HNO-induced
vasorelaxation was attenuated, but not completely abolished by pretreatment
with the sGC inhibitor ODQ, suggesting additional targets of HNO in the
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vasculature that contribute to HNO-mediated vasorelaxation. A candidate was
initially postulated to be interdisulfide formation via C42 in PKGla. This was
logical to assume, as NCA shares the oxidant properties of H2O>. Dimer formation
of PKGla induced by H20O. was described to activate the kinase independently of
sGC by altering its subcellular localisation (Burgoyne et al. 2007). This is a topic
of intense discussion in the current literature as the leucine zipper is structurally
distant from the catalytic site of the kinase and thus the impact of interdisulfide
formation on the activity status of PKG is difficult to reconcile (Moon et al. 2018;
Sheehe et al. 2018).

To evaluate qualitative and quantitative HNO-mediated modifications of PKGla,
a differential isotope-based thiol-trapping mass spectrometry-based approach
was used, namely NOxICat methodology. PKGla contains a total of 11 cysteines
(Takio et al. 1984), some of which have been described and characterised
previously as redox sensors (Landgraf et al. 1991; Burgoyne et al. 2007). Using
NOxICAT, oxidative modification of C42, C117 and C195 in PKGla upon
exposure to HNO could be demonstrated. These data showed that C42 was
susceptible to oxidation also under basal conditions, whilst C117 and C195 were
only oxidised in response to HNO donors. Equal levels of oxidation of C117 and
C195 caused by NCA or AS treatment were indicative of a modification involving
both cysteines such as an intradisulfide bond formation. Whilst interprotein
disulfide formation via C42 has been extensively investigated and characterised,
information regarding the putative impact of C117 and C195 oxidation on PKGla
functions is scarce (Burgoyne et al. 2007; Prysyazhna et al. 2012; Burgoyne et
al. 2012b; Kalyanaraman et al. 2017).

This intradisulfide, which forms in the high affinity cGMP-binding site and can be
considered to be in a more rational position for regulating kinase activity than C42
in the leucine zipper domain.

The intradisulfide between C117 and C195 was observed in the crystal structure
comprising the regulatory domain of PKGla (Osborne et al. 2011). This
observation would be consistent with a constitutive disulfide. Indeed, in these
studies from the Dostmann laboratory, it was suggested that this intradisulfide

most likely mediated the oxidative activation of the kinase. However, it is clear
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from the observations reported here that cellular PKGla, and especially C117 and
C195, are predominantly found in their reduced state under basal conditions, with
cysteine modifications including disulfide bond formation only accumulating when
oxidant levels are elevated. In the crystallography experiments, the kinase was
crystallised at ambient molecular oxygen and in buffer conditions that are free
from thiol-reducing agents such as TCEP, thioredoxin or glutathione, which could
help to capture solvent accessible cysteinyl thiols in their reduced state. This
might explain the presence of the intradisulfide in the crystal structure.
Interprotein disulfides in PKGloa or protein kinase A RI (PKARI) have been
originally described as constitutive structural bonds (Monken and Gill 1980;
Sarma et al. 2010), but were found later to be basally absent without pro-oxidant
interventions (Brennan et al. 2006; Burgoyne et al. 2007). Recently, S-
guanylation of C195 by nitro-cGMP was reported as a novel modification of
PKGla, leading to persistent kinase activity (Akashi et al. 2016). As S-guanylation
occurs at reduced thiols, this provides independent corroboration of the
observations made here that the intradisulfide is largely not present in the
absence of pro-oxidant conditions.

Taken together, the results showing cysteine oxidation in PKGlo would be
consistent with structural studies showing that PKGla forms an intradisulfide at
this location. However, NOxICAT analysis cannot give a definitive proof of this

modification.

