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Smootb muscle myosin filaments are much less stable
than the skeletal muscle counterpart. Smooth myosin
requires higher concentration ofMg2+ than skeletal my­
osin to form thick filaments and addition of ATP disas­
sembles the dephosphorylated smooth muscle myosin
filaments into monomers but not phosphorylated ones.
We found that the addition of caldesmon to dephospho­
rylated myosin induced the formation of the filaments
under the conditions where myosin by itself is soluble or
disassembled. Although the induced filaments were
short at 1 JDM Mg2+, they became medium sized and
seemed like side polar filaments with prominent 14 nm
periodicity at higher Mg2+ conditions (8 JDM). In the
presence ofF-actin, myosin filaments induced by caldes­
mon were associated along actin filaments to form large
structures. The association of actin and myosin fila­
ments was observed only in the presence of caldesmon,
suggesting that caldesmon cross-linked actin and myo­
sin filaments. This cross-linking was disrupted by the
addition of calmodulin. Caldesmon-induced filament
formation of dephosphorylated myosin in the presence
of Mg2+-ATP may explain the existence of myosin fila­
ments in relaxed smooth muscle fibers. A similar effect
of telokin on myosin filament assembly was also exam­
ined and is discussed.

It is well accepted that the initial regulation of the smooth
muscle contractile machinery is through the reversible phos­
phorylation of the 20-kDa light chain of myosin. This is cata­
lyzed by Ca 2 +/calmodulin-dependent myosin light chain kinase
and myosin light chain phosphatase (Hartshorne, 1987; Sellers
and Adelstein, 1987; Kamm and Stull, 1989). Although phos­
phorylation of myosin is necessary and sufficient for the initi­
ation of muscle shortening (Ito et al., 1989b), the response of
smooth muscle to various stimulants is complex. It has been
suggested that secondary regulatory systems might be involved
in smooth muscle regulation in addition to myosin phosphoryl­
ation (Hartshorne, 1987; Marston and Redwood, 1991).

Because of its ability to modify actomyosin ATPase, caldes­
mon has been implicated as a potential regulator of contrac­
tion, secondary to myosin phosphorylation. In support of a
modulatory role for caldesrnon, Katsuyama et at. (1992) re­
ported that a synthetic peptide of caldesmon (Gly651_Ser667)
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which can bind to calmodulin and actin raises the basic tone of
skinned smooth muscle cells.

Caldesmon is an actin and calmodulin-binding protein iso­
lated from smooth and non-muscle cells. In addition to actin
and calmodulin (Sobue et al. , 1981), caldesmon also has a
specific affinity to tropomyosin (Graceffa, 1987; Fujii et al .,
1987) and myosin (Ikebe and Reardon, 1988).

Three actin binding regions were mapped to the COOH­
terminal domain (Mornet et al., 1988 ; Wang et al., 1991), and
the calmodulin binding region lies between residues 659-665
(Bartegi et al., 1990; Wang et al ., 1991; Hayashi et al., 1991).
The COOH-terminal domain of caldesmon is also involved in
the binding to tropomyosin (Fujii et al., 1987; Dabrowska et al.,
1985; Katayama et al., 1989; Hayashi et al., 1991), whereas
myosin binding is restricted to the amino-terminal domain of
caldesmon (Sutherl and and Walsh, 1989 ; Katayama et al.,
1989; Katayama, 1989a; Hemric and Chalovich, 1990). Al­
though the primary structure of caldesmon and its domain
mapping has been studied in detail, the physiological functions
of caldesmon have not yet been clarified.

A number of studies have shown that caldesmon can inhibit
actomyosin ATPase activity in vitro , suggesting its involve­
ment in the regulation of cross-bridge cycling (Marston and
Redwood , 1991; Sobue and Sellers, 1991). Ca 2 +/calmodulin not
only reverses the inhibition induced by caldesmon but also
reduces the binding of caldesmon to actin (Sobue et al., 1981;
Bretcher, 1984; Furst et al., 1986; Dingus et al., 1986). How­
ever, a much higher calmodulin concentration is required for
the dissociation of caldesmon from actin than that for the
reversal of inhibition. These results suggest that the reversal of
the inhibition might not be due to the dissociation of caldesmon
from F-actin but rather due to the change in the interaction of
caldesmon with actin induced by Ca2 +Icalmodulin.

The physiological significance of caldesmon-myosin interac­
tion is not clear. Localization of caldesmon in smooth muscle
cells was reported to be in the thin filament-thick filament
domain but not at the thin filament-intermediate filament
domain (Furst et al., 1986), suggesting a role for caldesmon
interaction with the contractile machinery.

