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DAVID ARTHUR WOODRUM 
· T~e Role of the Small Heat Shock-Related Protein, HSP20, in Cyclic Nucleotide
Dependent Vasorelaxation. 
(Under the direction of Howard Rasmussen and Colleen M. Brophy) 

Vascular smooth muscle tone is controlled by a balance between the contractile and 

relaxation cellular signaling pathways. The signaling events leading to contraction include 

Ca2
+ -dependent myosin light chain phosphorylation. The active relaxation of smooth muscle 

occurs through activation of cyclic nucleotide-dependent signaling pathways. In this study, 

the effect of activation of cyclic nucleotide signaling pathways in two muscles, bovine 

carotid and human umbilical artery smooth muscle, on serotonin-induced contraction was 

compared and correlated with phosphorylation events. 

Stimulation with-3-isobutyl-1-methylxanthine (IBMX), a phosphodiesterase inhibitor, 

and forskolin, an adenylate cyclase activator, inhib~ted serotonin-induced contraction in 

bovine carotid artery smooth muscle but not in human umbilical artery sm~oth muscle. In 

carotid artery smooth muscle,. inhibition of contraction was associated with increases in the 

phosphorylation of HSP20. ln umbilical artery smooth muscle, the lack of inhibition of 

contraction was associated with a slow increase in the phosphorylation of HSP20. The 

delayed.increase in the phosphorylation ofHSP20 was,-associated with a delayed decrease 

in ~orce in the umbilical artery smooth muscle. In both carotid and umbilical artery smooth 

muscle contracted with serotonin and relaxed with IBMX/forskolin, the rate of relaxation 

corresponded to the rate of phosphorylation ofHSP20. The site on HSP20 molecule that is 

phosphorylated during cyclic nucleotide-dependent relaxation (serine16
) was identified. 

Synthetic peptide analogs, with various modifications of the serine16 site, were introduced 

into transiently permeabilized muscles. Phosphorylated HSP20 peptides inhibited contractile 



responses, while non-phosphorylatable HSP20 peptides augmented contractile responses. 

Additionally, HSP20 may be regulated by interactions with another small heat shock protein, 

HSP27. More specifically, the phosphorylated · HSP27 was found to inhibit the 

phosphorylation of HSP20 by PKA _in vitro.· Finally, stimulation with IBMX/forskolin did 

not inhibit serotonin-induced myosin light chain phosphorylation or oxygen consumption in 

bovine carotid artery smooth muscle. Taken together these data suggest that activation of 

cyclic nucleotide-dependent signaling pathways mediate vascular smooth muscle relaxation 

via increases in the phosphorylation of HSP20. Our results indicate that the mechanisms of 

cyclic nucieotide-dependent relaxation are independent of the Ca2+ -dependent 

phosphorylation of myosin light chains and activation of the actomyosin ATPase, i.e. 

crossbridge cycling. 
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INTRODUCTION 

Vascular smooth muscle is responsible for regulating blood flow and pressure in a 

large variety of arteries and veins. Precise control of smooth muscle diameter and tension 

are critical for the proper functioning of vascular smooth m1:1scle. A number of 

extracellular pathways generate either neural, humeral, ionic, or mechanical signals that 

induce sustained contractions, whereas other signaling pathways induce relaxation of 

vascular smooth muscle. The balance between contraction and relaxation events 

determines the intrinsic tone of vascular smooth muscle. Although most current 

investigations have focused on the signaling events that underlie smooth muscle 

contraction, these events are not yet fully defined. Even less is known of the mechanisms 

involved in the regulation ofrelaxation. The major feature ofrelaxation is that increases 

in either cyclic adenosine monophosphate ( cAMP) or cyclic guanosine monophosphate 

( cGMP) can lead to vascular smooth muscle relaxation, but the effector proteins are not 

well defined. We have recently determined that increases in the phosphorylation of a 

small heat shock-related protein, HSP20 are associated with cyclic nucleotide-dependent 

relaxation. The aims of the present investigation were to examine in more detail the role 

of HSP20 phosphorylation in mediating cyclic nucleotide-dependent relaxation and to 

begin to define the mechanisms by which HSP20 modulates vasorelaxation. 
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Vascular smooth muscles are tonic smooth muscles, and thus are.able to maintain 

. tension for long periods of time in the continued presence of a contractile agonist. The 

initiation of contraction is associated with increases in intracellular calcium 

concentrations which activate myosin light chain kinase leading to increases in the 

phosphorylation of myosin light chains (Figure 1) (36, 45, 80). The phosphorylated 

myosin light chains promote the interaction between actin and myosin, activate the · 

myosin ATPase, induce actin-myosin crossbridge cycling, and thereby generate force 

(Figure 1) (36, 44, 45). However, ·during the sustained phase of the contraction the 

intracellular calcium concentrations and the extent of myosin light chain phosphorylation 

decrease to near basal values even though muscle tension is i;n.aintained (for review (3)) .. 

Activation of smooth muscle contraction not only leads to phosphorylation of a 

number of proteins, but also to the consumption of oxygen as a result of the hydrolysis of 
, , 

ATP. Additionally, due to the relatively slow time-course of smooth muscle contraction 

and the limited phosphocreatine and glycogen stores in these muscles, there is a close 

association between energy utilization and oxygen consumption during smooth muscle 

contraction (37).· Under conditions in which oxygen and glucose are not limited, oxygen 

consumption directly correlates with the rate of actin-myosin cross bridge cycling (70). 

In addition, oxygen consumption is related to increases in the phosphorylation of myosin 

light chains and activ~tion of myosin ATPase (81, 96). Similar to myosin light chain 

phosphorylation, oxygen consumption exhibits a bi-phasic response during a sustained 

contraction. Initiation of contraction produces ~ rapid increase in oxygen consumption, 



Figure 1. Schema of some of the hypothesized contraction and relaxation mechanisms 

in arlerial smooth muscle. 

The electromechanical mechanism for contraction is depolarization induced 

directly by increases in extracellular [le+] or indirectly by contractile agonists binding to 

their receptors. The depolarization increases ca2+ influx through L-type ca2+ channels. 

Increased intracellular [Ca2+J binds to calmodulin (CaM) and activates myosin light 

chain kinase (MLCK). Myosin light chain kinase then phosphorylates the myosin light 

chains (20 kDa) (Mp) inducing contraction. Increases in [Ca2+]; also inhibit myosin light 

chain kinase activity by activating ca2+ -calmodulin protein kinase II (Ca-CAMP KIi), 

which phosphorylates myosin light chain kinase decreasing the ca2+ sensitivity of this 

kinase. 

The electromechanical mechanism for relaxation is hyperpolarization. NO 

.directly activates soluble guanylyl cyclase (G cyclase) and increases cyclic GMP 

(cGMP). Other relaxing agonists bind receptors activating either guanylyl cyclase or 

adenylyl cyclase (A cyclase) through the mediation of Gas. Forskolin, a plant derivative, 

can directly activate adenylyl cyclase, and 3-isobutyl-1-methylxanthine can inhibit 

phosphodiesterase leading to increased cyclic AMP (cAMP) and cyc~ic GMP (cGMP). 

Increases in cAMP or cGMP activate either A kinase or G kinase respectively, but cross

activation be-tween cAMP and cGMP have been reported in the literature. The 

hyperpolarization mediates relaxation by decreasing ca2+ influx through 'L-type ca2+ 

channels, and thereby decre~ses [Ca2+Jv myosin; light chain phosphorylation, and 
-

contraction. The mechanisms for hyperpolarization include: (1) phosphorylation of 

sarcoplasmic reticulum ca2+ pumps (SERCA) sequestering ca2+ in the SR, (2) 

phosphorylation of the 1,4,5-IP3 receptor decreasing 1,~,5-IP3 formation, and (3) 

phosphorylation of MLCK decreasing its ca2+ sensitivity (3). 
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during the sustained phase of contraction, oxygen consumption decreases, but remains 

above baseline values. 
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At least two alternative mechanisms have been proposed to explain the 

maintenance of tension in smooth muscle. The first mechanism, referred to as the "latch 

state," occurs when myosin light chains are dephosphorylated. The dephosphorylation of 

myosin light chains is thought to be associated with slowed crossbridge cycling between 

actin and myosin, decreased rates of ATPase activity, and maintained force (35, 36). This 

model assumes that initiation and maintenance of smooth muscle contraction are both 

modulated by specific protein kinases and phosphatases acting through changes in the 

phosphorylation state of smooth muscle myosin light chaip.s, and their interactions with 

actin (Figure 1) (35, 45). 

Although the latch state hypothesis seeks to explain smooth muscle physiology 

solely through the phosphorylation of myosin light chains, a second proposed mechanism 

for the maintenance of force involves a number of other regulatory proteins including 

. -

caldesmon, desmin, paxillin, filamin, a-actinin, and another small heat shock prot~in, 

HSP27. Ultrastructural analyses of smooth muscle has defined two distinct fibrillar 

domains, the caldesmon-tropomyosin-actin-myosin domain and the filamin-actin-desmin 

domain (Figure 2). The caldesmon-tropomyosin-actin-myosin domain is arranged 

obliquely to the long axis of the smooth muscle cell and consists of continuous 

longitudinal arrays of a-actin and myosin filaments with their associated proteins. These 

domains are anchored to the dense bodies and dense plaques through a-act.inin (Figure 2). 



Figure 2: Intracellular Domains of Vascular Smooth Muscle. 

Schematic cross-section of smooth muscle cytoske~eton (Adapted from' {North, 

Gimona, et al. 1994 ID: 59)). The elements are labeled as follows: myosin, a-actin, P

actin, cytoskeleton, intermediate filaments, dense bodies, and adherens junctions. The 

.filamin-f3-actin-desmin domain is oriented longitudinally to the long axis of the smooth 

muscle cell with dense bodies, intermediate filaments, and f3-actin labeled on the figure. 

The caldesmon-tropomyosin-a-actin-myosin domain is shown at the top of the 

illustration oriented obliquely to the longitudinal axis of the smooth muscle cell with 

myosin and a-actin labeled 

,I 

I 
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The filamin-actin-desmin domain contains filamin, P-actin, and desmin with other 

associated actin binding proteins and intermediate filaments. The filamin-actin-desmin 

domain consists of continuous longitudinal arrays of filaments anchored to dense plaques 

containing filamin, desmin, and paxillin, and to dense bodies through a-actinin (Figure 2) 

(66). 

Regulation of the specific proteins in the various domains can occur through 

phosphorylation. Phosphorylation of proteins often leads to confirmational changes 

which can alter the protein-protein interactions. The interaction between proteins in 

specific domains may be important for the dynamic structural reorganization of the 

cytoarchitecture that occurs with contraction and relaxation of vascular smooth muscle. 

Caldesmon is a thin filament actin binding protein that is thought to regulate 

contraction through an interaction with actin. At low calcium-calmodulin 

concentractions, caldesmon binds actin in a conformation that inhibits actomyosin 

ATPase. The phosphorylation of caldesmon leads to the release of caldesmon from actin 

thereby activating smooth muscle myosin ATPase. In the sustained phase of contraction, 

caldesmon has been implicated in slowing the detachment rate of attached crossbridges 

contributing to the maintenance of force. With this in mind, it ·~as been proposed that 

caldesmon may modulate the latch state of the contractile apparatus not as a on-off switch 

but as a rheostatic molecule (for review see (61)). However, muscle relaxation is more 

rapid than the dephosphorylation of caldesmon (1 ), suggesting that changes in the state of 



phosphorylation of caldesmon and myosin light chains alone do not explain all of the 

features of smooth muscle contraction and relaxation. 
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Park and Rasmussen (1986) first demonstrated that increases in the 

phosphorylation of desmin are associated with carbachol-induced contraction of bovine 

tracheal smooth muscle. Desmin can be phosphorylated in vitro by cAMP-dependent 

protein kinase (PKA) leading to the disassembly of intermediate filaments ( 40}. Desmin 

knockout mice have multisystem disorders involving cardiac, skeletal, and smooth 

muscle. The abnormalities in skeletal and cardiac muscle include loss of lateral 

alignment of myofibrils·, perturbation of myofibril anchorage to the sarcolemma, 

abnormal mitochondrial number and organization, loss of nuclear shape and positioning,. 

loose cell adhesion, and increased intercellular space. · In smooth muscle, the absence of 

desmin causes hypoplasia and degeneration (18). However, the physiologic responses of 

the smooth muscle in desmin knockout mice have not been described. 

Paxillin is located at membrane-associated dense plaques of smooth muscle cells, 

and can be phosphorylated at both serine/threonine and tyrosine residu,es (29, 71 ). 

Increases in the tyrosine phosphorylation of paxillin have been associated with the 

contraction of canine tracheal smooth muscle. Paxillin phosphorylation also declines 

after removal of contractile agonists or stimulation with forskolin. However, cyclic 

nucleotide-dependent relaxation is again more rapid than the dephosphorylation of 

, paxillin. In cultured cells, tyrosine phosphorylation of paxillin is linked to the appearance 

of actin stress fibers and assembly of focal adhesion plaques ( 4, 78, 79). This correlation 

supports jhe hypothesis that the coupling of actin filaments to the membrane-associated 



dense plaques enables the force generated by the con't!actile apparatus to be transmitted 

across the plasma membrane through interactions with integrins (33, 34, 71). 

Filamin and a.-actinin are actin binding proteins that have been implicated in 

smooth muscle physiology. Filamin and a.-actinin are part of the actin crosslinking 

family that includes spectrin and dystrophin. However, filamin and a.-actinin form 

different complexes with actin. Filamin binds ~-actin (non-muscle actin) and co

distributes with ~-actin throughout the cell, while a.-actinin binds a.-actin at the dense 

bodies and dense plaques, anchoring the actomyosin contractile apparatus to the 

intracellular cytoskeleton. Phosphorylation of filamin by Ca2
+ /calmodulin-dependent 

protein kinase II (CaM kinase II) reduces the cross-linking ofactin with filamin (68), 

while the binding ofphosphotidylinositol 4,5-bisphosphate· (PiP2) to a.-actinin enhances 

8 

a.-actinin's actin binding activity (27). In smooth muscle, a.-actin filaments are oriented 

obliquely to the longitudinal ~-actin and desmin filaments. Thus, fi~amin acts to stabilize 

the ~-actin which passes through the dense bodies connecting them longitudinally, while 

a.-actinin connects the contractile apparatus obliquely to the dense bodies and 

longitudinal filaments ( 66). 

