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ABBREVIATIONS 

AEBSF  4-(2-Aminoethyl)benzenesulfonyl fluoride 
AJ Adherens junction 

ADP Adenosine diphosphate 

AMPK Adenosine-monophosphate activated kinase 

AKAP A-kinase anchoring protein 

ALI Acute lung injury 

APT-1 Acyl-protein thioesterase 1 

ATP Adenosine-triphosphate 

ATPγS Adenosine 5′-O-(3-thio) triphosphate 

β-NADH β-Nicotinamide adenine dinucleotide 

BH4 (6R-)5,6,7,8-tetrahydrobiopterin 

BPAEC Bovine pulmonary artery endothelial cells 

BSA Bovine serum albumin 

cAMP 3',5'-cyclic adenosine monophosphate 

Cav-1 Caveolin-1 

CaM Ca2+/calmodulin 

CaMKII CaM-dependent protein kinase II 

cDNA Complementary DNA 

CDK-2 Cyclin-dependent kinase-2 

cGMP 3',5'-cyclic guanosine monophosphate 

CLA Calyculin-A 

CPI-17 C-kinase potentiated Protein phosphatase-1 Inhibitor of 17 kDa 

Cys Cysteine 

DAF-2 DA 4,5-diaminofluorescein diacetate 

DARPP-32 cAMP-regulated phosphoprotein of 32 kDa 

DMEM Dulbecco's modified Eagle’s medium 

DNA Deoxyribonucleic acid 

DTT Dithiothreitol 

EBM-2 Endothelial basal medium-2 

EC Endothelial cells 

ECIS Electric cell-substrate impedance sensing 

ECL Enhanced chemiluminescence 

eEF1A1 Translation elongation factor 1-α 1 

EDTA Ethylenediaminetetraacetic acid 
EGCG (-)-epigallocatechin-3-O-gallate 

EGF Epidermal growth factor 

EGM-2 EC growth medium 

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

https://en.wikipedia.org/wiki/Adenosine_monophosphate
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EIA Enzyme immunoassay 

eNOS Endothelial nitric-oxide synthase 

EPAC1 Exchange factor directly activated by cAMP 1 

FA Focal adhesion 

FAD Flavin adenine dinucleotide 

FAK Focal adhesion kinase 

FBS Fetal bovine serum 

FMN Flavin mononucleotide 

GBPI Gastrointestinal- and brain-specific PP1 inhibitor 

GEF Guanine nucleotide exchange factor 

GJ Gap-junction 

GST Glutathione S-transferase 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HEK Human embryonic kidney 

HLMVEC Human lung microvascular endothelial cells 

HPAEC Human pulmonary artery endothelial cells 

HRP Horseradish-peroxidase 

HUVEC Human umbilical vein endothelial cells 

I1 Inhibitor-1 

I2 Inhibitor-2 

IEJ Interendothelial junction 

ILK Integrin-linked kinase 

iNOS Inducible nitric-oxide synthase 

JAM-A Junctional Adhesion Molecule-A 

KEPI C-kinase enhanced PP1 inhibitor 

Kf Filtration coefficient 

L-Arg L-Arginine 

67LR 67 kDa laminin receptor 

Leu Leucine 

L-NAME Nω-nitro-L-arginine-methyl ester 

L-NOARG NG-nitro-L-arginine 

LPS Lipopolysaccharide 

M20 20 kDa small subunit of myosin phosphatase 

MAPK Mitogen-activated protein kinase 

MC-LR Microcystin-LR 

MDPK Myotonic dystrophy protein kinase 

MEM Minimum Essential Medium 

MLC20 20 kDa regulatory light chain of myosin II 

MLCK Myosin light chain kinase 

MOPS 3-(N-morpholino)propanesulfonic acid 
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MP Myosin phosphatase 

MYPT1 Myosin phosphatase target subunit 1 

NADPH Nicotinamide adenine dinucleotide phosphate 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

nNOS Neuronal nitric-oxide synthase 

NM-II Non-muscle myosin II 

NO Nitric oxide 

OA Okadaic acid 

P2YK Proline-rich tyrosine kinase 2 

PAK p21-activated kinase 

PBS Phosphate-buffered saline 

PBST PBS-Tween20 

PEI Polyethylenimine 

PFA Paraformaldehyde 

PHI-1 Protein phosphatase holoenzyme inhibitor-1 

PHI-2 Protein phosphatase holoenzyme inhibitor-2 

PKA cAMP-dependent Protein kinase  

PKC Protein kinase C 

PKG cGMP-dependent Protein kinase  

PLA Proximity ligation assay 

PMA Phorbol-12-myristate-13-acetate 

PP1 Protein phosphatase type 1 

PP2A Protein phosphatase type 2 

PP2B Calcineurin 

PP1cδ PP1 catalytic subunit δ 

PPM Metal ion dependent phosphatases 

PPP Phosphoprotein phosphatases 

PSP Ser/Thr phosphatases 

PVDF Polyvinylidene difluoride 

qPCR Quantitative PCR 

Rac-1 Ras-related C3 botulinum toxin substrate 1 

Raf-1 RAF proto-oncogene serine/threonine-protein kinase 

ROCK Rho-A associated protein kinase 

SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

Ser Serine 

SDS Sodium dodecyl sulfate 

sGC Soluble guanylyl cyclase 

siRNA Small interfering RNA 

SNO S-nitrosothiol 

Src Proto-oncogene tyrosine-protein kinase Src 
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TBS Tris-buffered saline 

TCA Trichloroacetic acid 

TER Transendothelial electrical resistance 

Thr Threonine 

TJ Tight junction 

TM Tautomycin 

TNFα Tumor necrosis factor-α 

Tyr Tyrosine 

VE Vascular endothelial 

VEGF Vascular endothelial growth factor 

ZIPK Zipper-interacting protein kinase 

ZO-1 Zonula occludens-1 

ZO-2 Zonula occludens-2 
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INTRODUCTION 

 

The endothelial monolayer lines the lumen of blood vessels and serves as a semi-permeable 

membrane between the interior vascular compartment and the underlying tissues. Endothelial cells 

(EC), therefore contribute to the regulation of important physiological processes including but not 

limited to normal tissue-fluid homeostasis, host-defense reaction, blood flow regulation, and 

angiogenesis 1. In response to inflammatory stimuli, the endothelial barrier can become 

compromised leading to severe and frequently fatal diseases. Although endothelial dysfunction is 

a common process in several diseases, the pharmacological options for treatment remain 

suboptimal. Thus, a better understanding of the precise mechanisms regulating the endothelial 

function is imperative.  

Nitric oxide (NO), produced by endothelial nitric oxide-synthase (eNOS), is a major 

mediator of several key functions of the endothelium such as the regulation of a proper vascular 

tone and blood flow, smooth muscle cell proliferation and migration, leukocyte adhesion, platelet 

aggregation and angiogenesis 2. Maintenance of the semi-permeable endothelial barrier properties 

also requires a basal level of NO 3. The activity of eNOS and consequently the extent of NO 

production is regulated by protein-protein interactions, its cellular localization, the expression level 

of eNOS and reversible phosphorylation/dephosphorylation at serine (Ser), threonine (Thr) and 

tyrosine (Tyr) residues. The inhibitory phosphorylation of eNOS at Thr495 is a major determinant 

of eNOS activity. The kinases responsible for phosphorylation of this site such as protein kinase 

C (PKC) and Rho-A activated kinase (ROCK) are well characterized. However, the phosphatases 

that dephosphorylate phospho-Thr495, and the phosphatase holoenzymes responsible for eNOS 

regulation are poorly explored. Protein phosphatase-1 (PP1), -2A (PP2A) 4-5 and -2B (PP2B) 6-7 

have been implicated in eNOS dephosphorylation in a site-specific manner. Both PP1 and PP2A 

exist in the cells in various holoenzyme forms, however, there is very limited information on the 

ones which are involved in eNOS dephosphorylation.  

The endothelial barrier function is also dependent upon the activation of actomyosin 

contractile machinery, intercellular gap formation, and cytoskeletal reorganization. 

Phosphorylation of the regulatory myosin light chains (MLC20) which is triggered by 

Ca2+/calmodulin-dependent MLC kinase (MLCK) and/or ROCK 8, is a key mechanism underlying 
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EC contraction and barrier dysfunction 9. Dephosphorylation of phospho-MLC20 is mediated by 

the myosin phosphatase (MP) holoenzyme, which is barrier protective. MP consists of PP1cδ 

catalytic subunit, the myosin phosphatase target subunit-1 (MYPT1) and a 20 kDa subunit (M20) 

10. The activity of the MP holoenzyme is regulated by phosphorylation/dephosphorylation of the 

MYPT1 regulatory subunit at Ser and Thr residues. Phosphorylation of Thr696 and Thr853 by 

ROCK 11 inhibits the activity of PP1 catalytic subunit (PP1c), while phosphorylation of the 

adjacent Ser695 and Ser852 by cAMP-dependent protein kinase (PKA) prevents the inhibitory 

phosphorylation by ROCK 12. Alternatively, MP activity is regulated by the dephosphorylation of 

MYPT1 via PP2A and PP2B 13-14. It has been reported that a green tea polyphenol (-)-

epigallocatechin-3-O-gallate (EGCG) activates PP2A in a cAMP/PKA dependent manner that 

results in dephosphorylation of MYPT1 at Thr696 15 and activation of MP also leading to 

stimulation of eNOS activity 16. Other positive regulators of the endothelial barrier are the 

extracellular purines (e.g., ATP, ATPγS, ADP, adenosine) which enhance barrier integrity, at least 

in part, via activation of MP by PKA dependent phosphorylation of MYPT1 17-18. 

In the following studies, we have investigated the roles of the above signaling mechanisms 

in the regulation of eNOS and endothelial barrier function with special emphasis on how inhibition 

and activation of PP2A and the MP holoenzyme may be involved in these events. We assess the 

influence of these phosphatases on the regulation of the phosphorylation level of eNOS which is 

coupled with altered NO production and barrier function. We also seek to define and compare the 

molecular mechanisms that mediate adenosine (Ado)- and ATPγS-induced purinergic receptor 

activation and barrier strengthening in human lung microvascular endothelial cells (HLMVECs). 
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LITERATURE REVIEW 

The vascular endothelium  

The vascular endothelium is composed of a single layer of closely connected squamous endothelial 

cells (ECs) that line the interior space of the whole circulatory system including the heart. The 

total area of the vascular endothelial surface in human has been estimated to be about 350 m2 19. 

One of the major functions of the endothelium is to provide a selective barrier between the blood 

and surrounding tissues, thus limiting the exit of cells, fluids, and high molecular weight 

substances from the blood vessels to the organs 20. This feature of endothelial cells is termed 

permeability 20. The semipermeable properties of the endothelium not only enable nutrient and 

metabolic byproduct exchange but also allow for immune cells to exit to the surrounding tissues 

primarily at the level of capillaries and postcapillary venules21. However, the importance of the 

ECs was underappreciated for a long time. Until the 1950’s the prevailing view on the function of 

the endothelium was that it was “little more than a sheet of nucleated cellophane”, with no other 

specific functions than providing selective permeability to water and electrolytes 22. The invention 

of the electron microscope gave a new impetus to the field, at least from a morphological 

perspective and over time it has become generally acknowledged that there are several kinds of 

endothelial cell types with certain structural and functional differences.  

 

Structural characteristics of different endothelial cell types 

Typically endothelial cells are long (nearly 30 μm) and thin cells that are approximately 3 μm wide 

at the nucleus and 0.2 μm at the periphery of the cells 22. The shape of ECs varies across the 

vasculature. In a comparative study, Kibria et al. investigated whether the size and shape of 

endothelial cells from rat blood vessels of the pulmonary trunk differ from those of the pulmonary 

veins, the aorta and the inferior vena cava 23. Aortic ECs were long and narrow (55×10 μm), ECs 

of the pulmonary artery were shorter and wider (30×14 μm), while pulmonary vein ECs were large 

and round shaped (48×10 μm), however, ECs of the inferior vena cava were long and narrow 

(50×14 μm) similar to aortic ECs. In a study of the microcirculation in rats, arteriole ECs were 

long and spindle-shaped, capillary ECs had irregular shapes, and postcapillary venule ECs were 

large, elliptical, or irregularly shaped 24. 
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Structural differences found in capillary endothelium led to subclassification of endothelial 

cells into continuous non-fenestrated, continuous fenestrated and discontinuous (Fig. 1.) 25. The 

continuous endothelia are the predominant type in the walls of arterioles, capillaries, and venules 

in skeletal, smooth and cardiac muscles, skin, heart, lung, brain as well as in large arteries and 

veins. Continuous fenestrated endothelia are found in the capillaries of endocrine and exocrine 

glands, in the gastric mucosa, as well as in the glomerular and peritubular capillaries of the kidney. 

Fenestrae are transcellular pores that extend through the cell, usually with a thin, 5-6 nm non-

membranous diaphragm 26. Fenestrated endothelial cells occur in locations with increased filtration 

or increased transendothelial transport and are characterized by numerous transcellular “gaps” with 

50-80 nm width. The frequency of fenestrae can be influenced by cytokines, ischemia/reperfusion, 

as well as by growth factors. Discontinuous endothelia are found in sinusoidal vascular beds of the 

liver, spleen, and even in bone marrow. Liver sinusoidal ECs possess larger fenestrations (100-

200 nm) that lack a diaphragm and contain gaps within individual cells 27. 

 

Figure 1. Classification of endothelial cells in arteries, veins and capillaries. Phenotypic differences 

between the major types of endothelium are presented. In continuous non-fenestrated endothelium, water 

and small solutes (with less than <3 nm radius) pass between ECs, while larger solutes use the 

transendothelial channels or caveolae mediated transcytosis. Continuous fenestrated endothelium 

demonstrates greater permeability to water and small solutes, compared to non-fenestrated ECs. 

Discontinuous endothelium is characterized by gaps and poorly organized basement membrane [modified 

from W. Aird, 2007]. 
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Functional differences between endothelial cells 

Endothelial cells regulate many functions of blood vessels, including permeability 28, leukocyte 

trafficking and hemostasis 25, 29, vascular tone 30, angiogenesis and vasculogenesis 31 and blood 

coagulation 32.  

ECs from different vascular beds are similar, however differences in the permeability or 

responsiveness of ECs isolated from different regions of blood vessels have been observed 33-35, 

which can be detected in intact vessels as well 36-37. Several techniques exist to determine the 

vascular permeability of isolated organs or cellular monolayers. A widely accepted technique used 

to measure the integrity of an endothelial monolayer is through measurements of transendothelial 

electrical resistance (TER). In a comparative study Blum et al. showed that TER values of 

microvascular endothelial cells are approximately ten times higher than that of ECs from large 

vessels 38, indicating the presence of tighter connections between microvascular ECs. Using an 

isogravimetric method, filtration coefficient (Kf) can be determined, that is an indicative of 

changes in the weight of isolated organs, resulting from changes in hydrostatic pressure 39. Basal 

vessel wall Kf measurements of isolated lungs of various species indicated that total Kf is on 

average 19% arterial, 37% venous, and 42% microvascular, indicating that under basal conditions 

the arteries are less permeable to liquid infiltration than the venules or capillaries 1.  These data 

indicate that microvascular endothelial cells express higher levels of tightly regulated intercellular 

adhesion molecules that are responsible for regulating the flux of water and macromolecules. 

Intracellular signals regulating the endothelial barrier may also vary depending on where they 

reside in the circulation.  

 

The endothelial barrier 

Cell-cell and cell-extracellular matrix interactions 

 The barrier function of the endothelium derives from the integrity of EC monolayer, which 

is determined by interendothelial junctional complexes (IEJs), the reorganization of cytoskeletal 

proteins, and connections to the extracellular matrix 40-42. Based on their structural and functional 

characteristics, three type of IEJs have been identified: gap junctions (GJs), adherens junctions 

(AJs) and tight junctions (TJs) (Fig. 2.) 43.  
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GJs link the cytoplasm of two adjacent cells and regulate the exchange of ions, small 

signaling molecules (e.g., cAMP, cGMP), and small metabolites (glucose) within the continuous 

monolayer of ECs 44. Gap junctions are found primarily in larger vessels. The main structural 

proteins of GJs are transmembrane proteins of the connexin family. Six connexins assemble in the 

plasma membrane to form hexameric assemblies called connexon, which aligns in head-to-head 

direction with another connexon of the neighboring cell, thus forming a channel between the two 

cytoplasmic compartments 45. In ECs, gap junctions play an important role in the regulation of 

blood coagulation 46, EC migration, and tube formation 47, and regulate the endothelial monolayer 

permeability in response to bacterial lipopolysaccharide (LPS) 48.  

AJs are the major determinant of the endothelial barrier and are the most ubiquitous type 

of intercellular junction found in all endothelial cells 41. AJs are impermeable to macromolecules 

and other large proteins like albumin (69 kDa) 49. The main structural protein of endothelial AJs 

is vascular endothelial (VE)-cadherin that mediates homophilic binding and adhesion between 

adjacent endothelial cells in a Ca2+-dependent manner 50. The cytoplasmic region of VE-cadherin 

is linked to the actin cytoskeleton through adapter proteins (α-, β-, and γ-catenins), that play an 

important role in the organization of AJs and consequently in the regulation of endothelial 

permeability 1. VE-cadherin is stabilized by its association with p120-catenin, which serves as a 

scaffolding protein that also binds to protein kinases (Src-kinase, receptor tyrosine kinases) and 

phosphatases, and thus is a crucial component of the signaling pathways that regulate AJs 51. 

TJs are zipper-like structures that represent approximately 20% of total junctional 

complexes in endothelial cells 1. They are less common in the peripheral microvasculature 

compared to AJs but important components of more specialized tissue (e.g., the blood-brain-

barrier) 52. Endothelial TJs are composed of integral transmembrane protein (occludin, claudins 

(3/5) and Junctional Adhesion Molecule-A; JAM-A) and intracellular membrane proteins like zona 

occludens (ZO-1, ZO-2) that connect JAM-A to the actin cytoskeleton 53. TJs provide a more 

stringent barrier that prevents the passage of much smaller molecules (<1 kDa), even restricting 

the flow of small inorganic ions (e.g., Na+) 54. Although the role of TJs in the regulation of 

endothelial permeability is not fully understood 1, published studies have shown that treatment of 

ECs with the inflammatory cytokine TNF-α resulted in the dislocation of ZO-1 from the cell border 

and the disassembly of cadherins in parallel with the loss of barrier function 55. 
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Focal adhesions (FAs) are adherent structures located at the basal or basolateral side of 

endothelial cells that provide connections to the surrounding extracellular matrix (ECM) in the 

vascular wall. FAs are composed of integrins, a type of transmembrane receptor that connects the 

actin cytoskeleton to the ECM via cytoplasmic linker proteins (e.g., talin, vinculin, α-actinin or 

paxillin) 56. In vitro studies have demonstrated that disruption of the integrin-matrix interaction 

results in cell detachment from fibronectin-coated cell culture dishes 57, indicating that integrins 

are important in the stable attachment of endothelial monolayers. Vascular endothelial growth 

factor (VEGF) treatment of ECs induces the recruitment of focal adhesion kinase (FAK) to 

integrins, facilitating the assembly of focal adhesion 58 and increasing microvascular permeability 

59. 

Cytoskeletal elements involved in mediation of endothelial permeability 

 There are three main types of cytoskeletal polymers: microtubules, intermediate filaments 

and microfilaments (or actin-filaments) 60. Since the role of intermediate filaments in endothelial 

barrier function is not yet clear, only the role of the other two types of cytoskeletal elements will 

be discussed. 

The major cytoskeletal protein in all cells are the actin filaments composed of (F)-actin 

polymers 61. The stability of actin filaments is dependent upon the concentration of globular (G)-

actin within the cell. Maintenance of the intracellular concentration of G-actin above a critical 

concentration (0.1 μM) favors actin polymerization and the formation of actin filaments 62. Under 

normal physiological conditions, actin filaments are randomly distributed throughout the cell 

(short filaments and diffuse actin monomers) and at the peripheral boundary of cells (cortical actin) 

62. Exposure of endothelial cells to barrier disruptive agents such as thrombin leads to stress fiber 

formation 63. In contrast, treatment of endothelial cells with barrier-protective agents like 

sphingosine-1-phosphate, leads to the reorganization of actin filaments that localize at the cell 

periphery (cortical-actin formation) and strengthen cell-cell contacts 64.  

Microtubules are stiff tubular structures that are formed of heterodimeric α and β tubulin 

subunits. In endothelial cells, microtubules are cross-linked to actin filaments and can affect 

endothelial permeability through changes in the actin filaments 65. Dynamic rearrangements of 

microtubules impact the organization of other cytoskeletal components and stabilization of 

microtubules has been shown to protect the endothelium against actin stress fiber formation and 
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hyperpermeability 55. Exposure of endothelial cells to inflammatory cytokines like TNF-α leads to 

the destabilization and disassembly of microtubules, and consequently barrier disruption 55. 

Nocodazole treatment activates guanine nucleotide exchange factors (GEFs) and signaling through 

the Rho family of GTPases inactivates MP leading to actin stress fiber formation 66. In contrast, 

elevation of cAMP levels by cAMP-elevating agents leads to stabilization of microtubules in 

endothelial cells through the activation of PKA 67.  