Under physiological salt conditions in vitro dephosphoryl­
ated monomeric myosin adopts an unconventional conforma­
tion in which the tail portion of myosin is bent back toward the
head-rod junction so as to form a folded structure (Trybus et al.,
1982; Onishi and Wakabayashi, 1982; Craig et al ., 1983). Upon
phosphorylation, myosin changes to an extended conformation
which is conceivably more suitable for filament formation. De­
phosphorylated smooth muscle myosin can form thick fila­
ments in the presence of high Mg2+ concentration; however,
the filaments are readily disassembled by addition of ATP
(Suzuki et al., 1978). Phosphorylated myosin filaments are
more stable and are not disassembled in the presence of Mg2+­
ATP (Suzuki et al., 1978). Although this may suggest that in
smooth muscle, myosin filament formation may be regulated by
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ph osph oryla tion , ill vivo studies usin g qui ck-fre eze elect ron
microscopy have dem onstra ted that thick filam ents a re un am ­
biguously pr esen t in resting smooth mu scle cells wh er e the
majority of myosin molecu les a re ass umed to be deph osph oryl­
ated (Somlyo et al. , 1981). Thi s discrepancy in the stability of
smooth mu scle myosin thi ck filam en ts ill vitro and ill vivo is
un resolved . It has been suggeste d th a t high concentrations of
myosin such as th ose fou nd in smooth mu scle cells could be
sufficient to pr odu ce thick filam en ts eve n though myosin is
dephosphorylated (Kendr ick-J ones et al . , 1987). Another possi­
bility is that myosin -bind ing pr otein s might sta bilize myosin
thick filam en ts . We have explore d this la tter possibili ty and in
th is study, we show tha t ca ldesmon induces filam ents of
smooth mu scle myosin .

il lATERI AL S AN D METH ODS

Smooth mu scle myosin was prep a red from tu rkey gizza rd as de­
scribe d previously (Ikebe a nd Hartshorne, 1985b ). Ca ldes mon was pre­
pa red according to Bratcher (1984). Actin was prepa red from rabbi t
skeleta l muscle acetone powder by the meth od of Spudich a nd Watt
(197 \). Telokin was prepared according to Ito et al . (1989a). Tropomy­
osin was prepared from tur key gizza rd as follows. Muscle min ce was
homogeni zed with 4 volumes of 0.1 ~I KCl, 0.2 mxi DTT, I a nd 30 mxt
Tr'is-Hfl l, pH 7.5, th en cent r ifuge d for 5 min at 4000 x g . Th e pellet was
washed four t imes with the same buffer. To th e pellet , 4 volu mes of 0.3
~ I KCl, 0.15 ~I KP;, pH 6.5, was added an d homogenized. After 30 min a t
4 °C, t he homogen ate was centrifuged at 10.000 x g for 15 min. The
pellet was was hed five tim es wit h 4 volumes of 1 m xi Na HCO". Follow­
ing the homogen iza tion with 3 volumes of 2 mxt Na HCO", pH was
adjuste d to 8.3 with Tris base. 'I' ropomyosin was ext ra cted for 2 h at
mom temperatu re. Th e extract was collected by centrifugati on a t
10,000 x g for 5 min , then subjected to ammonium sulfa te fract ionation .
250 - 500 g/l ite r ammonium sulfate fraction was collected, suspended
wit h a nd dia lyzed agains t (50 mxt CaC I", 10 mxt Tris-HCI, pH 7.5, a nd
0.2 mxt DTT). The produced pellet was dissolved in 5 volumes of 1 ~I

KC!. Tr opomyosin was precipitated by adjusting th e pH to 4.6 with
acetic acid. After sta nding for 1 h, th e precipit ate was collecte d a nd
resuspen ded in 1 ~I KCI, a nd the pH was adju st ed to 7.5. Any un dis­
solved materia ls were removed by centr ifugat ion, and t he final super­
na tan t was dialyzed aga inst 10 m~1 Tris-H CI, pH 7.5, a nd 0.5 mxt DTT
a nd stored a t - 80°C. The final produ ct contai ned no conta mina nt
proteins as judged by SDS -PAGE a na lysis.