8.2 VASP Phosphorylation

Changes in VASP phosphorylation can be linked to changes in cellular PKGla
activity also with regard to its various and partially kinase-specific
phosphorylation sites, namely S157 and S239, with the latter being primarily a
target of PKG phosphorylation. Nevertheless, also other phosphorylation sites
might be targeted by PKGla. Therefore, in our studies we used a pVASP-
antibody, specifically detecting phosphorylation at S239. Assaying changes in
VASP-phosphorylation showed an activatory effect of the HNO donor NCA on
PKGla-WT-activity, suggesting that indeed part of the vasorelaxation induced by
HNO donors may be mediated by PKG activation. The reduction of VASP-
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phosphorylation observed in the PKGla-C42 mutant confirms a link between
deficiency in interdisulfide formation and impaired kinase activity.
Phosphorylation of VASP in cells transfected with the PKGIla-C117/195S mutant
remained unchanged compared to PKGIla-WT expressing cells. In the present
experiments, VASP phosphorylation by the phosphospecific antibody revealed a
double band. Here, the upper band migrating at approximately 50 kDa of the
signal was used as a readout of VASP-phosphorylation. The double band can be
rationalised by the fact that phosphorylation might induce a molecular weight shift
from 46 kDa to 50 kDa in this case (Holt et al. 2016). One could consider the
whole signal as well as a readout of VASP phosphorylation, which was calculated
as well but revealed no difference. Moreover, results were calculated from the
absolute values and controlled for equal loading using coomassie staining. An
alternative would be to calculate the ratio of pVASP and total VASP amount
(tVASP), which was in our hands indifferent, but might be more precise. Taken
together, the results showed a substantial variance between the different
experiments. As an alternative, we also looked therefore for VASP
phosphorylation in serum starved cells, to exclude effects of the serum or growth
factors included in the serum on signalling pathways. Unfortunately, overnight
cell-starvation did not improve signal quality and did not reduce the variance
(results not shown).

Even though this experiment showed a trend, it did not allow to make a definitive
conclusion on whether PKG activity was altered in response to HNO due to the
variance between experiments. Moreover, this could be interpreted that VASP
was maybe not a favoured target of HNO-modulated PKGla. Congruent with this,
Eaton et al. showed that new antihypertensive compounds, which increase
interprotein disulfide in PKGla bond formation leading to vasorelaxation, did not
increase VASP phosphorylation at S239, whereas exposure to 8-br-cGMP had
the ability to do so (Burgoyne et al. 2017). Moreover, further studies could show
that phosphorylation of PKGla targets in cardiomyocytes can behave differently
after oxidant- or cGMP- induced activation, which might explain the findings in
these studies (Scotcher et al. 2016). Due to its proximity to the leucin zipper

domain, the interdisulfide involving C42 might be in a more rationale position for
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regulation kinase localisation and thereby induce target phosphorylation and
confer downstream signalling.

Taken together, these studies could mainly confirm activation of PKG by NCA
and increased VASP phosphorylation in PKGla-WT-transfected cells, but the
experimental setup was found not suitable to evaluate the role of the

intradisulfide.

8.3 FRET measurements using the AKARIll-sensor

FRET measurements were performed in HEK293A cells co-transfected with the
AKARIll-sensor as well as the various PKGla constructs. Only the more adherent
HEK293A-subtype was found suitable to perform FRET-experiments in living
cells, whereas HEK293T cells detached during the experiments and thus
disrupted the FRET measurements. Prior to the experiments, the HNO donor
NCA was tested in a cell-free chamber to exclude autofluorescence of the
compound itself contributing to the measurement. HEK293A-cells were used as
the cell-line of choice as they are easy to transfect and do not express large
quantities of the relevant components of the here studied PKGla signalling
cascade (Thomas and Smart 2005). In HEK293A-cells transfected solely with the
AKARIll-sensor, it was evaluated whether NCA might target or activate the
sensor directly, which was not the case. Moreover, 3MNCA, the scaffold of NCA,
which does not release HNO was tested in cells transfected with AKARIII and
PKGla-WT, to ensure that observed effects on the fluorescence ratio are due to
HNO release by NCA and not due to an effect of a by-product. Also, DMSO was
tested in the applied concentration (0.01%) to exclude any vehicle effects. After
~25 frames of (= 125 secs.) baseline measurement NCA was applied to the cells
followed by forskolin (Brophy et al. 2002). The majority of WT-transfected cells
showed an increase in the FRET signal, suggesting PKGla activation in response
to NCA. This was significantly reduced as expected in cells transfected with the
PKGla-C42S mutant and supported previous findings regarding PKGla activity
in response to oxidants (Burgoyne et al. 2007). In the double mutant, alterations
in the FRET-signal were very similar to PKGla-WT-expressing cells, suggesting

