
Vascular dysfunction in pulmonary hypertension: Role of protein kinase G-1a 

nitration 

By 

Saurabh Aggarwal 

Submitted to the Faculty of the School of Graduate Studies 
. " 

of the Georgia Health Sciences University in partial fulfillment 

of the Requirements of the Degree of 

Doctor of Philosophy 

June 

2011 

- 1 -



Vascular dysfunction in pulmonary hypertension: Role of protein kinase G-1a 
nitration 

This thesis/dissertation is submitted by Saurabh Aggarwal and has been examined 

and approved by an appointed committee of the faculty of the School of Graduate 

Studies of the Georgia Health Sciences University. The signatures which appear below 

verify the facts that all required changes have been incorporated and that the 

thesis/dissertation has received final approval with reference to content, form and 

accuracy of presentation. This thesis/dissertation is therefore in partial fulfillment of the 

requirements for the degree of Doctor of Philosophy. 

Department Chairperson 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS 3 

LIST OF FIGURES AND DIAGRAMS 4 

LIST OF TABLES 6 

LIST OF ABBREVIATIONS 7 

INTRODUCTION 9 

MATERIALS AND METHODS 43 

RESULTS 65 

DISCUSSION 113 

REFERENCES OF LITERATURE CITED 124 

-2-



Acknowledgements 

I would like to thank the School of Graduate Studies, Georgia Health Sciences University, for 

giving me the opportunity to realize my childhood dream of becoming a scientist. Next, I would 

like to acknowledge the Vascular Biology Center for nurturing a very competitive environment 

for intellectual development. Above all, I would like to express my utmost gratitude and respect 

for my mentor, Dr. Stephen M. Black, for his dedication and persistence in molding me into an 

accomplished researcher. His leadership and mentoring skills have always brought the best out of 

me. This thesis would not have been possible without his support and . direction. I am very 

grateful to my thesis committee members: Dr. David Fulton, Dr. Alexander Verin, Dr. Rudolf 

Lucas, and Dr. Jeffrey. R. Fineman for their guidance and their valuable time in steering my 

project to fruition. I also appreciate all the love and help from the members of my lab. Finally, I 

would like to thank my parents and my family for their encouragement and loving support. 

- 3-



List of Figures 

Figure Page 

1. Peroxynitrite increases PKG-1a nitration and decreases PKG activity in 

pulmonary arterial endothelial cells. ON00- 67 

2. Nitric oxide elevates ONOO- levels, increases PKG-1 a nitration, and 

decrease PKG activities in pulmonary arterial endothelial cells 68 

3. Peroxynitrite increases PKG-1a nitration and decreases PKG activity in 

pulmonary arterial smooth muscle 70 

4. Nitric oxide elevates ONOO-levels, increases PKG-1a nitration, and 

decreases PKG activity in pulmonary arterial smooth muscle cells 71 

5. The SIN-1 mediated attenuation of PKG kinase activity is independent of 

cellular cGMP levels 73 

6. Purification of recombinant PKG-1afrom the E. coli strain, Rosetta-gami 2(DE3) 78 

7. Cyclic GMP dependent protein kinase activity of purified PKG-1a 80 

8. Kinetic characterization of purified recombinant human PKG-1a 81 

9. The effect of reactive oxygen and nitrogen species on the catalytic activity 

of purified recombinant human PKG-1a 

10. Shunt lambs have elevated ONOO- levels, increased PKG-1a nitration, and 

decreased P KG activity 

11. Inhaled NO elevates ONOO- levels, increases PKG-1a nitration, and 

decreases PKG activity 

12. MALDI-TOF mass spectrometry 

-4-

84 

86 

89 

92 



13. The nitration of tyrosine 247 attenuates PKG-1a. activity in HEK-293T cells 

14. Homology model of the PKG-1a.protein 

15. Hydrogen bonding energy between cGMP and PKG-1a. 

16. The cGMP binding characteristics ofWT- and Y247F- PKG-1a. 

17. The cGMP dissociation characteristics ofWT- and Y247F- PKG-1a. 

18. The kinetic characterization of the WT- and Y247F- PKG-1a. 

19. Cellular proliferation in PASMC expressing WT- and Y247F- PKG-1a. 

20. The regulation of contractile and proliferative markers in PASMC expressing 

WT- and Y247F- PKG-1a. 

21. The regulation ofSM22-a. and PCNA in PASMC expressing WT- and 

Y247F- PKG-1a. under nitosative stress 

List of Diagrams 

Diagram 

1. Domain sequence and hypothetical model ofPKG-1a. 

2. PKG-1a. cloning strategy for bacterial and mammalian cell expression 

3. Bacterial expression and purification strategy ofPKG-1a. 

- 5-

95 

97 

99 

101 

102 

104 

107 

109 

112 

Page 

30 

55 

83 



List of Tables 

Table Page 

1. Summary of the purification scheme of recombinant human PKG-la 

purified from the E. coli strain, Rosetta-gami 2(DE3) 82 

2. Summary of the cGMP binding and enzyme kinetics ofWT- and Y247F- PKG-la 105 

- n-



List of Abbreviations 

ANP: A-type natriuretic peptide 
AR: Aortal regurgitation 
AS: Aortal stenosis 
ASD: Atrial septal defect 
BMP: Bone morphogenic protein 
BMPR2: Bone morphogenic protein recetor type II 
BNP: B-type natriuretic peptide 
CHD: Congenital heart disease 
DHR: Dihydrorhodamine 
EGF: Epidermal growth factor 
ET -1: Endothelin-1 
GC: Guanylyl cyclase 
HPV: Hypoxic pulmonary vasoconstriction 
HT: Hydroxytryptamine 
IGF-1: Insulin like growth factor- I 
MLC: Myosin light chain 
MLCK: Myosin light chain kinase 
MLCP: Myosin light chain phosphatase· 
MnTMPyP: Manganese(III)tetrakis(l-methyl-4-pyridyl) porphyrin 
MR: Mitral regurgitation 
MS: Mitral stenosis 
MYH: Myosin heavy chain 
NO: Nitric oxide 
NOS: Nitric oxide sythetase 
NP: Natriuretic peptide 
NPR-A: Natriuretic peptide receptor A 
PAP: Pulmonary arterial pressure 
P AEC: Pulmonary artery endothelial cell 
PASMC: Pulmonary artery smooth muscle cell 
PBF: Pulmonary blood flow 
PCNA: ·Proliferating cell nuclear antigen 
PDA: Persistence ductus arteriosus 
PDE: Phosphodiesterase 
PKA: Protein kinase A 
PKG: Protein kinase G 
PP AR-y: Peroxisome proliferator-activated receptor-y 
PVR: Pulmonary vascular resistance 
RANTES: Regulated upon expression, normal T -cell expressed and secreted 
RNS: Reactive nitrogen species 
ROS: Reactive oxygen species 
SIN-I: 3-morpholinosydnonimine N-ethylcarbamide 
SM22-a: Smooth muscle protein 22-a 

- 7-



SMA: Smooth muscle actin 
SMC: Smooth muscle cell 
SOD: Superoxide dismutase 
SpNONOate: Spermine NONOate 
TGF-P: Transforming growth factor-P 
TXA2: Thromboxane A2 
V ASP: Vasoadilator-stimulated phosphoprotein 
VEGF: Vascular endothelial growth factor 
VSD: Ventricular septal defect 
WGA: Wheat germ agglutinin 
XO: Xanthine oxidase 

- 8 -



I. Introduction 

Statement of the problem and specific aims 

Pulmonary hypertension is a common and debilitating complication of pulmonary, cardiac, and 

extrathoracic pathologies. The development of pulmonary hypertension is associated with 

elevated pulmonary arterial pressure (PAP), and increased vascular remodeling. Pulmonary 

vascular tone is regulated through the activation of protein kinase G-la (PKG-la), which is the 

isoform predominantly found in the lungs, via a complex signaling pathway that involves nitric 

oxide (NO), natriuretic peptides (NP), and cyclic guanosine monophosphate ( cGMP). Vascular 

injury secondary to increased reactive oxygen (ROS) and nitrogen species (RNS) in pulmonary 

hypertension disrupts these regulatory mechanisms, potentiating the development of vascular 

dysfunction. However, the molecular mechanisms underlying this dysfunction are not completely 

understood and were the focus of this study. To achieve these goals, the following aims were 

proposed: 

Specific Aim 1: To determine the role of peroxynitrite in modulating PKG-la activity in 

pulmonary hypertension. 

Specific Aim 2: To determine the effects of reactive oxygen and nitrogen species on purified 

recombinant human PKG-la. 

Specific Aim 3: To identify the nitrated tyrosine sites within PKG-la and determine the 

effects of the individual nitration events on PKG-la activity and signaling. 
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Review of Literature and Rationale 

1.1 Morphology of pulmonary vasculature 

Respiratory gas exchange is one of the main functions of the normal pulmonary circulation. To 

achieve this goal, the pulmonary circulation is a low-pressure, high-flow system with a great 

capability for the recruitment of un-perfused vessels. To maintain this low transmural pressure, 

the walls of the pulmonary arteries are relatively thin. The anatomy of the pulmonary arteries 

alters from central "conduit" arteries to the peripheral "resistance" vessels. The pulmonary 

vascular wall is composed of 3 layers: a) an outer adventitia containing fibroblasts, b) a media, 

composed of smooth muscle cells and one or more elastic laminae, and c) an intima 

characterized by a single layer of endothelial cells. Within each layer, there is an extracellular 

matrix contaning collagen, elastin, fibronectin, and proteoglycans. The extracellular matrix is 

involved in a number of functions, such as tissue architecture, tensile strength, elasticity, and cell 

migration and proliferation. The smooth muscle layer of pulmonary arteries tapers gradually 

beyond the terminal bronchioles until little smooth muscle is found within the smaller intra

acinar arterioles (1 ,2). The distal most segments of the pre-capillary arterioles contain only an 

endothelial layer underlined by a single elastic lamina. This pre-capillary segment of the 

pulmonary vasculature is the site of the greatest decrease in pulmonary arterial pressure (PAP) 

and therefore contributes to the majority of the pulmonary vascular resistance (PVR) in the 

pulmonary circulation. Changes in tone or wall structure at this level can lead to large elevations 

in PAP. The lungs constitute the only organ in the body that receives the entire cardiac output at 

all times. Such a tremendous capacity is demanding and places the pulmonary circulatory system 

in a position of greater vulnerability to injury as a result of developmental or acquired disorders 
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of the heart, lungs, or systemic circulation. A serious and potentially devastating disorder of the 

pulmonary circulation is pulmonary hypertension, a hemodynamic abnormality of diverse 

etiology and pathogenesis. 

1.2 Pulmonary hypertension 

In 1891, Ernst von Romberg first described a clinical-pathological case report of pulmonary 

hypertension. As he was unable to identify any etiology for this abnormality in the pulmonary 

blood vessels, he defined the pulmonary vascular disease as "pulmonary vascular sclerosis". In 

1901, in an unpublished lecture in Buenos Aires, Abel Ayerza coined the term "cardiacos negros" 

to describe a syndrome that is today categorized as pulmonary hypertension and right ventricular 

failure. His colleagues in Argentina designated the syndrome "Ayerza's disease" and proposed 

syphilis as its etiology. Until 1940 Ayerza's disease was believed to be caused by syphilitic 

pulmonary arteritis. In 1940, Oscar Brenner concluded that pathology of smaller muscular 

arteries and arterioles was the underlying cause of Ayerza's disease. Finally, in 1951, Dresdale 

and his coworkers demonstrated that pulmonary vasoconstriction is involved in the pathogenesis 

of primary pulmonary hypertension (3). They elicited a dramatic decrease in PAP in a patient 

with primary pulmonary hypertension by infusing the systemic vasodilator, tolazoline. 

Pulmonary hypertension is a progressive disease characterized by an increase in PVR, a mean 

PAP >25 mmHg at rest or >30 mmHg during exercise, and both a mean pulmonary wedge 

pressure and left ventricular end-diastolic pressure of less than 15 mmHg ( 4). The World Health 

Organization (WHO) has categorized pulmonary hypertension into five groups: 

Group I. Pulmonary arterial hypertension 
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Group II. Pulmonary venous hypertension 

Group III. Pulmonary hypertension associated with hypoxemia 

Group IV. Pulmonary hypertension due to chronic thrombotic disease, embolic disease, or both 

Group V. Miscelleneous 

Pulmonary arterial hypertension (group I) is the most prevalent form and is comprised of 

idiopathic (primary), familial, and persistent pulmonary hypertension of the newborn (PPHN). In 

neonates, the failure of the pulmonary vasculature to undergo the physiological drop in the PVR 

at birth leads to the development of PPHN. In newborns, PPHN can occur in the under

developed lungs due to diaphragmatic hernia, in the mal-adapted lungs due to meconium 

aspiration, hypoxia of prolonged delivery, and in the mal-developed lungs due to chronic 

placental insufficiency, chronic hypoxia, and chronic constriction of the ductus arteriosus. 

Beyond the neonatal period, pulmonary arterial hypertension can develop as a result of 

congenital heart diseases (CHD), such as ventricular septal defect (VSD), atrial septal defect 

(ASD), and persistent ductus arteriosus (PDA), which are associated with increased PAP and 

pulmonary blood flow. Whereas, the congenital malformations: mitral stenosis (MS), mitral 

regurgitation (MR), aortal stenosis (AS), and aortal regurgitation (AR) are associated with 

increased pulmonary venous pressure and the development of group II pulmonary venous 

hypertension. Other less common causes of pulmonary arterial hypertension include sickle cell 

disease, portal hypertension, HIV, thyroid disorders, myeloproliferative disorders, and drug-toxin 

induced disease. 

Current therapies of pulmonary hypertension include calcium channel blockers, prostacyclins, 

endothelin receptor antagonists, phosphodiesterase-S inhibitors, and lung transplantation. In 
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recent years, administration of inhaled nitric oxide (NO) has emerged as an alternative approach 

for the management of pulmonary hypertension. In both animal and human studies, inhaled NO 

[5-80 parts per million (ppm)] induces rapid and selective pulmonary vasodilatation (5-8). When 

inhaled, NO is rapidly inactivated by binding with hemoglobin in the intravascular spaces, 

thereby preventing any systemic vasodilatation (9). Inhaled NO improves oxygenation and 

decreases the need for extracorporal life support in patients with pulmonary hypertension ( 6, 7). 

Studies have shown that inhaled NO selectively reduces PAP and PVR in pulmonary 

hypertension and also improves oxygenation in acute lung injury (5,8). However, safety concerns 

about the acute withdrawal of inhaled NO therapy remain an important issue. Several studies 

have demonstrated a potentially life threatening increase in PVR upon acute withdrawal of 

inhaled NO (10-13). This "rebound pulmonary hypertension" is manifested as compromised 

cardiac output and/or severe hypoxemia (10-13). 

1.3 Vascular dysfunction in pulmonary hypertension 

The pathology in pulmonary hypertension can be divided into a) endothelial, b) smooth muscle, 

and/or c) adventitial abnormalities. However, not all compartments of the vessel may be 

involved in the development of individual cases of pulmonary hypertension. The endothelium 

forms the interface ·between hemodynamics and the underlying vascular wall. The endothelium 

provides a semi-permeable barrier between the vascular and extravascular fluid compartments. In 

addition, the endothelium has profound effects on vascular tone, growth, and differentiation. In 

pulmonary hypertension, vascular responses to injury caused by hypoxia, increased flow (shear 

stress), drugs (dexfenfluramine), or toxins (adulterated rapeseed oil) are mediated in part through 

endothelial cells. The endothelial cell may respond to specific forms of injury in various ways 
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that can affect the process of vascular remodeling and PVR. For instance, in the chronically 

hypoxic rat model of pulmonary hypertension, endothelial cells proliferate in the main 

pulmonary arteries much earlier than in the smaller muscular arteries (14). However under 

increased shear stress conditions, endothelial cells proliferate mainly in the smaller pulmonary 

arteries (15). The proliferative endothelial cells exhibit increased numbers/sizes of lamellar 

structures and organelles, which contribute to the swollen appearance of endothelial cells 

(16,17). In pulmonary hypertension, the endothelium can also release vasoactive mediators, such 

as endothelin- 1 (ET-1), angiotensin II (Ang-II), thromboxane A2, (TXA2) and the growth 

factors: platelet-derived growth factor (PDGF), transforming growth factor-~ (TGF-~), fibroblast 

growth factor-2 (FGF-2), vascular endothelial growth factor (VEGF), which can influence the 

growth of the underlying smooth muscle cells and result in vascular remodeling (18-21). 

Vascular remodeling is a change in maximal lumen diameter (inward/outward) which involves 

alterations in at least four cellular processes: cell growth, death, migration, and production of 

extracellular matrix. Vascular remodeling is dependent on dynamic interactions between locally 

generated growth factors, vasoactive substances, and hemodynamic stimuli. An important form 

of vascular remodeling in severe pulmonary hypertension is the disorganized proliferation of 

endothelial cells called plexiform lesions. They are tufts of cellular capillary formations 

resembling a vascular plexus present within the lumen of dilated aneurysmal thin-walled arteries. 

Plexiform lesions most commonly develop immediately distal to bifurcation sites of small 

pulmonary arteries (approximately 50 to 300J.Lm) (22). These sites are particularly susceptible 

owing to high fluid shear stress distal to the bifurcations of the vessels (15). Using an artificial 

capillary system, Cool et al. demonstrated that endothelial cells exposed to high shear stress for 
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up to 3 weeks proliferate and occlude the intraluminal space at a much greater rate than do 

endothelial cells exposed to low shear stress for 3 weeks (15). Sakao et al. also showed in the 

artificial capillary system that shear stress initially causes apoptosis and subsequent proliferation 

of endothelial cells (23 ). Alternative avenues of research have speculated that plexiform lesions 

in pulmonary hypertension are neoplastic outgrowths. Yeager et al. described mutations 

involving the TGF -P receptor II and proapototic, Bax genes, within the endothelial cells of 

plexiform lesions from patients with severe pulmonary hypertension (24). In primary pulmonary 

hypertensive patients, microsatellite mutations have been found in the proapoptotic protein, Bax 

in approximately 20% of plexiform lesions (25). This may lead to the down-regulation of this 

apoptotic mediator and contribute to the uncontrolled cell proliferation within the plexiform 

lesions. Others have demonstrated the down-regulation of the tumor suppressor gene, 

peroxisome proliferator-activated receptor (PPAR)-y, in the plexiform lesions of patients with 

severe pulmonary hypertension (26). Other markers of the severe angioproliferative cell 

phenotype in the plexiform lesions include the expression of the anti-apoptotic protein, survivin, 

and the proliferative marker, Ki-67 (15). Previous work has also demonstrated the increased 

expression of VEGF (27 ,28), VEGF receptor 2 (kinase insert domain-containing receptor) (28), 

angiopoietin-1 (29), 5-lipoxygenase (30), 5-lipoxygenase activating factor (30), ET -1 (31 ), HOX 

genes (32), and RANTES (regulated upon expression, normal T-cell expressed and secreted) (33) 

in lungs of patients with severe pulmonary hypertension. The presence of these phenotypic 

markers in the plexiform lesions suggests that the endotheliutn in pulmonary hypertension is 

proliferative and dysfunctional. 
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Involvement of smooth muscle cells (SMC) in vascular remodeling is a constant feature of all 

forms of pulmonary hypertension. The SMC undergo a variety of changes in pulmonary 

hypertension, including hypertrophy, hyperplasia, and extensive matrix protein deposition. 

Hypertrophy of SMC is a predominant feature of larger proximal vessels, while smaller 

resistance vessels undergo hyperplasia (14,34,35). These SMC contain more prominent 

endoplasmic reticula and Golgi (35), produce more collagen (types I and IV) and elastin (36), 

and acquire a more synthetic, as opposed to the physiologic contractile, phenotype. The process 

of muscularization of otherwise non-muscular vessels in pulmonary hypertension is a result of 

the differentiation and hypertrophy of SMC precursor cells and pericytes already present in the 

vessel wall. Pericytes have been shown to exhibit great plasticity in culture and are capable of 

differentiating into macrophages, osteoblasts, adipocytes, fibroblasts, and SMCs (3 7). In 

addition, the recruitment of fibroblasts from the alveolar interstitium in hyperoxia-induced 

pulmonary hypertension has been shown to participate in the formation of muscularized 

microvessels in the rat lung (38). 

The adventitial layer surrounding the blood vessel is considered a supporting tissue, providing 

adequate nourishment to the muscle layers of the tunica media. However, in recent years, it has 

been demonstrated in pulmonary hypertension and other pathologies that fibroblasts from the 

adventitia interact with the resident medial SMC to influence SMC phenotypic conversion, 

proliferation, apoptosis, arid migration; the result of which is vascular remodeling (39-42). In 

response to injury, resident cells can be reprogrammed to have different structural and functional 

behavior. For example, in experimental models of severe and mild balloon injury, adventitial 

fibroblasts can be phenotypically converted into smooth muscle (SM)-like cells called 
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myofibroblasts (39-41 ). Recently fibroblasts, which are predominantly stromal cells involved in 

the production of the extracellular matrix components, have been demonstrated to be both 

structurally and functionally heterogeneous (43,44). Activation of fibroblasts by TGF-P1 and P2 

induces a contractile phenotype that correlates with a-SM actin expression and the development 

of a cytoplasmically enriched microfilamentous systetn, fibronexus junctions, and other features 

shared by SMCs ( 45). These changes result in alterations in the morphology and function of 

fibroblasts, leading to the formation of hybrid non-muscular SMCs called myofibroblasts, which 

are also the hallmark of neointima formation. 

Neointima formation is intrinsic to severe pulmonary hypertension (eg, pulmonary hypertension 

secondary to congenital heart disease) and is characterized by the development of a layer of cells 

and extracellular matrix between the endothelium and the internal elastic lamina ( 46,4 7). 

N eo intima occur in the small and large arteries and is a significant contributor of increased PVR. 

In the chronic hypoxia- or the monocrotaline- induced rat models of pulmonary hypertension, 

neointima formation is not observed. However, when monocrotaline induced vascular injury is 

accompanied with high blood flow (shear) induced by pneumonectomy, the rats develop 

neointima (48,49). This suggests that increased blood flow (shear stress), such as that seen in 

congenital left to right shunts, is an important stimulus of neointima formation and disease 

progression. Neointima are mainly comprised of myofibroblasts expressing the smooth muscle 

markers: a-SM actin and vimentin but can be distinguished from mature SMC by their lack of 

highly differentiated SMC markers: SM-myosin heavy chain (MYH). Additionally, neointimal 

cells do not express markers of endothelial cells, such as CD31, CD34, or factor VIII (46). It is 

unknown whether neointimal cells originate by the trans-differentiation of endothelial cells (50), 
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by the migration of SMC from the media, or by the migration of adventitial fibroblasts. 

However, recent studies using pulse-labeling of dividing cells with brotnodeoxyuridine in 

systemic circulation have suggested that proliferating cells from the media and adventitia of 

injured arteries can migrate to the subendothelial-space (51,52). Furthermore, labeled adventitial 

fibroblasts stably transduced with a lacZ retrovirus were found to be capable of migrating from 

the adventitia to the media and neointima ( 41 ). Unfortunately, the lack of specific markers for 

fibroblasts and myofibroblasts has hampered a detailed analysis of the phenotypic features of 

these migrating cells and the time course of their activation during the process of neointima 

formation. The adventitia is also often markedly remodeled in patients with certain forms of 

collagen vascular diseases associated with severe pulmonary hypertension, most notably 

scleroderma. 