Both the caldesmon-tropomyosin-actin-myosin domain and the filamin-actin

desmin domain intersect at the dense bodies and dense plaques (focal adhesions) where a 

number cytoskeletal regulatory proteins, talin, paxiilin, and focal adhesion kinase, are 

located (77). In fibroblasts or mesangial cells, 'elevation of cAMP-dependent protein 



kinase activity by selective agonists or by microinjection of the kinase induces loss of 

stress fibers and focal adhesions (32, 53, 88). Additionally, increases in cGMP

dependent protein kinase activity mediate focal adhesion disassembly (64). Thus, 

, activation of cyclic nucleotide-dependent signaling pathways may lead to relaxation _ 

through the disassociation of focal adhesion complexes. 

The small heat shock protein (HSP27) has also been implicated in modulating 

vascular.smooth muscle contraction. The addition of anti-HSP27 antibodies to 

permeabilized rectosigmoid smooth muscle inhibits bombesin-induced contraction (12). 

HSP27 can be phosphorylated by-a kinase cascade involving·p38 stress-activated protein 

kinase and mitogen-activated protein kinase activated protein kinase II (MAPKAP II) 

(75). Increases in the phosphorylation ofHSP27 have been associated with agonist 

9 

induced smooth muscle contraction (5, 31). However, while specific inhibitors of the p38 

stress-activated protein kinase pathway, SB203580, have been shown to inhibit HSP27 

phosphorylation in smooth muscle (55), the physiologic effects of SB203580 on vascular 

smooth muscle have not been examined (24). · 

B. Vascular Smooth Muscle Relaxation 

Vascular smooth muscle relaxation occurs in one of two ways: passive relaxation 

induced by removal of the contractile agent; or active relaxation induced by the activation 

of cyclic nucleotide-dependent_ signaling pathways in the continued presence of the 

contractile agent. Cyclic AMP-dependent protein kinase (PK.A) arid cGMP-dependent 

protein kinase (PKG) are serine/threonine protein kinases which affectcellular processes 

by phosphory lating specific substrate proteins. 
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There are two types of protein kinase A (PKA) (types I and II) that have the same 

catalytic subunits but different regulatory subunits. PKA can be activated in tissues by 

stimulation with forskolin (FSK), a direct adenylate cyclase activator, and/or 3-isobutyl-

1-methylxanthine (IBMX), a phosphodiesterase inhibitor. The relative amount of PKA 

type I and type II can vary among tissues in adult animals and among different species 

(21, 39, 82), although the relative amounts of total regulatory subunits and catalytic 

subunits is usually 1:1 (39). Differences in the rati~ between R1 and Ru are dependent on 

the physiological conditions and hormonal status of the tissue (for review, see (59)). 

Thus, it appears that levels of R, and R11 can be modulated by hormone levels leading to 

altered intracellular signaling events. However, ~t is not known how alterations of R1 

and/or R11 levels may affect the behavior of vascular smooth muscle. 

An important effector for transducing cGMP signals into biologic responses is 

cGMP-dependent protein kinase (PKG) (10, 58). PKG is a dimer of 80 kDa subunits 

with 2 cGMP binding sites per subunit (92). Binding of cGMP leads to a conformational 

change in the enzyme which results in activation. Two isofonns of PKG have been 

identified type I and_II and shown to have differences in the regulatory domain of the 

molecule (87). Lincoln and his colleagues have suggested that PKG activation leads to 

vasorelaxation through a decrease in [Ca2+L. Several investigations have demonstrated 

that cGMP-dependent protein kinase and cAMP-dependent protein kinase have 

overlapping substrate specificities (42, 49) wh_ich suggests that cAMP and cGMP-

dependent protein kinase modulate vascular smooth muscle relaxation through a common 

mechanism. 
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Possible cyclic nucleotide-dependent protein kinase substrates· in smooth muscle 

include the inositol 1,4,5-triphosphate (IP3) receptor, plasma membrane calcium pump, 

phospholamban, myosin light chain kinase, and telokin (19, 98). The phosphorylation of 

the IP3 receptor may lead_to inhibitfon ofIP3-induced calcium release (48, 50). The 

phosphorylation of the plasma membrane calcium pump leads to an increased affinity of 

the_ pump for calcium (Figure 1) (28, 72). The phosphorylation of phospholamban 

decreases its interaction with the calcium-ATPase in the endoplasmic reticulum thereby 

activating the ATPase of the endoplasmic reticulum which leads in turn to a decrease in 

. . . ' 

intracellular calcium {Figure 1) (22, 73). Cyclic nucleotide-dependent phosphorylation of 

myosin light chain kinase reduces its affinity for calcium ions resulting in decreased 

phosphorylation of myosin light chains (20). The phosphorylation o.ftelokin activates 

· myosin light chain phosphatase, and thereby decreases myosin light chain 

phosphorylation in visceral phasic smooth muscle, but telokin is not present in vascular 

smooth muscle (98). All of these putative cyclic nucleotide-dependent protein kinase 

substrates appear to mediate smooth muscle relaxation through decreasing either 

intracellular calcium concentrations and/or myosin light chain phosphorylation. 

On the other hand, a number of studies have shown that cyclic nucleotide

dependent activation uncouples force from myosin light chain phosphorylation (2, 25, 30, 

62, 85). The dephosphorylation ofmyosin light chains is slower than the decreases in 

active tension in forskolin treated muscle (2, 25, 30, 62, 85). Pretreatment with 

isoproterenol, forskolin, or 8 Br-cAMP (all activators of PK.A) does not inhibit carbachol-
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induced increases in intracellular calcium concentration in bovine trach~al smooth 

muscle, yet these agents cause relaxation of the smooth muscle (26, 84). Phorbol ester 

induces smooth muscle contraction under conditions in which the intracellular calcium 

concentration is low. However, these muscles relax completely when the cyclic 

nucleotide-dependent signaling pathways are activated (17, 41, 76). Finally, cyclic 

nucleotide analogues induce vasorelaxation in permeabilized smooth muscles in which 

the calcium concentration is high and fixed (65). Taken together, these data indicate that 

increases in intracellular cyclic nucleotide concentrations can lead to relaxation of tonic 

smooth muscle by mechanisms independent of changes in intracellular calcium 

concentrations or in the state of myosin light chain phosphorylation. 

Small Heat Shock Proteins 

A major phosphorylation event during cyclic nucleotide-dependent relaxation of 

bovine carotid, bovine tracheal, and human peroneal artery is an i~crease in the 

phosphorylation of the small heat shock-related protein 20 kD (HSP20) (7, 10, 47, 69). 

HSP20 can be phosphorylated by PKA and PKG in vitro. Additionally, endothelial

dependent relaxation is associated with increases in the phosphorylation of HSP20 (43). 

HSP20 has been sequenced ( 4 7) and the cyclic nucleotide-dependent phosphorylation site 

determined (serine16
) (Figure 3) (6, 47). In a type of smooth muscle uniquely refractory to 

cyclic nuleotide-dependent relaxation, human umbilical artery smooth muscle, the 

phosphorylation ofHSP20 does not occur (10). These data suggest that HSP20 may be a 

.. downstream signaling molecule that modulates cyclic nucleotide-dependent relaxation. 



Figure 3: HSP20 Amino Add Sequence. 

The amino acid sequence of HSP20 is identified ( 47), and the possible PKA 

phosphorylation site for isoform 3 is highlighted with a box (6). 



·MEIRVPVQPsWLRRASAPLPGFSTPGRLFDQRFGE 
I I _ 

-MEIRVPVQPS\\l!_~~§APLPGLSAPGRLFDQRFGE 

GLLEAELASLCPAAIAPYYLRAPSVALPTAQVPTDPG 
GLLEAELAALCPTTLAPYYLRAPSVALPTAQVPTDPG 

YFSVLLDVKHFSPEEISVKVVGDHVEVHARHEE 
HFSVLLDVKHFSPEEIA VKVVGEHVEVHARHEE 

RPDEHGFIAREFHRRYRLPPGVDPAAVTSALSPEGV 
RPDEHGFVAREFHRRYRLPPGVDPAAVTSALSPEGV 

LSIQATP ASAQASLPSPP AAK: rat HSP 20 
LSIQAAPASAQA--PPPAAAK: human HSP20 

~ 

w 
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Bovine carotid artery smooth muscle undergoes complete relaxation after 

activation of cyclic nucleotide-dependent signaling pathways, while human umbilical 

artery smooth muscle is refractory to cyclic nucleotide-dep~ndent vasorelaxation. 

However, both forms of smooth muscle undergo passive relaxation. These mu~cles 

represent tissues from different vascular beds and different species, the markedly different 

physiological responses to cyclic nucleotide-dependent activation can be exploited as 

useful model systems to determine the role of HSP20 in active relaxation of vascular 

smooth muscle. 

Heat shock proteins represent a family of phylogenetically well-conserved 

·proteins. The expression of these proteins can be induced by cellular stress, however 

many heat shock proteins are expressed constitutively and thus appear to play a role in 

normal cellular behavior. The precise functions of the small heat shock proteins are not 

known, many heat shock proteins act as "molecular chaperones," assisting in the 

assembly, disassembly, stabilization, and internal transport of intracellular proteins. 

There is increasing evidence for a role of heat shock proteins in vascular diseases such as 

hypertension. Stress-induced hypertension in rats leads to increased expression ofHSP70 

'and HSP27, specifically, in vascular and adrenal tissues (90). The cellular response to 

surgical stress also involves induction of heat shock proteins, again localized to vascular 

and adrenal tissues (89). This localization of the stress response to vascular tissue and the 

association of stress with alterations in vasomotor tone also implicates stress proten;is in 

modulating contracti~e responses. 
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The small heat shock proteins comprise a family of low molecul~r weight proteins 
I 

that share considerable sequence homology ( approximately 50% ), particularly at their C 

terminals. HSP27, aA-crystallin, aB-crystallin, myotonic dystrophy kinase binding 

protein, and HSP20 are all members of the smaJl heat shock protein family. Both HSP20 

and HSP27 are highly expressed in muscle (47, 60) and have been implicated in 

modulating cytoskeletal dynamics (16, 56). The nonphosphorylated isoform ofHSP27 

has a high binding affinity for actin (9). HSP27 also demonstrates actin capping-activity 

and enhancement of mitogen-stimulated actin polymerization (56, 63). Overexpression 

of HSP27 prevents micro filament disruption by cytochalasin D (8, 57). HSP20 has also 

been shown to be an actin associated protein and the association of HSP20 with actin 

depends on the phosphorylation state ofHSP20 (16). The small heat shock proteins also 

localize to specific contractile elements in muscles: aB-crystallin to the z band of 

myofibrils; HSP27 to the I band of the sarcomere in cardiac muscle (8); and HSP27 to 

distinct cross bands after bombesin stimulation of intestinal smooth muscle (99). Finally, 

the small HSP's co-exist in macromolecular aggregates and thus their functions may be 

interdependent (14). This high level of expression ofHSP27 and HSP20 in muscle and 

the association with the cytoskeleton suggests that these proteins are well suited to 

modulate the cytoskeletal reorganization required for contraction and relaxation of 

smooth muscles. 



C. Hypotheses 

I. It is hypothesized that the small heat shock proteins are downstream signaling 

molecules involved in smooth muscle contraction and/or relaxation. To explore this 

hypothesis five questions were addressed: 

1. Does activation of cyclic nucleotide-dependent signaling· pathways 

inhibit agonist-induced contractions of bovine carotid and/or 

human umbilical artery smooth muscle? 

2. Does cyclic nucleotide-dependent inhibition of contraction correlate 

with the phosphorylation state of HSP20? 

3. Does the rate of relaxation correspond to the rate of HSP20 

phosphorylation? 

4. Does cellular stress le,ad to an increase in the phosphorylation of_ 

HSP27, and does this ·event alter physiologic contraction and/or 

relaxation responses? 
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5. Do putative phosphorylated and non-phosphorylated synthetic peptide 

analogs ofHSP20 mediate relaxation and/or inhibit relaxation in 

reversibly permeabilized vascular smooth muscle? 

II. Secondly, it is hypothesized that cyclic nucleotide-dependent relaxation is 

independent of the calcium-dependent myosin light chain kinase signaling pathway. 

Many reports have described that cyclic nucleotide-dependent relaxation ;can occur in 

settings in which myosin light chain phosphorylation remains elevated. To explore this 

hypothesis the following questions were addressed: 



1. What effect does activation of cyclic nucleotide-dependent signaling 

pathways have on myosin light chain phosphorylation? 
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2. Does the activation of cyclic nucleotide-dependent signaling pathways 

during the exp_osure of the muscle to a contractile agent have an 

effect on the changes in oxygen consumption induced by the 

contractile agent? 



MATERIALS AND METHODS 

Materials 

Serotonin (5-HT), N-2-hydroxyethylpeperazine-N'-2 ethanesulfonic acid 

-(HEPES), ethylene glycol-bis(b-amino ethyl ether) N, N, N', N'-tetraacetic acid (EGTA), 

(3-[(3-cholamidopropyl) dimethylamino ]-1-propanesulfonate (CHAPS),• 1-(5:. 

chloronaphthalene-1-sulfonyl)-lH-hexahydro-1,4-diazepine (ML-9), an~ all other 

analytical grade chemicals were purchased from Sigma Chemical Corp. (St. Louis, 

Missouri). BAPTA-AM, forskolin and 3-isobutyl-1-methylxanthine (IBMX) were 

purchased from Calbiochem (La Jolla, California). Rabbit polyclonal ~ti-MLC20 

antibodies were gracious gifts from Dr. James Stull (University of Texas~ Galveston, TX). 
I 

· Rabbit polyclonal anti-HSP20 antibodies were gracious gifts from Dr. ~anefusa Kato 

(Aichi Human Service Center, Aichi, Japan). Electrophoresis reagents atld the DC 

protein assay kit were purchased from.Biorad (Hercules, CA). The [32P]-qrthophosphate 

and 1251-labeled protein A were purchased from ICN Biomedical Labs (Costa Mesa, Ca). 

