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ABSTRACT ‘‘Catch’’ is a condition of prolonged, high-
force maintenance at resting intracellular Ca21 concentration
([Ca21]) and very low energy usage, occurring in invertebrate
smooth muscles, including the anterior byssus retractor mus-
cle (ABRM) of Mytilus edulis. Relaxation from catch is rapid
on serotonergic nerve stimulation in intact muscles and
application of cAMP in permeabilized muscles. This release of
catch occurs by protein kinase A-mediated phosphorylation of
a high ('600 kDa) molecular mass protein, the regulator of
catch. Here, we identify the catch-regulating protein as a
homologue of the mini-titin, twitchin, based on (i) a partial
cDNA of the purified isolated protein showing 77% amino acid
sequence identity to the kinase domain of Aplysia californica
twitchin; (ii) a polyclonal antibody to a synthetic peptide in
this sequence reacting with the phosphorylated catch-
regulating protein band from permeabilized ABRM; and (iii)
the similarity of the amino acid composition and molecular
weight of the protein to twitchin. In permeabilized ABRM, at
all but maximum [Ca21], phosphorylation of twitchin results
in a decreased calcium sensitivity of force production (half-
maximum at 2.5 vs. 1.3 mM calcium). At a given submaximal
force, with equal numbers of force generators, twitchin phos-
phorylation increased unloaded shortening velocity '2-fold.
These data suggest that aspects of the catch state exist not only
at resting [Ca21], but also at higher submaximal [Ca21]. The
mechanism that gives rise to force maintenance in catch
probably operates together, to some extent, with that of cycling
myosin crossbridges.

Isometric force production in the anterior byssus retractor
muscle (ABRM) of Mytilus edulis, initiated by cholinergic
nerve stimulation, is maintained for a prolonged period of time
after cessation of stimulation. This condition, during which
relaxation of force occurs at an extremely slow rate, lasting
minutes, or even hours, has been termed ‘‘catch.’’ When catch
occurs, the intracellular Ca21 concentration ([Ca21]), which
was transiently elevated as a result of the stimulus, has declined
to near-resting levels (1, 2). In this invertebrate smooth muscle,
calcium activates contraction by direct binding to myosin (3, 4),
and its subsequent removal establishes the catch state (5). The
catch state is characterized by a marked slowing of crossbridge
cycling rate, measured as energy usage (6–8) and mechanical
behavior such as force-velocity relations and force redevelop-
ment after a quick release (9–12). Catch exemplifies the high
economy of smooth muscle: the ability to maintain force with
a low expenditure of energy. In the ABRM, rapid relaxation,
or release of catch, occurs on stimulation of serotonergic

nerves, a response that is mediated by an increase in cellular
cAMP and the activation of protein kinase A (13, 14).

We have shown that the catch state is regulated by the
cAMP-dependent phosphorylation of a high molecular mass
('600 kDa) protein in the intact and permeabilized ABRM
(15). Several lines of evidence support this conclusion. In
permeabilized muscles, only the catch-regulating (CR) pro-
tein, to the exclusion of other candidate proteins such as
paramyosin (16, 17), regulatory light chains of myosin (18–20),
and myosin heavy chain (21) undergoes a significant increase
in phosphorylation that corresponds to the cAMP-induced
release of catch. Inhibition of protein kinase A prevents both
the cAMP-induced phosphorylation of the CR protein and the
release of catch. cAMP-dependent thiophosphorylation of the
CR protein before activation of the muscle prevents catch.
During activation of intact muscles with acetylcholine, the CR
protein undergoes dephosphorylation, presumably as a result
of the action of a calcium-activated phosphatase (22). The
release of catch by serotonin is associated with phosphoryla-
tion of the CR protein. The degree of catch that is attained is
tightly linked to the previous history of the muscle and the
dephosphorylation of the CR protein that occurs on reactiva-
tion of the muscle. In the present study, we show that the high
molecular weight protein whose phosphorylation state regu-
lates catch is structurally related to twitchin, and that its
phosphorylation state plays an important role in modulation of
force output and velocity of shortening under conditions not
historically associated with the catch state.

