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A role for the Ca2+-dependent tyrosine kinase Pyk2 in tonic
depolarization-induced vascular smooth muscle contraction
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Abstract Depolarization of the plasma membrane is a

key mechanism of activation of contraction of vascular

smooth muscle. This is commonly achieved in isolated, de-

endothelialized vascular smooth muscle strips by increas-

ing extracellular [K?] (replacing Na? by K?) and leads to a

rapid phasic contraction followed by a sustained tonic

contraction. The initial phasic contractile response is due to

opening of voltage-gated Ca2? channels and entry of

extracellular Ca2?, which binds to calmodulin, leading to

activation of myosin light chain kinase, phosphorylation of

the regulatory light chains of myosin II at Ser19 and cross-

bridge cycling. The subsequent tonic contractile response

involves, in addition to myosin light chain kinase activa-

tion, Ca2?-induced Ca2? sensitization whereby Ca2? entry

activates the RhoA/Rho-associated kinase pathway leading

to phosphorylation of MYPT1 (the myosin targeting sub-

unit of myosin light chain phosphatase) and inhibition of

the phosphatase. Investigations into the mechanism of

activation of RhoA by Ca2? have implicated a genistein-

sensitive tyrosine kinase, and recent evidence indicates this

to be the Ca2?-dependent tyrosine kinase, Pyk2.
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Depolarization-induced contraction of vascular
smooth muscle

Depolarization of the plasma membrane evoked by neu-

rotransmitter release is an important mechanism to elicit

vascular smooth muscle contraction and thereby regulate

blood flow to downstream tissues and organs. A typical

contractile response to membrane depolarization is illus-

trated in Fig. 1. In this case, depolarization of de-en-

dothelialized helical strips of the rat caudal artery was

achieved by replacing extracellular NaCl by equimolar

KCl, a common method to change the K? equilibrium

potential and clamp membrane potential above the resting

level (Bolton 1979). In order to focus on events specific to

the vascular smooth muscle cells, the problem of K?-in-

duced activation of neurotransmitter release is avoided

either by subjecting the preparation to several K?-induced

contraction-relaxation cycles prior to evoking the test

contraction, or by inclusion in the bathing solution of

antagonists, most importantly a- and b-adrenoceptor
antagonists (Mita and Walsh 1997; Ratz et al. 2005). K?-

induced depolarization of the vascular smooth muscle

sarcolemma opens predominantly voltage-gated L-type

Ca2? channels to allow Ca2? to enter the cytosol down its

electrochemical gradient, thereby increasing cytosolic free

Ca2? concentration ([Ca2?]i) from *130 to *700 nM

(Williams and Fay 1986; Williams et al. 1987). Ca2? binds

to a specific pool of calmodulin (CaM) that is constitutively

bound to the contractile machinery, inducing a conforma-

tional change in the Ca2?-binding protein, which interacts

with the CaM-binding domain of smooth muscle myosin

light chain kinase (MLCK) (Wilson et al. 2002). This

interaction induces a conformational change in MLCK

with removal of an autoinhibitory domain from the active

site, thereby providing access to the substrate, the 20-kDa
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regulatory light chains (LC20) of myosin II. LC20 phos-

phorylation is facilitated by the proximity of kinase and

substrate: MLCK, an elongated molecule, is anchored via

three N-terminal actin-binding sites (with the sequence

DFRxxL), and the active site, which is located near the C-

terminus, interacts with and phosphorylates Ser19 of LC20,

located in the neck region of the myosin motor (Stull et al.

1998; Mabuchi et al. 2010; Hong et al. 2011; Sutherland and

Walsh 2012). LC20 phosphorylation abolishes asymmetric

intramolecular interactions between the two myosin heads,

thereby relieving inhibition of the MgATPase activity and

enabling myosin cross-bridge interaction with actin and

relative sliding of actin and myosin filaments driven by the

energy derived from the hydrolysis of ATP (Wu et al. 1999;

Wendt et al. 2001; Baumann et al. 2012; Taylor et al. 2014).

At the level of the muscle strip, this is reflected by an

increase in isometric force (as seen in Fig. 1) or shortening

of the muscle under isotonic conditions.

