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PREFACE

From electron microscopic studies on sectioned muscle,

3 Huxley (1) concluded that the contractlle element of skeletal
.muscle con31sts of two kinds of filaments, the myosin and the actin |
.filaments, which are connected by cross-bridge from the myosin
filament, and that during cpntraction these'two kinds of filaments -
slide withput changing'the length of the filaments_themselvés( |
Furthermore, he (2) concluded from experiments using the negative
’.staining method that the cross-bridges in sectioned muscle
_represent the globular portion of the myosin molecule (3, 4).

The globular'portion can be isolated from tryptic digests of

ﬁyosin as subfragment—i, which retains the ATPase'active and actin
" binding sites of the original myosin (5). The interactions

between the giobular portions the_myosin‘filaments and the actin
; :filaments'produce the actomyosin type ATPase(:ATP phosphohydrolase,
EC 3.6.1.3] and develop the sliding force (4, 6-9). However, the
molecular mechanism of the movement of crdss-bfidges during
contraction remains to be clarified. Since thevchange in sarcd—/
mere length during COntractioh.ié much greafer than the possiﬁle
change due\to movement of a single cross—bridgé, thevmaking and
‘breaking of cross-bridge is a necessary consequence-of fhe
ﬂslidingffilament model. The reaction sequence of cross-bridge
“interaction must be cyclic inrcontraction,‘and must invelve at
least the follow1ng step: (a) the making of cross-brldge, (v) hydro-»

leSlS of ATP, (c) the conformation change or movement of eross-



bridge, and (d) the breaking of cross-bridge.

Ponomura et al. analyzed the reaction mechanism of the myosih-
ATP systeﬁ in dé*ail,and have emphasized that phosphorylation.of
myosin by ATP is the primary biochemical reaction in muscle
contraction (10, 11). The molecular model of muscle contraction
proposed by him (9,'12,'13) involves the following reaction cycle :
(a) the phosphorylation and its conformation change of myosin, 4
(b) binding of myosin with actin which is triggered by cat?

; released from the sarcoplasmie reticulum, (c) the fransconformatione
6f myosin induced by the dephosphorylation, which accompanies the |
sliding of actln filament past myosin filament, (d) the breaking

of the linkage between myosin and actin by ATP, and (e) the trans-.e
conformation of myosin to the original etate. |

However, many.essential problems of the interaetiqn of myosin,A
“with actin and ATP have been left unsolved. Therefore, detailed o
investigation on the 1nteractlon among them is a necessary pre-
requlslte for a better understanding of ‘the molecular mechanism of
the contractlle process.

This report consist of the f0110w1ng twocparts. The first
deals with the reaction of the H-meromyosin - F-actin - ATP sjstem
‘under the various conditions, especially under physiological o
condition. The second deals with the stoichiometric relation of =

the bindings of myoein or/iteﬂgubfragments With>actin and - ATP.



- PART I

BINDING OF H-MEROMYOSIN WITH F-ACTIN
" AP 1OW IONIC STRENGTH



INTRODUCTION

It is well known that the rate Of hydrolysis of ATP by myosin
is strongly enhanced by F-actin at low ionic.strength in the
 presence of Mg++ (14). ihis type of ATPase is usually called the
actmeosin type ATPaée. “fhe actomyosiﬁvtype ATPase has been shown
to be a key feéctibn in muscle contraction (15{17). Therefore,
to clarify the molecular mechanism of muscle contfaction, it is
"especially important ot analyze the mechanism of interactions
among F-actin, myosin and ATP at low ionic stiength in the presence
. of Mg++. However, the systéh is not suiﬁablé to physico-chemical |
studies, sincermyosin:and actomyosin are insoluble at low ionic
strength. H;meromyosin, which was first obtained from a tryptic -
_[EC>3.4.4.4] digest of myosin by Szent-GySrgyi (18), retains the
biblogical activity of the original myosin, but it'is soluble even
at low ionic strength. The effect of F-actin on the H-meromyosin
ATPase has been studied at low ioniec sfrength by several investi-
gators (19421). Leadbeater and Perry (20) first provided evidence
~that F-actin can increase the engymic activity of H—meromyosin.
in the presence of Mg++, though the addition of ATP to acto-H4z
meromyosin produces a_decrease-in viscoéity of the compiex.
Yagi et al. (21) have reported that ATP can easily dissociate acté-
' H-merpmyosin»at.low ionic strength in the presence of Mg™", and
consequentlylthe ATPase activity. shows a remarkable ﬁsﬁbétraté
inhibition". In these previous studies, the ionic strength in the
.-reactlon system was not kept constant, and the activity was

determlned over narrow ranges of concentratlons of ATP and F-actln."
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The molecular properties of acto-H;meremyoein wereeiﬁferfed oﬁly'f
from the measurements of viscosif& énd intensity 5f iighfescetfefing
at 90°. Therefore, we have reinvestigated the actln - H-meromyosxn
= ATP system, and have obtained the following results. at low S
ionic strength, H~-meromyosin combined with F-actin at a weight
ratio of 1 : 0.33. “he intensity of light-scattering at 90° of
'acto-H—meromyosin was decreased-iconsiderably, but the weight~-

