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Abstract

Kinase-related protein (KRP) and caldesmon are abundant myosin-binding proteins of smooth muscle. KRP
induces the assembly of unphosphorylated smooth muscle myosin filaments in the presence of ATP by promoting
the unfolded state of myosin. Based upon electron microscopy data, it was suggested that caldesmon also possessed
a KRP-like activity (Katayama et al., 1995, J Biol Chem 270: 3919-3925). However, the nature of its activity
remains obscure since caldesmon does not affect the equilibrium between the folded and unfolded state of myosin.
Therefore, to gain some insight into this problem we compared the effects of KRP and caldesmon, separately, and
together on myosin filaments using turbidity measurements, protein sedimentation and electron microscopy.
Turbidity assays demonstrated that KRP reduced myosin filament aggregation, while caldesmon had no effect.
Additionally, neither caldesmon nor its N-terminal myosin binding domain (N152) induced myosin polymerization
at subthreshold Mg?" concentrations in the presence of ATP, whereas the filament promoting action of KRP was
enhanced by Mg”>". Moreover, the amino-terminal myosin binding fragment of caldesmon, like the whole protein,
antagonizes Mg” " -induced myosin filament formation. In electron microscopy experiments, caldesmon shortened
myosin filaments in the presence of Mg”>* and KRP, but N152 failed to change their appearance from control.
Therefore, the primary distinction between caldesmon and KRP appears to be that caldesmon interacts with myosin
to limit filament extension, while KRP induces filament propagation into defined polymers. Transfection of tagged-
KRP into fibroblasts and overlay of fibroblast cytoskeletons with Cy3KRP demonstrated that KRP colocalizes with
myosin structures in vivo. We propose a new model that through their independent binding to myosin and
differential effects on myosin dynamics, caldesmon and KRP can, in concert, control the length and polymerization
state of myosin filaments.

Introduction

It is generally accepted that smooth muscle contraction
occurs as a result of the sliding of myosin and actin
filaments along each other as it was originally suggested
for the cross-striated muscles (Huxley and Hanson,
1954). The primary protein constituent of smooth
muscle thick filaments is smooth muscle myosin, a type
IT myosin that is composed of two heavy chains and two
pairs of the light chains (for a review see Sellers and
Goodson, 1995). Ultrastructurally, the myosin II mole-
cule consists of the two globular heads attached to a
long coiled-coil tail by the neck. Myosin heads comprise
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motor (ATPase) domains while the tail is involved in
filament assembly.

Purified smooth muscle myosin assumes folded or 10S
conformation in the presence of physiological concen-
trations of ATP and does not support spontaneous
filament formation (Suzuki ef al., 1978; Onishi and
Wakabayashi, 1982; Trybus et al., 1982; Craig et al.,
1983; Olney et al., 1996). The folded conformation of
myosin is disfavored when the 20 kDa regulatory light
chain (RCL) of myosin is phosphorylated by a Ca®"-
calmodulin-activated enzyme myosin light chain kinase
(MLCK) (Onishi and Wakabayashi, 1982; Craig et al.,
1983; Olney et al., 1996). Consequently, phosphorylated
myosin adopts an extended or 6S conformation and
spontaneously polymerizes into filaments. In smooth
muscle tissue, myosin filaments persist regardless of the
level of RLC phosphorylation (Somlyo et al., 1981;
Gillis et al., 1988; Horowitz et al., 1994; Xu et al., 1997).
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However, substoichiometric phosphorylation is not
sufficient to maintain filaments because recent studies
suggest that smooth muscle myosin filaments are labile
to mechanical perturbation and may be partially disso-
ciated if not protected by phosphorylation (Qi et al.,
2002). Altogether, these findings suggest that myosin
filaments in smooth muscle are not intrinsically stable
and require external stabilizing mechanisms including
but not limited to RLC phosphorylation.