that formation of an intradisulfide would have no effect on PKGla activity.
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However, it is important to keep in mind that in these experiments the AKARIII
sensor was employed that has been developed to assay PKA activity
(Gambaryan et al. 2012; Zhu et al. 2016). To date there is no G-Kinase FRET
sensor available, but with regard to the shared consensus domain of the AGC-
kinase family, usage of the AKARIIl could be considered suitable, when
employing appropriate controls (Arencibia et al. 2013). Nevertheless, the A-
kinase sensor might display a differential sensitivity with regard to measuring G-
Kinase activity and therefore, these results represent more a trial rather than a
proof of concept. During the experiments, a number of cells, which responded
with a decline below basal fluorescence were observed. This might indicate that
through a conformational change, the fluorophores move further apart, leading to
a reduction in basal sensor fluorescence. However, due to the defined
exclusion/inclusion criteria prior to the onset of the study that enrolled all cells
that responded to forskolin, these cells were included in the present study.

Another variable was the time-course of the experiment: whilst the incubation
time for NCA was set to 30 min in HEK293T-cell studies, the FRET-signal after
NCA reached a plateau already after 100 frames (~8 min). Longer incubation
times would probably have led to other results. Also, the cells were exposed to
light and ambient temperature when measured under the microscope, which
would have impaired the results during longer measuring times as well. Taken
together, the FRET experiments performed in HEK293A cells represented an
experimental setup, which made it difficult to control for temperature during the

measurement.

8.4 PKGla-dependent substrate phosphorylation in vitro in response to
the HNO donor NCA

Due to experimental flaws experienced with the FRET experiments that were

performed in transfected HEK293T cells, a more robust assay system was tested.

Therefore in vitro kinase assays were performed to evaluate potential functional

effects of the nascent intradisulfide on PKGla activity. HEK293T cells were

transfected with PKGla-WT, the non-interdisulfide forming mutant PKGla-C42S

or the non-intradisulfide forming mutant PKGIla-C117/195S as well as a triple
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mutant and kinase activity was analysed using autoradiography. As a substrate
the recombinant C1-M-C2 domain of cardiac myosin-binding protein C was used,
which was described in the literature as an established substrate of PKGla
(Thoonen et al. 2015). As already observed in previous experiments,
phosphorylation and consequently PKGla-activity was significantly increased in
cells transfected with PKGIla-WT in response to the HNO donors. As seen with
other experimental setups, PKGla-activity was found to be reduced in cells
transfected with PKGIla-C42S. Here, surprisingly, also cells expressing the
PKGla-C117/195S mutant that cannot form the intradisulfide, showed
significantly reduced substrate phosphorylation in response to HNO donors
compared to PKGla-WT expressing cells. Substrate phosphorylation was
completely abolished in cells expressing the PKGla-C42/117/195S mutant. From
these results we concluded that not just the formation of the interprotein disulfide,
but also the formation of the intraprotein disulfide via C117 and C195 apparently
increased kinase activity. Thus, interdisulfide formation via C42 as well as
intradisulfide formation via C117 and C195 appeared to be crucial for PKG activity
in response to HNO donors. However, the nature of the oxidative modification
depended on the HNO donor. Whilst the C42 mutation induced a significant
reduction in PKGla activity in cells treated with AS, replacement of C117 and
C195 led to a greater reduction in cells treated with NCA. Also, when western
immunoblot analysis was performed under non-reducing conditions, the band
migrating below the interdisulfide dimer that most likely represented the
combinatory inter/intradisulfide in PKGla, was reproducibly detectable in cells
treated with NCA, but to a lesser extent in response to AS. This confirmed again
the consent in the literature regarding the distinct chemical properties of the HNO
donor compounds. These findings are also in accordance with the NOxICAT
results showing that NCA and AS modified the same spectrum of cysteines in
PKGla, albeit to a different extent. Both donors oxidised the highly susceptible
C42, however, NCA was superior to AS with regard to oxidation of C117 and
C195. However, as both donors induced the same post-translational modification