Myosin Mg" ' -A'I'Pase act ivity was measur ed in solut ion contain ing 1
mxt MgCI", 0.5 mg/ml dephosp horyla ted myosin , 30 mxt Tris-HCI, pH
7.5, a nd 0.2 mxi Iy-""PIATP at 25 °C. The A'I'Pase ac tivity was al so
measu red in th e presence a nd absence of 0.5 mg/ml F-act in a nd 0.2
mg/ml ca ldes mon. The libera ted ""I' was qua ntita ted as describ ed pre­
viously (Ikebe a nd Ha rt shorn e, 1985a ).

S DS-gel elect rophores is was ca rried out in a 7.5-20% polyacrylamide
gradient sla b ge l using the disconti nu ous buffer sys te m of Laemm li
(1970).

Va rious combina t ions of protei n mixture samples wer e exa mine d
by neg ative sta ining elect ron micr oscopy, To obta in clea r im ages of
sma ll protein aggrega tes, sa mples of va rious protein mixt u res (0.5
mg/ml myos in , 0.14 mg/m l ca ldcsmon, a nd/or 0.1 mg/ml teloki n or
0.14 mg/m l myosi n 0.2 mg/ml ac tin , 0.07 mg/ml tropomyosin , 0.15
mg/ml ca ldesmon) in bu ffer (50 rnxt KCl, 1 or 8 mxt MgCI", 0.5 mxi
ATP, 1 mxt EGTA, 5 mxt sodium ph osphate, pH 7.5) were a pplied to
uncoated number 400 copper grids followed by 1% uran yl acet a te
conta ini ng bacit racin as descr ibed prev iously (Ka taya ma , 1989b).
When t he sample was too t hick , it was diluted five times wit h t he
sam e buffe r prior to t he nega t ive sta in ing . Electron microgr a ph s were
tak en by J EOL 100CX or J EOL 2000ES with a n accele ra t ion volt age
of 80 kV. The adva nta ges a nd di sa dva nt ages for the use of t h is
stain ing meth od have been descr ibed prev iously (Ka tayama, 1989b ).
Myosi n-caldcsm on-act in complexes in t he presence of ATP formed
la rge ag greg a tes of th ick a nd th in fi lam ents , a nd t he st ruc t ura l
deta ils were di fficult to resolve by negat ive sta ining. In or der to
visu a lize t he st ruc tu ra l compone nts of such a complex , we su bjected
the mixt ure to ha rsh mecha nica l mixin g or ult rasonic agi tation fol­
lowed by qui ck dil ut ion a nd imm ediate negative s ta in ing . Opti ca l
tra nsfor ms of t hick filamen ts were ta ke n us ing Luzex-F real -t ime

I The abbrev ia tions used a re : DTT, dith ioth reit ol; S-2, myosin sub­
fra gment 2; PAGE , polyacrylamide ge l elect rophoresis.

FI<o . 1. Negatively s t a in ed images of dephosphorylated m yo­
s in. a, und er 10 m~1 MgCl" in the absence of ATP, ma ny side pola r
filam en ts wer e observed in the field ; b, under 1 mxt MgCI" in th e
presence of ATP myosin molecules remained soluble wit hout fonning
a ny filam ents ; c, und er 1 mxt l\l gCI" in the abse nce of ATP , addition of
culdes mon induced numero us filam ent-like agg rega tes , whereas myo­
sin by itself was soluble as in b; d , under 1 mxt MgCI" bu t wit h ATP,
ma ny filam ent-like agg rega tes were obser ved when ca ldes mon was
added. The size of the aggregates was a lmost the sa me or slightly la rger
th an that in the a bsence of ATP. Sca le ha l'S indi ca te 0.2 Mm thro ughout
all elect ron micrograp hs.

image ana lyze r (Nireco, J a pa n). The sta ti st ics on th e dist ri but ion of
t he filam en t lengt h was done with the sa me equipme nt.

RESULTS

Myosin with ph osphoryla ted ligh t chain has high Mg~ i _

ATP ase activity and can form thick filam en ts in the presen ce of
ATP , in it ia ting superprecipitation with actin filam en ts (Ikebe
et al., 1977; Suzuki et al. , 1978). Th e struct ure of thick fila­
men ts form ed by phosphorylated myosin is stable irrespective
of the presen ce ofATP under high (l0 m xt Mg~ t ) or low ( L rn xr)

Mg'' " concentrations (da ta not shown). On th e ot her hand , the
ac tivity of myosi n with dephosphorylated ligh t cha in is kept
low in terms not only of A'I'Pa se bu t a lso it s ability to form
filam en ts. Although dephosphorylated myosin forms side polar
filaments (Craig a nd Meyerrn an , 1977) a t high Mg~ i concen­
tration (F ig. In ), addit ion of sma ll amounts of ATP readil y
disassem bles the filam ents a lmost complete ly to its soluble
form (da ta not shown).