One such mechanism could rely upon the presence of
an accessory protein known as kinase-related protein
(KRP or telokin) that is expressed in smooth muscle
from the MLCK genetic locus (Ito et al., 1989; Shirin-
sky et al., 1993). KRP is a 17 kDa non-kinase protein
identical to the C-terminal domain of MLCK (Collinge
et al., 1992; Birukov et al., 1998; Watterson et al.,
1999). KRP binds at the neck region of myosin and
shifts the equilibrium between 10S and 6S conformers
toward unfolded state (Masato et al., 1997). Thus, KRP
action on myosin polymerization resembles that of light
chain phosphorylation by MLCK. However, KRP does
not activate myosin ATPase and does not support force
generation.

Another possible thick filament stabilizer is the
smooth muscle protein p38 that has been suggested to
stabilize unphosphorylated myosin filaments through
the binding to the light meromyosin portion of myosin
molecule (Okagaki et al., 2000). KRP and p38 do not
compete for myosin and, therefore, may cooperate in
providing myosin filament stability. The presence of p38
might account for the preservation of the thick filament
structure in permeabilized smooth muscle fibers that
have lost endogenous KRP during extraction (Walker
et al., 2001).

A report by Katayama et al. (1995) suggested that
caldesmon was a myosin filament stabilizing protein
exhibiting activity similar to KRP. Caldesmon is smooth
muscle protein capable of interacting with both myosin
and actin thin filaments (for a review see Marston and
Redwood, 1991; Sobue and Sellers, 1991). Caldesmon
binds to the neck region of myosin within its S2
subfragment (Hemric and Chalovich, 1988, 1990; Ikebe
and Reardon, 1988) a region proximal to the KRP
binding site (Shirinsky et al., 1993; Masato et al., 1997;
Silver et al., 1997). This suggests a possible competition
between two myosin-binding proteins. However, the
mechanism by which caldesmon induces myosin fila-
ment assembly is unclear since caldesmon was shown
not to alter the equilibrium between folded and unfolded
myosin monomers (Katayama et al., 1995).

In the present work we address the modes of KRP
action on myosin filaments and its functional relation-
ship with caldesmon. Sedimentation assays provided a
simple distinction between caldesmon and KRP acti-
vities. KRP supports filament extension or propagation
while caldesmon appears to function as a point for
nucleation. Thus, the joint action of KRP and caldes-
mon could account for the assembly of uniform myosin
filaments in vivo. Transfection and cytoskeleton overlay

experiments provided evidence that myosin is an in vivo
target for KRP. Therefore, we propose a new model for
the co-involvement of KRP and caldesmon in the
assembly and maintenance of the thick filaments in
smooth muscle and discuss its applicability to various
contractile systems.

Experimental procedures

All reagents were of analytical grade. A MgCl, standard
solution was from Sigma Chemical Co. (St. Louis, MO).
The quality of ATP was checked by TLC and aliquoted
stock solutions were stored at —20°C.

Proteins

All proteins were prepared from frozen chicken giz-
zards. KRP was isolated as outlined by Ito et al. (1989).
Caldesmon was prepared as described by Bretscher
(1984) and smooth muscle myosin was prepared ac-
cording to Sellers ef al. (1981). The myosin-binding
fragment of caldesmon corresponding to amino acid
residues 1-152 (N152) was bacterially expressed and
purified as previously described (Vorotnikov et al.,
1997). Protein concentrations were measured spectro-
photometrically using the following extinction coeffi-
cients (Eom/™ and molecular masses for quantitation:
0.78 for KRP, 17 kDa (Shirinsky et al., 1993); 0.3 for
caldesmon, 89 kDa; 0.56 for myosin, 500 kDa. The
concentration of N152 (17 kDa) was measured by the
method of Lowry ef al. (1951) using chicken gizzard
caldesmon as a standard. Cy3KRP was prepared using
FluoroLink Cy3 monofunctional dye (Amersham Life
Science) according to manufacturer’s instructions. One
mole Cy3 per mol KRP was incorporated.