in PKGla and induced a similar biological action, namely the activation of a signal
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transduction pathway, it is logical to conclude that this was likely due to HNO
release, especially as this is the only common nominator of these compounds.
Another potential contributing factor for the apparent differences in HNO donors
to modulate proteins by oxidising cysteines may be also the different half-lives of
their HNO release: whilst AS has a half-life of 2 min (Hughes and Cammack
1999), NCA has a half-life of 2 hrs (Shoman et al. 2011). Releasing initially large
amounts of HNO by AS may facilitate self-consumption, potentially by reducing
the amount of HNO available for target oxidation. Moreover, these two HNO
donors differ as well in the release of by-products as well as in their structure.
When AS decomposes into HNO, an equivalent of biologically active nitrite and
a small amount of NO is also generated (Dutton et al. 2004). NCA in comparison
releases HNO and a thiol-reactive scaffold moiety (Sha et al. 2006). These
respective by-products themselves exert biological effects that have to be taken
into account (Lundberg et al. 2008). Distinct behaviour with regard to target
oxidation and functional effects induced by different HNO donors has in fact been
extensively described (Shoman et al. 2011). NCA belongs to the acyloxy nitroso
compounds, which have been reported to induce also in other proteins
interprotein disulfides (Mitroka et al. 2013). The scaffold by-product of NCA may
by itself facilitate the formation of a disulfide of vicinal thiol residues.

A potential explanation for the discrepancy between the different kinase activity
experiments performed in the present thesis might be as well that the analysis of
VASP phosphorylation and PKG-activity measured by FRET analysis were
performed in whole cells. Compartmentalisation within cells should therefore be
taken into account (Sugiura et al. 2008; Kato et al. 2015; Cuello and Nikolaev
2020).

Another important finding when evaluating the western immunoblots are the
previously described distinct migration patterns that allowed visual distinction
between the posttranslational modifications: inter- or intradisulfides can be
assessed using non-reducing western immunoblotting, as the oxidations induce
higher or lower molecular weight shifts of proteins in gels that can be reversed by
addition of a reducing agent such as DTT (Eaton 2006; Rudyk and Eaton 2014).

Indeed, non-reducing western immunoblot analysis of cell homogenates mirror
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exactly the NOxICAT data, with a basal level of C42 interdisulfide detectable
under control conditions, whereas the intradisulfide only formed upon oxidant-
exposure. The HNO donor intervention concomitantly elevated cGMP, which has
been shown here to compete with the formation of the intradisulfide. This might
explain that the intradisulfide induced by HNO had an apparent low stoichiometry.
It is evident that the interplay of mechanisms that control PKGla activity is
complex, especially as cGMP-binding negatively influenced oxidation of C42
(Burgoyne et al. 2012b, 2012a; Muller et al. 2012; Prysyazhna et al. 2016). A
significant finding of this study was that the interdisulfide that formed in position
C42 attenuated the formation of the intradisulfide, as PKGla-C42S showed
markedly potentiated intradisulfide formation in response to HNO. This complex
array of interrelated, interacting and modulating mechanisms may serve as a
feedback that delimits over-activation or over-recruitment of the kinase to
regulatory stimuli.