Ca21-induced Ca21 sensitization in the tonic phase
of depolarization-induced contraction

Examination of the prolonged time course of the contractile

response to membrane depolarization indicates that, fol-

lowing the initial phasic contraction, force declines to a

steady-state level that is sustained until removal of the

depolarizing stimulus, whereupon force returns to resting

levels (Fig. 1). Ca2? entry and MLCK activity are required

for both phasic and tonic components of depolarization-

induced contraction since both phases are inhibited by

removal of extracellular Ca2? or pre-treatment with the

L-type Ca2? channel blocker, nicardipine, or the MLCK

inhibitor, ML-9 (Mita et al. 2002). The time course of LC20

phosphorylation corresponds closely to that of force (Mita

et al. 2002). The observation that protein kinase inhibitors,

such as H-7 and HA-1077 (known at the time as protein

kinase C (PKC) inhibitors), relaxed K?-induced contrac-

tions of vascular smooth muscle suggested the involvement

of protein kinases other than MLCK in the depolarization-

induced contractile response (Ratz 1990; Takizawa et al.

1993). Following the discovery of Rho-associated coiled-

coil kinase (ROCK) (Leung et al. 1995; Uehata et al.

1997), it was recognized that these relaxant effects were

due to inhibition of ROCK rather than PKC (Feng et al.

1999a; Uehata et al. 1997). Furthermore, studies with

canine coronary arterial smooth muscle had previously

indicated that membrane depolarization by K? induced

Ca2? sensitization of contraction (Yanagisawa and Okada

1994). We demonstrated that pre-treatment of rat caudal

arterial smooth muscle strips with inhibitors of ROCK,

specifically Y-27632 and HA-1077, eliminated the tonic,

but not the phasic contractile response to K? (Mita et al.

2002) (Fig. 2a). This was confirmed in several subsequent

studies with different vascular smooth muscle preparations

(Sakamoto et al. 2003; Sakurada et al. 2003; Urban et al.

2003; Ratz et al. 2005; Seok et al. 2008). The loss of tonic

contraction in the presence of ROCK inhibitors was

explained by loss of the sustained increase in LC20 phos-

phorylation (Fig. 2b) with no effect on [Ca2?]i (Mita et al.

2002).

It was already known from studies with contractile

agonists that act via 7-transmembrane domain-containing

G protein-coupled receptors (GPCRs), such as a1-adren-
ergic, thromboxane A2, serotonin, histamine and endothe-

lin-1 receptors, that tonic contractile responses to such

Fig. 1 Membrane depolarization-induced contraction of de-endothe-

lialized rat caudal arterial smooth muscle. Caudal arteries were

removed from male Sprague–Dawley rats (300–350 g) that had been

anesthetized with halothane and euthanized according to protocols

consistent with the standards of the Canadian Council on Animal Care

and approved by the University of Calgary Animal Care and Use

Committee. The arteries were cleaned of excess adventitia and

adipose tissue in Ca2?-free HEPES-Tyrode’s solution (140.6 mM

NaCl, 2.7 mM KCl, 1 mM MgCl2, 5.6 mM glucose, 10 mM HEPES,

pH 7.4). Segments were placed over a 0.31-mm needle and moved

back and forth 40 times to remove the endothelium, cut into helical

strips (1.5 9 6 mm), mounted on a Grass isometric force transducer

(model FT03C) connected to a PowerLab (ADInstruments) 8-channel

recording device with a resting tension of 0.45 g, and incubated for

20 min in HEPES-Tyrode’s solution (137 mM NaCl, 2.7 mM KCl,

1 mM MgCl2, 1.8 mM CaCl2, 5.6 mM glucose, 10 mM HEPES, pH

7.4) in a bath volume of 0.8 ml. The tissue was stimulated several

times (for 1.5 min each) with HEPES-Tyrode’s solution containing

87 mM KCl (the last of these is indicated by the first bar labeled

‘‘K?’’; the increase in KCl concentration was balanced by a decrease

in NaCl concentration). The tissue relaxed upon return to HEPES-

Tyrode’s solution and was then stimulated for 30 min with K? prior

to relaxation again in HEPES-Tyrode’s solution. The authors are

grateful for the technical assistance of Ms Cindy Sutherland
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stimuli involve activation of the small GTPase, RhoA

(Sakurada et al. 2001; Somlyo and Somlyo 2000).