Antibodies

Monoclonal antibodies to FLAG sequence (M2) and
FITC-labeled secondary antibodies were from Sigma
Chemical Co. (St. Louis, MO). Texas Red-labeled
secondary antibodies were obtained from Molecular
Probes Inc. (Eugene, OR). Anti-myosin antibodies were
described previously (Goncharova et al., 2001).

Turbidity

Measurements were performed in a 1 ml quartz cuvette
with 1 cm optical path at 20°C. A 4 M myosin filament
suspension in 10 mM MOPS (pH 7.0), 50 mM NaCl,
1 mM MgCl,, 0.1 mM EGTA, 1 mM DTT was titrated
with a concentrated solution of KRP in the same buffer.
The absorbance was recorded by a UV/VIS spectro-
photometer (Yanaco UO-2000, Japan) at 400 nm.
Values were corrected for sample dilution that did not



exceed 8% of the starting volume at the end of
experiment.

Sedimentation assay

The assays were conducted at 20 or 4°C as previously
described (Shirinsky et al., 1993) in a buffer containing
10 mM MOPS (pH 7.0), 50 or 100 mM NaCl, 0.1 mM
EGTA, 1 mM DTT with the addition of 1-9 mM
MgCl, and 0-0.5 mM ATP where specified. Sedimenta-
tion experiments were analyzed by SDS-PAGE in 9-
12% gels using the system of Laemmli (1970). Gels were
stained with Coomassie R-250, dried, digitized on an HP
ScanlJet Ilcx scanner and the intensity of protein bands
quantified using NIH Image 1.59 software.

Electron microscopy

Myosin preparations were diluted with the same buffer
used in a corresponding experiment at 4°C to give the
final myosin concentration 50 pg/ml. Diluted samples
were immediately applied on the Formvar-carbon coat-
ed grids made hydrophilic by UV-irradiation and
stained with 1% uranyl acetate. Electron microscopy
was performed using a JEM 100CX electron microscope
operating at 100 kV. Magnification was calibrated using
the catalase crystal repeat. The length of filaments is
expressed as average mean + SD, n = number of
filaments counted.

Molecular biology

KRP sequence was amplified by PCR using chicken
MLCK cDNA clone (GeneBank Accession Number
X52876) as a template and the following primers:
S-primer: 5-CCCAAGCTTGCCATGGCAATGAT-
TTCTGGTATGA-3"; 3-primer: 5CCGAATTCTCA-
TTCTTCCTCCTCCTCTTCA-3"; containing Hind III
and EcoR 1 restriction sites, correspondingly (under-
lined). PCR product was subcloned in pFLAG CMV2
vector (Kodak Scientific Imaging Systems, New Haven,
CT) at Hind III and EcoR I sites to provide for the
expression of KRP with the FLAG-tag at N-terminus.

Cell culture and manipulation

Chicken embryo fibroblasts were cultured in DMEM
supplemented with 10% FBS (HyClone, Europe Ltd) at
37°C and 5% CO,, 95% air. For transient transfection
with KRP-FLAG cells were grown to 70% confluency
and plasmid was introduced using a Maxifectin-21 kit
(Pepline, Moscow, Russia) according to the manufac-
turer’s instructions. After 8-16 hours cells were fixed
with 3.7% formaldehyde, permeabilized with 1% Triton
X-100 and processed for immunofluorescence as de-
scribed (Birukov et al., 1991).

For the cytoskeleton overlay experiments fibroblasts
grown on coverslips were washed with ice-cold phos-
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phate-buffered saline (PBS) and extracted on ice for
15 min with the buffer containing 10 mM Tris—HCI, pH
7.0, 60 mM KCl, 250 mM sucrose and 0.05% Triton X-
100. Following extraction coverslips were washed three
times with PBS and incubated with 0.5 uM Cy3KRP
solution in PBS containing 1% BSA and 20 mM 2-
mercaptoethanol for 30 min in the dark at room
temperature. Coverslips were briefly rinsed in PBS and
fixed for 2-3 min in 3.7% formaldehyde/PBS. After
these procedures cells were stained with myosin anti-
bodies and FITC-conjugated secondary antibodies.
Cells were examined using Zeiss Photomicroscope III
and photographed on Kodak Tri X-pro 400 film.