'  average molecular weight, (M) deduced from the angular distiiéve o
-’butlon was only slightly decreased and the z average radlus of

| gyration, (fg 122, was increased several times by the addltlon of
ATP. The ATPase activity and the decrease of light-scattering
intensity at 90° of acto-H-meromyosih incfeased monotonously with
increasing ATP concentration to attain certain maximum Values;

' The ATP concentrations necessary to attain half the limiting

~ changes of both thebATPase activity and the light-scattering

.- decreased with increase in the ionic strength and with decrease in

f the amount of F-actin. The blndlng of H-meromyosin w1th F-actln
was strengthened by the treatment of H~meromyos1n w1th PCMB and

;‘@—mercaptoethanol (22).

EXPERIMENTAT

Materials - Myosin was prepared'from rabbit skeletal muscle

The abbreviations used are: ?CMB, p—chloromercuribenzoate; f«‘
PEP, phosphoenolpyruvate; PK, pyruvate kinase; EGTA, giycelether-v,

diaminetetraacetic acid.



by the method of Perry (23) with slight modifications. H-meromyosin

was obtained according to the method of Szent-Gydrgyi (18), except
for the tryptic digestion at 15°C for 10 minutes‘and the colleotion:
of protein from the 43 to 60 per cent saturated ammomium sulfate
fractlon. Tightly bound Ca++ was removed from H-meromyosin by

a treatment with PCMB and p—mercaptoethanol (22) G=actin was
prepared from an acetone powder of rabbit skeletal muscle accordingf”/
to the procedure of Mommaerts (24), with slight modifications (25).

After removal of free ATP from‘G;actin solution by the treatmeht

with Dowex 1 x 4, G-actin was polymerized to F-actin by the

addition of 1 mM MgClz. F—actin-014eADP was prepared with the

-method described1by'Nakamﬁra et al. (26). Pyruvate kinase (ATP:.

- pyruvate phosphotransferase, E.C., 247.1.40L)_was prepared from

rabbit skeletal muscle by the method of Teitz and Ochoa (27),
and was stored as a suspension'in saturated ammonium sulfate
solution. It was dialyzed against deionized water before use.

ATP and PEPiwere purchased from Sigma Chemical Co. ATP was used

- as KZATP.

Methods - nght-scatterlng measurements were made in a Brice-
Phoenix photometer (Model 1000D). H-meromyosin and G-actln were _
clarified by centrifugation at 3.6 X 104 r.p.m. for 3 hours and.ﬂ

diluted by the solvent filtered through a Millipore filter. The.

- solution contained‘O 05 -;0 1 mg. H—meromyosin per ml., 0.01 -

0.25 mg. F-actin per ml., 10 mM Trls-ﬁCl, 1 mM MgC12 in excess of

- ATP, 20 - 40.pg. pyruvate kinase per ml., and 0.4 mM PEP vAll_

measurements were performed at 25 °C. The angles, 6?, at ‘which the’

L7



measurements were made, ranged from 35 °to 135°. To correct the
- back reflection of light-scattering intensity at‘the angle &, the
equation of Oth et al. (28)

(Go)rean = (G G)exp - 0.045 (G18O &)exp.

was applied._ Here, (G&) and (G&) are the real and the

exp.
experimental 1nten31t1es of the scattered light at the angle 8,

real

'respectively. The value of (1 + cos 9)/(G& x sin8) was plotted
against sinze-/z according to Zimm (29).‘ Ali the intensities, G9 -
were glven only as relatlve values.

The ATPase activity of acto-H-meromy031n was determined in the
coupled system with pyruvate kinase as an ATP generating systen, |
by measurlng the time dependence of pyruvate liberation accordlng
40 the method of Reynard et al (30) The concentrations of
pyruvate klnase and EEP used were so high that the rate of the over-
all reaction was 1ndependent of the rate of the kinase reactlon.