Isometric force measurements 

Bovine carotid arteries were dissected from fetal calves at a local abattoir 

(Shapiro's, Augusta, GA) and placed directly in HEPES buffer (140 mM NaCl, 4.7 mM 

KCl, 1.0 mM MgSO4, 1.0 mM NaH2PO4, 1.5 mM CaC12, 10 mM glucose~ and 10 mM 
i 

Hepes, pH 7.4) at 4°C. The carotid vessels were dissected free from the a~ventitia and 
! 

were opened longitudinally. The endothelium was removed by rubbing the intima with a 
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cotton tipped applicator is this a published and accepted. Transverse strip~, 1.0 mm in 
'I 

width, were cut and each ~nd tied to a loop of 3-0 silk. The human umbilical arteries 

were obtained from normal full term deliveries from the Department of Labor and 

Delivery with approval of the Human Assurance Board fyom the Medical College of 

Georgia and placed directly into HEPES buffer at 4°C. The umbilical arteries were 

dissected free from the whartonjelly and cut transversely into rings 1.0 mm in width. 

The endothelium was denuded by inserting a small needle and thread into the lumen of 

the tissue ring. The rings were suspe11:ded using two loops of 3-0 silk. The tissue was 

bathed in a muscle bath containing a bicarbonate buffer (120 mM NaCl, 4.7 mM KCl, 

1.0 ~ MgSO4, 1.0 mM NaH2PO4, 10 mM glucose, 1.5 mM CaC12, and 25 mM .. 

Na2HCO3, pH 7.4), equilibrated with 95% 0 2 / 5% CO2, at 37°C. All tissues were 

allowed to equilibrate for 4 hours prior ·to experimental manipulation. 
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Changes in isometric force were registere4 ~y force transducers ( Grass Instrument 

Corp., Quincy, MA) and recorded on a chart recorder (Gould Instrument Corp, Norcross, 

GA). Tissue rings were progressively stretched and the isometric force generated in 

response to 110 mM KCl (with equimolar repla:-cement of NaCl in bicarbqnate buffer) 
• I 

monitored until the optimal tension was produced (Lmax>• Agonists and inhibitors were 

added directly to the muscle bath. For Ca2+-free conditions, Ca~+ was omitted and the 

extracellular Ca2+ chelator EGTA (4 mM) and intracellular Ca2+ chelator BAPTA-AM 

(0.1 mM), were added to the buffer (94). After each experiment tissues ~ere blotted and 
i 
; 

their wet weight measured. Force was converted to stress (105 N/m2
), calculated as force 

(gms) X 0.0987/area, where area= wet weight (mg)/ length (mm at LmruJ/ 1.055. 

Inhibition of Contraction Experimental Protocol 
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The experimental protocol involved the following conditions: bu{fer alone (no 

! 
stimulation), 1 µM serotonin for 10 - 60 minutes, and 1 mM IBMX/10 µM FSK for 10 

I 

I 

minutes followed by 1 µM serotonin stimulation for 10 - 60 minutes. The second 

experimental protocol involved the stimulation with serotonin for 30 minutes followed by 

addition of IBMX/forskolin for 60 minutes. 

Whole cell phosphorylation 
I 

Strips ofbovine carotid artery smooth muscle and rings ofhuman 1umbilical artery 

smooth muscle were equilibrated in bicarbonate buffer bubbled with 95% 0 2 5% CO2 for 

1 hour at 37 °C. The tissues were then rinsed and incubated in low-phospp.ate,buffer (10 

mM HEPES pH 7.4, 140 mM NaCl, 4.7 mM KCl, 1.0 mM MgC12,. 1.5 mly1 CaC12, 10 

mM glucose, and 0.3 mM NaH2P04) for 30 minutes. The tissues were then equilibrated 

in low-phosphate buffer containing 250 uCi/ml [32P]-orthophosphate for 4 hours. 

After stimulation with the appropriate agonist the muscles were sn~p frozen in 

_ liquid N2 and crushed with a mortar and pestal. The powder was resuspended in 90% 

acetone, 10% trichloroacetic acid, 10 mM dithiothreitol (DTT) and subsequently washed 

3 times with 100% acetone, 10 mM DTT. The pellet was resuspended in~ M urea, 2% 

chaps, and 100 mM DTT. 

Two-dimensional gel electrophoresis 

Two dimensional gel electrophoresis (67) was performed using vefical slab 

isoelectric focusing gels with modifications (38). The conditions were opt~mized to 
I 

emphasize_ the low molecular weight phosphoproteins (in the range of MLt20) by using 
I 
I, 

ampholine gradient of pH 4.5-7.5 and 12% SDS second dimensional gel. is% glycerol, 
. I 

and 5% ampholines (5 parts 6-8, 3 parts 5-7, 2 parts 3-10) were added to 150 µg of 
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protein in a final volume of 100 µL with 9 M urea, 2% CHAPS, and 100 lmM DTT. The 

first dimensions were focused for 10,000 volt-hours, and then the gels w~re fixed in 12% 

trichloroacetic acid and stained with Coomassie brilliant blue G250. Each lane was cut 

and loaded onto a 12% SDS-PAGE second dimension (52). The gels were stained with 
I 

Coomassie brilliant blue G250, dried, and imaged using a Phosphoimage~ (Molecular 
; 

Dynamics, Sunnyvale, CA). To acquire consistent and reliable quantitati9n of 

phosphorylated HSP20, the muscle strips were incubated, quick frozen, atld resolubilized 

in a standard fashion. Particular care was taken to assure that each gel electrophoresis 

I 
separation procedure was done by the same methodology and time frame.: 

I 

Phosphorylated HSP20 was determined using a Phosphorlmager (Molecular Dynamics, 

CA) which has a wide dynamic range of detection for radioactivity. Wheri developing 

the radioactive gels, the gels were placed on the Phosphorlmager plates for same length 

of time (64.hours). The amount of phosphorylation was dete1:lllined from ~he volume of. 

radioactivity in each spot and reported as relative densitometric units. Moiecular 
' ,' 

I 

Dynamics Imagequant software was used to analyze the amount of radioac~ivity in the 

radioactive image developed on Phosphorlmager plates. An area of the ra4ioactive gel 
. ! 

image, which was devoid of radioactive signal'artd Commassie staining, was assigned to 

. i 
be the background value. Then each radioactive spot was analyzed for the ;amount of 

i 

radioactivity above background. To assure that the quantitation was accur~te, the area 

quantitated for each spot was equal. Equal protein loading was assured by_ f ensitometric 

analysis of the Coomassie staining of actin. Coomassie staining was not se1nsitive enough 
I 

to stain all the isoforms of HSP20 which eliminated the possibility of normhlizing to the 
! 

· amount of HSP20 protein. 
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Cellular Stress Experimental protocols 

The strips were equilibrated in bicarbonate buffer for 2 hours· and progressively 

stretched and isometric force generated in response to 110 mM KCl (with equimolar 

replacement of NaCl in bicarbonate buffer) until optimal tension was produced (LmruJ 

The muscles were then treated with the following- experimental protocols: 1) equilibration 

in buffer alone (~ontrol); 2) sodium arsenite (0.5 mM), a chemical stressor, for 30 

minutes followed by equilibration in buffer for 2 hours (arsenite); 3) equilibrated in 

buffer at 41 °C for 30 minutes and then equilibrated at 37 °C for 4 hours (heat shock) 4) 

SB203580 (100 µM), an inhibitor ofp38 MAPK, for 15 minutes and then sodium 

arsenite (0.5 mM) was added for 30 minutes, ,the strips were washed 3 times in buffer and 

SB203580 (100 µM) was added and the strips equilibrated for 2 hours (SB/arsenite); 5) 

SB203580 (100 µM) was added for 2 hours and 30 minutes (SB). The strips were then 

treated with serotonin (1 µM) for 10 minutes followed by forskolin (1 µM) for 10 

minutes and then forskolin (10 µM) for 10 minutes. Agonists and inhibitors were added 

directly to the muscle bath and the concentrations indicated represent the final 

concentration of the agonist or inhibitors in the bath. 

In vitro .phosphorylation of HSP20 and HSP27 

HSP27 is ~own to be phosphorylated by MAPKAP kinase II (55). Recombinant 

HSP27 (16 µg) was added to a reaction mixture ·containing 0.25 U MAPKAP kinase II, in 

20 mM MOPS, pH _7 .2, h25 mM ~~glycerol phosphate, 5 mM EGTA, 1 mM sodium 

orthovanadate, and 1 mM dithiothreitol. The reaction was started with the addition of 

200 µM ATP and stopped by separating the kinase from HSP27 with molecular sieving 

columns (Centricon 30, Amicon, Beverly, MA). 
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Recombinant HSP20 (0.1 - 0.0lµg) was phosphorylated in a reaction mixture 

containing 20 mM Tris (pH 7.4), 10 mM magnesium acetate, 40 nM of the catalytic 

subunit of cAMP-dependent protein kinase, and phosphorylated HSP27 (0.01 - 1.0 µg). 

The reaction was initiated with the addition of200 µM [y-~2P]-ATP (800 cpm/pmol) and 

incubated for 30 minutes at 30 °C. The reaction was stopped by the addition (1 :1, v:v) of 

6.25 mM Tris pH 6.8, 2% SDS, 5% 2-Pmercaptoethanol, 10% glycerol, 0.025% 

bromophenol blue and boiling for 5 minutes. The proteins were separated on 15% SDS

polyacrylamide gels (SDS-PAGE) (52) and autoradiographs were obtained. 

Peptide synthesis 

Peptide synthesis was_ conducted on an Applie_d Biosystems Model 433A peptide 

synthesizer using standard Fmoc chemistry. The synthesis of the phosphopeptides 

involved an increase in coupling times of twenty minutes. The phosphorylated amino 

acid derivatives were purchased from Calbiochem-Novabiochem., La Jolla, CA. Peptide 

purity was determined by HPLC. Phosphopeptides were analyzed by mass spectrometry. 

Transient permeabilization _of isolated strips of vascular smooth muscle 

Strips of bovine carotid arteries were opened longitudinally and the endothelium 

was denuded with a cotton tipped applicator. The adventitia was carefully removed under 

magnification with a dissecting microscope. Fine strips (0.1mm wide x 8mm long) were 

cut with a razor blade. The strips were washed 3 times in stripping solution, 25 mM 

Hepes, 120 mM KCl, 5.6 mM glucose, 0.2% bovine serum albumin, and 3 mM EGTA, 

and then incubated in stripping solution for 30 minutes at room temperature while gently 

shaken. The strips were then incubated in the stripping solution with _the specific peptides 



for another 30 minutes on ice. Calcium was added directly to the solution in three 

increments, 5 minutes apart to a final concentration of 1mm. 

Physiologic contractile responses 
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The strips were tied under magnification at each end with a 7-0 prolene suture 

(Johnson and Johnson, Cincinatti, OH) and suspended in a muscle bath in Hepes solution 

(10 mM Hepes, 140 mM NaCl, 4.7 mM KCl, 1.0 mM MgSO4, 1.0 mM NaH2PO4, 1.0 

mM CaC12, 10 mM glucose, pH 7.4) at room temperature. The muscle.strips were placed 

under 0.5gm of tension and allowed to relax to a basal tension over 15 minutes. The 

strips were fixed at one end to a stainless steel wire and attached to a Kent Scientific 

(Litchfield, CT) force transducer (TRN00l) interfaced with a Data Translation A-D 

board, DT2801 (Data Translation, Inc, Marlboro, MA). Data was acquired_ with Lab 

Tech Notebook software (Laboratory Technologies Corporation, Wilmington, MA). 

Agonists were added directly to the bath. 

Myosin light chain phosphorylation 

Strips of bovine carotid artery or rings of human umbilical artery smooth muscle 

were equilibrated in 8: muscle bath as described above, and at the appropriate time points, 

the muscles were snap frozen with tongs cooled in liquid N2• The tissues were t~~n 

ground to a fine powder under liquid N2• The powder was placed in 90% acetone, 10% 

trichloroacetic acid, 10 mM dithiothreitol (DTT) and subsequently washed 3 times with 

100% acetone, 100 mM DTT. The samples were lyophilized, and the pellet was re- _ 

suspended in 9 M urea, 2% chaps, 100 mM DTT. Twenty micrograms of protein were 

separated on glycerol-urea mini gels (40% glycerol, 15% acrylamide, 0.75% 

bisacrylamide, 10 mM tris, and 22 mM glycine) at 150 volts for 19 hours at 4°C. The 



25 

proteins were then transferred to Immobilon (Millipore, Bedford, MA) for 210 Vh. The 

membranes were blocked ~ith TBS-milk (10 mM Tris, 150 mM NaCl, pH 7.4/ 5% nonfat 

milk/0.5% Tween20) and then incubated overnight with anti-MLC20 antibodies (1 :4000 

in TBS-milk). After washing (6 times for 5 minutes with TBS-Tween), the blots were 

incubated in 1251-protein A and the relative amounts of phosphorylate~ and non

phosphorylated MLC20 were quantitated with the Phosphorlmager imaging system 

(Molecular Dynamics, Sunnyvale, CA). 

The 1251-radioactivity was quantitated with Imagequant software (Molecular 

Dynamics). The amount of phosphorylation was measured from the volume of 

radioactivity in each band, non-phosphorylated and monophosphorylated. The moles of 

phosphorylated myosin light chain/mole of myosin light chain were calculated by 

dividing the amount of phosphorylated myosin light chain by total myosin light chains. 