Results

Unphosphorylated smooth muscle myosin used in this
study formed a turbid suspension upon dialysis from a
0.5 M NaCl buffer into a 50 mM NaCl buffer. All
myosin was sedimentable under these conditions at
90000xg. Addition of ATP readily clarified the myosin
suspension so that no myosin sedimented. Thus, our
myosin preparation demonstrated typical polymeriza-
tion—depolymerization  behavior characteristic  of
smooth muscle myosin in vitro.

Effects of KRP and caldesmon on myosin polymerization
and aggregation

Addition of KRP to the myosin suspension (in the
absence of ATP) quickly reduced its turbidity in a
concentration-dependent manner (Figure 1). This effect
saturated at about a 2-3-fold molar excess of KRP over
myosin. When analyzed by electron microscopy, the
myosin—KRP mixtures contained very fine meshes of
filaments and individual filaments of an average size
0.3-0.4 um (Figure 1, inset). The thick bundles of
filaments abundant in the initial myosin suspension
were only occasionally seen after the addition of KRP.
Thus, KRP reduced the level of myosin aggregates, but
did not cause filament depolymerization because all
myosin remained sedimentable at 90,000 x g (data not
shown). In contrast, caldesmon over a comparable
concentration range had no effect on turbidity of the
myosin suspension.

Next, we investigated the effects of KRP and caldes-
mon on myosin in the presence of ATP when myosin is
depolymerized. As shown in Figure 2A, KRP induces
myosin sedimentation in a concentration-dependent
manner. About 50% of myosin is found in the pellet
at a KRP:myosin molar ratio of 3:1. Caldesmon does
not induce myosin sedimentation when added at similar
concentrations (Figure 2B). Titration of an equimolar
mixture of myosin—caldesmon with KRP demonstrated
bi-phasic behavior (Figure 2C). From a 0.5- to 2-fold
molar excess KRP over myosin, caldesmon partially
inhibits myosin sedimentation whereas upon further



344

Optical density, 400

6 8 10 12

Protein added, uM

Fig. 1. Effect of KRP on turbidity of myosin suspension. Four micromolar myosin suspension in 10 mM MOPS, pH 7.0, 50 mM NaCl, 1 mM
MgCl,, 0.1 mM EGTA, | mM DTT was titrated with concentrated KRP (@) or caldesmon (O) solutions and absorbance was recorded at
400 nm. To standardize for myosin settling, measurements were taken 30 s after sample mixing. Inset: electron microscopy of the myosin
suspension before (A) and after (B) the addition of 12 uM KRP. A representative curve of three independent experiments is shown.

addition of KRP (3-fold molar excess), most of the
myosin distributes in the pellet fraction. Thus, KRP
promotes myosin polymerization by itself and its effect
is potentiated in the presence of caldesmon.

Unphosphorylated myosin in the presence of ATP can
also be polymerized by magnesium ions (Suzuki et al.,
1981; Ikebe and Hartshorne, 1984). Increasing the
Mg?* concentration progressively overcomes the depo-
lymerizing action of ATP. Typically, in our experiments,
a sharp transition from soluble to sedimentable myosin
occurred at 7-8 mM MgCl, (Figure 3A). Next we
investigated the effect of added Mg®* on the action of
KRP and caldesmon towards myosin. Figure 3A illus-
trates that Mg”>" enhances the myosin polymerizing
action of KRP whereas caldesmon partially inhibits
Mg®*-induced myosin polymerization. An expressed
17 kDa N-terminal myosin-binding domain of caldes-
mon (N152) was also inhibitory towards myosin poly-
merization induced by Mg>" (Figure 3B).

