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Smooth muscle myosin light chain kinase (MLCK) is known to bind to thin filaments
and myosin filaments. Telokin, an independently expressed protein with an identical
amino acid sequence to that of the C-terminal domain of MLCK, has been shown to bind
to unphosphorylated smooth muscle myosin. Thus, the functional significance of the C-
terminal domain and the molecular morphology of MLCK were examined in detail. The
C-terminal domain was removed from MLCK by a-chymotryptic digestion, and the activ-
ity of the digested MLCK was measured using myosin or the isolated 20-kDa light chain
(LC20) as a substrate. The results showed that the digestion increased K^ for myosin 3-
fold whereas it did not change the value for LC20. In addition, telokin inhibited the
phosphorylation of myosin by MLCK by increasing K^ but only slightly increased K^ for
LC20. Electron microscopy indicated that MLCK was an elongated molecule but was
flexible so as to form folded conformations. MLCK was crosslinked to unphosphorylated
heavy meromyosin with l-ethyl-3-(3-diinethylaniinopropyl)carbodiimide in the absence
of Caa+/calmodulin (CaM), and electron microscopic observation of the products
revealed that the MLCK molecule bound to the head-tail junction of heavy meromyosin.
These results suggest that MLCK binds to the head-tail junction of unphosphorylated
myosin through its C-terminal domain, where LC20 can be promptly phosphorylated
through its catalytic domain following the Caa+/CaM-dependent activation.

Key words: chicken gizzard, smooth muscle, smooth muscle myosin, smooth muscle
myosin light chain kinase, telokin.

Smooth muscle myosin light chain kinase (MLCK) is a
Ca2+/calmodulin (CaM)-dependent protein kinase that
phosphorylates the 20-kDa regulatory light chain (LC20) of
smooth muscle myosin in response to an increase in the
intraceUular Ca2+ concentration. This phosphorylation ini-
tiates the contraction of smooth muscle through a marked
increase in the actin-activated ATPase activity of myosin,
thus activating its actin-translocatdng activity, while de-
phosphorylation induces relaxation of the muscle through
the reverse of these activities to the basal levels (1). The
phosphorylation-dependent regulation mechanism is also
involved in the non-muscle actomyosin system (2). MLCK
is thus one of the most important proteins to be character-
ized in detail as to structure and function in the smooth
and non-muscle actomyosin system.

The domain organization of smooth muscle MLCK has
been characterized based on the primary structure deduced
from cDNA clones (3). Smooth muscle MLCK (the following
residue numbers are for chicken gizzard MLCK) is com-
posed of (i) an actin/thin filament-binding domain (residues
1-114), (ii) two immunoglobulin C-2-^^lated domains (resi-
dues 147-240 and 288-381), and a fibronectin type HE—
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related domain (residues 382-481), (iii) a catalytic domain
(residues 526-762), (iv) a regulatory domain containing
autoinhibitory and CaM-binding regions (residues 787-
813), and (v) a C-terminal (telokin) domain (residues 816-
972) containing a third immunoglobulin C-2-related do-
main (residues 857-951) (4). Immunofluorescence studies
have shown that MLCK is co-localized with actin filaments
and myosin-containing structures (5, 6). Sellers and Pato
(7) demonstrated that MLCK binds to actin filaments and
unphosphorylated myosin filaments in vitro. MLCK was
then shown to bind to actin filaments with a site located
within its N-terminal 114 residues (8). The actin-binding
site is further suggested to be restricted to within the N-
terminal 41 residues (9, 10), and the binding of actin with
its site is reported to be inhibited by Ca2+/CaM (9). The
binding affinity of MLCK for actin, however, is low relative
to the apparent high-affinity binding of MLCK to smooth
muscle myofilaments and thin filaments (11-13). Recently,
an N-terminal 75-residue structural motif, which comprises
three tandem repeats of 25 residues containing a consensus
sequence of DFRXXL, has been found to be responsible for
the high-affinity binding of MLCK to myofilaments (14).