1.4 Molecular mechanisms of pulmonary vascular dysfunction 

Molecular mechanisms contributing to the development of vascular dysfunction in pulmonary 

hypertension can be broadly divided into two major categories: factors affecting the vascular 

tone and factors influencing the vessel wall thickness. However, there is no clear demarcation 

separating these two mechanisms; therefore, factors affecting tone may also contribute to 

vascular proliferation. Pulmonary vasoconstriction is the generation of increased tensile force, 

which translates into the narrowing of the cross-sectional lumen of the vessel. Pulmonary 

vasoconstriction contributes to the increase in PVR and, hence, the elevated PAP in pulmonary 

hypertension. Also, as stated above, the increase in PVR and PAP can directly influence SMC 

hypertrophy and hyperplasia, leading to vessel occlusion (53). Hypoxic pulmonary 

vasoconstriction (HPV), an adaptive mechanism unique to the lungs, is a major contributor to the 
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development of pulmonary hypertension secondary to hypoxic cardiopuhnonary diseases, such 

as Eisenmenger's syndrome, severe emphysema, or chronic obstructive pulmonary disease 

(COPD). Hypoxia has been shown to induce vasoconstriction in isolated pulmonary arteries 

devoid of endothelium (54) and in isolated pulmonary artery SMC (PASMC) by measuring the 

wrinkling and distortions of a flexible growth surface under the cells (55), indicating that HPV is 

an intrinsic property of P ASMC. Hypoxic pulmonary vasoconstriction redirects the blood flow 

away from the poorly ventilated areas of the lung and toward the better-ventilated areas to 

improve ventilation-perfusion matching and maximize the oxygenation of the pulmonary venous 

blood. Although the precise mechanism by which hypoxia causes pulmonary vasoconstriction is 

still unclear, several possible pathways that ultimately lead to altered intracellular Ca2+ 

homeostasis have been proposed. 

Smooth muscle contraction is directly triggered by a rise in cytosolic free Ca2+ concentration. 

Actin and myosin interact in a Ca2+ -dependent manner to induce SMC contraction. Calmodulin, 

an intracellular Ca2+ -binding protein, binds to Ca2+, and as cytosolic Ca2+ levels increase, the 

Ca2+ /CaM complex activates the myosin light chain kinase (MLCK), which, in tum, 

phosphorylates the myosin light chain (MLC) of myosin II. The phosphorylated MLC stimulates 

the ATPase activity of myosin· II. The hydrolysis of ATP releases energy for the subsequent 

cycling of the myosin cross-bridges with the actin filament. The activation of these cross-bridges 

underlies SMC contraction and thus vasoconstriction (56). Regulation of cytoplasmic Ca2+ in 

pulmonary SMC is mainly achieved in two ways: (a) the influx of Ca2+ through the plasma 

membrane by multiple Ca2+ channels or the extrusion of Ca2+ through the Ca2+-Mg2+ATPase 

pump, sodium/calcium exchanger and (b) the mobilization of Ca2+ from the sarcoplasmic 
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reticulum (SR) through the Ca2+ release channels: ryanodine and inositol trisphosphate receptors 

or the sequestration ofCa2+ into the SR by its Ca2+-Mg2+ ATPase pumps (SERCA) (57,58). Ca2+ 

influx through the plasma membrane involves multiple Ca2+-permeable channels including: (a) 

voltage-dependent Ca2+ channels (VDCC) regulated by changes in membrane potential, (b) 

receptor-operated Ca2+ channels (ROC) activated by the interaction of agonists with membrane 

receptors, and (c) store-operated Ca2+ channels (SOC) activated by the depletion of Ca2+ from 

intracellular stores (59,60). Depolarization of the plasma membrane opens the VDCC (59) and 

facilitates IP3 production (61) which result in increased intracellular Ca2+ and vasoconstriction. 

In addition decreased expression and/or functioning of K+ channels can lead to membrane 

depolarization and contribute to sustained elevation of Ca2+ by the mechanisms mentioned above 

( 61 ). Sustained elevation of Ca2+ induces a chronic state of vasoconstriction and also contributes 

to SMC hypertrophy and vascular remodeling. 

Pulmonary arterial wall thickness and mass is maintained under physiological conditions by a 

delicate balance between proliferation and apoptosis of fibroblasts, SMC, and endothelial cells. 

Disturbance of the balance in favor of proliferation results in thickening of the pulmonary arterial 

wall, narrowing and eventual obliteration of the vessel lumen. This process also decreases the 

pulmonary vascular compliance and eventually results in the development of pulinonary 

hypertension ( 62). The factors affecting SMC proliferation are diverse and complex. In recent 

years, significant progress has been made in delineating the role of growth factors in vascular 

remodeling in pulmonary hypertension. The role of bone morphogenetic protein receptor type II 

(BMP-R2) has been widely discussed. BMPs are signaling molecules that belong to the TGF-P 

superfamily and play an important role in regulating cell proliferation, differentiation, and 
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apoptosis (63-65). In humans, a variety of cell types including PASMC and endothelial cells 

synthesize and secrete BMPs. BMP-mediated signal transduction involves two types of 

transmembrane serine-threonine kinase receptor proteins, BMP receptor type I (BMP-Rla and 

BMP-Rlb) and type II (BMP-R2) (63,66,67), which co-assemble to form homo- or heteromeric 

proteins (68). Binding ofBMP to either of the receptors leads to hetero-oligomerization ofBMP

Rl and BMP-R2 and formation of ligand-receptor complexes, which in tum activates the 

downstream signaling elements such as the receptor-activated "mothers against decapentaplegic" 

(Smad) proteins. The activated BMP receptors phosphorylate the R-Smad proteins, which then 

dimerize with co-Smad proteins to form a complex that translocates into the nucleu,s. This 

complex regulates the transcription of certain "Smad-responsive" genes that encode for pro

apoptotic or anti-proliferative proteins (63,66,67). Mutations in BMP-R2 have been shown to be 

present in 60% of familial cases (69) and approximately 25% of sporadic cases (70) of 

pulmonary hypertension. These mutations in the BMP-R2 gene can attenuate BMP signaling due 

to either the decreased expression of BMP-R2 or the production of structurally dysfunctional 

BMP-R2 protein, and thus inhibit the downstream formation of pro-apoptotic Smad complexes. 

A recent study demonstrated that BMPs induced apoptosis by down-regulating Bcl-2 in PASMC 

(71 ). Additionally, it has been proposed that the activation of the MAP kinases: ERK, p38MAPK, 

and JNK kinases by BMP and TGF~P in certain cell types may be critical to the development of 

pulmonary hypertension (72). TGF -P2 and TGF -P3 have also been shown to increase the 

production of extracellular matrix, such as elastin, in remodeled pulmonary hypertensive arteries 

by stabilizing elastin mRNA (73,74). 
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VEGF and its receptors have also been shown to be involved in the pathogenesis of vascular 

remodeling in pulmonary hypertension. VEGF, an endothelial cell specific angiogenic mitogen, 

is associated with the abnormal endothelial cell proliferation and disordered angiogenesis in 

plexiform lesions. In severe pulmonary hypertension, VEGF expression is increased within the 

pulmonary vasculature, including the plexiform lesions (28,75-77). Although the isoform VEGF

A has been proposed to play a protective role (78), VEGF-B appears to exacerbate vascular 

remodeling. Wanstall et al. demonstrated that VEGF-B knockout mice exposed to chronic 

hypoxia exhibited significantly less pulmonary vascular remodeling as compared with wild type 

mice (79). VEGF acts on endothelial cells through two high-affinity tyrosine kinase receptors, 

fins-like tyrosine kinase (Flt-1; VEGFR -1) and kinase inert domain-containing receptor (KDR; 

VEGFR-2). In the lungs of hypertensive patients, VEGFR-1 mRNA expression is increased in 

the endothelial cells of the arteries adjacent to the plexiform lesions (75,77), while VEGFR-2 

mRNA is elevated in the endothelial cells inside the plexiform lesions (75). 

A variety of other growth factors including PDGF, basic fibroblast growth factor (bFGF), 

insulin-like growth factor-1 (IGF-1), and epidermal growth factor (EGF) have also been 

implicated 'in vascular remodeling and have been reported to be increased in the pulmonary 

hypertensive lung (80-84). In cultured rat or bovine PASMC, PDGF and IGF-1 induce 

hyperplasia (85-87). Although the mechanisms involved in the induction of these growth factors 

in the pulmonary vasculature is unclear, hydrogen peroxide (88), hypoxia (89,90), mechanical 

stretch, and shear stress (91) have been shown to induce PDGF expression in pulmonary 

endothelial cells. In addition, elevated levels of circulating serotonin [5-hydroxytryptamine (5-

HT)], a potent vasoconstrictor and mitogen, are associated with the development of pulmonary 
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hypertension (92,93). 5-HT signaling results in SMC proliferation and hypertrophy (94). This 

proliferative response is augmented by the adtninistration of antidepressants, such as the 

monoamine oxidase inhibitors, which block the intercellular degradation of 5-HT. The impaired 

regulation of other factors may also be involved in the pathogenesis of vascular dysfunction in 

pulmonary hypertension, such as angiopoietin-1, ET -1 (95), Ang-II (96), TXA2 (97). 

Reactive oxygen species (ROS), including superoxide and hydrogen peroxide, are recognized 

mediators of proliferation in various cell types, including pulmonary vascular cells (98). For 

. example, the 5-HT-, ET-1-, PDGF-, FGF-, and dexfenfluramine-induced proliferation of 

PASMC and fibroblasts is mediated through superoxide generation (98-101). In human lung 

fibroblasts and bovine pulmonary artery endothelial cells, TGF-~ increased hydrogen peroxide 

(101,102). In vivo, rats exposed to chronic hypoxia for 3 weeks had increased levels of 

phosphatidylcholine hydroperoxide and xanthine oxidase, an enzyme involved in the production 

of superoxide. Treatment of these animals with the anti-oxidant, N-acetylcysteine, or the 

xanthine oxidase inhibitor, allopurinol, attenuated vascular remodeling (103). The mechanism by 

which ROS are produced in response to ligands is not precisely known. The activation of the 

GTP-ase activating protein, p21ras, or the activation of the pertussis and charybdotoxin sensitive 

G protein linked to PI3 kinase (1 04,1 05) have all been proposed to induce NADPH oxidase to 

produce superoxide (98,101). Under hypoxic conditions, the increased expression of xanthine 

oxidase is another source of ROS (1 03). The molecular targets of post-translational 

modifications by ROS in the pulmonary vasculature, which lead to proliferation, are largely 

unknown. However, alterations in the NO/cGMP signaling pathway has been demonstrated to 

play an important role (1 06). 
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1.5 NO/cGMP signaling in vascular dysfunction 

Many factors work in concert to orchestrate the process of vascular remodeling in pulmonary 

hypertension. However, recent advances in our understanding of the pathogenesis have 

suggested that alterations in certain key pathways may play a central role in initiating disease or 

contributing to disease progression. NO mediated cGMP signaling is one of these pathways. NO 

is a biologically reactive molecule with several physiological and pathophysiological effects 

within the vascular, immune, and nervous systems. The role of NO in inhibiting SMC growth, 

contraction, and platelet aggregation are well established (1 07). The generation of NO from L

arginine is catalyzed by NO synthase (NOS), which has three distinct isoforms (108). NOS-III 

(i.e., endothelial NOS, eNOS), which is a Ca2+ -dependent constitutive isoform, is expressed 

basally in vascular endothelial cells, while NOS-I (i.e., neuronal NOS, nNOS) is expressed in 

neuronal cells. NO generated by NOS-I and III is responsible for maintaining normal vascular 

tone and neuronal signal transduction. NOS-II (i.e., inducible NOS, iNOS), a Ca2+-independent 

isoform, is expressed in a variety of cells upon induction by certain cytokines and endotoxins. 

NOS-II can generate NO in great quantities over long periods of time and is the predominant 

isoform expressed during inflammatory processes ( 1 09). 

Pulmonary arteries of patients with pulmonary hypertension exhibit diminished expression of 

eNOS (11 0), which leads to the impaired production of NO (111 ). Furthermore, mice with a 

mutation in the eNOS gene exhibit increased PAP and impaired relaxation to acetylcholine, 

suggesting that eNOS plays an important role in maintaining normal vascular tone (112). NO has 

been demonstrated to inhibit DNA synthesis and PASMC proliferation (113,114). NO can also 

inhibit the production of growth factors, including ET -1 and PDGF, from pulmonary endothelial 

-24-



cells (115). Most of the molecular actions of NO are exerted through the downstream mediator, 

cGMP. However, some anti proliferative action of NO may be cGMP-independent. Transgenic 

mice over-expressing atrial natriuretic peptide (ANP), which increases cGMP independent of 

NO, are protected from pulmonary hypertension (116), and conversely, mice lacking the ANP 

type A receptor (NPR-A), which is a receptor guanylyl cyclase, are more susceptible to hypoxia

induced pulmonary hypertension (117). In addition, inhibition of phosphodiesterase type 5 to 

reduce cGMP hydrolysis can prevent vascular remodeling during chronic hypoxia (118). 

In PASMC, NO has also been demonstrated to induce apoptosis (119,120). This action ofNO is 

mediated through cGMP (121) and its downstream effector protein kinase G (PKG). The over

expression of PKG in rat PASMC led to enhanced apoptosis in response to NO and 8-bromo

cGMP treatment (122). CD95, a member of the death receptor family, and its ligand, CD95L, 

have been reported to induce apoptosis in human PASMC and endothelial cells (121). NO and 

cGMP can up-regulate both CD95 and CD95L expression within these cells. cGMP can also 

induce the expression of the inflammatory cytokine, TL1, which can increase CD95 expression 

(123). Further, NO-induced apoptosis is inhibited by an anti-CD95L antibody (121). Therefore, 

alterations in either NO or cGMP production, as has been reported in puhnonary hypertension, 

could contribute to a reduction in apoptosis ·and an increase in proliferation in P ASMC, and thus 

shift the normal homeostatic balance toward one favoring vascular remodeling. 

1.6 Cyclic GMP dependent Protein kinase G (PKG) 

PKG is the main downstream effector of the second messenger cGMP. PKG is activated upon 

the intracellular generation of cGMP by two main types of guanylyl cyclases (GC): soluble and 



membrane associated (124). Soluble GC acts downstream of NO, while the membrane associated 

GC is activated through the extracellular binding of natriuretic peptides (NP). PKG is mainly 

implicated in the regulation of SMC relaxation (125) and platelet function (126,127). The 

mammalian genome encodes a type I PKG (128,129) and a type II PKG (130,131). Both type I 

and II PKG are homodimeric proteins containing two identical polypeptide chains 

I 
of approximately 76kD and 85kD, respectively. Alternative mRNA splicing of PKG-1 produces 

a type Ia PKG (75kD) and a type IP PK<! (78kD), which only share 36% identity in their 

first 70-100 amino-terminal residues (132,133). PKG-1 has been detected at high concentrations 

in all types of SMCs. Lower levels are present in the vascular endothelium and cardiomyocytes. 

PKG-1 is also expressed in fibroblasts, certain types of renal cells, leukocytes, and in specific 

regions of the nervous system; for example, in the hippocampus, in the cerebellar Purkinje cells, 

and in the dorsal root ganglia (128). PKG-11 has been detected in renal cells, zona glomerulosa 

cells of the adrenal cortex, Clara cells in distal airways, intestinal mucosa, pancreatic ducts, 

parotid and submandibular glands, chondrocytes, and several brain cell nuclei but not in cardiac 

and vascular cells. The full-length PKG-1 harbors several functional regions on each polypeptide 

chain. The primary sequence of PKG-1 a is divided into two separate domains: a regulatory 

domain (residues 1-343) containing an amino-terminal region (residues 1-110) and two cGMP 

binding sites (residues 111-343) and a catalytic domain (residues 344-671) containing an ATP-

binding site (residues 344-474) and the substrate-binding site (residues 475-671) (134). 

The amino-terminal region of the regulatory domain of PKG-1 a contains a dimerization site, an 

auto-inhibitory tnotif, and several autophosphorylation sites. Experimental work with a synthetic 

peptide based on residues 1-39 of PKG-1 a has shown that dimerization of PKG occurs though a 
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leucine zipper motif near the amino-terminus (135). All three mammalian PKG isoforms (Ia, Ip, 

and II) contain a leucine zipper motif in this sequence. Other eukaryotic PKGs found in 

Drosophila (136), Caenorhabditis elegans (137), Hydra oligactis, and Apis mellifera (138) also 

contain a leucine zipper motif in this region. The number of heptad repeats in the leucine zipper 

motif of these proteins varies from five to eight. Lower eukaryotes have monomeric PKGs that 

lack the leucine zipper motif. For example, PKG from Paramecium lacks the leucine zipper and 

is therefore a monomer (139), but this kinase retains the functional activities seen in PKGs of 

higher eukaryotes. The leucine zipper motif has also been shown to be involved in the interaction 

of PKG with a number of targeting proteins. For example, PKG-1 a specifically associates with 

muscle troponin T (140) and the myosin-binding subunit of myosin phosphatase (141). PKG-1P 

specifically binds to muscle troponin T and inositol trisphosphate receptor-associated PKG 

substrate (142). Much of these interactions between PKG and its substrate proteins occur through 

the region containing the leucine zipper (142). Therefore, the targeting of PKG through the 

leucine zipper motif may provide for efficient phosphorylation of specific substrate proteins. 

Mutational analysis of the leucine zipper motif has also suggested that dimerization of PKG-1 p 

increases the sensitivity of the kinase for cGMP mediated activation (143). 

The autoinhibitory region of PKG-1a (residues 58-72) contains a sequence that mimics the 

substrate sequence [ (R/K)(R/K)X(.S/I)X] except that an alanine is present in the place of a 

phosphorylatable serine or threonine in the sequence. Thus, the sequence is referred to as a 

pseudo-substrate site. The interaction between the pseudo-substrate site and the catalytic domain 

maintains the enzyme in an auto-inhibited state. The removal of the pseudo-substrate site by 

proteolysis relieves most of the auto-inhibition (144, 145). PKG-1 a auto-inhibition can be 
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relieved by either cGMP binding or by auto-phosphorylation. Both cGMP binding and auto

phosphorylation cause a conformational change (146-148), which presumably disrupts the auto

inhibitory interaction of the regulatory and catalytic domains and activates the enzyme. Cyclic 

GMP binding increases both the hetero-phosphorylation activity and the auto-phosphorylation 

activity of PKG (149). The auto-phosphorylation of PKG-1u increases its cGMP-binding 

affinity and kinase activity (150). Sites of auto-phosphorylation in PKG-1u have been identified 

and are widely distributed within the amino-terminal region of the regulatory domain. These 

include Ser1
, Ser50

, Thr58
, Ser6

\ Ser72
, and Thr84 (151-153). Studies ofPKG-1u have shown that 

Thr58 is auto-phosphorylated at a faster rate than the other sites. However, the auto

phosphorylation of Thr58 is not sufficient to activate the enzyme (153,154). Further, it has been 

shown that the conserved Ser64 of PKG-1 a plays a critical role in maintaining the enzyme in an 

inactive state and in reducing cGMP binding affinity (155). 

A hinge region connects the amino-terminal dimerization site with the two tandem cGMP 

binding sites: A (residues 111-227) and B (residues 228-343). These sites preferentially bind 

cGMP over cAMP with more than a 100-fold selectivity. The cyclic nucleotide specificity of 

PKG for cGMP is largely determined by the presence of an invariant threonine that corresponds 

with an alanine in the cAMP-binding site of protein kinase A (PKA) (156,157). The two cGMP 

binding sites of PKG have different binding characteristics (158); the amino-terminal high 

affinity site A and the succeeding low affinity site B display slow and fast cGMP-exchange 

characteristics, respectively (150, 159). The binding of cGMP to these sites activates the enzyme. 

The occupation of site B decreases the dissociation of cGMP from site A, and therefore, site A 

shows positive cooperativity (150). Regions outside the cGMP-binding sites in PKG-1a 
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modulate the affinity of the enzyme for cGMP. For example, Mg2+/ATP increases the 

dissociation rate of cGMP by 10-fold, which thereby weakens cGMP binding (156,159,160). A 

maximally active kinase is obtained when all four cGMP-binding sites of the dim eric kinase are 

occupied. The activation of PKG by cGMP is associated with an expansion of the protein 

structure, as revealed by small-angle X-ray scattering (146,161). In addition, these studies 

demonstrated that cGMP binding to dimeric PKG-la increases its radius of gyration (Rg) and 

maximum linear dimension (dmax) 25-30%, indicating that upon cGMP binding the average 

protein mass moves farther from the center of mass, resulting in a more asymmetric structure 

(146). Fourier transform infrared spectroscopy data suggest that the conformational change 

induced by cGMP binding is primarily due to a topographical movement of the PKG structural 

domains rather than changes within the secondary structures within one or more of the individual 

domains (146). Studies of cGMP-induced changes utilizing ion-exchange chromatography, gel

filtration chromatography, native polyacrylamide gel electrophoresis, and partial proteolysis 

showed that the apparent elongation of the protein is associated with an increase in net surface 

charge (148). Cyclic GMP also induces an increase in the elongation and asymmetry in a 

monomeric cGMP dependent PKG-1 mutant (~1-52) that retained the salient biochemical 

features of wild type (WT) PKG (161 ). These results demonstrated that the elongation of type I 

PKG correlates with kinase activation and is independent of dimerization. 

The catalytic domain of PKG is comprised of an ATP-binding site (residues 344-473) and a 

substrate binding site (residues 474-671). The ATP binding site transfers they-phosphate of 

ATP onto a serine, threonine residue of a substrate. The carboxyl-terminal substrate-binding site 

of PKG is thought to be very important to substrate specificity. 

-29-



Regulatory domain Catalytic domain 
1 40 58 110 220 343 474 671 

o..l I. • • I N C I 1"7,,;;:-. 'lf~~ ~. I 'I ' I .• ', 

I 
~ ! ' ' 

Dimer AI 

PKG 

Basal 
0 

substrate 

0 

• I 
·- ' 

Active 
0 

0 

Diagram 1. Top: Domain sequence of PKG-la shows the regulatory domain with an amino 
terminal dimerization region, an auto-inhibitory region, and two cGMP binding sites and a 
catalytic domain containing an ATP binding site and a substrate binding site. Bottom: 
Hypothetical model of PKG-la illustrates that under basal conditions (lack of cGMP 
stimulation), the pseudosubstrate motif of the auto-inhibitory region occupies the substrate 
binding region of the kinase and prevents the phosphorylation of client proteins. Upon cGMP 
binding to the cGMP binding sites, the auto-inhibition is relieved, and the substrate proteins are 
phosphorylated at either serine or threonine residues. 

1.7 PKG mediated signaling 

Regulation of intracellular calcium: The activation of PKG is associated with marked lowering 

of free intracellular Ca2
+ , thereby attenuating the contractility of vasculature. The protein targets 

of PKG involved in the modulation of calcium levels may vary among cell types. Some of these 

signaling pathways are summarized below: 

1. G-protein-activated phospholipase-C~3 is phosphorylated by PKG-1 at residues Ser26 and 

Ser1105
, which inhibits the activity of the phospholipase, thereby decreasing the generation ofiP3 

and Ca2
+ mobilization (162). 
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2. PKG-1 phosphorylation ofiP3 receptor-associated PKG substrate (IRAG) at Ser696 inhibits the 

release and promotes the sequestration of Ca2
+ from intracellular stores by inhibiting IP3-receptor 

activity, and therefore suppressing the IP3-mediated Ca2
+ release from intracellular stores 

(142,163). 

3. PKG-1 phosphorylation and activation of Ca2
+ -activated (BKca) potassium channels promotes 

the opening of these channels. This allows for the loss of intracellular potassium, plasma 

membrane hyperpolarization, and decreased Ca2
+ influx through L-type Ca2

+ channels (164, 165). 