Thus, in two types of myosin polymerization exper-
iments, we found that caldesmon and KRP operate
differently. Unlike KRP, caldesmon exhibited no myo-
sin sedimenting activity in the presence of ATP. On the
other hand, caldesmon changes the threshold concen-
tration of Mg?" or KRP required for filament forma-
tion in the presence of ATP, and appears to be present in
sedimentable filaments mediated by these two agents.

Electron microscopy of myosin in the presence of KRP
and caldesmon

Negative contrast microscopy was used to visualize
myosin polymers formed in the presence of myosin
binding proteins at 4 or 9 mM Mg?" (Figure 4). In
accord with the sedimentation data (Figure 3) myosin

remained monomeric at 4 mM Mg®>" and no filaments
were found in myosin—caldesmon/N152 mixtures (Fig-
ure 4E, G). On the other hand, in myosin—KRP
mixtures, short homogeneous filaments were observed
(0.44 £ 0.08 pm; n = 50) (Figure 4C).

At 9 mM Mg?>", myosin alone consisted of a few
highly contrasted aggregates of densely packed multiple
filaments interacting alongside and exhibiting a 14 nm
period (Figure 4B). The size of aggregates varied from
1.5 to >10 pm and individual filaments were rarely seen
in these preparations. In the presence of KRP, long
filaments (1.64 £ 0.37 um; n = 30) among some entan-
gled species were present (Figure 4D), while myosin—
caldesmon samples consisted predominantly of short
(0.54 £0.08 um; n = 50) homogeneous filaments dis-
persed among a few dense aggregates (Figure 4F) similar
to myosin alone. Unlike CaD-myosin, no individual
filaments were found in myosin—N152 caldesmon frag-
ment mixtures under these conditions (Figure 4H).

When myosin polymerization was induced by the
simultaneous addition of 7 mM Mg?>* and KRP, the
presence of caldesmon shortened filaments from
1.12+0.44 pm (n=150) to 0.46+0.08 um (n = 50)
while N152 left them apparently unchanged (Figure 5).
Therefore, the filament shortening properties of caldes-
mon are independent of the presence of KRP under
these conditions, and require additional amino acid
sequences of caldesmon that are outside of the myosin
binding domain represented by N152.

Intracellular localization of KRP
In order to reveal the interaction of KRP with filamen-

tous myosin in the cellular context we transiently
transfected chicken embryo fibroblasts with the plasmid
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Fig. 2. Myosin polymerization in the presence of KRP and caldesmon. Four micromolar myosin in 10 mM MOPS, pH 7.0, 100 mM NaCl,
0.1 mM EGTA, 1 mM DTT, 0.5 mM ATP, 1 mM MgClI, was mixed with increasing concentrations of KRP (A) and caldesmon (B). In panel (C)
caldesmon was kept equimolar to myosin while KRP concentration was increased. Figures in the middle of the gels denote the molar ratio of the
variable myosin binding protein to myosin. Following 10 min incubation at 20°C the amount of proteins in supernatant (s) and pellet (p) was
determined by a sedimentation assay and SDS-PAGE. MHC — myosin heavy chain; CaD — caldesmon; MLC — myosin light chains.

encoding wild-type KRP fused to N-terminal FLAG
epitope. The rationale for this approach is that non-
muscle myosin I expressed in fibroblasts is functionally
similar to the smooth muscle myosin and, in particular,
is capable of interacting with KRP in vitro (Silver et al.,
1997). As shown in Figure 6A and B, anti-FLAG
antibodies localize KRP-FLAG with the cellular fila-
mentous structures that are counterstained with myosin
IT antibodies. KRP-FLAG was also observed in the
nuclei of transfected cells consistent with the ability of
the low molecular weight proteins to penetrate in this
cellular compartment. In a confirmatory experiment,
fibroblast cytoskeletons were overlayed with Cy3-la-
beled KRP and the labeled protein localized to myosin
positive filaments (Figure 6 C-F).

