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A calcineurin-like phosphatase is required for catch contraction
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The ability of certain molluscan smoath musgles to maintuin a prolonged state of contrastion, lermed *cstch'. has been correlated with the astivity

of o calcincurin-like Cu**-reguluted phasphatase. The releise of this phosphatase through extensive trestment of fibers with detergent, as shown

by Western blots and a ealmedulin-binding overlay assay. results in ¢the loss of cuteh tension maintenance. This effest is reversed by pesfusion of

the fiber with brain enleineurin, These findings suggest that the astivity of the ealcincurin-like phosphutuss, switched on during «he onset of astive
contraction, plays a sriticol rele in the maintenance of catsh,

Mollussun muscle; Co®-reguluted phosphatuse; Musele regulation

I, INTRODUCTION

Tonic contruction in molluscan smooth muscles is
characterized by a stretch-resistant state — called catch
~ in which myosin crossbridges attach to actin, but
cycle very slowly (1], In detergent-skinned fiber prepara-
tions of the anterior byssus retractor muscle (ABRM)
of Mytilus edulis — a typical eatch musele — calcium
(about 107" M) induces active contrastion, and its re-
moval locks the muscle into catch. Relaxation is
achieved by addition of cAMP or by perfusion into the
fiber of the catulytic subunit of cAMP-dependent kinase
[2-5}. These findings are cansistent with the earlier dis-
covery that serotonin. a relazant of cateh contraction in
intact fibers, increases intracellular cAMP by activation
of adenylate cyclase [6-8). Taken together, these find-
ings indicate that phosphorylation/dephoshorylation
pracesses play a critical role in the regulation of cateh
in these musecles.

In contrast to previous studies, which have focused
on the role of pratein kinases in inducing relaxation, we
have atternpted to determine the state(s) of the contrac-
tile cycle in which phosphatases are involved. In the case
of ABRM, these states could be either activation or
catch, During activation such a phosphatase could be
regulated by the level of Ca?* in the cyteplasm; if, how-
ever, the phosphatase activity were switched on during
catch, when the Ca?* concentration is close to resting
level [9), a second messenger different (rom Ca® would
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be required. Several phosphatases have recently been
isolated and characterized: they have been grouped into
classes uccording to their made of action and regulation
(for review sce [I10]). Cu**fcalmedulin-regulated
phosphatases, classified as type 2B (PP2B), have been
identifted in vertebrates, invertebrates and lower cuko-
ryotes (for review see [L1]). Brain calcineurin. the first
of this eluss to be isalated, is made up of two subunits:
the catalytic subunit (culcineurin A), responsible also
for the binding of culmedulin (CaM) in the presence aof
micromolar caleium; and the Ca** binding subunit (cal-
cineurin B) [12].

In this report we show that ABRM fibers display an
ucselerated relaxation of catch tension with prolonged
incubation in detergent-contnining solutions. The loss
of calch tension maintenance has been correlatad with
the releuse from the fiber of a calcineurin-like phos-
phatase. Addition of calcineurin to the bathing medium
restores the ability of the fiber to maintain catch ten-
sion, whereas triflucroperazine {TFP) reversibly accel-
erates catch tension relaxation. Taken together, these
results indicate that the aclivity of a Ca?'-regulated
phosphatase, switched on during the onset of aclive
contraction, plays a critical role in the maintenance of
catch,

2, MATERIALS AND METHODS

Calsineurin purificd rom bovine brain [13], polyclonal antibodics
ruised in rabbit to brain catcineurin [14] and CaM {rom bovine testis
were a kind gifl of Dr, Claude Klee. CuM was also purchased (ram
Calbiochem and caleinsurin {rom Sigma. [1)CaM was labeled ac.
cording 1o the procedure of Klee et al. [13). Triflucroperazine was
kindly provided by Dr. Siefano Alemd (Instituie of Cell Biology.
C.N.R., Rome, lialy),

Mussels were purchased al the local fish market and kept alive in
aerated arlificiud sea water at 4°C,
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a4, AMechunical iveasurcivients