4. PKG phosphorylates phospholamban at Ser16
, which attenuates the inhibitory effect of the 

protein on the sarcoplasmic reticulum calcium/ A TPase pump, and thereby increasing Ca2
+ 

sequestration into the sarcoplasmic reticulum (166, 167). 

5. TXA2 activates phospholipase-CB through its TPa receptor. The activation of phospholipase

CB increases IP3 production and mobilization of intracellular Ca2
+. In tum, Ca2

+ activates eNOS, 

which results in the increased signaling through the NO/cGMP/PKG pathway. Subsequently, 

PKG-1 phosphorylates the TPa receptor at Ser331
, which desensitizes the receptor, and thereby 

PKG-1 decreases intracellular Ca2
+ (168). 

6. PKG-1 phosphorylates the transient receptor potential canonical (TRPC)-6 channel at Thr70 

and Ser322
, which inactivates the associated inward Ca2

+ current (169). 

7. The Pi<.G-1 phosphorylation and activation of regulator ofG-protein signaling (RGS) proteins 

promotes the translocation of RGS to the plasma membrane where the phospho-RGS increases 

the GTPase activity of G proteins and interferes with their interaction with G-protein coupled 

receptors ( 1 7 0). 

- 31 -



Effect on Functions of Ras Homolog Gene Family Member A: PKG-1 inactivates the RAt 

Sarcoma (Ras) homolog gene family member A (RhoA). PKG-1 phosphorylates RhoA at Ser188
, 

which blocks the action of this protein. RhoA inactivation attenuates SMC contraction and 

cellular adhesion (171,172). In the absence of cGMP/PKG-1 signaling in the vascular SMC, 

RhoA translocates from the cytosol to the plasma membrane where it activites Rho-associated 

protein kinase. The activated Rho-kinase then phosphorylates Thr696 of the myosin-binding 

subunit of the myosin light-chain phosphatase (MLCP). This inhibits the phosphatase activity of 

MLCP toward myosin light chain (MLC) and increases SMC contraction (173,174). However in 

the presence of cGMP /PKG-1 signaling, the phosphorylation of Rho A by PKG-1 promotes its 

dissociation from the plasma membrane and its return to the cytosol. Activated PKG-1 also 

phosphorylates MLCP at Ser695 on its regulatory subunit, which in tum blocks its inactivation by 

Rho-kinase (175). 

Gene Regulation: The activation of PKG-1 has been demonstrated to alter gene expression in a 

number of tissues (176, 177). In SMC, PKG-1 increases the expression of SM-specific contractile 

proteins, such as a.-SM actin, MYH, and Calponin. PKG-1 signaling also down-regulates the 

matrix proteins osteopontin and Vimentin, attenuates SMC migration, and differentiation, and 

thereby prevents the transition of the SMC from a contractile phenotype to a synthetic phenotype 

(178). PKG-1 also increases mitochondrial biogenesis and the expression of the uncoupling 

protein in brown fat (179). PKG-1 regulates the gene expression and protein levels in some 

models of neuronal plasticity and learning, as well as in pathological conditions, such as 

Alzheimer's disease and schizophrenia (180,181). Phosphorylation or dephosphorylation of 

serine residues in the amino-terminal regulates the translocation of nuclear factor of activated T 
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cells (NFAT) between the cytosol and nucleus (182,183). Phospho-NFAT is cytosolic; when 

NF AT is dephosphorylated, it translocates to the nucleus and promotes the transcription of pro

hypertrophic genes in cardiomyocytes (184). Increased nuclear NFAT directly promotes the 

expression of proteins that are associated with cardiac hypertrophy (185). Calcineurin, a Ca2
+

activated phosphoprotein phosphatase, dephosphorylates NF AT. By lowering the intracellular 

Ca2
+ by mechanisms mentioned above, PKG-1 decreases calcineurin activity, prevents the 

nuclear translocation of phospho-NFAT (186), and inhibits the pro-hypertrophic effects of 

NFAT/ calciuneurin signaling in cardiomyocytes (187). 

Regulation of Vasodilator-Stimulated Phosphoprotein Functions: PKG-1 and PKA 

phosphorylate vasodilator-stimulated phosphoprotein (V ASP) in both endothelial cells and SMC. 

V ASP is preferentially phosphorylated by PKG-1 at Ser239
, while PKA phosphorylates V ASP at 

residue Ser157 (188). The phosphorylation of VASP is correlated with 1) cytoskeletal 

organization, 2) platelet inhibition (189,190), 3) decreased VASP binding with F-actin and 

VASP-driven actin filament formation (191,192), 4) increased angiogenesis (193), and 5) 

induction of long-term potentiation (194). The intracellular location of V ASP is altered by its 

phosphorylation (188). 

Regulation of Phosphodiesterase-S: PKG-1 activates the cGMP-specific phosphodiesterase-S 

(PDE5) in platelets, SMC, and cerebellar Purkinje cells (195-197). PKG-1 phosphorylates PDE5 

at Ser102 in humans in the regulatory domain of the enzyme. The phosphorylation of PDE5 

increases its affinity for cGMP (196, 197), thereby increasing cGMP hydrolysis. It also increases 

the Vmax of the enzyme and the affinity of the allosteric sites for cGMP (195-197). Both cGMP 
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binding to PDE5 and its activation by PKG-1 serves as an important negative regulator of 

NO/cGMP/ PKG-1 signaling (197,198). 

Cytoprotective Processes: The role ofPKG-1 in mediating NO/cGMP dependent cytoprotection 

in cardiomyocytes (199), neurons and glia (200), and epithelial cells (201) is largely unknown. 

One mechanism in cardiac tissue involves the opening of mitochondrial K+ I ATP channels 

induced by NO/cGMP/PKG-1 signaling, which attenuates the damage incurred in response to 

ischemia-reperfusion or myocardial infarcts (199,202,203). Major tissue damage to 

cardiomyocytes subjected to ischemia and reperfusion is mediated in part by the proapoptotic 

pathway involving p38 mitogen-activated protein kinase (p38 MAPK) (204). PKG-1 blocks the 

proapoptotic effects of p38 MAPK (205) by forming a complex with p38 MAPK through the 

leucine zipper region of PKG-1 (206). PKG-1 phosphorylates Bad at Ser155
, a proapoptotic 

protein (207), and this phosphorylation has been correlated with decreased apoptosis and 

increased cell viability (208). PKG-1 also activate ERK signaling and inhibits glycogen synthase 

kinase 3p (209). 

Proapoptotic Effects: The activation of PKG-1 or the over-expression of constitutively active 

PKG-1 in colon cancer cells promotes apoptosis (21 0). In colon cancer cells, PKG-1 

phosphorylates and activates the mitogen-activated protein kinase kinase (MEKK1 ), activates the 

stress-activated protein/ERK kinase 1 (SEK1), and activates the c-Jun NH2-terminal kinase 1 

(JNK1) pathway (211,212). PKG-1 also suppresses growth and promotes apoptosis in son1e 

endothelial cells and human colon tumor HT29 cells (213,214). These effects of cGMP/PKG-1 
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signaling suggest that the cGMP specific PDE inhibitors can be utilized for treatment of certain 

types of cancers. 

1.8 Regulation of PKG signaling 

Gene regulation: Unlike PKA, the expression of PKG is nonuniform. Contractile SMC, 

mesangial cells, platelets, and cerebellum have high levels of PKG expression; it is measurable 

in polymorphonuclear cells, endocrine secretory cells, heart, and some endothelial cells. PKG is 

absent in skeletal muscle fibers, many neurons in the central nervous system, and erythrocytes. 

The control mechanisms that enable PKG expression to be closely modulated are largely 

unknown. In cultured SMC, PKG expression decreases upon multiple passaging; in many cases, 

the expression drops to undetectable levels. High cell density appears to increase, or at least 

maintain, PKG expression in vitro (215). Serum-derived growth factors, such as PDGF, may 

reduce PKG expression in vitro, suggesting that the withdrawal of growth factors may enhance 

expression (216). High concentrations of NO donor drugs have been shown to decrease the 

mRNA levels of PKG-1a in the bovine aortic SMC (217). However, in vivo, increased iNOS 

expression was only temporally and spatially correlated with decreased PKG expression (218). 

Studies have also demonstrated that cytokines, such as interleukin-1 p and tumor necrosis factor

a, reduce PKG expression in SMC (219). These findings suggest that the iNOS induced by the 

inflammatory cytokines inhibit PKG mRNA expression by virtue of high and persistent NO 

production. In another study, a dramatic reduction in neointimal thickening was observed in the 

iN OS knockout mouse (220). 
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Inflammatory cytokines not only induce iNOS but also increase the expression of 

cyclooxygenase-2 (COX-2) in SMC in atherosclerotic lesions (221-223). Inducible NOS 

increases cGMP levels through the activation of soluble GC, while COX-2 elevates cAMP levels 

by eicosanoid-dependent activation of adenylyl cyclase. Cyclic nucleotide analogs have been 

shown to suppress PKG-1 mRNA expression in cultured SMC (217). Therefore, it is possible 

that cyclic nucleotide production in response to inflammation suppresses PKG expression. 

Furthermore, cAMP analogs have been found to be more potent than cGMP analogs in reducing 

PKG mRNA expression, suggesting that PKA may mediate the effects of both cAMP and cGMP 

on PKG down-regulation. The human PKG-1 gene sequence (224) suggests that PKG expression 

is driven by an Sp 1-dependent mechanism. Sp 1 proteins are ubiquitous transcription factors that 

either increase or decrease the expression of genes (225). Previous studies have shown that Sp1 

function is regulated by both NO (226) and cAMP-dependent PKA activation (227), suggesting 

that iNOS and COX-2 may decrease PKG expression via Sp1 in inflammation. 

RhoA and Rac1 have also been shown to regulate the cellular expression ofPKG-1 (228). PKG-

1 expression varies directly with Rac1 activity and inversely with RhoA activity. The activation 

of RhoA by calpeptin suppressed PKG-1 expression, whereas RhoA down-regulation by small 

interfering RNA increased PKG-l expression (228). The over-expression of active RhoA or 

Rho-kinase suppressed PKG-1 promoter activity, while active Rac1 or a dominant negative 

RhoA enhanced PKG-1 promoter activity. The RhoA mediated regulation of PKG-1 required 

Sp 1 consensus sequences in the PKG-1 promoter. In addition, Kru""ppel-like factor 4 (KLF4) was 

identified as a major trans-acting factor at two proximal Sp1 sites; active RhoA suppressed KLF4 

binding and trans-activation potential on the PKG-1 promoter (228). 

- 36-



Posttranslational regulation of PKG signaling: Unlike PKG gene regulation, not much is known 

about the regulation of PKG activity. PKG-1a and I~ are soluble proteins, whereas PKG-1I is 

anchored at the plasma membrane by myristoylation of its Gll residue (229). Myristoylation 

and consequent membrane targeting of PKG-1 I are required to phosphorylate substrate proteins, 

including the cystic fibrosis transmembrane conductance regulator Cl- channel (230). Several 

studies suggest that the Golgi apparatus modulates the nuclear translocation of PKG-1 in SMC. 

The disruption of the Golgi apparatus with either nocodazol or brefeldin A inhibited the cGMP

stimulated nuclear localization of PKG-1 (231 ). The mutation of PKG-1 in the putative 

proteolysis site inhibited cGMP-mediated CREB-phosphorylation, CRE-dependent gene 

expression, and the nuclear localization of PKG-1 (231 ), suggesting that proteolytic cleavage by 

the Golgi apparatus may be important for the nuclear translocation of PKG-1. Protein cleavage is 

also a critical step in the nuclear translocation and activities of sterol regulatory element binding 

protein (SREBP) and Notch (232). Similarly, the amino-terminal cleavage ofPKG-1 removes the 

leucine zipper site that tethers PKG-1 to cytosolic proteins. The resulting active PKG-1 fragment 

enters the SMC nucleus and phosphorylates proteins that regulate gene expression. Finally, in 

ovine fetal pulmonary veins, hypoxia has been shown to induce the generation of ROS and 

reactive nitrogen species (RNS) in SMC, leading to the nitration mediated decrease in PKG-1 

activity (233). 

1.9 Animal models of pulmonary hypertension 

The pulmonary circulation has large vascular reserves and compliance; therefore, patients with 

severe pulmonary hypertension tend to present at later stages of the disease when the process of 

vascular dysfunction is already far advanced. As a result, it is very difficult to study the natural 
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course of the development of the vascular lesions in humans. Much of the understanding of 

vascular dysfunction is the result of various animal models of pulmonary hypertension. 

Sugen model of pulmonary arterial hypertension: Kohtaro et al. developed this rat model of 

pulmonary arterial hypertension by subcutaneously injecting adult male Sprague-Dawley rats 

weighing 180 to 220g with a VEGFR-2 blocker, SU5416 (20 mg/kg), followed by exposure to 

hypoxia (1 0% 0 2) for 3 weeks. The rats were then returned to normoxia (21% 0 2) for an 

additional 10 to 11 weeks (total 13 to 14 weeks after SU5416 injection) (234). These rats 

developed severe pulmonary artery hypertension accompanied by pulmonary arteriopathy 

strikingly similar to that observed in human severe pulmonary artery hypertension. Compared 

with control adult rats, diseased rats displayed high right ventricular systolic pressure and severe 

right ventricular hypertrophy. Pulmonary arteries in these rats develop various forms of vascular 

remodeling, including medial wall hypertrophy, various degrees of neointimal thickening: 

eccentric, concentric, and concentric laminar, and two different patterns of complex plexiform 

lesions: stalk-like and aneurysm-like (234). 

Monocrotaline induced pulmonary arterial hypertension: Pulmonary hypertension is induced in 

rats by monocrotaline administration as a single subcutaneous injection of 60 mg/kg (235). A 

single injection of monocrotaline to rats results in pathologic alterations in the lung and heart 

similar to human pulmonary hypertension. Monocrotaline is a phytotoxin used experimentally to 

cause a pulmonary vascular syndrome in rats characterized by proliferative pulmonary vasculitis, 

pulmonary hypertension, and cor pulmonale (236). To produce pulmonary insult, monocrotaline 

is first activated by the liver to the putative electrophile monocrotaline pyrrole (23 7), which has a 



half-life of about 3s in aqueous environments near neutral pH (238). Stabilization of the 

monocrotaline pyrrole by red blood cells facilitates the subsequent transport to the lung (239). 

The circulatory proximity of the liver to the lung endothelium, the increased thymidine uptake, 

the decreased 5-hydroxytryptamine clearance, and the extravasculature leakage of large 

macromolecules in the pulmonary capillaries demonstrate that monocrotaline intoxication targets 

the pulmonary endothelium (236,240). In vitro experiments with bovine pulmonary artery 

endothelial cells have demonstrated that monocrotaline pyrrole can impair endothelial barrier 

function (241), inhibit cell proliferation (242), prolong cell cycle arrest in the G2-M phase (243), 

and promote apoptosis (244). Apoptosis has recently been shown to occur in rat pulmonary 

artery endothelial cells following the in vivo administration of monocrotaline (245). 

Lamb models of pulmonary hypertension: The most prominent animal models used are: 

1. Chronic intrauterine pulmonary hypertension due to partial ligation of the ductus 

arteriosus: Pulmonary hypertension in newborns is characterized by elevated PVR, resulting in 

severe hypoxemia upon birth (246). Although mechanisms contributing to pulmonary 

hypertension in children are poorly understood, clinical and experimental studies suggest that 

chronic pulmonary hypertension in utero leads to the failure of the normal transition to decreased 

PVR at birth (246,247). In fetal lambs, chronic intrauterine pulmonary hypertension due to. 

partial ligation of the ductus arteriosus causes right-to-left shunting across the foramen ovale and 

ductus arteriosus. This is characterized with marked elevation of intrauterine PAP, right 

ventricular hypertrophy, hypertensive lung structural changes, abnormal pulmonary 

vasoreactivity, and the failure to achieve the normal decline in PVR at birth (24 7 ,248). This 

experimental model of pulmonary hypertension is also characterized by the attenuation of 
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pulmonary vasodilation in response to small increases in fetal P02 (24 7) and the impairment of 

endothelium-dependent vasodilation to acetylcholine (249). 

2. Lamb model of single ventricular physiology created in utel~o: This model is 

established by placing a 1 0-mm, Damus-Kaye-Stansel-type aorto-pulmonary anastomosis in the 

fetal lamb at approximately 140 days of gestation (250). The main pulmonary artery is ligated 

distally, and pulmonary blood flow is provided through a 5-mm aorto-pulmonary shunt (251). In 

the postnatal period, these lambs (Shunt) display morphological and physiological features that 

mimic the human disease. At 1 month of age, these lambs have dramatically elevated PAP 

associated with an increase in pulmonary blood flow, systemic blood flow, and left and right 

atrial pressures (250). Shunt lambs have increased pulmonary vessel numbers associated with the 

elevated expression ofVEGF, VEGFR-1, VEGFR-2 (20), TGF-~1 and its ALK-1 receptor (21). 

These lambs also have a selective impairment of endothelium -dependent pulmonary vasodilation 

in both intact and isolated pulmonary arteries harvested frotn Shunt lambs (252). There are early 

alterations in the ET -1 cascade that result in increased ET -1 production, increased ET -1-

mediated vasoconstriction, and decreased vasodilation in the Shunt lambs (253). 

3. Lamb model of 'rebound pulmonary hypertension': In 1 month old healthy lambs, 

inhaled NO ( 40ppm) is delivered in nitrogen into the inspiratory limb of the ventilator and 

continued for 24h. During this course the hemodynamic variables are monitored constantly. 

Peripheral lung biopsies are performed at various intervals. The inhaled NO is stopped, and the 

hemodynamics are monitored for additional 2h (254). Several studies have noted a potentially 

life-threatening increase in PVR on acute withdrawal of inhaled NO (10,12). This rebound 

pulmonary hypertension is manifested by an increase in PVR, compromised cardiac output, 

severe hypoxemia, or a combination of these pathologies (10,12). In these lambs, inhaled NO 
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transiently decreases the mean PAP and left PVR (254). Left pulmonary blood flow, mean 

systemic arterial pressure, heart rate, right and left atrial pressures, systemic arterial blood gases, 

and pH are all unchanged (254). During the 24h treatment course, PAP returns to the pre-inhaled 

NO value (254). Upon discontinuation of inhaled NO, there is a rapid increase in both mean PAP 

and left PVR (254). Fluoresecent microscopy studies have shown that these lambs have 

increased superoxide and peroxynitrite (ONOO) levels (255) and decreased NO/cGMP 

signaling, suggestive of vascular dysfunction (255). 

1.10 NO/cGMP/PKG signaling in lambs with pulmonary hypertension 

In our present study, we have focused on the vascular dysfunction in pulmonary hypertension. 

To achieve this goal we have utilized two distinct animal models of pulmonary hypertension: 

Shunt lambs with increased pulmonary blood flow and the lambs with rebound pulmonary 

hypertension after acute withdrawal of inhaled NO therapy. In the first model, after spontaneous 

delivery, lambs develop a significant left-to-right shunt, which exposes the pulmonary 

vasculature to increased blood flow and shear stress, leading to an upregulation of eNOS and B

typ NP. In the second model, 1-month old intact lambs are exposed to mechanical ventilation 

with 21% oxygen and inhaled NO for 24h (256,257). Due to endogenous and exogenous 

activation of pulmonary artery endothelial cells respectively, both models result in an increase in 

plasma and lung tissue cGMP levels. However, despite an increase in cGMP levels, both models 

display pulmonary vascular dysfunction that manifests as a selective impairment in endothelium

dependent pulmonary vascular relaxation in Shunt lambs and an abnormal increase in pulmonary 

arterial pressure and vascular resistance upon the acute withdrawal of inhaled NO in the second 
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model. Furthermore, in both models endothelial dysfunction is also demonstrated by decreased 

eNOS activity and increased oxidative stress. 

In response to NO and BNP, cGMP activates the downstream mediator PKG (258). PKG-1a, a 

serine/threonine kinase is predominantly found in the lungs and is more sensitive to activation by 

cGMP than PKG-1 ~ and is the primary isoform involved in vasodilation (216,259). However, 

there is little information as to whether PKG-1 a is dysregulated under conditions of endogenous 

or exogenous activation of cGMP. Recent reports do suggest that under hypoxic conditions there 

is a decrease in PKG-1 activity due to ONOO- mediated tyrosine nitration (233). Interestingly, 

our past investigations have shown that both Shunt lambs (260) and lambs exposed to inhaled 

NO (255) have increased levels of protein nitration. Therefore, the purpose of the present study 

was to determine whether the nitration-induced decrease in PKG-1a kinase activity contributes 

to pulmonary vascular dysfunction secondary to endogenous (Shunt, BNP) and/or exogenous 

(inhaled NO) cGMP activation and to determine the mechanisms involved in the nitration 

mediated decrease in PKG-1 a activity. 
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II. Materials and Methods 

Materials 

Polyclonal anti-PKG-1a (goat) antibody, anti-MYH (goat), anti-Calponin-1 (rabbit), monoclonal 

anti-SMA (mouse) (Clone: CGA7), and monoclonal anti-Vimentin (mouse) (Clone: 2Q1035) 

were from Santa Cruz biotechnology (Santa Cruz, CA); Monoclonal anti-nitrotyrosine (mouse) 

antibody (Clone: CC22.8C7.3), monoclonal anti-pSer239VASP (tnouse) antibody (Clone: 16C2), 

and ONOO- were from EMD Biosciences, Inc. (San Diego, CA); Monoclonal anti-V ASP 

(mouse) antibody (Clone: IE273) was from Enzo life sciences (Plymouth Meeting, PA); 

Monoclonal anti-PCNA (mouse) antibody (Clone: PC10) and polyclonal anti-SM22 (goat) 

antibody were from Abeam (Cambridge, MA); Human BNP was from American Peptide 

Company (Sunnyvale, CA); Monoclonal anti-~-actin (mouse) antibody (Clone: AC-15), 

Polyethylene glycol-conjugated Superoxide Dismutase (PEG-SOD), and PEG-Catalase were 

from Sigma life sciences (St. Louis, MO); Manganese(III)tetrakis(1-methyl-4-pyridyl)porphyrin 

(MnTMPyP) were from A.G Scientific Inc (San Diego, CA); Cyclic GMP EIA Kit, Spermine 

NONOate (SpNONOate), 3-morpholinosydnonimine N-ethylcarbamide (SIN-1), and 

Dihydrorhodamine 123 (DHR) were from Cayman Chemicals (Ann Arbor, MI); Bovine PKG 

full length recombinant protein (alpha1 isozyme) and a non-radioisotopic kit for measuring PKG 

activity was from Cyclex Co., Ltd. (Nagano, Japan). Polyclonal anti-PKG-1a (goat) antibody 

was from Santa Cruz biotechnology (Santa Cruz, CA); Monoclonal anti-nitrotyrosine (mouse) 

antibody (Clone: CC22.8C7 .3) was from EMD Biosciences, Inc. (San Diego, CA); Monoclonal 

anti-~-actin (mouse) antibody (Clone: AC-15) was from Sigma life sciences (St. Louis, MO); 

alamarBlue was AbD serotec (Raleigh, NC); eHcGMP] was from PerkinElmer (Waltham, MA); 
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Y ASARA software was from Y ASARA Biosciences GmbH (Vienna, Austria); _HEK-293T cells 

were kind gift from Dr. Catravas lab. 

Animal Studies 

Shunt lambs: Eighteen mixed-breed Western pregnant ewes (137-141 days of gestation, term= 

145 days), anesthetized with the use of local anesthesia (2% lidocaine hydrochloride) and 

inhalational anesthesia (1-3% isoflorane), were operated on under sterile conditions to place an 

8.0mm Gore-Tex vascular graft (-2mm long; W.L. Gore and Associates, Milpitas, CA) between 

the ascending aorta and the main pulmonary artery in the fetal lamb. This procedure has been 

previously described in detail (250). Six lambs received, lifelong from the first day of life, 

500mg/kg of L-arginine (L-arginine-Hydrochloride 21% Braun, B. Braun Melsungen AG, 

Melsungen, Germany), while a further six lambs received the equivalent amount of vehicle. 