 

Regulation of the endothelial barrier function by reversible phosphorylation/ 

dephosphorylation 

Reversible protein phosphorylation/dephosphorylation 

Reversible protein phosphorylation, catalyzed by protein kinases and protein phosphatases, 

is one of the most common types of posttranslational modification that affects approximately one-

third of the proteins in eukaryotic organisms 68. Protein phosphorylation regulates signaling 

pathways controlling cellular metabolism, transcription, cell-cycle progression, differentiation, 

cytoskeleton arrangement and cell movement, apoptosis, intercellular communication, and 

neuronal and immunological functions 69. Protein phosphorylation is accomplished by protein 

kinases that transfer the terminal γ-phosphate group of ATP to serine (Ser), threonine (Thr) or 

tyrosine (Tyr) residue of protein substrates 70. Protein phosphatases provide reversibility of these 

phosphorylation processes by hydrolyzing the phospho-ester groups from the above residues 71. 

The human genome encodes 518 protein kinases that can be classified into Ser/Thr-, Tyr-, or dual 

specific protein kinases 72-73. More than 420 genes encode Ser/Thr specific kinases which are 

responsible for 98.2% of all phosphorylation events within the cells 74. However, the number of 

protein phosphatases is less than one-third of the kinases. Intriguingly, the protein phosphatase 

family is comprised of only ~150 members, of which 107 are Tyr phosphatases and less than 40 

are Ser/Thr phosphatases 75-76. Despite the relatively small number of Ser/Thr protein phosphatase 

catalytic subunits, greater diversity in regulating physiological responses is achieved through their 

association with numerous regulatory subunits, forming holoenzymes with distinct activity and 

substrate specificity 71. In the first part of our experiments we have focused on the involvement of 

Ser/Thr-specific protein phosphatases in the regulation of eNOS and EC barrier function, and 
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therefore next the primary characteristics of these phosphatases with special attention to PP1 and 

PP2A will be summarized. 

Classification of Ser/Thr phosphatases 

 Based on their substrate specificity and sensitivity to thermostable inhibitory proteins 

(inhibitor-1 and inhibitor-2) as well as to heparin, the Ser/Thr phosphatases (PSPs) were initially 

classified into two subclasses: protein phosphatase-type 1 (PP1) and type 2 (PP2) 77. According to 

a more recent classification, the PSPs comprise three major families: phosphoprotein phosphatases 

(PPPs), metal-dependent protein phosphatases (PPMs) and the aspartate-based phosphatases (Fig. 

2.) 71. PPPs can be further classified into seven subclasses: protein phosphatase 1 (PP1), -2A 

(PP2A) and -2B (PP2B, also termed calcineurin) that contain Fe2+/Zn2+ ions in their active sites, 

and the novel protein phosphatases such as PP4, PP5, PP6, PP7. The PPM family includes PP2C 

and pyruvate dehydrogenase phosphatase. A common feature of the PPM family is the catalytic 

requirement for additional metal ions (Mn2+/ Mg2+) ions 71, 78. The third group, the aspartate-based 

phosphatases, has only two members, the TFIIF-associating component of RNA polymerase II 

CTD phosphatase (FCP) and small CTD phosphatase (SCP) and both share a distinguishing 

Figure 2. Classification of Ser/Thr phosphatases (Shi et al., 2009). 
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DxDxT/V motif in their active site 71, 79. The catalytic subunits of phosphatases are considered less 

specific compared to protein kinases. PP1, PP2A and PP2B of the PPP family, together with PP2C 

of the PPM family, account for the vast majority (more than 90%) of the protein serine/threonine 

phosphatase activity in vivo and selectivity is achieved through regulatory subunits.  

Protein phosphatase 1 

PP1 catalytic subunit (PP1c) is widely expressed in all eukaryotic cells. PP1c has been 

shown to be involved in the regulation of actin and actomyosin rearrangement, cell cycle and 

apoptosis, protein synthesis, glycogen metabolism and the regulation of receptors and ion channels 

80. PP1 holoenzymes consist of a 35–38 kDa highly conserved catalytic subunit (PP1c) which in 

mammals are encoded by three genes and have five splice variants that are: PP1cα1, PP1cα2, 

PP1cγ1, PP1cγ2, and PP1cβ (also termed as PP1cδ), furthermore various regulatory subunits that 

provide substrate specificity (Fig. 3.)  80-81. PP1cα, PP1cβ, and PP1cγ1 are ubiquitously expressed, 

while PP1cγ2 is expressed exclusively in the testis 74. 

The structure of PP1c shows compact folding with a central β-sandwich excluding the N- 

and C-terminals. The active site is located at the bifurcation center of a Y-shaped substrate binding 

groove where three histidine, two aspartates, and one asparagine coordinate the Fe2+ and Zn2+ ions 

that contribute to the dephosphorylation process. They also play an important role in the inhibitory 

mechanism of cell-permeable toxins. The arms of this surface depression are known as C-terminal, 

hydrophobic and acidic grooves 80.  

 Although PP1c is catalytically active on its own, its substrate specificity is very low 82, 

which highlights the importance of the associated regulatory subunits. To date, PP1c has been 

reported to form functional complexes with over 200 targeting proteins 74 that can regulate the 

catalytic activity of PP1c directly or indirectly, provide substrate specificity and influence its 

Figure 3. Schematic representation of PP1 holoenzymes. 

 Modified figure, Butler et al., 2013. 
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cellular localization. A common feature of the regulatory subunits is that most of them interact 

with PP1 via a consensus sequence (K/R)x1(V/I/)x2(F/W), (where x1 can be absent, and both x1, x2 

can be any amino acid except Phe, Ile, Met, Tyr, phospho-Ser, and Asp or Pro. This sequence is 

most commonly known as RVxF (or KVKF) motif 74. In addition to the PP1c binding motif, the 

targeting subunits also possess substrate binding site(s). 

Based on their function, the regulatory proteins can be classified into three distinct groups, 

which includes the inhibitors, substrate-specifiers (targeting subunits) and substrates. The 

endogenously expressed PP1-specific inhibitory proteins are the thermo-stable inhibitor-1 (I1), 

inhibitor-2 (I2), phospho-CPI-17 and the dopamine and cAMP-regulated phosphoprotein of 

32 kDa (DARPP-32), they all block the catalytic activity of PP1 74. Among the targeting subunits, 

the MYPT-family has been well characterized in smooth muscle cells 10, but regulatory roles in 

non-muscle cells are also emerging 83-84. A-kinase anchoring protein of  220 kDa (AKAP220) also 

possess a PP1c binding motif 75. Well-characterized PP1c substrates are the Aurora kinase or the 

Ser/Thr specific protein kinase Nek2 80. The activity of PP1c can be regulated by phosphorylation. 

CDK-2 has been reported to phosphorylate a C-terminal Thr-320 residue in a cell-cycle dependent 

manner, thus inhibiting the phosphatase activity of PP1c 85-86.  

Protein phosphatase 2A 

Similar to PP1c, PP2A plays an important role in the regulation of a variety of cellular 

processes like cell-cycle progression 87, cell signaling 88 apoptosis 89 and tumor suppression 15. 

PP2A is found predominantly in heterotrimeric forms (>90%), but heterodimers also exist. The 

holoenzyme is comprised of a 36 kDa catalytic subunit (PP2Ac), a 65 kDa scaffolding subunit A, 

and a variable regulatory B subunit (Fig. 4.) 90. The catalytic (C) and scaffolding subunits (A) each 

have two isoforms (α and β), which are always associated, and together they form the core enzyme 

(AC). 91. The more dissociable regulatory B subunits can be classified into 4 structurally unrelated 

groups each encoded by 3-5 related genes of the B subunit family and these include the B or PR55 

(α, β, γ, and δ), the B’ or PR56/61 (α, β, γ, δ and ε), B’’ or PR48/59/72/130 and B’’’ or 

PR93/110/SG2NA/striatin 92. Unlike PP1c, PP2A binding motifs on PP2A subunits or substrates 

have not yet been identified 90.  
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Figure 4. Schematic representation of PP2A holoenzymes.  

Modified figure, Butler et al., 2013. 

The multiplicity of regulatory subunits and isoforms suggests the existence of functional 

differences between PP2A holoenzymes, and also indicates that subunit combinations have an 

important role in modulating not only substrate specificity but also the catalytic activity of PP2A 

93. The activity of PP2A holoenzymes can be further regulated by posttranslational modifications. 

The phosphorylation of Tyr-307 residue within PP2Ac by p60v-src kinase or other receptor- or non-

receptor tyrosine kinases can effectively decrease the activity of the enzyme 94. Furthermore, it 

also has been shown that phosphorylation of the B’δ subunit on Ser-566 by PKA can increase 

PP2A activity 95. Another posttranslational modification is the reversible methylation of PP2A at 

Leu309 by leucine carboxyl methyltransferase 1, which facilitates the binding affinity of the PP2A 

core enzyme to distinct regulatory subunits 96. However, the impact of methylation on PP2A 

activity is not yet established 97. 

 Several toxins have been discovered to inhibit the activity of protein phosphatases, and 

most of these are naturally occurring membrane permeable non-selective phosphatase inhibitors.  

Both PP1c and PP2Ac activity can be inhibited by okadaic acid (OA), fostriecin, cantharidin and 

nodularin, microcystin-LR (MC-LR), calyculin-A (CLA) and tautomycin (TM), in a 

concentration-dependent manner. Okadaic acid is a polyether isolated from the marine sponge, 

Halicondria okadai 98. OA has higher selectivity for PP2A (IC50 values: PP1 15-50 nM; PP2A 0.1-

0.3 nM). MC-LR is a monocyclic heptapeptide isolated from freshwater cyanobacteria 

(Microcystis aeruginosa) with a similar potency for both PP1 and PP2A (IC50 values: PP1 0.3-

1 nM; PP2A 0.1-1 nM) 99. MC-LR binding results in irreversible inhibition of the phosphatase, 

because the toxin covalently couples to a cysteine residue at the hydrophobic loop adjacent to the 
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active center of PP1c and PP2Ac enzymes, thus completely and permanently blocking the access 

of the substrate to the active sites 100. CLA was isolated from the marine sponge, Discodermia 

calyx 101 and was first identified as a strong anti-tumor metabolite (IC50 values: PP1 0.4 nM; PP2A 

0.25 nM). TM was first isolated from Streptomyces spiroverticillatus and exhibits partial 

preference for inhibition of PP1 (IC50 values: PP1 0.23-22 nM; PP2A 0.94-32 nM).  

CLA and TM inhibit both PP1 and PP2A in vitro, however, their inhibitory effects in 

cellular systems remain controversial. In our experiments we have used CLA at a concentration 

(10 nM) that results in partial, but selective inhibition of PP2A 102, and TM (1 μM) that results in 

predominant inhibition of PP1c 102-104. 

Myosin phosphatase 

Structure of myosin phosphatase 

MP was first isolated from chicken gizzard 10 as a trimeric holoenzyme consisting of a ~38 

kDa PP1cδ catalytic subunit, a 110-130 kDa myosin phosphatase targeting subunit 1 (MYPT1; 

also termed as myosin binding subunit, M110 or M130/133), and a small 20-21 kDa subunit (M20) 

(Fig. 5.) 105. The function of M20 is poorly understood, however, in a study on permeabilized renal 

arteries and cardiac myocytes, the M20 subunit increased Ca2+ sensitivity in muscle contraction 

106. The main properties of MP can be attributed to a complex of PP1cδ and MYPT1 without M20 

as a functional subunit 107. Additionally, the M20 expression has not been detected in skeletal 

muscle or brain 108. MYPT1 has a crucial role in determining the substrate specificity of MP via 

targeting the PP1 catalytic subunit to the diphospho-myosin light chain (ppMLC20) 109-110. 

However, the multiple subcellular targets of MYPT1 suggests a much broader role of MP in 

cellular processes than only dephosphorylation of ppMLC20 111.  

Human MYPT1 is a product of a single gene (PPP1R12A) located at chromosome 12q15-

q21 112. It is expressed in many cell types, but at higher concentration in phasic smooth muscle 107. 

Several MYPT1 isoforms with distinct molecular masses (110-133 kDa) are generated by 

alternative splicing and can be distinguished by the absence or presence of a central insert (between 

amino acid 512-552) and a C-terminal leucine zipper motif (L) 111, 113. The PP1c binding KVKF 

motif is located at the N-terminal region of MYPT1 isoforms, between amino acids 35-38 75. This 

motif interacts with six amino acid residues of PP1c that forms a hydrophobic groove (Ile169, 

Leu243, Phe257, Leu289, Cys291, and Phe293) and anchors PP1cδ to MYPT1 without affecting its 
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catalytic activity 111. The PP1c binding motif is flanked by two domains: an N-terminal arm that 

precedes the KVKF motif (amino acids 1-34) and the ankyrin repeat domains (8 repeats from 

amino acids 39-296) 114. Although only the KVKF motif has high affinity to PP1c, other secondary 

interaction sites also exist that may stabilize MYPT1-PP1cδ binding. These include residues 1–22 

of the N-terminal arm, the amino acid region between 167–295 of the ankyrin repeats, and a site 

within the sequence from residue 304 to 511 115. Two nuclear localization signals have also been 

identified in MYPT1, one at the N-terminal (amino acids 25-33) and another at the C-terminal 

amino acids (843-852) region 116. 

Regulation of myosin phosphatase 

The regulation of MP in smooth muscle and in endothelial cells is similar. The activity of 

MP can be regulated (activated or inhibited) by reversible MYPT1 phosphorylation via Ser/Thr 

kinases, the binding of inhibitory proteins, and the dissociation of the holoenzyme 111. Among the 

aforementioned regulatory processes, the first two have been intensively investigated. 

Two major phosphorylation sites of MYPT1 are the Thr696 and Thr853 residues (Fig. 6.) 81, 

which have a prominent role in the regulation of cell contractility. Both can be phosphorylated by 

ROCK leading to inhibition of MP 117, thus a unique mechanism of phosphatase inhibition 

(autoinhibition) is exemplified by regulatory phosphorylation of MYPT1. The amino acid 

sequences flanking the Thr696 residue of MYPT1 exhibits a high degree of similarity to that 

Figure 5. Schematic representation of human myosin phosphatase holoenzyme. Regions of MYPT1 

are indicated as follows: KVKF PP1c-binding motif; a, ankyrin repeat; D/E, acidic region; +/–, ionic 

region; S/T, Ser- and Thr-rich region; L, leucine zipper. Residue numbers are given, and some 

phosphorylation sites are indicated (bold lines). For the holoenzyme, interactions of varying strengths 

between MYPT1 and PP1c are indicated (lines with varying thickness). Suggested binding sites for 

phosphorylated light chain and myosin are indicated by arrows [modified figure, Hartshorne et al., 

2004]. 
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observed in the myosin light chain amino acid sequence that flanks Ser19 (pMLC20-S19). 

Consequently, the phosphorylated form of MYPT1 binds to the active site of PP1cδ catalytic 

subunit and suppresses its phosphatase activity 118. Other kinases that have been implicated in 

phosphorylating  MYPT1 at the Thr696 residue include integrin-linked kinase (ILK) 119, myotonic 

dystrophy protein kinase (MDPK) 120, zipper-interacting protein kinase (ZIPK) 121, Raf-1 kinase 

122, and p-21 activated kinase (PAK) 123. Although the physiological role of Thr696 phosphorylation 

is not yet well understood, it reflects the convergence of different signaling pathways on MP 111. 

Phosphorylation of MYPT1 at Thr853 by ROCK has been shown to decrease the affinity of MP 

toward its phospho-myosin substrate 124. However, a confocal microscopic study of Shin et al. 

demonstrated that although the phosphorylation of MYPT1 by ROCK induced translocation of 

MP holoenzyme to the plasma membrane, it did not elicit dissociation of the holoenzyme 125, thus 

dissociation of MP upon phosphorylation at Thr696 and Thr853 is unlikely 126.  

Figure 6. Major phosphorylation sites of human MYPT1 involved in the regulation of cell contractility 

and barrier function. Modified figure, Butler et al., 2013. 

On the other hand, phosphorylation of MYPT1 at specific serine residues prevents the 

inhibitory phosphorylation of MYPT1 by ROCK, thus preserving MP in its active holoenzyme 

form. These two major residues are the Ser695 and Ser852, which can be phosphorylated in a cyclic 

nucleotide (cAMP/cGMP) dependent manner by protein kinase A (PKA) 12 and protein kinase G 

(PKG) 127. However, dual-phosphorylation of these sites by PKA/PKG, at Ser695/Thr696 and/or 

Ser852/ Thr853 has also been reported with no significant effect on MP activity 128. Phosphorylation 

of Thr696 and Thr853 by ROCK precludes the phosphorylation of the preceding Ser residues, thus 
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phosphorylation of the Thr residues by PKA/PKG can only be observed when the preceding Ser 

residues are already phosphorylated 129. 

MYPT1 contains several other phosphorylation sites as well, namely Ser445, Ser472, and 

Ser910, that have important roles in regulating cell adhesion 130 and the mitosis-specific 

phosphorylation of Ser432 by cdc2 kinase increases MP holoenzyme activity towards 

phosphorylated myosin 131. 

It is important to note that MP holoenzyme activity can also be regulated by interacting 

proteins that can inhibit or activate the holoenzyme. The most important endogenous inhibitor of 

MP holoenzyme is the small (17 kDa) protein phosphatase 1 regulatory subunit 14A also known 

as CPI-17, that was first described in porcine aortic homogenates 132. The amino acids 35-140 in 

CPI-17 are responsible for recognition of MYPT1 133. Unlike inhibitor-1 and inhibitor-2, CPI-17 

inhibits both the PP1cδ catalytic subunit and the MP holoenzyme in a phosphorylation-dependent 

manner. Phosphorylation of CPI-17 at Thr38 by multiple kinases such as PKC (α and δ) or by 

ROCK, ZIPK, ILK, and PAK (which also phosphorylates MYPT1) enhances its inhibitory potency 

134-135. However, Tyr41 has a prominent role in the prevention of CPI-17 dephosphorylation at 

Thr38, as Ala substitution at Tyr41 eliminated phosphorylation-dependent inhibition, and enabled 

phospho-Thr38 dephosphorylation by MP itself 133. 

Other MP holoenzyme inhibitory proteins show sequence similarities to CPI-17. These 

homologs are the protein phosphatase holoenzyme inhibitor-1, and -2 (PHI-1 and PHI-2), kinase 

C-enhanced PP1 inhibitor (KEPI), and gastrointestinal- and brain-specific PP1 inhibitor (GBPI). 

The inhibitory domain of the CPI-17 family members are conserved, thus they all display structural 

similarities, however, the PP1c binding KVKF motif at the N-terminal domain of PHI-1, KEPI, 

and GBPI also can be identified 136. 

The impact of pCPI-17 versus MYPT1 in the regulation of MP holoenzyme activity is still 

not exactly clear, however, tissue-specific differences can be identified (CPI-17 is higher in phasic 

smooth muscles) 111, 137. CPI-17 is expressed in endothelial cells where it has been shown to be 

involved in actin cytoskeleton reorganization in response to inflammatory stimuli 138. At the same 

time, a number of studies have emerged suggesting that MYPT1 phosphorylation at Ser/Thr 

residues is a primary determinant of MP activity and this is also reflected in MLC20 

phosphorylation levels that mirror changes in endothelial barrier function 66-67, 139-140. 
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Regulation of actomyosin contractile machinery  

Similar to smooth muscle cells, the phosphorylation of the 20 kDa myosin-II regulatory 

light chain (MLC20) in ECs is essential for actomyosin contraction, which is a key step in the 

regulation of permeability, cell adhesion, migration, and cytokinesis. Similar to muscle myosin II, 

the ubiquitously expressed non-muscle myosin II (NM-II) consists of two 230 kDa heavy chains, 

two 20 kDa regulatory light chains (MLC20) and two 17 kDa essential light chain peptides, that 

stabilize the structure of the heavy chains 141. Phosphorylation of MLC20 evokes the reversible 

binding of the filamentous homodimer NM-II to the actin cytoskeleton and cross-linking the 

microfilaments. The elevated Mg2+-ATPase activity of NM-II, promotes the sliding of 

microfilaments against each other, resulting in increased cytoskeletal tension 43, 141-142. As 

previously described, the microfilaments are connected to the AJs, TJs, and focal adhesion 

molecules, thus an increase in contractile forces is usually leading to elevated endothelial 

permeability 143.  

The regulation of EC permeability involves the reversible phosphorylation of MLC20 at 

Ser19 and subsequently at Thr18 by the Ca2+/calmodulin dependent MLCK 144, and 

dephosphorylation by MP 110. ECs express a higher molecular weight MLCK (~214 kDa) than the 

smooth muscle isoform which shares the same primary structural elements (catalytic domain and 

Ca2+/calmodulin binding motif), but it also includes an N-terminal 922 amino acid fragment that 

is important in mediating protein-protein interactions with multiple kinases, suggesting that the 

regulation of MLCK is more complex in ECs than in smooth muscles. Phosphorylation of MLCK 

by PKA decreases its affinity to Ca2+/CaM 9, 145. However, MLCK activity can also be increased 

via the phosphorylation mediated by a number of different kinases (e.g., CaMKII, PKC, p60Src) 

146.  