Although ca ldesm on wa s firs t describ ed as a thin filam en t
compone nt, it was later report ed that cal desmon binds to my­
osin at S-2 region (Ikebe and Reardon, 1988). We examined the
effects of ca ldesmon on the assembly pr operties of myosin. As
shown in Fig. Ic, man y short filam en t-li ke aggreg a tes were
observed up on addit ion of ca ldesmon, under the conditions
wh er e myosin by itself hardly formed filam en ts. Very simila r
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CALMODULIN(IlM)

F II; . 3 . Increase in the turbidity of sm ooth muscle actomyosi n
by caldesmon and the reversal effect by ca lm odu lin . (I , vario us
concent rations of ca ldes mon were added to a solution containing 0.5
mg/ml myosin, 0.5 mg/ml actin, 5 mxt sodium phosphat e, pH 7.5, 1 mxt
EGTA, 1 rnxt MgCI2 , 50 rnxr KCI, and 0.5 mxt ATP. The mixture was
incubated for 5 min at 25 °C, and the turbidity was measu red by
Perkin-Elmer UVNIS spect rophotometer at a wavelength of 400 nm.
The turbidity was sta ble for at least 30 min at room temp era ture. 0 ,
without tro pomyosin; 6 , with 0.12 mg/ml gizza rd tropomyosin. b, effect
of calmodulin on the caldes mon-induced increase in the turbi dity of
smooth muscle actomyosin. Conditions a re the same as for a , except
th at 0.15 mg/ml ca ldesmon and 0.1 nn l CaCI2 were used .
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osin as describ ed above and these aggrega tes wer e associa ted
a long F-actin filam en ts to form large structures (Fig. 4b). Th is
la rge actin-ca ldesmon-rnyosin filam ent complex tended to be­
come entangled with each other and ha rsh mechan ical mixing
of the solut ion was needed to obtain clea r image of each stru c­
tural component by nega tive sta in ing.

To exa mi ne furthe r th e constitution of these complexes, ac­
ti n , myosin, ca ldesmon, and tropomyosin were mixed in various
combinatio ns and were spun by low spee d centrifuga tion at
10,000 x g for 5 min . Th e pr otein composit ion of the superna­
tant and the pell ets wa s ana lyzed by SDS-PAGE (Fig. 5).
Ca ldes mon, myosin , a nd actin coprecipitated. The molar
amounts of myosin and actin which coprecipitated with caldes­
mon were hi gher than that of ca ldosmon . Th is is cons is te nt
wit h the obse rvation by elect ron microscopy that the formation
oflarge aggrega te s is not du e to the cross-linking ofF-actin and
individual myosin molecu les by ca ldesmon, bu t involves myo­
sin in aggregate d form . Ca ldesmon and myosin coprecipita ted
under the condit ions where myosin by itself did not pr ecipita te,
a lthough the amount of pr ecip itated proteins were less than in
the presen ce of F-actin (Fig. 5). Un der these conditions the
smaller size of each myosin filam entous aggregate was simila r

FIG. 2. Negatively stained images of dephosphorylated myosin
under 8 mst MgCl2 conditions in the presence of 0.5 m st ATP. a ,
most myosin molecules remain disassembled even under such high
Mg2

+ conditions; b, when caldes mon was added, myosin forms rigid
medium sized filam ents wit h appa rent 14 nm axia l periodicity th rough­
out its whole len gth . The inset in c is an optical tran sform of one of such
filam ents as enla rge d on the right with prominent 14 nm banding
pa ttern. Arrows indicate the merid ional reflect ions for th at periodicity.

filamentous aggregates wer e a lso in du ced wh en cald esm on was
added to myosin solut ion in the pr esence of Mg-ATP (Fig. 1d),
although their length distribution seemed somewhat larger
than those in the abse nce of ATP . Under 8 mxt Mg2+ concen­
tration, dephosphorylated myosin could not yet form any fila­
mentous structure if ATP wa s present (Fig. 2a ). However
caldesmon induced decen t medium sized filaments (Fig. 2b)
well comparable with those produ ced with pho sphorylated my­
osin or with dephosphoryla ted myosin in the abse nce of ATP.
Th e filaments seeme d stra ight and st iff showing prominent
axial peri odicity corresponding to 14 nm throughout the whol e
length (Fig. 2c) and characteris tic of side polar filaments. Be­
cause caldesm on is known to associate with thin filaments, we
exami ne d the effects of ca ldesmon-Fvacti n compl ex on myosin
filament formation .