Freshly dissected ABRM {iber bundles (0.6=0.8 mm in diumeter)
were Kept in seawaler for 20-30 min with the ends uttuched 10 1
perspes suppart 1o allow the fibers to relax, The bundle was then
autached horizontally to u tension transducer canneeted with a Gould
2400 recorder, us deseribed by (8], Prior to treatment with detergent,
the bundle was activated with 0,55 #M acctyleholine (Ach) und relaxed
with 0.55 &M serotonin {SHT) to verify ils contructils behavier, The
bundles wers skinned in 20mM EGTA, 8 mM MgCl., SmM MATP,
50 mM PIPES, pH 6.8 with 0.1% supenin or 0.1-0.2% g-eicin, The
length of treutment with detergent varied uccording to the size of the
bundle and the soarce of the animali. Solutien fer wushing the fiber
wis 0.5 mM EGTA, 3 mM MgCly. 2 mM MgATP, 50 mM PIPES,
pH 6.8, Various [ree-Cit®” concentrations wers abtained by chunging
the ratio of EGTA 1o Cu™ us calouluated by using o program kindly
supplied by Dr. P.D. Chuntler (The Medieal College of Pennsylvaniu,
Philadelphiu, PA} [15). Typical EGTA/Ca mitios were 0.25 in pre-
astivating salution {pCu~6.5)and 0.7 inuctivasing solution (pCa~5.5)
Catch was induced by remeval af Ca®* with 20 mM EGTA, 3 mM
MgCl,. 2 mM MATP, $0mM PIPES. pH 6.8. It should be noted that
20 mM EGTA is used to insure rapid cemoval of Ca*~ throughaout the
fiber. Reluxution of cateh 1énsion was obtained by adding §.5 4M
eAMD. All solutions cantained G.5 4™ leupeptin wad 0.1 mM DTT,

2.2, Prowin anelysis

Permeabilized ABRM bundles ussd for nwwehanical medsurements
were homogenized in SDS sumple bufter {16] using u gluss homoge-
nizer uud bolled for 5 min, The selutien used for skinning the bundles
and the first washing solution were paoled {u tolst volume of sboui
1 mi} and cancentrated ona centricon 10 micreconsenlrator (Amicon)
1o 4 valume of $0-80 ul, Note that the use of microconsentratorns also
sllowed removal of cxeess detergent, which otherwise interferes with
SDS8.PAGE.

Toalal ABRM extract was obtuined by homogenizing the tisiue in
tow salt buller (40 mM WaCl. | mM MyCl., 0.5 mM EGTA. 0.5 uM
leupeptin, 10 mM NaP, pH 7.0} Mycfibrils were obtained by centri-
fuging the extract in a Beckman microfuge fer 1S min, Both supsron-
tant (low sult extract) and pellet (myofibrils) were analysed,

SDS-PAGE was carried out aceording te Laemmli (16} Western
blats were <arried out us deseribed by Towbin et al. {17). Bindiag ol
{"**CaM was measuced using he solid phase assuy deserited by
Hubbird and Klee [18]).

3. RESULTS

3.1. Effect of deicrgent on tension
ABRM fiber bundles, permeabilized with 0.1% sap-

1min
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Fig. 1. Typiea! trace of lension development in an ABRM fiber bundle

after chemleal skinning with 0.1 % suponin for 25 min. Arrows indicale

chunge of solution: wash (W), pre-uctivating solution, pCa ~8.5 (W*);

activating solution, pCa ~5.5 (Ca); caich solution (EGTAY); relaxing
solution (CAMP).
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Fig. 3. Time courss of typisal decays of enteh tension i various times
of treuiment with 0.1k suponin, Tenslen is expressed as pereeninge
of the maxima) tension develaped during aetive contruction: (@ - @)
average of four coniraction eyeles, two after 20 min and twa after
additional 40 min of treatment with detergent, using the same skinning
solution; error bars indicale maximal erroz, (@ - ® }Hirst and {V/ -V)
second sycle after additional treutment with saponin for 30 min. Note
that once aceelerntian of aateh tension decay is cbuerved, subsequent
eyeles of contraction show Incrensed uecelerasion.