Lambs were treated twice daily (8 AM and 8 PM) intravenously. L-arginine was mixed 1:1 with 

sterile isotonic NaCl solution (Sodio Cloruro 0,9%, Laboratori Diaco Biomedicali S.p.A., 

Trieste, Italy). Sterile isotonic NaCl solution (Sodio Cloruro 0,9%, Laboratori Diaco Biomedicali 

S.p.A., Trieste, Italy) was used as a vehicle. Three weeks after spontaneous delivery, Shunt and 

age-matched control lambs were fasted for 24h with free access to water. The lambs were then 

anesthetized with ketamine hydrochloride (15mg/kg IM). Under additional local anesthesia with 

1% lidocaine hydrochloride, polyurethane catheters were placed in an artery and a vein of a hind 

leg. These catheters were advanced to the descending aorta and to the inferior vena cava, 

respectively. The lambs were then anesthetized with ketamine hydrochloride (0.3mglkg/min), 

diazepam (0.002mg/kg/min), and fentanyl citrate (l.OJ.Lg/kglh), intubated with a 7.0mm outer 

diameter cuffed endotracheal tube, and mechanically ventilated with 21% oxygen using a 



Healthdyne pediatric time-cycled pressure-limited ventilator. With the use of strict aseptic 

technique, a midstemotomy incision was then performed. Patency of the vascular graft was 

confirmed by inspection and changes in oxygen saturation. A side-biting vascular clamp was 

used to isolate peripheral lung tissue from randomly selected lobes, and the incisions were 

cauterized. Approximately 300mg of peripheral lung were obtained for each biopsy; four biopsies 

were obtained and stored at -80°C until analyzed. Blood was obtained from the femoral artery. 

Exposure of lambs to inhaled NO: The surgical preparation used was previously described 

(256,257). After a 30min recovery, either PEG or PEG-SOD diluted in 5ml of saline was 

delivered through the left pulmonary artery catheter. PEG or PEG-SOD (l,000-2,000U/kg) was 

given every 6h to complete a total of four doses. The dose of PEG-SOD was based upon previous 

studies that demonstrate a sustained increase in plasma SOD activity (255). Inhaled NO ( 40ppm) 

was delivered into the inspiratory limb of the ventilator (Ohmeda INOvent, Datex Ohmeda Inc., 

Madison, WI) and continued for 24h. The inspired concentration of N 0 and nitrogen dioxide 

were continuously quantified by electrochemical methodology (Ohmeda INOvent, Datex 

Ohmeda Inc., Madison, WI). The hemodynamic variables were monitored continuously. The 

systemic arterial blood gases were determined intermittently, and the ventilation was adjusted to 

achieve a PaC02 between 35torr to 45torr and a Pa02>50torr. Sodium bicarbonate was 

administered intermittently to maintain a pH>7 .30. Normal saline was administered 

intermittently to maintain stable atrial pressures throughout the study period. Peripheral lung 

biopsies were performed before and after 24h of inhaled NO. 

-45-



At the end of each protocol, all lambs were euthanized with a lethal injection of pentobarbital 

sodium in accordance with the National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals. All animal protocols and procedures were approved by the committee on 

animal Research at the University of California, San Francisco, the Georgia Health Sciences 

University, Augusta, and the German Heart Center, Munich. 

Cell culture 

Primary cultures of ovine pulmonary artery endothelial cells (P AEC) were isolated as described 

previously (261 ). Briefly, the main and branching pulmonary arteries were removed from the 

lungs of fetal (138-140 days gestation) lambs after death, dissected, and the adventitia was 

removed. The exterior of the vessel was rinsed with 70% ethanol. The vessel was then opened 

longitudinally, and the interior was rinsed with PBS to remove any blood. With a cell scraper, 

the endothelium was lightly scraped away, placed in medium DME-H16 (with 10% fetal bovine 

serum and antibiotics), and incubated at 3 7°C in 21% 0 2-5% C02-balance N2. After 5 days, 

islands of endothelial cells were cloned to ensure purity. Basic fibroblast growth factor (1 ng/ml; 

a gift from Dr. Denis Gospodarowicz, Chiron, Emeryville, CA) was added to the medium every 

other day. When confluent, the cells were passaged to maintain them in culture or frozen in 

liquid nitrogen. Endothelilal cell identity was confirmed by the typical cobblestone appearance, 

contact inhibition, specific uptake of acetylated low-density lipoprotein labeled with 1,1 1
-

dioctadecyl-3 ,3 ,3 1 ,3 1 -tetramethylindocarbocyanine perchlorate (Dil-AcLD L, Molecular Probes, 

Eugene, OR), and positive staining for von Willebrand factor (DAKO, Carpinteria, CA). Ovine 

fetal pulmonary arterial ECs (OFPAECs) were studied between passages 3 and 10. The cells 

were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 1gm glucose, L-

- 4f\-



glutamine, and sodium pyruvate, supplemented with 10% fetal bovine serum (FBS) (Hyclone, 

Logan, UT) and 1% antibiotic-antimycotic solution (Mediatech, Herndon, VA) at 37°C in a 

humidifier with 5% C02 and 95% air. Cells used were seeded at 50% confluence and utilized 

when 100% confluent. 

Primary cultures of pulmonary artery smooth muscle cells (PASMC) from 4-week old lambs 

were isolated by the explant technique, as we have previously described (262). Briefly, a segment 

of the main pulmonary artery from a 4-week old lamb was excised and placed in a sterile 1 Ocm 

dish containing DMEM, supplemented with 1 gtn/1 glucose. The segment was stripped of 

adventitia with a sterile forceps. The main pulmonary artery segment was then cut longitudinally 

to open the vessel, and the endothelial layer was removed by gentle rubbing with a cell scraper. 

The vessel was then cut into 2mm segments, inverted, and placed on a collagen coated 35mm 

tissue culture dish. DMEM ( ----50!11) containing 10% FBS (Hyclone ), antibiotics, and antimycotics 

(MediaTech) was then added to each segment, and the cells were grown overnight at 37°C in a 

humidified atmosphere with 5% C02 and 95% air. The next day an additional 2ml of medium 

was added. The growth medium was subsequently changed every 2 days. When smooth muscle 

cell (SMC) islands were observed under the microscope, the tissue segment was removed, and 

the individual cell islands were subcloned using cloning rings. Identity was confirmed as P ASMC 

by immunostaining (>99% positive) with SMC actin, caldesmon, and calponin. This was taken as 

evidence that the cultures were not contaminated with fibroblasts or endothelial cells. All culture 

for subsequent experiments was maintained in DMEM supplemented with 10% FBS, 1% 

antibiotics, and antimycotics at 37°C in a humidified atmosphere with 5% C02 and 95% air. All 

experiments were conducted in cells between passages 5 and 15. 
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Measurement of Peroxynitrite Levels 

The formation of ONoo- was determined by the ONoo- dependent oxidation of 

dihydrorhodamine (DHR) 123 to rhodamine 123, as described previously (263). Cultured PAEC 

or PASMC were pretreated with PEG-Catalase (100U, 30min) to reduce H20 2 dependent DHR 

123 oxidation. The cells were then treated with either PEG-SOD (1 OOU, 30min) or MnTMPyP 

(25J.LM, 30min) followed by incubation with SIN-1 (500J,tM, 30min) or SpNONOate (lOOJ!M, 

4h) in phenol red-free media containing 5J.tmol/L DHR 123. Similarly, ONOO- levels were 

determined in peripheral lung tissue obtained from 4-week old control and Shunt lambs treated 

with or without L-arginine and the lambs exposed to inhaled NO with or without PEG-SOD. The 

tissue was pulverized; 1 Omg of tissue was placed in a microfuge tube, 1 OOJ,tl of 1 xPBS was 

added, and the tissue was vortexed 3x for 10sec. The lysate was incubated with PEG-Catalase 

(100U) for 30min to mitigate H20 2 dependent oxidation ofDHR123 and then added to a 96 well 

black plate in the presence of 5J.tmol/L DHR 123 in 1xPBS for 1h. In both cases, the 

fluorescence of rhodamine 123 was measured at excitation 485nm and emission 545nm using a 

Fluoroskan Ascent Microplate Fluorometer. 

Western Blot analysis 

Cells or peripheral lung tissue were prepared as previously described (264,265). Briefly, the lung 

and cellular protein extracts were prepared by homogenizing the peripheral lung tissue or cells in 

lysis buffer (50 mM Tris·HCl, pH 7.6, 0.5% Triton X-100, and 20% glycerol) containing Halt 

protease inhibitor cocktail (Pierce, Rockford, IL). Extracts were then clarified by centrifugation 

(15,000 g for 15 min at 4°C). Supernatant fractions were assayed for protein concentration using 

the Bradford reagent (Bio-Rad, Richmond, CA) and used for Western blot analysis. Tissue, cell 
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extracts (25 J.tg) or recombinant purified human PKG-1a protein were resolved using 4-20% 

Tris-SDS-Hepes PAGE, electrophoretically transferred to Immuno-Blot™ PVDF membrane 

(Bio-Rad Laboratories, Hercules, CA), and then blocked with 5% nonfat dry milk in Tris

buffered saline. The membranes were probed with antibodies against PKG-1a (1 :500 dilution), 

pSer239V ASP (1 :500 dilution), alpha smooth muscle actin (1 :500 dilution), calponin-1 (1 :500 

dilution), vimentin (1 :500 dilution), or thrombospondin (1 :200 dilution). Reactive bands were 

visualized using chemiluminescence (Pierce Laboratories, Rockford, IL) on a Kodak 440CF 

image station. Band intensity was quantified using Kodak 1 D image processing software. Protein 

expression was normalized by re-pro bing with anti P-actin or total V ASP. 

Immunoprecipitation analysis 

Cells or peripheral lung tissue were homogenized in 3x weight/volume of IP buffer (25mM 

Hepes, pH 7.5, 150mM NaCl, 1% NP-40, 10mM MgCh, 1mM EDTA, 2% glycerol, 

supplemented with protease inhibitor). Homogenates were then centrifuged at 20,000g at 4°C for 

1 Omin, the tissue supernatant was collected, and protein concentration was quantified by the Bio

Rad DC Protein Assay (Bio-Rad Laboratories, Hercules, CA). To lOOOJ.tg of total protein, 4J.tg of 

antibody against PKG-1a was added; the volume was brought to lml with IP buffer, and the 

mixture was nutated at 4°C overnight. To precipitate the bound protein, 30J.tl of protein G plus 

agarose suspension (EMD biosciences, Inc., San Diego, CA) was added, and the samples were 

nutated for 2h at 4°C. To collect the bead-bound antibody, the samples were then centrifuged at 

2000g for 5min, the supernatant was removed, and the beads were washed 3x with 500J.tl of IP 

buffer. To the samples, 30J.tl of 2x Laemmli buffer was added, and the samples were boiled for 

5min and then resolved using 4-20% Tris-SDS-Hepes PAGE. The membrane was then probed 
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for 3-nitrotyrosine (1: 100 dilution), as described above. IP efficiency was normalized by re

pro bing with PKG-1 a. 

Determination of PKG catalytic activity 

Total PKG (PKG-1 and -II) activity was determined using a non-radioactive immunoassay to in 

cell lysates, peripheral lung extracts, or recombinant human PKG-1a protein, according to the 

manufacturer's directions. Briefly, protein samples were diluted in kinase reaction buffer 

containing Mg2
+ and ATP (125J.!M) in the presence or absence of 8-Br cGMP (10J.!M) and 

incubated in a 96 well plate pre-coated with a PKG substrate containing threonine residues 

phosphorylated by PKG. After incubation for 30min at 30°C to allow the phosphorylation of the 

bound substrate, an HRP conjugated anti-phosphothreonine specific antibody was added to 

convert a chromogenic substrate to a colorimetric substrate that was read spectrophotometrically 

at 450nm. The change in absorbance reflected the relative activity of PKG in the sample. The 

results were reported as pmols of phosphate incorporated into the GST -G substrate fusion protein 

by active PKG in the sample in the presence or absence of cGMP (1 OJ.!M) per minute at 30°C per 

Jlg of protein (pmol/min/J..Lg). These results were extrapolated by comparing the 

spectrophotometrical values of the samples to the known activity (pmollmin) of a positive 

control. PKG activity was also determined in the presence of different reactive oxygen and 

nitrogen species. Briefly, purified protein was exposed to the superoxide generator, xanthine 

oxidase (XO, 1 OOnM), the nitric oxide donor, spermine NONOate (SpNONOate, 1 OOJ.!M), 

hydrogen peroxide (H20 2, 1 OOJ.!M), or authentic ONoo- (lmM) for 1 Omin on ice. The percent 

change in kinase activity compared to the untreated protein was then determined, as mentioned 

above. 
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Kinetic characterization of P K G-1 a 

Kinetic constants were determined using nonlinear regression (curve fit) analysis (GraphPad 

Prism Software Inc). To determine the Michaelis-Menten constant (Km) for ATP, the kinase 

assay was performed, as mentioned earlier; however the A TP concentration was titrated from 0-

100J.!M, while keeping the cGMP concentration constant at 10f.tM. To determine the Km for 

cGMP, the kinase assay was performed, as mentioned earlier; however the cGMP concentration 

was titrated from 0-10f.tM, while keeping the ATP concentration constant at 125f.tM. 

Measurement of cGMP 

P AEC and P ASMC were grown to confluence and then serum starved overnight. Cells were 

treated with BNP (10f.tM) which has a half life of 22 minutes in two doses of 5J.!M, 30min apart 

for a total duration of 1h in the presence or absence of SIN-1 (500J.!M, 30min) pretreatment. The 

cells were then lysed in 0.1M HCl, and the supernatant was collected by centrifugation at 1 OOOg 

for 1 Omin. Subsequently, cGMP levels were measured using an immunoassay based EIA kit, 

according to the manufacturer's protocol. 

Construction ofPKG-la eDNA 

We made·a blueprint of human PKG-1a eDNA corresponding to 671 amino acids, according to 

the available literature. The carboxyl terminal was attached with a Histidine tag to facilitate in 

the detection and purification of the protein. We flanked the gene with BamH1 and a Nhe 1 

restriction sites on the amino terminal for digestion and subsequent ligation into corresponding 

BamH1 and a Nhe1 sites in the pENTR1A and the pET28a vectors, respectively. The carboxyl 

terminal of the gene was flanked with Xho 1 and a Not1 restriction sites for digestion and ligation 
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into correspondingXho1 and a Not1 sites in the pENTR1A and the pET28a vectors, respectively. 

The blueprint of the gene was then sent to GENEART for synthesis. 

Propagation of vectors 

The PKG-1a gene was received from GENEART in an ampicillin resistant pGA14 vector. 

Kanamycin resistant pENTR1A vector and pET28a vector was bought from Invitrogen and 

Novagen, respectively. The pGA14-PKG-1a and pET28a vectors were used to transform TOP10 

competent cells from Invitrogen, while the pENTR1A vector was used to transform CcdB 

resistant DB3.1 competent cells from Invitrogen. Briefly, 100J.Ll of competent cells per 

transformation were thawed on ice, and 2J.Ll (approx. 400ng) of DNA were added and mixed. The 

tnixture was incubated on ice for 20min followed by 60sec of heat shock at 42°C. The mixture 

was then kept on ice, 250J.Ll of LB media containing the appropriate antibiotics was added, and 

was incubated at 37°C for 1h with shaking. 100J.Ll of each culture were spread on prewarmed 

selective LB gel plates with appropriate antibiotics and incubated overnight at 3 7°C. A single 

colony was picked from each plate and incubated in 5ml of LB media with appropriate 

antibiotics at 37°C with shaking for 12h. The culture was transferred into 25ml ofLB media and 

incubated overnight at 3 7°C with shaking. The bacterial cells were harvested by centrifugation at 

6000g for 15min at 4°C. The DNA was isolated using a Qiagen plasmid Midi Kit with Qiagen

tip 100, according to the manufacturer's protocol. The eluted DNA was dissolved in 150J.Ll water. 

Determination of yield 

The concentration of the PKG-1 a-pGA14 vector and the empty pET28a and pENTR1A vectors 

were analyzed by both UV spectrophotometry and quantitative analysis on a 5o/o agarose gel. 
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Briefly, 5J.1l of the plasmid midiprep DNA was pipeted into 95J.1l of water in a quartz silica 

cuvette. The absorbance was measured at 260nm for quantitave analysis and A260/A280 for 

qualitative analysis. The samples were also analyzed using agarose gel electrophoresis at a 

constant voltage of 100 volts for 1h, and the bands were visualized for PKG-la-pGA14 (4.96kb), 

pET28a (5.36kb), and pENTRlA (2.71kb). 

Sub-cloning PKG-la eDNA into the pET28a and pENTRJA vectors 

Digestion: The 4.96kb pGA14 vector containing the 2.1kb PKGla eDNA was digested with the 

BamHl!Xho1 enzymes from NEB and incubated overnight at 37°C. Similarly, the 2.7kb 

pENTR1A vector was digested with the same enzymes overnight to obtain a plasmid with sticky 

ends. Immediately, after the completion of the restriction enzyme digestion, the pENTR1A 

vector mixture was incubated at 65°C for 20min to inactivate the restriction enzymes. The 

sample was diluted to 26J.1l with water, 3 J.tl 1 Ox phosphatase buffer, and 1 J.tl calf intestinal 

alkaline phosphatase. After brief spinning, the mixture was incubated at 3 7°C for 30min. 

Following the dephosphorylation of the pENTR1A vector, both the pGA14 and pENTR1A 

mixtures were run immediately in a 5% agarose gel to separate the products. Similarly, the 

5.36kb pET28a vector and the pGA14-PKG-1a vector were digested with Nhel!Not1enzymes 

and separated," as mentioned above. 

Ligation: A BamH1/Xho1 digestion seperated the 2.8kb pGA14 vector from the 2.1kb PKG-1a 

eDNA insert and the 2.2kb pENTR1A vector from the 0.5kb CcdB gene on agarose gel 

electrophoresis. The band corresponding to the PKG-1a eDNA insert and the pENTR1A vector 

were excised, and the DNA was extracted using the Qiagen QIAquick gel extraction kit, 

according to the manufacturer's protocol. The Nhel!Not1 digestion separated the 2.8kb pGA14 



vector from the 2.lkb PKG-1a eDNA insert and the linearized pET28a vector. The band 

corresponding to the PKG-1 a eDNA insert and the pET28a vector were excised, and the DNA 

was extracted using the Qiagen QIAquick gel extraction kit, according to the manufacturer's 

protocol. The 2.lkb PKG-1a eDNA insert and the 2.2kb pENTR1A vector were then ligated 

using the Fast-link DNA ligation kit from EPICENTER, according to the protocol. Similarly, the 

2.1kb PKG-1a eDNA insert and the linearized 5.36kb pET28a vector were ligated. Following the 

ligation reaction, the samples were run on a 5% agarose gel to verify the proper insertion of the 

PKG-1a eDNA. 

Transformation: Once the ligation was confirmed, the pENTR1A-PKG-1a and the pET28a

PKG-1a vectors were used to transform TOP10 cells, according to the same protocol mentioned 

above. The bacterial culture was harvested, and Qiagen Plasmid miniprep was performed, 

according to the manufacturer's protocol to extract the DNA. We performed a diagnostic 

digestion using the BamHl!Xho1 enzymes for the pENTR1A-PKG-1a construct and the 

Nhel!Not1 enzymes for the pET28a-PKG-1a construct. After confirming the desired results, the 

vectors were sequenced to confirm the presence of the PKG-1 a eDNA. 
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Human PKG-Ia 

PKG~Ia-pGA 14 -

Nhe1/Not1 dlgestio·n. Bamh1/Xho1 digestion 

·Human PKG~Ia 
. . . 

PKG-Ia~pET~28a 

Bacterial expression 

Mammalian expression 

. - -

Diagram 2. PKG_-la cloning strategy for bacterial and mammalian cell expression 

. ·Expression and purification of PK G-1 a 

:Kanamycin resistant pET28-PKG-la was transformed. into the E. coli strain; Rosetta-gami 

2(DE3) (Novagen)~ A single colony was picked and used to make a pre-inoculum in four sterile 

'SOmL falcon tube containing25mL of terrific broth (Sigma) and kanamycin(50J.Lg/mL). Cultures . 

. · were grown overnight at. 3 7°C with . shaking and were then used to inoculate an 8L culture of 

ten-ific broth also containing kanamycin(50J.Lg/mL) in afermenter. Cultures were grown at 30°C 
. . ' . . ' . . . . . 

·with aeration at 300rpm until an OD 600nm of0.8 was reached. PKG-la expression was induced 

by the addition of isopropyl-B-D-thiogalactoside -(IPTG, 0.75mM) and riboflavin (3J.LM). 
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Cultures were then grown at 18°C for a further 8h in the dark. The cells were harvested by 

centrifugation at 1,400 x g at 4°C for 20min and resuspended in lysis buffer containing 40mM 

Tris-HCl, 100mM NaCl, 5% glycerol, 1mg/ml lysozyme, bacterial protease inhibitor cocktail 

(Sigma), 32 units/mL DNase I (Sigma), 3 units/mL RNase A (Sigma), at pH 6.8. The bacterial 

cell suspension was incubated with mild shaking at 4°C for 30min. Cells were then disrupted by 

sonication using 3 x 1.5min pulses from. a 40% amplitude microprobe (ultrasonic processor) 

followed by 3 cycles of freezing and thawing (30min at -80°C). Cell debris was removed by 

ultracentrifugation for 90min at 240,000 x gat 4°C. The supernatant was brought to 125ml with 

lysis buffer and loaded onto 2 x HisPrep™ FF 16/10 columns (GE Healthcare) with a 20ml bed 

volume pre-equilibrated with 5 x bed volume equilibration buffer ( 50mM EPPS, 1 OOmM N aCl, 

30mM imidazole, 5% glycerol, pH 6.8) in an AKTA FPLC Purifier System (Amershan 

Biosciences) equipped with a 150mL superloop (GE Healthcare) using a flow of 0.05mL/min. 

The column was then washed with approximately 5 x bed volume of washing buffer ( 50mM 

EPPS, 300mM NaCl, 30mM imidazole, 5% glycerol, pH 6.8) and was monitored by a UV 

detector until a baseline was reached. Bound protein was eluted with elution buffer (50mM 

EPPS, 300mM NaCl, 400mM imidazole, 5% glycerol, pH 6.8). The eluted protein was further 

purified utilizing a HiLoad™ 26/60 SuperdexTM 200 prep grade gel filtration liquid 

chromatography column (GE healthcare) with a bed volume of320ml. The mobile phase utilized 

was 50mM EPPS, 150mM NaCl, and 5% glycerol, pH 6.8 using a flow rate of 0.2ml/min. Sixty 

fractions of 5ml each were collected. SDS-PAGE in combination with Coomassie staining and 

Western blot analysis identified fractions 31-39 as containing PKG-1a. These fractions were 

pooled and concentrated using a Vivaspin-20ml concentrator (50,000 MWCO) (Sartorius Stedim 

Biotech). The concentrated protein was further separated using a Pharmacia MonoQ ion 
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exchange column (10/100GL) pre-equilibrated with buffer A (20mM Tris-HCl, 1mM DTT, 

5mM MgCh) using a flow rate of 0.5mllmin. Protein extract (lmg) was loaded on to the column 

using buffer A. The protein was eluted with a linear N aCl gradient of 0 to 1M in buffer A at a 

flow rate of 0.5ml/min. Forty fractions of 0.5ml each were collected. SDS-PAGE and Western 

blot analysis identified fractions 11-14 as containing PKG-1 a. These fractions were pooled and 

concentrated using an Amicon Ultra-4 concentrator (ultracel 50,000 MWCO, Millipore), and 

50!-lL aliquots were stored in 0.6mL microcentifuge tubes (Axygen), snap frozen in liquid 

nitrogen, and stored at -80°C until further use. 