Fig. 3a shows that the turbidity of the solut ion increa sed
upon the additio n of'caldesrnon to actomyosin in the presen ce of
Mg2+-ATP . Th e marked increa se in the turbidity wa s not ob­
served in the abse nce of myosin (data not shown). Simila r
turbidity increase was also observed whe n F-actin was added to
myosi n!caldesm on solut ion (da ta not shown) . Th e increase in
turbidity was dependen t on cald esmon concen tration and
reached a plateau at 0.15 mg/ml caldesmon if actin concentra­
ti on was fixed at 0.5 mg/ml. Th is cor responds to a pproximately
1 ca ldes mon! 16 actin monomers.

Th e resul ts suggest that ca ldesmo n can cros s-link myosin
and act in and supports our ea r lie r re port (l kebe and Reardon,
1988). Tropom yosin which is a lso known to bind cald esm on did
not sign ificant ly affect the increa se in the turbidity of act in!
myosin solu t ion induced by cald esm on (Fig. 3a ). Fig. 3b shows
that the turbidity of actomyosi n indu ced by ca ldes mon declin ed
by a furth er addition of Ca2 +/calmodulin . Th e decrease in the
turbidi ty occur red in ca lmodulin dose-dependent manner and
more tha n 6 J,LM wa s required to complete ly reverse the ca ldes ­
men -induced increase in turb idity . Th is was consisten t with
the notion that ca lmodulin can compete with the binding of
cald esm on to act in .

Th e st ructure resp onsible for the large in crease in turbidity
was examined by electron microscopy (Fig. 4). In the abse nce of
caldesm on the majority of myosin wa s dissociated from actin
filaments and did not form filamentous aggregates (Fig. 4a ).
Additi on of caldesm on induced filamentous aggr ega te s of my-
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FIG. 5. Cosedimentation analysis of myosin -actin-caldesmon
co mplex. Va rious combination of myosin (0.5 mg/ml ), act in (0.5 mg/
ml), ca ldes mon (0. 15 mg/ml ), a nd tro pomyos in (0.12 mg/m l) were mixed
in th e buffer conta ining 5 mxr sodium phospha te, pH 7.5, I mxt EGTA ,
1 mxt MgCI2 , 0.5 mxt ATP, a nd 50 m~1 KCI a nd the n centri fuge d a t low
speed 0 0,000 X g ) for 5 min . Th e precipi ta te ilanes 2-5 a nd 10 ) a nd the
supern ata nt tlanes 6-9 and 11) were a nalyzed by SDS-PAGE : lan es 2
a nd 6, actin a nd calde smon; lan es :J a nd 7, myosin, act in , an d ca ldes­
mon; lan es 4 an d 8 , myosin a nd ca ldes mon; lan es ii and 9, myosi n, actin,
ca lde smon, a nd t ropomyosi n; lan es 10 a nd 11, actin a nd myosin ; lan e 1,
molecul ar mass sta nda rds, molecular masses in kiloda ltons a re indi­
ca ted 0 11 th e far left .

are characteri zed by distinct enzy me act ivit ies (Ikebe et al. ,
1983), we examined th e effect of caldcs mon on th e equilibrium
betw een 10 S and 6 S myosin s. Th e KCI dependence of Mg2 +_
ATPase of dephosphoryla ted myosin was measured in the pres­
ence and abse nce of cald esmon and/or acti n (Fig . 6). The de­
pression of th e Mg2 +-ATPase act ivity below 0.3 ~ I KCI, which
reflects th e myosin conform ation al trans it ion from 6 to 10 S,
was unaffected by caldes mon an d/or act in. At lower KCI con­
diti ons where caldesmon induced formation of filam entous my­
osin as well as actin-myosin filam en t cross-linking, th e Mg2 +_
ATPase act ivity was not influenced by caldesm on. Th ese
resu lts suggest that th e formation of the small myosin filam en­
tou s aggregate might not be du e to the change in the myosin
conform ation.