onin in relaxing solution for 20-30 min at room temper-
ature (20°C). display mechanical properties similar to
those of intact fibers (Fig. 1) [51. Prolonged incubation
with saponin for up to 60 min, depending on the fiber's
size, does not uppear to affect either tension develop-
ment induced by calcium, or reluxation induced by
¢AMP, bui this treztment accelerates the rate of relaxa-
tion of catch tension. In an extensively skinned bundle,
about 50% of the catch tension is quickly lost during the
first 2-3 min after removal of Ca**, residual tension
decays at a slower rate (Fig. 2). Control fiber bundles
skinned for up to 30 min and kept relaxed, or main-
tained in catch for prolonged periods show only limited
acceleration of catch tension decay. Contrel experi-
ments show that saponin per se has no effect on the
coniraction cycle.

The protein content of the solution used to permea-
bilize the fiber was analysed by SDS-PAGE and com-
pared both to skinned and intact ABRM fibers, Weak
pands carresponding to myasin, paramyosin, actin, and
4 protein of about 19 kDa chain weight were observed
in the skinning solution (Fig. 3A). Palyclonal antibodies
to brain calcineurin were used to assay for the presence
of a phosphatase 2B-like protein, Western blots show
that anti-caleineurin antibedies cross-react with the 19
kDa band, comigrating with calcineurin B: the decreas-
ing cross-reactivity of the antibody with the skinned
ABRM bundles (Fig. 3A, lanes a® and ¢*) and the
ingreasing cross-reactivity in the corresponding skin-
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a b c al b. c.
Fig. 3. SDS-PAGE (&-15%) of ABRM and earresponding Western
blot with rabbit polyclona anlibody to brain calcineurin. (A) Fiber
buadle (a and ¢) and correspanding skinning selwtion (b and d) of
ABRM treated with 0.1% saponin for 30 min and 2 h respectively.
Corresponding Western blais are shown in (3¢, c*) and (b*, d%).
Mixtures of ealeineurin A and B {CN-A and CN-B) and enlmedulin
{CaM) used Lo rescue cateh tension (i) and corresponding Western blot
{i*). Antibedies to brain calcineurin show cross-reastivity with a 19
kDuband in ABRM comigrating with caleineurin B, (I3} Totnl ABRM
extrast {a), soluble {b) und insaluble {raction {myofibrils} (c) at low
ionie sirength and correspending Western blots (n®. b, ¢*). Myosin
heavy chain (MHC). paramyosin (FM), astin {As) and myesin light
chains {LCs} are indisated, Poor reastion is observed in myofibrils (¢*)
in relation to the law ionic steength soluble fraction (b*),

ning solutions (Fig. 3A, lanes b* and d*) agree well with
the loss of eateh tension maintenance exhibited by these
fibers. Since calcineurin antibodiss did not cross- react
with a band corresponding to calcineurin A (61 kDa),
a [**I]CaM binding ovelay assay was used to detect this
subunit (Fig. 4); increasing amounts of CaM bound to
a ~00 kDa polypeptide were abserved in the skinning
solutions as the time of detergent treatment increased
(Fig. 4, lanes b and d), confirming the Western blot
results. The presence of a calsinsurin-like phosphatase
in ABRM was also verified by comparing total ABRM
extracts with washed myofibrils preparations (Figs. 3B
and 4). Positive reactions with a 19 kDa (Fig. 3B, lanes
a® and b*)and a ~60 kDa polypeptide (Fig. 4, lanes e and
) ware observed n the extract and in the fraction selu-
ble at low ionic strength. Weaker reactions were ob-
served in the myofibril action (Fig. 3B, lane ¢* and Fig.
4, lane g), suggesting that this protein is highly seluble.
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Fig. 4. Binding of ['™]|CaM (50 nM) to ABRM samples eleciro-
phoresed on SDS-BAGE {6=15%) and cleciroiransferred to 0.45 um
nitrosellulose, Fiber bundle (u and ¢) nnd corresponding skinning
salution (band d) of ABRM treated with 0.1% saponin for 30 min and
2 1, respectively. Total ABRM extrust (¢). soluble {f} and insoluble
fraction {g) ut law ianic strength, Calcineurin, purchased from Sigma
(h). Dinding was detected in the region of the suiaradivgrain carre-

