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ABSTRACT 

The signal transduction pathway responsible for thromboxane A2 mimetic 

(1146619)-induced contraction of vascular smooth muscle was investigated in de-

endothelialized rat tail artery. Contraction was blocked by the TP receptor antagonist 

SQ29548, the Rho-associated kinase (ROK) inhibitor Y27632 and the voltage-gated Ca2 

channel blocker nifedipine, and by removal of extracellular Ca2. The protein kinase C 

(PKC) inhibitor GFlO92O3x had no effect. 1346619 did not induce phosphorylation of the 

myosin light chain phosphatase inhibitor protein CPI-17. 1346619, therefore, acting via 

the TP receptor, activates ROK., but not PKC, leading to opening of L-type Ca2 

channels, Ca2 entry and activation of contraction. The results also suggest the existence 

of a novel substrate of ROY, perhaps a K channel, which is closed following 

phosphorylation, leading to membrane depolarization and activation of Ca2 entry. The 

resultant increase in cytoso lie {Ca21 activates calmodulin-dependent myosin light chain 

kinase, which phosphorylates myosin, thereby triggering crossbridge cycling and 

contraction. 
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CHAPTER ONE: INTRODUCTION 

Signal transduction via the thromboxane A2 receptor in vascular smooth muscle 

The goal of this work was to address the mechanism(s) of U46619-induced 

contraction in rat tail arterial (RTA) smooth muscle. The proposed hypotheses are as 

follows: 

1. U46619-induced contraction involves activation of thromboxane receptors that are 

coupled to Gqiii and G12/13-

2. Ligand occupation of the receptor leads to activation of both phospholipase C13 

(PL3)/ PKC and RhoAlRho-associated kinase (ROK) signaling pathways. 

3. This results in Ca21' release from intracellular stores with activation of myosin light 

chain kinase (MLCK), phosphorylation of CPI-17 and inhibition of myosin light chain 

phosphatase (MLCP) resulting in phosphorylation of myosin, triggering crossbridge 

cycling and contraction. 

The study of MLCP fine-tune regulafion is important because further 

understanding of such mechanisms will lead to eventual therapies for hypertension, 

asthma, gastro-intestinal problems and variable angina. Abnormal contraction of smooth 

muscle in the absence of Ca2 may contribute to hypertension and other disease states, so 

a smooth muscle relaxant may be a useful therapy. 

Regulation of smooth muscle contraction  

Smooth muscle myosin II is a hexameric protein containing a pair of heavy chains 

and 2 pairs of light chains: essential and regulatory. Essential light chains are required for 

structural integrity, whereas smooth muscle contraction is regulated by the reversible 

phosphorylation of the 20 kDa regulatory light chains (LC20) of myosin II (Figure 1) 
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phosphorylation of the 20 kDa regulatory light chains (LC20) of myosin II (Figure 1) 

(Kamm and Stull, 1985). A unique property of myosin II is self-association of the tails to 

form filaments, which in smooth muscle are likely to be side-polar filaments with no bare 

zone, allowing for extreme shortening (Sellers, 2000). 

2Ca ATP 
(Ca2)2-CaM-MLCK'(Ca'),-CaM-MLCK 

(inactive 2Ca' active 

ADP 

ATP 

Rexatiorr 

Myosin 
+ 

Actin 

Jr 
Actomyosi n-f 

I 
Contraction 

ADP + P1 

Figure 1: Regulation of smooth muscle contraction by Ca2 /CaM-dependent MLCK 

and MLCP. CaM = calmodulin; MLCK = myosin light chain kinase; MLCP = myosin 

light chain phosphatase. 
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Generally, it is accepted that a rise and fall of cytosolic free calcium concentration 

([Ca2]1) regulates the contraction and relaxation of smooth muscle (Kamm and Stull, 

1985). [C24]1 in resting cells is 130-140 nM, and is controlled via the action of two 

membrane systems: 1) the sarco lemma and 2) the sarcoplasmic reticulum (SR) (Figure 

2). The sarcolemma regulates influx and efflux of extracellular Ca2 through L-type Ca2 

channels in response to membrane potential changes and agonists whose receptors are 

coupled to channels via G-proteins. The SR is an organelle in muscle cells, which acts as 

an intracellular store for Ca2 and thus is very important in regulating Ca2 flux. 

Extracellutar space 

Voltaç?-gated Ce channel 

Cal* 

Ca' 

Ca pump A 

00 

Na-Ca exchanger 

Ca' 

1Ca1 -1 .5-2 mM 

Receptor-operated Ca" channel 

ZY(MY1111TEMM 
Cal* 

Sarcoptasm 

Ca' 

(Ca'l - 100 nM -700 nM 

Sarcoptasmic reticulum 

Ca' 

Ryanodine receptor 

Ca' pump 

Figure 2: Ca 21 movement in smooth muscle cells. When a stimulus is presented, 1) 

extracellular Ca2 enters the sarcoplasm via voltage-gated or receptor-operated Ca2 

channels and/or 2) Ca2 is released from the SR through IP3 or ryanodine receptors. 

Following removal of the stimulus, Ca2 is removed from the cytosol via the sarcolemmal 

Ca2 pumps and Na7Ca2 exchanger and the SR Ca2 pump (Horowitz et al, 1996). 



4 

Smooth muscle is unique in that the release of Ca2 from the SR is membrane 

potential independent (Somlyo and Somlyo, 2000). The second messenger inositol 1,4,5-

trisphosphate (IP3) is produced following stimulation of a sarcolemmal receptor, such as 

the angiotensin II receptor (AT1) coupled.t.o Gq and phospholipase Cf3 (PLC). 1P3 binds 

to the IP3 receptor on the SR membrane to allow a transient [Ca2]1 increase (Somlyo et 

al, 1992). It is also thought that C2+-induced Ca2 release (CICR) occurs in smooth 

muscle, that is, extracellular Ca2 enters and activates ryanodine receptors (Ca2 release 

channels) 'to open and release Ca2 from the SR. This is an example of both electro-

mechanical and pharmaco-mechanical coupling in smooth muscle. Ryanodine receptors 

can be experimentally activated with millimolar concentrations of caffeine (Zucchi and 

Ronca-Testoni, 1997). Through the use of caffeine the intracellular stores of Ca2 can be 

depleted, allowing experiments to be performed in the absence of stored Ca2. 

When [C2] increases, Ca2 binds to the protein calmodulin (CaM) that has 4 

Ca2 -binding sites (Kretsinger and Nockolds, 1973). In resting smooth muscle, only 2 of 

CaM's 4 binding sites are occupied and the increase in [Ca2+]i upon stimulation results in 

association with the remaining sites. Ca2-CaM is associated with but does not activate the 

enzyme myosin light chain kinase (MLCK) (Davis et al, 1999). On the other hand, Ca4-

CaM-MLCK is active and phosphorylates LC20 on Serl9. This phosphorylation triggers 

actin activation of the myosin ATPase, resulting in hydrolysis of ATP, which provides 

the energy for crossbridge cycling and thus muscle contraction (Kamm and Stull, 1985). 

There are two MLCK genes in vertebrates. One encodes MLCK exclusively in skeletal 

muscle. The smooth muscle and non-muscle MLCK gene is expressed as three 

transcripts: short MLCK that is present in adult smooth muscle; long MLCK with an N-
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terminal extension that is present in embryonic and non-muscle cell types; and the third 

transcript corresponds to the C-terminal domain of MLCK, referred to as telokin, a non-

enzyme protein thought to be involved in Ca2 desensitization of smooth muscle 

contraction (Wu et al, 1998). NECK is not only involved in the contraction of smooth 

muscle but in cytokinesis, stress fiber formation, cytoskeletal association and many other 

cellular processes (Kamm and Stull, 2001). 

[Ca2]1 decreases when the stimulus is removed due principally to the activity of 

the C2+-ATPases; these transport proteins pump Ca2 from the cytosol back into the SR 

and out of the cell. In addition, the Na/C2 exchanger causes 1 Ca2 to be extruded in 

exchange for 3 Na ions. The exchanger-mediated efflux of Ca2, however, is not the 

primary mechanism for [C2] decrease in smooth muscle (Horowitz et al, 1996). A 

reduction in [C2] causes 2 Ca2 ions to dissociate from CaM thus inactivating MLCK 

(Davis et a!, 1999). Ser19 is dephosphorylated by the enzyme myosin light chain 

phosphatase (MLCP) resulting in muscle relaxation (Hartshorne et al, 1998). 

Ca 2+ sensitization of smooth muscle contraction  

Smooth muscle contraction can occur in the absence of a [C24] change following 

agonist stimulation or by activation of G-proteins directly by GTPyS - this is known as 

Ca2 sensitization and often results from the inhibition of MLCP (Somlyo and Somlyo, 

1994, 1998 and 2000). It was thought for a long time that only MLCK was regulated (due 

to its requirement for Ca2tCaM), but it has since been discovered that MLCP is subject 

to complex regulation (Hartshorne et al, 1998; Kitazawa eta!, 1991). 

The observation that Thri 8 of LC20 was being phosphorylated along with Serl 9 in 

permeabilized smooth muscle under conditions of essentially zero [C2] led to the 
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conclusion that basal NECK activity could not fully explain LC20 phosphorylation since 

MLCK is known to phosphorylate Thr18 only at very high kinase concentrations and is 

absolutely dependent on Ca2 (Weber et a!, 1999). Indeed, enzymes have been found that 

are capable of phosphorylating both Thrla,and Ser19 of LC20 in the absence of Ca2. 

Zipper-interacting protein (ZIP) kinase, which is present in various tonic and 

phasic smooth muscle tissues, phosphorylates LC20 in a C2+-ca1modulin-independent 

fashion (Niiro and Ikebe, 2001). The addition of microcystin, a type 1 and 2A 

phosphatase inhibitor, to Triton X-100-permeabilized rabbit mesenteric arteries induced 

contraction and correlative phosphorylation of LC20 at Serl9 and Thr18. The contraction 

and phosphorylation were not prevented by subsequent addition of ML-9 or wortmannin 

(IMLCK inhibitors). Other inhibitors, such as Y27632 (a Rho-associated kinase (ROK) 

inhibitor), chelerythrine and H-7 (PKC inhibitors), also failed to block microcystin-

induced contraction. Only staurosporine, a broad kinase inhibitor, could block ZIP kinase 

activation in vitro and in permeabilized tissue (Niiro and Ikebe, 2001). These results, in 

combination with Western blotting, indicated that ZIP kinase is not a proteolytic 

fragment of MLCK that has become C2+-independent and ZIP kinase is retained after 

Triton X- 100 skinning suggesting that ZIP kinase is bound to the myo filament (Niiro and 

Ikebe, 2001). As yet there is no identified activator of ZIP kinase that leads to 

CaM-independent myosin phosphorylation and contraction. 

The enzyme ILK (integrin-linked kinase) has also been shown to be involved in 

the contraction of smooth muscle in a C2+-CaM-independent manner (Weber eta!, 1999; 

Deng et a!, 2001). In-gel kinase assays coupled with mass spectrometry showed that the 

enzyme responsible for the Ca2tCaMindependent phosphorylation of LC20 was ILK. 
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This was confirmed by Western blotting with antibodies raised to human ILK. Similar to 

ZIP kinase, ILK activity is uncovered by the inhibition of MLCP with microcystin. ILK 

was detected in the Triton X-100-skinned rat tail arterial smooth muscle bound to the 

contractile apparatus. Until there are specific inhibitors of ILK, which like ZIP kinase can 

be inhibited by staurosporine, it is diffiu1t to determine the contribution of each of these 

enzymes to C2+-CaM-independent phosphorylation of LC20 (Deng et al, 2001). 

Another kinase, ZIP-like kinase, now known as MYPT1 kinase, also 

phosphorylaies LC20 (Murata-Hori et a!, 1999; Borman et al, 2002). MYPT1 kinase is. 

present in two distinct pools: the cytosolic fraction from rabbit bladder (Borman et a!, 

2002) and the myofilament fraction in cow bladder (MacDonald et a!, 2001a). Although 

LC20 phosphorylation was only determined in vitro, to study the effects in tissue is 

difficult since the MLCK inhibitor ML-9 also inhibits MYPT1 kinase at a level lower 

than required for MLCK inhibition (Borman et a!, 2002). 

MLCP is responsible for the relaxation of smooth muscle. It was initially purified 

from chicken gizzard and described as the major myosin phosphatase (Alessi et al, 1992). 

MLCP, a type 1 phosphatase, is a trimeric protein consisting of a 38 kDa catalytic 

subunit, a 110-133 kDa targeting subunit, denoted MYPT (size depends on species and 

isoform), and a 20 kDa subunit whose function remains unclear (Hartshorne et a!, 1998). 

Signaling pathways act on the catalytic or targeting subunit to regulate its activity (Figure 

3) and will be discussed later. 
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Figure 3: An overview of the proteins involved in Ca 2+ sensitization. 
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Protein serine/threonine phosphatases 

Kinases phosphorylate serines, threonines and tyrosines. Phosphoserines and 

phosphothreonines make up most of the phospho-amino acids in the cell. In the early 

1980s it was determined that most phosphatases could be classified into four groups 

based on catalytic subunits with broad overlapping specificities (Oliver and Shenolikar, 

1998). Simple criteria were developed to distinguish the various phosphatase catalytic 

subunits, which are divided into two main groups: type 1 and type 2. Type 1 

phosphatases dephosphorylate the P subunit of phosphorylase kinase and are inhibited in 

the nanomolar range by the heat- and acid-stable proteins inhibitor-1 (I-I) and inhibitor-2 

(1-2). [Phosphorylase kinase is a key regulatory enzyme involved in glycogen metabolism 

that is routinely used as a substrate in phosphatase assays (Alessi et al, 1992).] Type 2 

phosphatases dephosphorylate the c subunit of phosphorylase kinase and are insensitive 

to I-i and 1-2. Type 2 phosphatases are subdivided into MA, PP2B (calcineurin) and 

PP2C based on their dependence on divalent cations: PP2B and PP2C have an absolute 

requirement for Ca2 and Mg2, respectively, while PP2A does not require divalent 

cations for its activity (Cohen, 1989). 