It was recen tly reported tha t telokin , a protein whose pri ­
mary amino acid seque nce is identical to the tail part of myosin
light chain kin ase, might contribute to the stabilization of the
thick filam en t structure of depho sphorylated myosin in th e
pr esence of ATP (Shirins ky et al. , 1993). We have found th at
depho sphorylated myosin filam ents were induced by th e addi­
t ion of telokin. However, th e size and shapes of the filam ents
obse rved in our hands were less homogenous th an those in­
duced by caldes mon, including the slen der ones and some ag­
gregates und er 1 mxi M~+ conditions (Fig. 'lb ). In the presence
of 8 mxt Mg2 +, myosin agg regates consisted of a mixture of very
long and medium to small sized filam en ts. The filam ents in th e
very long popul ation ofte n showed a curved contour with a
tendency to merge with each othe r giving a somewha t fragi le
appearanc e. When caldes mon and telokin were simulta neous ly
added to th e solut ion of dephosphorylated myosin , the observed
filam ents were shorte r th an the longest population in the latter
case but were more homogenous in sha pe and size (length
distribution was 0.95 + 0.25 f.Lm for - 100 filam ents in some
selected fields) as compared with te lokin alone . Th e tend ency
for filam en ts to merge was less, a lt hough they sometimes
aligned themse lves side-by-side. Th e den sity of myosin mole­
cules in th e background see med less tha n the othe r cases,
indicating tha t most molecules were efficient ly tak en up into
filam en tous form . These filam ents also showed prominent 14
nm periodicity, indicating an ordered str ucture . Myosin light
cha in kin ase did not induce thi ck filam ent form ation at a ll, in
spite of the existence of the amino acid sequence identical to
telokin a t it s COOH-te rmina l domain (da ta not shown).

10116 7 8 92 3 4 5

FIG. 4. Nega ti ve ly s ta in e d im a ges o f the m ix tur e of u n p hos ­
phory lated myos in a nd Fvacfin in t h e p r esence of ATP. a, most
myosin oligorners were dissocia ted from ac tin -filaments; b, under 1 rnxt
i\lgCl2 condit ions , fila men tous myosin aggregates induced by ca ldes­
mon were a ll closely associate d to ac tin fila men ts forming la rge ligh t­
scatteri ng clumps . Microgra ph was tak en a fter vigorous mech ani cal
agita tion ; c, under 8 rnxi iVI gCl2 in th e pr ese nce of ATP , actomyosin with
added ca ldes mon form ed very solid filam en t bundles whose a ppea ra nce
was simila r to st ress fibers. Microgra ph shows the associa t ion of fila­
ment s in the complex which was so tight that a substa ntial fra ct ion
remained still in bun dles even after ultra son ic treatment ; d, on the
same specime n grid was found a n ima ge showing th e st r uctura l con­
sti tue nts of filam ent bundles which was disper sed by the a bove treat­
ment. Several thi ck filam ents wer e obse rved together wit h ma ny actin
filam ents. Note th e presen ce of clear per iodic ba nd ing pattern th rough­
out the th ick filam ent surface , sugges t ing th at th ick filam ents a re side
polar myosin fila ment s.

to aggregates formed under low Mg2+ condit ions in the pr es­
ence of ATP. If caldesmon was added to th e mixture of actin
an d dep hosphoryla ted myosin in the presence of ATP but with
8 mxt MgCI2 , very thick bundl es composed of a parallel array of
th ick and thin filam en ts were formed an d were reminiscent of
stress fiber in th e cell. Th e filam ents in volved in such bundles
associated wit h each other so tightly that the harsh mixing,
which was effect ive under 1 mxt Mg2 + conditions , hardly al­
tered th e final image of the comp lex. It was necessary to subjec t
th e entire mixture to ultrasonic agitat ion to effect partial dis­
socia tion (Fig. 4, c and d ). Negatively sta ined images of forcibly
dissociated bundles showed th e parallel a rray of actin fila­
merits toget her with myosin filamen ts with peri odic banding
pat tern throughout the length, ind ica tin g a side polar
assembly.

Monomeric smooth mu scle myosin form s a folded (10 S my­
osin ) or an exte nded st ructure (6 S myosin ), depending on it s
en vironment. Th ick filam ents arc form ed only from th e latter
conformers (Hartshorn e, 1987 ). Since the two conformations
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Fi l l. G. Kel dependence of MIf+·ATP ase activity of myosin in
the presence of caldesmon . A'TPase activity was mea sured as de­
scribed und er "Ma teria ls a nd Methods." O. myosin a lone; . , with 0.2
mg/ml ca ldcsmon; 6 , wit h 0.5 mg/ml actin ; .., with 0.2 mg/ml ca ldesmon
and 0.5 mg/ml actin.