The overall important conclusion to reiterate here once more is the primary novel
finding of this work, namely that PKGla formed an intradisulfide and this activated
the kinase. This conclusion is rationally based on the structure and is consistent
with S-guanylation also activating the kinase at the same position (Osborne et al.
2011; Akashi et al. 2016). Perhaps either of these oxidative activation
mechanisms that target C195 disrupts the interaction of the autoinhibitory domain
with the catalytic domain gaining catalytic competence. This is in essence similar
to what cGMP achieves, when it binds to its high affinity-binding site in the kinase

that also contains this redox active cysteine (Chu et al. 1997).

8.5 FRET measurements using cGi500

With regard to the complex interplay between oxidative modification and cGMP-
binding, FRET experiments were performed in VSMCs isolated from transgenic
mice constitutively expressing a FRET-biosensor comprising the cGMP-binding
sites of PKGla. This approach has several advantages. Firstly, measurements
are performed in a relevant cell type, namely in VSMCs that regulate vasotone.
Secondly, these experiments do not require transfection and long-term culturing

of the cells, which might be prone to artefacts. In summary, these experiments
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allowed to evaluate the impact of HNO-induced intradisulfide formation in the
FRET sensor on cGMP-binding in a relevant cellular context. Indeed, exposure
to HNO increased the FRET response in the absence of cGMP, reflecting kinase
activation. This FRET-response was comparable to that achieved by cGMP-
dependent stimulation and demonstrates once more that the kinase was
activated by intradisulfide formation and would be consistent with a modification
relieving the autoinhibition of the catalytic domain. Importantly, these experiments
were repeated in the presence of the sGC inhibitor ODQ and revealed a similar
response thus excluding the potential influence of HNO donors on sGC activation
in this scenario. Increasing cGMP concentrations did not further enhance the
FRET signal primarily induced by the HNO donor NCA, consistent with the
intradisulfide limiting second messenger binding. Future experiments involving
recombinant mutant PKGla or VSMCs isolated from Kl animals expressing
mutant kinase would be valuable in establishing whether the difference in cGMP-
binding to PKGla is definitely mediated by oxidant-induced intradisulfide
formation.

In this experiment, an established well characterised FRET sensor construct was
applied, which had been specifically designed to detect spatiotemporal changes
in cGMP signalling by cGMP-binding (Thunemann et al. 2013a, 2013b). Here, we
repurposed this sensor for our needs, to study the effects of HNO-induced
intradisulfide formation in the presence or absence of controlled cGMP addition.
Given the design of the sensor, which contains a cGMP-binding domain
sandwiched between two fluorescent proteins with FRET-changes occurring
upon conformational changes normally caused by the binding of cGMP, this
represented almost native conditions (Russwurm et al. 2007). Both cysteines of
our interest, C117 and C195, but not the LZ-localised C42 are present in this
cGMP-binding domain. A possible explanation for such a cGMP-alike effect is
most likely an intradisulfide bond formation in this cGMP-sensor, which can be
studied in the absence of effects on C42.
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8.6 cGMP-binding assays using *H-cGMP

These experiments were substantiated by *H-cGMP binding experiments, which
showed that oxidative modification of the recombinantly expressed and purified
PKG protein using HNO donors delimited cGMP-binding to the kinase, possibly
by inducing a conformational change in the cGMP-binding pocket. Future
experiments using the mutant-recombinant PKGla with replacement of the critical
cysteines C42, C117, C195 would help to further substantiate this statement.
Taken together, these experiments emphasize the finding of the present study,
namely that the HNO-induced intradisulfide might mimic cGMP-binding, thereby
activating the kinase but at the same time competing with cGMP-binding to the
kinase.