N-terminal amino acid sequencing 

Purified PKG-1a protein was subjected to SDS-PAGE and electrophoretically transferred to a 

PVDF membrane similar to Western blot analysis. The membrane was rinsed 5x with water, 

stained with Ponceau S, and the band corresponding to PKG-1a was excised for N-terminal 

microsequencing using Edman degradation with 494 Procise Protein Sequencer/140C Analyzer 

(Applied Biosystems.Inc) at the Iowa State University protein facility. 

Immunocytochemistry 

Semi-confluent P ASMC grown on a coverslip in a 6-well plate were transfected with WT- or 

Y247F- PKG-1a eDNA. After 20h, these cells were serum starved for 4h and then challenged 

with or without SIN-1 (500!-lM, 72h) treatment. The cells were washed with PBS, methanol fixed 

(5min), and permabilized in 0.1% PBS-Tween (20min). The cells were washed 3x with PBS and 

blocked for non-specific protein-protein interactions with 1 %BSA in PBS (1h). The antibodies 

SM22-a (5J.Lg/ml) or PCNA (1J.Lg/ml) were added and incubated overnight at 4°C. The cells were 
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again washed 3x with PBS and incubated either in the secondary antibody (green): Alexa Fluor® 

488 goat anti-mouse lgG (H+L) for PCNA or Alexa Fluor® 488 donkey anti-goat IgG (H+L) for 

SM22-u (1/1 000 dilution) for 1h in the dark. Alexa Fluor® 594 WGA was used to label plasma 

membranes (red) at a 1/200 dilution for 1h. DAPI was used to stain the cell nuclei (blue) at a 

concentration of 0.5!-lg/ml for 3min. The cells were rinsed 3x with PBS, and the coverslips were 

mounted on the slides with a drop of ProLong Gold Antifade and analyzed with the use of a 

Nikon Eclipse TE 300 inverted fluorescent microscope with a x60 oil objective and a 

Hamamatsu digital camera. 

Mass Spectrometry analysis of pep tides 

In-gel digestion: HEK-293T cells were transfected with PKG-1u eDNA for 48h in high glucose 

DMEM media containg 10% FBS and 1% antibiotics and then serum starved for 4h. The cells 

were challenged with SIN-1 (500!lM) for 30min, lysed, and then PKG-1a was purified using the 

immunoprecipitation technique, as mentioned above. The protein was resolved using 4-20% 

Tris-SDS-Hepes PAGE and visualized by Imperial Protein Stain (Thermo-fisher). The band 

corresponding to PKG-1u (75kD) was excised, destained, and subjected to overnight in-gel 

digestion with trypsin (25 ng/!ll in 25 mM ammonium bicarbonate buffer, pH 7 .8). The peptides 

were extracted with 0.1% TF A/75% acetonitrile and evaporated to near dryness. 

MALDI-TOF mass spectrometry: Peptide calibration standards and matrix CHCA were 

purchased from Applied Biosystems. All spectra were taken on an ABSciex 5800 MALDI-TOF 

Mass Spectrometer in positive reflector mode (10kV) with a matrix of CHCA. At least 1000 

laser shots were averaged to get each spectrum. The masses were calibrated to known peptide 

standards. 5!ll aliquots of the PKG-lu tryptic digest were taken up into a C18 ZipTip (Millipore) 



that had been prepared, as per manufacturer's instructions. The bound peptides were desalted 

with two Sf.ll washes of 0.1% TFA and then eluted with 2.5 f.ll of aqueous, acidic acetonitrile 

(75% CH3CN, 0.1% TFA). The eluate was mixed with 2.5ul freshly prepared CHCA stock 

solution (20 mg/ml CHCA in aqueous acetonitrile as above), and 1.5 f.ll portions of this mixture 

were spotted onto a MALDI sample plate for air drying. 1.5 f.ll of crude peptides were 

additionally mixed with 1.5 f.ll of CHCA and were spotted. MS/MS of 2209.04m/z peak was 

done in positive reflector mode without CID. MS and MS/MS spectra were analyzed in Mascot 

Distiller software package. 

Cell counting 

PASMC were grown on a 10cm dish to 75% confluence, transfected with WT-PKG-1a or 

Y247F-PKG-1a eDNA using a Qiagen transfection kit, according to manufacturer's instructions, 

and incubated at 3 7°C for 20h. This method produced an approximate 20% transfection 

efficiency of P ASMC, as measured using green fluorescent protein vectors. The cells were 

trypsinized, seeded onto a 6-well plate at a density of 2.5 x 104 cells per well, and grown for an 

additional 4h in serum-free DMEM growth medium containing 1% FBS and antibiotics. The 

cells were then treated with or without SIN-1 (500f.lM) and allowed to grow at 37°C in the 

incubator for an additional 72h. The cellular proliferation was evaluated by counting the cells 

with a hemacytometer (Cascade BiologicalsTM, Portland, OR) after the trypsinization of the 

P ASMC mono layers. 
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A lamar blue cell proliferation assay 

Cellular proliferation was also investigated using the alatnarBlue® assay (AbD Serotec, Oxford, 

UK). The assay is based on the reducing ability of metabolically active cells to convert the active 

reagent, resazurin, into a fluorescent and colorimetric indicator, resorufin. When added to cell 

cultures, the oxidized, resazurin enters the cytosol and is converted to the reduced, resorufin in 

the mitochondria by accepting electrons from NADH, NADPH, FADH2, FMNH2, as well as 

from the cytochromes. The non-toxic and cell permeable nature of alamarBlue® permits the long 

term exposure of cells. PASMC were grown on a 10cm dish to 75% confluence, transfected with 

WT-PKG-1a or Y247F-PKG-1a eDNA, and incubated at 37°C for 20h. The cells were 

trypsinized and seeded onto a 24-well plate at a density of 20,000 cells per well and grown for an 

additional 4h in serum and phenol-free DMEM growth medium containing 1% FBS and 

antibiotics. The cells were then treated with or without SIN-1 (500J..LM, 72h) in the presence of 

10% well volume of alamarBlue dye. The color change of the dye was determined at an 

excitation wavelength of 560nm and an emission wavelength of 590nm in a Fluoroskan Ascent® 

plate reader. Cells exposed to 0.1% Triton X-1 00 were used as a negative control, while media 

containing alamarBlue dye autoclaved for 15min was used to obtain the 100% reduced form of 

alamarBlue (positive control). Cellular proliferation was expressed as follows: 

% reduction of alamarBlue Sample value Negative control x 100% 
Positive control -Negative control 

Homology modeling 

Since a complete X-ray structure for PKG-1a is unavailable in the protein data bank (PDB), we 

have used YASARA Structure's homology modeling module (266) to build a high resolution 

model of PKG-1 a from its amino acid sequence. Y A SARA (Yet Another Scientific Artificial 
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Reality Application) is a reliable (267), and universal package for molecular graphics, molecular 

modeling, and molecular dynamics. The Y ASARA Structure version has a complete homology 

modeling module that performs automatically all the steps from amino acid sequence (input) to a 

refined high resolution model (output). The PKG-1a homology model was obtained using the 

following protocol. A PSI-BLAST (268) integrated in YASARA was used to identify the 5 

closest templates in the PDB. As a template 3-dimensional structure for the PKG-1 a homology 

model, we used the regulatory (PDB 1NE4) and catalytic (PDB 2CPK) domains of PKA. Then, 

BLAST was used to retrieve homologous sequences, create a multiple sequence alignment, and 

enter the sequences into a 'Discrimination of Secondary structure Class (DSC)' prediction 

algorithm (269). The side-chains were added, optimized, and fine-tuned in the next step, and all 

of the newly modeled parts were subjected to a combined steepest descent and underwent 

simulated annealing minimization. The backbone atoms of the aligned residues were kept fixed 

to avoid potential damage. Finally, an unrestrained, simulated, annealing minitnization with 

water was performed on the entire model. The resultant individual homology models of the 

PKG-1 a regulatory domain and the catalytic domain were combined together to form a single 

PDB sequence. Henceforth, this new sequence was then used as a template sequence for 

generating a complete homology model of PKG-1 a using the same procedure as mentioned 

above. The obtained structure of PKG-1 a had two cGMP binding sites: A and B and an ATP 

binding site represented by P-sheets. Subsequently, we performed docking of two cGMP 

molecules and one ATP molecule to their respective binding sites. A simulation cell was placed 

around each ligand binding site on the PKG-1 a hotnology model to focus the docking of the 

specific ligand on the known specific binding regions. We used the Auto Dock program 

developed at the Scripps Research Institute to dock the ligands. The protein model was then 
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manipulated to introduce a N02 group on the ortho carbon of phenolic ring of the Y247 residue. 

The structure was minimized, and the hydrogen bonding energy (kJ/mol) and distance 

[Amstrongs (A)] between the cGMP molecule and PKG-la were analysed in the presence or 

absence ofthe N02 group with YASARA. 

tHJcGMP Binding 

HEK-293T cells were transiently transfected with either the WT-PKG-la or the Y247F-PKG-1a 

eDNA using Effectene transfection reagent (Qiagen), according to the manufacturer's 

instructions. Briefly, the cells were split the day before the transfection to low cell densities 

(25%) and were transfected 24h later. After 48h of transfection, the cells were incubated in 

serum free media containing 1% FBS and antibiotics for 4h and then treated with or without the 

ONOO- donor, SIN-1 (SOOJ.tM), for 30min. This method produced an approximate 60% 

transfection efficiency of HEK-293T cells, as measured using green fluorescent protein vectors. 

In order to purify PKG-1 a, three 1 Ocm dishes of cells were transfected for each purification 

group. After treatment with SIN-1, the cells were placed on ice, and the media was aspirated and 

replaced with 10ml of ice cold PBS. All subsequent steps were performed on ice. The cells were 

scraped into the PBS and subsequently concentrated by centrifugation. The cell pellets were 

resuspended (1 ml/10cm dish) in lysis buffer (50 mM Tris-HCl, pH 7.0, 1 mMEDTA, 1% 

Nonidet P-40, 150nM NaCl) containing phosphatase and protease inhibitor cocktails (Invitrogen) 

for 20 min at 4°C followed by clarification by centrifugation at 14,000 xg for 20min. The batches 

of supernatant were pooled, and 2J.tg of anti-PKG-1a antibody per mg of protein were added to 

the extract and rocked at 4°C. After 4h of incubation, protein G PLUS-agarose beads (1 OJ.tl/mg 

protein) were added and incubated overnight with nutation. The beads were washed three times 
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in lysis buffer. The PKG-1 a attached to the beads was then eluted by the resuspension in 1 00!-ll 

of PBS containing 5 J.tg of PKG-1 a peptide per J.tg of antibody. After 15min of agitation at 4 °C, 

the beads were pelleted by centrifugation, and the supernatant containing the PKG-1 a protein 

was collected, quantified using Bradford reagent, and stored at -80 oc until needed. To assay the 

capability ofthe WT- and Y247F- PKG-1a to bind to cGMP after treatment with SIN-1, we 

saturated the PKGs with cGMP by incubating 50!-11 aliquots of the diluted PKG constructs for 

60min at room temperature with 50J.tl of CHJcGMP and 150 J.tl of cGMP-binding assay mixture 

(25mM K2HP04, 25mM KH2P04, 1mM EDTA, pH 6.8, 2M NaCl, 200J.tM 3-isobutyl-1-

methylxanthine ). The final cGMP concentration varied from 0 to 200nM, and the final 

concentration of enzyme was 100ng. After incubation, 2ml of cold aqueous saturated (NH4)2S04 

was added to each sample. The samples were then filtered onto 0.45J.tm pore nitrocellulose paper 

(Millipore) that had been pre-moistened with saturated (NH4)2S04 and were then rinsed three 

times with 2ml of cold saturated (NH4)2S04. The papers were dried and shaken in vials 

containing 1.5ml 2% SDS. Aqueous scintillant (1 Oml) was added; the vials were shaken again 

and then counted in a liquid scintillation counter. The KI values were determined by GraphPad 

Prism graphics. 

[3H] cGMP Dissociation 

Immunopurified WT- and Y247F-· PKG-1a were incubated for 60min at room temperature with 

3ml of cGMP-binding assay mixture containing 3J.tM CHJcGMP. This incubation time and dose 

has been previously experimentally determined to be adequate for the saturation of the cGMP

binding sites in PKG. After incubation, the samples were cooled to 4 oc and divided into 200J.tl 

aliquots per tube. The addition of 100-fold excess unlabeled cGMP at time Osee (Bo) initiated the 



dissociation (exchange) of the bound eH]cGMP. The cGMP exchange in each tube was stopped 

at the appropriate time point by the addition of 2ml of cold aqueous saturated (NH4)2S04• The 

samples were filtered, washed, and the portion of bound eH]cGMP at any time point was 

determined as described previously. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism version 4.01 (GraphPad Software, San 

Diego, CA). The mean ± SEM was calculated in all experiments, and statistical significance 

determined either by the unpaired t-test (for 2 groups) or ANOV A (for ~ 3 groups). For the 

ANOV A analyses, Newman-Kuels post-hoc testing was employed. A value of p<0.05 was 

considered significant. 



III. Results 

The mechanisms that contribute to pulmonary hypertension are muti-factorial and complex. 

Mounting evidence indicates that pulmonary vascular injury plays a critical role in the 

development of pulmonary hypertension. Vascular injury disrupts a complex homeostatic 

balance, resulting in an abnormal increase in vascular tone. Clinical and experimental studies 

have demonstrated alterations in the NO/cGMP pathway, but the precise mechanisms, 

particularly the role of downstream mediators, remain unclear. 

The peroxynitrite donor, SIN-1, and the NO donor, SpNONOate, attenuate PKG-la activity in 

PAEC 

Previously, we have shown that Shunt lambs and lambs exposed to inhaled NO have increased 

levels of cGMP (270,271). However, we have also observed a decrease in vascular relaxation in 

both of these models, suggestive of vascular dysfunction (270,271 ). To determine if there are 

NO-cGMP independent disruptions in signaling downstream of cGMP that are involved in the 

development of this vascular dysfunction, we initially performed in vitro studies using primary 

cultures of PAEC and PASMC. Exposing PAEC to the NO and superoxide donor, SIN-1 

(500f.lM, 30min), which mimics the eNOS uncoupling seen in our Shunt lambs (272), increased 

ONOO- levels, as determined by the oxidation of DHR 123 to rhodamine 123 (Fig. 1 A). These 

elevated ONOO- levels correlated with an increase in PKG-1a nitration (Fig. 1 B) and a 

subsequent decrease in kinase activity (Fig. 1 C). Next, we determined if the addition of the NO 

donor, SpNONOate, which mimics the elevated exogenous NO levels seen in the 24h NO treated 

lambs, would impair cGMP/PKG-1a signaling. We exposed PAEC to SpNONOate (100J.lM, 4h) 
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and found that ONOO- levels were elevated (Fig. 2 A), PKG-1a nitration was increased (Fig. 2 

B), and kinase activity was decreased (Fig. 2 C). However, the addition of PEG-SOD (1 OOU) or 

the cell permeable SOD mimetic, MnTMPyP (25J.1M), attenuated the effects of SIN-1 and 

SpNONOate. These results suggest that that the impairment of PKG-1 a activity in PAEC upon 

treatment with SIN-1 or SpNONOate is mediated by PKG-1a nitration. 
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Fig. 1. Peroxynitrite increases PKG-la nitration and decreases PKG activity in pulmonary 
arteriai endothelial cells. ONOO:- formation. induced by the nitric oxide (NO) and the 
superoxide donor, 3-morpholinosydnonimine N~ethylcarbamide (SIN-1), was assayed· by · 
monitoring the ONOO- dependent oxidation of dihydrorhodamine 123 (DHR 123) to rhodamine 
123. The results are expressed as fold DHR oxidation compared ·fo untreated control cultures. 
SIN-1 increased ONoo- levels in PAEC, and this was attenuated by the addition ofpolyethylene 
glycof conjugated superoxide dismutase .(PEG.:SOD) or manganese(III)tetrakis(1~methyl-4-
pyridyl) porphyrin (MnTMPyP) (A). In addition; the protein extracts· (.1 OOOJ..tg) were subjected to· 
immunoprecipitation analysis using an antibody raised against PKG-lu~ The immunoprecipitates 
were resolved using 4-20% Tljs-SDS-Hepes PAGE and electrophoretically transferred· to a 
PVDF .membrane. The level of nitrated PKG-1 a was then determin~d by probing the membranes 
with an antiserum raised against 3-nitrotyrosine. The blots were then stripped and re-probed for 
PKG-la to normalize for the efficiency of the immunoprecipitation. A representative blot is 
shown. The exposure of PAEC to SIN-1 resulted in a significant increase in PKG~la- nitration 
(B). The addition of either PEG-SOD or MnTI\IIPyP inhibited PKG-:-1 a nitration (B). Using an· 
ELISA ba:sed assay, we also found that SIN-1 attenuated total .PKG activity, and this was 

· prevented by pretreatment with PEG ... SOD or MnTMPyP (C)> Data are mean ± SEM,. n=4, 
*p<O.OS vs. untreated, t p<O.OS vs SIN-1. 
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Fig. 2. Nitric oxide elevates ONoo· levels, incre.ases PKG-la nitration, and decreases PKG 
activity in pulmonary arterial endothelial cells. ONoo- formation induced by the NO donor, 
Spermine NONOate (SpNONOate ), ·was assayed by monitoring the ONOO- dependent oxidation 
of DHR 123 to rhodamine 12.3. The results are expressed as fold DHR oxidation compared to 
untreated .control cultures. SpNONOate increased ONOO- levels in P AEC, and this was 
attenuated by the addition of PEG-SOD or MnTMPyP (A). In addition, the protein extracts 
(1000p,g) were subjected to immunoprecipitation analysis using an antibody raised against PKG-:-
1a. The immunoprecipitates were resolved using 4-20% Tris~SDS-Hepes PAGE and 
electrophoretically transferred to a PVDF. membrane. The level of nitrated PKG-1a was then 
detennined by probing the membranes with an· antiserum raised against 3-nitrotyrosine. -The 
blots were the~ stripped and re-pro bed for PKG-1 a to normalize for the efficiency of the 
immunoprecipitation. A representative blot is shown. The exposure of P AEC to SpNONOate 
resulted in ·a significant increase in PKG-1a ·nitration (B). The addi~ion-of either PEG-SOD or 
MnTMPyP inhibited PKG-la nitration (B). Using an ELISA based assay, we also fourtd that 
SpNONOate attenuated total PKG activity,· and this was prevented by pretreatment with. PEG.:. 
SOD or MnTMPyP (C). Data are· mean ± SEM, n=4, *p<0.05 · vs. untreated, t p<0.05 vs 
SpNONOate. 



SIN-1 and SpNONOate treatment-attenuate PKG-la activity in PASMC 

Cyclic GMP levels in SMC are regulated by the paracrine and endocrine agents: NO and B-type 

NP. NO produced by eNOS in P AEC- diffuses into subjacent SMC where it stimulates sGC to 

- -

produce cGMP. Similarly, B-typ·e NP activates pGC to increase cGMP levels in both endothelial 
- -

cells and SMC. Although cGMP interacts with: several proteins, cGMP regulates pulmonary 

vascular tone primarily by stimulating PKG-la in _ SMC. Therefore, we determined whether 
. ' . . 

nitrosative_ stress-attenuates NO and B-type NP signaling downstream of cGMP in PASMC~ We 

exposed PASMC to SIN-1 (SOOJ.LM, 30min) and found increased ONOO- levels (Fig. 3 A), 

increased PKG-1a nitration (Fig. 3- B), and attenuated kinase activity (Fig. 3 C). Further, we 

showed that, in PASMC, the .SpNONOate-dependent increase in ONOO- levels (Fig. 4 A) and 

subsequent PKG-1a nitration (Fig. 4 B) resulted in decreased kinase activity (Fig. 4 C)~ The 

deleterious effects of both SIN-1 and SpNONOate on the cGMP/PKG-la signaling pathway 

. were mitigated by the pretreatment of PASMC with PEG-SOD (100U) or MnTMPyP (25f.!M), 

suggesting that the effects on PKG-1 a are the result of a nitration.;. mediated decrease in kinase· 

- activity. 

- _ hO-_ 



A 

.C 
010.7 
::t :s 0.6 

-~ 0.5 
0 E . 
Q. 0.4 -~0.3 ·s: " :s 0.2 
C'G .c; ·o.1 

. if 0.0 "'""---

+ + 
+ 

+ 
+ 

+ 
+ 

+ SIN-1 _ 
PEG•SOD 

+ MnTiVIPyP 

+ SIN-1 
PEG~SOD 

+ MnTMPyP· 

B 

5 

+ 

" ~~ • R " " ~~ ... ~ .~ 

' I ~ : r :~~ r- --·- ----'- -
·* 

"+ + + 
+ ·siN-1 

PEG~OD 
+ MnTMPyP 

. Fig. 3. Peroxynitdte increases PKG-la nitration and decreases PKG activity in pulmonary 
arterial smooth muscle. ONOO- formation induced by the NO and the superoxidedonor, SIN-1, 
was assayed by monitoring th~ ONOO- dependent oxidation ofDHR 12Jto rhodamine 123. The 
results are expressed as fold DHR oxidation compared to untreated control cultures. SIN-1 
increased ONoo- levels in PASMC, and this was attenuated by the addition of PEG-:SOD or 
MnTMPyP (A). In addition, the protein extracts (1 OOOJ.tg) were subjected to 
immunoprecipitation analysis using an antibody raised against PKG-1 a~ The immunoprecipitates 
were resolved using 4-:-20% Tris-SbS-Hepes PAGE and electrophoretically transferred to a 

· .. PVDF membrane; The level of nitrated PKG-1 a was then determined by probing the membranes 
with an_ antiserum raised against 3-nitrotyrosine. The blots were then stripped and re-probed for 
PKG-1 a to normalize for the efficiency of the immunoprecipitation. A. repr~sentative blot is 
shown. The exposure of P ASMC to SIN -1 resulted in a significant increase in PKG-1 a nitration 
(B). The addition of either PEG-SOD or MnTMPyP inhibited PKG..:1a .nitration (B). Using an 
ELISA based assay, we also found that SIN-1 attenuated total PKG activity, and this was 

· prevented by pretreatment with PEG-SOD or MnTMPyP (C). Data are mean ± SEM, n=4, 
*p<O.OS vs. untreated, t p<O.OS vs SIN-1. 
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Fig. 4. Nitric oxide elevates ONOO-levels, increases PKG-la nitration, and decreases PKG 
. activity in pulmonary arterial smooth muscle cells. ONOO- forrilatioh induced by the NO 
· .donor, SpNONOate, was assayed by monitoring the ONOO- dependent oxidation of DHR 123 to 

rhodamine 123. The results are expressed as fold DHR oxidation compared to_ untreated controi 
cultures. SpNONOate increased ONOO- levels in PASMC, and this. w~s attenuated by the 
addition of PEG-SOD or MnTMPyP (A). In addition, the protein extracts (1000~g) were 

. subjected to immunoprecipitation analysis using an antibody raised against PKG-1a. The 
·. immunoprecipitates were resolved usirig-4-20% Tris-.SD.S~Hepes PAGE and electrophoretically 
.transferred to a i>VDF membrane. The l~vel ofnitrate4.PKG-1a was.then determined by probing 
the membranes.with an antiserum raised against 3:-nitrotyrosine. The blots were then stripped and 
re~probed for PKG-1 a to normalize for the efficiency of the · -immunoprecipitation. A . 
representative blot 'js shown. The exposure of P ASMC to SpNONOate resulted in a significant· .. · · 
in.cre·ase in PKG-1a nitration (B). The addition of PEG-SOD or MnTMPyP inhibited PKG-la 
nitration (B). Using an ELISA based assay, we also found that SpNONOate attenuated total PKG 

· activity, and this was prevented by pretreatment with PEG-SOD or· MnTMPyP (C). Data are 
mean± SEM, n=4, *p<0.05 vs. untreated, t p<0.05 vs SpNONOate. 
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The nitration induced decrease in PKG-la activity is independent of cGMP lev(!ls 

Previous studies have demonstrated that the increased exposure of cells to the cGMP analogues, 

8-bromo- and 8-( 4-chlorophenylthio) cGMP, or to the cAMP analogue, dibutyryl cAMP,. 

suppressed PKG-1 mRNA expression and protein levels (217), suggestingthat the activation of 

one or both of the cyclic nucleotide-dependent protein kinases may negatively influence PKG-1 a 

levels and activity._ Therefore, to investigate whether the mechanism of-the nitration induced 

decrease in kinase activity is independent of cGMP levels, we treated P ABC and P ASMC with 

the_pGC activator, B-type NP (lOJ.!M, 1h), in the presence or absence of SIN-1 (500J.!M, 30min). 