MATERIALS AND METHODS

Muscle Preparation. The ABRMs were isolated from fresh
M. edulis (Kip’s Seafood, Cushing, Maine) as previously de-
scribed (15). Muscle bundles 0.2–0.4 mm wide were perme-
abilized in 1% Triton X-100 in rigor solution for 30 min and
then rinsed in rigor solution before additional experimental
manipulation. All experiments were done at 20°C. Measure-
ments of force production were made at Lo (the optimum
length for force production) as described previously (15).
Unloaded shortening velocity (Vo) was determined according
to the method of Edman (23).

Solutions. Relaxing and activating solutions for permeabil-
ized muscles contained: 1 mM Mg ATP; 0.5, 5, or 20 mM
EGTA; 3 mM free Mg21; 0.5 mM leupeptin; 1 mM DTT; 5 mM
Pi; 30 mM piperazine-N,N9-bis[2-ethanesulfonic acid]. Ionic
strength was maintained at 202 mM with 1,6-diaminohexane-
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N,N,N9,N9-tetraacetic acid, and the pH was 6.8. The pCa of the
relaxing solutions with no added calcium were considered to
be pCa.8. In the activating solutions, the total EGTA was kept
at 5 mM, and pCa was adjusted by the addition of CaEGTA.
For the production of catch, relaxing solution containing 20
mM EGTA was used. Rigor solution was similar to relaxing
solution but contained no ATP, and the EGTA concentration
was 2 mM. Phosphorylation of proteins was measured by
inclusion of 20 mCiyml [g-32P]-ATP (DuPontyNEN).

Muscle Extraction and SDSyPAGE. Muscles rapidly frozen
in liquid N2 were pulverized with 0.5 N HClO4. The protein
precipitates were solubilized in SDS sample buffer, passed
through a 0.4-mm filter, and subjected to SDSyPAGE (24) on
gels containing various percentages of acrylamide (15). Gels
stained with Coomassie blue were scanned with a laser den-
sitometer (Personal Densitometer, Molecular Dynamics), and
autoradiography was performed on dried gels with a storage
phosphor screen (PhosphorImager, Molecular Dynamics).

Protein Preparation. Twitchin from the ABRM of M.
galloprovincialis L. (Kesennuma Bay, Japan) was isolated by
using the procedure of Vibert et al. (25) for mini-titin. Mod-
ifications were the use of liquid N2 in which the ABRM sample
was pulverized and chromatography using DEAE-5PW
(Tosoh, Tokyo) and gel filtration on G3000 SWG (Tosoh).
Purification was monitored by SDSyPAGE. The yield of
purified protein from 10 g of ABRM was '2 mg.

The purified protein ('0.5 mg) was phosphorylated in vitro
in 0.3 ml of a solution containing: 0.2 mM ATP, 50 mM Tris,
50 mM KCl, 3 mM MgCl2, 1 mM CaCl2, pH 7.4 with 18 mCi
g32P-ATP (DuPontyNEN), and 3.6 units of the catalytic
subunit of protein kinase A (Sigma). In some cases, 1 mg of the
peptide inhibitor of protein kinase A (Sigma) was included.
After 15 min, the reaction was stopped with 10% trichloracetic
acid, and the protein precipitate was subjected to SDSyPAGE.

cDNA Cloning. Total RNA was prepared from ABRM from
M. galloprovincialis (26). First-strand DNA was synthesized by
using a T-primed first-strand kit (Pharmacia). PCR amplifi-
cation was performed by using a set of mixed primers con-
taining BamHI recognition sequences: the 59 primer, 59-
dCCGGATCCTA(CyT)GA(CyT)AA(AyG)TA(CyT)TA(Cy
T)CA(CyT)G-39, was designed from a N-terminal amino acid
sequence of a peptide from CR protein [obtained after lysyl
endopeptidase (Wako Biochemicals, Osaka) proteolysis], and
the 39 primer, 59-dACGGATCC GC(CyT)TC(CyT)TTIC(Gy
T)(AyG)TC(AyG)AA(AyG)TA-39, was based on the se-
quence of Aplysia twitchin (ref. 27; underlined in Fig. 2). PCR
was carried out by using forward and reverse primers (25 pmol)
and 10 ng of the first-strand cDNA template. Denaturation was
carried out at 94°C for 1 min, annealing at 50°C for 1 min, and
polymerization at 72°C for 2 min. The cycle was repeated 30
times. The DNA fragment amplified by PCR was digested with
BamHI, and digests were subcloned into a plasmid vector,
pBluescript II. Sequencing was performed by using the Dye
Deoxy terminator cycle sequencing kits with a DNA sequencer
model 373S (Perkin–Elmer).