Oxygen consumption 

Oxygen consumption (J02) and contractile responses were measured in bovine 

carotid rings placed in a 1150 µl airtight chamber containing a Clark-style oxygen 

electrode (Instech Labs, Plymouth Meeting, PA, USA) and connected to a force 

transducer (Grass FT03) as previously described (96). Oxygen.consumption was 

calculated from the rate of decline in p02 divided by the wet weight of the ring. Oxygen 

consumption rates were determined with a custom data collection system at a rate of 5 

samples/second. The values are reported as the mean± the standard error of the mean 

J02 obtained during a 2 minute sampling window. Stress measurements are reported as 

the force generated normalized for ring cross-sectional area at a length for optimal force 

generation (95). The suprabasal oxygen consumption was calculated as the difference 
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between prestimulated and the experimental JO2• Mean suprabasal oxygen consumption 

was calculated from the average of individual treatments. 

Data analysis 

Values are reported as mean+/- SEM and n refers to the number of animals 

examined. The statistical differences between two groups was determined with student's t 

test and between multiple groups with one way repeated measures analysis of variance 

(ANOV A) using Sigma Stat software (J andel Scientific, San Rafeal, CA). A p value less 

than 0.05 was considered significant. Densitometric analysis was performed with a 

Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) ·and ImageQuant software 

(Molecular Dynamics, Sunnyvale, CA). 



HYPOTHEISL 

RESULTS 

AIM 1. Does activation of cyclic nucleotide-dependent signaling 
pathways •inhibit agonist-induced contractions of bovine 
carotid and/or human umbilical artery smooth muscle? 

AIAf 2. Does cyclic nucle<Jtide-dependent inhibition of 
contraction correlate with the phosphorylation state of 
HSP20? 

Serotonin-induced contraction produ~ed no phosphorylation of HSP20 in bovine 

carotid artery or human umbilical artery smooth muscle: 

In bovine carotid artery and human umbilical artery smooth muscle, serotonin (1 

µM) stimulation leads to rapid and sustained contractions (Figure 4A and SA). However, 
. . 

there are multiple serotonin receptors, some of which activate adenylate cyclase. Thus, to 

determine the effect of serotonin stimulation on HSP20 phosphorylation, the 

phosphorylation ofisoform #3 ofHSP20 was measured. Previous work by Dr Brophy, 

unp11blished, had determined that HSP20 was not phosphorylated by serotonin (1 µM) 

during the first 10 minutes of stimulation in either carotid or umbilical artery. Therefore, 

to determine that serotonin did not lead to a slow phosphorylation of HSP20 over time, 

HSP20 phosphorylation was measured at three time points (0, 30, artd 60 min) (Figure 4B 

and SB). The level ofHSP20 phosphorylation was measured using whole cell 

phosphorylation and two-dimensional gel electrophoresis on smooth muscle strips 
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FIGURE 4. Serotonin-induced contracnon produced no phosphorylanon of HSP20 in 

bovine caroti,d artery smooth muscle. 

Bovine carotid artery· smooth muscle strips were equilibrated in a muscle bath 

mounted on force transducers. The muscle strips then were stimulated with serotonin (5-

HT, 1 µlvf, arrow, Panel A). Serotonin-produced a sustained contraction over a 60 

_ minute time period On parallel strips, the phosphorylation of the small heat shock

related protein (/fSP2Q isoform 3) was determined using 32P-[orthophosphate] labeled 

tissue stimulated in a similar manner, and snap frozen at the appropriate time. The 

proteins were separated by 'two-dimensional gel electrophoresis and developed on 

Phosphorlmager plates (Molecular Dynamics, CA) (Panel BJ. The serotonin stimulation 

produced no phosphorylation of HSP20 at 30 or 60 minutes of stimulation. * = p· < 0. 05 

by ANO VA on ranks n = 4 - 10 c~mpared to unstimulated timed controls. 
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FIGURE 5. Serotonin-induced contraction produced no phosphorylation of HSP20 in 

human umbilical artery smooth muscle. 

Human umbilical artery smooth muscle strips were equilibrated in a muscle bath 

mounted on force transducers. The muscle strips then were stimulated with serotonin (5-

HT, 1 µ}vi, arrow, Panel A). On parallel strips, ihe phosphorylation qf the small heat 

shock-related protein (HSP20 isoform 3) was determined using 32P-[orthophosphate] 

labeled tissue stimulated in a similar manner, and snap frozen at the_ appropriate time. 

The proteins were separated by two-dimensional gel electrophoresis, and developed on 

Phosphorlmager plates (Molecular Dynamics, CA) (Panel BJ. In the umbilical artery, 

serotonin stimulation produced no phosphorylation of HSP20 at 30 or 60 minutes of 

stimulation. * = p < 0. 05 by ANO VA on ranks n = 5 - 12 compared to unstimulated 

timed controls. 
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stimulated in parallel to strips mounted· on the muscle bath. Serotonin stimulation did not 

significantly increase HSP20 phosphorylation above control conditions in bovine carotid 

artery (Figure 4B and Table 1) or human umbilical artery smooth muscle (Figure 5B and 

Table 2). 

Forskolin pretreatment inhibited a serotonin-induced contraction and produced 

HSP20 phosphorylation in bovine carotid artery but not in human umbilical artery 

smooth muscle: 

Forskolin (10 µM) stimulation of bovine carotid artery smooth muscle maximally 

activates PK.A, but in human umbilical artery smooth ~uscle, forskolin does not activate 

PK.A and does not produce relaxation (10). Forskolin pretreatment followed by serotonin 

stimulation was examined to measure the amount of phosphorylation ofHSP20 in 

relation to the physiologic response of the tissue. Pretreatment of carotid artery smooth 

muscle with forskolin, an adenylate cyclase activator, al.one (FSK, 10 µM, 10 min) 

followed by exposure to serotonin ( 5HT, 1 µM, 60 min) inhibited the contractile response · 

to serotonin (Figure 6A and Table 1 ), and produced a -increase in HSP20 phosphorylation 

(Figure 6B and Table 1 ). Additionally, treatment of umbilical artery smooth muscle with 

forskolin alone (10 µM, 10") followed by serotonin (1 µM, 60") stimulation did not 

inhibit the contractile response to serotoni~ (Figure 7 A and Table 2), and did not result in 

an increase in HSP20 phosphorylation (Figure _7B and· Table 2). 



Control 5HT 5HT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress (10:, N/m") 0.08 ± 0.03 0.61 ± 0.06 0.67 ± 0.10 
HSP20-P isoform 3. 

(104 dens. units) 4.9± 0.5 5.0 ± 0.5 

IBMX(l -mM)/FSK(l0 µM) for 10 min 
Control 5HT 5HT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress (10:, Nini")-· 0.02 ± 0.01 0.01 ± 0.01 0.003 ± 0.10 
HSP20-P isoform 3 

(104 dens. units) 27.5 ± 5.4 35.5 ± 8.7 

FSK(l0 µM) for 10 min 
Control 5HT 5HT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress (10:, N/m") 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 
HSP20-P isoform 3 

(104 dens. units) 27.6 ± 7°.0 37.5 ± 7.9 

Table 1. . Stress and HSP20 phosphorylation in bovi~e carotid artery smootlt 

muscle. 
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I 

Stress and HSP20 (isoform 3) phosphorylation data from bovine carotid artery 

smooth muscle stimulated with serotonin (1 µM, 60 min), or pretreated with forskolin (10 

µM) or 1 mM 3-isobutyl-l-methylxanthine/10 µM fo~skolin (IBMX/FSK) followed by 

serotonin (1 µM) stimulation for 60 minutes. IBMXIFSK or forskolin alone produced 

maximal phosphorylation of HSP20_ after 10 minutes maintaining the ~levated 

phosphorylation level over a 60 minute time period. Serotonin stimulation produced a 

contractile response, but it did not produce HSP20 phosphorylation at 60 minutes of 

stimulation. Data was compiled from Figures 4, 6, and 8. The data is presented as units 

±SEM. 
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Control SHT SHT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress (10:, Nim") 0.034 ± 0.003 0.088 ± 0.011 0.103 ± 0.023 
HSP20-P isoform 3 

(104
· dens. units) 1.8 ± 0.4 3.0± 0.7 

IBMX(l mM)/FSK(l0 µM) for 10 min 
Control SHT SHT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress· (10:, N/m") 0.014 ± 0.002 0.054 ± 0.010 0.020 ± 0.020 
HSP20-P isoform 3 

(104 dens. units) 2.8 ± 0.4 9.3 ± 0.8 

FSK(l0 µM) for 10 min 
Control SHT SHT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress (10:, N/m.:.) 0.033 ± 0.005 0.070 ± 0:009 0.068 ± 0.007 
HSP20-P isoform 3 

(104 dens. units) 3.4 ± 0.3 2.7 ± 0.4 

•. Table 2. Stress and HSP20 phosphorylation in human umbilical artery smooth 

muscle. 

Stress and HSP20 (isofonn 3) phosphorylation data from human umbilical artery 

smooth muscle stimulated with serotonin (1 µM, 60 min), or pretreated wit~ forskolin (10 

µM) or 1 mM 3-isobuo/1-l-methylxanthine/10 µM forskolin (IBMX/FSK) followed by 

serotonin (1 µM) stimulation for 60 minutes. Serotonin stimulation produced no · 

significant increase in phosphorylation of HSP20 and co11tractile stress was maintained 

over 60 minutes. IBMXIFSK stimulation produced 3-fold increase in phosphorylation of 

HSP20, and the serotonin-induced contraction relaxed to basal levels after 60 minutes. 

Forskolin pretreatment did not produce phosphorylation of HSP20, and the serotonin- · 

induced contraction was maintained over 60 minutes. Data was compiled from Figures 5, 

7, and 9. The data is presented as units± SEM .. 



FIGURE 6. Forskolin pretreatment inhibited a serotonin-induced contraction and 

produced HSP20 phosphorylation in bovine carotid artery smooth muscle. 

Bovine carotid artery smooth muscle strips were equilibrated in a muscle bath 

and then treated with 10 µM forskoin (FSK, arrow) for 10 minutes prior to stimulation 

with 1 µM serotonin (5-H1) for 60 minutes (arrow). On parallel strips, the 

phosphorylation of the small heat shock-related protein (HSP20 isoform 3) was 

determined using 32P-[orthophosphate]1abeled tissue stimulated in similar manner and 

snap frozen at the appropriate time. The proteins were separated by two-dimensional gel 

electrophoresis and developed on Phosphorlmager plates (Molecular Dynamics, CA) 

(Panel B). Forskolin pretreatment completely inhibited the serotonin-induced contractile 

response, and produced phosphorylation of HSP20. * = p < 0. 05 by ANO VA on ranks n 

= 4 - 6 compared to unstimulated timed controls. 
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FIGURE 7. F orskolin pretreatment did not inhibit a serotonin-induced contraction 

and did not produce HSP20 phosphorylation in human umbilical artery smooth 

muscle. 

Human umbilical artery smooth muscle strips were equilibrated in a muscle bath 

and then treated with 10 µM forskoin (FSK, arrow) for 10 minutes prior to stimulation 

with 1 µM serotonin (5-HT) for 60 minutes (arrow). On parallel strips, the 

phosphorylation of the small heat shock-related protein (HSP20 isoform 3) was 

determined using 32P-[orthophosphate] labeled tissue stimulated in similar manner and 

snap frozen at the appropriate time. The proteins were separated by two-dimensional gel 

electrophoresis and developed on Phosphorlmager plates (Molecular Dynamics, CA) 

(Panel B). Forskolin pretreatment did not inhibit the serotonin-induced contractile 

response and produced no phosphorylation of HSP20. * = p < 0. 05 by ANO VA on ranks 

n = 5 - 12 compared (o unstimulated timed controls. 
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IBMX/FSK pretreatment inhibited a serotonin-induced contraction and. produced 

HSP20 phosphorylation in bovine carotid artery while producing a delayed 

relaxation and HSP20 phosphorylation in human umbilical 'artery smooth muscle: 

35 

'ln human umbilical artery smooth muscle, activation of cAMP-dependent 

signaling pathways with 3-isobutyl-1-methylxanthine (IBMX, 1 mM)/forskolin (FSK, 10 

µM) does lead to activation of PK.A (10). Since it is known that IBMX/FSK can activate 

PK.A in umbilical artery, IBMXIFSK pretreatment followed by serotonin was ex~ined 

to investigate whether PKA activation in the umbilical artery would phosphorylate 

HSP20 and lead to decreases in the magnitude of force after serotonin stimulation. 

Pretreatment of carotid artery with 3-isobutyl-1-methylxanthine (IBMX, 1 mM)/forskolin 

(FSK, 10 µM) for 10 minutes prior to serotonin stimulation did not significantly lower 

resting stress (Figure 8A and Table 1) but maximally increased HSP20 phosphorylation 

before serotonin stimulation (Figure 8B and 1 OB, Table 1 ). The subsequent addition of 

serotonin ( 1 µM) after IBMX/FSK pretreatment did not increase stress (Figure 8A and 

Table l)·and HSP20 phosphorylation was sustained (Figure 8B, lOC and Table 1). In 

human umbilical artery, pretreatme~t with IBMX/FSK did not produce a significant 

phosphorylation of HSP20 before serotonin stimulation, but it did decrease the basal 

stress of the smooth muscle strip (Figure 9A & B, and lOE). Subsequent, serotonin 

stimulation produced a contractile response (Figure 9A). Thirty minutes after 

IBMX/FSK stimulation, HSP20 phosphorylation increased significantly (Figure 9B). 

Concurrent with the increases in HSP20 phosphorylation was a decline in the magnitude 

of the serotonin contraction (Figure 9A & B, and Table 2). At 60 minutes, the serotonin 

contraction was completely relaxed and HSP20 phosphorylation was increased further in 



FIGURE 8. Inhibition of serotonin-induced contraction by IBltlXIFSK associated 

with HSP20 phosphorylation in bovine carotid artery. 