Replacement of RhoA-bound GDP by GTP results in

activation of ROCK leading to inhibition of myosin light

chain phosphatase (MLCP) via phosphorylation of the

myosin targeting subunit of the phosphatase (MYPT1) at

Thr697 and Thr855 (rat numbering) (Ichikawa et al. 1996;

Feng et al. 1999b; Velasco et al. 2002; Murányi et al. 2005)

or the PKC-potentiated inhibitory protein for protein

phosphatase-1 of 17 kDa (CPI-17) at Thr38 (Koyama et al.

2000; Kitazawa et al. 2003). It should be noted, however,

that expressed MLCP reconstituted in mammalian cells

was inhibited by thiophosphorylation at Thr697 but not at

Thr855 (Khasnis et al. 2014). Furthermore, using two

mouse lines with Thr697 or Thr855 substituted with Ala,

phosphorylation at Thr697 but not at Thr855 was found to

mediate force maintenance via inhibition of MLCP activity

and enhancement of LC20 phosphorylation in bladder

smooth muscle in vivo (Chen et al. 2015). In addition, most

contractile stimuli acting via GPCRs induce an increase in

MYPT1 phosphorylation at Thr855 but not at Thr697 (e.g.

Borysova et al. 2011; Kitazawa and Kitazawa 2012). The

complete pathway of Ca2? sensitization of contraction

induced by such agonists is depicted in Fig. 3.

It is also clear from the data in Fig. 2a that the rate of

relaxation after the peak of the contractile response to K?

is greater in the presence of a ROCK inhibitor than in the

control (absence of inhibitor), consistent with ROCK

inhibition preventing MYPT1 phosphorylation, thereby

resulting in increased MLCP activity.

Depolarization-induced activation of the RhoA/
ROCK pathway

These findings prompted us to investigate the molecular

mechanisms underlying force maintenance during the tonic

phase of K?-induced contraction. RhoA activation involves

its translocation from the cytosol, where it exists in an

inactive GDP-bound form in association with a guanine

nucleotide dissociation inhibitor (RhoGDI), to the plasma

membrane as free GTP-bound RhoA where it inserts into

bFig. 2 The effect of Rho-associated kinase inhibition on K?-induced

contraction and LC20 phosphorylation in rat caudal arterial smooth

muscle. After stable K?-induced contractions were achieved, muscle

strips were incubated in HEPES-Tyrode’s solution at resting tension

in the absence (filled circle) or presence (open circle) of Y-27632

(3 lM) for 20 min prior to K? (60 mM) depolarization at time zero.

a Force development is expressed as a percentage of the maximal

force of the phasic contraction developed in response to K? in the

absence of ROCK inhibitor. Values indicate the mean ± SEM

(n = 4). b Tissues treated as in a and harvested at the indicated

times following K? depolarization were immersed in 10 %

trichloroacetic acid/10 mM dithiothreitol (DTT) in dry ice/acetone

for 10 min. Frozen muscle strips were then washed with 10 mM DTT

in acetone at 24 �C. The tissues were freeze-dried overnight and

stored at -80 �C until LC20 extraction was carried out. Proteins were

extracted from tissue strips in 30 ll of extraction buffer (6 M

deionized urea, 20.1 mM Tris, 22.2 mM glycine, 10 mM DTT,

10 mM EGTA, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,

0.6 M KI and 0.15 mM bromophenol blue) by constant rotation in a

microcentrifuge tube for 90 min at 24 �C. After filtration and

centrifugation, phosphorylated and unphosphorylated forms of LC20

were separated by urea/glycerol gel electrophoresis and transblotted

to 0.2-lm nitrocellulose membrane in 10 mM sodium cyclohexy-

laminopropanesulfonic acid, pH 11, in a Mini Transblot Cell at 27 V

and 5 �C for 16 h. LC20 was detected using a polyclonal antibody

raised in rabbits against purified chicken gizzard LC20 (Mita and

Walsh 1997; Weber et al. 1999), which recognizes phosphorylated

and unphosphorylated LC20, with enhanced chemiluminescence

detection. LC20 bands were quantified by densitometric scanning

using a Pharmacia Image Master Desktop Scanning System. LC20

phosphorylation levels were calculated by dividing the chemilumi-

nescence signal (absorbance 9 area of the band) of the phosphory-

lated LC20 peak by the total chemiluminescence signal of the

phosphorylated and unphosphorylated LC20 peaks. The inset in

b shows, with an expanded time-scale, the profiles of LC20

phosphorylation during the first 2 min following depolarization.