The catalytic subunit of PPI, PP1c, occurs as 4 isoforms: PP1ca, PPlc13 (also 

termed PP1c), PP1c71 and PP1cy2, the latter two arising from alternative splicing. The 

catalytic subunit isoforms exhibit 90% amino acid sequence identity and broad substrate 

specificity. PP1 is regulated through interaction of the catalytic subunit (PP1c) with a 

regulatory subunit. The difference in the catalytic isoform sequence exists largely at the 

C-terminal end, which may be involved in the interaction of PP1c with other regulatory 
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subunits. There are 45 putative mammalian regulatory subunits, most of which do not 

share any significant sequence similarity. They do, however, share a small, highly-

conserved binding motif (RJK)(V/I)XF that interacts with a hydrophobic groove on the 

surface of the PP1c subunit (Cohen, 2002). 

Myosin targeting subunit (MYPTJ)  

In smooth muscle, PPlc8 is bound to the myosin targeting subunit (MYPT1). 

MYPT1 has been sequenced from many sources: chicken giz7ard (which has two 

isoforms: M130 and M133) (Shimizu et al, 1994), rat aorta (Ml 10) (Johnson et a!, 1997), 

pig aorta (Hirano et a!, 1999) and human brain (Takahashi et a!, 1997). MYPT1 is not 

expressed in skeletal muscle or liver, a non-muscle tissue (Okubo et a!, 1994). MYPT2 is 

found in skeletal and cardiac muscle; it was cloned from a human eDNA library and the 

deduced amino acid sequence was found to have 61% identity with human smooth 

muscle MYPT1 (Fujioka et a!, 1998). MYPT1 is a highly asymmetric protein that is 

found tightly anchored to the myofilament (Alessi et a!, 1992). Ito et a! (1997) have 

shown in two different cell types, T24 and REF52 cells, that MYPT1 is detected in 

cytoskeletal, cytosolic and membrane fractions. 

Residues 1-38 of MYPT1 are essential for interaction with PPlc8 and the 

sequence KVKF (residues 35-38) is found in many PP1c6-binding proteins (Johnson et 

a!, 1997). The N-terminal domain of MYPT1 also contains 7 or 8 ankyrin repeats, which 

likely act as an interactive platform for binding to myosin. The M20 subunit binds to the 

C-terminus of MYPT1, but the mechanism of interaction is unclear. Although there are 

leucine zippers in the C-terminal domain of MYPT1 (rat isoform) and on the M20 

subunit itself, they do not appear to be required. MYPT1 is an overall hydrophilic protein 
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with no extensive hydrophobic regions. It is targeted to the myofilament via heavy 

meromyosin (Alessi et al, 1992). Acidic clusters (residues 326-372 of chicken M130) 

also help in binding MYPT1 to PP1c (Hirano et al, 1997). Employing a yeast two-

hybrid system Hirano et al (1997) showed that activation of PP1cö requires the binding 

of PP1c6 to MYPT1. Phosphorylated LC20 interacts with the ankyrin repeats and C-

terminal domain of MYPT1 to activate PP1c6 to dephosphorylate phosphorylated LC20 

(Hirano et al, 1997). 

MYPT1 regulation  

RhoA, a monomeric G-protein, is activated in response to stimulation with several 

agonists. RhoA has a geranylgeranyl (large fatty acid) moiety that allows RhoA to bind to 

the plasma membrane when it becomes activated. RhoA is kept inactive through its 

interaction with a guanine nucleotide dissociation inhibitor (GDI). Activation of a 

guanine nucleotide exchange factor (GEF) downstream from the receptor and 

heterotrimeric G-protein, G12113, causes GTP to replace GDP on RhoA, GDI to dissociate 

(Gong et al, 2001) and allow activated RhoA to translocate to the plasma membrane 

(Fujihara et al, 1997) (Figure 3). Once at the membrane, RhoA activates Rho-associated 

kinase (ROK) by interacting with the coiled-coil region on ROK (Narumiya, 1996). Two 

isoforms of ROK have been identified in HeLa cells, ROKoc and ROKI3, both 160 kDa 

polypeptides that contain a cysteine- and histidine-rich region involved in RhoA binding. 

Both isoforms phosphorylate MYPT1 and are sensitive to ROK inhibitors, such as 

Y27632. ROKa has an additional N-terminal region, but ROKa and ROKI3 exhibit 90% 

identity in the catalytic region (Leung et al, 1996). Trinkle-Mulcahy et al (1995) showed 
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that ROK thiophosphorylates MYPT1 in the presence of ATPyS. ROK can phosphorylate 

myosin LC20 in vitro (Amano et al, 1996) and LC20 is phosphorylated in rabbit portal 

vein in the absence of Ca2 when the constitutively-active catalytic domain of ROK is 

added to a Triton X-100-skinned preparation. The idea that emerged from these results 

was that phosphorylation of MYPT1 alone was not enough to cause Ca2 -CaM-

independent contraction, but there was a kinase present in the contractile apparatus that 

could phosphorylate LC20 at essentially zero Ca2 (Kureishi et al, 1997). To determine 

whether LC20 or• MYPT1 were phosphorylated by ROK., tissues were incubated with 

ATPyS and the rate of thiophosphorylation was monitored in response to GTPyS. Swärd 

et al (2000) showed, in guinea pig ileal longitudinal smooth muscle, that there was no 

thiophosphorylation of LC20 in response to GTP'yS, but there was thiophosphorylation of 

MYPT1. Others have shown in different smooth muscle types that, at the myofilament, 

ROK-catalyzed phosphorylation of LC20 is not sufficient to cause contraction in the 

absence of Ca2 (KitR7.awa et a!, 1991; Kubota et a!, 1992; Noda et a!, 1995). The 

discoveries of other C2+-CaM-independent kinases bound to the myofilament suggest 

that these other kinases may be responsible for LC20 phosphorylation in the absence of 

Ca2+ (see above). 

Kimura et a! (1996) demonstrated that ROK phosphorylates MYPT1 as a 

downstream target of RhoA to cause Ca2 sensitization through inhibition of MILCP 

(Figure 3). ROK phosphorylates Thr695 (chicken M133 numbering), thereby reducing 

phosphatase activity. The mechanism of MYPT1 phosphorylation at Thr695 causing 

phosphatase inhibition is unclear, but it does not appear to cause holoenzyme 

dissociation, based on size exclusion chromatography (Ichikawa et a!, 1996). ROK has 
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also been shown to phosphorylate Thr850 (chicken M133 numbering), which causes 

PPlc6 to dissociate from its substrate myosin (Velasco et al, 2002). Y27632, a water-

soluble pyridine derivative, is commonly used as a specific ROK inhibitor. This 

compound blocks agonist-induced Ca2 sensitization and MYPT1 phosphorylation in 

several smooth muscles (Niiro et al, 2002; Seko et al, 2003). Y27632 attenuates the 

GTPyS-induced contraction in permeabilized and phenylephrine-induced contraction in 

intact rabbit aortic smooth muscle in a concentration-dependent manner. Uehata et al 

(1997) showed that Y27632 given orally to spontaneously hpertensive and renal 

hypertensive rats decreased blood pressure; however, it had no effect on blood pressure in 

normotensive rats. Mean arterial pressure (MAP) was affected by high concentrations of 

Y27632 (400 nmol/kg), while lower concentrations (20-200 nmollkg) caused changes in 

the corpus cavernosum (CC) without affecting MAP. This finding shows a potential for 

the use of Y27632 as a drug to treat erectile dysfunction. Wang et al (2002) suggested 

that Y27632 has an effect on CC pressure because the RhoA/ROK Ca2 sensitizing 

pathway plays a major role in maintaining smooth muscle contraction in rabbit CC due to 

the much higher RhoA expression level in CC compared. to ileum. 

Ito et al (1997) have shown that MYPT1 can interact with acidic phospholipids, 

in particular phosphatidic acid. Phospholipids bind to the nonphosphorylated form of 

MLCP, but not to the phosphorylated form. The significance of these findings is that 

MYPTI may localize to the plasma membrane where it may be regulated by membrane-

bound or -associated enzymes. cAMP-dependent protein kinase (PKA) can phosphorylate 

MYPT1 at Thr850 with no inhibition of phosphatase activity but a decrease in the 

binding of acidic phospholipids; the binding of acidic phospholipids decreases the 
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phosphatase activity. It remains unclear how RhoA-mediated activation of ROK at the 

membrane can lead to phosphorylation of MYPT1 at the myofilaments. ROK is a 

cytosolic protein so it is possible that it difftises from the membrane to the myofilaments. 

In NIH 3T3 cells, Leung et al (1995) have,shown that ROK actually moves to the plasma 

membrane to become activated by RhoA. Shin et al (2002) have shown that in response 

to PGF2a-induced activation, both MYPT1 and PP1c6 subunits of MLCP move to the 

periphery of the cell. After 8-15 min in the continued presence of activator, PP1cö then 

moves to the central core of the cell, while MYPT 1 stays at the periphery. If appears that 

the phosphorylation of MYPT1 by ROK causes MYPT1 and PPlc8 to dissociate. This 

translocation was prevented in the presence of the ROK inhibitor Y27632. It is important 

to recall that MYPT1 is also associated with non-muscle myosin, which is present 

throughout the cell as part of the cytoskeleton, as distinct from the contractile machinery. 

When MYPT1 was initially purified it was found to have an endogenous kinase 

activity (Ichikawa et al, 1996); this kinase has been termed MYPTI kinase (MacDonald 

et al, 2001) and has an apparent molecular weight of -32 kDa by SDS-PAGE. This 

kinase phosphorylates MYPT1 at the inhibitory site Thr695, in addition to other non-

inhibitory sites such as Ser854. The spatial and temporal inconsistencies that exist with 

the theory that ROK, which is activated at the plasma membrane, phosphorylates MYPT1 

at the myofilaments has led to the search for other kinases that may be involved in 

MYPT1 phosphorylation, possibly downstream from ROK. Experiments with rabbit 

bladder have shown that MYPT1 kinase is controlled by a kinase/phosphatase couplet 

since the addition of calyculin A (a PP1 and PP2A inhibitor) increased the activity of 

MYPT1 kinase by 50%. MYPT1 kinase is phosphorylated in response to carbachol 



15 

stimulation. It is likely that an unidentified kinase, distinct from ROK, phosphorylates 

MYPT1 kinase. This discovery has led to the suggestion that MYPT1 kinase is at the end 

of the Ca2 sensitization pathway (MacDonald et al, 2001b). 

ILK was shown to phosphory1ateLC2o and recently it has also been shown to 

phosphorylate MYPT1 in smooth muscle (Murányi et al, 2002). ILK phosphorylates 

MYPT1 at Thr495, Thr695 and Thr709 (based on the M133 chicken isoform numbering) 

with the major phosphorylation site being Thr709. Phosphorylation at this site had only a 

slight inhibitory effect on the MLCP activity. Experiments using the N-terminal peptide 

of MYPT1 (amino acids 1-5 11) as substrate for ILK and ZIP kinase increased activity of 

the phosphatase toward myosin compared to PP1c8 alone. When using full-length 

MYPT1 as substrate it was found that ROK phosphorylation caused inhibition of MLCP 

activity, ILK caused only intermediate inhibition, while PKA gave no inhibition. PKA 

phosphorylates MYPT1 at Ser694, adjacent to the inhibitory site Thr695, but without 

inhibition (Murányi et al, 2002). It is likely that the phosphorylated threonine is needed to 

inhibit PP 1 c activity, as seen with I-i that inhibits PP 1 c. 

Arachidonic acid (AA) is produced by the hydrolytic action of the enzyme 

phospholipase A2 (PLA2) on membrane phospholipids. An increase of arachidonic acid 

concentration at constant [C2] causes an increase in LC20 phosphorylation and 

contraction. Experiments carried out in vitro have shown that AA causes dissociation of 

the MLCP holoenzyme, thereby removing the catalytic subunit from the vicinity of the 

substrate (Gong et al, 1992). Furthermore, the free catalytic subunit PP1c6 exhibits 

reduced activity towards phosphorylated myosin compared to the holoenzyme (Alessi et 

a!, 1992). 
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MYPT1 is dephosphorylated by a type 1 phosphatase. It is unclear whether the 

catalytic subunit PP1cS that is part of the MLCP holoenzyme, or a contaminating PPII, 

causes the dephosphorylation (Ichikawa et al, 1996). Full phosphatase activity toward 

phosphorylated myosin is restored upon dephosphorylation. The mechanism of 

dephosphorylation and reactivation of the phosphatase after termination of agonist 

stimulation have not been studied. 

Phosphatase inhibitor proteins  

PP1 regulation also occurs through the action of inhibitor proteins, which act 

directly on the catalytic subunit to regulate the activity and specificity of the enzyme. 

Several phosphoproteins have been identified that inhibit PP1, PP2A and PP2B. Some 

phosphatase inhibitor proteins are only effective when phosphorylated, e.g., I-i becomes 

a potent PP1 inhibitor when phosphorylated by PKA. Conversely, other inhibitors 

function only in the unphosphorylated state, e.g., 1-2 loses its inhibition of PP1 when 

phosphorylated by PKA (Oliver and Shenolikar, 1998). 

I-i was discovered in skeletal muscle as a potent inhibitor ofPP1. It is involved in 

regulation of many cellular activities, including glycogen metabolism. Phosphorylation of 

I-I by PKA in response to hormones such as adrenaline inhibits the glycogen-associated 

PP1 activity towards glycogen-bound substrates (phosphorylase, phosphorylase kinase 

and glycogen synthase) (Foulkes et al, 1983). I-i contains the PPlc-binding motif 

consensus sequence KIQF; Endo et al (1996) showed that this sequence was necessary 

for full inhibition when I-i was phosphorylated. The dopamine- and cAMP-regulated 

phosphoprotein of 32 kDa (DARPP-32) shares a high degree of sequence identity with I-

1. It is mainly found in the brain where it inhibits PP  when phosphorylated on Thr34 by 



17 

PKA. DARPP-32 blocks the Na4/K'-ATPase in response to dopamine, accompanied by 

an increase in phosphorylation of the pump as a result of the inhibition ofPP1 (Walaas qt 

al, 1983). 1-2 also specifically inhibits PP1. The unphosphorylated protein forms a stable 

complex with the PP1 catalytic subuniL. When incubated with MgATP the complex 

dissociates and PP 1 is then active. 1-2 also acts as a chaperone protein allowing for proper 

folding of PP1 (Huang et al, 1976). 