Production of Antibodies. Rabbit antibodies were generated
to the peptide 291 to 314 of the Mytilus sequence (see Fig. 2)
with an additional N-terminal Cys. A keyhole limpet hemo-
cyanin conjugate was used for injection. The antibody was
affinity purified by using the above peptide attached to Sul-
folink coupling gel (Pierce) following the manufacturer’s
instructions.

Statistics. Data are reported as means 6 SEM. In compar-
isons, P , 0.05 is considered significant.

RESULTS

The Release of Catch and its Relationship to Phosphory-
lation of a High Molecular Weight Protein. A useful model for
the study of the regulation of catch is the permeabilized

ABRM of M. edulis. The characteristics of this model and the
features it shares with the intact muscle have been described
(15). The experimental paradigm for producing and releasing
catch in permeabilized ABRM shown in Fig. 1 forms the
framework for the current study. The typical catch response of
the permeabilized muscle is shown in Fig. 1 A. The muscle is
maximally activated in pCa 5 and then washed in relaxing
solution (pCa .8) containing 20 mM EGTA to rapidly remove
calcium. The removal of calcium results in a decay of force,
consisting of an initial rapid component during which the
muscle relaxes by about 25% in 30 sec, followed by a very slow
decay of force lasting many minutes (15). Force recovery after
a quick release (5% Lo) imposed at this time is minimal
compared with a similar perturbation imposed during activa-
tion in pCa 5, reflecting a slow crossbridge cycling rate. This
is catch. On addition of cAMP, the muscle relaxes rapidly.
SDSyPAGE of proteins from muscles so treated shows that
only a high molecular weight, CR protein becomes phosphor-
ylated during the cAMP-mediated release of catch. When
protein kinase A is inhibited with a synthetic peptide inhibitor
(28), addition of cAMP has no effect on catch force, and the
CR protein is not phosphorylated (Fig. 1B). Prevention of the
phosphorylation of the CR protein also prevents the release of
catch. These and other previously described experiments on
both intact and permeabilized ABRM (15) strongly suggest
that the catch state is regulated by the state of phosphorylation
of the CR protein.

Identification of the CR Protein. The CR protein from fibers
showed a mobility on SDSyPAGE that suggested a molecular
mass of '600 kDa (15). Because twitchin (also known as
mini-titin) has a similar molecular mass (29, 30), and it, too,
can be phosphorylated by protein kinase A (31), we used a
procedure designed for mini-titin to isolate and purify the CR
protein. The mobility of the purified protein was identical to
the CR band (Coomassie blue-stained and PhosphorImage)
derived from strips of ABRM (Fig. 1 C–E). The isolated
protein was phosphorylated by the catalytic subunit of protein
kinase A, and phosphorylation was inhibited by the protein
kinase A peptide inhibitor (Fig. 1F), as also observed for the
CR protein from muscle strips. The amino acid compositions
were determined for the CR band isolated from SDS gels of
muscle strips and for the isolated protein. These were similar
to one another and also to that predicted from the cDNA
sequence of Caenorhabditis elegans twitchin (data not shown)
(29, 30). The amino acid composition of CR protein is also
clearly distinct from paramyosin of M. edulis. For example, in
CR protein, proline and glycine are 7.9 and 13.1 mol %,
respectively, and are 1.5 and 4.8 mol % in paramyosin. This
excludes the possibility that the CR protein is an aggregated
form of paramyosin.