Although great progress has thus been made in charac-
terizing the actin/thin filament-binding properties of
MLCK, little is known about the binding to myosin. The C-
terminal domain of MLCK is expressed as an independent
protein, telokin (also called kinase-related protein or KRP),
in smooth muscle tissues through the activity of a smooth
muscle cell-specific second promoter located in an intron of
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the MLCK gene (15-19). Telokin has been shown to bind to
the head-tail junction of unphosphorylated myosin and to
stabilize myosin filaments under physiological conditions
(20, 21). Telokin also inhibits the phosphorylation of heavy
meromyosin (HMM) by MLCK (20,22,23). It has also been
observed that a recombinant MLCK lacking the C-terminal
domain (telokin domain) does not bind unphosphorylated
myosin (20).

In this study, we examined the effects of proteolytdc
removal of the C-terminal domain of MLCK on the phos-
phorylation of myosin and the isolated LC20 in detail. We
also examined the molecular morphology of MLCK and
MLCK-myosin complex by means of electron microscopy.
Based on the results, we proposed a structure of MLCK
tethering unphosphorylated myosin filaments to the thin
filaments in the resting state of smooth muscle, and dis-
cussed the possible regulatory role of telokin in smooth
muscle contraction.

MATERIALS AND METHODS

Proteins—MLCK and CaM were prepared from chicken
gizzard as described (24-26). Myosin was prepared from
chicken gizzard as described by Yoshida and Yagi (27). The
myosin preparation was almost completely unphosphory-
lated, as judged on urea-gel electrophoresis. HMM was pre-
pared by digestion of chicken gizzard myosin with Staphy-
lococcus aureus V8 protease according to the method of
Ikebe and Hartshorne (28), and purified by gel filtration
HPLC. Unphosphorylated LC20 was prepared from gizzard
myosin (27) and purified by DE32 (Whatman) chromatog-
raphy in the presence of 8 M urea (29-31). Telokin was pre-
pared from chicken gizzard by the method of Ito et al. (15).
Rabbit anti-telokin IgG was prepared and affinity-purified
as described previously (21).

The concentrations of myosin, LC20, CaM, and telokin
were determined from the absorbance at 280 nm using
absorption coefficients of 0.48, 0.20, 0.21, and 0.78 (mg/
ml)"1 cm"1, respectively. The concentrations of MLCK and
HMM were determined by the biuret method using bovine
serum albumin as a standard (32). The molecular weights
used for MLCK, CaM, myosin, HMM, LC20, and telokin
were 110,000,17,000, 500,000, 340,000, 20,000, and 17,000,
respectively.

Western Blot Analysis—Proteins separated on an SDS-
polyacrylamide gel were transblotted onto a nitrocellulose
membrane in a solution containing 10% methanol and 20
mM Tris-glycine (pH 8.3). The membrane was blocked with
3% gelatin, and reacted with rabbit anti-telokin IgG and
then goat anti-rabbit IgG antibodies conjugated with
horseradish peroxidase. Proteins bound with the anti-
telokin IgG were detected by means of the peroxidase reac-
tion using 4-chloro-l-naphthol as a color substrate.

Chymotryptic Digestion of MLCK—The digestion of
MIXTK was carried out using a-chymotrypsin (1:1,000, w/w)
for 5-30 rain at 25"C in 0.1 M NaCl, 1 mM DTT, and 20
mM Tris-HCl (pH 7.5). The digestion was initiated by the
addition of a-chymotrypsin to MLCK (0.2 mg/ml) preincu-
bated for 5 min at 25"C, and terminated with 1 mM diiso-
propyl fluorophosphate.

Amino Acid Sequence Analysis—Protein bands separated
on an SDS-polyacrylamide gel were transblotted onto a
polyvinylidene difluoride membrane. The protein bands

transferred to the membrane were stained with Coomassie
Brilliant Blue G-250 and excised, followed by application to
an Applied Biosystems 492 protein sequencer at the Center
for Instrumental Analysis of Hokkaido University.

Measurement of MLCK Activity—The phosphorylation
reaction of MLCK was carried out using 1 nM MLCK and
60 nM CaM in a reaction mixture containing 4-20 \iM
myosin or 5-50 |xM LC20 as a substrate, 0-120 pJM telokin,
0.1 M NaCl, 0.5 mM CaC^, 5 mM MgCL,, 1 mM [r^ lATP,
1 mM DTT, and 20 mM imidazole (pH 7.0). The MLCK
activity was measured according to the method of Corbin
and Reimann (33). If necessary, MLCK and CaM were
diluted with a solution containing 2 mg/ml BSA, 1 mM
DTT, and 20 mM imidazole (pH 7.0).