Likewise, NTPP-1 (nuclear inhibitor of PP1) forms a stable, inactive complex with 

PP1 when unphosphorylated. Once phosphorylated by PKA, it exhibits a dramatic loss of 

activity as a PP1 inhibitor. NTPP-1, as the name implies, is localized to the nucleus where 

it inhibits PP1 more potently than any other inhibitory protein (Ki in the picomolar range) 

(Vulsteke et al, 1997). RTPP-1 (ribosomal inhibitor of PP1) is a 23 kDa polypeptide 

inhibitor ofPP1 found in rat liver ribosomes (Beullens et al, 1996). Its physiological role 

remains to be elucidated. 

Recently, CPI-17 has been added to this class of phospho-inhibitor proteins. The 

most striking feature of CPI-17, which contrasts with the inhibitors described thus far, is 

its ability to inhibit the MLCP holoenzyme and not just the catalytic subunit (Eto et al, 

1995). Yet another protein has been identified as a PP1 phospho-inhibitor protein, PHI-i. 

PI-H-1 is structurally related to CPI-17 and, when phosphorylated, exhibits a 50-fold 

increase in inhibitory potency. When PM-1 is phosphorylated by PKC on Thr57 it has 

the ability to inhibit multiple holoenzymes (Eto et al, 1999). 

KEPT (kinase-enhanced PP1 inhibitor) is another PKC-potentiated inhibitor of 

PP1. The mRNfA for KEPT has been detected in brain, cardiac muscle and skeletal 

muscle. This protein exhibits a 600-fold increase in inhibitory potency when 
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phosphorylated compared to the unphosphorylated protein. KEPT mRNA expression is 

up-regulated in the brain in response to morphine (Liu et al, 2001). 

CPI-1 7 in smooth muscle  

CPI-17 is a 17 kDa phosphatas; inhibitor protein that is potentiated by the 

enzyme PKC. CPI-17 was initially purified from porcine aorta by Eto et al (1995). When 

phosphorylated at Thr38 it becomes >1000-times more potent at inhibiting MILCP. 

Mutation of Thr38 to Ala eliminates phosphorylation by PKC and CPI-17T38A fails to 

inhibit MLCP significantly (Kitazawa et al, 1999): unphosphorylated CPT-17 is a weak 

MLCP inhibitor (K1 = 1.3 pM) compared to the phosphorylated protein (Ki = 0.18 nivl) 

(Eto et al, 1995). The amino acid sequence of CPI-17 suggests that it is a soluble, 

cytosolic protein; it has no consensus sequence for traversing or attaching to lipid 

membranes. Northern blot analysis has shown that CPT-17 is primarily found in smooth 

muscle; it is not detected in skeletal muscle, cardiac muscle or non-muscle tissues such as 

the kidney and liver. CPT-17 nucleotide sequences have been identified for human, rat, 

mouse (Li et al, 2001) and pig (Eto et a!, 1995). The human CPI-17 gene is located on 

chromosome 19. Two human isoforms, CPI-17a with 147 amino acids and CPT-17f3 that 

has a deletion of 27 residues, are generated by alternative splicing. CPT-17a exhibits 

91% sequence identity to porcine, 85% identity to rat and 83% identity to mouse CPT-17 

at the amino acid level (Yamawaki et a!, 2001). CPI-17 migrates as a 20 kDa band on 

SDS-PAGE, higher than its deduced molecular weight based on amino acid sequence, 

perhaps because it is a very basic protein (p1 = 10.34) (Eto et al, 1997). CPI-17 actually 
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causes mixed inhibition of MLCP, i.e., CPI-17 binds to the free enzyme (K1 = 1.9 nM) 

and to the enzyme-substrate complex (K' = 5.1 nM) leading to an overall increase in Km, 

Inhibitor proteins generally inhibit the phosphatase catalytic subunit, but the presence of 

a regulatory subunit renders the phosphatase resistant to the inhibitor protein. This could 

be because inhibitors such as I-i and DARPP-32 use the sequence KIQF to dock at the 

PP lc-binding motif (RIK)(VII)xF sequence. CPI-17 lacks the (RJK)(V/I)xF sequence 

and as a result inhibits both the MLCP catalytic subunit and the holoenzyme in which the 

regulatory subunit MYPT1 is present. Hayashi et al (2001) showed that CPI-17 differs 

from I-i and DARPP-32 in that the C-terminal regions of the latter, where the docking 

motif is located, are essential for inhibition. It was shown however, that Tyr41 is an 

important residue in CPI-17. Mutation of Tyr41 to Ala caused CPI-17 to become a 1.4-

fold better substrate for MLCP than LC20. It appears that Tyr4i is essential in preventing 

the dephosphorylation of Thr38, allowing CPI-17 to be an effective MLCP inhibitor. The 

sequence YDRR (residues 41-44) C-terminal to Thr38 plays a role in the potent 

inhibition by CPI-17 when Thr38 is phosphorylated. 

The NMR structure shows that CPI-17 contains 4 anti-parallel helices (Hayashi et 

al, 2001). It is the inhibitory arm P-loop and helix A where Thr38 is found that are 

critical for MLCP recognition of CPI-17 (Ohki et al, 2001). To determine the exact 

contacts between CPI-17 and PP1c8, a 3D structure of the complex will be needed. 

Kitazawa et al (1999) have shown that harsh membrane permeabilization with 

Triton X-100 decreases the level of CPI-17, as detected by Western blotting, supporting a 

cytosolic localization. When CPI-17 is thiophosphorylated on Thr38 it is then resistant to 

phosphatases and its addition to permeabilized tissue causes an increase in force in the 
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absence of Ca2. The mechanism of contraction is thought to involve the inhibition of 

MLCP and phosphorylation of myosin by a kinase distinct from MLCK, which is knovçn 

to be inactive at zero Ca2 (Li et al, 1998) (see above). 

Experiments with permeabilized .jabbit femoral arterial smooth muscle have 

shown that CPI- 17 is an endogenous substrate of PKC. In Triton X- 100-skinned tissue, 

addition of PKC alone did not cause a contraction, suggesting that PKC was not 

phosphorylating calponin to cause contraction. [Calponin inhibits the actin-activated 

myosin ATPase and when phosphorylated by PKC this inhibition is relieved. This 

activation of the actomyosin ATPase is thought to be able to induce a C2+-independent, 

LC20 phosphorylation-independent contraction.] Addition of both wild-type CPI-17 and 

PKC to the permeabilized tissue, on the other hand, evoked an increase in force at sub-

threshold [Ca2] (Kitazawa et al, 1999). 

In intact rabbit femoral arterial smooth muscle, CPI-17 phosphorylation, 

determined with a phospho-specific antibody, was negligible at resting tension and K 

depolarization did not cause an increase. Histamine and phenylephrine caused 

comparable increases in force, but histamine-induced phosphorylation of CPI-17 was 

significantly greater. Histamine binds to the Hi receptor that is coupled to Gqii i to 

activate PLCI3 that hydrolyzes PIP2 to IP3 and DAG (diacylglycerol). Phenylephrine 

binds to ai-adrenergic receptors, which are also coupled to Gqjii and activation of PLCI3, 

leading to IP3 and DAG production. The two agonists may be acting through different 

signaling mechanisms downstream of the G-proteins as a result of localization of effector 

proteins (Kitazawa et al, 2000). 
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GTPyS induces phosphorylation of CPI-17 in a-toxin-permeabilized tissue. The 

combination of GTPyS and histamine elicits a proportionally higher level of CPI-17 

phosphorylation. In contrast, GDP3S (a G-protein inhibitor) prevents histamine-induced 

contraction and CPI-17 phosphorylation, supporting the involvement of G-proteins. CPI-

17 is likely phosphorylated at the plasma membrane in response to histamine stimulation 

and the phosphorylated form diffuses to the myofilaments where it inhibits MLCP 

(K.ita.zawa et al, 1999). 

PKC phosphorylates CPI-17, but not MYPT, directly, implying that CPI-17 is key 

to PKC-mediated Ca2 sensitization. CPI-17 inhibits the MLCP holoenzyme without 

causing dissociation of the subunits. CPI-17 phosphorylation correlates with the extent of 

PKC-induced contraction. 

Major CPI-17 kinases purified from pig aorta are PKCa and 6. CPI-17 is a good 

substrate of PKC6, and the ROK inhibitor Y27632 inhibits PKCS-catalyzed 

phosphorylation of CPI-17. Y27632 binds to the ATP-binding pocket of ROK to cause 

inhibition of enzyme activity ((Jehata et al, 1997). Given the structural conservation of 

the ATP-binding site of protein kinases, it is not surprising that inhibitors that act at this 

site lack specificity. Y27632 significantly reduced CPI-17 phosphorylation in rat aortic 

smooth muscle cells, and blocked the phorbol 12,13-dibutyrate (PdBu)-induced response 

in rabbit femoral artery. These results suggest that PKC6 may be responsible for the 

histamine-induced contraction and corresponding CPI-17 phosphorylation in rabbit 

femoral artery because PKC is activated downstream of histamine receptors (Eto et al, 

2001). There is no evidence that PdBu activates ROK, so inhibition of the PdBu response 
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by Y27632 in rabbit femoral arteries is likely the result of PKC6 inhibition, not ROK 

inhibition. 

Experiments using phospho-specific antibodies to determine the phosphorylation 

states of CPI-17 and MYPT1 in response to histamine and endothelin-1 (ET-1) were 

carried out in rabbit femoral arterial smooth muscle. The findings suggested that, in 

response to histamine and ET-1, CPI-17 phosphorylation was increased dramatically 

while the level of phosphorylation of MYPT1 remained unchanged. The ROK inhibitor 

Y27632 and the PKC inhibitor GF1O92O3x (bisindolylmaleimide I) diminished the force 

induced by histamine and ET-1, but the phosphorylation of MYPT1 was unchanged. An 

interesting discovery was that MYPT1 appeared to be phosphorylated prior to agonist 

stimulation. The other interesting finding was that the PKC inhibitor GFlO92O3x reduced 

phosphorylation on Thr799 (rat isoform numbering), a specific ROK phosphorylation 

site. PKC does not phosphorylate this site. Therefore, PKC may phosphorylate RhoA-

GDI to cause dissociation and the potential for RhoA to activate ROK. These 

observations suggest that PKC may affect the ROK signaling pathway (Niiro et al, 2002). 

CPI-17 can inhibit MLCP in response to phosphorylation in platelets as in smooth 

muscle. The thromboxane A2 (TxA2) analog STA2 caused an increase in phosphorylation 

of CPI-17 and MYPT1, but the PKC activator phorbol 12-myristate 13-acetate (PMA) 

caused only an increase in CPI-17 phosphorylation. The PKC inhibitor GFl09203x 

reduced STA2-induced CPI-17 phosphorylation and addition of the ROK inhibitor 

Y27632 caused a thrther reduction in phosphorylation ofMYPTl (Watanabe et al, 2001). 
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The findings of Niiro et al (2003), Watanabe et al (2001) and Shin et al (2002) suggest 

that the relative contribution of the two main mechanisms of agonist-induced MLCP 

inhibition, ie., CPI-17 and MYPT1, varies in different smooth muscle tissues. 

Smooth muscle can be divided into two distinct types: tonic and phasic. Tonic 

smooth muscle responds to excitatory agonists with a graded depolarization. High [K'1] 

depolarization causes a slowly-developing, sustained contraction. Examples of tonic 

smooth muscles are aorta, pulmonary and femoral arteries. Phasic smooth muscle, on the 

other hand, responds to excitatory agonists by generating, spike-like action potentials. 

Depolarization with high [K] causes an initial phasic contraction followed by a 

sustained, steady-state contraction. Examples of phasic smooth muscles are portal vein, 

ileum, bladder and vas deferens. These differences in contractile response occur as a 

result of protein expression differences, e.g., those involved in Ca?' sensitization. CPI-17 

content was analyzed in various smooth muscle types and it was discovered that CPI- 17 

was expressed in higher concentrations in tonic vascular smooth muscle than in phasic 

visceral smooth muscle. For example, the tonic femoral artery of the rabbit expresses 8-

fold higher amounts of CPI-17 than the phasic vas deferens. Furthermore, the amount of 

CPI-17 correlated with the sensitivity of the tissue to PdBu. The femoral artery generated 

more force in response to the PKC activator than did the vas deferens. MYPT1 content 

was greater in phasic visceral smooth muscle than in tonic smooth muscle (Woodsome et 

al, 2001). These results also support previous findings that PKC activates CPI-17, which 

plays a role in MLCP inhibition. CPI-17 was detected only in the smooth muscle cells 

and not the endothelium or adventitial cells, supporting the earlier Northern blot data 

showing CPI-17 was specific to smooth muscle (Eto et a!, 1995). 
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In vitro experiments have shown that phosphorylation of CPI-17 by ROK 

(Koyama et al, 2000), PKN (which is closely related to ROK) (Hamaguchi et al, 2000), 

p21-activated kinase (PAK) (Takizawa et al, 2002), ILK (Deng et al, 2002) and MYPT1 

kinase (MacDonald et al, 2001), in addition to PKC, may lead to inhibition of MLCP. 