Bovine carotid artery smooth muscle strips were equilibrated in a muscle bath 

and then treated with 1 mM 3-isobutyl-J-methylxanthine/J O -µM forskoin (JBMXIFSK, 

arrow) for 10 minutes prior to stimulation with 1 µM serotonin (5-HT) for 60 minutes 

(arrow). The pretreatment with IBMXIFSK completely inhibited the contractile response 

to serotonin (Panel A). On parallel strips, the phosph01ylation of the small heat shock

related protein (HSP20 isoform 3) was determined using 32P-[orthophosphate] labeled 

tissue stimulated in similar manner and snap frozen at the appropriate time. The 

proteins were separated by two-dimensional gel electrophoresis and developed on 

Phosphorlmager plates (Molecular Dynamics, CA) (Panel B). Pretreatment with 

IBMXIFSK rapidly phosphorylated HSP20 to maximal values before stimulation with 

serotonin. * = p < 0.05 by ANOVA on ranks n = 4-10 compared to unstimulated timed 

controls. 
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FIGURE 9. IBMXIFSK pretreatment produced a delayed relaxation and 

phosphorylation of HSP20 in human umbilical artery smooth muscle. 

Human umbilical artery smooth muscle strips were equilibrated in a muscle bath 

· and then treated with 1 mM 3-isobutyl-1-methylxanthine/ 10 µM forskoin (IBMXIFSK, 

arrow) for 10 minutes prior to stimulation with 1 µM serotonin (5-HT) for 60 minutes 

(arrow). IBMXIFSK pretreatment did not prevent a serotonin-induced contraction but 

did produce a delayed relaxation response (Panel A). On parallel strips, the 

phosphorylation of the small heat shock-related protein (HSP20 isoform 3) was 

determined using 32P-[orthophosphate] labeled tissue stimulated in similar manner and 

snap frozen at the appropriate tim~. The proteins were separated by two-dimensional gel 

electrophoresis and developed on Phosphorlmager plates (Molecular Dynamics, CA). 

IBMXIFSK stimulation produced a slow phosphorylation of HSP20 which became 

sign,ificant at 20 minutes with further increases at 60 minutes (Panel B). * = p < 0. 05 by_ 

ANO VA on ranks n. = · 5 - 12 compared to unstimulated timed controls. 
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Figure 10. Increased phosphorylation of the small heat shock-related protein (HSP20) 

in respon~e to stimulation with IBMXIFSK in bovine carotid and human umbilical 

artery. 

· Bovine carotid and human umbilical artery smooth muscle were labeled with 32 P

f orthophosphate] and stimulated under three conditions: control (no stimulation) (Panel 

A & D), -1 mM 3-isobutyl-1-methylxanthine/10 µMforskolin (IBMXIFSK) for 10 minutes 

(Panel B & E), and 1 mM,3-isobutyl-l-methylxanthine/10 µMforskolin"(IBMXIFSK)for 

60 minutes (Panel C & F). The tissue strips were snap frozen and -the protein separated 

by two-dimensional gel electrophoresis. Representative autoradiographs from bovine 

carotid arteries (Panel A, B, & C, respectively) and human umbilical arteries (Panel D, 

E, & F, respectively) are shown. The three isoforms of HSP20 are labeled as "3, 4, & 

8 ". Myosin li~ht chains are labeled as "m ". 
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umbilical artery smooth muscle (Figure 9B, l0F). To compare the amount of 

phosphorylation of HSP20 in bovine carotid artery and human umbilical artery smooth 

muscle, the amount of increase in phosphorylation of HSP20 in carotid artery was plotted 

against the increase in phosphorylation of HSP20 in umbilical artery (Figure 11 ). In the 

umbilical artery smooth muscle, the increase of phosphorylation ofHSP20 after 60 

minutes of IBMX/FSK stimulation was similar to the increase in phosphorylation of 

HSP20 in carotid artery smooth muscle after 2 minutes of IBMXIFSK stimulation (Figure 

11). 

HYPOTHESIS L AIM 3. Does the rate of relaxation correspond to the 
rate of HSP20 phosphorylation? 

Rate of HSP20 phosphorylation correlated with rate of relaxation: 

The previous experiments demonstrated a correlation between HSP20 

phosphorylation and inhibition of contraction in the carotid artery or delay~d relaxation in 

the umbilical artery. To determine if there was significant correlation between the rate of 
. . . . ,' . 

relaxation and the rat~ ofHSP20 phosphorylation, carotid and umbilical° s111ooth muscle 

strips pre-contracted with serotonin (5HT, 1 mM) ~ere relaxed with IBMXIFSK(l 

mM/10 mM), and the rate of relaxation at half-maximal relaxation was calculated (Figure 

12A, B, & C, respectively). In carotid and umbilical artery smooth muscle~ HSP20 

phosphorylation was measured using whole cell phosphorylation and two-dimensional 

gel_· electrophoresis, and the rate of HSP20 phosphorylation at half-maximal was 

calculated (Figure 12C). The rates ofrelaxation and HSP20 phosphorylation in the 

carotid and umbilical artery smooth muscle were used to calculate a ratio of the rate of 



FIGURE 11. Increases in the phosphorylation of HSP20 in bovine carotid and human 

umbilical artery smooth muscle after stimulation with IBMXIFSK. 

The increases in HSP20 phosphorylation after stimulation with 1 mM 3-isobutyl

l-methylxanthine/10 µMforskolin (IBMXIFSK) for 2, 10, 30 and 60 minutes were 

measured and compared in ·bovine carotid artery smooth muscle (solid) and human 

umbilical artery smooth muscle (diagonal). The level of phosphorylation of HSP20 in 

human umbilical artery smooth muscle after 60 minutes of IBMXIFSK stimulation is 

similar to the level of phosphorylation of HSP20 in bovine carotid artery smooth muscle 

after 2 minutes. 
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FIGURE 12: Rate of HSP20 phosphorylation correlated with rate of relaxation. 

Bovine carotid artery and human umbilical artery smooth muscle were stimulated 

with serotonin (5HT, 1 µM) for 40-60 minutes then treated with 3-isobutyl-1-

methylxanthine (JBMX, 1 mM) and forskolin (FSK, 10 µM) for 60 minutes: The rate of 

relaxation was calculatedfrom the slope at half-maximal decrease (Panel A and C). The 

rate of HSP20 phosphorylation was calculatedfrom parallel tissue incubated in 32P-

[ orthophosphate J which was stimulated in a similar manner. The slope through half

maxirr,,al increase was calculated (Panel C). The rate of HSP20 phosphorylation divided 

by the rate of relaxation was calculated (Panel C). The rate of relaxation and HSP20 

phosphorylation were about 16 fold greater in the bovine carotid artery. Additionally the 

ratio of the rate of HSP20 phosphorylation/rate of relaxation was similar indicating that 

the rate of decrease in each tissue corresponded with a similar rate of increase in.HSP20 

phosphorylation. 



A~ 41 
8 . Carotid fl.l 
7 

. 
e 5HT 

. . . 
= 6 + . 

■ 
■ - . 

CJ) 5 
''-""' 

~ ~ 4 
~ -0 

3 IBlV.IX/FSK 

~ 2 

1 

0 

-20 0 20 40 60 80 . 100 120 140 

B 8 
~ 5HT Umbilical fl.l ·7 + e = 6 - 5· CJ) 
'-""' 4 
~ IBlV.IX/FSK 
~ 3 -0 2 ~ 

1 
0 

-20 0 20 · 40 60 80 100 120 140 

C 
Time (minutes) 

Rate of Rate of Rate of 
Relaxation HSP20-P HSP 20-P/ 

Relaxation 
Carotid -0.028 328.08 -11700 

± 0.005 ± 80.10 ± 2400 
Umbilical -0.001331 20.83 -15700 

± 0.000386 ± 3.64 ± 8700 



42 

HSP20 phosphorylation to the rate ofrelaxation (Figure 12C). The rate of carotid artery 

smooth muscle relaxation was 21-fold faster than that of umbilical artery smooth muscle, 

whereas the rate of increase in HSP20 phosphorylation was 16-fold greater in the carotid 

artery than umbilical artery smooth muscle (Figure 12C). The ratio of the rate of HSP20 

phosphorylation to the rate of relaxation was similar in both carotid artery and umbilical 

artery· srp.ooth muscle indicating a strong correlation between the extent of HSP20 

phosphorylation and the extent ofrelaxation (Figure 12C). 

HYPOTHESIS L AIM 4. Does cellular stress lead to increases in the 
phosphorylation of HSP27 and does this alter physiologic 
contraction responses and/or relaxation responses? 

Phosphorylation of HSP27 was .greater in human umbilical artery than in bovine 

carotid artery smooth muscle: 

Whole cell phosphorylation and two-dimensional gel electrophoresis of human 

umbilical artery and bovine carotid artery smooth muscle revealed two major differences 

between the phosphoproteins in these two muscles. The first difference was an increased 

amount of cyclic nucleotide-dependent ph_osphorylation of HSP20 in carotid artery as 

compared to umbilical artery (Figure 13). The other major difference between the two 
\ 

vascular arteries is the amount ofphosphorylated HSP27 (Figure 13). The umbilical 

artery smooth muscle contains 10-fold more phosphorylated HSP27 than the carotid 

artery smooth muscle (Figure 13) (13). Additionally, HSP20 and HSP27 are known to. 

associate in macromolecular aggregates (14). Thus, interactions between these two 

proteins may affect contraction and/or relaxation. 



Figure 13. Phosphorylation of HSP27 was greater in human umbilical artery than in 

bovine carotid artery smooth muscle. 

Bovine carotid artery smooth muscle or human umbilical artery smooth muscles 

were labeled with 32P-[ orthophosphate J and then homogenized with the 10,000 X g 

supernatants protein normalized. Arterial homogenates· were separated by two

dimensional gel electrophoresis and developed on the ['hosphorlmager Plates 

(Molecular Dynamics; Sunnyvale, CA). The amount of HSP27 phosphorylation 

(densitometric units) was determined using the Molecular Dynamics ImageQuant 

Software. There was significantly more phosphorylated HSP27 in homogenates of 

human umbilical arteries (umbilical) compared to bovine carotid arteries (carotid) (n = 

6-10, * p < 0.05 ANOVA). · 
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Cellular stress with sodium arsenite leads to phosphorylation of HSP27 in bovine 

carotid artery smooth muscle: 

44 

To examine the effect ~f increases in the phosphorylation of HSP27 on 

contraction and relaxation "responses, carotid artery smooth muscles were treated with a 

chemical stressor, sodium arsenite. To determine if arsenite treatment leads to increases 

in the phosphorylation of HSP27, strips of muscle were equilibrated in buffer with or 

without sodium arsenite (0.5 µM). The strips were hom_ogenized and the proteins 

separated on isoelectric focusing gels. The. gels were transferred to Immobilon 

membranes and probed with aJ:?.tibodies that recognize all of the isoforms of HSP27 (93). 

Arsenite stimulation led to increases in the more acidic (phosphorylated) isoform of 

HSP27 (Figure 14). 

Sodium arsenite pretreatment inhibits the forskolin-induced relaxation of bovine 

carotid artery smooth muscle: 

To determine the affect of sodium arsenite and increased HSP27 phosphorylation 

on contraction, bovine carotid artery smooth muscle strips were treated with sodium 

arsenite for 2 hours which did not change the magnitude o(the contractile response to 

serotonin (Figure 15A). The addition of the inhibitor of the MAPKAP kinase II pathway, 

SB203580 (74), also had no effect on the magnitude of contractile responses to serotonin 

(Figure 15A). There was no significant change in basal tension prior to serotonin 

stimulation after arsenite treatment, and there was no sig,nificant change in the magnitude 

of the contractile response to high extracellular KCl ( 110 mM) before and after arsenite 

· treatment (6.26 ± 1.0 gms vs. 5.9 ± 0.6 gms respectively, n = 4, p > 0.05). Thus, whereas 



FIGURE 14: Cellular stress with sodium arsenite leads to phosphprylation of HSP27 

in bovine carotid artery smooth muscle. 

Strips of vascular smooth muscle were equilibrated in buffer alone (C) or treated 

with sodium arsenite (AS) as described in the materials and methods section. The strips 

were homogenized and isoelectric focusing immunoblots were probed with a'l?fibodies 

thq,t recognize all of the isoforms of HSP27 (16). Arsenite treatment led to an increase in 

the most acidic isoform of HSP27 (arrow). The isoelectric gradient is indicated on the 

left of the panel. This blot is representative of 3 separate experiments. 
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FIGURE 15: Sodium arsenite pretreatment inhibits the forskolin-induced relaxation 

of bovine carotid artery smooth muscle. 

The strips were equilibrated in buffer alone (C), or treated with arsenite (A), 

arsenite and SB203580 (A/SB), and SB203580 alone (SB). The muscles were then 

treated with the following experimental protocols: 1) equilibration in buffer alone 

(control); 2) sodium arsenite (0.5 mM) for 30 minutes followed by equilibration in buffer 

for 2 hours (arsenite); 3) SB203580 (100 µM) for 15 minutes and then sodium arsenite 

(0. 5 mM) was added for 3 0 minutes, the strips were washed 3 times in buffer and 

SB203580 (JOO µM) was added and the strips equilibrated for 2 hours (SB/arsenite); 4) 

SB203580 (100 µM) was added for 2 hours and 30,minutes (SB). The strips were then 

treated with serotonin (1 µM) for 10 minutes followed by forskolin (1 µM) for 10 minutes 

and then f orskolin (10 µM) for 10 minutes. The contractile responses to serotonin (1 

µM) were normalized to the initial high extracellular KC/, contraction (%KC! 

contraction, Panel A) and the relaxation responses to forskolin (10 µM) were determined 

based on the maximal contraction elicited by serotonin(% relaxation, Panel B), n = 6 -

10, *p < 0. 05 compared to control. 
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arsenite treatment was associated with increases in the phosphorylation of HSP27, there 

were no changes in the contractile responses. 