. The reaction mixture was composed of 0.06 - 0.5 mg. H-meromy031n

per ml., 0.0l - 1.4 mg. FP-actin per ml., 20 -:40‘pg. yruﬁate kinase‘

per ml., 0.4 mM PEP, various concentrations of ATP, 10 mM Tris-HC1

and 1 mM MgClz in excess of the ATP concentration at pH 7.5 and
 25°C. At 2, 4, 6, 8 and 10 minutes or at 0.5, 1, 1.5, 2.0 and

 '2.5 minutes after the addition of ATP, 1 ml., of the reaction
. mixture was withdrawn and added to 0.2 ml. of 2.5 mM 2,4-dinitro-
' phenylhydrazlne in 3 N HC1. The KC1 concentration in the reaction

mixture was changed to keep the ionic strength due to KC1, MgCIZ
and KZATP constant, assuming that all ATP molecules present were

in the fprm of complex MgAT? "._ The ionic strengths glven in the



- figures as due %o KC1 + MgATP™~ were those derived from KQI, K2ATP
- -and MgClz, except for that due to 1 mM of free Mg012 and other |
constltuents.

1he exchange reaction of ADP of F-actln was measured by
incubation of 0.15 ng. F-act1n~b;4—ADP per ml. with 0.45 mg. H~-
_meromyosin per ml;.and i mM ATP"fo;ﬁiw— 30 minuteé, in the présence
of 1 mM MgCl,, 2.5 mM KC1 and 10 mM Tris-HC1 at pH 7.5 and 25°C (3;);
- The reaction mixture“was'filtered-through/a Millipore filter, and
fhe radioactivity of the filtrate wasvmeaéuréd by}a Packard Tri-
'barb’Sointillation'Spectroﬁetér (Model 3002). | |

Thevconcentratiénfof'?fotein was déterﬁined by biuret reaction
(32) or by thé Folin-Cioculteu.reacinn (33), after Calibratioﬁ'

by nitrogen detérmination.

RESULTS

Light-scattering - As a preliminary experiment, the effect of

the pyruvate kinase system on H-meromyosin ATPase was examined.

As shown in Fig. 1, the Michaelis constant,lKg, of H-meromyosin

_ ATPase in the presence of 4 hM.KCI or 6 mM KC1, 10 mM Tris-HCi

1 nmM MgClz, 0.4 mM PEP and 40 Pg. pyruvate kinase per ml. was

% uM, which was equal to that of my031n ATPase ;n the presence of

g"" (34-36). | .
Flg 2 indicates the increase of 11ght—scatter1ng 1nten51tles

at 90° when various amounts of F-actin were added to a solutlon
containing 0.16 mg. H-meromyosiﬁ per ml. in the-iresence of 4 mM

KCi, 1 mM.MgCl2 and 10 mM Tris-HCl at pH 7.5 andA25°C. " The intensity



increased in propor#ion to the concentration of F-actin until

’0.057 mg. F-actin per ml. were reached. Therefofe, it was
concluded fhat 3.4 x 105 g, of H—meromyosin binds with 1.21 x 105 g.
of F-actin, i.e. l.mole of H-meromyosin binds with 1 mole of actin
dimer (37, 38). Pre?ious studies (39, 40) have also shown that

1 mole”of myoein binds with 1 mole”of actin dimer..

Fig. 3 shows the decrease of scatterihg intensity of acto-
H-meromyosin on the addition of 0.5 mM ATP. The experimental
conditions were as in Fig. 2, except thath.OB mg. H—meromyesin )
per ml. were added to Verious amounts of F-actin in the presence
of 0.4 mM PEP and 20 pg. pyruvate kinase‘per ml. At 1ow-00ncen—
trations of F-actin, the'scattering intensity decreased on the
addition of,ATP to the sum of the intensities of H—meromyosin and
F-actin but,ﬂat high concentrations of F-ectin, the ihtensity
after ATP addition wae a little lower than the‘sum; This resulﬁ
cannot be interpreted by the simple dissociation hypofhesis of
acto-H-meromyosin on the addition of ATP. The dependence on ATP
concentration of the 1ight—seattering'inteneity at 90° of actoe.
H-meromyosin composed of 0.05 mg. H-meromyosin per‘ml.'and 0.14 mg.
E—ectin per ml. was measured at three ionic strengthes (Pig. 4);
The scattering intensity decreased with increasingvthe'ienic o
etrengﬁh. The intensity after the addition of 0‘1 mi ATP was
independent of ionic strength,wand was lower than the éﬁﬁ of the
intensities of both proteins. The ATP concentration required to
give half the maximum decrease in scatteiing diminished with

increasing ionic strength: 8.19, 6.45 and 3.39‘yM, respectively;
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at 5, 30 and 120 mM of the ionic strength due to KCl + MgATP -,

-The dependences on ATP concentratlon of the llght scatterlng
intensities of acto—H—meromy031ns composed of 0. OS mg. H-meromyosin}§i f
per ml. and various amounts of F-actln was measured in the presence.