M'YPTl kinase can phosphorylate CPI-17 at two distinct sites: the inhibitory site Thr38 

and a novel site, Ser12. The role of Ser12 phosphorylation is unclear as it is not necessary 

for MLCP inhibition (MacDonald et al, 2001). Seri2 phosphorylation appears to be 

specific to MYPT1 kinase. ROK phosphorylates CPI-17 to 0.92 mol P1/mol CPI-17 but 

does not phosphorylate the CPI-17 mutant T38A, suggesting that ROK only 

phosphorylates Thr38. PKN phosphorylates CPI-17 to 1.46 mol Pi/mol CPI-17, and 

phosphorylation decreases to 0.62 mol Pi/mol CPI-17 when Thr38 is mutated to Ala. The 

remaining phosphate on the mutated CPI-17 could be due to another phosphorylation site 

such as Seri2, but no evidence is available. PKN may be activated by AA to 

phosphorylate CPI-17, in addition to the ability of AA to dissociate the holoenzyme 

(Hamaguchi et al, 2000). ILK phosphorylates CPI-17 exclusively at Thr38 and PHI-i at 

Thr57 (Deng et al, 2002). 

CPI-17 is déphosphorylated during sodium nitroprusside-induced relaxation. As 

the concentration of cGMP rises, the level of phosphorylated CPI-17 declines and the 

activity of MLCP increases. It is apparent that the dephosphorylation of CPI-17 relieves 

MLCP inhibition and allows LC20 dephosphorylation and relaxation. The precise 

mechanism of CPI-17 dephosphorylation is unclear as the physiological phosphatase that 

dephosphorylates CPI-17 has not been identified (Etter et al, 2001). It has been suggested 

that CPI-17 is actually dephosphorylated by MLCP itself in situ (Surks et al, 1999). PKG 
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may bind to MLCP to activate dephosphorylation of CPI-17, alleviating its inhibition of 

MLCP and allowing MLCP to dephosphorylate LC20 (Etter et al, 2001). 

PKC isoforms  

PKC is a family ofphospholipid-dependent protein serine/threonine kinases. PKC 

isoenzymes constitute a structurally-related group of 10 distinct isoforms that can be 

divided into three classes based on structure and mechanism of regulation: conventional 

PKC isoforms (ce, Pr, 13n and y), novel PKC isoforms (6, a, ii and B) and atypical PKC 

isoforms ( and t/2). PKC isoforms contain a catalytic domain in the C-terminal region 

and a regulatory domain in the N-terminal region (Figure 4). 

The conventional PKC (cPKC) isoforms arise from three genes; 13i and 1311 are 

splice variants of the same gene. The cPKCs contain four constant and five variable 

domains. Cl is the constant domain that contains the pseudosubstrate/autoinhibitory 

sequence (House and Kemp, 1987), which maintains the enzyme in an inactive state in 

the absence of cofactors, as well as the DAG and phorbol ester binding region (Burns and 

Bell, 1991). C2 contains the Ca2 -binding site (Kaibuchi et al, 1989), C3 contains the 

ATP-binding motif (Karnps et al, 1984) and C4 is the substrate-binding domain (House 

and Kemp, 1987). The variable domains impart isoenzyme specificity. cPKCs require 

Ca2, acidic phospholipids such as phosphatidylserine (PS), and DAG for activation. 

Binding of the activators causes the pseudosubstrate to be removed from the catalytic 

site, and it is thought that Ca2 translocates the PKC to the membrane. Agonist-induced 

stimulation occurs through activation of the G-protein Gqii 1, PLC13 activation and 
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hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to IP3 and DAG (Berridge et 

al, 1984). 

The novel class of PKC (nPKC) isoforms do not require Ca2 for activation but 

contain a C2-like domain similar to that found in cPKCs. The nPKCs, like cPKC 

isoforms, have a Cl domain that contains two cysteine-rich motifs (zinc butterfly motifs) 

involved in DAG binding. As a result nPKCs require both DAG and PS for activation 

(Walsh et al, 1996). 

Atypical PKC (aPKC) isoforms lack the C2 domain and have a distinct Cl 

domain, which contains only one rather than two zinc butterfly motifs. Lastly, PKCt or 

PKD is often included as a member of the PKC family, although membership is hotly 

debated. PKD lacks a pseudosubstrate sequence and the consensus sequence recognized 

by the catalytic domain is different from that of the other PKC isoforms, PKD contains 

the two zinc butterfly domains, although they are in different locations compared to the 

other PKC isoforms (Johannes et al, 1995). All PKC isoforms have a phosphatidylserine 

(PS)-binding domain to target the protein to the plasma membrane, but the requirement 

for PS is uncertain in aPKC isoforms. Vascular smooth muscle generally contains the 

cPKC isoforms, a and [3, nPKCs S and s, and the atypical PKC . PKC is involved in 

many cellular processes including growth and differentiation, metabolism and vascular 

smooth muscle contraction (Walsh et al, 1996). 
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Figure 4: Representation of the domain structure of PKC isoenzymes. V1-V5 = 

variable domains; C1-C4 = constant domains; AD = autoinhibitory domain. 
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It has been shown that PKC activation can cause smooth muscle contraction 

without increasing [C2+]i or LC20 phosphorylation levels. This PKC-induced 

phenomenon is thought to be the result of phosphorylation of two thin filament-

associated proteins, caldesmon and calponin. Caldesmon is thought to inhibit actomyosin 

ATPase activity and phosphorylation of caldesmon alleviates this inhibition. Calponin is 

also involved in actomyosin ATPase inhibition and its phosphorylation by PKC at Ser175 

alleviates this inhibition, resulting in contraction (Allen and Walsh, 1994). As discussed 

earlier, PKC can also phosphorylate the phosphatase inhibitor protein CPI-17 to cause 

Ca2 sensitization of contraction. 

Thromboxane A2  and thromboxane A2 receptors 

Thromboxane A2 (TxA2) was discovered by Hamberg et al (1975), platelets being 

its principal source. It is a prostanoid that is derived from AA by the action of the enzyme 

cyclooxygenase (COX) in response to extracellular stimuli. AA is liberated from the 

plasma membrane through the action of phospholipase A2. COX-1 and COX-2 convert 

AA to prostaglandin G2 (PGG2), which is converted to prostaglandin H2 (PGH2). TxA2 is 

released from platelets when PGH2 is converted to TxA2 by the action of TxA2 synthase. 

PGH2, the precursor to TxA2, behaves as TxA2 and was thought to share the same 

receptor. This however turned out to be incorrect (Carmo et al, 1985; Dorn et al, 1989) 

but the nomenclature has remained: TxA2/PGH2 (TP) receptor. TxA2 acts as a local 

hormone on surrounding cells. TxA2 causes platelets to aggregate and change shape, but 

it also causes vascular smooth muscle to contract. The opposing actions of TxA2 and 

prostacyclin (which is derived from the action of PG synthase and causes vasodilation), 

play important roles in vascular smooth muscle homeostasis. Dysfunction of TxA2 
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synthesis or TxA2 receptors is involved in pathologies such as myocardial infarction, 

atherosclerosis, bronchial asthma, pregnancy-induced hypertension and kidney disease. 

In addition, insensitivity of the platelet receptor to TxA2 causes bleeding disorders in 

humans. Macrophages and monocytes have been shown to be sensitive to TxA2, 

implicating this prostanoid in the immune response. Although TxA2 is an unstable 

compound, having a half-life of 30 seconds, its action may lead to vascular smooth 

muscle hypertrophy, defined as accumulation of protein and not DNA as a result of 

prolonged platelet activation. In order to study the mechanisms of action of TxA2, stable 

analogs have been developed, including the 13-azapinanes, ONO-11113, 1-BOP and 

TJ466l9 (9,11-dideoxy-9a_1la_methanoepoxy-PGF2c). Selective antagonists have also 

been developed, including the commonly used SQ29548. The use of analogs has 

provided pharmacological evidence that subtypes of the TP receptor exist in platelets and 

vascular smooth muscle. 

TxA2 mimetics, such as U46619, have been shown to cause Ca2 sensitization of 

contraction in vascular smooth muscle. In rabbit pulmonary arteriole, U46619 generated 

91 % of K-induced force, demonstrating that peak tension was comparable between K 

and U46619. [Ca2 ]1 increased to 366 ± 25 riM in response to K while there was a very 

small increase to 170 riM in response to U46619. This was a U46619-specific effect and 

not a general agonist-induced response since levels of [C2]1 increase were similar in 

response to K or phenylephrine (Himpens et al, 1990). 

Early work provided pharmacological and biochemical evidence for inter- and 

intra-species variations of TP receptors. Mais et al (1985) showed that the TP receptor 

found in human platelets was different than the TP receptor found in human saphenous 
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vein. This conclusion was based on the observation that the rank order of potency for the 

13-azapinane TxA2 receptor antagonists was significantly different between human 

platelets and saphenous vein. Furthermore, Masuda et al (1991) discovered intra-species 

variation between rat platelets and rat aortic smooth muscle cells based on rank order of 

potency differences in response to 13-zapinane compounds. Interestingly, this group 

determined that there were no statistically significant differences between rat platelets 

and rat aortic smooth muscle cells for non-13-azapinane compounds. 

The first TP receptor eDNA was cloned from human placenta (Hirata et al, 1991). 

This TP receptor was subsequently termed TPa due to the later discovery by 

Raychowdhury et al (1994) of a second TP isoform, TPf3. TPP was isolated from a 

human umbilical vein endothelial cell eDNA library. The two isoforms are identical in 

the first 328 amino acids but TPa has a 15-amino acid C-tail and TP[3 a 79-amino acid C-

tail. These isoforms are encoded by a single human gene and arise as a result of 

alternative mRNA splicing. The TP receptor gene in humans is located on chromosome 

19p13.3 and consists of 3 exons and 2 introns spanning a 15 kilobase region (Nusing et 

al, 1993). The TxA2 receptor consists of seven transmembrane helical segments and 

belongs to the G-protein-coupled receptor superfamily. There is 100 % identity at the 

amino acid level in the seventh transmembrane domain in mouse, rat and human TPa and 

TPI3 receptors. Ligands interact with the C-terminal portion of the third extracellular 

domain of the receptor (Turek et al, 2002). Human TPa and TPP have identical ligand-

binding properties, suggesting that the variable C-terminal region is not involved in 

ligand binding (Raychowdhury et al, 1994). 
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Rat TP receptor cDNA has been cloned from astrocytes, a cell type in brain glial 

cells (Kitanaka et al, 1995), and from rat nephrons (Abe et al, 1995). The nucleotide and 

amino acid sequences show 100 % identity, indicating that the TP receptor found in the 

two different rat tissues is the same protein.. To date, no other isoforms of rat TP receptors 

have been identified. It has been determined through in situ hybridization that the TP 

receptor cloned from rat kidney is the receptor that is found in rat vascular smooth 

muscle (Abe et al, 1995). Human TPc and rat TP receptors share similar rank order of 

ligand affmities suggesting that the two receptors are species variants and not distinct 

subtypes (Dorn et al, 1997). 

TP signaling 

With the discovery of human TP receptor isoforms, it was important to identify 

the TP receptors that exist in platelets and vascular smooth muscle. Based on 

pharmacological studies, which suggested the existence of high- and low-affinity 

receptors on platelets, and later work showing mRNA expression of both TPa and TP 

receptors, it was possible that both receptors are present. Experiments using specific 

antibodies to TPa and TP3 receptors showed that the TPa receptor was the only one to 

be translated in platelets (Habib et al, 1999). There are no reports that relate TPa and 

TP3 receptors to the TP receptors that have been defined pharmacologically. In human 

uterine smooth muscle, which also contains vascular smooth muscle, both TP receptor 

isoforms were detected at the mRNA and protein levels (Miggin and Kinsella, 1998) . In 

rat, one report suggests that there are possibly two isoforms of TP receptor but when the 
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gene was cloned from rat brain, no alternatively spliced variants were identified 

(Kitanaka et al, 1995). The possible second isoform could be a degradation product. 

On the basis of amino acid identities G-proteins are divided into 4 subfamilies: 

G, G, Gq and G12 (Simon et al, 1991). Experiments have been carried out to identify the 

G-proteins that couple to TP receptors leading to platelet aggregation and shape change. 

Human cDNA clones were transfected into HEK 293 cells and it was established that 

both TPa and TPP receptors couple to Gqiii. It has been shown that the TPa receptor 

over-expressed in COS-7 and HEL cells couple to both'Gqiii and G13 (Allan et al, 1996). 

Coupling to G./ii causes IP3 levels to increase and thus leads to Ca2 mobilization in 

response to U46619. TPa and TPf3 receptors both effectively couple to Ga subunits in 

the Gq family: Gal  and Gai6 (Vezza et al, 1999). Experiments in COS-7 cells 

investigating the coupling of G12 family members with TP receptors indicated that both 

TPa and TPI3 receptors couple to Ga12 in response to U46619. There was no increase in 

the levels of fF3 and thus no increase in [Ca24]1 due to release from intracellular stores in 

response to U46619 when TPa and TPP receptors coupled to Gai2. The Ca2 

mobilization seen in U46619-stimulated cells over-expressing Gai2 was lowered when 

the cells were incubated with verapamil, a voltage-gated Ca2 channel blocker. These 

data suggest that when the TP receptors are coupled to the Gai2 subunit there is opening 

of voltage-gated Ca2 channe1s to cause an increase in [C2]1 leading to platelet 

aggregation or vascular smooth muscle contraction. A mutant TP receptor was created in 

which the divergent amino acids in the C-termini of TPa and TP3 receptors were deleted. 

The resultant mutant, therefore, contained only the amino acid residues that are common 
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to both isoforms. The differences in the C-terminal domain of the TP receptor do not 

impart specificity but rather are required for coupling efficiency (Walsh et al, 2000). 

Becker et al (1999) showed that vascular smooth muscles contain both isoforms 

of TP receptor and that these isoforms both couple to Gai3. The Gai3 class of G-proteins 

is involved in cyto skeletal rearrangements, Na/FI-exchanger, cell transformation, 

activation of phospholipase D and apoptosis (Hart et al, 1998). Ko72sa et al (1998) have 

shown that Octi3 can couple to the guanine nucleotide exchange factor for RhoA (p115 

Rho GEF) and thereby link Ga 13 to activation of ROK. 