Cross-Linking of MLCK to HMM—MLCK (3.8 jiM) and
HMM (1.0 (iM) were incubated for 15 min at 25'C with 5
mM l^thyl-3-(3-dimethylanimopropyl)cait»odiimide (EDC)
in 50 mM NaCl, 1 mM MgCL,, 0.1 mM EGTA, and 15 mM
imidazole (pH 7.0). The cross-Unking reaction was termi-
nated by the addition of 10 mM DTT. The reaction mixture
was subjected to gel filtration HPLC to remove uncross-
linkedMLCK

Gel Electrophoresis—SDS-PAGE was carried out on a
slab gel composed of a 4% stacking gel and a 12.5% sepa-
rating gel, according to the method of Laemmli (34). The
gel was stained with Coomassie Brilliant Blue G-250.

Gel Filtration HPLC—Ge\ filtration HPLC was per-
formed at room temperature on a TSKgel G5000PWXL col-
umn (7.8 X 300 mm) with a TSK guard column PW^ (6.0
X 40 mm) attached to a JASCO Gulliver series HPLC sys-
tem. Elution of proteins was performed at 0.5 ml/min with
50 mM NaCl, 1 mM MgC^, 0.1 mM EGTA, and 10 mM
imidazole (pH 7.0), and monitored as to the absorbance at
280 nm.

Electron Microscopy—Protein samples were diluted to -5
(jLg/ml with 70% glycerol and 0.4 M ammonium acetate,
sprayed onto freshly cleaved mica, rotary-shadowed with
platinum, and then observed under a Hitachi H-800 elec-
tron microscope operated at 75 kV (35).

RESULTS

Digestion of MLCK by a-Chymotrypsin—In order to ex-
amine the functional role of the C-terminal domain of
smooth muscle MLCK, MLCK was digested with a-chymot-
rypsin to remove its C-terminal domain (Fig. 1). The diges-
tion of MLCK produced polypeptddes of apparent molecular
masses of 95 and 24 kDa, as reported previously (36). The
24-kDa peptide exhibited similar mobility to telokin and
was identified as the C-terminal domain of MLCK by
immunoblotting with anti-telokin antibodies (data not
shown). The activity of MLCK digested for 30 min was still
completely Cas+/CaM dependent, like that of the native
enzyme, indicating that the 95-kDa fragment contained
intact autoinhibitory and calmodulin-binding domains (37-
40). In the early stage of the digestion, bands with mobili-
ties lower than that of the 95-kDa band were observed (Fig.
1), suggesting proteolysis at the N-terminal region of
MLCK Then, the 95-kDa material was electroblotted onto
a polyvinylidene difluoride membrane and sequenced. The
sequence of the N-terminal 20 residues was GAKKKP-
PAENGSASTPAPNA, which is identical to that of residues
64-83 of chicken gizzard MLCK These results indicated
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that the 95-kDa fragment retained neither the N-terminal
63 residues involved in an actin/thin filament-binding

Digestion time (min)

0 5 10 15 20 30

MLCK
95-kDa fragment

24-kDa fragment
(C-termlnal domain)

Fig. 1. Chymotryptic digestion of MLCK. MLCK (0.2 mg/ml) was
digested at 25*C for 0-30 min with a-chymotrypsin (1:1,000, w/w) in
0.1 M NaCl, 1 mM DTT, and 20 mM Tris-HCl (pH 7.5). Aliquots were
taken at the indicated times and subjected to SDS-PAGE, and then
the proteins were stained with Coomassie Brilliant Blue G-250. A
24-kDa fragment generated on the digestion was identified as the C-
terminal domain of MLCK by Western blotting with anti-telokin an-
tibodies.

domain (8-10, 13, 14) nor the C-terminal domain corre-
sponding to the telokin sequence of MLCK