8.7 Cremaster muscle microcirculation in response to the HNO donor
NCA

Recapitulating the previous findings, the HNO-mediated intradisulfide formation
in PKGla most likely contributes mechanistically to the previously described
impact of HNO on blood pressure reduction. This is supported by the fact that
HNO induced significant amounts of intradisulfide in endogenous PKGla, as
shown in the cremaster muscle vasculature. This activated the kinase, and so
provided a rational link between vasorelaxation and oxidation of endogenous
PKGIla observed in two different vascular beds, namely mesenteric arteries as

well as cremaster muscle vasculature in vivo.

However, it remained unclear, which mechanisms were involved and to which
extent and whether sGC might contribute to the observed HNO donor mediated
vasorelaxation. Studies using enzyme-specific KO, global, tissue specific or
conditional animal models could be useful in evaluating this question in vivo in
future studies. In fact, it would be especially interesting to investigate, to what
extent HNO is released from each donor in vivo and to which extent its by-
products might be involved in exerting functional biological responses.

Moreover, future studies are required to pinpoint whether a pharmacological

compound could target specifically the functionally important cysteines. Other
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groups have already demonstrated that it might be possible to employ a pro-
oxidant therapy to induce interprotein disulfide bond formation via C42 and lower
blood pressure and this might only be the starting point in the development of
drugs, which modulate disease-specific posttranslational modifications without
global inhibition of a protein or a signal transduction pathway (Burgoyne et al.
2017). A crucial question, which needs to be answered as well is which of the
cysteines, C117 or C195, might be the one representing the switch to induce a
conformational change, leading to kinase activation and concomitant
vasorelaxation (Akashi et al. 2016). Moreover, a number of studies suggested
that targets of PKGla might be different in response to oxidant-induced activation
or classical activation by cGMP and whether this might be occurring

endogenously with a biological rationale.

To date, the present study demonstrated that HNO donors such as AS and NCA
exerted direct effects on PKGla activity and functions by promoting disulfide bond
formation between critical cysteine residues, by mediating interprotein disulfide
bond formation including C42 and additionally and novel, an intraprotein disulfide
bond between C117 and C195 in the high affinity cGMP-binding domain.
Mechanistically, the intraprotein disulfide mimics cGMP-binding, thereby
activating the kinase and contributing to HNO-induced vasorelaxation.
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9 Abstract