Gohia et al (2000) have shown that in vascular smooth muscle the regulation of 

LC20 phosphorylation and ensuing contraction is a result of receptors coupling to more 

than one G-protein. They found that the vasoconstrictors ET-1, angiotensin II, 

vasopressin and U46619 act via receptors that are coupled to Ga12n3 to activate the 

RhoA/ROK signaling pathway that terminates in inhibition of MLCP. These receptors are 

also coupled to Gaq,ii to activate the PLC-I3/PKC signaling pathway that increases 

[Ca2]1 to activate MLCK and phosphorylate LC20. Tosun et al (1998) demonstrated 

U46619-mediated contraction of intact rat aortic helical strips. This contraction resulted 

from the influx of Ca2 from the extracellular space, since the non-selective cation 

channel blocker Ni2 and the L-type Ca2 channel blocker verapamil abolished the [C2] 

increase and decreased the contractile response significantly, albeit incompletely. The 

small contraction observed without an increase in [C2]1 may be due to Ca2 

sensitization. This suggestion is supported by the observation that, at low concentrations 

of U46619, the contraction is associated with a smaller rise in [C2]. Ca2 sensitization 
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of vascular smooth muscle contraction by U46619 has been shown to involve both PKC 

and RhoA/ROK pathways. In experiments by Nobe and Paul (2001) in porcine coronary 

arteries, the general PKC inhibitor, caiphostin C, delayed force generation in response to 

U46619. The [C2'] transient was unaffected, raising the possibility of PKC-mediated 

sensitization. Removal of extracellular Ca2' with EGTA or blockade of Ca2 entry by 

nifedipine caused a reduction in the sustained phase of the U46619-mediated contraction. 

The most striking observation was the effect of the ROK inhibitor Y27632 on both force 

and {Ca2]1 transients. Sustained force was nearly completely eliminated and both resting 

[C2]1 and the elevation due to U46619 treatment were decreased. This suggests the 

involvement of two effector proteins in Ca2 sensiti7tion: CPI-17 and MYPT1. 

Furthermore, in combination with earlier work, the results demonstrate that the TP 

receptors in vascular smooth muscle couple to Gqiia and G12/13 at the very least. 

Elucidation of the differences in Ca2 requirements and extent of sensitization in different 

vascular tissues will require more experimentation. Such work will also shed light on the 

mechanisms of TxA2-mediated Ca2 sensitization. 

Smooth muscle ion channels  

Electromechanical coupling is an initiation of contraction in response to a change 

in membrane potential. Changes in membrane potential are due to activation of receptors 

and by stretch (Bolton et al, 1999). Fluid in the blood vessel exerts force on the inner 

wall of the blood vessel creating transmural pressure. When the transmural pressure 

increases the blood vessel responds with a constriction, and when the transmural pressure 

decreases the blood vessel responds with dilation. This phenomenon is known as 
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myogenic tone and it is intrinsic to smooth muscle, as it is independent of hormones, 

nerves and metabolites (Hill and Davis 1999). 

In vivo, the membrane potential of resistance arteries is between,-40 and —60 mV 

which is much more positive than the equlibrium potential of K (about —85 mV). The 

membrane potential is maintained by the contribution of K, Na and Cl conductance 

(Nelson and Quayle, 1995). When the cell is depolarized in response to an increase in 

pressure, for example, the depolarization causes voltage-gated Ca2 channels to open. The 

influx of Ca2 will cause Ca2 to be released from the SR by Ca2 activating ryanodine 

receptors to release more Ca2 and thus the Ca2 will activate contraction at the 

contractile machinery. The Ca2 channel is comprised of 4 - 5 subunits. The largest 

subunit cLi contains four homologous domains that fold to create the pore. The at subunit 

contains the voltage sensor that allows the channel to increase its open probability. Ca2 

channels contain other subunits, e.g., 13 subunits are found on the intracellular side of the 

plasma membrane and the 8 subunit spans the membrane. The a and 13 subunits can be 

phosphorylated to change the conductance of the channel (Nastainczyk et al, 1987; 

O'Callahan et al, 1988). 

Depolarization causes Ca2 to enter the cell; as more Ca2 enters the cell the more 

the cell becomes depolarized. Continued depolarization is prevented by the activation of 

voltage-gated K channels (Nelson and Quayle, 1995). K current is directed outward, 

causing hyperpolarization and thus negatively regulating depolarization. Major K 

currents are: delayed rectifier (KDR), Ca2 -activated (BKca) and ATP-sensitive (KATP). 

The increase in membrane potential will increase the open probability of voltage-

sensitive K channels (KDR) that will lead to hyperpolarization of the cell. Depolarization 
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also inactivates the KDR current, however, the relationship between activation of the 

channel and increasing membrane potential is exponential until a limiting factor is 

reached. The probability that the channel is activated at a certain potential is described by 

a Boltzman relationship (Robertson and Nelson, 1994). 

The length of time the BK a channel spends in the open state increases with 

membrane depolarization. BKca are very large conductance channels having a 

conductance of 250 picoSiemens (pS). These channels are sensitive to Ca2: as 

increases, Ca2 binds to the pore-forming subunit of BK a to increase voltage sensitivity 

of the channel. Therefore, the binding of Ca2 will lead to a greater open probability of 

the channel at a given potential (Langton et al, 1991). These channels are very important 

in maintaining myogenic tone by counteracting depolarization caused by Ca2 influx. 

Voltage-sensitive K channels (KDR) are composed of four a subunits, each 

containing six transmembrane segments (SI-S6). The pore-forming a subunits will 

conduct K current outward (Pongs 1992). The 4th transmembrane segment is the voltage 

sensor and as the voltage becomes more positive the channel open probability increases. 

Each of these a subunits associates with J3 subunits that are ancillary and modulatory 

subunits (Pongs 1992). The BKca channels are also comprised of four a subunits that 

associate together to form a pore. These subunits are comprised of seven transmembrane 

domains (SO-S6) and each a subunit is associated with a 3 subunit. Even small changes 

in ion channel conductivity can result in large changes in contractility. Thus, tight 

regulation of influx and efflux of ions is essential for tone maintenance. 
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It is evident, therefore, that knowledge and understanding of the mechanism of 

TxA2-induced vascular smooth muscle contraction is severely limited. The goal of the 

work described in this thesis was to elucidate the mechanism(s) of U46619-induced 

contraction of rat tail arterial (RTA) smooth muscle. Specifically, the following 

hypothesis was tested: U46619-induced contraction of rat tail arterial smooth muscle 

involves activation of TP receptors that are coupled to both Gqii 1 and G12113 families of 

heterotrimeric G-proteins. Ligand occupancy of the receptor leads to activation of both 

PLCI3/PKC Sand RhoA/ROK signaling pathways, Ca2 release from intracellular stores 

with activation of NECK, phosphorylation of CPI-17 and inhibition of MLCP, the 

resultant phosphorylation of myosin triggering crossbridge cycling and contraction. 
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CHAPTER TWO: METHODS AND MATERIALS 

Force measurements: Male Sprague-Dawley rats (300 - 350 g) were killed by halothane 

inhalation and decapitation as approved by the Animal Care Committee at the University 

of Calgary. The rat tail artery was isolated and dissected in C2+-free H-T buffer free of 

adipose tissue and adventitia. A 0.31 mm needle was used to remove the endothelial cells 

by placing segments of RTA over the needle and moving them back and forth 30-40 

times. The segments were cut into 6 x 1.5 mm helical strips and mounted on a Grass 

isometric force transducer. A PowerLab (ADlnstruments, Colorado Springs, CO) 8-

channel recording device was used to record the tension data. Mounted strips 

equilibrated in H-T buffer had 0.45 - 0.50 g of resting tension applied to obtain a 

maximal contractile response to 87 mM K. The tissues were stimulated three times with 

K'-H-T buffer to cause membrane depolarization and allow Ca2'1 to enter via,voltage-

gated Ca2'3 channels. Where applicable, following a 10 min relaxation period in H-T 

buffer, the tissue was pre-incubated with inhibitors:' 100 nM GFl09203x (Calbiochem) or 

10 p.M Y27632 (BioMol) in H-T buffer for 10 mm. The tissues were stimulated with 100 

AM U46619 (Calbiochem). in the absence or continued presence of inhibitors in H-T 

buffer. At the peak of contraction, tissues were rapidly frozen in 10 % (w/v) 

trichioroacetic acid (TCA)/10 mM dithiothreitol (DTT) in dry ice/acetone. The residual 

TCA was washed out with 3 x 1 mL washes of 10 mM DTT/acetone. 

Western blotting: Tissues were lyophilized overnight and homogenized to extract protein 

in 100 p.L SDS sample buffer. The entire sample was loaded onto a thin (0.75 mm) 7.5 - 

20 % acrylamide gradient gel and electrophoresed at 35 mA for 3.5 h. Proteins were then 

transferred to 0.2 p.m PVDF membrane (BioRad, Mississauga, ON) at 30 mA for 5 h in 
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10 mM CAPS, 10 % methanol, pH 11.0. The PVDF membrane was kept wet in TBS until 

it was ready to be immersed in 5 % non-fat milk in TBST for 1 h for blocking unbound 

sites. The PVDF membrane was then transferred to a primary antibody solution of anti-

phospho-CPI-17 (rabbit IgG) at 1:3,000 dilution (Dr. Ikebe, Worcester, MA) or anti-CPI-

17 (rabbit IgG) at 1:10,000 dilution (Dr. Eto, Charlottesville, VA) in 1 % non-fat milk in 

TBST for 1 h. The membrane was rinsed 3 x 10 min in TBST and transferred to solution 

containing anti-rabbit IgG-horseradish peroxidase conjugate secondary antibodies 

(Chemicon; Temecula, CA) at a dilution of 1:5,000. The chemiluminescence'signal 

(Pierce, Rockford, IL) was quantified using a Pharmacia Image Master Scanning System. 

The specificity and detection limit of antibodies to CPI-17 phosphorylated at Thr38 are 

demonstrated in Figure 5A. The lower detection limit of anti-p[T38]CPI-17 was 0.25 ng 

of phosphorylated CPI-17. The phospho-specific antibodies did not recognize non-

phosphorylated CPI-17, even at 200 ng. Affinity-purified general rabbit anti-CPI-17 

antibodies recognize both phosphorylated and n.on-phosphorylated recombinant CPI-17 

(K.itazawa et a!, 2000). Figure SB indicates the lower detection limit with anti-CPI-17 to 

be 25 ng of recombinant CPI-17. 

Calcium experiments: Three stimulations of RTA with K-H-T buffer were followed by 

10 min incubation with H-T buffer. Tissues were then stimulated with 100 nM U46619 or 

20 mM caffeine in H-T buffer, and the agonists washed out with H-T buffer. When the 

tension returned to resting levels, the tissues were incubated in C2'-free H-T buffer + 2 
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Figure 5: Characterization of CPI-17 antibodies. A: Western blotting with anti-P-CPI-

17. Different amounts (0.05 - 100 ng) of CPI-17 phosphorylated by PKC (P-CPI-17), and 

100 - 200 ng of unphosphorylated CPI-17, were loaded on the gel. The blot was probed 

with an antibody raised against a synthetic peptide containing phospho-threonine at the 

position corresponding to Thr38 of CPI-17. B: CPI-17 (1 - 200 ng) was subjected to 

SDS-PAGE and Western blotting with an antibody raised against unphosphorylated CPI-

17. 
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mM EGTA for 5 min to remove extracellular Ca2t ,Caffeine or U46619 was added in 

Ca'-free H-T buffer + 2 mM EGTA. The agonists were washed out with C2+-free H-T 

buffer + 2 mM EGTA and remained in this buffer for 1 h to deplete intracellular Ca2 

stores. Tissues were then treated again witla caffeine or U46619 in C2+-free H-T buffer + 

2 mM EGTA. The agonists were washed out with H-T buffer and the tissues were 

incubated in H-T buffer for 1 h to replenish the Ca2 stores prior to further stimulation 

with caffeine or U46619. 

In experiments using inhibitors, the tissues were contracted with 100 nM U46619 

in H-T buffer, which was washed out at peak tension. When resting tension was 

achieved, the tissues were incubated in Ca2 -free H-T buffer + 2 mM EGTA for 1 h. For 

the last 10 min in separate tissues, 20 p.M nifedipine (a voltage-dated Ca2 channel 

blocker) (Sigma,, Toronto, ON), 1 p.M SQ29548 (a TxA2 receptor antagonist) (Cayman 

Chemicals, Ann Arbour, MI) or vehicle were added. The tissues were then stimulated in 

the continued presence of the antagonists with 100 nM 1546619 in C2+-free H-T buffer + 

2 mM EGTA. After 5-10 min the inhibitors were washed .out with H-T buffer. 

Buffer composition: HEPES-Tyrode (H-T) buffer: 135.5 mM NaCl, 27 mM KCl, 1.0 

mM MgCl2, 1.8 mM CaCl2, 10 mM BIEPES, 5.6 mM glucose, pH 7.4. 

C2+-free H-T buffer: 140.6 mM NaCl, 2.7 mM KCI, 1.0 mM MgCl2, 10 mM HEPES, 

5.6 mM glucose, pH 7.4. 

KtHT buffer: 77 mM NaCi, 87 mM KC1, 1.0 mM MgCl2, 1.8 mM CaCl2, 10 mM 

HEPES, 5.6 mM glucose, pH 7.4. 

Tris-buffered saline (TBS): 20 mM Tris-HCl, pH 7.5, 500 mM NaCl. 
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Tris-buffered saline with Tween (TBST): 20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 0.05 

% Tween-20 (BioRad). 

Enzyme assays: Phosphorylation of recombinant CPI-17 (10 p.g) by native cPKC (Eto et 

al, 1995) was carried out at 30 °C in a kinase buffer containing 20 mM Tris-HCI, pH 7.5, 

10 mM MgCl2, 0.2 mM CaCl2, 0.08 mg/ml L-a-phosphatidyiserine, 0.008 mg/mi 1,2-

diolein, 1 jiM microcystin-LR and 0.2 mM [7-32P]ATP (200-500 c.p.m/pmol). 