Y

of 20 pe- pyruvate kinase per ml., 0.4 ml PEP 10 mM Trls—hCl,’ /,”:

1 mil MgCl, and 5 miM of KC1 and MgATP T at pn 7 5. and 25 [ (Flg.-S)'

As is evident from the figure, the ATP concentratlon neééssary to
: give half the max1mum decrease in 1nten51ty 1ncre€sed thh F-actln/
~.concentration: the ATP concentratlon requlred to attaln half the.(
o 1imiting value were 1.2, 2.4 and 3 63 AN, respectlvely,-ln the‘
presence of 0.0167, 0.05 and 0.15 mg. F—actln per ml.;_ﬁf' : 5
Since the results described above ‘did not. support the é’“f? 
assumptlon of simple dissociation of aoto—ﬁ-meromy031n on thei; 
-addltlon of ATP, the angular distribution of scatterlng 1ntensity
of acto-H-meromyosin was measured. In Fig. 6 shows the Zlmm ploté
of acto-H-meromyosin (0.048 mg. H—meromy081n per ml., 0.14 ng.
F-actin per ml.) in the presence and the absence of 0.1 mM MgATP ;.
The value of <M>w increased to about 2 - % times the sum of the :
values for both proteins but the‘<fg%>léz remained almost unchanged f.v
on the mixing of H-meromyosin and FfaCtin. When ATP was added to
'.acto—H-meromyosin,<<M>w‘decreased élightly bﬁt’(ré%}léz increased'f/
. to 1.8 times that in the absence of ATP. These changes of light- e
scattering of acto~H-meromyosin on the addition of ATwaere véry
- similar to those obtained previously on the myosin B —VATP and the

‘myosin B - PP; system at high ionioisﬁrength (41, 42).

":ATPase“Activity - Fig. 7 shows the dependence on the KC1
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vconcentration.of the ATPase activities of acto;H-meromyosins
reconstituted from 0.15 mg. H-meromyosin per ml. and various
concentrations of F-actin in the pfesence of 1 mM Mg012 and 1 mM
ATP. 1in the presehce of 5 mM KCl, the ATPase activity of acto-
-H—meroﬁyosin (with a ratio of H~meromyoéih to P-actin of 1 : 3)
was SSO_pmole; per minute per,é. of H-meromyosin. This‘valﬁe %as_'
of the same order of magnitude as fhat obtained on the actomyoéin 
cdhplex. The ATPase activity decreased sharply when the KC1
concenﬁration was increased from 5 to 50 mM, and at 100 mM KC1

it was 80 pmoles per minute per g. of’H-meromyosin, which was about‘_
4 t;mes as high as that of H-meromyosin. On the other hand, when
the iatio of H-meromyosin to f-actin was 3 : 1, the ATPase activity
even in the presence of 5 mM KC1 was only twice as that of.H-mero-@~
- myosin- itself and depended slightly on the KC1 concentration.

The dependence on the ATP concentration of ATPase- act1v1t1es
of acto-H-meromyos1ns composed of O 1 mg. H-meromyosin per ml. and
various concentrations of P-actin was also measured. In this
' expefiment, the KC1 concentration was fixed at 5 mM, and the ionic
strength of the reaction mixture increase& with increase in the
'ATP'concentration. As shown in Pig. 8, thé ATPase activity
inereased with the concentration of F-actin. It also increased
‘with the ATP concentratlon, but only untll the concentration
reached O. 1 -1 mM and then it decreased sharply on further
increase in the ATP concentration. When the ratio of H-meromyosin
to P-actin was 1 ﬁ 5 the maximum act1v1ty, 1 mmoles per minute -

per g of H—meromy031n, was observed at 0.8 uM ATP, but the
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actiVity at 6 mM ATP was'only SO‘pmoles per minute per g. of H-
meromyosin. ’ '

In the next experiment, the dependence of the ATPase activity
of acto-H-meromyosin on the substrate concentration was investigatéd
under fixed ionie strengths (Figs. 9 & 10).v In.the case of acto-