Iri P ABC, our results demonstrated that BNP treatment increased cGMP levels (Fig. 5 A) and 

PKG catalytic activity, as shown by the increased phosphorylation of V ASP at Serine239 (Fig. 5 

B). However, in the presence of SIN-1, PKG kinase activity was decreased, while cGMP levels 

were maintained. Similarly, using P ASMC, we found that SIN -1 did not alter the increase in 

cGMP levels induced by B-type NP (Fig. 5 C) but attenuated the levels of pSer239V ASP (Fig. 5 

D). Therefore, these results suggest that the nitration dependent attenuation ofPKG-1a activity is 

independent of cGMP mediated negative feedback. Further, the decrease in kinase activity is not 

ameliorated by increasing cGMP levels. 
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Fig. :S. The SIN~ 1 m·ediated attenuation of PKG kinase activity is independent of cellular 
c_GMP levels. P AEC and PASMC were treated with B-type NP (BNP) (1 0~) in two doses of 
5!!M, 30min apart for a total duration of 1h, in the presence or absence ofSIN-1 (500J.tM, 30miri) 
pretreatment. Using an· ELISA based assay, we demonstrated in PAEC that BNP increased 
cGMP levels in the presence or absence of SIN-1 (A). Im~~noblot analysis. shows that SIN~1 
.decreased the PKG dependent phosphorylation of vasodilator.,.stimulated phosphoprotein (VASP) 
· atserine239 induced by BNP (B). Similarly, in PASMC, SIN-1 did not alter cGMP levels (C) but 

. . . . 239 . . 
attenuated the BNP induced increase in pS~r V ASP ·levels (D). Data are mean ± SEM, n=3, 
*p<0.05 vs. untreated, t p<0.05 vs BNP. 
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Purification ofrecontbiliant ltunta11 PKG-laprotein using a bacterial-expression systent 

Our ~esults in PAEC and PASMC have demonstrated ·that the ONoo- donor, SIN~l, and the NO 
. . ' ' - ' . -. 

donor, SpNONOate, increases PKG:-la nitnitjon and attenuates the enzyme activity. To further 
. . ' - . - . 

confirm. that this effect of:reactive· nitrogen' species is the direct result of a nitration dependent 
' ' 

. ' ' . . . ' . . 

decrease in PKG activity. and riot mediated through alterations: in other signaling pathways, we 

exposed-authentic ONOO-_and SpNONOate to purified recombinant human PKG-1a~ To achieve 

. . . . 

this goal, we initially developed a novel protocol to purify PKG-1a protein using a bacterial-

expressionpurification system. 

Although PKG-1a has been successfully purified us1ng a baculovirus-mediated expression 

system in Sf9-insect cells (273), attempts at purifying the active enzyme using Escherichia coli 

(E. coli).have been unsuccessful (274). Prior studies have shown that high expression ofPKG-1a 

· · can be achieved in E. coli, but most of the purified protein obtained was insoluble and 

·catalytically inactive (274). Efforts at solubilization and refolding by directing the export of 

protein into the peri plasmic space or controlling the expression of the heterologous protein using 

a tac promoter did not yield a soluble or active protein (274). Thus, in contrast to eukaryotic 

-cells, bacteria may lack. the protein folding and/or post-translational modifications crucial for 
' ' 

obtaining active PKG-1 a. Several factors in prokaryotic cells ·can impair the expression and 
' ' 

' ' . 

purification of eukaryotic PKG-lu protein.- Firstly, codon usage by bacteria can limit the 
. ' 

' . . 
' . . -. . - . . . . 

translation of human: PKG-1 a mRNA. Secondly, in vitro studies: have demonstrated that PKG is 

a labile protein susceptible to proteolytic digestion (151). Therefore, the :highly concentrated 

proteases of the ·bacterial . intracellular environment may affect. the purification of full 'length 

PKG-1 a iri E. coli. Thirdly, unlike eukaryotes where proteins can be oxidized in the lumen ofthe 

"'7A 



rough endoplasmic reticulum, the reduced cytosolic environment in prokaryotes ·may hamper· · 
. . - ' .. 

disulfide· bond formation,. which is crucial for productive• PKG-1a folding and/or activation 
. ' . 

(275). For example, comparative. studies in cAMP dependent' protein kinase A (PKA) have . 
' . 

shown ~hat the two regulatory 1 {Rl) subunits are covalently cross-linked with. two disulfide 

bonds under oxidizing conditions (276)~ The formation of these disulfide bonds between cysteine 

residues induced the subcellular translocation and activation of PKA independent of cAMP 

. (277 ,278); Similarly, it has been proposed that cysteine 43 of PKG forms an interchain-, while 

cysteines 117, 195,312, and 518 .form intrachain-, disulfidebond(s) that render thekinase 

catalytically active independent of cGMP (279-281). In our present study, we used the . . 

genetically engineered strain of E. coli, Rosetta:-gami 2(DE3). This E. coli strain supplies an 

increased copy number of limiting tRNAs for 7 rare codons (AGA, AGG, AUA, CUA, GGA, 

CCC, and· CGG); thereby, alleviating codon usage bias by prokaryotes. The lack of intracellular 

. Lon protease and outer membrane. OmpT protease reduces the degradation .of heterologous 

proteins· expressed in this strain. Finally, the Rosetta-gami strain has mutations in both the 
. . 

thioredoxin reductase (trxB) and the glutathione reductase (gor) genes, which· greatly enhance 

. disulfide. bond formation in the· E. coli cytoplasm by maintaining an oxidized environment. The 

combination of these properties enhances the protein expression and folding in the prokaryotic 

cytoplasm. 

. - . . . . - . - .. 

. A full length ·human PKG-la eDNA was subcloned into a .pET28a vector and was used to 
. . . . . 

transform· the E. coli strain·, Rosetta-gami 2(DE3). To determine the most favorable conditions 

for pr9tein induction,. different concentrations of IPTG were· added· to the bacterial culture and 
. . . 

incubated overnight at. 18°C. Immunoblot analysis . demonstrated that maximum. protein 

- '7t:;. -
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· expression was obtained using 0.75mM IPTG (Fig. 6A). This· dose was used to further establish 
' - . ' - - . ' 

' - . - - - - ' 

· the optimum duration 6f IPTG induction. Our data showed that 8h of IPTG (0. 7 5mM) treatment . 
-- - - .. 

at 18°(>resulted in the optimal expression of~KG~1a (Fig. 6B). Finally, the expression ofPKG~ 

la was.·induced in Rosetta-gami 2(DE3) cells using IPTG (0)5mM) for 8h at 18°C, and the 

. protein .was purified to homogeneity by affinity. chromatography, .gel filtration, and ion exchange 
. . . 

·columns. Coomassie staining demonstrated an approximate 75Kd band in the ion exchange 

column·eluate (Fig. 6C). Anti""PKG.,1a antibody detected the.·band at 75Kd upon immunoblot 

· analysis {Fig. 6D). The elution of the full length PKG-1a was also confirmed by N-terminal 
. . 

s~quencing of the first 5 amino acids using Edman degradation. · 

. . 

However, although this strain is devoid of outer membrane Ompt and ATP.:.dependent Lon 

proteases, our data in. combination with other studies (151) demonstrated that significant 

amounts ·of purified PKG-1 a is proteolytically cleaved. These findings suggest that other 

cytoplasmic proteases may be rendering the degradation of the protein, thereby lowering the 

yield of full length PKG-1 a. Previous studies have demonstrated that PKG is particularly 

susceptible to proteolytic digestion at the amino terminal (151 ). Dimeric PKG is rapidly cleaved 

by trypsin, ·resulting in the formation of degradation fragments of 67kD, 55kD, and a dimeric 

aminoterminal fragm.ent of 18kD (151}. In the PKG .. ia isoform,trypsin preferentially·cleaves at 

arginine 77 of the hinge region (134). The resulting monomeric fragment (67kD) retains similar 
. . 

kinase activity as the full length PKG-1a (145). Although truncated PKG-1a can s'till bin,d to 
. ' - - - . ' - -. -

cGMP, it is independent. of cGMP mediated regulation,. and is therefore constitutively ·activ~ 

. (145). This fragment is also reported to lack the cooperative nature of cGMP binding (145). In 

· our present study, upon SDS-PAGE and Coomassie ·staining of the crude, nickel, and gel 

'7h. . 
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- filtration eluates, we identified ·abundant fragments- of 67kD and 55kD, in addition to the full 

length PKG-1 a. Further studies are warranted to optimize the expression and ·improve the 
- -

_purification ofP-KG-la in prokaryot~s. 

'7'7 -
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Fig. 6. Purification of recombinant PKG-la from the E. coli strain, Rosetta-gami 2(DE3). 
pET28-PKG-1a plasmid was used to transform Rosetta-gami cells. PKG-1a expression was 
induced in the bacterial culture by using different doses of IPTG (0.1-1 mM) and incubated 
overnight at 18°C. The cells were harvested, lysed, and the protein was resolved using 4-20% 
SDS-PAGE and electrophoretically transferred to a PVDF membrane. The membrane was then 
probed with an anti-PKG-1a antibody. IPTG (0.75mM) induction resulted in maximum protein 
expression (A). PKG-1a was then induced by using 0.75mM IPTG for different time periods at 
l8°C. Immunoblot analysis demonstrated that maximum protein expression was achieved after 
8h of induction (B). Therefore, utilizing 0.75mM IPTG induction for 8h at l8°C, PKG-la protein 
was purified by passing the crude extract through a series of purification columns including an 
affinity, a size exclusion gel filtration (GF), and an ion exchange MonoQ, as described in 
Methods. Eluate from each purification step was resolved by 4-20% SDS-PAGE. Coomassie 
staining indicated the elution of a single band, corresponding to 75kD, from the ion exchange 
column (C). Anti-PKG-la antibody identified this 75kD band upon immunoblot analysis (D). 
The antibody also identified other bands at 55kD and 43kD, which are suspected to be 
proteolytic fragments of PKG-1 a. 
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. . . 

The-purification of a soluble and catalyticaly active PKG-la 

Although PKG-la has been previously expressed in prokaryotes,. the purified protein is mostly 
. . 

inactive~. Therefore, we determined whether the purified protein obtained using our purific.ation 
. . . . 

scheme was, in fact, catalytically actfve. Using a series of purification columns including affinity 
. . 

chromatography, size exclusion, and ion exchange MonoQ, we purified PKG-1 a to homogeneity. 

We then performed an ELISA based PKG activity assay and identified an increase in the basal 

specific activity (-cGMP) after each purification step (Fig. 7). However, a cGMP dependent 
. . . 

· increase in specific activity was only observed from the MonoQ eluate (Fig. 7). These results 

suggested that most of the kinetic activity in the crude, nickel, • and g~l filtration eluates was due 
. . 

·to proteolytic fragments of PKG~ la, which may lack the N-terminal and hence cGMP 

· dependence. Further, we demonstrated that, although the final purified protein had a yield of 

2.26%, the purification factor increased by 55.83 fold, and specific activity rose approximately 

50 fold from crude to MonoQ extract (Table 1 ). At constant cGMP levels (1 O~M) and varying 

ATP concentrations (0-lOOJ..LM), an analysis of enzyme kinetics using a nonlinear regression 

. curve demonstrated that th~ purified PKG-1a had a maximal velocity (Vmax) of 5.02 ± 0.25 

pmol/min/J..Lg and a Michaelis-Ment.en constant (Km) of11.78 ± 2.68 J..LM ATP (Fig. 8). 

~ 7Q-
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Fig~ 7. Cyclic GMP dependent protein kinase activity of purified J,>KG-la. PKG-1 a kinase 
activity in the crude bacterial extract, affinity chromatography eluate, size exclusion gel filtration 
( GF) eluate, an:d ·the ion exchange MonoQ eluate was measured by an ELISA, as described in · 
Methods, in the presence or absence of cGMP (lOJ.tM). The basal catalytic activity (-cGMP) 
increased after each purification step from the crude extract to the MonoQ. However, the cGMP · 
dependent kinase activity (+cGMP) increased only in the protein eluted from the ion exchange 
column. Data are· mean ± SEM, n=3. · 
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Fig. 8. Kinetic. characterization. of purified recombinant human PKG-la. The enzym_ e 
. kinetics of PKG-1 a obtained from the ion exchange column were determined by titrating the . 
ATP conc~ntration from 0-1 OOJ!M, .while maintaining the cGMP levels constant (1 OJ!M): Th~ 

. change in the enzyme activity with each increasing dose of ATP was plotted using nonlinear' 
regression. (curve fit) analysis. The phosphotnuisferase reaction had. a maximum- velocity (Vmax). 
of 5.02 ± 0.25 pmol/min/f.lg and a Michaelis-Menten constant (K1~) of 11.78 ± 2.68 J!M ATP. 

. . . 

Data are mean ± SEM, n=3. 
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. step· Protein· Total ·activity · Specific activity Yield Purification 
(mg) (pmol/min) . · · . (pniol/min/nig) · (o/o) factor: 

-cGMP +cGMP -cGMP +cGMP 

Crude·. ·855 83625" 82812 98 97 100" 1.00 
Nickel · 65.17 .14902 .16106 229 247 .-19.45 2.55 
GF 4.83 ·•2487 2785. . 51'5 576 .. 3:.36 5.95. 

. MonoQ 0.34 427 1869" "1234 5407 2~26 . 55.83• 

Table 1. Summary of the purification scheme of recombinant human PKG-la purified 
· from the E. coli strain, Rosetta-gami · 2(DE3). Crude extract was obtained from the 8L of · · 

bactenal culture. Total and specific activity was measured in the presence or absence of cGMP 
(1 Of.lM). By using the total activity ( +cGMP) in the crude extract as 100%, we found that the 
yield dropped to 19.45% in the nickel, 3.36%-in the gel filtration (GF), and2.26% in the MonoQ 
eluate. However, the purification factor increased 2.55 fold in the nickel, 5~95 fold in the GF, and 
55.83 fold in the MonoQ eluate from the crude extract (+cGMP). 
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. . 
. . 

Authentic peroxynitrite and the NO donor, SpNONOate, impair the kinase activity of purified 

human recontbinant PKG-la 
. . 

. . . . ' 

After confirming that the purification protocol resulted in the elution of a soluble and an active · 

· .enzyme, we·determined whether the exposure of authentic ONOO-, SpNONOate, or oxidants~· 
. . 

such as superoxi~e or H20 2, would impair the activity ofPKG-1a in vitro. Utilizing the ELISA 

based PKG activity assay, we challenged the purified protein with teative oxygen and nitrogen · 

species and found that PKG-1 a kinase activity was attenuated upon treatment with the NO · · 

donor, SpNONO~te (100J.LM), H202. (lOOJ.!M), and ONOO- (1mM) but not with the superoxide . . . 

donor, XO (100nM) (Fig. 10). These results further confirm the key role of ONOO- and 

SpNONOate in PKG-1 a nitration and enzyme inhibition (Fig. 9). 

~ET28·PKG-1 a eDNA 

·~ ~ Ni_ckel. ·~ 
Ge.l f1ltrat1on 

MonoQ 

Vascule~r 

. dy~function 

s·oluble/acthie 
.PKG-1a. 

Diagram 3. Bacterhil expression and purification strategy of:PKG-:-10. 
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Fig. 9. The effect of reactive oxygen and nitrQgen species on the catalytic activity of purified 
recombinant human PKG-la. The isolated PKG-la protein was pre-incubated with XO · 
(lOOnM), SpNONOate (1 OOJ,tM), H202 (lOOJ.tM), or ONoo- (1mM) on ice for l Omin, and then . 
the kinase activity was measured. The exposure ofPKG-1~ to SpNONOate, H20 2, and ONOO- · 
attenuated the enzyme activity, while no change was seen in the. enzyme activity upon treatment 
with xo~ Data are mean± SEM, n=3. *P<0.05 vs. untreated-. 
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.· . ' . ' 

Niti~osative stress·decreases PKG-la activity in Sliunt lambs )Villi pulmonaiy·llypertension 
. . . 

Next, we determined ifa similar nitration-mediated inhibition of PKG~la activity was occurring 
. . . . 

in our lamb model of endogenous activation of cGMP .(Shunt). As :mentioned previously, Shunt . . . . 

. . 

lambs have increased eNOS: uncoupling, leading to an increase in· reactive oxygen species and 

. reactive nitrogen species production (272). Therefore, we first demonstrated that Shunt lambs 
. . . . 

have higher ONo·o-levels than ·age-matched control lambs (Fig. 10 A). When Shunt lambs were 

. exposed to L-arginine to prevent eNOS. uncoupling, there was a decrease in ONOO- levels. 

Further,: our data indicated that PKG-1 a protein levels were unchanged in peripheral lung tissue 

·. prepared from Shunt and. control lambs (Fig. 10 B); However, in Shunts, there·was an increase in 

PKG-.la nitration (Fig. 10 C), correlating with a dectea.se in kinase activity (Fig. 10 D). The 

treatment of Shunt lambs. with L-arginine attenuated PKG-la nitration. and preserved kinase 

activity. 
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_Fig. 10. Shunt lambs have elevated _ONOO- levels, increased PKG-la nitration, and 
- decreased PKG activity. ONoo- levels were determined by monitoring the ONoo- dependent 
oxidation ofDHR 123 to rhodamine 123 in the peripheral lung tissue obtained from 4-week old 
control and Shunt lambs treated with or without L-argiriine. The results, expressed as fold DHR 
oxidation, showed that vehicle_ treated Shunt lambs have elevated ONOO- levels compared to 
vehicle control lambs. However, in Shunts treated with L-arginine, ONOO- levels are 
comparable to vehicle control lambs (A). The -protein extracts (25J.!g} prepared from the 
peripheral lung tissue of Shunt and age-matched control lambs were resolved using 4-20% Tris
SDS-Hepes PAGE, electrophoretically transferred to a PVDF membrane, and then- subjected to 
Western blot analysis using a specific antiserum raised against PKG-1a. A representative blot is 
shown. Densitometric analysis indicated that the PKG-1a prot~in levels were unchanged 
between Shunt and control lambs (B). The protein levels were normalized by re-probing the 
membrane with an antibody to P-actin. In addition, the protein extracts _(1 OOOJ.!g) were subjected 
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to . immunoprecipitation analysis using an antibody raised against. PKG-1 a. The 
.immunoprecipitates. were· resolved using 4-20% · Tns~SDS-Hepes PAGE and electrophoretically 
transferred to a PVDF membrane. The level of nitrated PKG~ 1 a was then determined by probing 

.. the membranes with an antiserum raised against 3:-nitrotyrosine. The blots were then stripped and 
re-pro bed for PKG-l a to normalize for ·the: efficiency . of the immunoprecipitation. The 
immunoblot analysis shows that PKG-1 a nitration was increased in vehicle treated Shunt lambs. 
However, there was a significant reduction in PKG-1a nitration in Shunts treated withL-arginine 
(C)~ Using an ELISA based assay, we also found that the total PKG activity was attenuated in 
vehicle treated Shunf lambs. However, in Shunt lambs treated with L,·argirtine, there was no 
significant decrease in total PKG kinase activity (D). Data are mean ± SEM, n=4, *p<O.OS vs. 
vehicle control, t p<O.OS vs. vehicle treated Shunt lambs. 
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Nitrosative·stress attenuates PKG-la activity iti lambs exposed to itillaled NO tllei·apy 

In our acute animal model ofanimal pulmonary hypertension, 1-tnonth old intact lambs exposed 

to inhaled NO for 24h develop vascular dysfunction (256,257). In these lambs, due to exogenous 
. . 

· activation of P AEC, the cGMP levels in plasma al1d lung tissue are elevated. However, despite 

an increase in cGMP levels; an abnormal increase in pulmonary arterial pressure and vascular 

resistance develops upon the acute withdrawal. of inhaled NO-. Furthermore, in this model, 

vascular dysfunction is. also· demonstrated by decreased eNOS activity and increased oxidative 

stress. ·Therefore, we determined whether the vascular dysfunction associated with the acute 

.withdrawal of inhaled NO therapy was linked to a nitration mediated decrease· in PKG activity. 

Our data demonstrated that the lambs exposed to inhaled NO for 24h have increased DHR 123 

oxidation, indicative of elevated ONOO- levels (Fig. 11 A). Although PKG~la protein levels 

were unchanged in these lambs (Fig. 11 B), PKG-1a nitration was increased (Fig. 11 C), and 

kinase activity was decreased (Fig. 11 D). However, in lambs treated with PEG-SOD during 

inhaled. NO exposure, ONOO-levels were diminished, PKG-1a nitration was reduced, and 

• kinase activity was preserved. 
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. 'Fig. 11. Inhaled NO elevates ONOO- levels, increases PKG-la nitration, and decreases 
PKG activity. ONOO-levels were determined by monitoring the. ONOO- dependent oxidation of 
DHR 123- to rhodamine 123 in the peripheral lung tissue obtained from 1-month old lambs prior 
to and post exposure to 24h of inhaled NO in the-presence of either PEG or PEG-SOD: The· 

. results, expressed as. fold DHR oxidation, showed that in PEG treated lambs inhaled NO 
· increased ONOO- levels. However, in lambs treated with PEG-SOD, ONoo- levels. did not 

increase (A)~ The protein extracts (25 Jlg} prepared from the peripheral lung tissue of these lanibs 
· were. resolved using 4-20% Tris-SDS-Hepes ·PAGE,_ ·electrophoretically transferred to a PVDF 
membrane,· and then subjected to Western blot analysis using a specific antiserum raised against· 
.PKG-1 a. ·A representative ·blot is shown. Densitometric analysis indicated that the_ PKG-1 a 
protein levels were unchanged by inhaled NO exposure (B). The protein levels were nomialized. 