Proinflammatory autacoids (e.g., histamine, bradykinin) increase the intracellular Ca2+ 

level 147 in EC and induce MLCK activation resulting in MLC20 phosphorylation and EC 

hyperpermeability. Furthermore, tumor necrosis factor-α (TNF-α) has been shown to slowly 

induce barrier disruption in cultured bovine pulmonary artery ECs (BPAEC). While TNF-α also 

induces MLCK activation and robust MLC20 phosphorylation that is sensitive to kinase inhibitors, 

suppression of this mechanism fails to attenuate the loss of endothelial barrier function suggesting 

the involvement of other mechanisms in TNFα induced EC hyperpermeability 148.  
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Cellular contraction can be regulated not only by MLCK dependent pathways but also via 

mechanisms independent of MLCK, such as protein kinase C (PKC)-dependent signaling 

mechanisms. Phorbol-12-myristate-13 acetate (PMA), a known PKC activator, induces an increase 

in BPAEC permeability without a significant effect on MLC20 phosphorylation or stress fiber 

formation. PKC instead stimulates the phosphorylation of caldesmon, an actin-, and myosin-

binding protein 149. Agonist-induced changes in EC permeability frequently involve the activation 

of the small GTPase RhoA, and the subsequent activation of ROCK induced signaling pathways. 

ROCK elicits bidirectional activation of the contractile apparatus 64 by phosphorylating MYPT1 

at its inhibitory Thr696 and Thr853 phosphorylation sites resulting in inactivation of MP 150, but also 

phosphorylating MLC20 at both Thr18 and Ser19 sites in ECs 8.  

In contrast, extracellular purines (e.g., Ado, ATP, and ATPγS a very slowly hydrolysable 

ATP analog) have been shown to be barrier protective in macrovascular ECs 17, 151. Activation of 

PKA/PKG pathways by these agonists induces the phosphorylation of MYPT1 at Ser695 and Ser852 

preventing the phosphorylation and inactivation of MP by ROCK 12, thus leading to MLC20 

dephosphorylation and cellular relaxation. However, the specific molecular signaling needs to be 

further elucidated. 

Barrier preservation mediated by cAMP can also involve an exchange factor that is directly 

activated by cAMP termed EPAC1 152. It has been reported that both, PKA and EPAC1 can activate 

Ras-related C3 botulinum toxin substrate 1 (Rac1), a small GTPase 152-153, which is commonly 

implicated in EC barrier strengthening due to its ability to facilitate actin cytoskeletal 

rearrangement 154 and regulate MP activity 155. In smooth muscle cells, EPAC1 can also modulate 

MP activity via a Rap1-RhoA-ROCK1 mediated pathway 156, however, the detailed signaling 

mechanisms responsible for its ability to strengthen the EC barrier are not precisely known.  

Increasing cAMP level is best known as the classical pathway of PKA activation, however, 

it has also been demonstrated that PKA activation may occur independent of cAMP, and instead 

is mediated via the coupling of specific trimeric G-proteins with scaffolding proteins known as 

PKA-anchoring proteins (AKAPs), where the PKA catalytic subunit can be released from its 

regulatory subunit, thus leading to PKA activation 157. Recent studies have also demonstrated that 

specific AKAPs, e.g., AKAP9 and 12 may contribute to cAMP-independent EC barrier regulation 

158-159. 
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Endothelial nitric oxide synthase 

Nitric oxide (NO), is a highly diffusible and reactive free radical gas 160 with a relatively 

short half-life in biological fluids (⁓ 5 seconds). NO is synthesized by a family of enzymes 

collectively referred to as NO synthases (NOS). These are 3 isoforms of NOS, the neuronal- 

(nNOS or NOSI), inducible- (iNOS or NOS II), and the endothelial (eNOS or NOSIII) nitric oxide 

synthase which were originally designated based on their function and more recently according to 

the order of their first purification and identification of cDNA sequence 161-162. The nNOS was first 

identified in brain and is constitutively expressed in central and peripheral neuronal cells 163. 

However, the nNOS expression has been shown outside the brain via immunohistochemistry in 

peripheral cell types including epithelial cells of various organs, in the macula densa cells of the 

kidney, in pancreatic islet cells, and in the vascular smooth muscle of certain types of blood vessels 

162. The second isoform, iNOS was found in immune cells stimulated by bacterial toxins and 

cytokines which “induce” its expression 164. The primary cell type that expresses iNOS is the 

macrophage, but under certain circumstances, iNOS can be expressed in neuronal cells and even 

in vascular smooth muscle cells 165. In contrast, eNOS is a constitutively expressed enzyme that is 

predominantly expressed in endothelial cells 166. Expression of eNOS has also been reported in 

cardiomyocytes, platelets, and kidney epithelial cells but the level of expression is much lower 

than that found in endothelial cells 162, 167.  

Structure and regulation of eNOS catalytic activity 

The human eNOS gene was first cloned and characterized in 1992 by a couple of groups 

168-169. It is located on chromosome 7 and encodes 1203 amino acids that comprise a protein of 133 

kDa molecular mass 168. eNOS is a multi-domain enzyme comprised of an N-terminal oxygenase, 

and a C-terminal reductase domain (Fig. 7.) 167. The oxygenase domain (amino acids 1-491) 

contains binding sites for fatty acids (myristic and palmitic), heme/ oxygen, Zn, (6R-)5,6,7,8-

tetrahydrobiopterin (BH4), and the substrate, L-arginine (L-Arg) 170. The reductase domain (which 

spans amino acids 518-1203) contains binding sites for nicotinamide adenine dinucleotide 

phosphate (NADPH), two flavin mononucleotide (FMN), and a flavin adenine dinucleotide (FAD)  
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Figure 7. Structure and catalytic mechanism of eNOS. Modified figure, Förstermann and Sessa, 2012. 

2. The oxygenase domain (binds oxygen and L-arginine) and reductase domain (binds NADPH 

and shuttles electrons) are connected with a linker sequence that contains the CaM binding site 

(amino acids 493-512) (Fig. 7.) 171. Dimerization of eNOS monomers in head to tail orientation is 

required for NO production 172. The primary mode of eNOS enzyme activation is through the 

elevated Ca2+ level which is required for Ca2+/CaM binding to each monomer 2. Ca2+/CaM 

subsequently displaces an adjacent autoinhibitory loop (a 45 amino acids insert in the FMN 

binding domain) that then enables the flow of electron from NADPH through the flavins to the 

heme 173. Upon activation, electrons flow from the reductase domain of one monomer to the 

oxygenase domain of the other monomer 172 to enable reduction of heme-bound oxygen that 

subsequently reacts with the guanidino nitrogen of L-arginine to liberate NO and L-citrulline as 

the byproduct (Fig. 7B) 167. This reaction can be inhibited by L-arginine analogs containing a 

modification of the guanidino nitrogen (e.g., Nω-nitro-L-arginine-methyl ester (L-NAME) and NG-

nitro-L-arginine (L-NOARG)) 174. For each mole of NO that is generated, 1 mole of L-arginine, 

1.5 moles of NADPH, and 2 moles of O2 are consumed 160. It is important to note that a second 

autoinhibitory domain in the reductase domain has also been identified (amino acids 1165-1178 

of the human isoform). Interestingly several phosphorylation sites involved in the post-

translational regulation of eNOS activation lie within these two domains 175-176. In all NOS 
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isoforms, N-terminal cysteine residues (Cys 94 and Cys99) of the monomers coordinate a zinc ion 

in a tetrahedral conformation (ZnS4) at the dimer interface which has a structural function rather 

than catalytic role 177. The amino acid sequence of eNOS is highly conserved across species, but 

there are differences, i.e., the bovine eNOS contains an N-terminal insertion of +2 amino acids, 

and the mouse has a -1 deletion.  

The availability of the L-Arg substrate and the cofactor BH4 have been shown to be 

important determinants of eNOS activity. A lack of L-Arg or BH4 (and particularly its oxidation 

to BH2) can promote uncoupling of the eNOS enzyme which results in a loss of NO synthesized 

and leads to the liberation of reduced O2 in the form of superoxide 178. Numerous reports have 

shown that pathological conditions can result in eNOS monomers with altered catalytic activity. 

However, the consensus is that monomers are unable to transfer electrons to the other monomer 

which results in an irreversible loss of activity 179. Uncoupling and monomerization are different 

for iNOS and nNOS. 

Regulation of endothelial nitric oxide synthase  

Because of the relatively short biological half-life of NO, it cannot be stored within cells, 

and thus NO is typically synthesized on demand. The activity of eNOS enzymes and NO-

dependent signaling is meticulously controlled temporally and spatially and involves the 

integration of multiple interconnected mechanisms that operate at the transcriptional, 

posttranscriptional and posttranslational levels 160. 

The expression of eNOS can be detected in all endothelial cells, and it is regarded as a 

constitutively expressed enzyme. However, its expression can be increased and decreased in 

response to several physical and chemical stimuli such as hypoxia, fluid shear stress, and growth 

factors both in vitro and in vivo 160, 180. The signaling pathways involved in the regulation of eNOS 

mRNA transcription are complex, but important roles have been attributed to the transcription 

factors nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and Krüppel-like 

Factor 2, hypoxia-inducible factor-1, and -2 and also to select microRNAs and other epigenetic 

mechanisms 181.  

eNOS expression can be regulated at the posttranscriptional level as well 160. The mRNA 

encoding eNOS is very stable, with a half-life of 48h under normal physiological conditions 182. 

However, proinflammatory cytokines such as TNFα can destabilize eNOS mRNA in endothelial 
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cells in a time and concentration-dependent manner, thus negatively affecting NO production 183. 

It has also been demonstrated that in human umbilical vein endothelial cells (HUVECs) relatively 

low concentrations of TNFα can potently decrease eNOS mRNA levels (to 5% of control) and 

shorten eNOS mRNA half-life from 48 h to 3 h 182, possibly via a translation elongation factor 1-

α 1 dependent pathway (eEF1A1) 184.Interestingly, TNFα also has been reported to be involved in 

the suppression of eNOS promoter activity which possibly involves ROCK and the NF-κB cascade 

185, and acute inhibition of eNOS catalytic activity 186-187.  

eNOS activity can be robustly influenced by several posttranscriptional mechanisms which 

include protein phosphorylation/dephosphorylation, fatty acid modification and subcellular 

localization and protein-protein interactions 2. 

Figure 8. The regulation of eNOS by phosphorylation. eNOS phosphorylation sites that associate with 

increased (green) or decreased (red) eNOS activity are shown. The functionally most important 

phosphorylation sites are Ser1177 and Thr495, thus the kinases and phosphatases involved in the regulation 

of these sites are indicated on the figure. The kinases responsible for phosphorylation of these sites (gray 

ovals) depend on the primary stimulus. The phosphatase involved in dephosphorylation of Thr495 

(indicated in blue ovals) appear to be PP1, PP2A, and calcineurin (PP2B), while Ser1177 is 

dephosphorylated by PP2A. Numbering corresponds to human eNOS sequence. Modified figure based on 

Mount et al., 2007 188. 

Multiple kinases and phosphatases have been implicated in the regulation of eNOS activity 

through the phosphorylation of Ser, Thr and Tyr residues (Fig. 8.) 188-189. Seven major 

phosphorylation sites have been described in human eNOS, and these include Ser114, Ser615, 

Ser633, Ser1177, Thr495, Tyr81 and Tyr657 (corresponding to Ser116, Ser617, Ser635, Ser1179, 

Thr497, Tyr83 and Tyr659 in the bovine sequence due to the two extra amino acids), but most is 

known about the phosphorylation of Ser615, Ser633 and Ser1177 and Thr495 in the regulation of 

eNOS activity which have special importance 2, 180.  
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Ser1177 was the first identified eNOS phosphorylation site located in the second 

autoinhibitory region of reductase domain close to the end of the C-terminus 190. Phosphorylation 

of this residue results in a conformational change in the structure of the enzyme that facilitates 

electron flow between the reductase and oxygenase domains and increases eNOS activity 

independent of the increase in Ca2+ and increase in the sensitivity of eNOS to Ca2+/CaM 191-192. In 

cultured endothelial cells Ser1177 is not phosphorylated, but it undergoes rapid phosphorylation 

by protein kinase B (also known as Akt) 190 in response to multiple stimuli, including shear stress, 

VEGF, or bradykinin-induced stimulation 188. Bradykinin and Ca2+ ionophore (e.g., ionomycin) 

can also induce eNOS S1177 phosphorylation via the calcium-calmodulin-dependent kinase II 

(CaMKII). Fluid shear stress has also been shown to elevate Ser1177 phosphorylation levels via 

increased activity of PKA 193. Other kinases including PKG, adenosine-monophosphate activated 

kinase (AMPK) have also been reported to phosphorylate eNOS on Ser1177 2, 188. 

Dephosphorylation of eNOS at Ser1177 is mediated by PP2A, but its regulation remains poorly 

understood 4. 

 In contrast, the phosphorylation of eNOS at Thr495 in the CaM-binding domain negatively 

regulates the catalytic activity of eNOS interfering with CaM binding to the enzyme 192. 

Stimulation of bovine aortic endothelial cells with the PKC activator PMA, increases eNOS 

phosphorylation at Thr495 and reduces NO production 194. However, PKC signaling has been 

demonstrated to promote not only the phosphorylation of Thr495 residue but also the 

dephosphorylation of Ser1177 in a coordinated manner 4. Treatment of cultured HUVEC by 

thrombin also induces the phosphorylation of eNOS at Thr495 via a ROCK dependent manner 187. 

AMPK has also been reported to be involved in the phosphorylation of eNOS at Thr495 195, but to 

date, there is no evidence supporting the existence of this pathway in vivo. On the other hand, 

multiple phosphatases have been shown to be involved in the dephosphorylation of Thr495. PP1 

can dephosphorylate eNOS at Thr495 192, however, the activity of calcineurin (PP2B) may also be 

involved as cyclosporine-A treatment of BPAE cells leads to an increase in the phosphorylation 

level of eNOS-Thr495 6. PP2A has also been presumed to dephosphorylate eNOS at Thr495 196. 

But despite its ability to dephosphorylate eNOS at Thr495, based on recent experimental data 

PP2A appears to be a negative regulator of eNOS activity, and this may be due to its ability to 

actively dephosphorylate Ser1177 160. Both PP1 and PP2A exist in endothelial cells in multiple 



32 

 

holoenzyme forms, however, very limited information exists in how PP1 and PP2A coordinate the 

dephosphorylation of eNOS at the above phosphorylation sites. 

 Phosphorylation of eNOS at Ser615 and Ser633 has also has been shown to promote 

increased eNOS activity 197. Both phosphorylation sites are located within the first inhibitory loop 

of eNOS and can be phosphorylated by PKA. Ser615 was also shown to be phosphorylated by Akt 

197. Phosphorylation of Ser615 promotes the binding of Ca2+/CaM to the enzyme, however, it did 

not, on its own, alter the overall enzyme activity. In contrast, mimicking the phosphorylation of 

Ser635 by the introduction of a negative charge at this residue (through mutation to aspartic acid, 

D) not only increased the eNOS sensitivity toward Ca2+/CaM but also stimulated eNOS activity 

198. A demonstration of the importance of the two autoinhibitory domains and their regulation by 

site-specific phosphorylation was obtained through deletion mutants in which both autoinhibitory 

loops have been removed. The resulting enzyme retained a high degree of activity but was calcium-

insensitive 175. The first identified eNOS phosphorylation site which can be activated by shear 

stress is Ser116 199. The function of this phosphorylation site remains somewhat controversial. 

Increased shear stress stimulates the phosphorylation of this site, which was initially proposed to 

increase eNOS activity 199. In contrast, others have shown that dephosphorylation of this site by 

PP2B upon VEGF stimulation, increases NO production 200. The activity of eNOS can also be 

regulated by phosphorylation of Tyr residues. Phosphorylation of Tyr81 can be mediated by Src-

kinase which increases eNOS activity 201. In contrast, the Tyr phosphorylation of eNOS at Tyr659 

by proline-rich tyrosine kinase 2 (P2YK) has been recently reported which impairs eNOS activity 

202. 

 The subcellular localization of eNOS can also significantly impact eNOS activity. In 

unstimulated cells eNOS is localized mainly to the Golgi complex and to the plasma membrane 

within special membrane compartments referred to as caveolae or “small caves” 203. Caveolae are 

flask-shaped 50-100 nm membrane invaginations that are further characterized by high levels of 

cholesterol and sphingolipids and the presence of the transmembrane scaffolding protein caveolin-

1 (Cav-1) 204. Caveolae have been described as “preassembled signaling complexes”, that 

coordinate intracellular signaling of G-protein-coupled receptors, heterotrimeric G proteins, 

receptor tyrosine kinases, Ras–mitogen-activated protein kinase (MAPK), Src-kinas, PKC, PKA 

as well as eNOS 205. The caveolar localization of eNOS is achieved through the irreversible 

myristoylation of the N-terminal glycine 2 residue 206 that is a prerequisite for the subsequent 
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palmitoylation of cysteines 15 and 26 residues and the translocation of eNOS to the plasma 

membrane 175, 207. Myristoylation deficient eNOS (in which glycine has been replaced with 

alanine) cannot undergo subsequent palmitoylation, remains cytosolic and produces less NO 

compared to acylated, membrane-associated eNOS 175. Palmitoylation is a reversible 

posttranslational modification that is carried out by palmitoyl transferases 208, and the reverse 

reaction is catalyzed by acyl-protein thioesterase 1 (APT1) 209. In vitro studies have revealed that 

unpalmitoylated eNOS (Cys15 and 26 residues mutated to Ser) is redistributed compared to WT 

eNOS and its capacity to make NO was diminished 203. It has been demonstrated that eNOS is 

most active at the plasma membrane where it is highly phosphorylated and more sensitive to 

transmembrane Ca2+ flux, and produces more NO compared to Golgi localized eNOS 210. 

Although, Golgi-localized eNOS is less phosphorylated under basal conditions, and less sensitive 

to changes in the intracellular Ca2+ concentration, it is highly sensitive to Akt-dependent 

phosphorylation of Ser1177 which activates the enzyme 211. Interestingly, agents inducing 

endothelial hyperpermeability, such as VEGF, PAF or bradykinin promote eNOS translocation to 

the cytosol. In contrast, vasodilating agents such as acetylcholine induce the movement of eNOS 

to the Golgi complex, but does not promote hyperpermeability 212.  

 In addition to CaM and APT1, the activity of eNOS can be influenced by many other protein-

interacting partners. In EC, eNOS localized to caveolae interacting with caveolin-1 which is a 

negative regulator of eNOS activity and NO production. This inhibition occurs through the 

scaffolding domain of Cav-1 which binds to a caveolin-binding motif on eNOS (amino acids 348-

356) which then obscures the Ca2+/CaM binding site 213. Another important interacting partner that 

positively affects eNOS activity is the molecular chaperone, heat-shock protein 90 (Hsp90) 214. 

Hsp90 interacts with eNOS under basal conditions, and this interaction can be further increased 

by agonists like VEGF, bradykinin or fluid shear stress 214. Hsp90 has multiple actions on eNOS 

activity. First, Hsp90 likely affects the binding of heme via its binding to the oxygenase domain 

of bovine eNOS between amino acids 310–323 215-216. Second, Hsp90 acts as a scaffolding protein 

that coordinates the regulation of diverse signaling proteins and facilitates signaling initiated by 

growth-factors, G-protein coupled signaling pathways, kinases, and phosphatases 173, 214. The 

localization and activity of eNOS can also be regulated by proteins called nitric oxide synthase 

interacting protein (NOSIP) and nitric oxide synthase traffic inducer (NOSTRIN) which promote 
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the translocation of eNOS from the plasma membrane to the Golgi complex and reduce the NO 

synthesis 217-218. 

Physiological role of endothelial nitric oxide synthase and NO 

Endothelial NOS and eNOS-derived NO are important regulators of numerous 

cardiovascular functions. Because nitric oxide (NO) is a highly lipophilic gas, it readily diffuses 

from the site of synthesis in the endothelium to traverse across cell membranes into the cytoplasm 

of the underlying vascular smooth muscle cells, and in the luminal direction to interact with blood 

cells 160.  

In blood vessels, NO exerts its effects via at least two distinct mechanisms that can be 

direct or indirect. One of the most important biological actions of NO is the activation of the 

soluble guanylyl cyclase (sGC) and the subsequent generation of cGMP 219-220. In unstimulated 

cells sGC catalyzes the conversion of GTP to the second messenger cGMP at a low basal rate. 

Exposure of sGC to very low concentrations of NO (10–100 nM) results in binding of NO to the 

high-affinity heme group of sGC which triggers a conformational change in dimeric sGC that 

results in enzyme activation (up to 500-fold) 160. The primary downstream target of cGMP in 

vascular smooth muscle is protein kinase G (PKG), which in turn activates MP 221, and 

consequently promotes vasorelaxation 127. Thus, it is not surprising that eNOS knock out mice 

exhibit a complete absence of vasorelaxant capacity (in conduit blood vessels) to established 

agonists such as acetylcholine and elevated blood pressure in both the systemic and pulmonary 

circulations (45).  

In addition to its vasodilatory effects, NO has also been shown to inhibit the proliferation 

of vascular smooth muscle cells in a cGMP dependent manner 222. Also, the luminal delivery of 

NO can stimulate cGMP synthesis in platelets which reduces calcium mobilization and negatively 

regulates platelet membrane glycoprotein IIb/IIIa, which are essential for platelet aggregation and 

adhesion to the blood vessel walls 223. NO can also inhibit leukocyte adhesion to the vessel wall 

by suppressing CD11/CD18 expression on leukocytes 224. Furthermore, several studies have been 

shown that exogenous NO donors decrease adhesion molecule expression in ECs as well 225-227. 

Because platelet aggregation and leucocyte adhesion are early events in the development of 

atherosclerosis, NO is thought to have a protective role against atherogenesis, and this is supported 

by studies with knockout mice 167. Furthermore, endothelial-derived NO plays an important role 
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in angiogenesis where it contributes to the downstream signaling of angiogenic factors like VEGF 

and has a critical role in the formation of collateral vessels, and in post-ischemia angiogenesis 228.   