" H-meromyosin produced from lwpart of H-meiomydsin and 3 parts of
 F-actin (Pig. 9), the ATPase activity increased with the ATP
concentration, and approached'to a maximum value. The maximum
activities were 560, 510, 250 and.90 umoles per minﬁte per g._of ,
H-meromyosin, when the ionic strengths derived from KC1 + MgATP
were 5, 10, 30 ahd 60 mM, respectively. ‘The ATP conéentrations
necéssary for attaining half the limiting'value'decreased with
inerease in the ionic strength, similarly to the change in light-
- scattering intensity of acto-H-meromyosin caused by ATP. They
were 10.6, 8.7, 5.2 and 1 jM, when the ionic strengths due to KC1
+ MgATP™~ were 5, 10, 30 and 60 mM, respectively. As shown in

.- Fig. 10, the rate of ATP hydroljsis of acté-H—meromyosin composed
of.0;15 mg. H-meromyosin per ml. énd 0.05 mgQ P-actin per ml.
'wasllower than that given in Fig. 9 over the complete ranges of
b.ionic strength and A?P concentratioh.A In this case, the ATPase

h activity decreased slightly with increaée in the ATP concentration
- ~to higher than 10 pM. The maximﬁm activity wés observed at 10‘pM
ATP when the ionic'strehgth due to KC1 + MgATP™~ was in the range

. of 5 to 10 mM but, at ionic strengths highér'fhan 25 mM,'the ATP\E,
concentration for~the maximum rate was lower than 1 ul. o

FPig. 11 shows the dépendence on the substrate concéntration
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of the ATPase activities of acto-H-meromyosins reconstituted from
0.15 mg.[H-meromyosin per ml. and various concentrations of F-actin
at 5 mM of ionic strength derived from KC1l + MgATP . As described
previdﬁsly, the ATPaselactivity showed a slight inhibition by a
hiéh cohcentratioh‘of ATP, espéciéliy when the ratio of H-mero-
myosin to F-actin was hiéh. The maximum_values of ATPase activity
and the concentrations of ATP for ﬂalf the maximum activity were
135, 320 and 600 pmolés per'minute per g. of H-meromyosin and
21, 3.8 and 7.1 uM, respectively, in the preséhce of 0.05,10.15
"and 0.45 mg. F-actin per ml. |

. The enhancement of the ATPase activity of H-meromyosin by
F-actin was measured in the presence of 1 mM ATP and 5 mM KC1
(open circles in Fig. 12). At low F-actin concéntrations the ATPase
activity increased sharply with increasing F-actin:concentration;
and on further increase of the concentratioh the activity increased
linearly. In another experiment, the enhancement by F-actin of
the AT?ase activity of 0.1 mg. H-meromyosin per ml. iﬁ the preSencg
of 0.1 mM ATP, 1 mM MgCl,, 5 mM KC1, 10 mM Tris-HC1, 0.4 mlM PEP
and 50 ug. pyruvate‘kinase per'ml; at pH 7.5 and 25°C was measured
. over a wide range of F-actin concentrations (0 - 1.02 mg./ml.).
'_'The rate of ATP hydrolysis was found to reacﬁ a maximum value,
1.5 mmoleé péfvminﬁte per g, of H-meromyosin, when the F-actin
concentration was higher than 0.8 mg; per ml.

Toréxamine whether the enhancement of H-meromyosin ATPase by .
F-actin isndetermined by the weight fatio‘of H-meromyosin to F—actini

6r by the concentration of F-actinwitSelf, the ATPase actiVity was'
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. measured at a fixed ratio of myosin to F-actin (1 : 2.8) in the
presence of 5, 20 and 100 yM ATP, while changing the concentratioﬁ
of acto—H-meromyog}n (Fig. 13). 1In the presence of 0.1 mM ATP,
the ATPase activity_incfeased‘with increaseéin the protein concent-
,ration; In the presence of 5 or ZO‘pM ATP, the éctivity increased
first With increase in the protein concentration and then decreased
gradually on further increase in the concentration. These fesults
show that the enhancement of ATPase depends 6n the P-actin concent-
rration itself. “

Effect of Divalent Cation and Exchange of ADP of F-actin -

“To clarify the relation between ATPase activities of acto-H-mero- ..,
myosin and aétomyosin, the effects of divalent cations on.the
ATPase activity of acto-H-meromyosin and the ekchange of ADP of
~F-actin in the presence of H-meromyosin and ATP were investigated.