To examine the effects of arsenite treatment and increased HSP27 

phosphorylation on relaxation, carotid artery were contracted and then relaxed with 

/ 

forskolin (10 µM). Treatment with sodium arsenite significantly inhibited the relaxation 

responses of serotonin pre-contracted muscles to forskolin (10 µM) (Figure 15B). In 

muscles treated with SB203580, there was no inhibition of relaxation after arsenite 

treatment (Figure 15B). Whereas there Was no significant inhibition of the relaxation 

response to 10 µM forskolin after heat shock, there was a significant inhibition of the 

relaxation response to 1 µM forskolin after heat shock (12.2 ± 1.6% relaxation after heat 

shock, compared to 32.04 ± 3.8%relaxation control, n = 10, p < 0.05 ANOVA). The 

impaired relaxation responses after heat shock were also reversed by treatment with 

SB203580 (data not shown). 

Sodium arsenite treatment increases the phosphorylation of HSP27 and decreases 

the phosphorylation of HSP20 isoform 8 in response to forskolin: 

In smooth muscle, cyclic nucleotide-dependent vasorelaxation is associated with 

increases in the phosphorylation of a small heat shock-related protein, HSP20 (7), 

whereas arsenite stimulation leads to the phosphorylation of HSP27. To examine 

whether HSP27 phosphorylation leads to changes in the phosphorylation of HSP20, 

smooth muscle tissue was pretreated with arsenite, and stimulated with serotonin (1 µM) 

followed by forskolin (10 µM) (Figure 16 and Table 3). Arsenite treatment led to an 

increase in the phosphorylation of all three isoforms of HSP27. There was an increase in 

the phosphorylation of two proteins which have been. previously identified as isoforms 3 



FIGURE 16: Sodium arsenite treatment increases the phosphorylation of HSP27 and 

decreases the phosphorylation of HSP20 isoform 8 in response to forskolin. 

Strips _of bovine carotid artery smooth muscle were treated with buffer alone 

(Panel A), buffer alone followed by serotonin (1 µM, 10 min) thenforskolin (10 µM, 10 

minutes) (Panel B), arsenite (0.5 mMfor 30 minutes followed by equilibration in buffer 

for 2 hours, Panel C), or arsenite (0.5 mMfor 30 minutes followed by equilibration in 

buffer for 2 hou_rs) followed by serotonin (1 µM, 10 min) then forskolin (10 µM, 10 

minutes) (Panel D). The relative mobility of the myosin light chains (m), the three 

isoforms of HSP27 (A, B, C), and the three isoforms of HSP20 (8, 3, 4) are labeled on 

the autoradiographs. 



+ - 48 

A A 8 C 30 

m 8 4 21 

3 

B A 8 C 30 

m 8 4 
21 

3 

C A 8 C 30 

m 8 4 
21 

3 

D A 8 C 30 

m 8 4 21 

3 



49 

Control Control/5- ARS ARS/5-HT/FSK 
HT/FSK 

HSP27 isoform A 1.9 ± 0.2 2.4 ± 0.2 3.8 ± 0.9~ 5.2 ± 0.3ft 

HSP27 isoform B 10.4 ± 0.6 · 13.6 ± 0.8 18.7 ± 1.0'1' 23.4 ± 2.0ff 
HSP27 isoform C 24.6 ± 1.7 26.9 ± 2.5 36.2 ± 2.4,j< 42.7 ± 3.7# 

HSP20 isoform 4 4.0 ± 0.4 2.4 ± 0.2 5.0 ± 0.5 4.1 ± 0.8 
HS-P20 isoform 3 4.4 ± 0.5 22.5 ± 2.6'" 1.8 ± 0.2 20.0 ± 1.5'" 
HSP20 isoform 8 1.5 ± 0.1 15.8 ± 1.7"' 0.5 ± 0.1 9.6 ± 1.f':ti 

Table 3. Quantitation of HSP27 and HSP20 Phosphorylation after Arsenite 
Stimulation. 

. Strips of bovine carotid aiiery smooth muscle were treated with buffer alone 

(control), buffer alone followed by serotonin (1 µM, 30 min) then forskolin (10 µM, 10 

minutes) (control/5-HT/FSK), arsenite (0.5 mM for 30 minutes followed by equilibration 

in buffer for 2 hours) (ARS), or arsenite (0.5 mM for 30 minutes followed by 

equilibration in buffer for 2 hours) followed by serotonin (1 µM, 30 min) then forskolin 

(10 µM, 10 minutes) (ARS/5-HT/FSK) .. HS:P20 and HSP27 phosphorylation were 

quantitated using whole cell phosphorylation and two-dimensional gel electrophoresis 

c;leveloped on the Phosphorlmager Plates and analyzed with the Molecular Dynamics 

Ini.ageQuant Program. Sodium arsenite pre-incubation produced increases in the 

phosphorylation ofHSP27 but not HSP20. Sodium arsenite pre-incubation followed by 

serotonin-induced contraction with subsequent forskolin-induced relaxation produced 

further increases in the phosphorylation ofHSP27 above arseilite alone stimulation and 

produced less phosphorylation of HSP20 isoform 8 as compared to serotonin followed 

' forskolin stimulation without pre-incubation with arsenite. All values are reported as 

x104 densitometric units± SEM, * = p < 0.05 compared to control,$= p < 0.05 

compared to coritrol/5-HT/FSK., # = p < 0.05 compared to ARS, n = 5. 



and 8 of HSP20 after forskolin (10 µM) treatment in both control and arsenite treated 

muscles. However, the increase in the phosphorylation of the most acidic isoform of 

HSf20 (isoform 8) after forskolin treatment was less in the arsenite pre-treated muscles 

(Table 3). 

Phosphorylation of HSP27 inhibits HSP20 phosphorylation by PKA in vitro: 

50 

Since the impaired cyclic nucleotide-dependent vasorelaxation after arsenite 

treatment was associated with increases in the phosphorylation of HSP27 and decreased 

phosphorylation of HSP20, we next determined if phosphorylated HSP27 could inhibit 

HSP20 phosphorylation in vitro. Recombinant HSP27 was phosphorylated by MAPKAP 

kinase II. Then, the MAPKAP kinase II was removed with molecular sieving columns. 

Different amounts of the non-phosphorylated and phosphorylated HSP27 were then 

mixed with recombinant HSP20 and the catalytic sub~mit of PKA and [y-32P]-ATP were 

added. Phospho~ylated HSP27 inhibited the phosphorylation of HSP20 by PKA catalytic 

subunit in a dose dependent and linear (r2 = 0.982) fashion (Figure 17). However, the 

non-phosphorylated HSP27 did not inhibit phosphorylation of HSP20 by PKA catalytic 

subunit. 

HYPOTHES1S I. · AIM 5. Does putative plwsphorylated and n_(Jn-phosphorylated 

synthetic peptide analogs of HSPZ0 mediate relaxation 

and/or inhibit relaxation in reversibly permeabilized 

vascular smooth muscle? 

Synthetic peptides corresponding to phosphorylateq HSP20 inhibit serotonin

induced contractile responses in transiently permeabilized vascular smooth muscles: 

To determine the effect of phosphorylation ofHSP20 on smooth muscle 

physiology, strips of.bovine carotid art_ery smooth muscle were transiently permeabilized, 

and analogues and inhibitors of the phosphorylation site serine 16 on HSP20 were 



FIGURE 17: Phosphorylation of HSP27 inhibits HSP20 phosphorylation by PKA in 

vitro. 

Recombinant HSP27 was phosphorylated in vitro by MAP KAP kinase II and the 

phosphorylated HSP27 was separated from MAP KAP kinase 11 by molecular seiving 

columns. Diff~rent amounts of non-phosphorylated and phosphorylated HSP27 were 

added to a reaction mixture containing recombinant HSP 20 and the catalytic subunit of 

PKA. The proteins were separated by SDS-PAGE and an autoradiogram was obtained. 

The amounts of HSP20 and HSP27 (in µg) added to the reaction mixture are depicted on 

· the bdttom of the figure and t~e relative mobility of molecular weight markers on the left 

of the panel. The phosphorylated HSP27 inhibited the phosphorylation of HSP20 by the 

PKA catalytic subunit, but non-phosphorylated HSP27 did not inhibit the 

phosphorylation of HSP20 by the PK.A catalytic subunit. Phosphorylated HSP27 was not 

phosphorylated by P KA catalytic subunit. 
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introduced (Figure 18). The synthetic peptide, WLRRASPPLPGLK, in which serine16 

was phosphorylated, significantly attenuated both KCl (110 mM)- and serotonin (5HT, 1 

µM)-induced contractions (Figure 18A, dotted line; 18B and C #2). In addition, the 

synthetic peptide, WLRRAAPLPGLK, in which serine 16 was replaced with ~n alanine,· 

thus rendering the peptide "nonphosporylatable" augmented both KCl (110 mM)- and 

serotonin (5HT, 1 ~LM)-induced contractions (Figure 18A,dashed line; 18B and C #3). 

The synthetic peptides, WLRRASPLPGLK, in which serine I6 was not phosphorylated, 
\ 

and PRKAL WLGRPLA, a peptide containing a random distribution of the amino acids, 

had no effect on KCl (110 mM)- or serotonin (5HT, 1 µM)-induced contractions. 

Additionally, the synthetic peptide WLRRASPLPGLK was not phosphorylated in vitro 

by the catalytic subunit of PKA (data not shown). 

HYPOTHESIS IL AIM 1. What effect does activation of cyclic nucleotide-
dependent signaling pathways have on· myosin light chain 
phosphorylation? 

Serotonin-induced contractions ·produced transient myosin light chain 

phosphorylation in bovine carotid artery and human umbilical artery smooth 

muscle:· 

To examine whether cyclic nucleotide-dependent inhibition of contraction was 

mediated through inhibition of the calcium-dependent p~osphorylation of myosin light 

chains, smooth muscle was pretreated with IBMX/FSK followed by serotonin stimulation 

and myosin light chains were measured. Treatment of bovine carotid artery smooth 

muscle with serotonin (1 µM) led to a rapid, sustained contraction (Figure 19A and Table 

4). Myosin light chain phosphorylation was measured using glycerol-urea gel/westerns. 

The serotonin-induced contraction was associated with a transient increase in myosin 

light chain phosphorylation (Figure 19B and Table 4). Treatment of human umbilical 



FIGURE 18: Synthetic peptides corresponding to phosphorylated HSP20 inhibit 

serotonin-induced contractile responses in transiently permeabilized vascular smooth 

muscles. 

Strips of bovine carotid artery smooth muscles were transiently permeabilized 

and incubated in the presence of synthetic peptides. The strips were then treated.with 

high potassium (110 mM, KCl), re-equilibrated in bicarbonate buffer and treated again 

with serotonin (5HT, 1 µM). A representative tracing of the responses after incubation 

with the synthetic peptide, WLRRAS1' P LPGLK (in which serine16 was phosphorylated, 

dotted line), WLRRAAPLPGLK (in which serine16 was replaced with an alanine, dashed 

line), or with WLRRASPLPGLK (in which serine16 was not phosphorylated, solid iine) is 

depicted in panel A. Aggregate data is depicted in panel B for KCl responses and panel 

C for serotonin .responses; lane 1 is the non-phosphorylated peptide, lane 2 is the 

phosphorylated peptide, and lane 3 is the peptide in which serine16 was replaced with an 
. . 

alanine (n = 5, * p < 0.05 compared to control). The WLRRAS"PLPGLKpeptide 

inhibited a KC!- and serotonin-induced contractile response, while the 

WLRRAAP LPGLK peptide augmented the KC!- and serotonin-induced contractile 

response. PRKALWLGRPLA, a peptide containing a random distribution of the amino 

acids; also had no effect on KC! (110 mM)- or serotonin (5HT, 1 µM)- induced 

contractions (p < 0. 05 compared to control, data not shown). 
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FIGURE 19. Serotonin-induced contractions produced transient myosin light chain 

phosphorylation in bovine carotid artery smooth muscle. 

Bovine carotid artery smooth muscle strips were equilibrated-in a muscle bath 

mounted on force transducers. The muscle strips then were stimulated with serotonin (5-

HT, 1 µM, arrow, Panel A). Some muscle strips were snap frozen at the appropriat~ 

time, and the proteins were resolved using glycerol-urea gel/westerns. Myosin light 

chain (MLC20) phosphorylation was determined by western blot analysis with antibodies 

specific to smooth muscle myosin light chains-20 kD, and developed on Phosphorlmager· 

plates (Molecular Dynamics, CA). Serotonin stimulation led to a rapid, sustained 

con.traction with transient myosin light chain phosphorylation (Panel B). * = p < 0.05 

by ANO VA on ranks n = 4 - 10 compared to unstimulated timed controls. 
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Control 5HT 5HT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

Stress (10:, Nim") 0.08 ±_0.03 0.61 ± 0.06 0.67 ± 0.10 
MLC-P (mol Plmol MLC) 0.13 ± 0.05 0.(56 ± 0.08 0.10 ± 0.02 
JO2 (nmol Oi/minlg) 11 ± 1 55 ± 13 17 ± 2 

IBMX(l mM)IFSK(l0 µM) for 10 min 
Control 5HT 5HT 
(time 0) (1 ~tM, 2 min) (1 µM, 60 min) 

Stress (10:, Nim") 0.02 ± 0.01 0.01 ± 0.01 0..003 ± 0.10 
MLC-P (mol P/mol MLC) 0.02 ± 0.01 0.58 ± 0.09 
JO2 (nmol O2/minlg) 6±2 54 ± 11 13 ± 3 

Table 4. Stress, myosin light chain phosphorylation, and oxygen consumption in 

bovine carotid artery smooth muscle. 

55 

Stress, myosin light chain phosphorylation (MLC-P), and oxygen consumpti_on 

(J02) data from bovine carotid artery smooth muscle stimulated with serotonin (1 µM, 60 

min), or pretreated with 1 mM 3-isobutyl-1-methylxanthine/10 µM forskolin 

{IBMX/FSK) followed by serotonin (1 µM) stimulation for 60 minutes. IBMX/FSK 

pretreatment inhibited the serotonin-induced contractile response, but did not inhibit the 

myosin light chain phosphorylation or oxygen consumption at 2 minutes after serotonin 

stimulation. Data was compiled from Figures 19, 21, and 26. The data is presented as 

units± SEM. 
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artery smooth muscle with serotonin ( 1 µM) also led to a rapid and sustained contraction 

(Figure 20A and Table 5). This contraction was associated with a transient increase in. 

myosin light chain phosphorylation (Figure 20B and Table 5). 