NO has multiple actions on endothelial barrier function. It has been demonstrated that 

inflammatory agonists and agents that promote hyperpermeability such as VEGF increase NO 

levels 229-230 which contribute to the leakiness of the endothelial barrier via the opening of IEJs 231, 

and through modification of actin polymerization that alters the shape of ECs 232. This mechanism 

is mediated by the NO-cGMP-PKG signaling cascade in coronary 230 and other microvessels 233. 

In contrast to VEGF, under basal conditions NO can have barrier protective effects in cultured 

endothelial cells and in several organs, such as the skin, kidney, or intestine, heart, lung, diaphragm 

and skeletal muscles 3, 234. Several studies have shown that inhibition of NO synthesis either by L-

NAME or genetic deletion of eNOS promotes the transendothelial leakage at the level of arterioles, 

capillaries, and postcapillary venules 3, 235-236. Open IEJs following L-NAME treatment or in eNOS 

knock out animals has also been reported 3. However, unlike the effects of hyperpermeability 

inducing mediators (e.g., histamine, platelet activating factor) that operate in a short period of time 

(i.e., an increase in endothelial permeability in minutes), the effect of L-NAME is more chronic 

indicating that different molecular mechanisms are responsible for the endothelial 

hyperpermeability 3. The exact molecular mechanisms responsible for the barrier protective effects 

of NO are not yet well understood, but the basal level of NO likely serves to stabilize IEJs, a 

mechanism that involves activation of PKA 237. In other studies, EGCG has been shown to 

stimulate PKA-dependent activation of eNOS and increases in NO that results in vasodilation in 

macro vessels 16. In contrast to VEGF, EGCG elicits barrier protective effects on cultured 

endothelial cells 238.  

The other important mechanism underlying the actions of NO is the reversible S-

nitrosylation of target proteins. S-nitrosylation is a covalent modification of cysteine residues in 

selected proteins that yields S-nitrosothiols (SNO) 239. In contrast to the high-affinity activation of 

sGC (nM range), the S-nitrosylation of target proteins requires significantly higher amounts of NO 

(μM) 240. Reversibility of SNO modified proteins is mediated by the enzymes, S-nitrosoglutathione 

reductase 241 and thioredoxin 1 242. To date, several proteins have been shown to be dynamically 

regulated by S-nitrosylation including eNOS itself at Cys94 and Cys99 residues, which has been 

shown to negatively regulate NO production 239, 243. However, the specificity by which cysteine S-

nitrosylation modifies some proteins but not others remain incompletely understood 244. 
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AIMS 

The molecular mechanisms regulating endothelial function have been intensively investigated 

over the past several decades and despite significant advances in our knowledge, the mechanisms 

involved in the preservation of endothelial barrier integrity are not yet fully understood. As 

discussed in the literature review, endothelium-derived NO plays a vital role in the regulation of 

numerous functions of blood vessels which includes changes in endothelial permeability. 

Dysregulation of eNOS phosphorylation and reduced expression of eNOS decreases NO 

bioavailability and is associated with increased severity of cardiovascular disease. Therefore, a 

better understanding of eNOS regulation and new approaches to improve eNOS function are 

important goals. The phosphorylation of eNOS on Thr495 has been shown to influence negatively 

the activity of eNOS and enzyme fidelity. Several kinases have been identified that mediate Thr495 

phosphorylation, but the phosphatase regulatory subunits and signaling mechanisms mediating 

eNOS Thr495 dephosphorylation have not been described. ROCK phosphorylates eNOS at Thr495 

and the amino acid sequences flanking this site show similarity to the phosphorylation sites of 

other ROCK substrates, which are often dephosphorylated by myosin phosphatase (MP), 

suggesting a possible involvement of this phosphatase in eNOSpT495 dephosphorylation. Thus, 

based on our preliminary data and the published literature our first aim was: 

1. To investigate whether the MP holoenzyme is involved in the dephosphorylation of eNOS at 

Thr495 and to determine the underlying interactions and signaling mechanisms involved in 

eNOS inhibition or activation as well as in influencing the barrier function of endothelial cells. 

On the other hand, Ado and ATPγS are important regulators of endothelial homeostasis that 

strengthen barrier function via cAMP-dependent and independent mechanisms, resulting in 

increased MP activity and consequently decreased MLC20 phosphorylation. The effect of Ado 

and ATPγS on microvascular endothelial function remains poorly undersood. Thus, our second 

aim was: 

2. To define and compare the molecular mechanisms linking Ado- and ATPγS-induced 

purinergic receptor activation and barrier strengthening in HLMVECs. 
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MATERIALS AND METHODS 

Materials 

The chemicals and vendors were as follows. Fetal bovine serum (FBS), fetal calf serum, bovine 

serum albumin (BSA), antibiotic-antimycotic solution, sodium pyruvate, L-glutamine, Minimum 

Essential Medium (MEM) and Dulbecco's modified Eagle’s medium (DMEM) (Gibco 

Gaithersburg, MD, USA). Endothelial basal medium-2 (EBM-2) and EGM-2™-MV BulletKit™ 

(Clonetics San Diego, CA, USA). M199 media, HEPES buffered saline, amphotericin B, 

penicillin-streptomycin and trypsin-EDTA solution, anti-FLAG M2 antibody-coupled EZviewTM 

Red affinity gel, anti-FLAG antibodies, EZviewTM Red anti-c-Myc affinity gel, anti-c-myc 

antibody, anti-P2Y13,  horseradish-peroxidase (HRP) conjugated anti-mouse IgG and HRP-

conjugated anti-rabbit IgG, microcystin-LR, phorbol 12-myristate-13-acetate (PMA), 

acetylcholine cloride, phosphatase inhibitor cocktail, adenosine, Duolink® in situ red proximity 

ligation assay kit, Mowiol and Fluorimetric nitric oxide synthase detection kit (Sigma-Aldrich, St 

Louis, MO, USA). Complete mini protease inhibitor Cocktail Tablets (Roche Diagnostics, 

Mannheim, Germany). Dynabeads® Protein G, and Trizol reagent were from Life Technologies, 

Grand Island, NY, USA. jetPEI transfection reagent (Polyplus Transfections, Illkirche, France). 

X-tremeGENE HP DNA transfection reagent was from Roche, Indianapolis, IN.  4–20% Mini-

PROTEAN® TGX™ Gel, Precision Plus ProteinTM Dual Color Standard and 0.45 µM pore size 

nitrocellulose membrane, 0.2 µM pore size polyvinylidene difluoride (PVDF) membrane, and 

Trans-Blot® Turbo™ Transfer System, iScript™ cDNA synthesis kit and Syber Green were 

purchased from Bio-Rad, Hercules, CA, USA. Enhanced chemiluminescence (ECL) reagent 

(Pierce, Rockford, IL, USA). Protein-A Sepharose and glutathione-Sepharose beads (Amersham 

Bioscience, Arlington Heights, IL, USA). Polyclonal antibodies for dual MYPT1 phosphorylation 

(MYPT1pSer696/pThr697) were generated and affinity-purified as described previously by Sutherland 

et al. 245. Anti-MYPT1pT696, anti-PP1c, anti-eNOSpT495, anti-PKAcα, anti-MLC20ppT18/S19, anti-

EPAC1, and anti-GST antibody (Cell Signaling, Beverly, MA, USA). Anti-67LR, anti-PP2A-

B56δ, anti-P2Y2, anti-P2Y12, anti-AKAP12, and anti-glutathione antibody (Abcam, Cambridge, 

MA, USA). Anti-P2Y1 and anti-P2Y11 antibodies were from Alomone Labs, Jerusalem, Israel. 

Anti-AKAP2, and anti-AKAP9 antibody were from Bethyl Laboratories Inc., Montgomery, TX, 

USA. ProLong Gold Antifade mountant with DAPI, Alexa-488 anti-rabbit IgG and Alexa-546 
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anti-mouse IgG (Molecular Probes, Eugene, OR, USA). Non-specific (scrambled), pan PP1c 

specific, EPAC1, P2Y4 and P2Y13 siRNAs, anti-HA antibody, anti-Gi2, anti-AKAP3, anti-P2Y4-

antibody, and normal rabbit serum were purchased from Santa Cruz Biotechology Inc., Santa Cruz, 

CA, USA. MYPT1, AKAP2, P2Y14 and PKAcα, and siPKAcα specific siRNA duplexes 

(Dharmacon Research, Lafayette, CO, USA). P2Y1, P2Y11 and P2Y12 receptor specific siRNAs 

were obtained from Ambion, Austin, TX. DharmaFect 2 transfection reagent, and siPORT™ 

Amine Transfection Agent (Thermo Fisher Scientific, Waltham, MA, USA). Tautomycin and anti-

β-tubulin antibody (Millipore, Solna, Sweden). Calyculin A (Calbiochem, Darmstadt, Germany). 

pcDNA3.1c-myc-eNOS (kind gift of Prof. Dr. Stefanie Dimmeler, University of Frankfurt, 

Germany); pM11-FLAG-MYPT1, pcDNA3.1-FLAG-MYPT1, and pReceiver-M45-AKAP2-C-

3xHA+IRES-eGFP (GeneCopoeia, Rockville, MD, USA), Anti-eNOS antibody (BD 

Transductional Laboratories, San Jose, CA, USA). Anti-PP1cδ and ROCK (Upstate, Lake Placid, 

NY, USA). CM5 sensor chips and anti-GST capture kit (GE Healthcare, Uppsala, Sweden). 

HyBlot® ES autoradiography film (Denville Scientific Inc., Holliston, MA, USA).  ATPγS was 

purchased from Tocris, Mineapolis, MN. cAMP assay EIA kit was from Cayman chemicals, Ann 

Arbor, MI. PKA activity assay kit was from Enzo Life Science, Farmingdale, NY, USA. 

Infliximab was obtained from Centocor Ortho Biotech Inc., Horsham, PA, USA). 32P-MLC20 was 

purified as previously described 246. 

Cell cultures 

Umbilical cords were collected from the local clinic (Department of Obstretrics and Gynecology, 

University of Debrecen) during normal deliveries with informed consent given and the procedure 

was performed by the approval of the Ethics Committee of the University of Debrecen (Ref. 

number: 2909-2008) conform the Declaration of Helsinki. Human umbilical vein endothelial cells 

(HUVEC) were isolated as previously described 247. Cells were maintained in M199 media 

supplemented with 20% (v/v) FBS, 10 mM HEPES, 2 mM L-glutamine, 0.25 μg/ml amphotericin 

B, 100 U/ml penicillin, 100 μg/ml streptomycin. Cells were cultured from the same batch and used 

at passages 4–7 for all experiments.  

Bovine pulmonary artery endothelial cells (BPAEC) (cell culture line-CCL 209) were obtained 

frozen at passage 8 (American Type Tissue Culture Collection Rockville, MD, USA), and were 

used between passages 17–23. Cells were cultured in MEM supplemented with 10% (v/v) heat 
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inactivated FBS, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids solution, 2 mM 

glutamine, 1% (v/v) antibiotic-antimycotic solution. 

Human pulmonary artery endothelial cells (HPAEC) were purchased from Clonetics (San Diego, 

CA, USA) were cultured in EBM-2 supplemented with 10% (v/v) FBS, 0.2 ml of hydrocortisone, 

2 ml of human FGF-B, 0.5 ml of VEGF, 0.5 ml of long-arm insulin-like growth factor-1, 0.5 ml 

of ascorbic acid, 0.5 ml of human epidermal growth factor (EGF), 0.5 ml of GA-1000, and 0.5 ml 

of heparin solutions. Cells were cultured from the same batch and used at passages 4–7 for all 

experiments as previously described 13. 

Human Embryonic Kidney cell line (HEK293) (American Type Tissue Culture Collection 

Rockville, MD, USA), tsA201 (Health Protection Agency Culture Collection, Salisbury, UK) and 

eNOS knock-in HEK293 cells (a kind gift of Dr. David Fulton, Augusta University, Augusta, GA, 

USA) were cultured in DMEM supplemented with 10% (v/v) FBS, 2 mM L-glutamine, and 1% 

(v/v) antibiotic-antimycotic solution.  

Primary human lung microvascular endothelial cells (HLMVECs) were purchased from Lonza and 

were utilized at passages 4–9 (Walkersville, MD). Cells were cultured in EBM-2 supplemented 

with 5 % (v/v) FBS, 0.2 ml of hydrocortisone, 2 ml of human FGF-B, 0.5 ml of VEGF, 0.5 ml of 

long-arm insulin-like growth factor-1, 0.5 ml of ascorbic acid, 0.5 ml of human epidermal growth 

factor (EGF), 0.5 ml of GA-1000 and 0.5 ml of heparin solutions. 

Cells were maintained at 37 ºC, 5% CO2 in a humidified atmosphere. 

Immunoblotting 

Preparation of the samples was as follows. For immunoprecipitation and pull-down assays the cells 

were lysed in 0.1% (v/v) Triton X-100, 150 mM NaCl, 50 mM Tris–HCl (pH 7.4), 20 mM EDTA 

and 0.5% (v/v) protease, and phosphatase inhibitor mix containing lysis buffer. After 

supplementation with SDS sample buffer in a final concentration of 62.5 mM Tris-HCl (pH 6.8), 

2% SDS, 10% (v/v) glycerol 50 mM dithiothreitol (DTT), 0.01% (w/v) bromophenol blue, the 

samples were boiled for 10 minutes at 100 °C in and applied for Western blotting. Protein samples 

were separated by either 4-20% or 10% SDS-PAGE and transferred to a 0.45 µM pore size 

nitrocellulose-, or 0.2 µM PVDF membrane (ppMLC20 and pMYPT1Ser696/Thr697 blots) at 100V for 

1.5 h. The membranes were blocked with 5% (w/v) non-fat dry milk powder solution in phosphate 

buffered saline (PBS) consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM 
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KH2PO4, PBS plus 0.1% (v/v) Tween20 (PBST), alternatively in Tris-buffered saline (TBS) 

consisting of 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, or in TBS plus 0.1% (v/v) Tween 20 

(TBST) when phospho-specific antibodies were used. During Western blotting the membranes 

were incubated for 3 hours at room temperature, or overnight at 4 °C with the following antibodies 

at the indicated dilutions in PBST or TBST: mouse monoclonal anti-eNOS (1:2000), rabbit 

polyclonal anti-MYPT1 (1:1000), rabbit polyclonal-anti-GST (1:1000), rabbit polyclonal anti-

MYPT1pT696 (1:1000), rabbit polyclonal anti-eNOSpT495 (1:1000), rabbit polyclonal anti-

MLC20ppT18/S19, mouse monoclonal anti-β-tubulin (1:2000), rabbit polyclonal anti-PP1cδ 

(1:1000), rabbit polyclonal anti-PKAcα (1:1000), mouse monoclonal anti-67LR (1:1000), rabbit 

polyclonal anti-PP2A-B56δ (1:1000), rabbit polyclonal anti-P2Y1 (1:500), rabbit polyclonal anti-

P2Y2 (1:500), rabbit polyclonal anti-P2Y4 (1:500), rabbit polyclonal anti-P2Y12 (1:1000), rabbit 

polyclonal anti-P2Y11 antibody (1:1000), rabbit polyclonal anti-MYPT1ppSer696/Thr697 (1:1000), 

rabbit polyclonal anti-AKAP2 (1:2000), goat polyclonal anti-AKAP3 (1:500), rabbit polyclonal 

anti-AKAP9, mouse monoclonal anti-AKAP12 (1:1000), mouse monoclonal anti-EPAC1, and 

mouse monoclonal anti-Gi2 antibody (1:1000). After incubation with the primary antibodies, the 

membranes were washed three times with PBST or TBST and incubated with HRP-conjugated 

goat polyclonal anti-rabbit- or rabbit polyclonal anti-mouse antibody (1:4000). Immunoreactive 

proteins were developed with ECL based detection system. The signals were detected either with 

FluorChem AIC system (Alpha Innotec, San Jose, CA, USA) or on autoradiography films. 

Representative images of the Western blots were cropped from the whole blot images by Adobe 

Photoshop CS5 software (Adobe Systems Inc., San Jose, CA, USA). For densitometric analysis 

ImageJ software (Research Services Branch, National Institute of Health (Bethesda, MD, USA) 

was used. 

Transfection and gene silencing protocolsls 

In order to overexpress MYPT1 and/or eNOS, tsA201 cells cultured in six well plates were 

transfected with 2 µg pcDNA3.1c-myc-eNOS plasmid alone, 1 µg pM11-FLAG-MYPT1 alone or 

co-transfected with both 2 µg pcDNA3.1-myc-eNOS and 1 µg pM11-FLAG-MYPT1 expression 

vectors, using jetPEI transfection reagent as follows. Human embryonic kidney-derived tsA201 

cells were plated in 6-well plates and transfected at 70–80% confluency with DNA/jetPEI 

complex. In 100 μl serum free medium, maximum 3 μg DNA and 12 μl jetPEI was mixed then the 
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diluted transfection reagent was added to the DNA. The mixture was incubated at room 

temperature for 30 min and added to the cells on 6 well plates with 1.8 ml complete medium. After 

48 h incubation the medium was collected for nitrite/NO measurement and the cells were lysed in 

100 µl lysis buffer (1% (v/v) Triton X-100, 150 mM NaCl, 50 mM Tris–HCl (pH 7.4), 0.1% (w/v) 

SDS, 1% (w/v) Na-deoxycholate, 20 mM EDTA and 0.5% (v/v) protease inhibitor mix), then 

boiled with SDS sample buffer and applied for immunoblot analysis. In parallel experiments, the 

media was replaced with fresh media for treatment with agonist and then collected for nitrite 

measurement. Overexpression of eNOS and MYPT1 was assessed in whole cell lysate by 

immunoblot analysis.  

HEK293 cells were transfected in 10 cm cell culture dishes with AKAP2 coding pReceiver-M45-

AKAP2-C-3xHA+IRES-eGFP and MYPT1 coding pcDNA3.1-FLAG-MYPT1 expression vectors 

using X-tremeGENE™ HP DNA transfection reagent according to the manufacturer’s 

instructions. In 600 μl serum free medium, 6 μg DNA was added and the mixture was gently 

suspended, then 18 μl X-tremeGENE™ HP DNA transfection reagent was added to the mixture 

and incubated for 25 minutes at room temperature. Then, the transfection mixture was added to 

the cells in complete media containing 10% FBS and incubated for 48 hours at 37 °C. 

Overexpression of AKAP2 and MYPT1 was assessed in whole cell lysate by immunoblot analysis.  

For gene silencing experiments BPAE cells seeded on 6 well plates were transfected with 

non-specific (scrambled) or pan PP1c, or MYPT1 specific siRNA duplexes in 20 nM final 

concentration using DharmaFect 2 transfection reagent. Transfection reagent and different siRNAs 

were diluted in serum-free media in separate tubes. After 5 minutes of incubation at room 

temperature, diluted transfection reagent was added to the diluted siRNA, followed by incubation 

at room temperature for 20 minutes. When the transfection complex was formed, the transfection 

mixture was added to BPAECs in serum-free media. After 6 hours of incubation FBS was 

supplemented to the cell cultures in 20% final concentration, followed by 48 h further incubation. 

The transfected cells were washed once with ice-cold PBS, lysed in 100 µl lysis buffer and used 

for Western blotting.  

HLMVEC cells seeded on 6 well plates were transfected with non-specific, EPAC1, 

AKAP2, PKAcα or P2Y receptor specific siRNAs in 50 nM final concentration using siPORT™ 

Amine transfection reagent according to the manufacturer’s instructions. Non-specific siRNA was 

used as negative control. Briefly, siPORT™ Amine transfection reagent and different siRNAs were 
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diluted in Opti-MEM in separate tubes. After 5 minutes of incubation at room temperature diluted 

transfection reagent was added to the diluted siRNA, followed by incubation at room temperature 

for 20 minutes. When the transfection complex was formed, the mixture was added to HLMVECs 

in serum free media. After 6 hours of incubation the serum free media was changed to complete 

EBM-2 supplemented with the components of EGM™-MV BulletKit™ and the cells were 

incubated for 72 hours at 37 °C. Then, the transfected cells were used for further TER 

measurements and Western blotting. 

Nitric-oxide measurement 

NO-content of the cell culture medium was determined by Sievers NO Analyzer NOA 280i 

(Sievers Instruments Inc., Boulder, CO) according to the manufacturer’s instructions. After 30 

minutes or 48 hours of incubation the NO formed in the cells diffused to the medium and was 

converted to nitrite in the presence of oxygen. The protein content of cell culture medium was 

precipitated with 200 mM ZnSO4. One hundred microliters of each sample were applied to the 

reaction chamber, where nitrite was converted to NO by sodium iodide and was liberated by 

purging. The NO liberated was converted by ozone to NO2 and chemiluminescence of NO2 

equivalent to NO formation was determined. 

Nitric-oxide measurement with DAF-2 DA 

The BPAE cells were seeded on 13 mm diameter coverslips which were placed in 24 well plates 

before seeding. The cells were then cultured until 60-80 % of confluence. The culturing media was 

then replaced with the reaction buffer, which includes 1 μM β-NADH, arginine substrate, 25 μM 

4,5-diaminofluorescein diacetate (DAF-2 DA) provided by the manufacturer and the cells were 

incubated for 2 hours at 37 oC. Then PMA or EGCG was added to the corresponding wells for 1 

hour. In parallel, non-treated coverslips (control) were also incubated with reaction buffer. 