- The ATPase activity of.acto-H—meromyosinIWas unaffected by
O.l‘mM EGTA (one example is shown in Fig. 10). Almost all the
measurements in the presént investigaﬁion,weré_made in the preseﬁce
of excess Mg++. Therefore, the effect of minute amounts of Mg++
on the ATPase activity of acto-H-meromyosin was investigated. .
-Although the'effect of Mé++ on the ATPase activity varied from
~ preparation to preparation, an inhibition was always obgerved on-
the addition of EGTA to the system, and the inhibition was restored
by the addition bf4Mg012. "This résult‘suggests that the ATPase
of acto-H-meromyosin is the actomyosin type in the usual séhse.

In 1 m MgGl, and 10 mM Tris-HC1 at pH 7.5 and 25°C, 0.15 mg.

2
F—actin—0l¢-AD?iper ml. was incubated with 0.45 mg.“H—meromyosin"
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“per ml. and 1 mM ATP for 30 minutes. About 40 - 80 pervcent of
C14-ADP of F-actin'was released to the reaction medium, but in the
absenee of ATP the release was observed to be negligibly smell.
This result iﬁdicates that the exchange reaction first reported

by Szent-Gydrgyi (31) is due to the interaction between F-actin
and H-meromyosin parf and not due te the superﬁrecipitation of
actomyosin itself. - | |

Effect of Treatment of H-meromyosin with PCMB and B-mercapto-

ethanol - The H-meromyosin was treated with ECMB and p—mercapto—
‘ethanol under the conditions similar to those for the removal of
tightly bound ca¥™ from myosin (22). The maximum velocity of ATP—};-
splitting of H-meromyosin increased from 20 to 24~pmoles per minute
per g. of H—meromyosin and K.m remained constant (4JpM) before and
after the treatmen% (FPig. 14). ?ig. 12 shows the dependence of
‘e ATPase activity of 0.176 mg. H—meromyasin per ml. on the’cbncentn
fationfof F-actin, before and after the treatment with PCMB and
P—mercaptoethanol. As shown in the figure, the enhanceﬁent of
ATPase activity of acto-H-meromyosin by the treatment was more
significant in the presence of low concentrations than in the
"presence of high concentrations of F-actin. Therefore, the follow-
ing experlments were performed to see the effect of the treatment
on the ATPase activity in the presence of a 1ow concentratlon'of ‘
| F-actln.. Pig. 15 shows the effects of the treatment on the |
' decrease 1n intensity of scattered light 1nduced by ATP and the .
rate of ATP hydrolysis of acto~ﬁ—meromy031n reconstltuted from 3%

'part of H-meromy031n and 1 part of F—actln. The ATPase act1v1ty :
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was enhanced by the treatment especially in the presence of high
concentrations of MgATP™~. The maximum values of ATPase activity
before and after the treatmeht were 117 and 380 meiéé per minute
per g. H-meromyosin. The ATP concentration required to attain
“half the limiting value was”increased from 1% to 34 PM by the
treatment. The decrease in intensity of 11ght—scatter1ng on the
addition of ATP was dlmlnlshed by the treatment.

In FPig. 16 are gives the effects of ionic strength on the
ATPase activities of acto-H-meromyosin reconstituted from O.i76 mg.
H-meromyosin per ml. and 0.0588 mg. F-actin perrml. befofe and |
after the trgatment of H-meromyosin With PCMB andls-mercaptoethanol..~’
‘The:rate of ATP hydrolysis by gcto—H-meromyosin reconstituﬁed from
PCMB—ﬁ—mercaptoethanol.treated H-meromyosin and PF-actin was higher
 than that of the control, and the activity after“the treatment l
was slightiy dependent on ionic strength. PFigure 17 shows the
enhancement by F-actin of the ATPase activity of 0.176 mg. of
treated H-meromyosin per-ml. invthe presence of various concent- '
rations of MgATP> . The activity increased with increase in the
F~actin concenfration, and the‘makimuﬁ‘activities.were 380, 500,
 610 930 and 1,270 pmoles per minute per g. of H-meromyos1n at
| F-actln concentrations of O 0315, 0.0587, O. 176 0.492 and 0.88 -

‘mg. per ml., respectlvely.