Discussion

KRP acts like a myosin filament buffer disfavoring both
monomers and aggregates

The novel activities of KRP include the ability to inhibit
myosin filament aggregation induced by dialysis of
myosin into 50 mM NaCl containing buffer in the
absence of ATP or by the addition of 7-9 mM Mg>" to
monomeric myosin in the presence of ATP. These
properties are consistent with the interaction of KRP
with the neck region of myosin molecule that favors
extended myosin conformation and filament assembly
(Shirinsky et al., 1993; Silver et al., 1997) described
earlier. The results presented here suggest that KRP also
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Fig. 3. Effects of KRP and caldesmon on Mg’ " -induced myosin polymerization. (A) Variable MgCl, concentrations were established in a
solution of 1 pM myosin in 10 mM MOPS, pH 7.0, 50 mM NaCl, 0.1 mM EGTA, 1 mM DTT, 0.5 mM ATP in the presence of 14 uM KRP
(squares), 14 pM caldesmon (triangles) or in the absence of KRP and caldesmon (circles). (B) Representative 10% polyacrylamide gel and the bar
graph showing the effect of 10 uM caldesmon and 10 uM N152 (not included in this part of the gel) on polymerization of 1.5 uM myosin induced
by 9 mM MgCl,. Buffer conditions as above. Samples were processed as described in the legend to Figure 2. The mean values &= S.E.M (n = 3)

are shown.

inhibits lateral aggregation between filaments. However,
the mechanism of this process awaits further investiga-
tion. Thus, the filament organizing action of KRP may
play a particularly important role in smooth muscle or
other tissues where thick filament aggregation may be
promoted by high myosin concentration (Ruegg, 1986).
From the standpoint of muscle mechanics the clustering
and masking of myosin heads achieved in aggregated
filaments would be unfavorable since it would reduce the
maximum force output.

Increasing Mg?" concentration in myosin-KRP mix-
tures results in a 3- to 4-fold elongation of the assembled
filaments. Perhaps, the mechanism of such elongation
involves the abovementioned ability of KRP to inhibit
lateral filament interactions and thus promote endwise
growth. Mg> " potentiates the filament stabilizing action

of KRP that allows the formation, in vitro, of very long
myosin filaments equal in length to the native thick
filaments of smooth muscle (Xu et al., 1996). Although
it is unlikely that free Mg®" concentration escalates
above the typical 1-2 mM in a physiological milieu, the
observed potentiating effect of Mg?" on KRP-induced
myosin filament assembly suggests that this activity may
be relevant in vivo.

Caldesmon is not a KRP-like myosin filament stabilizer

The effects of caldesmon on myosin filament assembly
were different from those observed for KRP. No fila-
ments were formed in the presence of caldesmon at the
subthreshold Mg> ™", e.g. under the conditions when KRP
induced a significant myosin polymerization (Figures 2, 3).
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9 mM MgCl,

Fig. 4. Electron microscopy analysis of myosin polymerization in the presence of KRP, caldesmon and N152. 1.5 uM unphosphorylated smooth
muscle myosin was incubated in the absence (A, B) or in the presence of 15 uM of KRP (C, D), 15 uM of caldesmon (E, F) or 15 uM of N152 (G,
H) in a buffer containing 10 mM MOPS, pH 7.0, 50 mM NaCl, 0.1 mM EGTA, 1 mM DTT, 0.5 mM ATP and either 4 mM MgCl, (A, C, E, G)
or 9 mM MgCl, (B, D, F, H). Inset in (B): the area of filament aggregate demonstrating 14 nm repeat. Scale bar: 0.5 um (A-H), 0.25 um (inset

in (B)).

Furthermore, at Mg®* concentrations sufficient to poly-
merize myosin caldesmon partially inhibited this process
and N-terminal myosin binding domain of caldesmon,
N152, demonstrated similar behavior.

Electron microscopy, however, revealed differences in
the action of caldesmon and NI152. At high Mg*"
caldesmon favored the formation of short filaments that
were distinct from Mg " -induced aggregates or long
filaments induced by Mg?>" and KRP whereas N152
failed to alter the appearance of myosin from control.