Afterward, the cells were washed with PBS and fixed in 4% (v/v) paraformaldehyde (PFA) 

solution for 10 minutes at room temperature. After washing three times with PBS, the samples 

were mounted with 4.3 (w/v) Mowiol and prepared for confocal microscopy. The DAF-2 was 

excited at 488 nm, and the detection range was 500-580 nm 248. The intensity of single-cell 

fluorescence from 8-bit tiff images was determined using Image-J (NIH). The dye formation was 

calculated using the equation: 
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𝐷𝑦𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝐹𝑐𝑒𝑙𝑙−𝐹𝑏𝑘𝑔

𝐹𝑏𝑘𝑔
, which was based on the dye uptake equation described previously 

by Nagy et al. 249. 

Pull-down assays 

GST-MYPT1 pull-down experiments were carried out by coupling of GST (in control 

experiments) or GST-MYPT1 to glutathione-Sepharose beads as described by Lontay et al.  83, 

then the HUVEC lysate was applied to the resin and incubated for 3 hours at 4 °C. The resin was 

washed three times with washing buffer (1 M NaCl, 20 mM Tris-HCl, pH 7.4, 0.1% Triton X-

100), then boiled for 10 minutes with SDS sample buffer and subjected to immunoblot analysis 

with the anti-eNOS antibody. Pull-down of overexpressed c-myc-eNOS or FLAG-MYPT1 from 

tsA201 cell lysate were carried out using anti-c-myc and anti-FLAG M2 antibody-coupled 

EZviewTM Red affinity gel and analysed with anti-MYPT1 and anti-eNOS or with anti-c-myc and 

anti-FLAG antibodies. 

In vitro phosphorylation/dephosphorylation assays 

C-myc-eNOS was overexpressed in tsA201 cells and the cells were lysed in lysis buffer containing 

1% (v/v) Triton X-100, 150 mM NaCl, 50 mM Tris–HCl (pH 7.4), 0.1% (w/v) SDS, 1% (w/v) Na-

deoxycholate, 20 mM EDTA and 0.5% (v/v) protease inhibitor mix, centrifuged (10 000 g, 10 min) 

and the supernatant was bound to EZviewTM Red anti-c-myc affinity gel. The gel was washed three 

times with a solution containing 1% (v/v) Triton X-100, 300 mM NaCl, 50 mM Tris–HCl (pH 

7.4), 0.1% (w/v) SDS, 1% (w/v) Na-deoxycholate, 20 mM EDTA and 0.5% (v/v) protease inhibitor 

mix. Next, the affinity gel matrix was resuspended in ROCK assay buffer (30 mM Tris–HCl (pH 

7.5), 85 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT and 1μM MC-LR. Twenty percent of 

the gel was removed and boiled in hot SDS sample buffer (ROCK, 0 min). Phosphorylation of c-

myc-eNOS was started by addition of 0.2 mM ATP in the presence of 5 mU/mL ROCK, and the 

mixture was incubated for 60 min, followed by 6 washing steps with 20 mM Tris-HCl (pH 7.5) to 

remove MC-LR, ATP, and Mg2+. The gel was resuspended again in 100 μl 20 mM Tris-HCl (pH 

7.5) buffer and another 20% of the initial gel amount was removed and boiled in SDS sample 

buffer (ROCK 60 min). The ROCK-phosphorylated sample was divided into three equal aliquots 

and was incubated for 15 min with 15 nM purified FLAG-MYPT1, 5 nM purified native rabbit 

skeletal muscle PP1c or 5 nM PP1c plus 15 nM FLAG-MYPT1. The reactions were stopped by 
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adding hot SDS sample buffer, then the samples were boiled for 5 minutes and subjected to 

Western blotting. 

Assay of protein phosphatase activity  

The assay of phosphatase activity of BPAECs was carried out as previously described for THP-1 

cells (106). Prior to treatments, BPAECs were incubated in serum-free medium for 16 h, then cells 

were untreated (control), or treated with 10 nM CLA for 30 min, or with 20 µM EGCG for 1 hour. 

Cells were collected by centrifugation (600 g, 5 min) and washed with PBS followed by washing 

with TBS containing 0.1 mM EDTA. Cells were resuspended in 100 μl ice-cold TBS containing 

0.1 mM EDTA supplemented with 0.5% (v/v) protease inhibitor cocktail and 50 mM 2-

mercaptoethanol. Cells were lysed by sonication on ice, then clarified by centrifugation (13 000 g, 

10 min). The phosphatase activity of the supernatants was determined at 30 °C in 20 mM Tris–

HCl (pH 7.4) and 0.1% 2-mercaptoethanol with 1 μM 32P-MLC20 in the absence or presence of 2 

μM His-inhibitor-2 (I2). The reaction was initiated by addition of the substrate. After a 10 min 

incubation, the reaction was terminated by the addition of 200 μl 10% TCA and 200 μl 6 mg/ml 

BSA. The precipitated proteins were collected by centrifugation, and the released 32Pi was 

determined from the supernatant (370 μl) in a scintillation counter. 

Immunofluorescence and confocal microscopy 

BPAECs and HPAECs were plated on gelatin-coated glass coverslips and were grown for 24 

hours. After fixation with 4% (v/v) PFA for 10 minutes, the cells were permeabilized with 0.1% 

Triton X-100, 4% BSA (w/v) and 0.01% (w/v) NaN3 in PBS (pH 7.5) for 1 hour followed by three 

washing steps with 4% (w/v) BSA in PBS to block the nonspecific binding sites and once with 

antibody diluting solution (0.1% Triton X-100, 0.1% BSA (w/v) and 0.01% (w/v) NaN3 in PBS 

(pH 7.5). After blocking the cells were incubated overnight at 4 °C with mouse monoclonal anti-

eNOS in 1:250, or with rabbit polyclonal anti-MYPT11-296 antibody at 1:100 dilution. Next, the 

cells were washed gently (three times) with PBS and incubated with goat polyclonal Alexa-488 

(1:250) or goat polyclonal Alexa-546 (1:250) conjugated secondary antibodies for 1 hour at room 

temperature. Finally, the cells were washed three times with PBS and covered in Prolong Gold 

Antifade mounting medium. The localization of the specifically labeled eNOS and MYPT1 was 

visualized using a confocal microscope (Olympus Fluoview 1000, Hamburg, Germany) equipped 
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with 60X UPLSAPO (NA 1.35) oil immersion objective, or with Leica X8 confocal microscope 

(Leica Microsystems CMS GmbH, Mannheim, Germany). The optical thickness of the co-

localization images was 1 µm. 

Duolink proximity ligation assay 

BPAECs cultured in 24 well plates on glass coverslips were fixed with 4% PFA solution for 10 

minutes, permeabilized with 0.1% Triton X-100 for 10 minutes and blocked with 5% BSA in PBS. 

The proximity ligation assay (PLA) was carried out according to the manufacturer’s instructions. 

Briefly, to visualize the interaction between eNOS and MYPT1 the samples were stained with 

mouse anti-eNOS (1:400) and rabbit anti-MYPT11-296 (1:500) antibodies overnight, at 4 °C prior 

to incubation with PLA probes for 1 hour at 37 °C. Then, ligase was added to hybridize the probes 

and after the rolling-circle amplification  the labeled probes were hybridized to the rolling-circle 

amplification product. After washing three times with PBS, the samples were mounted with 4.3 % 

(w/v) Mowiol and prepared for confocal microscopy. 

Surface plasmon resonance measurement 

Interaction of GST-MYPT1 with c-myc-eNOS was analyzed by surface plasmon resonance-based 

binding experiments using a Biacore 3000 instrument (GE Healthcare, Uppsala, Sweden) as 

described previously 13. Anti-GST was immobilized on CM5 sensor chip by amine-coupling 

according to the instructions of the manufacturers. On one surface recombinant GST while on the 

two other surfaces full-length GST-MYPT1 were immobilized in running buffer containing 10 

mM HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% Surfactant P20. C-myc-eNOS at 

0.5 M or 1 M in running buffer was injected over the surfaces, and the amount of the captured 

analyte was determined from the changes of the resonance signal expressed as response units (RU). 

The surface (with immobilized recombinant GST) was treated identically to the GST-MYPT1 

surfaces to determine unspecific binding which was subtracted from the data obtained with the 

GST-MYPT1 surfaces. 

Transendothelial permeability measurement 

Transendothelial electrical resistance (TER) of BPAECs and HLMVECs were measured using 

electric cell-substrate impedance sensing (ECIS) instrument, Model 1600R (Applied BioPhysics, 
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Troy, NY, USA). Approximately equal numbers (3.5x104/well) of BPAECs or (2.5-3x104 

cell/well) HLMVECs were seeded on electrode arrays (8W10E), and the experiments were 

performed when the resistance values of the wells achieved ≥1000 Ω of baseline steady-state 

resistance. One hour before treating BPAECs media was changed to serum-free MEM and changes 

in the resistance values were monitored after treatments with PMA, CLA TM or EGCG. When 

HLMVECs were analyzed, six hours before treatment cell culture media was changed to complete 

EBM-2 and changes in the initial resistance were recorded when the basal resistance was stable 

using the same ECIS instrument. HLMVECs were treated with Ado or ATPγS agonists, and data 

recordings were stopped when the resistance values were returned to basal level. Collected data 

were normalized to the initial resistance values and plotted as normalized resistance.  

cAMP measurement 

HLMVECs cultured in 6 well plates were treated at 90% confluency with 100 μM Ado or ATPγS 

for 30 minutes. After washing with 1 ml PBS, HLMVECs were incubated in 250 μl, 0.1 M HCl at 

room temperature for 20 minutes, then scraped, and the mixture was further processed by pipetting 

up and down until the suspension became homogeneous. The cell lysate was centrifuged at 1000 

g for 10 minutes, then cAMP was measured from the supernatant by using a cyclic AMP EIA kit 

(Cayman Chemical) according to the manufacturer’s instructions. 

Quantitative real-time PCR (qPCR) 

Total RNA was isolated using Trizol reagent according to the manufacturer’s instructions. cDNA 

synthesis was conducted using iScript cDNA Synthesis Kit and 1 μg RNA template. 7.5x diluted 

cDNA was used for quantitative PCR (qPCR) reactions. qPCR was performed using a Qiagen 

Rotor-Gene Q system (QIAGEN, Hilden, Germany) and iQ™ SYBR Green supermix (forward 

and reverse primers are listed in Table I.). Data were analyzed using internal tools. 

  

Name Forward Reverse 

Adenosine A1 receptor 5’-TTCCCTGGAACTTTGGGCAC-3’ 5’-GCCTGGAAAGCTGAGATGGA-3’ 

Adenosine A2A receptor 5’-CTGTCAGGTGAAGCCTCGTG-3’ 5’-CGCTCTCCAAGGGCTTTTTC-3’ 

Adenosine A2B receptor 5’-CTGTGTCCCGCTCAGGTAT-3’ 5’-GGGTTCTGTGCAGTTGTTGG-3’ 

Adenosine A3 receptor 5’-TCGCTGTGGACCGATACTTG-3’ 5’-GCCAAACATGGGGGTCAATC-3’ 
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Purinergic receptor P2Y1 5’-TCGTCTTCCACATGAAGCCC-3’ 5’-TCCCCGAAGATCCAGTCTGT-3’ 

Purinergic receptor P2Y2 5’-CCTGAGAGGAGAAGCGCAG-3’ 5’-GAACTCTGCGGGAAACAGGA-3’ 

Purinergic receptor P2Y4 5’-GCAGTTGTCTTTGTGCTGGG-3’ 5’-GCAGCGACAGCACATACAAG-3’ 

Purinergic receptor P2Y6 5’-TGGGTAGAGGATGAGTCAGCA-3’ 5’-GCAGAAGTCTGGAGAGGCAG-3’ 

Purinergic receptor P2Y11 5’-AGGAAACGTGGGTGGAAAGG-3’ 5’-TCCTCAGCCTGTGTCTGCTA-3’ 

Purinergic receptor P2Y12 5’-GGAGCTGCAGAACAGAACACT-3’ 5’-GCAACCTGCAGAGTGGCAT-3’ 

Purinergic receptor P2Y13 5’-TGTTGTCGTGGCTGTCTTCTT-3’ 5’-AGTTGCTGCCAAAAAGAGAGTTG-3’ 

Purinergic receptor P2Y14 5’-TCCCTTTTCACAGCTGGTTTCA-3’ 5’-ATGCTTGCATAAGTTGGACCTG-3’ 

 

Table I. List of primers used to study the mRNA level of P2Y receptors. 

PKA activity measurement 

HLMVECs were incubated in the absence or presence of 50 μM Ado or ATPγS for 30 minutes, 

then HLMVECs were washed three times with 1 ml ice cold PBS on ice and lysed in 20 mM 

MOPS, 50 mM β-glycerolphosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 5 mM 

EGTA, 2 mM EDTA, 1% NP-40, 1 mM AEBSF and 1% (v/v) protease inhibitor cocktail 

containing lysis buffer. PKA activities were measured using a commercial kit (Enzo Life Sciences) 

according to the manufacturer's instructions. Briefly, 96 well assay plates pre-coated with PKA 

specific substrate were incubated with the extracted proteins (1 μg/well) in the presence of ATP 

and PKA activity was revealed with a phospho-specific substrate antibody. 
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RESULTS 

Identification of the interaction between the regulatory subunit of MP 

(MYPT1) and eNOS 

Most of the regulatory subunits in PP1 holoenzymes have a targeting role implying that they also 

interact with substrates and help PP1c to fulfill its catalytic activity during the dephosphorylation 

process. Exploring of MYPT1-binding protein partners led to the identification of several putative 

substrates and other interactive proteins important in the regulation of the MP holoenzyme 250.  

To prove that eNOS is a possible substrate of MP, first we assessed if eNOS and MYPT1 

interact in ECs or in tsA201 cells where these two proteins were co-expressed. Thus first, we 

performed pull-down experiments of eNOS from HUVEC lysate by GST-MYPT1 by capturing 

recombinant GST-MYPT1 and the associated endothelial proteins on glutathione-Sepharose 

matrix (Fig. 9A). Subsequently, eNOS was identified in the eluate on Western blots using an anti-

eNOS antibody, suggesting its co-precipitation with GST-MYPT1, whereas no eNOS was detected 

in control GST-pull-down fraction. Immunoprecipitations from the lysates of tsA201 cells co-

expressing both FLAG-MYPT1 and c-myc-eNOS proteins were analyzed with anti-MYPT11-296 

and anti-eNOS (Fig. 9B and C), and these data confirmed reciprocal co-immunoprecipitation of c-

myc-eNOS and FLAG-MYPT1 with each other.  

To further demonstrate the interaction of MYPT1 and eNOS, c-myc-eNOS was purified 

from the lysate of myc-eNOS overexpressing tsA201 cells using anti-c-myc affinity matrix. This 

purified eNOS was applied as an analyte to surface plasmon resonance  based binding assays 

(performed by Dr. Bálint Bécsi) to assess its interaction with GST-MYPT1 (Fig. 9D) immobilized 

on the anti-GST coupled sensor chip 250. The sensorgrams indicated stable interaction of MYPT1 

with eNOS that was reversible as dissociation occurred when the eNOS solution was exchanged 

for running buffer.  

Interactions of eNOS and MYPT1 were visualized in situ in ECs of different origin using 

confocal microscopy. Co-localization of eNOS and MYPT1 was apparent at the perinuclear 

regions in human pulmonary artery EC (HPAEC) (Fig. 9E). Co-localization of MYPT1 and eNOS 

was also identified in bovine pulmonary artery EC (BPAEC) (Fig. 9F) at similar locations to that 

of HPAECs and confirmed by proximity ligation assay (PLA), too (Fig. 9G). The PLA assay was 

carried out by Dr. Dénes Nagy. Thus, the above data suggest that eNOS and MYPT1 interact in 
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Figure 9. Interaction of eNOS with MYPT1. (A) Identification of eNOS in GST (control) or GST-MYPT1 

pull-down fractions of HUVEC lysate using glutathione-Sepharose to isolate the interacting proteins. (B, 

C) Co-immunoprecipitation of overexpressed FLAG-MYPT1 and c-myc-eNOS in tsA201 cell lysates using 

anti-FLAG (B) or anti-c-myc-agarose (C) beads to isolate the protein complexes. Cropped images of 

representative Western blots are shown in (A), (B) and (C). (D) Binding of eNOS to full-length GST-

MYPT1 immobilized to anti-GST coupled CM5 sensor chips. Purified c-myc-eNOS at 0.5 or 1 µM 

concentrations was injected over the GST (control) and GST-MYPT1 surfaces in running buffer at 0 time, 

and the association phase of the interaction was monitored for 7 min. The dissociation phase in running 

buffer without c-myc-eNOS was started (at 7 min as indicated by an arrow) and recorded for 3.5 min. The 

surface (with immobilized recombinant GST) was treated identically to the GST-MYPT1 surfaces to 

determine unspecific binding which was subtracted from the data obtained with the GST-MYPT1 surfaces. 

Representative sensorgram of two independent experiments is shown. (E) Co-localization of MYPT1 

(green) and eNOS (red) in human pulmonary artery endothelial cells (HPAEC). Images were captured by 

confocal microscopy. Merged images of eNOS and MYPT1 are also shown. Scale bar, 10 µm. (F) Co-

localization of MYPT1 (green) and eNOS (red) in BPAECs. Images were captured by confocal microscopy 

and merged images are shown. Scale bar, 50 µm. (G) MYPT1 and eNOS interactions were assessed by 

PLA assay as described in Materials and Methods. For the control, only the secondary antibodies were 

added. Red fluorescence indicates interacting MYPT1-eNOS complexes. Scale bar, 50 µm. 
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ECs implying that MP may be a possible PP1 holoenzyme candidate involved in the 

dephosphorylation of eNOS.  

Assessment of the effects of eNOS phosphorylation level on NO production  

The tsA201 cells do not express eNOS, however, they are assumed to include the 

kinase/phosphatase machinery able to phosphorylate/dephosphorylate eNOS and MYPT1 250. 

Thus, tsA201 cells transfected with c-myc-eNOS construct appeared to be a suitable model system 

to assess phosphorylation/dephosphorylation of eNOS upon PKC activation and phosphatase 

inhibition by calyculin-A (CLA), a cell-permeable toxin inhibitor of PP1 and PP2A. Fig. 10A 

shows that in c-myc-eNOS expressing cells there is a basal level of eNOS phosphorylation at 

Ser1177 (eNOSpSer1177), while eNOSpThr495 is very low (Fig. 10A, upper panel). In agreement with 

the low level of the inhibitory phosphorylation (eNOSpThr495) and the occurrence of activator 

phosphorylation (eNOSpSer1177) eNOS expressing tsA201 cells produced a significant amount of 

NO as judged by NO measurements (Fig. 10B). Activation of PKC by treatment of tsA201 cells 

with PMA alone, or in combination with CLA, increased the level of eNOSpThr495 by ~4- or ~7-

fold, respectively. On the other hand, the level of eNOSpSer1177 was slightly enhanced only. PMA 

or PMA plus CLA treatments suppressed dramatically the NO production of eNOS expressing 

tsA201 cells as shown in Fig. 10B. These data confirm previous suggestions that phosphorylation 

of eNOS at Thr495 is a significant determinant in the regulation of eNOS activity 192. The nitric 

oxide measurement (Fig. 10B.) from the provided samples was performed by Dr. Csaba Hegedűs. 

 

Assessment of the effects of MYPT1 and eNOS co-expression on NO production  

To test whether MYPT1 overexpression may influence eNOS activity we overexpressed 

both, FLAG-MYPT1 and c-myc-eNOS in tsA201 cells. As seen in Fig. 11A NO production was 

not induced via FLAG-MYPT1 expression alone. When only c-myc-eNOS expressed, NO 

synthesis was observed, which was significantly higher when FLAG-MYPT1 was co-expressed 

with c-myc-eNOS in tsA201 cells. These data might also implicate MYPT1 in the regulation of 

eNOS activity and NO production.  

To further confirm the above data, we also carried out experiments with eNOS knock-in 

HEK293 cells (HEK293-eNOS) in which FLAG-MYPT1 was overexpressed, then NO production 

was measured in the absence or presence of L-NAME, a NOS inhibitor (Fig. 11B). In accord with 
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the previous experiment, the NO production in HEK293-eNOS cells was higher compared to 

HEK293 cells, which do not express eNOS. It was also apparent that FLAG-MYPT1 

overexpression increased eNOS activity significantly, but surprisingly neither the expression of  

Figure 10. Phosphorylation of eNOS in eNOS overexpressing tsA201 cells upon challenges with PMA, 

or PMA plus CLA. (A) Phosphorylation of eNOS at Ser1177 or at Thr495 was analyzed using by anti-

eNOSpSer1177 or anti-eNOSpThr495 in untreated control, and in 100 nM PMA (for 30 minutes) or 10 nM CLA 

plus 100 nM PMA (for 30 minutes) treated cells. Anti-eNOS was applied to determine eNOS as a loading 

control. Representative Western blots (upper panel) and densitometric analysis of the blots (lower panel) 

of three independent experiments are shown. (B) Effect of 100 nM PMA (for 30 minutes) or 10 nM CLA 

plus 100 nM PMA (for 30 minutes) treatments on NO production in the culture medium of eNOS 

overexpressing tsA201 cells. Following treatment with the effectors, the supernatants of cell cultures were 

collected, and NO was determined as described in Materials and Methods. Data represent means ± SEM (n 

= 3), n.s.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, One-way ANOVA, Newman-Keuls post-

hoc testing.  
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eNOS nor the phosphorylation level of eNOSpThr495 was changed under our experimental 

conditions (Fig. 11B, upper panel). L-NAME suppressed increased eNOS activity to control level 

in both the non-transfected and FLAG-MYPT1 transfected HEK293-eNOS cells (Fig. 11B, lower 

panel). The nitric oxide measurement (Fig. 11B.) was performed by Zsuzsanna Bordán. 