Values indicate the mean ± SEM (n = 5 for the results in the

absence of Y-27632 and n = 6 for the results in the presence of

Y-27632). Statistically significant differences from control (no

Y-27632) are indicated by asterisks: *p\ 0.01, **p\ 0.02,

***p\ 0.05. This research was originally published in the Biochem-

ical Journal. Mita et al. (2002) � the Biochemical Journal
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the membrane via its geranylgeranyl moiety (Gong et al.

1997; Somlyo and Somlyo 2000). Previous studies

demonstrated that RhoA translocation is induced by K?

stimulation of rabbit renal artery, rabbit aorta and rat aorta

(Sakurada et al. 2003; Urban et al. 2003; Seok et al. 2008)

and the K?-induced activation of RhoA is inhibited by a

CaM antagonist, suggesting the involvement of Ca2? and

CaM in RhoA activation (Sakurada et al. 2003). We

demonstrated that K? stimulation triggered the transloca-

tion of RhoA from the cytosolic to the particulate fraction

and phosphorylation of MYPT1 at Thr697 and Thr855 on a

time-scale that corresponded to the tonic rather than the

phasic component of the contractile response (Mita et al.

2013). Pre-treatment with the ROCK inhibitor, Y-27632,

prevented the K?-induced phosphorylation of MYPT1 at

both Thr697 and Thr855, consistent with depolarization-

induced RhoA translocation and activation leading to

ROCK activation, phosphorylation of MYPT1 at the two

ROCK sites, inhibition of MLCP activity, sustained LC20

phosphorylation and tonic contraction.

Involvement of a genistein-sensitive tyrosine kinase
in the tonic contractile response to depolarization

But how is RhoA activated in response to membrane

depolarization? It has long been known that tyrosine

phosphorylation plays a role in smooth muscle contraction

(Di Salvo et al. 1994; Hollenberg 1994; Laniyonu et al.

1994; Sasaki et al. 1998; Adegunloye et al. 2003). For

Fig. 3 Agonist-induced Ca2? sensitization of vascular smooth mus-

cle contraction. A variety of contractile agonists act via 7-transmem-

brane domain-containing G protein-coupled receptors that are coupled

to the G12/13 family of heterotrimeric G proteins. Ligand occupancy of

these receptors activates G12/13, which in turn activates a RhoA

guanine nucleotide exchange factor (RhoGEF). The activated

RhoGEF converts inactive cytosolic RhoA, which is bound to a

guanine nucleotide dissociation inhibitor (RhoGDI) and contains

bound GDP, to active, membrane-bound RhoA-GTP. Dissociation of

RhoA from RhoGDI exposes a geranylgeranyl moiety, which anchors

activated RhoA to the plasma membrane. The principal target of

RhoA-GTP is Rho-associated coiled-coil kinase (ROCK). Activated

ROCK inhibits myosin light chain phosphatase (MLCP) activity by

phosphorylating the myosin targeting subunit of the phosphatase

(MYPT1) at Thr697 and Thr855 (rat numbering) and/or CPI-17

(protein kinase C-potentiated inhibitory protein for protein phos-

phatase-1 of 17 kDa) at Thr38. MLCP inhibition shifts the

MLCK:MLCP activity ratio in favor of the kinase, resulting in an

increase in LC20 phosphorylation at Ser19 and force
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example, tyrosine kinase inhibitors were shown to attenu-

ate agonist-induced contraction and LC20 phosphorylation

in intact smooth muscle (Di Salvo et al. 1993a) and to

inhibit agonist-induced augmentation of Ca2?-induced

contraction in permeabilized smooth muscle (Steusloff

et al. 1995). Furthermore, receptor-mediated tyrosine

kinase activation has been implicated in Ca2? sensitization

via activation of the RhoA/ROCK pathway in diverse

smooth muscle tissues (Steusloff et al. 1995; Sakurada

et al. 2001; Nakao et al. 2002; Seok et al. 2008). We

considered the possibility, therefore, that a tyrosine kinase,

acting upstream of RhoA, may be activated by depolar-

ization. Pre-treatment of de-endothelialized rat caudal

arterial smooth muscle strips with the non-selective tyr-

osine kinase inhibitor, genistein, but not the inactive ana-

log, genistin, or the Src family tyrosine kinase inhibitor,

PP2, abolished the tonic component of K?-induced con-

traction, while having a partial inhibitory effect on the

phasic contractile response to depolarization (Mita et al.