A derived amino acid sequence for a partial cDNA of the
isolated protein is shown in Fig. 2 and compared with corre-
sponding sequences of Aplysia californica and C. elegans
twitchins. Over the indicated region of the molecule, the
Mytilus protein was 57.7% and 77.4% identical to C. elegans
and Aplysia twitchins, respectively. This sequence contains a
putative kinase domain, with the conserved GXGXXG se-
quence (residues 35–40) that is involved in ATP binding at the
N-terminal margin. At the C-terminal side of the kinase
domain are the suggested calmodulin and Ca21yS100A12
binding sites of twitchin (32, 33). A similar sequence (under-
lined in Fig. 2) was found in the Mytilus sequence, and a
synthetic peptide based on this sequence was used for the
production of polyclonal antibodies. The affinity-purified an-
tibody reacted with a band in the appropriate position for
twitchin using a muscle homogenate (Fig. 1G), and also
corresponded to the band phosphorylated in permeabilized
muscle (Fig. 1H). The isolated protein crossreacted with the
polyclonal antibody (data not shown).
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The data indicate that the CR protein is the Mytilus isoform
of twitchin. Although there are some differences between the

C. elegans, Aplysia, and Mytilus isoforms, the similarities are
sufficient to merit this identification.

FIG. 2. Primary structure of a portion of the CR protein derived from ABRM of M. galloprovincialis. Areas shown by the double underlines
were used as primer regions for obtaining the cDNA sequence from which the amino acid sequence was derived. Also shown are the homologous
regions of twitchin from A. californica (27) and C. elegans (29). The primer region of Mytilus twitchin as well as 8-Leu to 19-Val were determined
by N-terminal amino acid sequencing, and the latter sequence was confirmed by the cDNA. The numbers represent residues from the N-terminal
end of the fragment or molecule. The underlined peptide was synthesized and used to obtain a polyclonal antibody to the protein. Identical and
gapped amino acids are shown by dots and dashes, respectively, for the best alignment of the three sequences.

FIG. 1. Mechanical responses of the permeabilized ABRM during catch and the control of the release of catch by cAMP-dependent
phosphorylation of a high molecular weight protein. (A) ABRM was activated in pCa 5 for 5 min, then washed in pCa .8 containing 20 mM EGTA.
(Inset) Force responses (upper trace) to quick release in length of 5% Lo (lower trace), recorded for 10 sec after release. Addition of 100 mM cAMP
causes rapid relaxation. g32P-ATP was included for the last 3.5 min of pCa 5 onward. Muscle was frozen 1 min after addition of cAMP. The break
in the force trace indicates expansion of subsequent time scale. Also shown is Coomassie blue-stained 4% acrylamide gel (lane 1) containing total
muscle protein, and its PhosphorImage (lane 2). (B) ABRM was subjected to same protocol as in A, except that peptide inhibitor of protein kinase
A (10 mgyml) was included. (C–E) 4–20%, 6%, and 4% acrylamide gels, respectively, containing the total protein from the ABRM (lane 1) and
the protein purified as described in the text (lane 2). All are Coomassie blue-stained, except E (lane 1), which shows a PhosphorImage of an ABRM
strip treated with cAMP and g32P-ATP. (F) A PhosphorImage of a 4% acrylamide gel containing the isolated protein treated with the catalytic
subunit of protein kinase A and g32P-ATP in the presence (lane 1) and absence (lane 2) of a peptide inhibitor of the kinase. (G) A 4–20% acrylamide
gradient gel of the total protein extract from the ABRM either stained with Coomassie blue (lane 1) or subjected to Western blotting with the
antipeptide antibody (lane 2). (H) A PhosphorImage (lane 1) and a Western blot using the anti-peptide antibody (lane 2) from a 5% acrylamide
gel containing protein from a permeabilized muscle, treated as described in A. MHC, myosin heavy chain; PM, paramyosin.3 shows the position
of the CR protein.
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Effect of Phosphorylation of Twitchin on Force Production.
In the intact and permeabilized ABRM, the transition to catch
after activation appears to rely on the reduction in intracellular
[Ca21] to very low levels (2, 34). With the ability to manipulate
the phosphorylation state of twitchin, it is possible to further
probe its mechanism of action. Specifically, does the phos-
phorylation state of twitchin control force under conditions
not usually considered to be associated with catch, e.g.,
suprabasal [Ca21]? Accordingly, force production was mea-
sured in muscles activated at specific [Ca21] and then treated
with cAMP. The state of phosphorylation of twitchin and
other proteins during the treatment was determined by inclu-
sion of g32P-ATP in the bathing media.