Figure 11. Effect of MYPT1 and eNOS co-expression on NO production. (A) The effect of co-expression 

of MYPT1 and eNOS in tsA201 cells on eNOS activity and NO production. Approximately equal number 

of tsA201 cells were plated in 6 well plates, and 24 hours later the cells were transfected with pM11-FLAG-

MYPT1 and/or pcDNA3.1c-myc-eNOS. 48 hours after transfection NO was determined in the culture 

medium. (B) L-NAME inhibits eNOS activity and NO production in HEK293-eNOS cells in the absence 

or the presence of FLAG-MYPT1 overexpression. Upper panel: identification of eNOS, eNOSpThr495, and 

MYPT1 by Western blotting in non-transfected (HEK and HEK-eNOS) and FLAG-MYPT1 transfected 

(HEK-MYPT1, and HEK-eNOS-MYPT1) cells. Lower panel: Approximately equal number of HEK, 

HEK-MYPT1, HEK-eNOS and HEK-eNOS+MYPPT1 cells were plated in 24 well plates and incubated in 

the absence or the presence of 500 μM L-NAME for 24 hours, then NO was determined in the culture 

medium. Data represent means ± SEM (n=3), n.s.: not significant, **p ˂ 0.01, ***p ˂ 0.001, One-way 

ANOVA, Newman-Keuls post-hoc testing. 

 

MP dephosphorylates eNOS at Thr495 

It has been already shown that PP1 can dephosphorylate of eNOS at Thr495 (human isoform) 192. 

Although, it is unclear whether MYPT1, the regulatory subunit of MP can facilitate the 

dephosphorylation of eNOS at this phosphorylated residue. Thus, c-myc-eNOS was overexpressed 
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in tsA201 cells and isolated on anti-c-myc-Sepharose, then the matrix-bound eNOS was 

phosphorylated by ROCK at Thr495 (Fig. 12.) in the presence of microcystin-LR (PP1 and PP2A 

inhibitor). After washing the anti-c-myc-Sepharose-bound phosphorylated eNOS to remove ATP, 

Mg2+, and microcystin-LR, the mixture was divided into four equal aliquots, and beside control 

(incubated with assay buffer only) they were subjected to addition of FLAG-MYPT1, PP1c and 

PP1c plus FLAG-MYPT1. It is shown that FLAG-MYPT1 was without effect, while PP1c alone 

dephosphorylated eNOSpThr495 to a relatively low extent, which was significantly increased when 

both PP1c and FLAG-MYPT1 were present (Fig. 12.). These results suggest that MP holoenzyme 

(i.e., the PP1c-MYPT1 complex) is an eNOSpThr495 phosphatase, and since MYPT1 enhances the 

phosphatase activity of PP1c on eNOSpThr495 it fulfills a targeting and activating role in this 

dephosphorylation process. 

Figure 12. Myosin phosphatase dephosphorylates eNOS at the inhibitory phosphorylation site, pThr495.  

c-myc-eNOS was isolated from the lysate of c-myc-eNOS expressing tsA201 cells on anti-c-myc-agarose 

beads and was phosphorylated by ROCK for 60 minutes as described in Materials and Methods. Then, the 

resin was separated into four equal parts. Phosphorylated c-myc-eNOS was subjected to dephosphorylation 

for 15 min by FLAG-MYPT1 alone, PP1c alone, or by a mixture of PP1c and FLAG-MYPT1. The relative 

level of eNOSpT495 was considered as control (100%) after phosphorylation by ROCK but before addition 

of the phosphatase components. Cropped images of representative Western blots (upper panel), and 

densitometric analysis (lower panel) of blots from three independent experiments are shown (means ± 

SEM (n=3), *p ˂ 0.05, **p ˂ 0.01, One-way ANOVA, Newman-Keuls post-hoc testing). 



54 

 

In order to further confirm the role of PP1c and MYPT1 in the dephosphorylation of 

eNOSpThr495   depletion experiments of these proteins were carried out in BPAECs and in parallel, 

the level of eNOSpThr495 was determined. PP1c was depleted with siRNA specific for all isoform 

(PP1cα, PP1cβ/δ, PP1cγ1), however, decrease in the level of PP1cδ was assessed as this isoform 

was identified to associate with MYPT1 specifically in cells 251. It is apparent on Fig. 13. (upper 

panel) that silencing either PP1cδ, MYPT1 or both, led to decreased expression of these proteins 

which was accompanied by an increase in the level of eNOSpThr495 (Fig. 13.) implicating both 

subunits of MP holoenzyme in the dephosphorylation of this phosphorylated residue. 

Figure 13. Effect of silencing of PP1c, MYPT1, or both PP1c and MYPT1 by siRNAs on the level of 

eNOSpThr495. BPAECs were transfected with nonspecific siRNA (control), or with siRNA-PP1, siRNA-

MYPT1 and with a mixture of siRNA-PP1 and siRNA-MYPT1. The changes of PP1cδ and MYPT1 protein 

levels, as well as the level of eNOSpThr495, were determined by Western blotting. (A) Cropped images of 

representative Western blots are shown. The bar graph represents the change in the level of (B) eNOSpThr495, 

(C) PP1c, (D) and MYPT1 compared to the control. Densitometric analysis of blots from at least four 

independent experiments (left panel) are shown (means ± SEM, * p < 0.05, One-way ANOVA, Newman-

Keuls post-hoc testing). 
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The effects of phosphatase inhibitors on the inhibitory phosphorylation of 

MYPT1 and eNOS 

We challenged BPAECs with 10 nM calyculin-A (CLA) or 1 M tautomycin (TM) to inhibit PP2A 

and PP1, respectively. CLA and TM inhibit both PP2A and PP1 in in vitro phosphatase assays, 

and there are also controversies concerning their selectivity in cellular systems 102-103. However, 

as indicated in the introduction, our recent results 104 confirmed that CLA (up to 50 nM) caused 

partial, but predominant inhibition of PP2A, while TM (up to 1 M) primarily suppressed PP1 in 

THP-1 cells. Fig. 14A illustrates that treatment of BPAECs with CLA alone resulted in a dramatic 

increase in the phosphorylation of MYPT1 at Thr696 (MYPT1pThr696) while TM and PMA did not 

increase the level of MYPT1pThr696 significantly. Fig. 14B illustrates that enhanced level of 

MYPT1pThr696 paralleled with the increase of the inhibitory phosphorylation of eNOSpThr495.  In 

contrast, TM increased the level of eNOSpThr495 slightly, but not significantly.  

Figure 14. The effect of PKC activation and phosphatase inhibition on the level of MYPT1pThr696 and 

eNOSpThr495.  BPAECs cells were treated with 10 nM CLA, 1 µM TM or 100 nM PMA for 30 min and the 

level of MYPT1pThr696 (A) and eNOSpThr495 (B) was monitored by Western blotting (upper panel) and 

quantified by densitometry (bar graphs, lower panel). Cropped images of representative Western blots 

are shown. Densitometric analyses of blots from 3-4 independent experiments were carried out (means ± 

SEM, n.s.: not significant, *p<0.05, **p<0.01, *** p<0.001, compared to control. One-way ANOVA, 

Newman-Keuls post-hoc testing). 
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Activation of PKC by PMA also increased the level of eNOSpThr495 in accordance with results 

shown earlier for eNOS expressing tsA201 cells (see Fig. 10A). As PP2A is assumed to 

dephosphorylate MYPT1pThr696, the above data support the scenario that PP2A specific inhibition 

increased the level of MYPT1pThr696 resulting in inhibition of MP and suppression of eNOS activity 

consequently resulting in an increase of eNOSpThr495. 

 

Determination of type-specificity of CLA 

To specifically inhibit PP1 and to identify the type-specific inhibition by CLA (Fig. 15.), 

we determined the distribution of the activity of PP1 and PP2A in the lysates of untreated or CLA 

treated BPAECs using type-specific phosphatase inhibitor-2 (I2). It is seen that ~65% of the total 

phosphatase activity was due to PP1 while PP2A (the activity measured in the presence of I2) 

represented ~35%. CLA decreased the phosphatase activity of the lysate by ~25%, and a large 

portion (~20%) of this inhibitory impact was exerted on the I2 suppressed (i.e., PP2A) activity 

indicating predominant inhibition of PP2A by CLA in accord with the previous findings of 

Dedinszki et al. in THP-1 cells 104. The phosphatase activity assay was carried out by Zoltán 

Kónya. 

Figure 15. Distribution of PP1 and PP2A activity in BPAECs. BPAECs cells were treated with 10 nM 

CLA and the phosphatase activity in the lysates of untreated (control) or CLA treated cells was determined 

in the absence or the presence of 2 M inhibitor-2 using 32P-MLC20 as substrate. Data represent means ± 

SEM, **p<0.01 (n=3), One-way ANOVA, Newman-Keuls post-hoc testing. 

 

Investigation of eNOSpThr495 dephosphorylation upon EGCG induced PP2A 

mediated MP activation 

The above data are consistent with a dephosphorylation sequence of PP2A→MYPT1pThr696-

PP1c→eNOSpThr495, but this putative mechanism requires further experimental confirmation. 
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Therefore, activation of PP2A in BPAECs and subsequent dephosphorylation of both 

MYPT1pThr696 and eNOSpThr495 were probed. It was previously shown that in melanoma cells 

EGCG binds to the 67LR 252 and increases PP2A activity 15 in a PKA dependent manner. This 

activation of PP2A was shown earlier to be specific for the PP2A trimer holoenzyme including the 

Bδ subunit and was due to phosphorylation of Bδ by PKA 95. We confirmed that both PP2A-Bδ 

and 67LR are present in BPAECs (Fig. 16.), therefore we attempted to activate PP2A with EGCG. 

(the Western blot experiment (Fig. 16) was performed by Dr. Bálint Bécsi). Since the endogenous 

level of eNOSpThr495 was quite low, we treated BPAECs with PMA to achieve a higher level of 

eNOSpThr495, and to detect more reliably the eNOSpThr495 dephosphorylation. Treatment of BPAECs 

with EGCG in a concentration range from 1 µM to 20 µM resulted in substantial decrease in the 

levels of both MYPT1pThr696 (Fig. 17A, B) and eNOSpThr495 (Fig. 17A, C), suggesting that PP2A is 

involved in their dephosphorylation. Presumably, PP2A induces activation of MP via 

dephosphorylation of MYPT1pThr696 resulting in subsequent dephosphorylation and activation of 

eNOS as well. Moreover, EGCG also induced substantial dephosphorylation of 20 kDa light chain 

of myosin II (MLC20) as assessed by an antibody specific for dual phosphorylated MLC20 at 

Thr18/Ser19 (ppMLC20) as shown in Fig. 17A and D (bar graph).  

 

Figure 16. Identification of 67-kDa laminin receptor and the B56δ subunit of PP2A (PP2A-Bδ) in BPAE 

cells. The antibodies gave cross-reactions according to the same pattern described by the suppliers. 
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Figure 17. The effect of EGCG treatment on the level of MYPT1pThr696, eNOSpThr495 and ppMLC20. (A) 

BPAECs were pre-treated with 100 nM PMA for 30 minutes, then challenged with EGCG in the indicated 

concentrations for 1 hour. Changes in the level of MYPT1pThr696, eNOSpThr457 and ppMLC20 were assessed 

by Western blotting with phospho-specific antibodies upon the different challenges with EGCG. Cropped 

images of representative Western blots are shown. Bar graphs represent the changes in the level of 

MYPT1pThr696 (B), eNOSpThr495 (C) and ppMLC20 (D) determined by densitometric analysis of blots from 

3-4 independent experiments (means ± SE, n.s.: not significant, *p<0.05, **p<0.01, *** p<0.001 compared 

to control, i.e. without EGCG, One-way ANOVA, Newman-Keuls post-hoc testing). 

 

In accordance with the above assumptions, Fig. 18. demonstrates that EGCG treatment of 

BPAECs significantly increased the phosphatase activity (the phosphatase activity assay was 

performed by Zoltán Kónya). It is also important to note that EGCG has been shown to increase 

the phosphorylation level at Ser1177 of eNOS, a phospho-site which is known to stimulate eNOS 

activity 16, 253-254. 
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Figure 18. The effect of EGCG treatment on total phosphatase activity. BPAECs cells were treated with 

20 M EGCG and the phosphatase activity in the lysates of untreated (control) or EGCG treated cells was 

determined using 32P-MLC20 as substrate. Data represent means ± SEM (n=3), two-tailed Student's t-test.  

Next, we searched for further evidence of the PKA dependence of EGCG induced 

dephosphorylation processes. We silenced the catalytic subunit α of PKA (PKAcα) in BPAECs 

and assessed the level of MYPT1pThr696, eNOSpThr495 and ppMLC20 in the cells. Fig. 19. illustrates 

the changes in the level of MYPT1pThr696, eNOSpThr495 and ppMLC20 in BPAECs transfected with 

scrambled or PKAcα specific siRNAs and then challenged with different concentration of EGCG. 

It is apparent that transfection of BPAECs with scrambled siRNA resulted in similar patterns of 

dephosphorylation of MYPT1pThr696, eNOSpThr495 and ppMLC20 upon EGCG treatments as 

observed in Fig. 17. In BPAECs transfected with PKAcα specific siRNAs a slight decrease in the 

basal phosphorylation of MYPT1pThr696, eNOSpThr495 and ppMLC20 were observed, however, no 

significant dephosphorylation of these proteins were detected upon challenges by EGCG. These 

data confirmed that EGCG induced phosphatase activation in BPAECs is also accomplished in a 

PKA dependent manner. 
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Figure 19. The effect of PKA silencing on EGCG treatment and the level of MYPT1pThr696, eNOSpThr495, 

and ppMLC20. (A) BPAECs were transfected with scrambled or PKA catalytic subunit (PKAc) specific 

siRNA then treated with PMA and EGCG and the changes in the level of MYPT1pThr696, eNOSpThr495 and 

ppMLC20 were assessed as described by Western blotting with phospho-specific antibodies upon EGCG 

treatment. Cropped images of representative Western blots are shown. Bar graphs represent the changes in 

the level of MYPT1pThr696 (B), eNOSpThr495 (C) and ppMLC20 (D) determined by densitometric analysis of 

blots from three independent experiments (means ± SE, n.s.: not significant, *p<0.05, **p<0.01, *** 

p<0.001 compared to control, i.e. without EGCG, One-way ANOVA, Newman-Keuls post-hoc testing). 

 

The effects of PKC activation and phosphatase inhibition/activation on NO 

production and transendothelial electrical resistance of BPAECs 

The effect of PKC activation, as well as phosphatase inhibition/activation was also assayed 

on physiological responses of BPAECs such as NO production and barrier function. For NO 

measurement NO specific 4,5-diaminofluorescein diacetate (DAF-2 DA) fluorescence of cells was 

captured (Fig. 20A). The DAF-2 DA NO measurements (Fig. 20.) were carried out by Dr. Dénes 

Nagy. BPAECs loaded with the reaction mixture including DAF-2 DA were subjected to different 

treatments, then fluorescent intensities of cells were determined (Fig. 20B). It is seen that PMA 
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moderately, but significantly decreased NO synthesis. In contrast, EGCG spectacularly enhanced 

NO production, and it also attenuated PMA suppressed NO synthesis. These changes in NO 

synthesis well correlate with the influence of these effectors on the phosphorylation level of 

eNOSpThr495 (see Figs. 10, 14 and 17.).  

Figure 20. Effect of PKC and phosphatase activation on NO production of BPAECs. (A) BPAECs were 

grown on coverslips in serum-free medium and loaded with the reaction mixture including DAF-2 DA for 

60 min. Next, coverslips were incubated with the PKC activator PMA (100 nM), EGCG (20 µM) and the 

combination of PMA and EGCG in parallel with the non-treated coverslips (control) for 60 min. Scale bar, 

50 μm. (B) Single cell fluorescence activity determined by ImageJ after different treatments indicated in 

(A). Results of single cell values (120-153 individual cells) of two independent experiments are shown in 

means ± SEM. (n.s.: not significant, *** p<0.001, One-way ANOVA, Newman-Keuls post-hoc testing).   

 

In another set of experiments, we investigated how PMA, CLA, TM, EGCG and the 

combination of PMA and EGCG affect TER of BPAECs. PMA and TM suppressed TER 

moderately, and the decreasing tendency in TER appeared to be partially reversible in case of 

PMA, but irreversible with TM during the assay period (Fig. 21A). CLA also induced a fast and 

dramatic decrease in TER in an irreversible manner. In accord with the earlier findings of 

Kolozsvari et al. 250 this “acute” effect of the phosphatase inhibitors on TER was presumably due 

to the inhibition of MP resulting in sustained phosphorylation of MLC20 which highly contributes 

to decreasing TER. In contrast, EGCG enhanced TER of BPAECs and attenuated PMA induced 

suppression of TER either when it was added together or 30 min after PMA (Fig. 21B). These data 

suggest that PKC activation or phosphatase inhibition suppress TER compromising barrier 
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function of BPAECs. On the other hand, phosphatase activation by EGCG appears to improve 

barrier function and helps to restore, at least in part, the effect of barrier suppressing agents. 

Figure 21. Effect of PKC activation and phosphatase inhibition/activation on the transendothelial 

electrical resistance of BPAECs. (A) BPAECs grown in serum-free medium in ECIS arrays were untreated 

(control), or treated with PMA (100 nM), 10 nM CLA or with 1 μM tautomycin (TM) for 30 minutes. (B) 

BPAECs cells grown on ECIS arrays were treated with vehicle, 20 µM EGCG, 100 nM PMA or 

with  100 nM PMA and 20 µM EGCG, added together or EGCG was added 30 minutes after PMA. Time 

points of treatment with effectors are indicated by arrows. Normalized TER values were expressed as 

mean ± SEM of 3-4 individual experiments. 

 

Investigation of the barrier function of HLMVECs upon Adenosine and ATPγS 

administration   

It has long been known that extracellular purines function as intercellular signaling molecules 

255-257 that may positively affect the barrier function of macrovascular endothelial cells, however, 

their effects on microvascular endothelium are less explored. Thus, in the next part of our studies 

we examined the effects of Ado and ATPγS which is a very slowly hydrolysable ATP analog, on 

HLMVEC barrier function. First, we challenged HLMVECs with increasing concentrations (25-

200 μM) of Ado (Fig. 22A) or ATPγS (Fig. 22B) and TER was measured. Both Ado and ATPγS 

induced TER increase of HLMVECs in a dose-dependent manner, reflecting HLMVEC barrier 

strengthening with maximal effect at 100 μM. As such, we used 50 or 100 μM Ado or ATPγS in 

subsequent experiments. 
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Figure 22. Ado and ATPγS enhance the EC barrier in HLMVEC. HLMVECs were treated with increasing 

concentrations (10-200 μM) of Ado (A) or ATPγS (B), and TER was recorded. Results are presented as 

mean ± SEM of three independent experiments. Arrows indicate the time points of Ado and ATPγS 

administration. 

 

Mapping of the expression of purinergic receptors in HLMVECs  

Adenosine initiate its effects via P1-, while ATPγS exert its effect by binding to cell surface P2 

purinergic receptors 258. The P1 adenosine receptors can be divided into four subclasses, namely A1, 

A2A, A2B and A3 259. The A1 and A3 receptors are coupled to Gi proteins that inhibit adenylyl cyclase, 

while A2A and A2B are Gs protein-coupled receptors, therefore can increase intracellular cyclic-AMP 

(cAMP) level 259. P2 receptors are divided into two subclasses: the P2X (P2X1-7) receptors are 

extracellular ATP-gated, calcium-permeable, non-selective cation channels, that are unlikely to be 

involved in the endothelial barrier regulation 18; while P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, 

P2Y11-14) are G-protein coupled receptors. The expression pattern of purinergic receptors in ECs 

from different regions of the vasculature is various and not unambiguously described 260-261. 

Therefore, we investigated the expression of G-protein coupled P1 and P2Y receptors in 

HLMVECs. Our quantitative RT-PCR analysis showed that among P1 adenosine receptors (the 

identification of P1 receptors were performed by Zsuzsanna Bordán.) HLMVECs expressed A2B 

receptors alone with a negligible expression of other adenosine receptor subtypes (Fig. 23A). This 

expression pattern differs significantly compared to HUVEC 261 and also vary that as observed in 

HPAEC 17 suggesting differences in P1 receptor signaling in ECs from different vascular beds. 

Analysis of P2Y receptors profile revealed that HLMVECs express mRNAs of all eight receptor 

types (Fig. 23B) with preferential expression of P2Y1, 4, 6, 13 and 14 mRNAs, while the 

expression level of other receptor subtypes was lower. 
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Figure 23. Relative expression of adenosine (P1) and P2Y receptor mRNAs in HLMVEC. Receptor 

mRNA expression was determined by quantitative RT-PCR. Bar graphs represent the normalized level of 

adenosine (P1) receptors (A1, A2A, A2B, and A3) (A) or P2Y receptors (B) by 18S rRNA and are presented 

as arbitrary unit (A.U.). 