Effect of Digestion of MLCK on Its Kinase Activity—The
effect of proteolysis of MLCK on the phosphorylation of the
isolated LC20 or myosin was examined. The rate of phos-
phorylation of LC20 decreased with an increase in the
digestion time and reached -60% of the original level in 30
min (Fig. 2A). The phosphorylation rates were measured
with various concentrations of LC20, and the results
proved that the decrease in the phosphorylation rate was
mainly due to a decrease in Vm (Fig. 2B). The K^ for LC20
was essentially unaffected by the digestion. On the other
hand, the rate of phosphorylation of myosin decreased to
less than 40% of the original level with an increase in the
digestion time (Fig. 3A). The phosphorylation rates were
measured with various myosin concentrations, and the re-
sults showed that the decrease was due to a marked in-
crease in K^ and a small decrease in Vm (Fig. 3B). The in-
crease in K^ may be due to the loss of the C-terminal
domain since telokin, whose sequence is identical to that of
the C-terminal domain of MLCK (15-17), binds to unphos-
phorylated myosin (20,21).

10 15 20

Time (min)
10 15 20
Time (min)

- 0 . 2 - 0 1 0 0.1 02
1/[LC20] O'M1)

Fig. 2. Effect of digestion of MLCK on the phosphorylation of
the isolated LC20. Digestion of MLCK was carried out as de-
scribed in the legend to Fig. 1 and was terminated with 1 mM diiso-
propyl fluorophosphate. The rate of phosphorylation of LC20 by
MLCK was measured at 25'C with 1.0 nM digested MLCK, 60 nM
cahnodulin, and 8 pM LC20 (A) or 5-̂ tO uM LC20 (B) in 0.1 M NaCl,
5 mM MgCl,, 1 mM W-^IATP, 0.5 mM CaCl,, 1 mM DTT, and 20
mM imidazole (pH 7.0). A; The rate of phosphorylation by MLCK
was plotted against the digestion time B: The rates of phosphoryla-
tion by MLCK digested for 0 (•), 5 U), and 30 min (•) were plotted
against the LC20 concentration. The apparent Vm and K^ values ob-
tained for these digested MLCKs are 10 (unol/min/mg and 12 (iM, 8
[imol/min/mg and 12 (JLM, 5 pjnol/min/mg and 12 nM, respectively.

-0.2 -0.1 o 01

1/I.Myosln]

Fig. 3. Effect of digestion of MLCK on the phosphorylation of
myosin. Digestion of MLCK was carried out as described in the leg-
end to Fig. 1 and was terminated with 1 mM diisopropyl ftuorophos-
phate. The rate of phosphorylation of myosin by MLCK was meas-
ured at 25'C with 1.0 nM digested MLCK, 60 nM calmodulin, and 4
uM myosin (A) or 4-14 (iM myosin (B) in 0.1 M NaCl, 5 mM MgCl,,
1 mM h-^PJATP, 0.5 mM CaClj, 1 mM DTT, and 20 mM imidazole
(pH 7.0). A; The rate of phosphorylation by MLCK was plotted
against the digestion tima B: The rates of phosphorylation by
MLCK digested for 0 (•), 5 (A), and 30 min (•) were plotted against
the myosin concentration. The apparent Vm and Km values obtained
for these digested MLCKs are 19 pjnol/min/mg and 7 (iM, 16 junol/
min/mg and 11 |iM, 15 |imo]/min/mg and 22 (xM, respectively.
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The Effect of Telokin on MLCK Activity—The effect of
telokin on the phosphorylation of myosin by MLCK was
then examined to clarify whether or not the C-terminal
domain was responsible for the binding of MLCK to myo-
sin. The rate of phosphorylation of native MLCK decreased
with an increase in the concentration of telokin and
reached -30% of the original level with 120 \xM telokin
(Fig. 4A). In contrast, the rate of phosphorylation of the
digested MLCK was originally as low as that of the native
enzyme with 120 nM telokin, and decreased only slightly
on the addition of telokin. The phosphorylation rates with
various concentrations of myosin in the presence and ab-
sence of telokin showed that telokin decreased the appar-
ent affinity of MLCK for myosin (Fig. 4B). The inhibition by
telokin was not observed for the phosphorylation of isolated
LC20 (data not shown). These results suggest that MLCK
binds to myosin through its C-terminal domain and phos-
phorylates LC20, but not to the isolated LC20.