Comparison of caldesmon and N152 activities sug-
gests a possible molecular mechanism of caldesmon
action on myosin polymerization. It has been shown

that the N-terminal domain of caldesmon interacts with
the S2 subfragment of myosin (Hemric and Chalovich,
1988, 1990; Ikebe and Reardon, 1988). Therefore, to a
limited (by concentration) extent, it may trap myosin
monomers and reduce the fraction of myosin molecules
incorporated in filaments by shifting the equilibrium of
this process. In addition, caldesmon possesses a second
C-terminal myosin-binding site (Yamakita et al., 1992;
Huber et al., 1993) that may also act as a trap. As we
found that the N152 fragment of caldesmon did not
have filament shortening properties it is possible that
using a second myosin binding site, caldesmon brings
together myosin monomers and acts as a nucleating
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Fig. 5. Combined action of KRP and caldesmon or N152 on myosin filament assembly. Polymerization of 1.5 pM myosin was induced by the
addition of 15 pM KRP alone (A) and in the presence of 15 pM caldesmon (B) or 15 pM N152 (C). Buffer conditions as in Figure 4 except that

7 mM MgCl, was used. Scale bar: 0.5 pm.

agent facilitating the initial step of myosin polymeriza-
tion. Increased nucleation in the system with the
constant amount of myosin supports the formation of
more filaments but reduces their average length. This is
exactly what we observed in our experiments (Figures
4, 5). Importantly, caldesmon does not promote the
elongation step of filament formation and additional
agents such as KRP or Mg”>" are required to support
filament growth from preexisting nuclei. Our results on
myosin polymerization in the presence of KRP and
caldesmon allow us to propose a mechanistic model for
their concerted action on myosin filaments. In this
model (Figure 7), CaD participates in the early steps of
myosin monomer nucleation. KRP promotes the for-
mation of a dynamic pool of myosin filaments contain-
ing attached CaD that may coordinate interaction with
actin filaments (Marston et al., 1992; Katayama and
Ikebe, 1995). Of course, myosin phosphorylation dis-
places KRP (Shirinsky et al., 1993) providing the
filaments with the mobility required for movement
along the actin scaffold.

Based on the results of this study, our view of the role
of caldesmon in myosin polymerization disagrees with
that of Katayama et al. (1995). These authors proposed
that caldesmon is analogous to KRP in its ability to
induce myosin filament assembly. Our interpretation of
these data differs in that we suggest that the filaments
presented by these authors as an evidence of a KRP-like
caldesmon activity (Figure 2B in Katayama et al.,
(1995)) may be the product of Mg?"-induced filament
assembly because the concentrations of myosin and
Mg?" employed are near the threshold for myosin
filament formation (Figure 3). We rationalize that these
disparate results may be due in part to differences in
myosin isolation and purification that change the
myosin polymerization properties.

Initial observations of smooth muscle myosin poly-
merization in the presence of caldesmon made by Ikebe
and Reardon (1988) could also be explained on the basis
of our proposed mechanism. These authors found that

phosphorylated myosin more efficiently formed fila-
ments in the presence of caldesmon than unphosphory-
lated myosin. To the extent that phosphorylated myosin
mimics the structural effect of KRP binding, these data
are consistent with our results. Additionally, Ikebe and
Reardon (1988) demonstrated that filament formation
was inhibited by Ca®*-calmodulin, presumably through
binding to the carboxyl-terminal domain of caldesmon.
This result is also consistent with our mechanism
because the attenuation of C-terminal myosin binding
activity of caldesmon would be expected to decrease its
nucleating capacity as we found with the N152 fragment
of caldesmon that does not contain the carboxyl-
terminal calmodulin binding domain.