2013). Addition of genistein once steady-state K?-induced

force had been attained resulted in concentration-depen-

dent relaxation (Mita et al. 2013). Furthermore, the K?-

induced translocation of RhoA, phosphorylation of MYPT1

at Thr697 and Thr855, and sustained elevation of LC20

phosphorylation were also abolished by genistein at a

concentration (10 lM) that had no effect on the K?-in-

duced increase in [Ca2?]i (Mita et al. 2013).

The general tyrosine phosphatase inhibitor, sodium

orthovanadate, induced a slow, sustained contraction of

smooth muscle (Shimada et al. 1986; Di Salvo et al. 1993b;

Masui and Wakabayashi 2000; Mori and Tsushima 2004),

supporting a role for tyrosine kinase activity in tonic con-

traction, and this response was reversed by genistein

treatment of rat caudal arterial smooth muscle that had

been pre-contracted with vanadate in a concentration-de-

pendent manner (Mita et al. 2013). The ROCK inhibitor,

Y-27632, also reversed the vanadate-induced contraction.

LC20 phosphorylation accompanied vanadate-induced

contraction and was also sensitive to genistein and

Y-27632 (Mita et al. 2013). These observations are con-

sistent with ROCK being located downstream of the tyr-

osine kinase.

Identification of the tyrosine kinase as Pyk2

We considered the possibility, therefore, that sustained

contraction induced by membrane depolarization may be

mediated by Ca2?-dependent activation of a genistein-

sensitive tyrosine kinase. A survey of the literature

revealed the non-receptor proline-rich tyrosine kinase,

Pyk2, also known as focal adhesion kinase 2 (FAK2), cell

adhesion kinase b (CAKb), related adhesion focal tyrosine

kinase (RAFTK) and calcium-dependent protein tyrosine

kinase (CADTK) (Lipinski and Loftus 2010), as the best

candidate since it is regulated by Ca2? (Yu et al. 1996;

Avraham et al. 2000). It was also known to be expressed in

vascular smooth muscle (Sabri et al. 1998). A useful tool to

study Pyk2 function is sodium salicylate; well known as a

cyclooxygenase inhibitor, salicylate is rather less potent,

but quite selective, as an inhibitor of Pyk2 (Wang and

Brecher 2001). Sodium salicylate was shown to induce

vasodilation via inhibition of the RhoA/ROCK/MYPT1

pathway and decreased blood pressure in spontaneously

hypertensive but not normotensive (Wistar Kyoto) rats

(Ying et al. 2009a), i.e. salicylate has similar effects to

ROCK inhibitors (Uehata et al. 1997). Furthermore, basal

and angiotensin II-induced Pyk2 phosphorylation (activa-

tion) were greater in vascular smooth muscle cells from

spontaneously hypertensive rats compared to Wistar Kyoto

rats (Rocic et al. 2002). We demonstrated that salicylate

reversed K?-induced rat caudal arterial smooth muscle

contraction in a concentration-dependent manner, and pre-

treatment of the tissue with salicylate eliminated the tonic

component of depolarization-induced contraction without

affecting the phasic contractile response (Fig. 4a) (Mills

et al. 2015). Likewise, salicylate abolished the sustained

elevation of LC20 phosphorylation without affecting the

phasic K?-induced LC20 phosphorylation (Fig. 4b, c)

(Mills et al. 2015). As observed for ROCK inhibition

(Fig. 2a), salicylate increased the rate of relaxation fol-

lowing the peak of K?-induced force (Fig. 4a), consistent

with enhanced MLCP activity.

Although the mechanism of activation of Pyk2 is not

known in detail, the FERM domain has been suggested to

mediate Ca2?/CaM-dependent Pyk2 homodimerization

(via binding of CaM to the a2-helix of the F2 subdomain)

and transphosphorylation at Tyr402 to recruit Src, which

binds via its SH2 domain and phosphorylates Pyk2 at

Tyr579 and Tyr580 within the activation loop of the kinase

domain to generate maximal Pyk2 activity (Kohno et al.

2008). Thus Pyk2 activation can be assessed in tissue by

analysis of its autophosphorylation at Tyr402. Using

phosphospecific antibodies to Pyk2-pTyr402, we observed

that Pyk2 is activated in response to membrane depolar-

ization with a time course that corresponds to the sustained

contractile response (Mills et al. 2015).