· by re-pro bing the membrane with. an antibody to . p...;actin. In addition, the protein extracts 
'(1 OOOug) were subjected to in1munoprecipitation analysis using an antibody raised against PKG-
1a. The immurioprecipitates were resolved using 4.,.20% Tris-SDS-Hepes PAGE and 

. electrophoretically transferred to a PVDF membrane. The level of nitrated PKG-1 a was then 
•. determined by probing· the membranes with an antiserum raised against 3-nitrotyrosine. The 
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· · hlots were then stripped and re-pro bed for PKG-1 a to normalize for the efficiency of the 
· immurtoprecipitation. The ttiltnunohlot· analysis shows that PKG-la nitration was increased by 

inhaled NO. However, there was a significant reduction in PKG-la nitration in the.lambs treated 
with· PEG-SOD (C). Using an ELISA based assay, we also found that the total PKG activity was 

·.attenuated in PEG treated lambs exposed to inhal~d NO. However, in PEG-SOD treated lambs, 
. . . ' . 

there was no significant decrease in the total PKG kinase activity (D). Data are mean± SEM, 
.n=4, *p<0~05 vs. pre+PEG; t ·p<0.05vs. post+PEG. 
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SIN-1 nitrates tyrosines 247 and 425 in PKG-la 

To identify the tyrosine residues involved in the nitration mediated decrease in PKG..:1a kina:se 

·activity, we inserted a wild type (WT) . .PKG-la eDNA into a mammalian expression pDEST40 
. . 

vector. We.transfected PKG-1a deficient HEK-293T cells with WT-PKG-la. eDNA for 48h and 

then· treated these cells with SIN-1 (500~M) for 30min. The cells were lysed; PKG-1a was 

immunoprecipitated, and the protein was subjected to SDS-PAGE and Coomassie staining. The 

band corresponding to PKG-1 a was excised, and mass spectrometry was performed. Our results . 

demonstrated that tyrosines 247 and 425 of PKG-la were nitrated (Fig. 12A). Further~ MS/MS 

.was performed to verify the tyrosine nitration sites within PKG-1 a. However, due to the low 

intensity of the peak at site Y425, MS/MS only confirmed the nitration of tyrosine 247 in PKG-

1a, suggesting that Y 425 is a poor nitration site (Fig.l2B). 
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Fig. 1.2 •. MALDI-TOF mass· spectrometry. MS analysis of the human nitrotyrosine ~odified· 
PK(}~ 1 a sequence, LADVLEETHYEN GEYIIR, corresponding to the peptide comprising amino· 
acids · 233~250~ and the sequen·ce, QIMQGAHSDFIV.R~ YR.~· _·corresponding to the peptide 
comprising amino acids 411-426, demonstrated the nitration of tyrosiries 247 and 425 (A). The 
MS/MS ·spectra of the nitrated PKG-1a peptide sequ~nce; · LADVLEETHYENGEYIIR 
(2209.04m/z), was detected by the· Mascot Distiller software package. The nitration ·of tyrosine 
247 (B} was detected upon the treatment ofHEK-293T cells with SIN-1 (500j.tM). 
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Tyrosine 247 mediates nitration dependentdecrease in PKG-ia:activity 
. . '. . -

. . . . . . . 
. . . ' 

. - . . . ' 

Tyrosine ·and ·phenylalanine· share a similar phenolic ring structure. Ho:wever, unlike tyrosine, 
' . . '. . - ' . . . 

. . . . ' 

. . . . ' . . 

phenylalanine lacks. a-hydroxyl group and· therefore is.not nitrated. Tyrosine ·(Y)-Phenylalanine : 

(F) mutations .have been histori-cally used to study the role. of key tyrosine residues. within· a 

prot~irt (282). For instance, the mutations o(tyrosine residues· 423, 428, and 432 of tyrosine. 

hydroxylase have been shown to inhibit the ONoo- induced nitration of the protein (283) .. To· 
. . ' . ' 

. . 
. . 

demonstrate the role of tyro sines 247 and 425 of PKG~ 1 a in mediating the nitration dependent . . 

impairement ofkinase activity, we generatedY247F- and Y425F- PKG-1a mutants. When HEK ... · 

293T cells were exposed to SIN-1 (SOOJ.!M, 30min), there was a significant increase in the 

nitration ofWT-PKG-1a. Howevet,-PKG-1a nitration levels did not increase significantly irt the 

cells:transfected with the Y247F and Y425F mutants in the presence of SIN-l (Fig. 13A). The · 

moderate increase in the nitration levels of PKG-1a in the cells expressing either the Y247F or 

the Y 425F mutant could be due to the nitration of the secondary tyrosine site. Further, our results 

demonstrated that the basal PKG catalytic· activities (without ·exogenous cGMP activation) of 

WT-, Y247F-,and Y425F- PK.G-1a in HEK-293T celllysates.did not alter upon SlN-1 challenge 

(SOOJ.LM, 30ntin) (Fig. 13B). When theselysates were stimulated· with cGMP (1 OJ.!M), the kinase 

activity in the-cells transfected with WT-, Y247F-, and Y425F;. PKG-1a increased significantly. 

in the presence of SIN·-1, only moderate elevations in the enzyme activities were observed in the 

WT and the Y 425F mutant, while PKG ·activity was· still robustly increased in the cells 
. ' . 

. . . . . . . . 

transfected with the Y247F mutant (Fig. 13B); These results suggest that tyrosines 2.47 and 425 

are nitrated in· PKG-1 a; ~hhough, only tyrosine 247 appears. to be involved in the nitration . · · 

-mediated decrease in PKG-la activity. Immunoblot analysis was ·perfonned to demonstrate that 

HEK-293T cells only_ express trace amounts ofPKG-1a, sugge.sting that the PKG~la nitration 

. - Qi-



levels and activity measured in these cells were the direct result of the eDNA used in the 

transfection (Fig. J 3C). 
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Fig. 13 .. The nitration of tyrosine ·247 attenuates. PKG-la activity in HEK-293T cells. The 
PKG-1a nitration levels and the catalytic activities ofthe WT-, Y247F-, and the Y425F- PKG-1a . 
were assayed in HEK-293T cells. The cells were transfected with the WT-, the Y247F-, or the 
Y425F- PKG-1a for 48h. The cells were serum starved for 4h, treated with SIN-1 (SOO~M, 
30min), . and then harvested... The protein extracts · (1 OOOJ.tg) were subjected · to 
immunoprecipitation analysis using an :antibody raised against PKG-la. The immunoprecipitates 
were resolved using 4-20% Tris-SDS-Hepes PAGE and electrophoretically transferred to a 
PVDF membrane. The levels of nitrated PKG-la were then. determined by probing the 
membranes with an antiserum raised against 3-nitrotyrosine. The blots were then stripped andre
probed for PKG-1 a to normalize for the efficiency of the immunoprecipitation. A representative · 
blot_is shown. The tyrosine to phenylalanine mutations of PKG-la at the residues 247 and 425 .. 
resulted in a moderate increase in PKG-1a nitration upon SIN-1 treatment However, the 
nitration of the WT-PKG-1a was significantly increased by SIN~1 (A). Using an ELISA based 
assay, we also found that SIN-1 attenuated the cGMP dependent increase in PKG activity in the . 
cells expressing the WT- and the Y425F- PKG-1a but not in the -cells expressing the Y247F-. · 
PKG-1~. (B). Iinmunoblot analysis showed thatHEK~293T cells express trace amounts ofPKG~ 
la (C). Data are mean± SEM, n=3, *p<O.OS vs; untreated. 
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The generation of a homology ntodel ·of PKG-la 

Most of our understanding about the structure and_ ligand induced conformational changes in 
. . 

PKG is :bas~d upon the studies involving the crystal structure of PKA, which shar~s significant 
. . 

structural and functional homology to PKG. Therefore; we built ~ homology model of PKG.-1 a· 

to help us begin to delineate the mechanisms by which the nitration of tyrosine 24 7 attenuates 

PKG-1<i kinase activity. We utilized the known crystal structures of the regulatory (PDB 1NE4) 

and the catalytic (PDB 2CPK) domains of PKA as templates to build the homology models of 

the regulatory and the catalytic domains. of PKG-1u (Fig. 14A-B). We then combined these 

domains to generate a single PDB file, which was then used as a final template to develop a 

complete homology model of PKG-1u. We docked two cGMP molecules to the A and B cGMP 

binding sites and an ATP molecule to the ATP binding site. The analysis of the 3-dimensional 

PKG-1 a structure identified that tyrosine 24 7 shared a close proximity to the cGMP binding site 

B (Fig. 14C). 
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Fig. 14. Homology model of the PKG-la protein. YASARA homology modeling software was 
used to build a homology model of the PKG-1 a regulatory domain using the known crystal 
structure of the PKA regulatory domain (PDB 1NE4) as a template (A). The known crystal 
structure of the catalytic domain of PKA (PDB 2CPK) was used to construct the corresponding 
homology model of the catalytic domain of PKG-la (B). Using the homology models of these 
two domains of PKG-1 a as a template, a complete model of the protein was generated. The 
AutoDock program developed at the Scripps Research Institute was then used to dock two cGMP 
molecules to the cGMP binding sites: A and Band an ATP molecule to the ATP binding site (C). 
The analysis of the PKG-1 a structure demonstrated that tyrosine 24 7 lies in close proximity to 
the cGMP binding site B. 
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The PKG-la homology model predicts a decrease in the total hydrogen bonding energy 

between PKG-la and cGMPuponnitration 

To begin to identify the mechanism involved in the nitration dependent attenuation of PKG-1 a 

kinase activity, we added a N02 group to tyrosine 247 and performed a computer simulation 

. analysis. Our results predicted that the nitration of tyrosine 247 decreased the total hydrogen 

bonding energy between cGMP and PKG-1a from 91.93kJ/mol to 54.02kJ/mol (Fig. 15A-B). 

This decline was brought about by the loss of the hydrogen bond ·between the cGMP molecule. 

arid the threonine 302 ofPKG-la. Further, the addition of the N02 group displaced the hydrogen 

bond between cGMP and glutamate 292 and formed a new hydrogen bond between cGMP and 

arginine 282 of PKG-1 a. In total, the nitration of tyrosine 24 7 resulted in a net loss of 1 

hydrogen bond between cGMP and PKG-1a and an increase in bond lengths (Fig. 15B). 
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A 

Hydrogen bond 
DistanceA0 

Energy 
(PKG·1a.-cGMP) (kJ/mol) 

Hydrogen bond 
Distance A0 

Energy 
(PKG-1 a.·cGMP) (kJ/mol) 

Glu292 0-H cGMP 1.56 25.00 Arg282 H-0 cGMP 2.13 18.05 

Asp299 0-H cGMP 1.77 13.10 
Asp299 O·H cGMP 2.02 14.28 

Asp299 0-H cGMP 1.83 16.63 
Asp299 O·H cGMP 2.30 7.35 

Arg301 H-N cGMP 2.27 12.20 

Thr302 0-H cGMP 1.78 25.00 
Arg301 H·N cGMP 2.21 14.35 

Total binding energy 91.93 Total binding energy 54.02 

Fig. 15. Hydrogen bonding energy between cGMP and PKG-la. YASARA homology 
modeling software was used to predict the affinity of cGMP for the cGMP binding site B in the 
PKG-la homology model under nitrosative stress. A N02 group was added to tyrosine 247, and 
a computer simulation was performed. Our results predicted that the addition of the N02 group 
decreased the total hydrogen bonding energy between cGMP and PKG-la from 91.93kJ/mol to 
54.02kJ/mol. This decrease in the binding energy was a result of a net loss of 1 hydrogen bond 
and an increase in bond lengths. 
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The effect of nitration on the cGMP-binding affinities of WT- and Y247F- PKG-la 

The binding of cGMP activates PKG-1 and is associated with an expansion of the protein 
. . 

structure, as revealed by small-angle X-ray scattering (146,161). The affinity of PKG-1a for 

cGMP is 5- to 10- fold higher than the-other isoforms. However, our homology model predicted 

· that the nitration of tyrosine 247 decreases the hydrogen bonding energy between cGMP and 

PKG-1a. To test these predictions, we assessed the influence ofnitrosative stress on the affinity 

ofPKG-la for cGMP by performing cGMP-binding studies with WT- and Y247F- PKG-1a. We 

transfected HEK-293T cells with either WT- or Y247F- PKG-1a for 48h and then treated the 

cells with SIN-1 (500J1M, 30min). PKG protein was purified by immunoprecipitaion, and a 

cGMP binding ass~y was performed in the presence of increasing concentrations of eH]cGMP. 

The cGMP-binding stoichiometry of the Y247F-PKG-1a mutant was comparable with that of the· 

WT-PKG-1a. However, the Ki values obtained for the WT-PKG-la after SIN-1 (500J1M) 

treatment were higher than those obtained from the SIN-1 treated Y247F mutant (Fig. 16). The 

Ki values derived from these experiments were an average affinity of the two cGMP-binding 

sites within PKG-1 a; and the binding characteristics of the individual sites, A and B, could not 

be assessed. To further confirm these results, a second measure of affinity was performed usirig 

cGMP exchange/dissociation analysis of the WT- and the Y247F- · PKG-Ja. Our results · 

demonstrated that .the eH]cGMP exchange/dissociation was biphasic in the WT- and in the 

Y247F- PKG-1a dissociation curves, which is consistent with the presence of two kinetically 

distinct cGMP binding sites (sites A and B). However, SIN-1 (500J1M} challenge enhanced the 

eH]cGMP exchange/dissociation from the WT-PKG-1a but not from the Y247F mutant (Fig. 

17). Further, SIN-1 decreased the dissociation exchange rate (t112) in the WT-PKG-1a from 

27.06s to 14.22s, while no change was identified in Y247F mutant (Table 2)~ 
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Fig.16. The cGMP binding characteristics of WT- and Y247F- PKG~la. HEK293-T cells 
were transfected with either WT- or Y247F- PKG-1a eDNA for 4.8h, serum starved for 4h, and 
then treated with or without SIN-1 (500J1M, 30min). The PKG-1a· protein was purified by 

. immunoprecipitation, a$ described in the Methods. One hundred ng of purified WT- and Y247F
PKG-1 a protein was incubated with SOJ.ll of eH]cGMP and 150J1l of cGMP ·binding assay mix 
and filtered, as described under Methods. The final eHJcGMP concentration in the assay varied 
from 0 to 200nM. The results are plotted as the percent.maximum of WT-PKG""1a (untreated) 
eH]cGMP binding (200nM). The results indicated that SIN-1 attenuated cGMP binding in the 
WT but not in the Y24 7F mutant. The dissociation constant, ~' increased ·in the WT-PKG-1 a 
upon SIN-1 treatment. Data are mean± SEM, n=3, *p<0.05 vs. untreated WT-PKG-1a. 
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Fig. 17. The cGMP dissociation . charac~eristics. of WT- and Y247F- PKG-la. 
Immunopurified WT :-·and Y24 7F- PKG-1 a were. incubated for 60min at room temperature with 
3ml of cGMP-binding assay mix, containing 200nM eH]cGMP per 100ng PKG~ After 
incubation, the sample-s were cooled to 4°C and divided into 200J-tl aliquots per tube. A 100-fold 
excess of unlabeled cGMP was added at titne Osee (Bo) to initiate the dissociation (exchange) of 
bound eH]cGMP. The reaction was stopped with cold aqueous saturated (NH4)2S04 at various 
time points. The process of stopping the reaction and filtration were described under Methods . . 
The results were plotted as ln(BfBo} with Bo as the initial [eH]cGMP. bound] and B· as the 
.[eH]cGMP remaining bound] at various time points. The results demonstrated that SIN-1 
enhanced the eH]cGMP dissociation/exchange in the WT~ but not in the Y247F~ PKG-1a. The 

· t 112 decreased in the WT-PKG-la upon SJN;_l ·treatment. Data are mean± :sEM, n=3, *p<O~os· vs. 
·untreated WT-PKG-la. 
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The effect of nitration on the kineticp1·operties of the WT- and the Y247F- PKG~la 

PKG-la catalyzes the transfer of the y-phosphate from ATP to a serine/threonine residue within 
. . 

a substrate protein. Our cGMP binding and · dissoCiation studies suggested that the 

phosphotransferase reaction catalyzed. by PKG-1 a may require a higher concentration of cGMP 

to reach the maximum velocity (Vmax) under nitrosative stress. Therefore,· we performed 

Michaelis-Menten kinetics to determine the:cGMP levels required for PKG-1a to achieve half of 

the maximum velocity. Utilizing a nonlinear regression curve, we demonstrated that, at constant 

ATP levels (125!-lM) and varying cGMP concentrations (0-10!-lM), SIN-1 (500jlM, 30min) 

·. challenge decreased the maximum velocity of the reaction of the WT- but not of the Y24 7F 

mutant PKG-1a. Further, our results showed that the Michaelis-Menten constant (Km) increased 

from 2.73 to 8.91 nM for cGMP in the WT-PKG-la upon SIN-1 treatment, while no significant 

change was observed in the Y24 7F mutant (Fig. 18) (Table 2). 
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Fig. 18. The kinetic characterization of the WT- and Y247F- PKG-la. The enzyme kinetics 
ofPKG-1a w.ere determined in HEK-293T c~lls. The cells were transfected with the WT- or the 
Y247F- PKG-1a for 48h, serum star"Ved for 4h, treated with SIN-1 (SOOJ.lM, 30min), and then . 
harvested. The PKG. kinase aCtivity was measured in the celllysates using an ELISA assay, as 

· .mentioned in the Methods. The cGMP concentration was titrated from (0-10J.!M), while 
. maintaining the ATP levels constant (125J.tM). The change in_ the· enzyme activity with each 

increasing dose of cGMP was plotted in pmollmin/J.tg protein using nonlinear regression (curve 
fit) analysis. The results demonstrated that the maximum velocity (Vmax) of the 
phosphotransferase reaction of the WT-PKG-la decreased from 0.4715 ± 0.02 pmol/mirt/J.tg to 
0.2815 ± 0.01 pmol!tnin/J.tg upon SIN-1 treatment. However, no significant attenuation of kinase 
activity was observed for the Y247F mutant upon SIN-1 challenge. The results also showed that 
nitrosative stress increased the Michaelis-Men ten constant (Km) of 6GMP for the WT but no.t for 

·the Y247F mutant. Data are mean± SEM, n=3~ *p<O.OS vs. untreated WT-PKG-1a. 
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B·max 
K· . t. v K .. · d .• 1/2 . max m 

(nM) (S)· pmol/min/J.lg~ (nM)-

WT•PKG-1a· '3640 21.34 27.06 0.47 2~73 
.• +/- 1:11.6 .+/• 2.2 +/- 0.02 +I~ 0.99 

W-T-PKG-1a 2801 32.12 .. . 14.22 0.28 8.91 
SIN-1* ·+J-154.4 +/- 5~5 +/- 0.01 +/- 2.69 

.. 

.3651 20.43. 0.47 2.43' • Y247F-PKG-1 a . 26.02 
+/• 145.6 +/- 2.8 +/- 0.02 +/-1.03 

. Y247F-PKG-1 a 3382' 21.54 . 23.79 0.42 3.26 

SIN-1 +/;.156.7 +/- 3.4 +/- 0.01 +/- 0.99 

Table 2. Summary of the cGMP binding and enzyme kinetics ofWT- and Y247F- PKG~la~ 
. This table lists the experimentally determined Bmax, Kt, t 112, Vmax, and Km values for the WT- and 
Y247F- PKG-la in the presence or absence of SIN-1 (500~M, 30min) Each value represents the 
mean of three separate experiments~ The values are given.as the mean+/- the SEM. To determine · 

. the Bmax and Ki values, eH]cGMP binding with cGMP concentrations varying from 0 to 200nM · 
forPKG-la (lOOng) was performed, The GraphPad Prism graphics program was used to.analyze 

· the data to determine the Ki. and Bmax values. The t11.2 values (dissociation exchange· rate) were· 
· detennined, as described under Methods. The Vmax and ·Km values were determined.by measuring 
the PKG kinase activity at varying cGMP concentrations (0-1 OO~M), while maintaining the A TP 

.levels· constant at 125~M. Data are mean± SEM, n::::3. *p<O:ds vs. untreated WT-PKG-la . 
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The effect of nitration on the proliferation of PASMC .expressing the WT- and the Y247F~ 

PKG-la 

. . . ' . . . 

In vitro studies have demonstrated the. importance· of PKG in· the modulation of vascular SMC · 

·proliferation and apoptosis. In a recent study, a· recombinant adenovirus encoding PKG 

(Ad.PKG) decreased serum-stimulated DNA synthesis by 85% and cellular proliferation by 74%. 

Further, a NO donor, s ... nitrosoglutathione, at low concentra:tio~s inhibited DNA synthesis in 

Ad.J>KG-1nfected SMC, but not in uninfected cells (122). While, the addition of cGMP and NO 
' ' ' 

. ' . . ' 

donors induced apoptosis in P ASMC infected with Ad.PKG but not in cells infected with a 

control adenovirus (122). Therefore, we investigated the role of nitrosative stress in regulating 

.cellular proliferation in the PASMC transfected with either the WT- or the Y247F- PKG-1a 

eDNA. In PASMC, we first confirmed that SIN~r (500~M) attenuated PKG kinase activity in the 

cells tntnsfected with WT-PKG"'"1a but not in the cells expressing Y247F-PKG-la (Fig .. 19A). 

The proliferation of PASMC was determined by two assays: cell counting (Fig. 19B) and 
. . . . . 

' ' 

ahunarBlue reduction (Fig. 19C). Our results demonstrated that PASMC transfected with either 

WT~ or Y247F- PKG-1a were less proliferative compan~~d to· the ·aFP transfected control cells. 

However, upon SIN-1 '(500J-lM) challenge, the.PASMC expressing the WT-PKG~1a exhibited a 

proliferative response comparable to that of the GFP transfected control cells, while the· cells 
. . . ' . 

. transfected with the Y247F~PKG-lu mutant did ·not display a change in their proliferation· 

response. 
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·Fig. 19. Cellular proliferation in PASMC ·expressing. WT- and Y247F- PKG-la. PASMC 
were transfected with the WT- . or the Y24 7F -. PKG-1 a eDNA for 20h. The cells w~re serum 
starved for 4h, treated with SIN-1" (500jlM, 72h), and· then harvested. The protein extracts were 
subjected an ELISA based. assay. We found thafSIN-1 attenuated the cGMP dependent increase 

. in PKG. activity in the cells trarisfected with the WT~PKG-1a. but not in. the cells expressing the 
Y247F mutant. (A). PASMC transfected with either the WT- or the Y247F- PKG-la for 20h 
were t:rypsinized, seeded onto a 6-weli plat~ at a density of 2.5 x _1 04 cells per well, and grown 
for an additional4h in serum free media. SIN-1 (500!-lM, 72h) was added to the cultures, and the 
cells were allowed to grow at 37°C in the incubator .. After 4 ·days post transfection, the cellular 
proliferation was evaluated by counting the cell number with a hemocytometer· (B) and by 
·monitoring the percent reduction of alamarBhie dye using a Fluoroskan Ascent®·· plate reader 
(C). Cells exposed to 0.1 %. Triton X~ 100 were used as a negativ~ control, while media containing 
alamarBlue dye autoclaved for 15niin was used to -obtain the 100·% reduced form of alamarBlue 
(positive control). The PASMC expressing the WT- and the. Y247F- PKG~la were less 
proliferative than GFP transfected control cells. However,. SIN-1 challenge (500jlM, 72h) 
augmented the proliferation· of the WT-PKG~1a transfected PASMC but not the Y247F 

· expres~ing cells. The transfection efficiency of GFP in the PASMC after 48h was approximately 
20% (D). Data are mean± SEM, n=4, *p<0.05 vs. GFP, t p<0.05 vs. untreated WT-PKG-la. 
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. . . . 

The· effect of nitration on proliferative and contractile n1arkers in P ASMC expressing the WT~ . 

. and the Y247F- PKG-la 

Emerging evidence suggests that PI<G-1 a regulates the expression· of genes that modulate cell 
. . . . . 

phenotype (284). NO inhibits the· proliferative and increases the contractile phenotype of 

·. PASMCby pnmarily increasing sGC mediated cGMP production and PKG-1a activation (122). 