DISCUSSI ON

Caldes mon can bind various smooth mu scle contracti le pro­
tein s such as actin (Schue et aI., 1981), tropomyosin (Gra ceffa
et al., 1987 ), and myosin (Ikebe an d Reardon, 1988) wit hin
distinct domains (Marston and Redwood , 1991; Sobue and
Sellers, 1991). It was suggested previously that caldesmon can
cross-link F-actin and myosin (Ike be and Reardon, 1988;
Marston et al . , 1992; Hemric and Cha lovich , 1988), but det ai led
st ructures of such myosin aggr ega tes ha ve not been investi­
gate d. The present st udy confirmed the cross-linking of F-act in
and myosin by caldesmon, bu t more importantly, this study
demonstrated th at cald esmon induced th e assemb ly of myosin
filam ents in the presence of Mg:!+-ATP.

Smooth mu scle myosin requires a higher Mg"" concentration
(= 8- 15 rnx i) for thick filam ent formation as compared wit h the
concentration required by skeleta l myosin. Even at high Mg?"
concentration th e dephosphorylated myosin filam ents are dis­
assembled by th e addition of Mg:!+-ATP (Suzuki et al . , 1978).
Under th ese conditions, myosin has been shown to be in a
monomeric, 10 S conformation as determined by ana lyt ica l
ult racentrifuga tion (Trybus et al. , 1982; Ikebe et al. , 1983;
Suzuki et al . , 1978; Oni shi a nd Wakabaya shi , 1982 ). In the
present study we confirmed that fresh ly isolated smooth mus­
cle dephosphorylat ed myosin did not form filamen ts under
lower MgH conditions (= 1 mxt ), At higher MgH concentration
(= 8 mxr ) dephosphorylated myosin form ed thick filam ents (Fig.
ln ), but thi s was readil y disa ssembl ed by the addition ofMgH

­

ATP (Fig. 1b). By raising MgH concentration to 8 mxi , such
small aggregates of myosin grew in to the filam ents whose size
was compara ble with that of deph osphorylated myosin in th e
abse nce of ATP or phosphorylated myosin in the abse nce or
presence of ATP. Th e sma ll aggreg ates of myosin induced by
caldes mon at low Mg:! + condit ion might act as a precursor or
"seed." Larger myosin filam ents ind uced by caldesmo n can be
produced eithe r from sma ll myosin oligomer or monom er , but
in eit he r case caldes mon see ms to shift th e equi librium be­
tween monom eri c myosin and filamen tou s myosin toward th e
form ation of filam en ts.

Under low MgH conditions in which myosin alone exists as
monomer or sma ll oligomers but not la rge filam ents , caldesmon
induced form ation of filam en tous aggrega tes of myosin though
th ese filam ents were sma ller tha n that observ ed with myosin
alone at higher MgH concentra tion. It is known that caldes­
mon itself form s aggreg ate due to oxida tion. However, we do

F II; . 7. Ne gatively s tained ima ges showi ng the effec t ofte lo k in
o n the assem b ly of d ephosphor y lated myosin , (I , addit ion of
telokin induces slender filam ents und er 1 mxt MgCI" a nd 0.5 mxt ATP
condit ions, wher eas control myosin by itself did not form an y filam ents;
b, when telokin a lone was added to dophosphorylated myosin un der 8
rnxt MgCI., and 0.5 mxt ATP condit ions, induced filam ents a re variable
in size a nd sha pe, including very long ones (dense ly sta ined across th e
field ) a nd medium sized bu t flexib le filament s . Some periodic banding
pattern was recognized in very long filam ents; c, by addi tion of ca ldes­
mon together with telokin , th e size an d shap e of t hick filaments became
less va riable a nd each component showed promine nt 14 nm periodicity.
Th e inse t of d indica tes th e optica l transform of one of such filaments as
enla rged on th e right . Arro ws ind ica te the meridional reflection s for
that peri odicity.

not think that caldes mon agg regat ion is involved in th e ob­
served myosin filam ent forma tion becau se: 1) caldesmon was
treated with 5 mxi DTT to redu ce a ny oxidized species of caldes­
mon ; 2) caldesmon by itself was not precipitat ed during the
sedimenta t ion analysis ; 3) elect ron microscopic observa tion
failed to detect a large caldesrnon aggregate; 4) th e effect of
cald esmon to induce th e turbidity increase of actin/myosin
mixture was sa t ura ted within th e range of expected molal' ratio
of acti n/cald esmo n/myosin. It re mains obscu re as to how
caldesrnon stabilizes myosin filam ents in the presence of Mg:! +­
ATP where depho spho rylat ed myosin alone is in the 10 S con­
formati on and does not form filam ents. One possibi lity is that
a folded conform ati on of myosin is destabil ized by binding of
cald esmon at S-2 moiety (Ikebe and Rea rdon, 1988 ), and the



3924 Myosin Assembly Induced by Caldesmon

tail portion is consequently extended and induces filament
formation. Supporting this notion, we recently observed that
native smooth muscle thin filaments show thin whisker like
projections which are labeled with an antibody recognizing the
NH2-terminal myosin binding domain of caldesmon.f It is plau­
sible, therefore, that the NH2-terminal domain of caldesmon
protrudes from the thin filaments and binds the S-2 portion of
myosin so as to stabilize the myosin filaments.