At the outset, we examined the effect of cAMP on force
production at pCa 5, the concentration at which maximal force
was produced. As shown in Fig. 3A, cAMP caused the phos-
phorylation of twitchin yet had no significant effect on force
production (force pCa 5 1 cAMP : force pCa 5 5 0.997 6
0.006, n 5 32). At pCa 6, a concentration that produces about
45% maximal force, addition of cAMP caused phosphoryla-
tion of twitchin, but also significantly decreased force produc-
tion (Fig. 3B). When the phosphorylation of twitchin is
prevented by inhibition of protein kinase A (28), the decrease
in force production on addition of cAMP in pCa 6 does not
occur (Fig. 3C). To determine whether phosphorylation of any
other protein underlies the reduction of force when cAMP is
added at pCa 6, ABRM proteins were separated on gradient
gels. The only protein showing any significant increase in
phosphorylation on addition of cAMP is twitchin (Fig. 3D).
Similar results (data not shown) were obtained when muscle
proteins were solubilized directly into SDS buffer, thereby
omitting treatment with 0.5 N HCl04 and reducing the possi-

bility of the loss of any acid-labile phosphorylation. These
results strongly suggest that the reduction in force at the
intermediate concentration of calcium is mediated by the
phosphorylation of twitchin.

In light of the above results, it was of interest to determine
the relationship between force production and [Ca21], and how
this relationship was affected by cAMP. The results are shown
in Fig. 4A. In these experiments, each muscle was treated, in
a cumulative manner, with increasing concentrations of cal-
cium. After a series of steady-state force measurements at a
number of incrementing [Ca21] were completed, a transition
was made to calcium solutions containing cAMP. The [Ca21]
at which the transition was made differed for each muscle. At
all submaximal [Ca21], the addition of cAMP caused the force
to decline to some steady level, after which the muscle was
bathed in further incrementing [Ca21] solutions containing
cAMP. Given that the force at pCa 5 was unchanged by the
addition of cAMP, the responses for each muscle were nor-
malized to the force in pCa 5 1 cAMP. At all concentrations
tested, with the exception of pCa 5.3 and pCa 5, phosphory-
lation of twitchin significantly decreased force production.
From calculation of A50 values (35), the [Ca21] that produced
a half-maximal effect increased significantly from pCa 5.88 6
0.04 to pCa 5.61 6 0.02. That is, almost twice the [Ca21] (2.5
vs. 1.3 mM) is required for half-maximal force output when
twitchin is phosphorylated. At the [Ca21] of 1.3 mM, twitchin
phosphorylation decreased force from 50% to only '17%
maximum force. These results clearly show that twitchin
phosphorylation controls the calcium sensitivity of force out-
put in the ABRM.

Vo at Intermediate [Ca21]. The ability of cAMP to reduce
force in muscles activated at intermediate [Ca21] suggested