IBMX/FSK pretreatment inhibited contraction but not myosin light chain 

phosphorylation in bovine carotid artery smooth muscle: 

Pretreatment of carotid artery smooth muscle with 3-isobutyl-1-methylxanthine 

(IBMX, 1 mM)/forskolin (FSK, 10 µM) for 10 minutes prior to serotonin stimulation did 

not significantly lower resting stress (Figure 21A and Table 4) but decreased myosin light 

chain phosphorylation (Figure 21B and Table 4). The subsequent addition of serotonin (1 

µM) after IBMX/FSK pretreatment did not increase stress (Figure 21A and Table 4). 

However, there was a transient increase in myosin light chain phosphorylation (Figure 

21B and Table 4). P~etreatment of umbilical artery with IBMX/FSK for 10 minutes 

resulted in decreased stress (Figure 22A and Table 5) with no change in myosin light 

chain phosphorylation (Figure 22B and Table 5) .. Pretreatment with IBMX/FSK did not 

prevent a serotonin ( 1 µM) induced contraction, but the contraction was transient over 60 

minutes (Figure 22A and Table 5). The contraction was associated with transient 

increases in myosin light chain phosphorylation similar to serotonin stimulation alone 

(Figure 22B and Table 5). 

Maximal myosin light chain phosphorylation stimulated by serotonin unchanged 

with and without pretreatment with IBMX/FSK: 

In carotid artery smooth muscle, serotonin produces a rapid increase in myosin 

light chain phosphorylation which is elevated at 30 seconds and remains elevated at 15 



FIGURE 20. · Serotonin-induced contractions produced transient myosin light chain 

phosphorylation in human umbilical artery smooth muscle. 

Human umbilical artery smooth muscle strips were equilibrated in a muscle bath 

mounted on force transducers. The muscle strips then were stimulated with serotonin (5-

HT, 1 µM, arrow, Panel A). Some muscle strips were snap frozen at the appropriate 

time, and the proteins were resolved using glycerol-urea gel/westerns. Myosin light 

chain (MLC20) phosphorylation was determined by western blot analy~is with antibodies 

specific to smooth muscle myosin light chains-20 kD (Panel B), and developed on 

Phosphorlmager plates (Molecular Dynamics, CA). Serotonin stimulation led to a rapid, 

sustained contraction with transient myosin light chain phosphorylation (Panel B). * = p 

< 0. 05 by AN OVA on ranks n = 5 - 12 compared to unstimulated timed controls. 
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Control 5HT 5HT 
(time 0) (1 µM, 2 min) (1 ~tM, 60 min) 

Stress (10:, N/m.:;) 0.034 ± 0.003 0.088 ± 0.011 0.103 ± 0.023 
MLC-P (mol P/mol MLC) 0.109 ± 0.039 0.543 ± 0.035 0.042 ± 0.011 

IBMX(l mM)/FSK(l0 µM) for 10 min 
Control 5HT 5HT 
(time 0) (1 µM, 2 min) (1 µM, 60 min) 

· Stress (10:, N/m.:;) 0.014 ± 0.002 0.054 ± 0.010 0.020 ± 0.020 
MLC-P (mol P/mol MLC) 0.139 ± 0.082 0.491 ± 0.057 

Table 5. Stress and myosin light chain phosphorylation in human umbilical artery 

smooth muscle. 

Stress and myosin light chain phosphorylation (MLC-P) data from human 

umbilical artery smooth muscle stimulated with serotonin (1 µM, 60 min), or pretreated 

with 1 mM 3-isobutyl:-1-methylxanthine/10 µM forskolin (IBMX/FSK) followed by 

serotonin ( 1 µM) stimulation for 60 ·minutes. IBMX/FSK.pretreatment did not prevent 

the serotonin-induced contractile response and did not change the myosin light chain 

phosphorylationJevels stimulated by serotonin. Data was compiled from Figures 20 and 

22. The data is presented as units± SEM. 



FIGURE 21. IBMXIFSK pretreatment inhibited serotonin-induced contraction but not 

myosin light chain phosphorylation in bovine carotid artery smooth muscle. 

Bovine carotid a,rtery smooth muscle strips were equilibrated in a muscle bath 

and then treated with 1 mM 3-isobutyl-1-methylxanthin~/ 10 µM forskoin (IBMXIFSK, 

arrow) for 10 minutes prior to stimulation with 1 µM. serotonin (5-HT) for 60 minutes 

(arrow). Muscle strips were snap frozen at the appropriate time points, and the proteins 

were resolved using glycerol-urea gel/westerns. Myosin light chain (MLC20) 

phosphorylation was determined by western blot analysis by antibodies specific to smooth 

muscle light chains-20 kD, and developed on Phosphorlmager plates (Molecular 

Dynamics, CA). IBMXIFSK pretreatment inhibited the serotonin-induced contractile 

response but did not prevent myosin light chain phosphorylation (Panel B). * = p-< 0.05 

by ANO VA on ranks n = 4 - 10 compared to unstimulated timed controls. 
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' FIGURE 22. IBMXIFSK pretreatment did not inhibit a serotonin-induced contraction 

or myosin light chain phosphorylation in human umbilical artery smooth muscle. 

Human umbilical artery smooth muscle strips were equilibrated in a muscle bath 

and then treated with 1 mM 3-isobutyl-1-methylxanthine/ 10 µM forskoin (IBMXIFSK, 

arrow) for 10 minutes prior to stimulation with 1 µM serotonin (5-HT) for 60 minutes 

(arrow). Muscle strips were snap frozen at the appropriate time points, and the proteins 

. ' 

were resolved using glycerol-urea gel/westerns. Myosin light chain (A,,:fLC2r) 

phosphorylation was determined by western blot analysis by antibodies" specific to smooth 

mus_cle light chains-20 kD, and developed on Phosphorlmager plates (Molecular 

Dynamics, CA). IBMXIFSK pretreatment did not prevent the serotonin-induced 

contractile response and did not alter the myosin light chain phosphorylation (Panel B). 

* = p < 0. 05 by AN OVA on ranks n = 5 - 12 compared to unstimulated timed controls. 
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minutes (Figure 23). Pretreatment with IBMX/FSK in the carotid artery followed by. 

serotonin stimulation produces a delayed phosphorylatio·n of myosin light chains with a 

more rapid increase and decrease in myosin light chain phosphorylation levels (Figure 

23). However, at-2 minutes the maximal phosphorylation of myosin light chains was the 

same as serotonin stimulation alone (Figure 23). In umbilical artery smooth muscle, 

pretreatment with IBMX/FSK did not affect the myosin light chain phosphorylation 

induced by serotonin stimulation (Figure 24 ). 

Myosin light chain phosphorylation due to serotonin stimulation after pretreatment 

with IBMX/FSK in bovine carotid artery smooth muscle is calcium-dependent and 

ML-9 sensitive: 

To determine whether myosin light chain kinase mediated the myosin light chain 

phosphorylation induced by serotonin stimulation after IBMX/FSK pretreatment, we 

measured myosin light chain phosphorylation under calcium-free conditions and in the 

presence of the myosin light chain kinase inhibitor, ML-9. Serotonin-induced increases 

in myosin light chain phosphorylation in the presence of IBMX/FSK were significantly 

inhibited by ML-9 (200 µM) and completely abolished under conditions where free 

intracellular calcium was buffered usingEGTA (4 mM)/BAPTA-AM (0.1 mM) (Figure 

25). 



FIGURE 23. Maximal myosin light chain phosphorylation stimulated by serotonin 

unchanged with and without pretreatment with IBklXIFSK in bovine carotid artery 

smooth muscle. 

Bovine carotid artery smooth muscle was stimulated with either serotonin or 

pretreatedwith IBMXIFSKfollowed by serotonin (5-HT) for 0.5, 2, 15, and 60 minutes. 

The smooth muscle strips were snap frozen and separated on a glycerol-urea gel/western. 

The increase in phosphorylation above timed controls was calculated for serotonin 

stimulation (blue) .and stimulation with IBMXIFSKfollowed by serotonin (green). 

IBMXIFSK pretreatment produced a delayed increase and more rapid decrease in myosin 

light chain phosphorylation, but it did not affect the level of myosin light chain 

phosphorylation at 2 minutes after serotonin stimulation. * = p < 0. 05 as compared to 

5-HT stimulation alone. 
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FIGURE 24. Serotonin-induced myosin light chain phosphorylation in human . 

umbilical artery smooth muscle _was unch_anged with IBMXIFSK pretreatment. 

Human umbilical artery smooth muscle was stimulated with either serotonin or 

pretreated with IBMXIFSKfollowed by serotonin for 0. 5, 2, 15, and 60 minutes. The 

smooth muscle strips were snap frozen and separated on a glycerol-urea gel/western. 

The amount of increase above timed controls was calculated for serotonin stimulation 

(blue) and stimulation with IBMXIFSKfollowed by serotonin (green). IBMXIFSK 

pretreatment did not alter the serotonin-induced myosin light chain phosphorylation. 
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FIGURE 25. Inhibition of bovine carotid artery myosin light chain phosphorylation 

by ML-9 and EGTAIBAPTA. 

Bovine carotid artery smooth muscles were equilibrated in a muscle bath. The 

smooth muscles were then stimulated under five conditions: 1 mM 3-isobutyl-1-

methylxanthine/10 µMforskolin (IBMXIFSK) for 12 minutes, IBMXIFSKfor 10 minutes 

then serotonin (1 µM, 2 min), IBMXIFSK + EGTA (4 mM)IBAPTA (0.1 mM) for 12 

minutes, IBMXIFSK + EGTA (4 mM)IBAPTA (0.1 mM) for 10 minutes then serotonin (1 

µM, 2 min), and IBMXIFSK + ML-9 (200 µM) for 10 minutes then serotonin (1 µM, 2 

min). After stimulation, the muscle strips were snap frozen, and the proteins separated 

on a glycerol-urea gel/western using antibodies specific to smooth muscle myosin light 

chains-20 kD. Panel A demonstrates a representative glycerol-urea gel/western blot. 

Panel B shows the quantitation of myosin light chain immunblots. The myosin light 

chain phosphorylation after IBMXIFSK pretreatment followed by serotonin s_timulation is 

calcium-dependent and ML-9 sensitive. * = p < 0. 05 by ANO VA on ranks n ~ 3 - 7 as 

compared to IBMXIFSK stimulation after 12 minutes of stimulation. 
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HYPOTHESIS II. AIM 2. Do~s the activation of cyclic nucleotide~dependent 
signaling pathways during the exposure· of the muscle to 
a contractile agent have an effect on the changes in 
oxygen consumption induced by the contractile agent? 

Oxygen consumption in bovine carotid artery smooth muscle increased with 

serotonin stimulation with or without IBMX/FSK pretreatment: 

To examine the energetic state of the carotid artery smooth muscle rings, oxygen 

consumption and stress were measured simultaneously in tissue stimulated with serotonin 

before and after incubation with IBMX/FSK. Each ring was stimulated with serotonin for 

60 minutes then passively relaxed for 45 minutes. The rings were then treated with 

IBMX/FSK for 15 minutes followed by a second serotonin stimulation for 60 minutes. In 

the control muscle, serotonin stimulation produced a sustained increase in stress (Figure 

26A and Table 4) associated with a transient increase in oxygeri consumption .(Figure 26B 

and Table 4). In contrast, stimulation with serotonin, after pretreatment with IBMX/FSK, 

produced no increase in stress (Figure 26A and Table 4), but there was a similar increase 

in oxygen consumption to that of serotonin sti~ulation alone (Figure 2.6B and 'I:'able 4). 

The magnitude of the transi~nt increase in suprabasal oxygen consumption (suprabasal 

J02) with serotonin stimulation was similar in the absence or presence of IBMX/FSK 

(Figure 26C and Table 4). 



FIGURE 26. Oxygen consumption in bovine carotid artery snwoth muscle increased 

with serotonin stimulation with or without IBMXIFSK pretreatment. 

BCASM rings were mounted in a sealed muscle bath chamber designed to 

monitor force and oxygen tension concurrently. The muscle is treated with 1 mM 3-

isobutyl-1-methylxanthine/10 µM forskolin (iBMXIFSK) for 15 minutes followed by 

serotonin (1 µM.) stimulation for 60 minutes. The stress was calculated from the force 

divided by the area as specificed in the methods section. The rate of oxygen consumption 

(JO) was measured measured directly and suprabasal oxygen consumption was 

calculated by subtracting the basal rate of oxygen consumption at the start of the 

experiment from all subsequent measured values (Panel A, B, & C respectively). The 

serotonin-induced increase· in oxygen consumption was unaltered by pretreatment with 

IBMXIFSK. * = p < 0. 05 by AN OVA on ranks n = 6 - 8 compared to time O of the 

control condition with each strip serving as its own control. 
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DISCUSSION 

The present experiments demonstrated that increas~s in the phosphorylation of the 

small heat shock-related protein, HSP20 are associated with inhibition of agonist-induced 

contraction of vascular smooth muscle. In addition, these experiments demonstrated that 

the rate of increase in the phosphorylation of HSP20 is associated with the rate of cyclic 

nucleotide-dependent relaxation. Finally, we provided dire~t evidence that HSP20 

modulates cyclic nucleotide-dependent" relaxation in that the addition of phosphopeptide 

analogues of HSP20 attenuate agonist induced contraction of smooth muscle. Taken 

together these data support a role for HSP20 in the cyclic nucleotide-dependent signaling 

pathway that leads to relaxation of vascular· smooth muscles. 