iponding to caleineurin A (~60 kDa),

3.2, Rescue of catch tension

ABRM fiber bundles. skinned for up to 30 min with
saponin, maintain 85-90% of the maximai tension de-
veloped during active contraction after 10 min of catch.
Fibers exposed to skinning selution for an additional
60-90 min, however, show activatian by Ca*" compara-
ble to fibers treated for 30 min. but display poor catch
tension, which is reduced to 30-50% of the maximum.
In order to verify whether the loss of the culcineurin-like
protein was responsible for the accelerated decay of
tensian, fibers which display poer cutch tension were
incubated with a mixture of caleineurin and CaM. (The
incubation was carried out for 20 min prior to uctiva-
tion with Ca** to allow diffusion into the fiber). In this
case. a full recovery of catch tension was obtained when
the fibers still retained about 50% of the catch tensien
prior to incubation with calcineurin (Fig. 5A). Moreo-
ver, a recovery of catch tension to about 70% of the
maximum (as compared to 85~90% of control) was ob-
tained when calcineurin was added to fibers which dis-
play only about 30% of catch tension (Fig. 5B). Re-
peated incubations with calcineurin and CaM prior 10
each cycle of contraction maintain catch tension. Omis-
sion of the calcineurin-CaM misture results in poor
catch tension, suggesting that this phosphatase is easily
released from the fiber (Fig. 5). Incubation with up to
10 M CaM without calcineurin does not result in re-
covery of catch tension, suggesting that the phosphatase
is required to lock the muscle into cateh.

The involvement of this or a related phosphatase was
further investigated using the phenothiazine tranquil-
izer triflucroperazine (TFP), known to bind CaM and
to inhibit its activity ([19]. for review see {20]). When
permeabilized ABRM bundles were incubated with in-
creasing concentrations of TFP (0.1-0.5 mM) prior to
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Fig. 5. Time course of cateh tension in ABRM bundles incubated with 0.62 M enlsineurin and 8.5 4M CaM prior to activation by Ca®™,
(A} {®~-®) calch tension decay after treatinent with suponin for 25 min shewn us control and (4 - 4 ) afler additional 43 min of skinning: eulch
tension is completely regained (* - *) alter incubistion with culsingurin. {B) {8-@) cantrol {avernge lram three contimetion cycles, two alter 20 min
and one after additional 40 min trentment with saponin), euteh tension alter trentment with sapanin for 120 min, (# - &) befare snd {*=-*) altey
ineubation with ealeineurin Gavernge of three eyeles with caleineusing coteh tension (57 =17) in a subseguent eyele, withoul ineubation with calgineurin,

activation (to allow the drug to diffuse into the fiber),
as well as during activation by Ca®*. ihe decay of catch
tension was accelerated and only nbout 509% of the max-
imal tension was retained at high TFP concentrations

(measured after 10 min of catch) (Fig. 6). Extensive
washing rescued catch tension in fibers exposed to up
to 0.125 mM TFP (Fig. 6A). but was ineffective in fibers
incubated with higher concenirations of TFP (Fig. 6B).
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Fig, 6. Timecoune ol cyteh tengion in ABRM bundles incubated with incrensing concentrutions of TFP and 10 4M CaM., (A) (@ - 8) caleh iension
decay shown as control; (# -~ #) nfier ineubation of the fiber with 0,125 mM TFP during active cantraction und (* - #) following washing out
of the drug: {¥ - 9) citch tension In fiber incubated with 0.25 mM TFP. {B) cuich tension (@ - @) in control eycle and (7 ~ ) after incubation
with 0.8 miv] TFP. {9 - @) washing out TFP at this concentration is ineffeclive in recovering catch. Cateh tenslon (* = ®) after incubation with
10 #M CaM.
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[n thess fibers, however, catch tension was recovered by
ndding CaM (10 x#M), suggexing a possible involve-
ment of this or related to Ca®"-binding protein with
catch maintenance.