FIG. 3. The effect of cAMP on the mechanical responses of permeabilized ABRM during activation at high (pCa 5) and intermediate
concentrations (pCa 6) of calcium. Different muscle strips were used for each treatment. (A) Muscle was activated in pCa 5 and then 100 mM cAMP
was added and the muscle was frozen. g32P-ATP was included from 1.5 min in activating solution on. Also shown is Coomassie blue-stained 4%
acrylamide gel (lane 1) and corresponding PhosphorImage (lane 2) prepared from frozen muscle. (B) Same protocol as in A except that this muscle
was activated in pCa 6. (C) Same protocol as in B except that bathing media for this muscle included peptide inhibitor (10 mgyml) of protein kinase
A. (D) 4–20% gradient gel and corresponding PhosphorImage. Lane 1, from control muscle frozen 10 min after activation in pCa 6; lane 2, from
muscle activated in pCa 6 for 10 min and treated with cAMP for 3 min; and lane 3, from muscle treated as in B but in presence of peptide inhibitor
of protein kinase A. MHC, myosin heavy chain. 3 shows the position of the CR protein.
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that some of this force was caused by the catch state. If so, one
would expect that phosphorylation of twitchin would lead to
the removal of any resistance to shortening presented by
linkages in catch that probably would not cycle (if at all) as fast
as activated myosin crossbridges. Accordingly, Vo was deter-
mined by using several step-releases ranging from 3% to 8%
Lo at pCa 6. Muscles then were treated with cAMP for 3 min,
after which calcium was increased until the force produced
equalled the initial force at pCa 6, and Vo was again deter-
mined. Vo for muscles activated at pCa 6 was 0.018 6 0.004
Loysec (n 5 8). At constant force production, a significant
1.75-fold increase in Vo occurred at the higher calcium
concentration in the presence of cAMP.

DISCUSSION

We recently have reported that catch in invertebrate smooth
muscle is controlled by the phosphorylation of a high molec-
ular mass ('600 kDa) protein (15). The major findings in the
present study are that the protein is identified as twitchin, and
that its state of phosphorylation also controls force production
by modulating calcium sensitivity under conditions not histor-
ically considered to be associated with catch.

Twitchin is a member of a family of giant protein kinases,
which also includes projectin and titin, having molecular

masses from 700 to .3,000 kDa. Twitchin, the protein encoded
by the gene unc-22 in C. elegans, gained its name because
animals lacking unc-22 showed a nearly constant twitching
rather than prolonged undulating contractions of the body
muscles (36). Immunolocalization studies revealed that
twitchin is associated with the A band of nematode striated
muscle (37), molluscan fast striated muscle, and thick filaments
of molluscan smooth and catch muscles (25). The sequence of
twitchin includes multiple copies of a fibronectin type III-like
domain and an Ig domain, in addition to a single protein kinase
catalytic domain (29). The kinase activity of Aplysia and C.
elegans twitchin is activated by Ca21yS100A12 (32). Aplysia
twitchin also has been reported to bind calciumycalmodulin
(32), although at a relatively low affinity (Kd 5 '70 nM)
compared with myosin light chain kinase (Kd 5 '1 nM) (38).

The fact that twitchin contains a protein kinase domain
raises the question of whether the A kinase-mediated phos-
phorylation of twitchin might exert its mechanical effect
through a change in twitchin kinase activity, or through a direct
effect of the phosphorylation of twitchin on contractile protein
interactions. Even though twitchin can phosphorylate the
regulatory light chain of myosin in vitro (39), we have found no
change in 32P labeling of the light chain in the transition to and
from catch. We have found that there is a tight relationship
between twitchin phosphorylation and the release of catch
force (15), as well as a change in calcium sensitivity (Fig. 4A),
and there is no evidence for any protein that would serve as a
target for the putative twitchin kinase. For these reasons, we
favor the view that phosphorylation of twitchin directly mod-
ulates contractile protein interaction. The amount of twitchin
(molar ratio to myosin 5 1:15) and a cAMP-induced phos-
phorylation of 0.5 molymol (15) suggests that a direct control
of myosin crossbridge interaction would have to be highly
cooperative. It is even conceivable that twitchin could serve as
a mechanical link or control mechanical links other than
myosin.