The results of cosedimentation experiment where much more
myosin molecules coprecipitated with caldesmon molecules
suggests that caldesmon may exert a cooperative effect on
filament formation by inducing myosin into some conformation
that will polymerize. This may be less likely since 10 S myosin
does not polymerize with 6 S myosin to form copolymer (Trybus
and Lowey, 1987). Alternatively, caldesmon may bind to the
S-2 region of several myosin molecules. This hypothesis is
supported by previous findings by Katayama and co-workers
(Katayama et al., 1989; Katayama, 1989a) that caldesmon con­
tains more than two S-2 binding sites within the NH2-terminal
and central domains. It has also been shown that the caldes­
mon molecule can bind several molecules of heavy meromyosin
(Marston, 1989). Recent reports on the properties of caldes­
mon's COOH-terminal domain (Huber et al., 1993) also indi­
cated its affinity to myosin. We also observed by electron mi­
croscopy that clusters of heavy meromyosin bind periodically to
the thin filaments via their S-2 region.f These results support
the idea that caldesmon can bind several myosin molecules and
stabilize its filamentous structure. It has been shown in two
different types of smooth muscle tissue that the thick filaments
are present in relaxed smooth muscle fiber (Somlyo et al., 1981;
Tsukita et al., 1982), even though isolated dephosphorylated
myosin fails to form stable thick filaments under physiological
ionic conditions. As shown in the present study, caldesmon may
help stabilize myosin filaments under physiological ionic con­
ditions and resolve the apparent discrepancy between in vitro
and in vivo reports.

After completion of our experiments on the effects of caldes­
mon on myosin filament formation, a paper appeared concern­
ing very similar issues to ours (Shirinsky et al., 1993). They
attributed the stability of dephosphorylated myosin filaments
in relaxed muscle, to the presence of telokin, an interesting
protein whose function is not fully elucidated. We confirmed
their results except in the distribution of the filaments in terms
of size and shape. These differences may be attributed to the
differences in our experimental conditions from theirs. In ad­
dition, we checked the effect of simultaneous addition of caldes­
mon and telokin on dephosphorylated myosin filament forma­
tion. Under such conditions, thick filaments were shorter but
seemed more homogenous in size and shape as compared with
those with telokin alone. It is notable that these long filaments
showed clear 14 nm periodicity, giving rise to the appearance of
native thick filaments (Cooke et al., 1989). Caldesmon and
telokin are both the abundant constituents of smooth muscle
cells. These results suggest they might work cooperatively to
stabilize the organization of dephosphorylated myosin filament
under relaxed conditions. It has been reported that telokin is
not necessarily a universal component of all smooth muscle
tissues and is deficient in aorta, trachea, and non-muscle cells
(Gallagher and Herring, 1991). Caldesmon, on the other hand,
distributes more widely among various tissues, including those
above. Therefore, caldesmon might be a more universal factor
in stabilizing dephosphorylated myosin thick filament struc­
ture in relaxed smooth muscle cells. Furthermore, we observed
that caldesmon-induced myosin filaments were tethered to ac-

2 E. Katayama and M. Ikebe, unpublished observation.

tin filaments in the presence of Mg2+-ATP. This is consistent
with the intracellular localization of caldesmon in the actomy­
osin domain (Furst et al., 1986) and suggests an important
structural role in smooth muscle organization.

In non-muscle cells, myosin colocalizes with actin in stress
fibers. During mitosis, microfilament organization changes
dramatically and stress fibers are disassembled during
prophase. It was shown recently (Yamashiro et al., 1990, 1991)
that caldesmon dissociates from microfilaments during mitosis
probably due to the phosphorylation by cdc2 kinase. These
results suggest that caldesmon may play an important role in
stabilizing stress fibers in non-muscle cells. The present results
show that caldesmon stabilizes myosin filaments and further­
more cross-links actin and myosin filaments to form actomyo­
sin bundles that resemble stress fibers (Fig. 4c). These findings
predict roles for caldesmon in the stabilization of stress fibers
consisting of actin filament bundles and myosin molecules.
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