4. DISCUSSION

The role of serotonin in relaxing cateh contraction in
molluscan smooth muscle has long been recognized
[1.21]. The finding that the action of this neurotransmit-
ter is mediated by the activation of adenylate cyclase,
resulting in an incrense of intraceliular cAMP. sug-
gested a possible role for phospharylation in the relaxa-
tion of catch [6-8). This hypotnesis has received support
from more recent studies on detergent-skinned fibers of
the ABRM. In these preparations catch contraction can
be relaxed by direct application of cAMP or by perfu-
sion of the fiber with the catalytic subunit of cAMP-
dependent protein kinase [2-5]. Further support for the
phesphorylation hypothesis has come from in vitro
studies showing that several proteins of molluscan
smooth muscles can be phospherylated, including
myosin heavy chuain, paramyeosin and myosin light
chaing [5,22-27]. In addition to these thick filaments
proteins, the recent identification of caldesmon in
ABRM [28] has also culled atlention to thin filament-
associated proteins as possible regulators of catch con-
traction. The precise target(s) of phosphorylation huve
not yet, however, been identified,

In this report we have approached the question of
cateh regulation by correlating the mechanical behavior
of these muscles with the action of protein
phosphutises. We show that prolonged treatment of
ABRM liber bundles with detergent induces the loss of
a calcineurin-like phosphatase, as shown by a CaM
binding overlay assay and Western blots. Type 2B
phosphatnses have been found throughout the animal
kingdom and, although the A subunit has been shown
to be tissue and species specific, the B subunit appears
to be highly conserved [11]. ABRM fiber bundles that
display poor catch tension maintanance because of ex-
tensive skinning (30-50% of the maximal tension devel-
oped during active contraction) regain the ability to
maintain catch when perfused with brain ealcineurin
just prior to activation by Ca?*. Since calgineurin is a
Ca?/CaM-regulated phosphatase, these findings sug-
gest that dephosphorylation takes place during the
onset of active contraction and that this process is medi-
ated by the increased Ca®* concentration. Whatever the
target(s) of phosphorylation in vive, these results imply
that they would be dephosphorylated during active con-
traction by the action of a Ca?*-dependent phosphatase;
and that they would, therefore, remain dephosphory-
lated during catch. Relaxatian would then be brought
about by the action of a cAMP-dependent kinase. A
more complicated scheme invelving a cascade of ki-
nases/phosphatases, is, of course, also possible.
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Additional support for the invelvement of a Ca®*-
regulated phosphatase in the maintenance of catch ten-
sion comes from the behavior of ABRM bundles treated
witis the phenothinzine tranquilizer TFP., We find that
thisdrug induces an accelerated cateh tension decay and
that this effect can be reversed by washing out the drug,
when it is used at moderate concentraiions (up to 0.125
mM). or by adding CaM to the bathing medium of the
fiber, when TFP is used at higher concentrations (up to
0.5 mM). Phenothiazines, as well as other related drugs,
are known to bind o a subclass of Cu**-binding pro-
teins in the presence of Ca** and to affect their biologi-
eal activity (19.20,29). The number of TFP-binding sites
on CaM and their dependence on Ca** sesms to vary
depending on the ionic sirength used [19,30]. Under the
caperimental conditions of cur study, it is likely that the
number of TFP sites is quite high, given the ionic
strength of the buffer and the need for exogenaus CaM
to relieve the effect. It cannot be excluded, however, that
the observed effect of TFP on ABRM may be due to
pathways different from the one involving CaM or a
related Ca®"-binding protein.

Taken together, these results indisate that the ability
of molluscan muscles to maintain catch tension at low
Ca* concentrations is linked to the action of a Ca®*/
CaM regulated phosphutase which becomes active dur-
ing the enset of centraction.
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