DISCUSSION
Gergely and Kohler (39) and Tonomura et al. (40) have reported”

that the blndlng ratlo of myosmn to F—actln is 3. 7 - 4 : 1 by -



-17-

weight. In the present stﬁdy it was shown that at low ionic
strength, H-meromyosin binds to F-actin with a weight ratio of

3.3 ¢ 1. Since the.molecular weights of myosin, H-meromyosin'and

_ G-actin are taken as 4.8 x 10° (4%3), 3.4 x 107 (37) and 5.7 x 10%
(38), respectively, it is concluded that one moiecﬁle of H-mero-
 myosin ér myosin can bind wifh the actin dimer. Nanninga and
Mommaerts (34) and Imamura et al. (36) have shown that one mole of -:ﬁ/
ATP combines With ohe moie of myosin ét least at low concentrafidns |
of ATP. Furthermore, we (36, 44) have recently reported that one:

- mole of iﬁtermediate of the ATPase reaction is formed per mole of
myosin or H-meromyosin, and Tbkuyama et al. (45) have demonstrated

' thatithere'ié one mole of active center of myosin ATPase in about

4 x 105 g. of myosin. Therefore, we will{analyze the reaction
bmechanism of the H-meromyosin * F-actin - ATP system, assuming

that thé H-meromyosin molecule contains one ATP-binding site and

one site for the binding with the actin dimer.

It was originally reported by Leadﬁeater and Perry (20) that,
at low ionic strength and in the présence of Mg++,“H—meromyosin
ATPase is activated by the add;tion of F-actin, and that the
viscosity of acto-H-meromyosin in the presence of ATIP is equai to
the sum of those of H-meromyosin and F-actin. Yagi et al. (21)

: reporfed a remarkable "substrate inhiﬁition", which was attribﬁted
by them to the dissociation of acto—H4meromyosin‘induced by ATP.
ﬁowever, as described in the “RESULTS" section, the phenomenon'taken
" as “substrate inhibition" by Yagi et al. /(‘21) must be ascribed to

theuinhibition of ATPase‘by'an increase in the ionic“strength at
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Vhigher ATP concentrations. At a fixed ionic strength, and
especially in the presence of a high concentration of F-actin,
' the ATPase activity of acto-H-meromyosin increased mbnotonously
to reach a constant value with increase in the ATP concentration.
The resﬁlt that the ATPase activity of acto-H-meromyosin was
scarcely inhibited by EGTA does not'support.the "substrate inhi-
‘pbition" hypothesis (46). Leadbeafer and Perry (20) have concluded
from their viscometric studies that acto-H-meromyosin dissociaﬁeé'
into F-actin and H-meromyosin on the addition of ATP. However,
our.results on the angular-distributioﬁ of light-scattering of
‘acto—H-meromyosin showed that the walue of.<M>w decreased'slightly
and fhe_#alue‘of <i§>;éz increased 1.8 folds on the addition of
ATP. It may be noted that the changes in viscosity and light-
scattering intensity of acto-H-meromyosin induced by ATP atflow
ionic strength are very similar to those obtained on the myosin B -
ATP system (41)‘and the myosin B ’~?Pi system at high ionic
strength (42). |

Both the rate of ATP hydrolysis and the deéreaée in light-
scattering intensity at 90 ° of écto—H—meromyosin on the additiqn
of ATP 1ncreased mono tonously w1th ATP concentration to reach |
constant values. The concentrations of ATP necessary for inducing
half the maximum changes both in the reduction of light-scattering
and the ATPase acfivity increased with decrease in the ionic
strength and with increase in the concentration of F-actin.
Furthermore, it was shown that the effect of F- actln on the H-mero-'

my081n ATPase is determined by F-actin concentratlon but not by
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the weight ratio of F-actin to H-meromyosin. On the basis of these
results, the following reaction scheme is proposed as the mechanism
of ieaction between acto-H-meromyosin and ATP: |

Mo+ A== AN - (X)

k

M+ S=—MS — M + ADP + P, (X_.)
_ i ml

k, I

AM + S == AMS* —2» AM + ADP + P, (K_,)

where M, A and S represent, respectively, the binding'dﬁits'of

. H-meromyosin and F-actin and MgATP . AMS¥ indicates the complex

of acto-H-meromyosin -with ATP, for which;(M)w is almost equal to

that of AM, <r§>lé 2 is much larger than that of AM and the light-

| scattering intensity at 90° is almost'équal to that of A+ M, as

| described in the "RESULTS" section.' Furtherﬁore; the exchange

experimenf of ADP.of P-actin indicated that the state of pdlymeri-
gation of F-actin in AMS* is different from that of free F-actin.
The K, Kml and sz are, respectively, the dissociation constant of -

acto-H-meromyosin into F-actin and ﬁ-meromyosin, the Michaelis

constant of the myosin type ATPase and the Miéhaelis constant of

the actomyosin type ATPase. In our experiments, the concentration

of free H-meromyosin was negligibly small because of high a concen-

tration of\F—actin‘used, and k.2 was much larger than k since the

19

ATPase activity was measured in the presence of 1 mM.Mg012 in excéss

of ATP. Therefore, the relative activity of ATPase (v/V) and the‘

relative change in the light-scattering intensity at 9O°V(A/Am)

are,‘respectively, given by ' | -
1

e - a 4
'~v/ 1 + K/(s) . /A"?
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o K Km2
,where v = k E/ﬁﬂl + ———-———~} and K = km2 /’ 1 4+ —— .
A Kml
The ATPase activity of acto-H-meromyosin increases with the
.. concentration of F-actin, and in the presence of a fixed amount of