In cardiovascular pathology, nitric oxide (NO)-releasing drugs are clinically used
to induce coronary vasorelaxation, improve oxygenation and thereby relieve pain.
Unfortunately, they possess a major setback, namely the well-recognised
“tolerance” phenomenon. In recent years, nitroxyl (HNO), the one-electron
reduced sibling of NO, has emerged as a novel regulator of cardiovascular
function with cardio- and vasoprotective properties. Importantly, HNO maintains
its vasorelaxing effects without resulting in vascular tolerance. Therefore, HNO
could be of relevance in a clinical setting as a novel therapeutic addition for the
treatment of cardiovascular diseases. But to date, the underlying molecular
mechanisms of HNO induced vasorelaxation are not fully understood. In
mesenteric arteries isolated from WT-mice, two HNO donors with different kinetic
properties of HNO release induced concentration-dependent vasorelaxation. We
hypothesised that HNO-mediated oxidative posttranslational modification of
cGMP-dependent protein kinase la (PKGla) might impact on protein kinase
activity and thus could represent a further molecular mechanism of HNO-
mediated vasorelaxation. The data of this dissertation demonstrate that HNO
induces interprotein disulfide formation between two cysteine 42 (C42) residues
on adjacent chains of the PKGla homodimer. This has been described previously
to activate the kinase independently of the classical NO-cGMP-signalling
pathway. Additionally, the formation of a previously unknown intradisulfide
between C117 and C195 within the high-affinity cGMP-binding region was
identified. To estimate the impact on second messenger signalling, cGMP-
binding assays with recombinant PKGla were performed and revealed reduced
cGMP-binding affinity after HNO exposure of PKGla. To determine whether
HNO-induced intradisulfide formation is activatory or inhibitory, fluorescence
energy transfer experiments (FRET) using a kinase activity reporter containing
an AGC kinase phosphorylation consensus sequence were employed.
HEK293Tcells were co-transfected with the FRET reporter as well as PKGla wild-
type (WT) or various oxidation-deficient PKGla. mutants. In WT transfected cells,
HNO significantly increased the FRET signal compared to cells transfected with
the FRET reporter only. Interestingly, the enhanced FRET response was
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attenuated in cells transfected with the PKGla-C42S mutant. PKGla-C117/195S
expressing cells were comparable to WT transfected cells. Furthermore, the
phosphorylation status of the established PKGla substrate VASP at serine 239
was assessed as a readout of protein kinase activity. Western immunoblot
analysis of WT expressing cells exposed to HNO displayed higher VASP
phosphorylation compared to vehicle-treated control cells. VASP phosphorylation
was reduced in cells expressing the PKGla-C42S mutant. In cells expressing the
PKGIla-C117/195S mutant, VASP phosphorylation was again comparable to WT
expressing cells. In vitro kinase activity was monitored using the phosphorylation
of a recombinantly expressed substrate protein of PKGla in the presence of 32P-
ATP. This revealed HNO enhanced WT kinase activity, an effect significantly
attenuated in inter- or intradisulfide-deficient PKGla. PKGIla-C42/117/1958S,
which is not susceptible to oxidation, was completely resistant to HNO-induced
activation. Consistent with our previous observations, HNO induced
concentration-dependent vasorelaxation in vivo as shown in cremaster arterioles
by intravital microscopy. Vasorelaxation in vivo was correlated with enhanced
inter- and intradisulfide formation in PKGla. The results of this dissertation allow
the conclusion that HNO exposure induces disulfide formation in PKGla with

impact on kinase activity and subsequent vasorelaxation.
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9.1 Zusammenfassung

Im Rahmen kardiovaskularer Erkrankungen werden oftmals Stickstoffmonoxid
(NO) basierte Medikamente verabreicht, um durch eine Relaxation der
Koronargefal’e die Sauerstoffversorgung der Herzmuskelzellen zu verbessern.
So konnen pektangindse Beschwerden der Patienten gelindert werden.
Gleichzeitig fuhrt allerdings die andauernde Verwendung dieser NO basierten
Medikamente zur Toleranz und die Wirkung wird dadurch vermindert. Die Saure
des reduzierten Stickstoffmonoxids, die als Nitroxyl (HNO) bezeichnet wird, weist
ebenfalls vasorelaxierende sowie positiv inotrope Effekte auf, ohne dabei eine
Toleranz zu induzieren. Gegenwartig werden diese Effekte in klinischen Studien
Uberpruft. Ungeklart bleibt nach wie vor, wie die pro-oxidativ wirkenden HNO
Donatoren ihren vorbeschriebenen vasorelaxierenden Effekt ausuben.

Im Rahmen dieser Studie fuhrten zwei HNO Donatoren mit unterschiedlichen
kinetischen Eigenschaften in murinen Wildtyp (WT) Mesenterialarterien zu einer
konzentrationsabhangigen Vasorelaxation. Die zugrunde liegende Hypothese
dieser Arbeit hinterfragt, ob eine HNO-vermittelte oxidative posttranslationale
Modifikation der cGMP-abhangigen Proteinkinase la. (PKGla) die Aktivitat dieser
Kinase beeinflusst und somit als molekulare Grundlage der HNO vermittelten
Vasorelaxation interpretiert werden kann.