Mpyosin is the relevant intracellular target for KRP

We complemented in vitro studies of myosin polymeri-
zation under control of KRP and caldesmon with the
demonstration that KRP can interact with myosin II
positive fibers in cells. This has been done by two
independent approaches, transfection of KRP-FLAG
into fibroblasts and fibroblast cytoskeleton overlay with
the Cy3KRP. Similar studies have been done previously
with the caldesmon N-terminal domain N152 (Gon-
charova et al., 2001). Although cytoskeletal bundles
contain other potential binding proteins, the lack of
documented interaction of KRP and N152 with proteins
other than myosin suggests it is a relevant target.
Several questions arise regarding general applicability
of proposed mechanisms of myosin polymerization with
the involvement of accessory proteins. First, the amount
of KRP is variable in smooth muscles. KRP is approxi-
mately equimolar to myosin in phasic smooth muscles
but is less abundant in tonic muscles such as arteries
(Krymsky et al., 2001). Perhaps, there is no need for
constitutively high KRP expression in tonic muscle since
other myosin stabilizing mechanisms may be operative
in this tissue. One could expect that continuous stretch-
ing of the vessel wall due to blood pulsation would keep
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Fig. 6. Immunofluorescent localization of KRP in cultured cells. Chicken embryo fibroblasts were transiently transfected with KRP-FLAG
construct and processed for immunofluorescent detection of myosin (A) and KRP-FLAG (B) using anti-FLAG M2 monoclonal antibody. (C—F)
chicken embryo fibroblast cytoskeletons were overlayed with Cy3KRP (D, F) solution and stained with myosin antibodies (C, E). (E) and (F)
represent enlarged area of peripheral cytoplasm. Scale bar; 50 um (A-D), 15 pm (E, F).

MLCK constantly activated and myosin RLC phos-
phorylated providing similar to KRP effect on myosin
filament stabilization. In addition, there could be p38-
related pathways of myosin stabilization (Okagaki et al.,
2000) and mechanisms dependent on myosin RLC
phosphorylation by alternative protein kinases like
integrin-linked kinase (Deng et al., 2001) or ZIP kinase
(Murata-Hori et al., 1999) that could substitute for the
low amount of KRP in arterial muscle and its absence in
non-muscle cells.

Second, caldesmon can localize with the actomyosin
fibers in smooth muscle and non-muscle cells through
the interaction of its C-terminal domain with actin
filaments (Sobue and Sellers, 1991). The caldesmon N-
terminal myosin binding domain is therefore available
to link to myosin (Goncharova et al., 2001) and may
serve as myosin monomer trap. However, it is unknown
whether C-terminal myosin binding site of caldesmon
cooperates with its N-terminal site in cross-linking
myosin to form nuclei. Further studies are required to
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Fig. 7. Potential role of KRP and caldesmon in smooth muscle myosin polymerization. Unphosphorylated or otherwise unprotected smooth
muscle myosin is monomeric in the presence of physiological ATP concentrations. In the initial step caldesmon links myosin monomers using two
myosin binding sites and enhances dimer formation that may serve as nuclei for filament growth. KRP promotes elongation of the nuclei into the
filaments favoring the extended conformation of myosin monomers. KRP also prevents filaments from aggregation with each other. A portion of
the caldesmon may stay bound to stabilized myosin filaments and link them to actin filaments as suggested by previous studies (Marston et al.,
1992; Katayama and Ikebe, 1995). For simplicity one myosin head is shown instead of two.

support this idea. However, one may speculate that C-
terminal site can be made available for myosin binding
when caldesmon interaction with actin is disrupted by
phosphorylation (Shirinsky et al., 1999).

Taking into account the presence and relative abun-
dance of caldesmon in smooth muscles and non-muscle
cells it is plausible to hypothesize that this protein
represents the ‘nucleation agent’ of the controlled thick
filament assembly in these systems whereas the ‘clonga-
tion and stabilization agents’ could be cell specific but
functionally interchangeable.

In summary, our results suggest distinct functions for
the well-known myosin binding proteins, KRP and
caldesmon, and provide a model for their involvement in
myosin polymerization.
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