 

Identification of G-protein coupled P2Y receptors involved in ATPγS-induced 

HLMVEC barrier enhancement 

Since five P2Y receptors (P2Y1, 2, 4, 11 and 12) may be activated by ATPγS, in the next 

set of experiments we individually depleted them to identify those ones which are involved in the 

ATPγS-induced increase in TER. HLMVECs were treated with siRNA specific to P2Y1, 2, 4, 11 

and 12 for 72 hours, then TER was measured in the presence or absence of ATPγS. We have 

demonstrated that depletion of P2Y4 and P2Y12, but not other receptors resulted in significant 

decrease in TER, indicating that these receptors are involved in ATPγS-induced HLMVEC barrier 

enhancement (Fig. 24.). P2Y12 is solely Gi-coupled receptor 262, while P2Y4 is the best known to 

be coupled to Gq 
262. However, some recent literature data revealed Gi coupling for P2Y4 as well 

263. While none of the other Gq or Gs coupled P2Y receptors are involved in ATPγS-induced barrier 

enhancement (Fig. 24.), it is reasonable to assume that ATPγS-induced HLMVEC barrier 

enhancement is mediated through Gi signaling. Interestingly, in contrast to ATPγS, Ado induced 

HLMVEC barrier strengthening most likely involves Gs- and Gq-coupled A2B receptors (Fig. 

23A), suggesting that mechanisms of Ado- and ATPγS-induced EC barrier strengthening are 

different in the microvasculature. 
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Figure 24. ATPγS improves endothelial barrier function via P2Y4 and P2Y12 receptors in HLMVEC. 

Endothelial cells were treated either with non-specific siRNA (nsRNA) or silencing RNA specific to 

different P2Y receptors for 72 hours, and TER was measured upon challenge with 50 μM ATPγS. Depletion 

of receptors was determined by Western blotting with specific antibody using β-tubulin as a loading control 

(insets). Arrows indicate the time points of ATPγS administration. 

 

Adenosine and ATPγS increase PKA activity by different signaling mechanisms 

It has been shown that PKA activation is a requirement for Ado- and ATP-induced barrier 

strengthening in HPAEC 17-18. The primary activation pathway for PKA involves the binding of 

four cAMP molecules to the regulatory subunit leading to dissociation of the holoenzyme 264-265. 
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While the Gs-mediated cAMP-dependent activation of PKA by Ado is well described, cAMP-

independent mechanisms of PKA activation are by comparison poorly understood. 

Figure 25. Effect of ATPγS and Ado on cAMP levels and PKA activity in HLMVEC. HLMVECs were 

treated with 100 μM Ado (A) or ATPγS (B) for 30 minutes, and the levels of cAMP were measured by 

competitive enzyme-linked immunosorbent assay (Cyclic AMP EIA Kit). Results are shown as mean of 

three individual experiments, with three parallels each time ± SEM (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001 

versus control (0 time point), one-way ANOVA, Newman-Keuls post-hoc testing). (C) HLMVECs were 

treated with 100 μM Ado or ATPγS for 30 minutes, and PKA activity was measured by colorimetric protein 

kinase activity assay. Results are shown as mean of three individual experiments ± SEM.*p ˂ 0.05, Veh vs. 

Ado or Veh vs. ATPγS, one-way ANOVA, Newman-Keuls post-hoc testing. (D). Changes in the level of 

MYPT1pS695/T696 was assessed by Western blotting upon the vehicle, 50 μM Ado or ATPγS treatment (upper 

panel). Bar graphs represent the changes in the level of MYPT1pS695/pThr696 determined by densitometric 

analysis of immunoblots from four independent experiments (mean ± SEM, *p<0.05, Veh vs. Ado or Veh. 

vs. ATPγS, one-way ANOVA, Newman-Keuls post-hoc testing). 

Our data indicate (Fig. 25.) that Ado treatment induced immediate elevation of cAMP levels in 

HLMVEC (Fig. 25A), culminating at 30-45 minutes which paralleled with Ado-induced TER 

increase (see Fig. 22A). In contrast, ATPγS-induced HLMVEC barrier enhancement accompanied 

by modest, but significant cAMP decrease started as early as 2 min (Fig. 25B), supporting the 

involvement of Gi-mediated signaling in ATPγS-induced HLMVEC barrier enhancement.  In a 
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parallel experiment, we examined the effect of Ado and ATPγS on PKA activity in HLMVEC 

homogenates (Fig. 25C). We found that both compounds induced significant activation of PKA 

after 30 min of treatment. Activation of PKA in EC homogenates is accompanied by increased 

MYPT1 dual phosphorylation at Ser695/Thr696, which are established PKA phosphorylation sites 

128, 245 (Fig. 25D). These data strongly suggest that ATPγS activates PKA via an unconventional 

Gi-mediated pathway. Since PKA-mediated phosphorylation of MYPT1 is involved in the 

regulation of MP activity, at least in vitro 12, these data also suggest that the effects of PKA on 

ATPγS-induced HLMVEC barrier enhancement are MP-dependent. The cAMP level 

measurement upon Ado treatment (Fig 25. A.) and PKA activity assays were carried out by Dr. 

Sanjiv Kumar. 

Investigation of the involvement of EPAC1 and PKA in Adenosine- and ATPγS-

induced HLMVEC barrier enhancement 

To directly evaluate the role of PKA activity in HLMVEC barrier strengthening induced 

by either Ado or ATPγS, we next examined the effects of PKAc depletion on the phosphorylation 

state of MLC20 in the presence or absence of these purinergic agonists (Fig. 26.). In control, non-

specific siRNA transfected cells both Ado and ATPγS decreased the phosphorylation level of 

MLC20 at Thr18/Ser19 phosphorylation sites, as anticipated (Fig. 26A-C). However, depletion of 

PKAc abolished ATPγS-, but not Ado-induced MLC20 dephosphorylation (Fig. 26A), suggesting 

the involvement of another, perhaps more complex signaling pathway that is stimulated by Ado. 

Since the other cAMP effector, EPAC1 has been reported to be involved in SM relaxation and 

regulation of MLC20 dephosphorylation 156, 266, we investigated the involvement of EPAC1 in 

Ado-induced MLC20 dephosphorylation in HLMVEC. Predictably, EPAC1 depletion had no 

effect on cAMP-independent ATPγS-induced MLC20 dephosphorylation (Fig. 26B), but 

surprisingly, had no effect on Ado-induced cAMP-dependent MLC20 dephosphorylation either. 

Simultaneous depletion of PKAc and EPAC1 in double knock-down experiment (Fig. 26C) 

abolished Ado-induced MLC20 dephosphorylation indicating that both PKA and EPAC1 activities 

are simultaneously required to achieve MLC20 dephosphorylation in cAMP-dependent Ado 

model. To examine the role of PKA and EPAC1 in HLMVEC barrier strengthening induced by 

Ado and ATPγS we depleted both PKAc and EPAC1, then challenged HLMVECs with Ado or 

ATPγS and measured TER changes. We found that PKAc silencing significantly attenuated 



68 

 

ATPγS- but not Ado-induced effects on TER (Fig. 27A). However, depletion of EPAC1 had no 

effect on TER changes induced by either Ado or ATPγS (Fig. 27B). In accord with the effects on 

MLC20 phosphorylation, simultaneous depletion of PKAc and EPAC1 attenuated Ado-induced 

TER increase indicating that PKA effects on EC barrier properties are EPAC1-dependent (Fig. 

27C). Simultaneous depletion of PKAc and EPAC1 decreased ATPγS-induced increase in TER in 

similar extent as depletion of PKAc alone (Fig. 27A), as anticipated, indicating that EPAC1 is not 

 

Figure 26. Effect of PKA and EPAC1 depletion on Ado and ATPγS induced MLC20 dephosphorylation. 

HLMVECs were transfected with non-specific siRNA (nsRNA), PKAcα (A) or EPAC1 (B) specific 

silencing RNA or with both together (C). Three days after transfection the cells were treated with 50 μM 

ATPγS or Ado for 30 minutes and the level of ppMLC20, depletion of PKAc and EPAC1 was determined 

by Western blotting. The bar graphs represent the changes in the level of ppMLC20. Densitometric analysis 

of blots from 3-7 independent experiments (mean ± SEM, n.s.= not-significant, **p<0.01, ***p<0.001 

versus non-specific siRNA treated vehicle control, one-way ANOVA, Newman-Keuls post-hoc testing). 
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Figure 27. Effect of PKAc and EPAC1 depletion on Ado- and ATPγS-induced EC barrier enhancement. 

HLMVECs were transfected with non-specific siRNA (nsRNA), PKAcα specific (A), EPAC1 specific (B), 

or both EPAC1 and PKAcα specific silencing RNAs (C). Three days after transfection HLMVECs were 

treated with 50 μM Ado (left panel) or ATPγS (right panel) and changes in TER was recorded. Arrows 

indicate the time points of ATPγS and Ado administration. Data are presented as mean ± SEM. Depletion 

of PKA catalytic subunit or EPAC1 (insets) was confirmed by Western blotting. 

 

involved in Gi-mediated ATPγS-induced EC barrier enhancement. These data suggest that while 

PKA alone is sufficient to exert a barrier-enhancing effect in ATPγS model, PKA-mediated Ado-

induced EC barrier strengthening requires simultaneous EPAC1 activation. Conversely, EPAC1-

mediated effects of Ado on EC barrier are PKA-dependent. 
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AKAP2-MP axis is involved in ATPγS-, but not Adenosine-induced barrier-

enhancing effect in HLMVEC 

 

Figure 28. AKAP2 contributes to ATPγS-induced HLMVEC barrier enhancement. HLMVECs were 

transfected with non-specific siRNA (nsRNA) or AKAP9 (A), AKAP12 (B) and AKAP2 (C) specific 

silencing RNA. Three days after transfection HLMVECs were treated with 50 μM ATPγS (right panels) or 

50 μM Ado (left panels) and changes in TER was recorded. Arrows indicate the time points of ATPγS and 

Ado administration. Depletion of AKAPs (insets) were confirmed by Western blotting. Data are presented 

as mean ± SEM of four independent experiments. 
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Scaffolding PKA-binding AKAP proteins exert their activities mainly via directing PKA 

to specific subcellular location (targets) and serve as a platform for biochemical interactions 267. It 

has also been shown that cAMP-independent PKA activation may involve AKAPs 157. 

Furthermore, specific AKAPs namely AKAP9 and -12 are involved in EC barrier regulation, 

although in a cAMP-dependent manner 158-159. Thus, in the next set of experiments, we examined 

whether depletion of AKAPs influences the Ado- and ATPγS-induced TER increases, and MLC20 

phosphorylation. Our data indicate that neither depletion of AKAP9 (Fig. 28A) nor AKAP12 (Fig. 

28B) attenuated ATPγS or Ado-induced barrier enhancing effects in HLMVEC. However, 

depletion of AKAP2 attenuated the effect of ATPγS, but not Ado on TER, suggesting a dominant 

role for AKAP2 in ATPγS induced, cAMP-independent PKA activation.  

Figure 29. Effect of AKAP2 depletion on Ado- and ATPγS-induced MLC20 dephosphorylation. 

HLMVECs were transfected with non-specific siRNA (nsRNA) and AKAP2 specific silencing RNA. Three 

days after transfection the cells were treated with vehicle, 50 μM Ado or ATPγS for 30 minutes and the 

level of ppMLC20, further depletion of AKAP2 was determined by Western blotting. The bar graphs 

represent the changes in the level of ppMLC20. Densitometric analysis of blots from four independent 

experiments (mean ± SEM, n.s.= not-significant, *p<0.05, **p<0.01, ***p<0.001 versus non-specific 

siRNA treated vehicle control, one-way ANOVA, Newman-Keuls post-hoc testing). 
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To investigate the direct involvement of AKAP2 in ATPγS-, and Ado-induced MLC20 

dephosphorylation gene silencing experiments were performed (Fig. 29.). Our data show, that 

AKAP2 has a prominent role in ATPγS-, but not in Ado-induced MLC20 dephosphorylation. 

Direct interaction of AKAPs and PP1-containing holoenzymes has been previously 

reported 268; however, the interaction of AKAP(s) with MYPT1  has not been described in the 

literature. Therefore, we investigated whether AKAP2 or other AKAPs could interact with 

MYPT1. HEK293 cells were transfected with c-myc-MYPT1 269, and co-immunoprecipitation 

experiments were performed. Our results (Fig. 30A) demonstrate that MYPT1 can be co-

immunoprecipitated with AKAP2 but not with AKAP3, AKAP9 or AKAP12, suggesting the 

existence of a specific functional complex between AKAP2 and MP. Reciprocal experiments 

where HA-AKAP2 was overexpressed (Fig. 30B) and provided co-immunoprecipitation of 

MYPT1 further supported an interaction (direct or indirect). Moreover, our results provided 

evidence of PKAc and Gi2 co-immunoprecipitation with AKAP2 in HLMVECs (Fig. 30B) 

suggesting the scaffolding role of AKAP2 in Gi-mediated PKA activation.   

Figure 30. Identification of AKAP2-MYPT1 complex. (A) The c-myc-MYPT1-containing plasmid was 

transfected into HEK293 cells. After 48 hours harvested cell lysate was immunoprecipitated (IP) with 

control IgG or anti-myc antibody. IPs were subjected to Western blot analysis with specific antibodies to 

myc-tag (MYPT1) and AKAP2, 3, 9, and 12. (B) AKAP2 with HA-tag was overexpressed in HEK293 cells, 

and after 48 hours the IP was carried out as described in Materials and Methods. The samples were subjected 

to immunoblotting with antibodies against HA-tag (AKAP2), MYPT1, PKAc, and Gi2.  
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DISCUSSION 

Investigation of the regulation of eNOS via MP 

Phosphorylation/dephosphorylation of eNOS at Thr495 is a crucial factor in the mediation of 

eNOS activity, and it is also involved in balancing whether eNOS generates NO or superoxide 270. 

PKC and ROCK are the kinase candidates to target Thr495 under physiological conditions 271, 

while the dephosphorylating phosphatase is not unambiguously identified. There appears to be a 

consensus in the literature that PP1 type phosphatase acts on eNOS phosphorylated at Thr495 

(eNOSpThr495) in ECs 4, 192, 272. Surprisingly, the type of PP1 holoenzyme has not been identified 

yet, although this knowledge is essential to uncover physiological regulatory events in the 

dephosphorylation of eNOSpT495. In the first part of our studies we identified MP, consisting of 

associated PP1cδ and MYPT1, as a phosphatase holoenzyme which dephosphorylates eNOSpT495. 

In support of this finding are the following data: (i) MYPT1 and eNOS co-precipitated from 

HUVEC, and tsA201 lysates overexpressing recombinant MYPT1 and eNOS, and their 

colocalization was also apparent in HPAEC and BPAEC (see Fig. 9.) (ii) stable interaction 

between c-myc-eNOS and GST-MYPT1 was also confirmed by surface plasmon resonance based 

binding assays using purified proteins (iii) the PP1cδ-MYPT1 complex dephosphorylated 

eNOSpT495 effectively in which MYPT1 had a targeting role increasing the activity of PP1cδ 

toward eNOSpT495 (see Fig. 12.) (iv)  depletion of PP1cδ-MYPT1 or both in BPAECs increased 

the level of eNOSpT495 (see Fig. 13.). We also provide evidence that overexpression of MYPT1 in 

eNOS expressing tsA201 cells or in HEK293-eNOS cells increased eNOS activity without 

changing the expression level of eNOS. However, in a recent paper of Lubomirov et al. 273 it was 

shown that MYPT1 may also influence eNOS expression as in basilar arteries of old, heterozygous 

MYPT1-Thr696Ala knock-in mice eNOS-mRNA was lower in knock-in compared to the wild-

type animal. We speculate that the observed differences might be due to the distinct experimental 

models applied. 

It has been established that regulation of MP activity occurs via inhibitors (toxins, 

inhibitory proteins) interacting with the PP1cδ catalytic subunit 104, 111, 274 or by inhibitory 

phosphorylation of MYPT1 at Thr696 and Thr850 residues 275. In our study regulation of 

eNOSpT495 level by MP was modeled with cell-permeable phosphatase inhibitory toxins (CLA and 

TM) at concentrations assumed to be specific for PP2A and PP1, respectively 102-104. It should be 
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emphasized that the viability of ECs limits the applied toxin concentrations. Therefore, only partial 

inhibition of PP2A or PP1 could be assumed, as it was shown previously 104. Our present data 

demonstrate that PP1 specific inhibition by TM moderately increased eNOSpT495 and MYPT1pT696 

levels. In contrast, CLA enhanced both eNOSpT495 and MYPT1pT696 more profoundly via 

predominant inhibition of PP2A as validated by phosphatase assays of BPAEC lysates (see Fig. 

15.). These results are correlated with previous findings demonstrating that inhibition of PP2A 275 

or PP2B 250, enzymes which dephosphorylate MYPT1pT696, leads to increased level of 

MYPT1pT696. The latter is accompanied by MP inhibition and as a consequence enhanced 

phosphorylation level of MLC20, a dedicated substrate of MP. The above data establish a 

mechanism implying an interplay of PP2A and MP in the regulation of eNOSpT495 

dephosphorylation, however, the physiological significance of these events await further 

clarification. 

Previous work of Michell et al. 4 has shown that forskolin treatment of ECs stimulated 

dephosphorylation of eNOSpThr495 by PP1, suggesting the involvement of a signaling pathway via 

cAMP/PKA in PP1 activation, however, the detailed mechanism of this process still remained to 

be elucidated. Our present results highlight another signaling mechanism for physiological 

stimulation of eNOSpT495 dephosphorylation (Fig. 31.) which involves EGCG, as an agonist 

interacting with the 67LR and signaling downstream to activate PKA and PP2A. It has been proven 

in melanoma cell lines that EGCG stimulates the activity of PP2A via the 67LR in a cAMP/PKA-

dependent manner, and the activated PP2A dephosphorylated both phosphorylated CPI-17 and 

MYPT1pT696 resulting in MP activation and dephosphorylation of merlin, another MP substrate 15. 

Therefore, it seemed to be reasonable to assume that the EGCG→ 67LR→PKA→ PP2A pathway 

also operates in ECs and induces PP2A activation. It is apparent that PP2A activated along this 

pathway results in marked dephosphorylation of MYPT1pT696 coupled with activation of MP (see 

Figs. 17-19.) and subsequent dephosphorylation of eNOSpT495 and ppMLC20 in ECs. 

Our present data support the existence of a novel pathway via 

EGCG→67LR→PKA→PP2A→MP activation for efficient dephosphorylation of both eNOSpT495 

and ppMLC20 (see Fig. 30.). EGCG and structurally related other catechins may have a plethora 

of intracellular targets, and they may exert distinct physiological influences. In the previous work 

of Kiss et al., 276 it has been shown that EGCG interact with and inhibit PP1c activity at micromolar 

concentrations in in vitro phosphatase assays. The binding of EGCG to the hydrophobic groove of 
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the PP1c substrate binding region was also established 276. However, only moderate extent of 

phosphatase inhibition occurred when intact cells were incubated with relatively high EGCG 

concentration (100-500 μM), and it was presumably due to the low penetration of EGCG through 

the cell membranes 277. These data suggest a distinct action of EGCG on cells depending upon its 

applied concentrations. Thus, at low concentration (1-20 μM) EGCG exerts its effect through 

binding to 67LR initiating a signaling pathway leading to phosphatase activation. In contrast, at 

high concentration EGCG might also permeate cells to a certain extent and binds to PP1c causing 

phosphatase inhibition. However, regarding the assumed EGCG concentration (~1 μM) after 

regular green tea consumption only the previous process (EGCG→67LR signaling) might have 

physiological relevance.  

In agreement with previous studies 110, 278, we found that PKC activation by PMA, or 

phosphatase inhibition with CLA, caused a decrease in TER of EC monolayers. The TER and NO 

suppressing effect of PMA were attenuated by EGCG which helped to restore, at least partially, 

the barrier integrity and eNOS activity. There are apparent controversies concerning how changes 

in NO level influence endothelial permeability (reviewed by Durán et al. 212). It appears that 

hyperpermeability induced by inflammatory agents required eNOS activation and increased NO 

production 279. However, light and electron microscopic studies of Predescu at al. 3 revealed that 

eNOS inhibition by L-NAME treatment resulted in opening of IEJs (i.e. increased EC 

permeability) of capillaries and venules within few minutes and had widespread effect within 30 

minutes. Furthermore, they observed 35% increase in the transendothelial transport of 

dinitrophenylated albumin tracer, in mouse lungs and other organs 3, demonstrating that eNOS-

derived NO is crucial to ECs integrity and serves to maintain the low basal permeability of 

continuous endothelia. Our results also indicate that EGCG induced enhancement of NO, and this 

is accompanied by stabilization and improvement of EC barrier function. This might be due to 

widespread influences of EGCG on the signaling pathways in ECs. On one hand, EGCG may also 

stimulate phosphorylation of Ser1177 in eNOS that is required to enhanced eNOS activity in ECs 

16, 253-254 via a pathway distinct from that of operates during phosphatase activation. On the other 

hand, EGCG induced phosphatase activation is not limited only to enhanced dephosphorylation 

and stimulation of eNOS, but also has a “relaxing” effect on the contractile machinery of ECs by 

inducing ppMLC20 dephosphorylation decreasing the number of stress fibres and restoring EC 

barrier integrity. These events may also lead to reduced permeability as a consequence of 
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endothelial barrier improvement. Moreover, EGCG induced increase of NO level was also 

observed in rat aortic rings 16 or mesenteric vascular beds 253 causing a dose- and endothelium-

dependent vasorelaxation of the smooth muscles, which was suppressed by L-NAME indicating 

the direct role of eNOS in these events.  