Although the· mechanisms· by which PKG-la regulates the SMC phenotype are not well-
. . 

understood, recent evidence ·suggests that PKG ... 1 a trans1ocates into the nucleus where it 

. phosphQrylates transcriptional regulators (285). Therefore, we subsequently analyzed the 

.regulation of the PASMC phenotype by the WT- and the Y247F- PKG-1a under nitrosative 

stress conditions. Our immurioblot data demonstrated thatPASMC transfected with WT- and 

Y247F- PKG-1a exhibited a .contractile phenotype, as illustrated by the increased levels ofthe 

contractile markers: MYH, calponin-1, and SMA (Fig. 20A-D) and the decreased levels of the 

proliferative marker, vim en tin (Fig. 20E). However, wheri these cells were treated with SIN -1 

(500J.LM, 72h), the WT- expressing PASMC acquired a more proliferative phenotype compared 

to the cells transfected with the Y247F mutant. 
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Fig~ 20. The regulation of contractile and proliferative markers in P ASMC expressing WT.;. 
and Y247F- PKG-la. PASMC were transfected with WT- or Y247F- PKG-1a eDNA. After 
20h, these cells were serum starved for 4h, challenged with SIN-1 (500JlM, 72h), and then 
harvested. The protein extracts were ·resolved using 4-20% Tris-SDS-Hepes PAGE and 
electrophoretically transferred to PVDF membranes. The levels of PKG-1a (A), MYH ·(B), 
Calponin-1 (C), SMA (D), artd Vimep.tiri (E) were determined by probing the membranes with an 
antiserum raised against their respective antigens. The blots were then stripped and re-pro bed ·for . 
B~actin to normalize for the protein:loading. A representative blot is shown. The PKG-1a protein 
levels increased approximately two fold upon transfection with either the WT- or the Y247F
PKG-1a eDNA (A). The PASMC transfected with the WT- and the Y247F- PKG-1a displayed a 
contractile· phenotype by up-regulating the contractile markers: MYH,- Calponin-1, and SMA and 

·by : do.wn-regulating the proliferative. ·marker, Vhnentin~ . However, when these cells were 
incubated with SIN-1, the PASMC transfected with the WT-PKG-1a acquired a proliferative 
phenotype, while the cells expressing the Y24 7F mutant were resistant to this phenotypic· 
conversion. Data are mean± SEM, n=4, *p<0.05 vs.· GFP, t p<0~05 vs·. untreated WT-PKG-1a . 
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. . . ' ' ' .. 
' ' ' . 

The effect of nitrosative stress on SM22-a and PCNA levels in PASMC expressing the WT- .. 

and the· Y247F- PKG.;.Ja 
. . . 

SM22-a is a 22~kD actin cross-linking/gelling protein that belongs to the calponin family and is· 

· expressed in smooth muscles. It is involved in calcium interactions and the contractile properties 

of the cell. The protein is sensitive to cellular transformation and shape-change. Its expression is 

down-regulated in SMC, which· may be an early and sensitive marker for the onset. of the 

proliferative transformation in atherosclerosis and colon CaJ.1Cer (286,287). However, PCNA is a 

marker of cells in the early G 1 and S phase of the cell cycle and is likewise a cofactor of DNA 

. polymerase delta in the nuqleus. PCNA acts as a homotrimer to incre~se the processivity of the 

leading strand during DNA replication .. In response to DNA damage, PCNA is ubiquitinated and 

is involved in the DNA repair pathway. To further delineate the role of reactive nitrogen species 

in modulating the antiproliferative Junction of PKG-1 a, we perfol-med immunocytochemistry 

studies using these proteins. Consistent with our previous findings, we found that P ASMC 

transfected with the WT- and the Y247F- PKG-1a were spindle shaped and had increased 

expression of SM22-a protein bound to the actin stress fibers (Fig. 21A~B); in addition; the 

nuclear levels of the proliferative marker protein, PCNA, were down-regulated (Fig. 21C-D). 

Our results also showed that the PASMC transfected with the Y247F-PKG-1a mutant were 

resistant to SIN""l (500J.tM) mediated· alterations in the ·PCNA and SM22-a levels seen in the 

cells transfected with the WT-PKG-1 a. 
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Fig. 21. The regulation of SM22-a and PCNA in PASMC expressing WT- and Y247F
PKG-la under nitosative stress. PASMC grown on a cover slip in a 6-well plate were 
transfected with the WT- or the Y247F- PKG-la eDNA. After 20h, these cells were serum 
starved for 4h and exposed to SIN-1 (500J.!M, 72h). Then, the PASMC were methanol fixed, 
permabilized in PBS-Tween, and incubated with either SM22-a (5Jlg/ml) or PCNA (lJlg/ml) 
antibody overnight at 4°C. The secondary antibodies (green) used in these experiments were 
Alexa Fluor® 488 goat anti-mouse IgG (H+L) for PCNA or Alexa Fluor® 488 donkey anti-goat 
IgG (H+L) for SM22-a. Alexa Fluor® 594 WGA was also used to label the plasma membranes 
(red), and DAPI was used to stain the cell nuclei (blue). The immunocytochemistry analysis 
showed that the PASMC expressing the WT- and the Y247F- PKG-lu aquired a contractile 
phenotype with the increased cytoplasmic accumulation of the SM22-u protein on the actin stress 
fibers (A-B). The nuclear localization ofPCNA was reduced in these cells (C-D). When PASMC 
were treated with SIN-1, the WT expressing cells acquired a proliferative phenotype, while the 
Y247F transfected cells were unaffected. Data are mean ± SEM, n=4, *p<0.05 vs. pDEST40, t 
p<0.05 vs. untreated WT-PKG-lu. 
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IV. Discussion 

Numerous clinical and experimental studies have shown that a down-regulation of NO-cGMP 

signaling is central to the development of pulmonary vascular dysfunction that occurs secondary 

to diverse disease processes (252,288) (289-302). However, our understanding of the precise 

mechanisms remains incomplete, since in some of these conditions vascular function is impaired, 

despite increased cGMP levels. For example, increased pulmonary blood flow, an endogenous 

stimulus for cGMP production, results in increased cGMP levels and impaired vascular function. 

Likewise, pharmacologic therapies (such as inhaled NO), which exogenously stimulate cGMP 

production, may also be associated with the development of vascular dysfunction that manifests 

as inconsistent or non-sustained responses to therapy, the development of tolerance, and/or 

disproportionate vasoconstriction upon the withdrawal of therapy (1 0,256,271 ,303,304). 

In fact, we have previously demonstrated impaired pulmonary vascular endothelial function, 

despite increased cGMP levels, in two distinct lamb models. In the first model, chronically 

increased pulmonary blood flow was created by the placement of a large aortopulmonary shunt 

in fetal lambs. After birth, these Shunt lambs developed a progressive selective impairment in 

endothelial function, associated with a decrease in bioavailable NO (305). However, cGMP 

levels are elevated due to an up-regulation of B-type NP (270). In the second model, intact lambs 

were exposed to inhaled NO for 24h, which increased cGMP levels. However, upon the 

withdrawal of inhaled NO, these lambs developed an abrupt increase in pulmonary arterial 

pressure and vascular resistance above their pretreatment baseline (254). These data suggest that, 
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·despite both endogenous and exogenous cGMP activation, there ts a dysregulation of 

downstream effectors in these models. 

The production of cGMP is catalyzed by the conversion of GTP to its cyclic isomer by the 

actions of the membrane bound and soluble isoforms of guanylyl cyclases in response to 

vasodilators, such as NP and NO, respectively (258,306-309). Of the two isoforms of PKG-1, 

PKG-1 a is the principal mediator of cGMP dependent vasodilation (31 0-312) and is 10 times 

more sensitive to cGMP than PKG-1 ~ (313). In the present study, we found that total PKG 

activity is attenuated in both Shunt lambs and lambs exposed to NO for 24h. The changes in 

PKG activity seen in these lambs were independent of total PKG-1 a protein levels. This is 

interesting as prior studies have demonstrated that the chronic exposure of PASMC to NO 

donors can decrease PKG expression (314). It is also worth noting that the decrease in PKG 

expression was due to the increased accumulation of cGMP, which led to the downregulation of 

PKG protein expression and activity in a negative feedback manner (314). However, our data 

demonstrates in vivo that increased cGMP has no effect on the decrease in PKG activity, 

suggesting that both transcriptional and post-translational events can modulate PKG activity and 

that there are likely differences between the effect of increased cGMP on PKG expression and 

activity in vitro and in vivo. Indeed, our findings also show that there is an increase in the 

nitration of tyrosine residues in PKG-1a, which correlate with decreased kinase activity. 

Tyrosine nitration of proteins is recognized as an important post translational event, representing 

the shift from the physiological to the pathological actions of NO. The presence of 3-

nitrotyrosine in specific tyrosine residues can alter protein function and/or structure (264) and is 

formed by RNS such as ONOO- (315,316). ONoo- is the product of the interaction between NO 
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and superoxide (316). In Shunt lambs, there is preferential production of the superoxide anion 

over NO, correlating to an increase in both total protein and eNOS nitration (305). Shunt lambs 

also have higher superoxide due to the increased expression and activity of xanthine oxidase 

(317), NADPH oxidase (317 ,318), and uncoupled eNOS (318). Our present study shows that 

when the uncoupling of eNOS is attenuated in the Shunt lambs by treatment with L-arginine, 

ONOO-levels are decreased, PKG-1a nitration is reduced, and kinase activity is improved. We 

have also shown, using isolated pulmonary arteries from the Shunt lambs, that ROS scavenging 

proteins (SOD and catalase) restore endothelium dependent vascular relaxation (272). 

Lambs that are exposed to inhaled NO also have elevated levels of superoxide and ONoo- (255). 

Although it is unclear what the source of the superoxide is in these lambs, our cell culture 

studies, in which we exposed vascular cells to NO donors, indicate that there are roles for 

xanthine oxidase (319), NADPH oxidase (320), and uncoupled eNOS (319). We have also 

shown that in lambs treated with PEG-SOD during inhaled NO therapy that there was no 

increase in pulmonary vascular resistance upon the withdrawal of inhaled NO (255). In 

agreement with this study, our present results demonstrate that PEG-SOD treated lambs have 

diminished ONoo- levels, decreased PKG-1 a nitration, and preserved kinase activity. Together 

these results confirm that the underlying vascular dysfunction in these lambs is associated with 

increased oxidative and nitrosative stress. Our results are also consistent with a previous report 

that found that PKG-1 activity was decreased under hypoxic conditions due to ONOO- mediated 

nitration (233). 
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We established the identity of the tyrosine residues involved in the nitration mediated decrease in 

PKG-1a activity by three criteria: (a) upon MS analysis, we found that tyrosines 247 and 425 

were nitrated; (b) Site-directed mutation of tyrosine to phenylalanine demonstrated that in the 

Y247F- and the Y425F- PKG-1a mutants, the nitration levels of the kinase were lower in 

comparison to the WT-PKG-1a upon SIN-1 treatment; (c) the kinase activities of the WT- and 

the Y425F- PKG-1a enzyme, as measured by an ELISA based assay, were decreased with SIN-1 

challenge. However, there was no significant attenuation of the enzyme activity of the Y24 7F 

mutant upon SIN-1 treatment. These results suggest the nitration dependent attenuation ofPKG-

1 a activity is mediated by tyrosine 24 7. 

Tyrosine 24 7 is located in the cGMP binding site B of the PKG-1 a regulatory domain. Cyclic 

GMP binding site A (amino acid 103-220) and cGMP binding site B (amino acid 221-341) 

contain about 100 atnino acids. Cyclic GMP is known to bind at site A to the amino acids 167-

168 and 177-179, represented by residues GE and RTA. To site B, cGMP binds at the amino 

acids 291-292 and 301-303 also represented by residues GE and RTA. The regulation of PKG 

kinase activity by the amino acid residues that surround the cGMP binding site (ex. Y24 7) but 

are not physically involved in the binding of cGMP is unknown. The research involving the 

study of PKG-1 a has been greatly hampered by the absence of a cotnplete 3-dimensional crystal 

structure of PKG-1 a and a protocol to purify the protein in bacteria under laboratory settings. 

Most of the previous studies have been focused on PKG regulation by the amino terminal 

residues (1-100), as this region has been crystallized (321) and purified using a bacterial 

expression system. It has been shown that the amino terminal region induces a significant 

difference in the cGMP-binding affinity of sites A and B (322). In another study, chimeric 

- 116-



recombinant PKGs generated by the exchange of sequences in the amino-terminal 100 amino 

acids between PKG-1 a and PKG-1 ~ altered the cGMP binding affinity of both of the isoforms 

(313). Therefore, to identify the mechanism by which the nitration of tyrosine 247 attenuates 

PKG-1a activity, we performed biochemical studies based upon predictions made from a 3-

dimensional homology model of the kinase using purified wild type protein obtained from a 

bacterial expression-purification system. 

To construct the homology model of PKG-1 a, we used the known crystal structures of the PKA 

regulatory and catalytic subunits as templates. Unlike PKG-1a, which is a homodimer, PKA is a 

heterotetramer composed of two regulatory subunits and two catalytic subunits (323). The 

regulatory subunit of PKA also contains an amino terminal dimerization site, an auto-inhibitory 

site, which acts as a pseudo substrate, and two cAMP binding sites. The catalytic subunit contains 

the ATP binding site and a substrate binding site (323). When cAMP levels are low, the catalytic 

subunits are bound to a regulatory subunit dimer and are inactive. As the concentration of cAMP 

increase, the binding of cAMP to the regulatory subunits leads to an allosteric change in the 

conformation, which causes the catalytic subunits to disengage. The free catalytic subunits are 

active and begin to phosphorylate their targets (323). Therefore, it is evident that PKA shares 

significant structural and functional similarities to PKG-1a. However, unlike PKA," the catalytic 

domain of PKG remains attached to the carboxyl terminal of the regulatory domain upon 

activation by cGMP. Hence, our homology model could provide better insight into the 3-

dimensional relationship between the different functional subunits of PKG-1 a, although it cannot 

replace the crystal structure. 
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Utilizing this model, we performed molecular dynamic simulation studies to determine the 

effects of the nitration of tyrosine 24 7 on PKG-1 a. A N02 group was introduced onto tyrosine 

24 7, and the structure was simulated in a water filled cell for 1 OOnsec using the molecular 

dynamic simulation module in Y ASARA. After the minimization of the free energy, we found 

that the nitration of tyrosine 247 decreased the total hydrogen bonding energy between the 

cGMP molecule and the cGMP binding site B of PKG-1 a. These predictions were surprising as 

there has been no mention in the literature about the role of the amino acid residues in the cGMP 

binding sites in the regulation of cGMP binding. Therefore, we confirmed these predictions by 

performing eHJ cGMP binding studies. Our results demonstrated that the introduction of reactive 

nitrogen species decreased cGMP binding to the WT-PKG-1a. However, when the Y247F-PKG-

1 a mutant was challenged with nitrosative stress, there was no significant attenuation in the 

affinity of cGMP for PKG-1 a. The dissociation constant (Ki) for cGMP increased in the WT but 

not in the Y24 7F mutant upon treatment with SIN -1. Our results also indicated that the time 

required to dislodge eH]cGMP from its binding sites (t112) on PKG-1a by exposing it to high 

concentrations of non-tritiated cGMP was decreased in the WT but not in Y24 7F mutant. 

Further, enzyme kinetic studies showed that the nitration of WT-PKG-1a decreased the 

maximum velocity (V max) of the phophotransferase reaction and increased the Michaelis-Men ten 

constant (Km) for cGMP. However, SIN-1 treatment did not influence the Vmax or the Km for 

cGMP in the Y247F mutant. Interestingly, we also found that the basal kinase activity (without 

exogenous activation by cGMP) of the enzyme did not decrease upon SIN -1 treatment in both 

the WT and Y247F mutant. This observation suggests that the nitration of tyrosine 247 only 

impairs the cGMP dependent activation of PKG-1a. Together, the mass spectroscopy and the 

eH]cGMP binding studies demonstrated that, under conditions ofnitrosative stress, tyrosine 247 
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of PKG-1a is susceptible to nitration. This post-translational modification introduces a net 

negative charge to the nitrated tyrosine at physiological pH. The changes in the local chemical 

environment by the introduction of the negative charge disrupt the hydrogen bonds between 

cGMP and PKG-1a. The decrease in the hydrogen binding energy leads to a loss of affinity for 

cGMP, resulting in the attenuation of the binding of cGMP to site B and therefore PKG-1 a 

activation. · 

In a recent study, a nitration dependent impairment of PKG-1 activity was found in patients with 

idiopathic pulmonary arterial hypertension who exhibited a loss of caveolin-1, and subsequent 

hyper-activation of eNOS (324). To identify the tyrosine residues involved in the impairment of 

PKG activity upon nitration, the authors mutated all tyrosine residues in the catalytic domain of 

human PKG-1 a into phenylalanine and expressed these myc-tagged PKG-1 a mutants in human 

lung microvascular endothelial cells. They immunoprecipitated the cell lysates with anti-Myc 

beads, incubated the immunoprecipitates with 1 OOJ!M ONOO- for 14 min, and then measured the 

PKG kinase activity. They found that the Y345F and Y 549F mutants were resistant to the 

impairment of PKG activity following ONOO- treatment (324). These results are in direct 

contrast with our findings that show that the nitrosative stress dependent attenuation of PKG-1 a 

is mediated through the nitration of tyrosine 24 7. Several factors in these studies may explain the 

conflicting findings. Firstly, the authors incubated the immunopurified mutant PKG-1 a with pure 

ONOO-. In contrast, in our studies, we subjected cells to nitrosative stress by treating them with 

SIN-1 and then used the cell lysate to determine the PKG activity. Therefore, our study 

determines the actual sites of the nitration of PKG-1 a occurring in cells rather then potential 

nitration sites in purified protein. The type and the extent of the response of the protein to 
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ONOO- treatment may therefore be different in cells vs. a microfuge tube. Secondly, tyrosine 

345 of PKG-1 a is located in the hinge region between the regulatory and the catalytic dotnain, 

where it may be capable of altering the overall structure of the PKG-1 a protein upon mutation to 

phenylalanine. This alteration in the protein conformation may change the solvent accessibility 

of the other tyrosine residues, making them either more susceptible or resistant to nitration. 

Thirdly, the substrate binding site on the catalytic domain ofPKG-1a contains the tyrosine 549. 

In the absence of cGMP, this site interacts with the pseudosubstrate region of the amino terminal 

regulatory domain. The interaction between the pseudosubstrate and the substrate binding site 

keeps the enzyme in an inactive state. The structural alterations resulting from the replacement of 

the tyrosine with a phenylalanine at residue 549 may result in a conformational change, thereby 

relieving this basal inhibition. Under these circumstances, the catalytic activity of the protein 

would be independent of cGMP mediated activation. Performing an analysis of the basal enzyme 

activity in the absence of cGMP would be an important experiment to verify the effect of the 

mutation on the structure of PKG-1 a. This would have confirmed that the mutant kinase is not 

independent of cGMP mediated regulation. If either of these mutations, Y345F or Y549F, 

affected the structure of PKG-1 a in such a way that would interfere with the role of cGMP 

binding in protein activation, the nitration of tyrosine 24 7 observed in our study would not 

influence the kinase activity of PKG-1 a in their study, as our data show that the nitration of 

tyrosine 24 7 attenuates PKG-1 a activity by decreasing the affinity of the protein for cGMP. 

Based upon our data and other studies, it is evident that nitrosative stress plays an important role 

in undermining the vasodilatory function of PKG-1a. For instance, in our in vivo studies, we 

have shown that the NO donor, SpNONOate, and the ONOO- donor, SIN-1, mimic the nitration 
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mediated decrease in PKG activity seen in lambs during inhaled NO therapy and in lambs with 

pulmonary hypertension secondary to congenital heart disease. Further, we found that the kinase 

activity decreased upon the treatment of purified human recombinant PKG-1a with SpNONOate 

and authentic ONOO-, confirming that the nitration dependent attenuation ofPKG-1a activity is 

a direct result of the reaction between the kinase and ONOO-. In addition, we have also 

previously shown that these lambs have increased oxidative stress (262,305), and the role of 

oxidative stress in undermining endothelial function is well documented (325,326). Therefore, 

we were interested to determine whether the exposure of other reactive oxygen species to the 

purified PKG-1 a would inhibit the kinase activity, which would imply that the inhibition of PKG 

may underly the development of other vascular abnormalities. Our results demonstrated that 

PKG-1a activity did not change upon treatment with the superoxide donor, XO. However, the 

incubation with H20 2 significantly attenuated the enzyme activity. These results corroborate a 

previous study where it was shown that the oxidation of PKG-1 a by H20 2 increased the affinity 

of the enzyme for substrate, but the phosphotransferase activity of the kinase was reduced in the 

presence of cGMP (277 ,279). In yet another study, it was demonstrated that the attenuation of 

PKG catalytic activity by H20 2 led to the development of in-stent restenosis (327). The authors 

treated vascular SMC with stainless steel ions; the metal used to build stents, and found 

increased levels of H20 2, decreased PKG activity, and increased SMC proliferative markers. 

Apart from these deleterious effects on PKG-1 a, H20 2 also seems to play an important role in the 

formation of disulfide bonds leading to the dimerization and activation of the enzyme. It has 

been proposed that cysteine 43 of PKG forms an interchain-, while cysteines 117, 195, 312, and 

518 form intrachain-, disulfide bond(s) that render the kinase catalytically active independent of 

cGMP (279-281 ). Therefore, unlike ONOO-, the role of reactive oxygen species in modulating 
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PKG-1 a activity may be complex. It is possible that the effect of these oxidants may very well be 

dependent on their concentration and subcellular localization. It is also likely that the activation 

state ofPKG-1a may determine the effects of oxidants on PKG. For example, it has been shown 

that active PKG induces the expression ofMn(II)-superoxide dismutase (328) during hormesis in 

response to oxidative stress. Thus, under conditions of oxidative and nitrosative stress occurring 

in various cardiovascular diseases, the role of PKG modulation tnay be a relatively understudied 

mechanism by which vascular dysfunction occurs. 

This study confirms PKG-1 a nitration as a mechanism leading to decreased kinase activity in 

two lamb models of pulmonary vascular dysfunction: a model of increased pulmonary blood 

flow and a model of exposure to inhaled NO. Our findings have potentially significant 

implications for the management of pulmonary vascular dysfunction in children with congenital 

heart diseases, and infants, children, and adults treated with inhaled NO for a variety of 

pulmonary vascular disorders. Our study also has greater implications for the use of 

phosphodiesterase (PDE) inhibitors for the treatment of pulmonary vascular dysfunction in 

pulmonary hypertension. In recent years, the use of the PDE5-selective inhibitors, Sildenafil, 

(marketed as Revatio) and tadalafil (marketed as Adcirca), have been approved for the treatment 

of pulmonary hypertension (329) with little success. PDE5 inhibitors block the cGMP degrading 

effect of PDE5 in the vascular SMC, therby elevating the cellular cGMP concentrations. 

However, in the wake of our study, it would be interesting to see whether the prolonged 

elevation of cGMP levels can overcome the inhibitory effect of PKG-1 a nitration. Even if 

sustained high doses of cGMP were able to counteract the effects of PKG-1 a nitration, the 

negative feedback mechanism of cGMP signaling may hinder the effects of PDE5 inhibitors. For 
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instance, increased cGMP levels have been shown to catalytically activate PDE5 by binding to 

its allosteric sites (330), desensitize NO dependent sGC (331 ), decrease PKG protein levels 

(331 ), and also upregulate PDE1 and PDE5 levels (332). 

In conclusion, our data, in combination with recent studies (233,324), predict that the 

impairment of the cGMP /PKG-1 a signaling cascade may be a common mechanism underlying 

the decreased vascular relaxation in pulmonary hypertension. Therefore, based upon previous 

studies and ~he data obtained in our present study, we speculate that therapies based on 

preventing PKG-1 a nitration may have clinical utility in the management of patients with 

pulmonary vascular disorders. 
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