Morphology of MLCK Molecules Revealed by Electron
Microscopy—The molecular morphology of MLCK under
high salt conditions was examined by electron microscopy
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Fig. 4. Effect of telokin on the phosphorylation of myosin. The
rate of phosphorylation of myosin by MLCK was measured at 25'C
with 1.0 nM MLCK, 60 nM calmodulin, and 4 JJLM myosin and 0-120
(iM telokin (A) or 4-18 (JLM myosin, and 0, 20, or 50 JJLM telokin (B)
in 0.1 M NaCl, 5 mM MgCl̂ , 1 mM [-y-̂ PJATP, 0.5 mM CaClj, 1 mM
DTT, and 20 mM imidazole (pH 7.0). A; The rate of phosphorylation
by MLCK digested for 0 (•) and 30 min U) was plotted against the
concentration of telokin. B: The rates of phosphorylation by MLCK
in the presence of 0 (•), 20 (A), and 50 JJLM (•) telokin were plotted
against the myosin concentration. The apparent Vm and K^ values
obtained for MLCK with these concentrations of telokin are 16 (unol/
min/mg and 7 \iM, 16 junol/min/mg and 14 \>M, and 16 jimol/min/mg
and 24 JJLM, respectively, and the apparent inhibition constant (K,) of
telokin obtained from the K^ values is 23 JJUM.

Pig. 5. Rotary-shadowed images of MLCK molecules. MLCK
was rotary-shadowed with platinum and then observed by electron
microscopy. A; Field of MLCK molecules. B: Selected images of
MLCK molecules in various conformations. Molecules in the ex-
tended to folded conformations are shown from top to bottom, re-
spectively. C: Selected images, at a higher magnification, of MLCK
molecules in the various folded conformations. A structure judged as
most probable by eye is drawn under each electron micrograph. The
scale bars represent 50 nm.
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Fig. 6. Visualization of MLCK
binding to HMM. Complexes of
MLCK and unphosphorylated HMM
were cross-linked with a zero-length
cross-linker, EDC, rotary-shadowed
with platinum, and then observed
by electron microscopy. A; Uncross-
linked unphosphorylated HMM.
B: MLCK-unphosphorylated HMM
complex. Arrowheads indicate struc-
tures presumed to be MLCK. The
scale bar represents 60 run.

(Fig. 5). Rotary-shadowed images of MLCK showed the
divergent molecular morphology of this enzyme. Some were
elongated rod-like images of -40 run long, some globular
images of 10-20 nm in diameter, and others images com-
posed of globular head-like and thin tail-like parts of inter-
mediate sizes (Fig. 5, A and B). Examination of these
molecules under higher magnification, however, suggested
that the MLCK molecule had an elongated but flexible rod-
like structure (Fig. 5C). Some molecules appeared to com-
prise several domain-like small globular parts, which might
be connected by flexible joints. Thus the molecules bend or
fold from either end to form various amformations, as
described above. The unitary elongated structure of the
MLCK molecules was determined to be 41 ± 4 nm long and
5 ± 1 nm wide (n = 101). Images of the chymotrypsin-
digested MLCK appeared to be similar to those of the
native enzyme except for the length of 36 ± 3 nm (n =
149).

Visualization of the Binding of MLCK to HMM—To
determine if MLCK binds to the head-tail junction of myo-
sin like telokin does (21), MLCK was cross-linked to un-
phosphorylated HMM with a zero-length cross-linker, EDC.
MLCK was mixed with unphosphorylated HMM in 50 mM
NaCl in the absence of Ca2+/CaM and ATP to avoid the
binding of MLCK to HMM through its active site, and then
the mixture was treated with EDC. After uncross-linked
MLCK was removed by gel nitration HPLC, the cross-
linked sample was examined by electron microscopy (Fig.
6). An extra structure presumed to be MLCK was observed
at the head-tail junction of HMM in the cross-linked sam-
ple (Fig. 6B). Such a structure was not observed when
uncross-linked HMM was examined (Fig. 6A) or when the
chymotrypsin-digested MLCK was used for miss-linking
instead of the native MLCK (data not shown). These
results suggest that MLCK binds to the head-tail junction
of HMM through its C-terminal domain. Most MLCK
bound to HMM had a globular appearance, which might be
due to the folding of the MLCK molecule, as described

above. When the fraction of uncross-linked MLCK sepa-
rated by gel filtration HPLC was examined by electron
microscopy, most of the molecules showed globular images
similar to those cross-linked to HMM, indicative of in-
tramolecular cross-linking of MLCK in the folded confor-
mation (data not shown).