Phosphorylation of recombinant CPI-17 (5 jtg) by PKC (Upstate Biotechnology, 

Lake Placid, N.Y.) was carried out at 30 °C in kinase buffer containing 7.6 mM MOPS, 

pH 7.2, 0.4 mM DTT 0.4 mM f3-glycerophosphate, 0.05 mg/ml L-a-phosphatidylserine, 

0.005 mg/ml 1,2-diolein and 0.2 mM [7-32P]ATP (200-500 c.p.m./pmoi). Reactions were 

started by addition of radiolabeled ATP. To stop the reaction, aliquots of reaction 

mixtures were spotted onto P81 phosphocellulose paper (Whatman, Springfield Mill, 

UK) and incubated in 0.5 % (v/v) H3PO4. P81 papers were washed twice in 500 ml of 0.5 

% (v/v) H3PO4 (5 min each) and once in acetone (5 min each) then air-dried. 

Incorporation of 32P into CPI-17 was quantified by (erenkov counting. 

Preparation of mRNA and cDNA: Using 100 mg of RTA tissue, mRNA isolation was 

conducted using a kit purchased from Ambion (Austin, Texas). Tissue was ground with a 

pestle and mortar in liquid nitrogen, and homogenized in lysis buffer containing 

guanidine isothiocyanate to inhibit RNAses. To purify the mRNA from total RNA, the 

preparation was incubated with cellulose-bound oligo dT, which binds the 

polyadenylation tail found in most mature mRNAs. The bound mRNA was eluted from 
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the column by reducing the ionic strength. The concentration of mRNA was determined 

by measuring the absorbance at 260 and 280 run. 

CPI-17 cDNA cloning: cDNA was prepared by reverse transcriptase-polymerase chain 

reaction (RT-PCR). The mRNA (77.5 ng).was incubated with an oligo (dT)1218 primer 

from Gibco BRL (Carlsbad, CA). To prime from the poly A tail, the mixture was 

incubated at 83 °C for 10 min and then put on ice. A final concentration of 1 X first 

strand buffer, 10 mM DTT and 0.5 mM each dNTP was added and warmed to 42 °C for 2 

min. The final step was to add 260 units of Moloney murine leukemia virus reverse 

transcriptase (Gibco BRL) and incubate at 42 °C for 50 min. To inactivate the RT 

enzyme, the temperature was increased to 70 °C for 10 min. To degrade the niRNA 

template, RNAse H was added. 

PCR was conducted using specific primers based on the published rat sequence 

with engineered BamHI and EcoRJ cut sites (underlined): 

Forward primer: 5'-GAGAGGATCCGGCGTGATGGCAGCGCAGCGGCT-3' 

Reverse primer: 5 '-GAGAGAATTCCCGGTGGAGCAGTGTGAGCCGGGTC-3' 

The amplification reaction included 0.2 ng of cDNA, 0.2 mM dNTPs, 1.5 mM 

MgSO4, 0.2 .LM of both forward and reverse primer, PCR buffer, 0.5 X PCR enhancer 

solution and 5 units of Taq polymerase. Enhancer solution was added to relax secondary 

structure through the use of chaotropic agents. The amplification reaction mixture was 

heated to 94 °C for 3 min, and Taq polymerase was added, followed by 35 cycles of 94 

°C for 30 s, 57 °C for 30 s, 72 °C for 30 s, and extension at 72 °C for 7 min. 
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To visualize the amplicon the sample was loaded onto a 1 % agarose gel 

containing ethidium bromide, electrophoresed at 100 V for 30 mm, and viewed on a 

UV light box (Figure 6). The cDNA (443 bp) was isolated from the agarose gel with a 

scalpel and purified using a Qiagen kit (Mississauga, ON). The agar was digested with 

agarase and the cDNA bound to silica-gel membrane was washed and eluted with water, 

pH 7-8. 

The Big Dye Terminators (Applied Biosciences, Boston, MA) sequencing 

reaction, a modified Sanger reaction, Was used to sequence the amplicon: 4 j.tL of big dye 

mix solution and 4 .tL of its corresponding buffer were added to 10 ng/100 base pairs of 

PCR product, and the forward and reverse primers were added separately in different 

tubes to a final concentration of 0.15 tM. The reaction mixture was heated to 96 °C for 

10 s, 52 °C for 5 s, and 60 °C for 4 mm. The amplicon with attached big dyes was then 

precipitated with ethanol. The products were washed in 70 % ethanol and dried. 

Sequencing was performed by UCDNA Services. The products of each reaction were 

loaded in separate lanes of a very long, thin polyacrylamide gel. A laser reads the big 

dyes from the smallest oligonucleotide (near the bottom of the gel) to the top. The 

amplified CPI-17 was sequenced and found to be 100 % identical to the rat sequence 

deposited in GenBank, with a few additional residues at the termini due to the engineered 

restriction sites. Figure 7 shows a comparison of the deduced amino acid sequence of 

CPI-17 from rat, mouse, pig and human. 

Protein expression: The amplicon was isolated from the agarose gel and cleaned to 

obtain purified cDNA. The CPI-17 cDNA and vector pBluescript (Stratagene, La Jolla, 
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Lane 2: Full-length rat tail artery CPI-17 

Figure 6: Cloning of CPI-17 from rat tail arterial smooth muscle. Primers were made 

to CPI-17 based on the rat sequence. The PCR product from rat tail artery was 100 % 

identical to the published rat CPI-17 nucleotide sequence. 
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rat GVMAAQRLGKRV 
mouse MAAQRLGKRV 
pig MAAQRLGKRV 
human MAAQRLGKRV 

DVEKWI DGRL 
DVEKWI DGCL 

DVEKWI DGRL 
DVEKWI DGRL 

LNPTEDFVQE 
ANPTEDFVQE 
TNPTENFVQE 
GKPVEDFIQE 

LSKLQSPSRA 
LSKLQSPSRA 
LSKLQSPSRA 

LSKLQSPSRA 

EELYRGRE1D 
EELYRGRES D 

EELYRGREAD 
EELYRGMEAD 

LLAKLRGLHK 
LLGKLRGLHK 
LLVKLRGLHK 
LLAKLQGLHR 

RGPGGSPSGL 
RGPGGSPSGL 
RGPGGS PGGL 
RGPGGSPGGL 

MPDEVNI DEL 
MPDEVNI DEL 
MPDEV'1I DEL 
MPDEINIDEL 

QPGFPQPSPS 
QPGFPQPS PS 
QPGLRQPS PS 
QPGLRQPS PS 

QKRHARVTVK 
QKRHARVTVK 
QKRHARVTVK 
QKRHARVTVK 

LELDSEEERC 
LELDSEEERC 

LELESEEERS 
LELESEEERS 

DDPSLSPRQD 
DDPSPSPRQD 
GDGSLSPRQD 
HDGSLSPLQD 

YDRRELQRRL 
YDRRELQRRL 
YDRRELQRRL 
YDRRELQRRL 

RKI RGLLEAC 
RKIQGLLEAC 

RKIQGLLKSC 
RKIQGLLKSC 

PAHTAPPGIHRD 
RAHTAPP 
RARTAPP 
RRTAHP 

Figure 7: The rat CPI-17 amino acid sequence is compared to CPI-17 from other 

species. Rat CPI- 17 is 100 % identical to the published rat CPI- 17 sequence except for 

the extra amino acids at the N- and C-termini. Rat CPI-17 is 96 % identical to mouse, 

89% identical to pig and 85 % identical to human at the amino acid level. Thr38, the PKC 

phosphorylation site, is bolded. 
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CA) were digested with BamHI and EcoRI (Amersham-Pharmacia Biosciences, Baie 

d'Urfe, PQ) at 37 °C for 1 h in One-Phor-All buffer. Vector and CPI-17 were run on a gel 

to ensure the vector was cut. The DNA was purifed with the Qiagen kit described above. 

CPI-17 was then ligated into pBSK+ vector at 14 °C for 16 h with T4 DNA ligase. The 

plasmid was transformed into XL-1 Blue'MRF' E. coli strain (Stratagene, La Jolla, CA). 

Plates were grown up using the blue-white screening system and positive white colonies 

showing the presence of the insert were grown up in LB media overnight. The culture 

was used to purify DNA using a Mini-Prep kit (Qiagen, Mississauga, ON). The DNA was 

sequenced to verify the presence of CPI-17. CPI-17 and the expression vector pGEX-2T 

were digested with BamHI and EcoRI for 1 h at 37 °C in One-Phor-All buffer. The vector 

was run on an agarose gel to ensure proper cutting and removal of the small DNA piece 

cut out of the multiple cloning site (Figure 8). CPI-17 was inserted into the expression 

vector pGEX-2T and at this point two N-terminal amino acids were added from the 

vector (GV) and five amino acids at the C-terminal (GIHRD). The vector pGEX-2T 

contains a GST-tag used to purify the fusion protein. CPI-17 was sequenced and 

determined to be in frame at which point protein expression was initiated. CPI-17 was 

ligated into pGEX-2T at 14 °C for 16 h with T4 ligase. The plasmid DNA was 

transformed into BL-21 (DE3) pLysS E. coli cells and grown overnight on LB-ampicillin 

and chioramphenicol plates. Positive colonies grew as a result of the ampicillin resistance 

from the E.coli and chloramphenicol resistance from the pGEX-2T vector. Colonies were 

grown up overnight in 10 mL LB media at 37 °C, then transferred to 2X YT and allowed 

to grow with shaking until A600= 0.6, at which point the culture was treated with 1 mM 
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IPTG for 3 h to induce protein expression. The cells were spun down and sonicated. The 

GST-CPI-17 fusion protein was purified on a glutathione-Sepharose column (Amersharn-

Pharmacia Biosciences, Baie d'Urfe, PQ). The GST-CPI-17 fusion protein was cleaved 

with 1 unit of thrombin per milligram oprotein. The GST was rebound to the beads, 

yielding purified recombinant CPI-17 (Figure 9). 
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Figure 8: Insertion of the CPI-17 amplicon from RTA into an expression vector, 

pGEX-2T. A: Restriction enzyme digestion of CPI-17/pBSKt Sequencing was 

performed to confirm that the insert was CPI-17. In addition, the CPI-17 insert was 

digested with Smal (B) to yield the expected fragments of 92 and 351 bp. C: CPI-

17/pGEX-2T was purified from BL21(DE3) pLysS cells and sequenced to ensure CPI-17 

DNA integrity before protein expression was initiated. CPI-17/pGEX-2T was digested 

with 10 units each of EcoRI and BamHE for 1.5 b at 37 °C and yielded an insert of the 

expected size (443 bp). 
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Figure 9: Expression of CPI-17 in E. coiL A: Time course of GST-CPI-17 fusion 

protein induction with IPTG. Three hours of incubation with 1 MM IPTG was used 

subsequently. B: GST-CPI-17 fusion protein after induction was purified on a 

glutathione-Sepharose 4B column. The expected molecular weight of the GST fusion 

protein is 43.4 kDa. C: Coomassie Brilliant Blue-stained gel of purified GST-CPI-17 

before and after cleavage with thrombin. 
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CHAPTER THREE: RESULTS 

U46619-induced contraction involves TP receptor activation and Ca2 influx via voltage-

gated Ca2 channels.  

Figure 10 illustrates the contractipn-dependent increase in RTA contraction in 

response to U46619. Maximal contraction was reached at 1000 nM and half-maximal 

contraction at 100 nM. To prevent unspecific signalling pathways from being invoked, 

the half-maximal concentration was used. Figure 1 1A shows an initial K-induced 

contraction of de-endothelialized rat tail arterial helical smooth muscle strips, which was 

reversed on return to H-T buffer (containing low [K]). Addition of the TxA2 mimetic, 

U46619 ('D, Panel A), elicited a contractile response, which was slower to develop and 

sustained in the presence of the agonist. Washout of U46619 resulted in very slow 

relaxation of the muscle. Subsequently, the tissue was exposed to Ca2 -free H-T buffer 

containing 2 mM EGTA for a brief period of time (5 mm) to remove extracellular Ca2 

without affecting intracellular stores. Addition of U46619 Panel A) then failed to 

induce contraction, suggesting that influx of extracellular Ca2 is required for U46619-

induced contraction. The tissue, was then exposed to C2+-free H-T buffer + 2 MM 

EGTA for 1 h to deplete intracellular Ca2 stores. Subsequent addition of U46619 (©) 

again had no effect. Surprisingly, when extracellular Ca2 was replenished by transfer to 

H-I buffer, contraction occurred, which slowly relaxed (Figure 11 A).  Subsequent 

addition of U46619 ((@) elicited a slow, sustained contraction. Cumulative data from 

three experiments are shown in Figure 12A. 
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Figure 10: The effect of varying concentrations of U46619 on RTA contractions The 

maximum contraction appears at 1000 nM and 100 nM is near the ICso, thus 100 nM is a 

reasonable amount of U46619 to use. 
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Figure 11: The effect of removal of extracellular Ca2 and depletion of intracellular 

Ca 2+ stores on U46619-mediated contraction of rat tail arterial smooth muscle. In the 

presence of extracellular Ca2 (H-T buffer), U46619 (100 nM, panel A) or caffeine (20 

mM, panel B) stimulates contraction ®. In the absence of extracellular Ca2 (5 min in H-

T buffer + 2 mM EGTA), caffeine caused a store-dependent contraction, whereas 

U46619 did not elicit a contractile response 0. Depletion of intracellular Ca2 stores via 

prolonged (1 h) incubation in H-I buffer + 2 mM EGTA abolished contraction to both 

1146619 and caffeine ®. Upon re-addition of extracellular Ca2 (H-T buffer) contraction 

occurred in tissue that had previously been treated with U46619 (panel A) but not those 

treated with caffeine or vehicle (panels B and C). Replenishment of intracellular Ca2 

stores as well as extracellular Ca 2+ by incubation in H-T buffer for 1 h restored 

contraction to caffeine (panel B) and U46619-induced contraction was again observed 

(panel A) ®. 
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Figure 12: Cumulative data describing the effects of removal of extracellular Ca 2+ 

and depletion of intracellular Ca 2+ stores on U46619- and caffeine-mediated 

contraction. Histograms depict 100 nM U46619- (panel A) and 20 mM caffeine-induced 

contractions (panel B) under the indicated conditions. The data are means ± S.E., n = 3. 