Figure 31. Regulation of eNOS activity and endothelial barrier function by phosphorylation-

dephosphorylation. We have shown that myosin phosphatase (MP) interacts with eNOS via its myosin 

phosphatase target subunit-1 (MYPT1) which directs protein phosphatase-1 catalytic subunit (PP1c) for 

dephosphorylation of phospho-Thr497 allowing binding of Ca2+-calmodulin (CaM) and activation of 

eNOS. PMA and/or calyculin-A (CLA) increases the phosphorylation level of eNOS-Thr497 by activation 

of protein kinase C (PKC) and/or inhibition of PP2A, respectively (red lines). Suppression of PP2A activity 

results in increased phosphorylation of MYPT1 at Thr696 and inhibition of MP. Both PKC activation and 

MP inhibition contributes to the inactivation of eNOS via increased phosphorylation at Thr497 and thus 

interfering with CaM binding. Inactivation of eNOS accompanies by decreased NO production while the 

enhanced LC20 phosphorylation leads to increased contractility and thereby endothelial barrier 

dysfunction. Our present data suggest that the reactivation of eNOS and dephosphorylation of LC20 may 

be accomplished by an EGCG induced activation of both PP2A and MP involving the 67 kDa laminin 

receptor (67LR) and protein kinase A (PKA) in this phosphatase activation. The 67LR mediated action of 

EGCG implies activation of PKA which phosphorylates the Bδ subunit of PP2A resulting in PP2A 

activation and subsequent dephosphorylation of MYPT1 (at phospho-Thr696) and activation of MP (green 

lines). Then, the activated MP dephosphorylates both phospho-Thr497 in eNOS and phospho-Thr18/Ser19 

in LC20 resulting in increased NO production and decreased contractility (relaxation) with endothelial 

barrier enhancement.  

 

The first part of the present study contributes to the understanding of the regulation of 

eNOS activity in EC from an aspect less frequently studied so far. Activation of eNOS requires 

dephosphorylation of eNOSpT495, therefore, identification of the phosphatases involved may shed 
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light on novel regulatory pathways. We have shown here that MP (the complex of PP1c and 

MYPT1) dephosphorylates eNOSpT495 and the inhibitory phosphorylation of MYPT1 at Thr696 is 

a significant regulatory event in eNOS dephosphorylation. The pathways regulating inhibitory 

MYPT1 phosphorylation have been described 111, 274, and among these signaling RhoA/ROCK is 

involved in the phosphorylation of MYPT1 at Thr696 250, eNOS at Thr495 7, and MLC20 at both 

Thr18 and Ser19 sites in ECs 8. It also has been established that mono- and diphosphorylation of 

MLC20 is involved in the fine tuning of barrier disruption in ECs 280. Thus, ROCK can act in a 

concerted manner in simultaneous phosphorylation of Thr495 in eNOS and Thr696 in MYPT1 

that is leading to a sustained level of eNOSpT495, suppression of NO production, and increased level 

of ppMLC20 and EC barrier disruption. Another novel aspect of our present finding is that we 

identified a signaling pathway in ECs which operates via interaction of EGCG with 67LR leading 

to PP2A-driven activation of MP which accompanies with dephosphorylation (and activation) of 

eNOS and ppMLC20 (see Fig. 30.). In addition to increasing eNOS activity and NO production 

EGCG is stimulating ppMLC20 dephosphorylation decreases the contractility of ECs thereby 

restoring and improving barrier function. Because, the NO synthesized in ECs plays crucial roles 

in the regulation of distinct cardiovascular events, uncovering the molecular background of the 

regulation of NO production may also have relevance with regards of cardiovascular 

pharmacology. 

 

Investigation of barrier protective role of purinergic signaling in endothelial 

barrier enhancement 

ECs form the inner layer of the blood vessels,  and as such the barrier integrity of EC is 

essential for controlling the passage of fluids, macromolecules and immune cells between the 

inner space of blood vessels and the surrounding interstitial space 1. The role of extracellular 

purines, ATP and its degradation product, Ado, in the preservation of EC barrier integrity in 

pulmonary artery EC (PAEC) has been previously shown 17-18, 153. It has also been demonstrated 

previously that Ado and the very slowly hydrolyzable ATP analog, ATPγS, attenuated LPS-

induced lung inflammation and vascular leak in murine models of acute lung injury (ALI) 151, 281. 

Furthermore, there is increasing scientific evidence supporting the barrier enhancement induced by 

Ado or ATP in HPAEC which involves the activation of PKA and MP leading to decreased contractile 

responses in ECs (MLC20 dephosphorylation, stress fibers dissolution), an increase in cortical actin 
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and the strengthening of intercellular contacts 17-18, 269. However, the upstream signaling pathways 

leading to PKA and MP activation induced by purinergic agonists has not been explored. These 

pathways are diverse and include activation of the A2A receptors, Gs engagement and cAMP 

increases (for Ado) and P2Y-mediated Gi2 and Gq activation leading to PKA/MP activation in a 

cAMP-independent manner (for ATPγS) 17-18. 

In the second part of our studies we characterized and compared the signaling pathways in 

HLMVECs mediating Ado- and ATPγS-induced EC barrier-strengthening. Our data demonstrate 

that both Ado and ATPγS have similar functional effects on the EC barrier in vitro. Since ATPγS 

is very slowly hydrolyzable, it cannot activate Ado receptors. Further, the formation of pro-

inflammatory “inflammasomes” apparently requires ATP hydrolysis 282, and therefore, ATPγS is 

unlikely to increase EC inflammatory responses. Indeed, Kolosova et al. have previously shown 

that ATPγS decreases LPS-induced inflammatory responses in a murine model of ALI 151.  

Interestingly, there are no prior comprehensive studies in the literature reporting on the 

mRNA expression profile of adenosine (P1) and P2 receptors in HLMVEC. Thus, to provide a 

broad analysis, we measured the mRNA expression of each receptor subtype using qRT-PCR. A2B 

was found to be the most abundant P1 receptor in HLMVECs, while the expression of other 

receptors is very low or none. In contrast, the large vessel ECs (HPAEC) predominantly express 

A2A and A2B receptors with A2A expression approximately two times lower compared to the 

A2B isotype 17. Differential expression of P1 receptors has also been observed in human macro- 

(HUVEC) and microvascular ECs where they are proposed to contribute to the functional 

heterogeneity of human macro- and microvascular ECs 261. The results of Umapathy et al. 17 also 

demonstrate that A2A, but not A2B is functionally crucial in Ado-induced barrier enhancement in 

HPAEC. A2B is considered a low-affinity receptor and is ~ 50 times less sensitive than other 

receptors requiring supraphysiological conditions for its activation 283. However, Qing et al. 

provided evidence that both A2A and A2B, but not A1 or A3 receptors are involved in the barrier-

enhancing effects of Ado in bovine PAECs 153. Genetic ablation of the A2B receptor exacerbated 

the loss of barrier function and increased pulmonary inflammation in bleomycin-induced ALI 

model, but decreased inflammatory responses in a chronic model of lung injury 284-285. Taken 

together, these findings strongly suggest that the expression level and functional significance of 

P1 receptor subtypes is different in various disease states and highly dependent on the vascular 

bed where the EC were obtained from and further emphasizes the importance to examine the 
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signaling mechanisms of P1-mediated barrier-enhancement in HLMVEC.  A2 (but not A1 or A3) 

adenosine receptors are coupled to Gs trimeric G-protein, which activate adenylyl cyclase 286. Our 

results demonstrate that the Ado-induced increases in TER are accompanied by increased cAMP 

production (see Fig. 25A) supporting the involvement of the Gs-coupled A2B receptors in 

HLMVEC barrier strengthening.  

Our qPCR analysis demonstrated that all eight P2Y receptors are expressed in HLMVECs 

to different ratios. Five P2Y receptors (P2Y 1, 2, 4, 11 and 12) can be activated by different 

concentrations of ATPγS in mammals 287. However, there are inconsistencies in the literature about 

the selectivity of P2Y receptors towards their agonists. Molecular cloning and characterization of 

human P2Y4 (hP2Y4) and rat P2Y4 (rP2Y4) receptors revealed that these proteins share ~83% 

sequence homology. Furthermore, it was apparent that ATP and ATPγS are potent agonists of 

rP2Y4 receptors 288. Kennedy et al. 289 demonstrated that ATP did not activate hP2Y4, and behaved 

more as a competitive antagonist of hP2Y4 and a potent agonist of rP2Y4, although they did not 

investigate the effect of ATPγS against the hP2Y4. In contrast, Bilbao et al. 290 provided evidence 

that stimulation of P2Y2/P2Y4 receptors by ATP increased the proliferation rate of human breast 

cancer MCF-7 cells by a PI3K/Akt-dependent signaling mechanism indicating the involvement of 

these receptors and demonstrating that ATP can activate them in human cells. The latter results 

are consistent with our findings on P2Y receptor-depleted cells. We show that depletion of P2Y4 

and P2Y12 receptors resulted in a significant decrease in TER following ATPγS stimulation. This 

data demonstrates a primary role of both receptors in ATPγS induced HLMVEC barrier 

enhancement. Since both receptors are coupled to Gi-proteins 287, it was anticipated that they would 

decrease or at least would not influence the cAMP levels following agonist stimulation. However, 

endothelial barrier preservation is often associated with the elevated cAMP level 17, 291 followed 

by PKA activation 292.  These findings led us to measure the cAMP levels, and PKA activity of 

Ado and ATPγS treated HLMVECs. Upon Ado stimulation, we detected a significant elevation in 

cAMP levels and increased PKA activity which is consistent with the expression of Gs-coupled 

A2B receptors. At the same time, ATPγS treatment resulted in a slight, but significant decrease in 

cAMP levels further supporting the involvement of Gi-coupled P2Y4 and P2Y12 receptors in 

ATPγS response. We need to emphasize that the modest reduction in cAMP may be explained by 

the fact that ATPγS also can activate the Gs-coupled P2Y11 receptors. However, based on our 

gene silencing experiments (see Fig. 24.) P2Y11 receptors are not involved in the ATPγS-induced 
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EC barrier enhancement but may contribute to the net effect of ATPγS on the cAMP level.  It also 

needs to be emphasized, that despite the observed decrease in cAMP levels, the activity of PKA 

was increased upon ATPγS treatment (see Fig. 25C) in accord with some published studies 

supporting the existence of a cAMP-independent model of PKA activation 18, 157, 293-294.  

The signaling mechanisms of PKA-mediated EC barrier protection are not fully understood 

but likely involve PKA-mediated MYPT1 phosphorylation that leads to MP activation 18. Using a 

dual phospho-MYPT1 specific antibody to MYPT1pS695/pT696, we showed that PKA activation upon 

both, Ado and ATPγS treatment led to increased MYPT1 phosphorylation, thus promoting MP-

mediated dephosphorylation of its substrate, the MLC20. Furthermore, Ado and ATPγS equally 

induced MLC20 dephosphorylation. Unexpectedly, depletion of PKA abolished ATPγS-, but not 

Ado-induced MLC20 dephosphorylation suggesting the involvement of additional signaling 

mechanisms. The cAMP-mediated signaling mechanisms involve two primary downstream 

targets, PKA 292 and EPAC1 152, 295. Recent publications indicate that EPAC1 activation leads to 

ROCK1 inactivation through a Rap1-RhoA-ROCK1 pathway 156 which is known to result in 

decreased phosphorylation of MYPT1 at its inhibitory phosphorylation sites (Thr696 and Thr853) 

275. Therefore, it seemed to be plausible to test the effect of EPAC1 depletion on Ado and ATPγS 

responses. Our data (see Fig. 26.) demonstrated that EPAC1 depletion alone does not prevent the 

decrease in MLC20 phosphorylation induced by either Ado or ATPγS in HLMVEC, while 

combined depletion of both PKAc and EPAC1 had a significant effect. These data indicate that 

Ado-induced MLC20 dephosphorylation requires both PKA- and EPAC1-mediated signaling. We 

hypothesize that both of these signaling pathways promoted increases in MYPT1 phosphorylation 

at PKA-specific sites accompanied by decreases in MYPT1 phosphorylation at ROCK1 sites 

coupled with MP de-inhibition and decreased ROCK1-mediated MLC20 phosphorylation. In 

contrast, PKA, but not EPAC1, is involved in the regulation of ATPγS-induced dephosphorylation 

of MLC20 which is consistent with the ability of ATPγS to induce HLMVEC cytoskeletal 

remodeling in a cAMP-independent manner (Fig. 32.). 

Consistent with the data on MLC20 phosphorylation, TER measurements indicate that 

depletion of PKAc attenuated ATPγS-, but not Ado-induced EC barrier enhancement, while 

depletion of EPAC1 alone had no effect on Ado- or ATPγS-induced TER increases, but 

simultaneous depletion of PKA and EPAC1 attenuated the TER increase after treatment with both 
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agonists. We found that there was not much difference between PKAc depletion and 

PKAc/EPAC1 depletion in response to ATPγS, suggesting that increases in TER are EPAC1-

independent, and consistent with the ability of ATPγS to enhance the HLMVEC barrier in a cAMP-

independent manner. 

 

Figure 32. Schematic representation of PKA-, EPAC1- and AKAP2-PKA mediated signaling pathways 

induced by Ado and ATPγS in HLMVECs.  Ado stimulates cAMP level increase in HLMVECs through 

A2B receptors which leads to the activation of two downstream targets, PKA and EPAC1.  In contrast, 

ATPγS dependent signaling is mediated by P2Y4 and P2Y12 receptors leading to the cAMP-independent 

activation of PKA that requires AKAP2 expression. The effect of both, Ado and ATPγS converge at the 

level of MP via increased phosphorylation of the regulatory subunit MYPT1 at Ser695 residue, resulting in 

MP de-inhibition, which leads to MLC20 dephosphorylation and finally to EC barrier strengthening. 

 

In accordance with previous report of Kolosova et al. 18, our results indicate that ATPγS 

induced cAMP-independent activation of PKA in HLMVEC. Models for cAMP-independent PKA 

activation have been proposed by other groups. One possible pathway is through the PAR-1 

mediated association of NF-κB with PKA 296. While another pathway proposed by Niu J. et al. 157 

involves the G13/AKAP110 axis. AKAPs are known to be involved in the temporal and spatial 
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regulation of PKA activity via their interactions with different subcellular targets 267. Specific 

AKAPs (e.g. AKAP79/150) interact with calcineurin (PP2B) 297, while interactions of 

PP1c/MYPT1 with AKAP220 contribute to the regulation, of  the catalytic activity of MP 268. 

Thus, it was plausible to test whether AKAP2 can interact with MYPT1, the regulatory subunit of 

MP, in a HEK293 model system. The ectopically expressed c-myc-MYPT1 co-

immunoprecipitated with AKAP2, but not AKAP3, 9 or 12 suggesting the existence of a specific 

AKAP2/MYPT1 complex. Our data indicate that AKAP2 is involved in ATPγS-induced 

HLMVEC barrier enhancement and suggest a novel AKAP2-dependent mechanism which 

regulates the activation of PKA that is independent of the intracellular cAMP levels. We speculate 

that AKAP2 serves as an adapter protein facilitating PKA-induced phosphorylation of MYPT1 

leading to MP activation and that this mechanism mediates the cAMP-independent strengthening 

of the EC barrier in response to ATPγS, however, this hypothesis requires further investigation. 

This part of our studies has clarified the signaling pathways involved in actions of Ado and 

ATPγS to promote barrier strengthening in microvascular ECs. Our data strongly suggest that both 

Ado and ATPγS utilize PKA-dependent mechanisms and MP-mediated MLC20 

dephosphorylation. While Ado-induced barrier-enhancing signaling is cAMP-dependent, ATPγS-

induced HLMVEC barrier enhancement is cAMP-independent and likely involves AKAP2-

mediated activation of PKA. Characterization of these two distinct mechanisms of EC barrier 

strengthening induced by extracellular purines might contribute to the development of new 

therapeutic tools in the treatment of ALI. 
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SUMMARY 

The importance of eNOS to cardiovascular homeostasis has been well established.  A major 

regulator of the activity of eNOS is post-translational phosphorylation and in particular the 

inhibitory phosphorylation at Thr495. Through the use of various biochemical and molecular 

biological techniques we have demonstrated that the myosin phosphatase (MP) holoenzyme, 

comprised of protein phosphatase-1 catalytic subunit (PP1c) and the MP target subunit-1 

(MYPT1), is a bona fide eNOSpThr495 phosphatase. MYPT1 plays a regulatory role by guiding PP1c 

toward the eNOSpThr495 substrate. Inhibitory phosphorylation of MYPT1 at Thr696 can thus impact 

the action of MP on eNOSpThr495. Phosphatase inhibitors were shown to suppress NO production 

and decrease barrier function, both of which are important functions in ECs. Epigallocatechin-3-

gallate (EGCG) treatment induced protein kinase A (PKA) -dependent activation of protein 

phosphatase-2A (PP2A) which increased MP activity. Activated MP dephosphorylated both 

eNOSpThr495 and the 20 kDa myosin II light chains at Thr18/Ser19 (ppMLC20) which resulted in 

relaxation of ECs. Our results suggest that the coordinated interplay between PP2A and MP 

accounts for the physiological regulation of eNOS activity. EGCG dependent activation of these 

phosphatases leads to eNOS pT495 dephosphorylation, eNOS activation, enhanced NO production 

and EC barrier strengthening.  

Loss of EC barrier integrity results in increased vascular permeability, which often has 

severe consequences including the flooding of alveolar space that occurs in pneumonia. We have 

shown that Ado and ATPγS exert their profound barrier protecting effects on HLMVEC via 

distinct signaling mechanisms. ATPγS induced P2Y4 and P2Y12 mediated cAMP independent 

PKA activation, resulting in MP activation and ppMLC20 dephosphorylation. This pathway 

involves protein kinase A-anchor protein 2 (AKAP2). However, Ado-induced strengthening of the 

HLMVEC barrier required the coordinated activation of PKA and EPAC1 in cAMP-dependent 

manner. 

In summary our studies shed light on the receptor-mediated phosphorylation-

dephosphorylation of key endothelial proteins and identified kinases and phosphatases as well as 

the signaling pathways implicated in these modifications. We also show the importance of these 

phosphorylation-dephosphorylation events in the regulation of the physiological functions of the 

endothelial cells, therefore, our results may possible have pharmacological relevance. 
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ÖSSZEFOGLALÁS 

Az eNOS számos kardiovaszkuláris funkció szabályozásában fontos szerepet játszik. Az 

eNOS aktivitásának szabályozásában a Thr495 aminosavon történő gátló foszforiláció kitüntetett 

szereppel bír. Munkánk során különböző biokémiai és molekuláris biológiai technikák 

alkalmazásával kimutattuk, hogy a miozin foszfatáz (MP) holoenzim, amely egy protein foszfatáz-

1 (PP1c) katalitikus és egy MP regulátor alegységből (MYPT1) áll, az eNOSpT495 oldalláncot 

defoszforiláló foszfatáz. A MYPT1Thr696 gátló foszforilációja szabályozza az eNOSpT495 MP általi 

defoszforilációját. Foszfatáz gátlószerek alkalmazása csökkentette a NO képződését és gátló 

hatással volt az endotél sejtek barrier funkiójára, amely kulcsfontosságú az erek homeosztázisának 

fenntartásában. Az (-)-epigallokatekin-3-gallát (EGCG) kezelés protein kináz A (PKA) által 

mediált protein foszfatáz 2A (PP2A) aktivációt eredményezett, amely hatására növekedett a MP 

aktivitása. Az aktivált MP defoszforilálta az eNOSpThr495-t, valamint a 20 kDa molekulatömegű 

miozin II könnyűláncot (MLC20) a pThr18/pSer19 oldalláncokon, amely az endotél sejtek 

kontraktilis apparátusának relaxációját idézte elő. Eredményeink arra utalnak, hogy a PP2A és a 

MP koordinált aktivációjának szerepe van az eNOS fiziológiai aktivációjának szabályozásában. E 

foszfatázok EGCG általi aktivációja a NO szint emelkedését és az endotél barrier funkció 

fokozódását is elősegíti. 

Az endotél sejtek barrier funkciójának elvesztése az erek permeabilitásának 

növekedéséhez vezet, amely gyakran súlyos következményekkel jár. Munkánk során kimutattuk, 

hogy az Ado és ATPγS különböző jelátviteli útvonalakon fejtik ki hatásukat a HLMVEC sejteken. 

Az ATPγS a P2Y4 és P2Y12 receptorok közvetítésével cAMP független útvonalon PKA aktivációt 

idéz elő, amely a ppMLC20 foszforilációs szintjének csökkenéséhez vezet a MP által történő 

defoszforilációval. Eredményeink alapján ebben a jelátviteli útvonalban az AKAP2-nek is szerepe 

van. Ezzel szemben az Ado indukálta endotél barrier funkció növekedéséhez a PKA és EPAC1 

koordinált cAMP függő aktivációja szükséges. 

Összefoglalva, eredményeink kulcsfontosságú endotél fehérjék receptor-mediált 

foszforilációs-defoszforilációs folyamataira, valamint ezek szabályozásában szerepet játszó 

kinázok, foszfatázok és jelátviteli útvonalak szabályozására derítenek fényt. Azt is bemutatjuk, 

hogy e foszforilációs-defoszforilációs folyamatok mennyire fontosak az endotél sejtek fiziológiai 

funkciójának szabályozásában, ezért eredményeink farmakológiai jelentőséggel bírhatnak. 
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