The catalytic domain of Pyk2 is *60 % identical in

sequence to that of FAK (Sasaki et al. 1995); however,

FAK activity is not Ca2? dependent (Han et al. 2009).

Nevertheless, it was important to determine if FAK plays a

role in the depolarization-induced sustained contraction. A

variety of FAK/Pyk2 inhibitors are available and can be

used to distinguish between these two tyrosine kinases due

to their relative potencies towards the two enzymes. We

found a close correlation between the ability of these
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inhibitors to inhibit K?-induced sustained contraction and

autophosphorylation (activation) of Pyk2 (Fig. 5a), but not

FAK (Fig. 5b) (Mills et al. 2015). On this basis, we con-

cluded that, although both Pyk2 and FAK are activated in

response to membrane depolarization, it is Pyk2 and not

FAK that is responsible for activation of the RhoA/ROCK

pathway and the sustained contractile response to K?.

Western blotting with anti-phosphotyrosine revealed

several phosphotyrosine-containing proteins in rat caudal

arterial smooth muscle strips maintained at resting ten-

sion, the most prominent being a protein of *135 kDa,

which co-migrated with Pyk2 (identified by western

blotting with several different antibodies) (Mills et al.

2015). Tyrosine phosphorylation of this protein was

markedly enhanced by membrane depolarization and

prevented by pre-treatment with the Pyk2/FAK inhibitor,

PF-431396. FAK, on the other hand, was readily sepa-

rated from Pyk2 by SDS-PAGE and was a minor tyr-

osine-phosphorylated protein at rest or following

membrane depolarization. Vanadate also induced Pyk2

autophosphorylation at Tyr402 with a slow time course

comparable to that of force development, and both

vanadate-induced Pyk2 autophosphorylation and contrac-

tion were blocked by pre-treatment with PF-431396

(Mills et al. 2015). All these data support the conclusion

that Pyk2 is the tyrosine kinase that mediates Ca2?-in-

duced Ca2? sensitization of vascular smooth muscle

contraction.

Pyk2 is downstream of Ca21 and upstream
of RhoA

The Ca2? ionophore, ionomycin, induces slow, sustained

contraction of rat caudal arterial smooth muscle due to the

influx of Ca2?. Ionomycin-induced contraction was atten-

uated by pre-treatment with genistein or Y-27632 (Mita

et al. 2013), consistent with Ca2? lying upstream of Pyk2

and ROCK activation. Ionomycin-induced contraction was

accompanied by an increase in Pyk2 autophosphorylation

at Tyr402, which was blocked by pre-treatment with PF-

431396, consistent with Pyk2 being the key Ca2?-activated

tyrosine kinase (Mills et al. 2015). In support of this con-

clusion, voltage-gated Ca2? channel blockade with

bFig. 4 The effect of sodium salicylate on K?-induced contraction

and LC20 phosphorylation in rat caudal arterial smooth muscle. The

time courses of K?-induced contraction (a) and LC20 phosphorylation

(b, c) following pre-incubation for 30 min with vehicle (filled circle)

or sodium salicylate (10 mM) (open circle). a Force is expressed as a

percentage of the maximal force of the phasic contraction induced by

K? in the absence of salicylate. Values indicate the mean ± SEM

(n = 8). b and c Tissues were quick-frozen at the indicated times

following membrane depolarization for analysis of LC20 phosphory-

lation by Phos-tag SDS-PAGE, which separates phosphorylated and

unphosphorylated forms of LC20 (Takeya et al. 2008). Phosphoryla-

tion stoichiometry was determined by densitometric scanning of the

unphosphorylated and phosphorylated bands detected with anti-LC20.

Values represent the mean ± SEM (n = 4–5). *p\ 0.05 and

**p\ 0.01, significantly different from the level of LC20 phospho-

rylation in the absence of salicylate. c An expanded version of the first
2 min of the time courses depicted in (b). This research was originally
published in the Journal of Biological Chemistry. Mills et al. (2015)

� the American Society for Biochemistry and Molecular Biology
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nifedipine inhibited both contraction and Pyk2 autophos-

phorylation. On the other hand, depolarization-induced

Pyk2 activation was unaffected by pre-treatment with the

MLCK inhibitor, ML-9, which, as expected, inhibited both

peak and sustained contraction (Mills et al. 2015). Finally,

K?-induced translocation of RhoA and phosphorylation of

MYPT1 at Thr697 and Thr855 were prevented by pre-

treatment with sodium salicylate, consistent with Pyk2

being located upstream of RhoA activation.