2+ 2+ 2+ Ca2+ external Ca ; Ca = internal stored Ca . (D-® refer to Figure 10. 
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Figure 1 lB depicts a control experiment to verify the effectiveness of the protocol to 

remove extracellular Ca2 and deplete intracellular stores. Caffeine elicits a transient 

contraction in H-T buffer due to release of Ca2 from the SR via activation of ryanodine 

receptors (cD). Exposure of the tissue to ça2 -free H-T buffer + 2 mM EGTA for 5 mm 

did not abolish the caffeine-induced contraction (()), confirming the integrity of the SR 

Ca2 stores, whereas prolonged exposure (1 h) to the Ca2 -free solution did abolish the 

caffeine response (()), indicating that this procedure is effective in depleting the SR of 

Ca2. Replenishment of extracellular Ca2 in this case did not elicit a contractile response 

(Figure 1 1B), in contrast to the situation in panel A. Prolonged exposure to Ca2-

containing H-T buffer restored the caffeine response (©), confirming that the SR was 

refilled. Cumulative data from three experiments are shown in Figure 12B. The control 

in Figure 11C indicates that buffer changes alone had no unexpected effects on the 

contractile state of the tissue. 

Returning to Figure 1 1A, as noted above the contractile response observed upon 

transfer to H-T buffer after prior exposure to U46619 in the absence of extracellular and 

stored Ca2 was unexpected. Since it is not seen in the control experiment in panel B, it 

must be due to the prior exposure to U46619. A possible explanation is that the agonist 

was not effectively removed, i.e., it may bind tightly to the receptor so that, when 

extracellular Ca2 is provided, the activated TP receptor triggers Ca2 entry and activation 

of contraction. To test this possibility, the experiment depicted in Figure 13 was carried 

out. Each panel shows an initial K-induced contraction followed by a control 1546619-

induced contraction in H-T buffer. Extracellular Ca2 was removed and intracellular 

stores were depleted, and 1546619 added. U46619 was washed out after 5 min with Ca2-
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Figure 13: U46619-mediated contraction in the presence of extracellular Cal is 

blocked by a TxA2 receptor antagonist and by a voltage-gated Ca2 channel blocker. 

U46619 (100 nM) causes a contraction that is slowly reversed upon washout in H-T 

buffer. Extracellular Ca21 was then removed and intracellular Ca2 stores depleted by 

prolonged exposure to Ca2tfree H-T buffer + 2 mM EGTA. Addition of U46619 then 

failed to induce a contraction. Following removal of U46619, restoration of extracellular 

Ca2 evoked a contractile response (panel A). This Ca2 -induced contraction was blocked 

by pre-treatment with the TP receptor antagonist, SQ29548 (panel B) or the voltage-gated 

Calm channel blocker, nifedipine (panel C). 
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Table 1: Cumulative data describing the effects of SQ29548 (a TP receptor 

antagonist) and nifedipine (an L-type Ca2 channel blocker) on contraction elicited 

by replenishment of extracellular Ca following pre-treatment with U46619, 

removal of extracellular Ca2 and depletion of intracellular stores. SQ29548 and 

nifedipine were added 10 min prior to the transfer from C2-free-H-T buffer + 2 MM 

EGTA to H-T buffer. Data are means ± S.E., n =3. 

Tension (% of Ktunduced contraction)  

Control 

SQ29548 

Nifedipine 

U46619-induced contraction 
before Ca2 depletion  

70.2±9.5 

75.6 ± 6.4 

81.4 ± 12.5 

Contraction due to 
replacement of Ca2 

45.5 ± 6.4 

0 

0 



58 

free H-T + 2 mM ROTA. Subsequent exposure to H-T buffer elicited a contractile 

response (Figure 13A), as seen previously in Figure hA. This Ca2 -induced contraction 

was blocked by pre-treatment with the TP receptor antagonist SQ29548 (Figure 13B) or 

the voltage-gated Ca2 channel blocker nifdipine (Figure 13C). Figure 14 indicates that 

20 p.M nifedipine was sufficient to cause almost complete inhibition of K-induced 

contraction, which is effected by Ca2 entry, through voltage-gated Ca2 channels. The 

cumulative data in Table 1 confirm that the contractile response observed in Figures 11 A 

and 13A upon re-addition of extracellular Ca2 involves activated TP receptors and Ca2 

entry via voltage-gated Ca2 channels, consistent with tight binding of U46619 to TP 

receptors. 

Figure 15 shows again that 20 p.M nifedipine almost completely blocks the Kt 

induced contraction, which relies on entry of extracellular Ca2. On the other hand, 

nifedipine did not inhibit caffeine-induced contraction, which is due to release of Ca2 

from internal stores. These results indicate that nifedipine (20 p.M) does not affect 

internal Ca2 stores or the contractile machinery. Nifedipine attenuated the U46619-

induced contractile response in rat tail arterial smooth muscle in a concentration-

dependent manner (Figure 16). The results of Figures 11-16 and Table 1 indicate that 

U46619-induced contraction is due to activation of TP receptors and influx of 

extracellular Ca2 via voltage-gated Ca2 channels, but does not appear to involve Ca2 

release from the SR. 
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Figure 14: Effect of varying concentrations of nifedipine on K'-induced contraction 

of rat tail arterial smooth muscle. K-induced contraction is inhibited by nifedipine in a 

concentration-dependent manner with almost complete inhibition at 20 M. (1) 1 tM 

nifedipine, © 3 M nifedipine, ©10 tM nifedipine, © 20 .iM nifedipine. 
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Figure 15: Nifedipine does not affect Ca2 release from the SR or the functioning of 

the contractile machinery. The response to caffeine is retained in the presence of 

nifedipine (L-type Ca2 channel blocker). Caffeine relies on intracellular stores of Ca2 to 

elicit a contraction, whereas the K-induced contraction, which relies on extracellular 

Ca2, is almost completely blocked by nifedipine. Results are representative of two 

independent experiments. 
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Figure 16: The effect of varying concentrations of nifedipine on U46619-induced 

contraction. Results are representative of two independent experiments. 
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U46619-induced contraction involves activation of Rho-associated kinase but not protein  

kinase C.  

Y27632 has been widely used as a ROK inhibitor, but recent studies have 

suggested it is also capable of inhibiting PKC isoforms, particularly PKCS (Eto et al, 

2001). Y27632 is commonly used in intact cell and tissue preparations at a concentration 

of 10 tiM. Before examining the effects of Y27632 on U46619-induced contraction of rat 

tail arterial smooth muscle, its effects on cPKC (a mixture of a, P andy isoforms) and 

PKC3 were examined. Figure 17A shows the time course of phosphorylation of 

recombinant CPI-17 (a known substrate of PKC that has been implicated in Ca2 

sensitization of smooth muscle contraction) in the absence and presence of 10 LM 

Y27632. The ROTC inhibitor had no significant effect on the rate of CPI-17 

phosphorylation. This conclusion is confirmed by the autoradiograph in Figure 17B: at 

the end of the reaction, proteins were separated by SDS-PAGE and [32P] incorporation 

into CPT-17 visualized by autoradiography. There was no significant difference in 

phosphorylation of CPI-17 in the absence or presence of 10 IM Y27632. These results 

indicate that Y27632, at 10 jtM, has no significant inhibitory effect on C2+-dependent 

PKC isoforms. On the other hand, 10 pM Y27632 had a marked effect on PKC6 (Figure 

18A): the rate of phosphorylation of CPI-17 was reduced by 73 in the presence of 10 

pM Y27632 and the reduced phosphorylation of CPI-17 was confirmed by 

autoradiography (Figure 18B). Y27632, therefore, is a potent inhibitor of PKC6. It was, 

therefore, important to use a PKC inhibitor as well as Y27632 in experiments with intact 

tissue to discriminate between effects on ROK and PKC& Table 2 describes the effects of 
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Table 2: A summary of Y27632-mediated effects. The inhibition constant (K1) or 

concentration needed to inhibit by 50 % (ICso) is shown to demonstrate the selectivity of 

Y27632 toward each enzyme. There is iiq apparent change in conductance of voltage-

gated Ca2 channels in the presence of Y27632. 

K(pM) ICso(j.tM) 

ROKct 

ROKI3 

Citron Kinase 

PKN 

PKCa 

PKCS 

PKA 

MLCK 

voltage-gated Ca2 channel 

0.22 

0.3 

5.3 

3.1 

73 

25 

>250 

No effect 

Ishizaki et al, 2000 

Ishizaki et al, 2000 

Ishizaki et al, 2000 

Ishizaki et al, 2000 

Ishizaki et al, 2000 

14 Etoetal, 2001 

IJehata et al, 1997 

Uehataetal, 1997 

Lagaud et al, 2002 
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Figure 17: The effect of Y27632 on cPKC. A: The incorporation of phosphate into 

CPI-17 at 30 °C by cPKC was not affected by Y27632 (10 1.tM). The specific activity of 

cPKC was 27.1 tmo1 Pm /min / mg PKC. Data are means ± S.E, n = 3. B: Autoradiograph 

of phosphorylated CPI- 17. Lane 1: CPI- 17 alone; Lane 2: CPI- 17 + PKC; Lane 3: CPI- 17 

+ PKC + Y27632. C: Corresponding Coomassie Brilliant Blue-stained gel. Lanes 4, 5 

and 6 correspond to lanes 1, 2 and 3, respectively. 
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Figure 18: The effect of Y27632 on PKCö. A: The rate of incorporation of phosphate 

into CPI-17 at 30 °C by PKCö was decreased by 73 % in the presence of 10 iiM Y27632. 

The specific activity of PKCö in the absence of Y27632 was 2.03 imo1 Pi/ mm / mg 

PKC. Data are means ± SE, n = 4. B: Autoradiograph of CPI-17 phosphorylated by 

PKC& Lane 1: CPI-17 alone; Lane 2: CPI-17 + PKC; Lane 3: CPI-17 + PKC + Y27632. 

C: Corresponding Coomassie Brilliant Blue-stained gel. Lanes 4, 5 and 6 correspond to 

lanes 1, 2 and 3, respectively. 
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Figure 19: The effect of the general PKC inhibitor GF1O92O3x on the U46619-

induced contraction. GF109203x does not appear to effect U46619 contraction in RTA 

even at high concentration. Arrow indicates the addition of 100 nM U46619. The figure 

represents two independent experiments. 
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Figure 20: The effect of the general PKC inhibitor GF109203x on PdBu-induced 

contraction. The PdBu-induced response was attenuated at 10 nM and blocked at 100 

nM GF109203x concentration. Increasing concentrations of GF109203x continued to 

prevent a PdBu-induced contraction. Arrow indicates addition of 1 1iM PdBu. This is 

representative of two independent experiments. 
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Figure 21: The effects of Y27632 and GF1O9203x on U46619-induced contraction of 

rat tail arterial smooth muscle. The U46619-mediated contraction (A) is abrogated in 

the presence of 10 j.tM Y27632 (B), whereas the PKC inhibitor GF109203x (100 nM) 

does not inhibit the contraction (C). Arrows indicate the addition of U46619 (100 nM). 

D: lack of effect of vehicle (0.01 % DMSO) on contraction. 
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Figure 22: Cumulative data describing the effects of GF1O92O3x and Y27632 on 

U46619-induced contraction. RTA was pre-incubated with inhibitor or vehicle for 10 

min prior to the addition of U46619 (100 nM). The data are means ± S.E., n = 7. 
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Y27632 on other kinases and the L-type Ca2 channel. In general, Y27632 is selective for 

ROK and does not appear to have a direct effect on Ca 2+ channels. The contraction 

induced by 100 nM U46619 was not inhibited by the PKC inhibitor GF109203x. Figure 

19 demonstrates that increasing concentrations of GF109203x, as high as 10 tM, did not 

block the U46619-induced contraction. On the other hand, the PdBu-induced contraction 

was blocked by much lower concentrations of GF109203x. Figure 20 shows that at 100 

nM GF109203x the 1 tM PdBu-induced contraction was blocked. Figure 21 shows the 

effects of Y27632 and GF109203x (a PKC inhibitor) on U46619-induced contraction of 

rat tail arterial smooth muscle. In each panel, control K-induced contractions are shown 

initially. Figure 21A shows a subsequent control U46619-induced contraction. U46619-

induced contraction was blocked by pre-treatment with Y27632 (Figure 2113) but not 

GF109203x (Figure 21C), indicating that ROK, but not PKC, is involved in the 

contractile response to activation of TP receptors. Cumulative data are shown in Figure 

22. The results described in this section indicate that U46619-induced contraction of 

RTA involves activation of ROK but not PKC isoenzymes. 

Does U46619-induced contraction involve phosphorylation of CPI- I 7?  

CPI-17 becomes a very potent inhibitor of MLCP when phosphorylated at Thr38 

by PKC, ROK or other kinases. CPI-17 phosphorylation was examined in rat tail arterial 

smooth muscle using phospho-specific antibodies that recognize only CPI-17 

phosphorylated at the inhibitory site, Thr38 (see Figure 5). As a positive control, tissues 

were treated with phorbol ester (PdBu) to activate PKC. As shown in Figure 23A, control 

K+-induced contractions were followed by treatment with PdBu, which elicited slower 

contractions that reached levels of force comparable to that elicited by membrane 
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Figure 23: Time-dependent contraction of RTA in response to PdBu. A: 

Representative traces depicting the force generated in response to PdBu (1 j.iivl) 

stimulation following an initial K'--induced contraction. B: Cumulative data showing the 

time-course of force generation in response to PdBu. 
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Figure 24: Time-dependent phosphorylation of CPI-17 in response to PdBu. 

Phospho-specific antibodies were used to analyse the phosphorylation state of CPI-17 at 

Thr38 in RTA in response to PdBu. A representative Western blot showing a time-

dependent increase in P-CPI-17 (CPI-17 phosphorylated at Thr38) is shown. Data are 

representative of 3 —4 independent experiments. 
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Figure 25: Time-dependent contraction of RTA in response to U46619. 