These studies used two different models of vascular smooth muscles. The first 

was bovine carotid artery smooth muscle, which is similar to most vascular smooth 

muscles in that activation of cyclic nucleotide-dependent signaling pathways leads to 

rapid relaxation of agonist pre-contracted muscles. The second was human umbilical 

artery smooth muscle which is uniquely resistant to cyclic nucleotide-dependent 

relaxation. Using these two muscles we were able to demonstrate that the rate of 

relaxation correlated with the rate of phosphorylation ofHSP20 (Figure 12). 

Human umbilical artery smooth muscle pre-contracted with the contractile 

agonist, serotonin, did not relax in response to forskolin (10 µM), but it did relax when 

67 
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cyclic nucleotide-dependent signaling pathways were maximally activated with a 

phosphodiesterase inhibitor, IBMX (1 mM) and forskolin (10 µM). This impaired cyclic 

nucleotide-dependent vasorelaxation in human umbilical artery may be physiologically 

important. Umbilical vessels are conduits for the entire blood supply to the fetus, 

however, at parturition the fetal circulation is separated from the maternal circulation. 

This separation is associated with vasospasm, and ultimately obliteration of the umbilical 

vasculature. Although the mechanisms that account for this process are not known, there 

is data available suggesting that impaired cyclic nucleotide:dependent relaxation- in 

umbilical artery smooth muscle is associated with a decrease in the sensitivity of PK.A to 

forskolin stimulation (10) as well as the presence of endogenous inhibitory activity for 

PK.A in umbilical whole cell homogenates (13). No specific endogenous inhibitor of 

PK.A has been identified, however the binding of the type II regulatory subunit of PK.A is 

known to inhibit the activity of catalytic subunit. Thus, increases in the amount of the 

regulatory subunit could potentially inhibit PK.A activity. We have recently demonstrated 

that there are increased amounts of immunoreactive type II PK.A regulatory subumt in · 

full-term human umbilical artery smooth muscle compared to pre-term human umbilical 

artery smooth muscle (97). Thus, impaired activation of PK.A in umbilical artery smooth 

muscle may be due to increased expression of PK.A type II regulatory subunit. 

An alternative hypothesis is based on the data demonstrating that the human 

umbilical artery smooth muscle has an increased amount of immunoreactive HSP27 and 

phosphorylated HSP27 (15). Thus, increases in the amount ofphosphorylated HSP27 

may inhibit cyclic nucleotide-dependent relaxation in the umbilical vasculature. HSP27 
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and HSP20 are known to associate in vivo ( 4 7), and form macromolecular aggregates 

(14). Macromolecular aggregates of Hsr20 dissociate into smaller aggregates in carotid 

artery smooth muscle after IBMX/forskolin stimulation, whereas the macromol_ecular 

aggregates of HSP20 in the umbilical artery smooth muscle do not dissocic_tte after 

IBMX/forskolin sti~ulation (14). The phosphorylation ofHSP20 associated with 

IBMX/forskolin stimulation in carotid artery is also associated with a shift in HSP20 to a 

fraction that co-elutes with HSP27 from a Superose 6 molecular sieving column (14). 

Since HSP27 is an actin binding protein, we hypothesized the function ofHSP27 may 

involve the stabilization of the contractile machinery at a specific contractile, 

cytoskeletal, or dense body/dense plaque domain. This model would suggest that the 

function of HSP20 is to dissociate HSP27 fro111: a specific domain. 

The current latch bridge hypothesis would suggest that activation of cyclic 

nucleotide-dependent signaling pathways would prevent phosphorylated myosin from 

interacting witl]. actin resulting in abnormally functioning crossbridges. This mechanism 

is plausible since HSP20 and HSP27 are actin associated proteins (16). Actin co

immunoprecipitates with HSP20 and in vitro actin sedimentation assays suggest that 

phosphorylate<:! HSP20 is associated with F-actin while non-phosphorylated HSP20 is 

associated with G-actin ( 16). Thus it is possible that in muscle cells, when HSP20 

becomes phosphorylated, it interacts with F-actin or F-actin associated proteins. 

To determine whether activation of the cyclic nucleotide-dependent signaling 

pathways inhibit the Ca2+ -dependent myosin light chain kinase pathway, myosin light 

chain phosphorylation was determined after treatment of carotid artery smooth muscle 
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with IBMX/forskolin followed by serotonin. Stimulation with IBMX/forskolin did not 

inhibit serotonin-induced myosin light chain phosphorylation (Figure 23). The maximal 

serotonin-:-induced phosphorylation was the same with or without IBMX/forskolin 

pretreatment (Figure 23). The phosphorylation of the myosin light chains can occur 

through activation of several different kinases, such as the calcium-dependent myosin 

light chain kinase, the recently described Rho-kinase, P~, or through inactivation of the 

myosin light chain phosphatase (51, 91). To determine whether the increases in the 

phosphorylation of the myosin light chains in the bovine carotid artery smooth muscle 

were due to the calcium-dependent myosin light chain kinase, two conditions were tested. 

The first condition chelated extracellular and intracellular calcium using EGTA/BAPTA

AM, and the second condition inhibited myosin light chain kinase using a selective 

-inhibitor of myosin light chain kinase, ML-9. The phosphorylation of myosin light chains 

was inhibi.ted by calcium chelators and by ML-9 (Figure 25). Thus, the increases in 

myosin light chain phosphorylation that occured after treatment with forskolin and 

serotonin were likely due to activation of myosin light chain kinase. 

Increases in the phosphorylation of the myosin light chains leads to an interaction 

of myosin with actin and activation ofmyosin ATPase. To examine the effects of 

activation of cyclic nucleotide-dependent signaling pathways on myosin ATPase, oxygen 

consumption was measured as an indirect measurement of myosin ATPase activity, i.e. a 

measure of the rate of cross bridge cycling. Oxygen consumption in bovine carotid artery 

smooth muscle after serotonin stimulation paralleled myosin light chain phosphorylation 

with an initial rapid increase in oxygen consumption followed by decreases toward basal 
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levels during the sustained phase of contraction (Figure 19, 21 and 26). These data are 

consistent with a decreased rate of myosin ATPase activity during the sustained phase of 

contraction associated with lower myosin light chain phosphorylation. Pretreatment with 

IBMX/forskolin did not inhibit the serotonin-induced increases in oxygen consumption 

(Figure 26) and the pattern of oxygen consumption was nearly identical after serotonin 

stimulation with or without pretreatment with IBMX/forskolin (Figure 26B). Since 

actomyosin ATPase activity requires an interaction between phosphorylated myosin and 

actin (86), any impairment of crossbridge cycling would result in a lower energy demand 

and be reflected indirectly in a lowered rate of oxygen consumption. Taken together, 

these data suggest that activation of cyclic nucleotide-dependent signaling pathways does 

not lead to rel.axation. by inhibiting the· Ca2
+ -dependent activation of myosin light chain 

kinase, myosin light chain phosphorylation, or actin and myosin cross bridge cycling. 

A second possibi~ity :is that activation of cyclic nucle9tide-dependent signaling 

pathways dissociates the contr,actile apparatus from .specific focal contacts, such as dense

bodies and/or dense~plaques, which provide a>framework for the attachment of contractile 

structures to the cytoskeleton ( 46, 71). Such a mechanism would result in normal 

crossbridge phosphorylation, crossbridge cycling, and oxygen consumption. Activation 

of cyclic nucleotide-dependent signaling pathways has been associated with disruption of 

focal adhesion complexes in bovine aortic endothelial cells (64, 88). HSP20 has been 

shown to co-immunoprecipitate with the dense body protein, a-actinin, and dense plaque 

protein, vinculin (Brophy et. al. unpublished data). In addition, immunocytochemical 

analysis with non-phosphorylated and phosphorylation state specific HSP20 antibodies 



suggests that phosphorylated HSP20 is associated with both actin and dense plaque 

proteins (Brophy et. al. unpublished data). Thus, HSP20 may mediate relaxation via 

direct interaction with HSP27 or with proteins in these complex structures. 
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To determine if increases in the phosphorylation of HSP27 contribute to the 

stabilization of force, we exposed bovine carotid artery smooth muscles to the chemical 

stressor, sodium arsenite. Increases in the phosphorylation of HSP27 occur in cultured 

cells treated with chemical (sodium arsenite) (23) and thermal (heat shock) stress (54). 

Sodium arsenite tr~atment led to an increase in the phosphorylation of HSP27 in intact 

strips of carotid arte_ry smooth muscle. The increases in the phosphorylation of HSP27 

induced by arsenite were inhibited by SB203580, an inhibitor oft4e MAPKAP kinase II -

pathway (74). Sodium arsenite treatment led to inhibition of forskolin-induced rel8:Xation 

(Figure 15) and to decreases in forskolin-induced phosphorylation of HSP20 isoform 8 of 

HSP20 (Figure 16 and Table3). The increases iri the phosphorylation of HSP27, induced 

by sodium arsenite treatment, did not alter basal tone or the magnitude of contraction 

induced by the agonists, serotonin (Figure 15) or high extracellular KCI. Thus, although · 

Bitar and co-workers have implicated HS_P27 phosphorylation in contraction (11), these 

data suggest that increases in the phosphorylation of HSP27 do not affect basal or agonist 

induced smooth·muscle tone but inhibit cyclic nucleotide-dependent relaxation responses. 

Since HSP27 and HSP20 share considerable sequence homology (50%) and co

exist in macromolecular aggregates, it is possible that phosphorylated HSP27 inhibits 
( 

HSP20 phosphorylation via compartmentalization ofHSP20 to regions distinct from 

cyclic nucleotide-dependep.t kiriases or by direct inhibitfon of cyclic nucleotide-dependent 



73 

signaling pathways. To te~t these possibilities, the effect of phosphorylated recombinant 

HSP27 on PK.A induced phosphorylation of HSP20 was_ determined in vitro. 

Recombinant HSP27 was phosphorylated by MAPKAP kinase II in vitro and 

phosphorylated HSP27 was added to a reaction mixture containing the catalytic subunit 

of PK.A, Cr32Jp ATP, and recombinant HSP20. The phosphorylated HSP27 inhibited 

HSP20 phosphorylation by PK.A in a linear and dose dependent manner in vitro, while the 

non-phosphorylated HSP2'7 did not affect HSP20 phosphorylation by PKA in vitro 

(Figure 17). These results indicate that phosphorylated HSP27 may directly inhibit cyclic 

nucleotide-dependent phosphorylation of HSP20 and that increased amounts of 

phosphorylated HSP27 in the postpartum umbilical artery may impair cyclic nucleotide

dependent relaxation in the umbilical artery smooth muscle. 

Taken together, these data suggested an association between increases in the 

phosphorylation of HSP20 and the inhibition of contraction, and impaired 

phosphorylation of HSP20 with resistance to relaxation. To provide more direct evidence 

that HSP20 is a downstream signaling effector molecule of cyclic nucleotide-dependent 

relaxation, the site on the HSP20 molecule that is phosphorylated after forskolin 

stimulation of bovine carotid artery smooth muscle was determined (serine16
) (6). 

Synthetic peptide analogs, _activators, in which serine16 was phosphorylated; inhibitors, in 

which serine16 was changed to an alanine; and controls, in which serine16 was not 

phosphory lated or the peptide amino acid sequence was scrambled; were introduced into 

transiently permeabilized strips of bovine carotid artery smooth muscle. The peptide 

··analogue phosphorylated on serine16 (phosphorylated HSP20) significantly inhibited the 
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contractile response to serotonin and KCl (Figure 18). The peptide inhibitor with serine16 

converted to an alanine (non-phosphorylatable HSP20) augmented the contractile 

response to serotonin and KCl (Figure 18). Neither control peptides with serine16 nor 

scrambled amino acid sequences altered the contractile responses to serotonin or KCI 

(Figure 18). None of the synthetic peptides could be phosphorylated by PK.A in vitro, 

' ,., 

suggesting that the contractile responses were not altered by phosphorylation of the 

peptides in the strips of smooth muscle. Whereas serotonin induces contraction via 

receptor mediated activation of signaling pathways, KCl depolarizes the membrane 

leading to increases in intracellular [Ca2+]. Thus, these peptide analogues inhibited 

contraction via mechanisms independent of either rec~ptor mediated activation of 

signaling pathways (5-HT) or increases in intracellular [Ca2+] (KCl). Interestingly, these 

peptides are similar to recently described WW domains which ·are phosphopeptides that 

interact with multiply phosphorylated proteins leading to a conformational change in 

these proteins (100). 

Based on these data, we propose a model in which activation of actomyosin 

ATPase leads to cross bridge cycling and movement of actin. The actin is then stabilized 

in a new configuration (shortened muscle) by the interaction between phosphorylated 

HSP27 and another specific, but unknown, domain protein. Putative candidates for this 

. unknown protein include dense body associated proteins ( eg. actinin), dense plaque 

associated proteins ( eg. talin, paxillin, or vinculin), or cytoskeletal proteins ( eg. desmin, 

vimentin, or ~-actin). During cyclic nucleotide-dependent relaxation, phosphorylated 

HSP20 would then interact with HSP27 resulting in a conformational change in the 
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molecule and "release" of the actin filaments. This model assumes that the small heat 

shock proteins modulate tone in the vascular smooth muscle through a direct interaction 

with specific contractile regulatory elements. It also assumes that this regulation is 

dependent on a relative ratio of the amount and phosphorylation state ofHSP20 and 

HSP27. Both of these assumptions are supported by existing data (42, 43). This model 

provides mechanisms which would account for both acute and chronic changes in vessel 

caliber. 

Taken together these data indicate that the phosphorylation of HSP20 plays an 

important role in cyclic nucleotide-mediated active relaxation of vascular smooth muscle. 

The mechanisms of cyclic nucleotide-dependent relaxation are independent of the 

contractile signaling pathways and are downstream from activation of the Ca2+ -dependent 

phosphorylation of myosin light chains. Although the specific mechanisms by which 

cyclic nucleotide-dependent phosphorylation ofHSP20 alters the interactions between 

cytoskeleton and/or contractile proteins leading to relaxation are not known, a plausible 

hypothesis is that a major structural reorganization is occurring at the focal adhesion 

complexes (e.g. dense bodies and/or dense plaqu.es). 
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