We conclude, therefore, that the tonic component of

depolarization-induced contraction of vascular smooth

muscle involves a Ca2?-induced Ca2? sensitization

mechanism whereby Ca2? entry via voltage-gated Ca2?

channels activates Pyk2, leading to translocation of RhoA

to the plasma membrane, activation of ROCK and inhibi-

tion of MLCP (Fig. 6). Inhibition of the phosphatase

enables force maintenance at a level of activation of

MLCK that is lower than during the phasic contractile

response.

Challenges for the future

What is the mechanism of activation of Pyk2 by Ca2??

Evidence is required to determine whether Pyk2 is directly

activated by Ca2? or whether an intermediate, such as CaM

(as has been suggested), is involved. A role for CaM is

supported by the observation that the CaM antagonist,

W-7, but not the inactive analog, W-5, suppressed K?-

induced RhoA activation (Sakurada et al. 2003). If the

Ca2?/CaM complex indeed activates Pyk2, this could be

through direct interaction with the tyrosine kinase or may

involve another CaM target protein, e.g. Ca2?/CaM-de-

pendent kinase II (CaM kinase II), as an intermediary. In

support of the latter possibility, the CaM kinase II inhibitor,

KN-93, but not the inactive analog, KN-92, inhibited RhoA

activation (Sakurada et al. 2003). However, while W-7

inhibited ionomycin-induced RhoA activation, KN-93 had

no effect (Sakurada et al. 2003).

How does activated Pyk2 induce RhoA activation and

translocation to the plasma membrane? Transfection

experiments with primary cultured rat aortic vascular

smooth muscle cells have suggested that the guanine

nucleotide exchange activity of PDZ-RhoGEF (PDZ

domain-containing Rho guanine nucleotide exchange fac-

tor) may be activated by tyrosine phosphorylation catal-

ysed by Pyk2 (Ying et al. 2009b). This needs to be

investigated in freshly isolated vascular smooth muscle

tissue. Phosphoinositide 3-kinase class II a-isoform (PI3K-

C2a) has been shown to be necessary for Ca2?-induced

RhoA/ROCK-dependent inhibition of MLCP, LC20 phos-

phorylation and contraction of vascular smooth muscle

tissue (rabbit thoracic aorta) and isolated rat aortic vascular

smooth muscle cells (Wang et al. 2006; Yoshioka et al.

2007). PI3K is not activated directly by Ca2? (Arcaro et al.

2000), but PI3K-C2a has been shown to be activated by

Fig. 5 The relationship between inhibition of Pyk2 or FAK

autophosphorylation and sustained K?-induced contraction for var-

ious FAK/Pyk2 inhibitors. Rat caudal arterial smooth muscle strips

were pre-incubated for 30 min with PF-431396 (#1), PF-573228 (#2),

PF-562271 (#3), NVP-TAE226 (#4) or sc-203950 (#5) (2 or 10 lM)

or vehicle (#6) and then stimulated with K? in the continued presence

of inhibitor. Force was recorded continuously and values at 10 min

after K? addition were calculated relative to K?-induced contractions

in the absence of inhibitor. Values for untreated tissue are also

included (#7). Tissues were quick-frozen 10 min after the addition of

K? for analysis of Pyk2 autophosphorylation by western blotting with

anti-Pyk2-pTyr402 and FAK autophosphorylation with anti-FAK-

pTyr397. Actin was used as the loading control and anti-Pyk2 and

anti-FAK were used to verify the total levels of the two kinases. The

relationship between Pyk2 (a) and FAK (b) autophosphorylation and

the magnitude of the tonic K?-induced contractile response are

shown. Values represent the mean ± SEM (n = 4 (a) and n = 3 (b)).
A close correlation (r2 = 0.87) was found between the ability of these

inhibitors to inhibit Pyk2 autophosphorylation and K?-induced

contraction. This was not true for FAK (r2 = 0.44). This research

was originally published in the Journal of Biological Chemistry. Mills

et al. (2015) � the American Society for Biochemistry and Molecular

Biology
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tyrosine phosphorylation (Turner et al. 1998; Paulhe et al.