A: Representative traces depicting the force generated in response to U46619 (100 nM) 

treatment following an initial K'-induced contraction. B: Cumulative data showing the 

time course of U46619-generated force. Data are means ± S.E., n = 4. 
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Figure 26: CPI-17 is not phosphorylated in response to U46619. Phospho-specific 

antibodies were used to analyse the phosphorylation state of CPI-17 at Thr38 in RTA in 

response to U46619. A: A representative Western blot with anti-phospho-CPI-17 

showing a time-dependent increase in P-CPI- 17 (CPI-17 phosphorylated at Thr3 8) in 

response to PdBu, but no phosphorylation of CPI-17 in response to U46619. B: The same 

blot was reprobed with anti-calmodulin as a loading control. C: The PVDF membrane 

was stained with naphthol blue black. The arrow indicates the --30 kDa protein that was 

used as a control to account for variations in loading levels. 
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depolarization (Figure 23B). Tissues were quick-frozen 5, 7.5 and 10 min after addition 

of PdBu (Figure 23A) for analysis of CPI-17 phosphorylation by SDS-PAGE and 

Western blotting (Figure 24). No phosphorylated CPI-17 was detected prior to addition of 

PdBu and, as expected, CPI-17 was phosphorylated during contraction induced by the 

phorbol ester. These results are consistent with activation of PKC by PdBu, leading to 

CPI-17 phosphorylation and Ca2 sensitization of contraction. A similar approach was 

used to assess the phosphorylation of CPI- 17 in response to U46619. As shown in Figure 

25A, tissues were quick frozen 5, 7.5 and 10 min after U46619 treatment. CPI-17 

phosphorylation was examined by Western blotting as before (Figure 26). 

In this case, no CPI-17 phosphorylation was detected at rest or following U46619 

addition. Clearly, U46619 stimulation of RTA does not lead to phosphorylation of CPI-

17, indicating that there must be another substrate of ROK responsible for U46619-

induced contraction. 
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CHAPTER FOUR: DISCUSSION 

In this thesis, the signal transduction pathways involved in TxA2 mimetic-induced 

contraction of rat tail arterial smooth muscle have been investigated. Based on the limited 

information available from other vascular smooth muscles, I postulated that U46619, 

acting via TP receptors, would activate the RhoA!ROK pathway leading to 

phosphorylation of CPI-17, inhibition of MILCP, an increase in LC20 phosphorylation and 

contraction. In addition, the possibility that U46619 may also trigger activation of PKC, 

again leading to CPI-17 phosphorylation, was considered. Experiments designed to test 

these hypotheses yielded the following principal conclusions: 

1. The TxA2 mimetic, U46619, elicits a contractile response in de-endothelialized RTA 

via activation of TP receptors. The contractile effect of U46619 was prevented by the TP 

receptor antagonist SQ29548. 

2. U46619-induced contraction is due to the influx of extracellular Ca2 via voltage-gated 

(L-type) Ca2 channels. The contractile response to U46619 was lost if extracellular Ca2 

was removed without depleting the intracellular stores and was blocked by the L-type 

Ca2 channel blocker nifedipine, at concentrations that did not affect the contraction due 

to the release of Ca2 from the SR or the functioning of the contractile machinery. The 

U46619-induced entry of Ca2 is expected to activate calmodulin-dependent MLCK, 

resulting in an increase in LC20 phosphorylation and contraction. 

3. U46619-induced contraction involves activation of ROK. Contraction elicited by 

U46619 was completely blocked by the selective ROK inhibitor Y27632. 

4. U46619-induced contraction does not involve PKC. Contraction elicited by U46619 

was unaffected by the general PKC inhibitor, GF1O92O3x (bisindolylmaleimide I). This 
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result also rules out the possibility that the inhibition of contraction by Y27632 could 

have been due to inhibition of PKC, which was significantly inhibited by this 

compound. Furthermore, the possibility that activation of PKC could indeed evoke a 

contractile response was verified by the. .demonstration that the PKC activator, PdBu, 

elicited a slow, sustained contraction. 

5. U46619-induced contraction does not correlate with phosphorylation of the MLCP 

inhibitor, CPI-17. Western blotting with phospho-specific antibodies that specifically 

recognize CPI-17 at the ROK/PKC site, Thr38, indicates that CPI-17 is not 

phosphorylated at this critical inhibitory site at rest or following U46619 treatment. On 

the other hand, PdBu-induced contraction correlated with phosphorylation of CPI-17 at 

Thr38. 

6. Activation of ROK in response to U46619 stimulation of TP receptors involves 

phosphorylation of a substrate other than CPI-17. A likely candidate is MYPTI, 

phosphorylation leading to inhibition of MLCP and contraction. However, experiments 

carried out in our laboratory using phospho-specific antibodies found no change in 

phosphorylation of MYPT1 at either of the two potential regulatory sites, Thr695 and 

Thr85O (chicken M133 numbering) in response to U46619 treatment (Wilson, D.P., 

unpublished results). This suggests that there must be a ROK substrate distinct from CPI-

17 and MYPT1 that is responsible for U46619-induced contraction of RTA. 

Since U46619-induced contraction is inhibited by removal of extracellular Ca2 or 

treatment with nifedipine or Y27632, it can be explained by activation of Ca 2' entry 

through voltage-gated Ca 2+ channels (lead ing to activation of MLCK) rather than Ca 2+ 

sensitization (inhibition of MLCP). This conclusion is supported by the lack of 
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phosphorylation of the ROK substrates, CPI-17 and MYPTI, which are known to be 

involved in Ca 2+ sensitization. This raises the novel possibility that ROK may be acting 

directly or indirectly on L-type Ca2 channels. Based on current knowledge of the 

regulation of ion channel function by phosphorylation-dephosphorylation (Cole et al, 

1996), it is perhaps most likely that ROK phosphorylates a K channel, thereby 

decreasing its open probability. This would depolarize the membrane, opening the 

voltage-gated Ca2 channels and triggering contraction. Figure 24 summarizes the 

conclusions concerning the mechanism of U46619-induced contraction and includes the 

hypothesis concerning events connecting ROK activation to Ca2 entry. 

The TP receptor appears to be coupled exclusively to the G12113 family of G-

proteins in RTA since, if it was coupled to the Gqiii family of G-proteins, there would be 

an increase in IP3 and DAG production (Nakahata et al, 1989; Nakahata et a!, 1999), and 

the PKC inhibitor GFl09203x would inhibit the U46619-induced contraction as was 

found in porcine coronary artery rings (Martinez et a!, 2000; Nobe and Paul, 2001). G12113 

lies upstream of the guanine nucleotide exchange factor, p1 15 Rho-GEF (Kozasa et a!, 

1998). Rho-GEF causes GDI to dissociate from the small GTPase RhoA and GTP to 

replace GDP on RhoA. Upon activation, RhoA translocates to the membrane and ROK 

activity is increased. 

The mechanism whereby U46619 induces contraction appears to vary from one 

vascular bed to another. In rat aorta, U46619 induced Ca2 sensitization but the 

contraction also depended on the influx of Ca' (Tosun et a!, 1998). The voltage-gated 

Ca 2+ channel blocker verapamil inhibited U46619-induced contraction by 50 %. A 

combination of verapamil and the non-selective cation channel blocker Ni2 completely 
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blocked Ca" influx, but a small contraction was observed in response to U46619. 

Himpens et a! (1990) showed in rabbit pulmonary artery that U46619 was a potent Ca 2+ 

sensitizor, as the force:[Ca2+ji ratio was greater in response to U46619 than K or 

phenylephrine. 

Membrane potential changes regulate Ca2 influx through voltage-gated Ca2 

channels (Nelson and Quayle, 1995). Depolarization increases Ca 2+ entry by increasing 

the open probability of the channel and leads to contraction. Hyperpolarization decreases 

Ca 2+ entry by decreasing the open probability of Ca2 channels and causes relaxation. 

Major outward K conductances are delayed rectifier (KDR), ATP-sensitive (KATP) and 

Ca 2+-activated(K a) channels that are involved in maintaining membrane potential 

(Nelson and Quayle, 1995). Inhibition of K channels would result in depolarization, 

activating Ca 2+ entry. Regulation of K channel function by protein kinases and 

phosphatases is clearly of great physiological relevance. For example, PKA activates 

KDR, hyperpolarizing the cell and causing relaxation (Aiello et a!, 1998). PKC, on the 

other hand, decreases the open probability of the KDR channel causing the membrane to 

depolarize and allowing Ca2 to enter the cell. Angiotension II and histamine cause PKC 

to become active and inhibit the KDR channel, which is downstream of Gqii i, causing 

membrane depolarization. The mechanisms of activation and inhibition of the KDR 

channel are unclear; they may involve direct phosphorylation of the channel or 

phosphorylation of an intermediary protein (Aiello et a!, 1996; Clement-Chomienne eta!, 

1996). 
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Future Directions 

Several steps in the signal transduction pathway depicted in Figure 27 have not 

been directly demonstrated in this thesis work, but rather are inferred from the literature. 

Additional work will be required to determine whether or not they are involved. For 

example, it is reasonable to assume that U46619-mediated entry of extracellular Ca2 

activates calmodulin-dependent myosin light chain kinase, which phosphorylates myosin 

LC20 at Ser19. However, this could be verified by quantifying LC20 phosphorylation at 

rest and during force development in response to U46619 using urea-glycerol gel 

electrophoresis (Dabrowska et a!, 1978) and/or SDS-PAGE and Western blotting with 

phospho -specific antibodies to LC20 phosphorylated at Serl9 (Deng et a!, 2002). 

Furthermore, one would predict, on the basis of the pathway depicted in Figure 27, that 

U46619-induced contraction would be inhibited by calmodulin antagonists such as 

calmidazolium or W-7 (Schini and Vanhoutten. 1992) and MLCK inhibitors such as 

wortmannin and MIL-9 (Swärd et a!, 2000). Ca 2+ indicator dyes such as fura-2 could be 

used to verify an increase in [Ca 2+]in response to U46619 treatment on a time scale 

consistent with the contractile response (Himpens et al, 1990). 

The lack of effect of the PKC inhibitor GF109203x on U46619-induced 

contraction, and the absence of CPI-17 phosphorylation following U46619 treatment, 

suggest that U46619 does not activate the PLC3IPKC pathway, i.e. TP receptors are not 

coupled to Gqiii in this vascular smooth muscle. This conclusion is supported by the 

observation that PdBu, which activates PKC, does phosphorylate CPI-17 at the inhibitory 

site (Thr38) and elicits a contractile response. Other experimental approaches could also 

be used to verify this conclusion. For example, a PLCI3 inhibitor such as U73122 (Gohia 
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et al, 2000) would be predicted to have no effect on U46619-induced contraction. 

Furthermore, if U46619 is indeed not coupled to PLC3 activation, there should be no 

increase in IP3 levels; this could be tested by direct measurement of [IP3] in tissue treated 

for different periods of time with U46619 (omlyo et al, 1992). 

One of the most intriguing findings of this study is that, although ROK is 

activated in response to U46619 treatment, CPI-17 is not phosphorylated. The other well-

known ROK substrate, MYPT1, is also not phosphorylated in RTA stimulated with 

U46619 (Wilson, D.P., unpublished results). These two ROK substrates have been 

implicated in Ca2 sensitization of smooth muscle contraction through the ability of the 

phosphorylated proteins to inhibit MLCP (Feng et al, 1999; Kitazawa et al, 2003). The 

observation that U46619-induced contraction is blocked by nifedipine or removal of 

extracellular Ca 2+ suggests that the TxA2 mimetic acts via an increase in [Ca2+]i rather 

than Ca 2+ sensitization, consistent with the lack of phosphorylation of CPI-17 or MYPT1. 

This raises the possibility of the existence of a novel substrate of ROK, perhaps a 

channel, as discussed earlier. A major focus of future work will be to identify the ROK 

substrate that results in opening of voltage-gated Ca2 channels. The involvement of 

various K channels in U46619-induced contraction could be investigated by examining 

the effects of K channel blockers, e.g., 4-aminopyridine (blocker of voltage-gated K 

channels including KDR) (Stuhmer et a!, 1989), charybdotoxin (blocker of the large-

conductance Ca 2+-activatedK channel, BK a) (Kaczorowski et a!, 1996), apamin 

(blocker of the small-conductance Ca2 -activated K channel, SK,,) (Shah and Haylett. 

2000) and glibenclamide (blocker of the ATP-sensitive K channel, KATP) (Nelson and 

Brayden, 1993). If one or more of these K channel blockers mimics the effect of 
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U46619, this would implicate the corresponding K channel family in regulation of RTA 

smooth muscle contraction. 

A phospho-proteomics approach could be applied to identify substrates of ROK in 

RTA treated with U46619. For example,,de-endothelialized RTA could be equilibrated 

with [32p]_ labeledinorganic phosphate to radiolabel the endogenous ATP pool. Tissue 

proteins phosphorylated in response to U46619 treatment could be separated by 2D-gel 

electrophoresis and detected by autoradiography. Proteins whose phosphorylation level 

increases in response to U46619 treatment could then be identified by mass spectrometry 

following protease digestion and database searching of the peptide mass profile. If, as 

predicted, a specific K channel was identified as a ROK substrate whose 

phosphorylation time course correlated with the activation of Ca 2+ entry, this would pave 

the way for electrophysio logical studies in heterologous cell systems expressing the K 

channel and L-type Ca2 channel, and biochemical studies to identify the site(s) of 

phosphorylation. 
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Figure 27: Signal transduction via the TP receptor in RTA smooth muscle. The TxA2 

mimetic U46619, acting via TP receptors, triggers activation of ROK and Ca2 entry from 

the extracellular space. Evidence from studies with various smooth muscles indicates that 

G12113, Rho-GEF and RhoA lie between the receptor and ROK. I postulate that ROK 

phosphorylates and inhibits a sarcolemmal K channel, causing depolarization of the 

membrane, which opens L-type Ca2 channels allowing Ca2 entry. The resultant increase 

in [Ca21]1 activates calmodulin-dependent MLCK, myosin phosphorylation and 

contraction. 
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