DISCUSSION

In this study we examined the functional and structural
significance of the C-terminal (telokin) domain of smooth
muscle MLCK by means of proteolytic removal of this
domain. The C-terminal domain was removed by digestion
with a-chymotrypsin (Fig. 1), as previously reported (36).
The generated MLCK fragment lacking the C-tenninal
domain (a 95-kDa peptide) was proved to have further lost
the N-terminal 63 residues. On the phosphorylation of iso-
lated LC20, the digestion induced a considerable decrease
in Vm but did hot affect the K^ value (Fig. 2). Similar
results have been reported for truncated recombinant
MLCKs using a peptide corresponding to residues 11—24 of
LC20 or the isolated LC20 as a substrate (11, 39). On the
phosphorylation of myosin, the digestion induced a marked
increase in K^ in addition to a small decrease in Vm (Fig. 3).
The phosphorylation of myosin by intact MLCK was inhib-
ited by telokin due to competitive binding of MLCK and
telokin to a myosin site (apparent X, = 23 \iM) (Fig. 4). In
contrast, the rate of phosphorylation by the digested MLCK
was at the same level as that with the intact enzyme in the
presence of 120 |iM telokin, and showed no further de-
crease on the addition of telokin (Fig. 4A). These results
indicate that MLCK binds to myosin through its C-termi-
nal domain but does not bind to the isolated LC20. No inhi-
bition by telokin was actually observed for the phospho-
rylation by intact MLCK of the isolated LC20 or myosin
subfragment 1, a single head fragment of myosin (data not
shown), in agreement with the previous results (20-23). On
the other hand, the decrease in Vm induced by the digestion
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suggests interaction of the catalytic domain with the N-ter-
minal segment or the C-terminal domain in the MLCK
molecule. The N-terminal 63-residue segment is involved in
a region responsible for the binding to actin/thin filaments
(B-10,13,14) and may be spatially apart from the catalytic
domain, since two immunoglobulin-related domains and a
fibronectin-related one are in between the N-terminal seg-
ment and the catalytic domain (3, 4,13). In contrast, the C-
terminal domain is in close proximity to the catalytic do-
main: only an autoinhibitory/CaM-binding sequence is be-
tween them. Thus the C-terminal domain is rather likely to
be responsible for the interaction with the catalytic domain.
These results thus suggest that MLCK binds to myosin
through its C-terminal domain, which may also interact
with the catalytic domain, and phosphorylates LC20 in the
myosin without dissociation.

The MLCK molecules observed on electron microscopy
appeared to be morphologically divergent (Fig. 5). However,
the divergence may be due to the flexible nature of the uni-
tary elongated structure (41 run in length and 5 run in
width) of MLCK molecules. The elongated molecules of
MLCK often appeared to be composed of 5-6 globular do-
mains, some of which might be immunoglobulin-related
domains and a nbronectin-related domain (3, 4, 13). These
domain-like structures are possibly connected with flexible
joints, so that the molecules would be flexible enough to
fold into more globular conformations (Fig. 5C). Cross and
Sobieszek (41) previously presented rotary-shadowed
images of pig stomach MLCK the images being only globu-
lar ones similar to those described above. This might be due
to the low salt-conditioned sample they used for rotary
shadowing. They also estimated the molecular weight of
MLCK to be 160,000 by gel nitration using globular pro-
teins for calibration, but this large value rather fits our
elongated images of MLCK Recently, the length for rabbit
uterus smooth muscle MLCK was estimated to be 54 nm,
based on sedimentation velocity data (12, 42). Since a 66-
residue segment comprising residues 76-141 in chicken
gizzard MLCK is replaced by a 245-residue segment in rab-
bit uterus MLCK (4, 43), the length may be compatible
with our measured value for gizzard enzyme.