2002), raising the possibility that Pyk2 may lie upstream of

PI3K-C2a, which generates phosphatidylinositol 3,4,5-

trisphosphate, an activator of RhoA (Lu and Chen 1997;

Missy et al. 1998). Ca2?-independent phospholipase A2

(iPLA2) has also been implicated in K?-induced Ca2?

sensitization of contraction of rabbit femoral and renal

arterial rings (Ratz et al. 2009). However, pre-treatment of

rat caudal arterial smooth muscle strips with the iPLA2

inhibitor bromoenol lactone (10 lM) had no effect on K?-

induced contraction (Mita M, unpublished results), leading

us to conclude that iPLA2 is not involved in depolarization-

induced contraction in this tissue.

Is Pyk2 activation also coupled to dynamic remodeling

of the actin cytoskeleton? Agonist stimulation of rat small

mesenteric arteries induced Pyk2 phosphorylation at

Tyr402 (and Tyr881), and, with a similar time course,

paxillin phosphorylation at Tyr31 and Tyr118 (Ohanian

et al. 2005). These events were accompanied by association

of Pyk2 and paxillin with the Triton-insoluble fraction.

Paxillin phosphorylation has been linked to actin poly-

merization in airway smooth muscle (Gunst and Zhang

2008), and actin polymerization in the sub-sarcolemmal

domain is required for vascular smooth muscle contraction

(reviewed by Walsh and Cole 2013). This mechanism has

not been explored in the context of depolarization-induced

vascular smooth muscle contraction.

Why does membrane depolarization induce less Ca2?

sensitization than agonists acting via GPCRs (Ratz et al.

2005)? Several possibilities can be considered, including:

(i) GPCR activation, coupled to Gq/11 and G12/13 hetero-

trimeric G proteins, leads to the activation of PKC and

ROCK, phosphorylation of CPI-17 and MYPT1, and

inhibition of MLCP. We found that the PKC inhibitors,

calphostin C and chelerythrine, had no effect on K?-in-

duced contraction of rat caudal arterial smooth muscle

(Mita et al. 2013) and that membrane depolarization did

not induce CPI-17 phosphorylation (Mita M and Walsh

MP, unpublished observation). GPCR activation, therefore,

may elicit a higher degree of Ca2? sensitization than

membrane depolarization through enhanced inhibition of

MLCP activity. (ii) Actin polymerization has been identi-

fied as another important mechanism involved in Ca2?

sensitization of vascular smooth muscle contraction, as

Fig. 6 Proposed mechanism of Ca2?-induced Ca2? sensitization of

vascular smooth muscle contraction. Depolarization of the vascular

smooth muscle cell plasma membrane induces Ca2? entry via

voltage-gated Ca2? channels. The immediate response is activation

of CaM-dependent MLCK, phosphorylation of LC20 and cross-bridge

cycling, which accounts for the rapid, phasic contractile response. On

a slower time-scale, Ca2? activates the tyrosine kinase, Pyk2, which

leads to the activation of RhoA and ROCK, and inhibition of MLCP

activity. LC20 phosphorylation and force are thereby maintained at a

lower level of activation of MLCK than is observed during the phasic

contraction. CPI-17 is not included here as a ROCK substrate since

KCl has been shown not to induce phosphorylation of CPI-17 at

Thr38 (Kitazawa et al. 2000; Koyama et al. 2000; Kitazawa et al.

2003)
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mentioned above, and both ROCK and PKC have been

implicated in agonist- and pressure-induced polymerization

of cortical actin, leading to increased force development

due to enhancement of the physical connections between

the contractile machinery of the smooth muscle cell and the

extracellular matrix (reviewed in Walsh and Cole 2013). It

remains to be determined whether or not membrane

depolarization induces actin polymerization in vascular

smooth muscle, but if it does not, this could explain the

greater Ca2? sensitization induced by GPCR activation.

Finally, is Pyk2 a suitable therapeutic target for the

treatment of cardiovascular diseases, such as hypertension,

that are associated with hypercontractility? As indicated

earlier, up-regulation of the RhoA/ROCK pathway has

been implicated in the etiology of hypertension (Uehata

et al. 1997; Kanda et al. 2006) and sodium salicylate lowers

blood pressure in hypertensive rats at concentrations that

inhibit Pyk2 (Ying et al. 2009a).
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