Catch has been thought to occur only when intracellular
calcium returns to basal or near-basal concentrations after
activation of the muscle (1, 5). At such low [Ca21], high force
is maintained with little or no crossbridge cycling, reflected by
the absence of force recovery after quick release (9, 15) and
very low rates of energy usage (7, 8). Further, conditions that
lead to phosphorylation of twitchin, such as application of
serotonin to intact muscles or cAMP to permeabilized mus-
cles, cause rapid relaxation, or the ‘‘release’’ of catch. The
results of the present study show that the control exerted by
phosphorylation of twitchin on the catch state extends also to
calcium-activated contractions, where calcium-driven cross-
bridge cycling and force production occur. The findings that
twitchin phosphorylation partially relaxes muscles activated at
intermediate calcium concentrations and that, at equivalent
levels of activation, Vo of the muscle increases, suggests that
the catch mechanism functions together with cycling cross-
bridges. The simplest interpretation of the velocity data is that
under these conditions, the resistance to shortening that
occurs during catch is removed by twitchin phosphorylation.
The fact that the muscle does actively shorten even when catch
is apparent at suprabasal [Ca21], suggests that although catch
linkages may slow shortening they do not totally prevent
shortening resulting from cycling crossbridges. It is also pos-
sible that the specific properties of the structures responsible
for the catch state, e.g., response to a quick release, may differ
according to the [Ca21]. The absence of an effect of twitchin
phosphorylation on force output at saturating [Ca21] suggests
that the force-generating capacity of a calcium-activated my-
osin crossbridge is not altered by twitchin phosphorylation.
Rather, the effect of twitchin phosphorylation seems to be on
force-maintaining structures that are present only when some
myosin is not calcium-activated.

FIG. 4. (A) Effect of cAMP on the relationship between isometric
force and [Ca21] in permeabilized ABRM. F, control; E, 1 cAMP. See
text for details of protocol. Force responses were normalized to the
maximum force at pCa 5 1 cAMP. (B) Effect of cAMP on Vo at pCa
6 in permeabilized ABRM. Vo was determined during steady-state
force maintenance after activation in pCa 6. The muscle then was
treated with cAMP, which caused partial relaxation. Calcium was
added to the bathing medium until the force matched the initial force
in pCa 6 alone, and Vo was determined again. The force responses and
Vo were normalized to the initial responses in pCa 6 for each muscle
(n 5 15).
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The genetic evidence from C. elegans suggests that twitchin
may be implicated in the contractile cycle of striated muscle
(36, 40). Twitchin is also present in a variety of non-catch
muscles from Aplysia (31) and scallop (25). Probst et al. (31)
have found a correlation between the cAMP-dependent phos-
phorylation of twitchin and the rate of relaxation of the
non-catch accessory radula closer muscle of Aplysia. Thus, the
effect of twitchin phosphorylation on the relaxation rate in
both catch and non-catch muscles is strikingly similar. The
maintenance of force, or, more specifically, the very slow
relaxation that characterizes catch, and the relatively rapid rate
of relaxation of phasic muscles may represent the extremes
over which twitchin phosphorylation regulates contractile
protein interaction. It is possible that what distinguishes
‘‘catch’’ and ‘‘non-catch’’ smooth andyor striated muscles from
invertebrates may be the dynamics andyor control of twitchin
phosphorylation. In addition to the effects described above of
twitchin phosphorylation on the accessory radula closer mus-
cle of Aplysia, this may account for the ability of serotonin to
accelerate the relaxation rate of phasic muscles, such as
molluscan heart (41, 42), and the radula muscle of Buccinum
undatum (43). It remains to be seen whether the relationship
between phosphorylation of twitchin and the ultimate regu-
lation of contractile protein interaction is similar in all of these
muscle types.

In their studies of mammalian smooth muscles, Murphy and
colleagues (44) noted marked differences in shortening ve-
locity at constant levels of force production. The similarity of
this behavior to that of invertebrate smooth muscle during
catch prompted the description of this behavior as ‘‘latch.’’
Both catch and latch may involve slowly or noncycling force-
generating crossbridges. We show that the catch state extends
into calcium-activated contractions, and that, under these
conditions, the presence or absence of catch results in marked
differences in the velocity of shortening at equivalent forces.
This makes the mechanical behavior of catch and latch even
more similar. It is now clear that phosphorylation of twitchin
plays an important role in the release of catch and the decrease
in force, perhaps because of detachment of slowly or noncyc-
ling crossbridges. The counterpart of twitchin, if any, in
releasing the latch state in mammalian smooth muscle remains
to be identified.
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