In MLCK molecules, each end of the rod-like structure
often appeared to bend back toward the other end, having a
globular head-like appearance. If one end of the molecule
bends back and the other end is extended, the molecule
appears to have the structure of a globular head with a tail.
Such images were often observed actually, and thus one
might think that the structure of smooth muscle MLCK is
consistent with a suggested structure of skeletal muscle
MLCK composed of a C-terminal head with a N-terminal
tail (44, 45). However, in smooth muscle MLCK, the tail-
like part does not always seem to be N-terminal and the
head-like part does not always contain the C-terminus, as
mentioned above. When the N-terminus of the molecule
was mapped with an antd-MLCK monoclonal antibody
(Sigma, #M7905), which binds to a region within residues
64—129 of chicken gizzard MLCK, the end opposite to the
mapped end did not always appear to be the head-like glob-
ular part (data not shown). In detail, the modeled structure
of rabbit skeletal MLCK has a total length of -20 nm, with
a ~2-nm wide head and a -1-nm wide tail. It may be diffi-
cult to distinguish such a difference in the widths of the tail
and head domains in rotary-shadowed images. Rotary-

shadowed images are generally 1-2 nm thicker than the
original structure because of the shadowed metal layer.
Thus the proposed structure for skeletal MLCK may be
compatible with the structure revealed by electron micros-
copy (Fig. 5).

The binding of MLCK to the head-tail junction of myosin
was demonstrated by electron microscopy of the cross-
linked complex of MLCK with HMM (Fig. 6). The site of
myosin is that reported for telokin-binding (20, 21), in
agreement with the kinetic results (Fig. 4). The MLCK
bound to HMM had a rather globular appearance, probably
because of intramolecular cross-linking(s), indicative of pos-
sible folding of MLCK molecules in the bound state.

MLCK has been shown to be localized in actomyosin-con-
taining filaments in smooth muscle and non-muscle cells
(5, 6,11,12), and to bind tightly to thin filaments through
its N-terminal domain (23, 14). In smooth muscle, the sur-
face-to-surface distance from thin to thick filaments has
been estimated to be -15 nm (46). We showed that chicken
gizzard MLCK is a flexible rod-like molecule of -40 nm
long and binds to the head-tail junction of unphosphory-
lated myosin through its C-terminal domain. In light of
these molecular properties of MLCK the enzyme seems to
be able to phosphorylate myosin LC20 without dissocialiuu
from thin and thick filaments in smooth muscle cells.
Smooth muscle MLCK molecules, which are anchored on
thin filaments through their N-terminal domains, may bind
to unphosphorylated myosin and tether thick filaments
near thin filaments. Thus the enzyme is ready for the phos-
phorylatdon of LC20 in myosin in response to the Ca2+/CaM
signal. It has actually been shown that MLCK can phos-
phorylate LC20 in myosin without dissociation from the
stress fibers in smooth muscle cells (12). When myosin was
phosphorylated, MLCK may be dissociated from thick fila-
ments, leading to the direct interaction of thick filaments
with thin filaments for initiation of the contraction of
smooth muscle.

When the intracellular concentration of Ca2+ returns to
its resting level, the corresponding dephosphorylation of
thick filaments leads to the re-binding of MLCK to the
thick filaments. The slow relaxation of tonic muscles might
be due to the re-binding of MLCK whose N-terminus has
been anchored on thin filaments. In contrast, phasic mus-
cles contain abundant telokin (16,18), which might inhibit
the re-binding of MLCK, leading to the rapid relaxation of
phasic muscles. Unlike the inhibitory action for MLCK-
binding to myosin, telokin was recently suggested to en-
hance myosin light chain phosphatase activity (47). The en-
hanced phosphatase activity may also induce rapid relax-
ation. However, either effect of telokin must be canceled
when muscles are activated for contraction, thus the poten-
tial functioning of telokin in the contraction-relaxation
cycle needs further regulatory factors, which remains to be
investigated.
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