In vorangehenden Studien wurde bereits eine Interdisulfidbricke zwischen dem
jeweiligen Cystein 42 (C42) der benachbarten Aminosaureketten des PKGla
Homodimers beschrieben. Es konnte gezeigt werden, dass diese
Interdisulfidbricke zu einer cGMP-unabhangigen Aktivierung der Kinase und
dadurch zur Vasorelaxation fuhrt. Diese zeigte sich nun auch nach einer
Behandlung der Zellen mit HNO Donatoren. Gleichzeitig stellte sich infolge der
HNO Donatoren eine Intradisulfidbriicke zwischen C117 und C195 innerhalb der
hochaffinen cGMP-Domane dar. Zur weiteren Charakterisierung der
Auswirkungen  dieser  neuartigen Intradisulfidbricke ~ wurden  die
Bindungseigenschaften von cGMP an rekombinanter PKGla untersucht. HNO
Donatoren reduzierten die cGMP Affinitat zur Kinase. Unter Verwendung eines
spezifischen Fluoreszenz Energie Transfer (FRET) Sensors mit einer

Ubereinstimmenden Phosphorylierungsdomane fur AGC-Kinasen sollte nun die
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Auswirkung auf die Kinaseaktivitat experimentell untersucht werden. HEK293T
Zellen wurden mit dem FRET Sensor und WT-PKGla oder oxidationsdefizienten
PKGla Mutanten transfiziert. In Zellen mit PKGla-WT Expression resultierte die
Applikation von HNO Donatoren in einer gesteigerten FRET-Aktivitat gegenuber
Zellen, die nur mit dem FRET Sensor transfiziert worden waren. Gleichzeitig
zeigte sich in Zellen mit PKGIla-C42S eine verminderte FRET Aktivitat gegenuber
den PKGIla-WT Zellen. Die Zellen mit PKGla-C117/195S zeigten eine
vergleichbare FRET-Aktivitat. Als weiterer Surrogatparameter zur Einschatzung
der PKGla-Aktivitat in Abhangigkeit von HNO Donatoren wurden Zellen mit dem
bereits etablierten Phosphorylierungssubstrat VASP (Phosphorylierungsstelle
Serin 239) transfiziert. Auch hier zeigte die Analyse der Western-Immunoblots
eine gesteigerte VASP-Phosphorylierung im PKGla-WT Modell infolge der HNO
Donatoren, im Vergleich zu Zellen, die nur mit einer Kontrollldsung behandelt
worden waren. Gleichzeitig war die VASP-Phosphorylierung in Zellen mit der
PKGIla-C42S Mutante vermindert. Eine mit dem WT vergleichbare VASP-
Phosphorylierung wurde in Zellen mit der PKGIla-C117/195S Mutante gesehen.
Anschlieliend wurde die Kinaseaktivtat zuletzt auch in in vitro Kinase Analysen
unter Verwendung eines etablierten, rekombinant exprimierten Substratproteins
von PKGla und 3?P-ATP bestimmt. Erneut konnte infolge der Behandlung mit
HNO Donatoren eine gesteigerte Aktivitat der PKGla-WT Kinase beschrieben
werden. Dieser Effekt war signifikant reduziert in Zellen mit den Intra- bzw.
Interdisulfidbricken Mutanten PKGIla-C42S und PKGla-C117/195S. Die
oxidationsdefiziente = PKGla-C42/117/195S  Mutante  zeigte  keinerlei
Kinaseaktivitat infolge der HNO Donatoren. Abschliefend konnte im in vivo
Modell mittels intravitaler Mikroskopie von murinen Musculus cremaster
Arteriolen die vasorelaxierende Wirkung der HNO Donatoren bestatigt werden.
Es zeigte sich eine Korrelation der Vasorelaxation in vivo mit der Formierung der
Inter- sowie Intradisulfidbricken. Die Ergebnisse dieser Doktorarbeit liefern eine
umfassende Charakterisierung der HNO vermittelten Disulfidbrickenbildung in
PKGla und deren Auswirkung auf die Aktivitdt der Kinase und der daraus

resultierenden Vasorelaxation.
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