F-actin it increases monotonously with increase in the ATP concen-—

tration to reach a maximum value. The ATP'concentrations'necessary

E el «

intensity and‘halﬁ the maximum value of}thengPase athv1ty increase

~ with increase in the F-actin conCentratioh; They must decrease

;Ewith increase in the ionic strength, if the binding of H-meromyosinv"'

to F-actin is weakened by increasing ionic strength, as is the case

on binding of.myosin-with F-actin (40). All these conclusions

drawn from the reaction scheme are in accord with the experimental }”

results."Furthermore, the effects of treatment of H-meromyosin

with PCMB and.ﬁ—mercaptoethanol were very similar to those obtained

- when decreasing the ionic strength. This supports our previous

conclusion that the binding of myosin to F-actin is strengthened

by the treatment-of myosin with PCMB and F-mercéptoethanol (47).
However, several phenomena could not be interpreted by the

simpie reaction mechanism mentioned above. First, when 0.048 mg.

H-meromyosiﬁ per ml. was mixed with 0.14 mg. F-actin per ml.,<fM>W

increased to 2 - 3 times the value before mixing. If both F-actin

and H-meromyosin are homogeneous in their blndlng capa01tles and '

in the size and shape properties, <fN>- should 1ncrease to 1.4

times the value before mixing. Thus, it may be concluded that

F-actln partlcles are heterogeneous in their blndlng capac1t1es,
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and that H-meromyosin binds co-operatively mainly to those F-actin
particles of which have a higher binding strength is higher‘than
"others*. Secondly, the concentration of ATP necessary to induce
maximum change in light¥scattering was smaller-than that for attain-
ing half the maximum of the ATPase activity. A probable explanation
of such a phenomenon has already been given on the myoéin B.- ATP
system (48), by assuming that in the‘réaction scheme,

A/Il\'l + S = A%IS* — AM* + ADP + Pi’ the rate of step AM¥* + S —> AMS¥
' +S ' ' - ‘ '

is much larger than that of AM* —> AM.

SUMMARY
The reaction of the H-meromyosin - F-actin - ATP system was
ihVestigated in the presence of various concentratibhs‘of ATP,
F-aetin and KC1 in 1 mM MgClZ and 10 mM Tris-HCl at pH 7.5 and 25°C."
The follow1ng results were obtained: |

1. The binding ratio of H-meromy051n to F—actln was 3. 3 1

*lThis conclusion has recently been confirmed by an electron-—
micrbscopic observation on the F-actin - H-meromyosin. F-actin
T was added.f6 H-meromyosin at a weight ratio of 3 : 1 (F-actih :
H-meromyosin) in 5 mM KC1, 1 mM MgCl, and 10 mM Tris (pH 7.5).
Almost all F-actin fibers were observed to have the following two
structures, the one of which blndlng site were completely occupled

by H-meromy051n, and the other, of whlch blndlng s1te were empty. '
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by Weight. When ATP was added to acto-H-meromyosin, the intensity
~of light scattered at hlgh angles decreased to a level lower than
the sum of those of H-meromyosin and F-actin. The welght average
molecular weight of acto-H~-meromyosin estimated from the angular
distribution was slightly decreésed but the z—average radius of
gyration was increased markedly by the addition of ATP.

2. The ATP concentration necessary for obtaining ha;f the
‘maximum change in the intensity of light scattered at 9C °by acto-
H-meromyosin was increased by decrease in the idnic strength and by
increase in the F-actin concentration. At a fixed ionic strength,'
the ATPase activity of acto—H-meromyosin‘increased monotonously
with' the ATP concentration and the so called "substrate inhibition"
‘was not observed. The.activity in the presence of_sufficient
amount of ATP was increased by increade in the F-actin concentration
and by decrease in the ioﬁicAstrength. The: ATP concentration
“necessary for attaining half the maximum activity was increased 5y
decrease in the ionic strength and by increase in the F-actin
concentration, and was higher fhan that for indﬁcing ﬁalf the
maximum change in the intensity ofylight-scattering. The effeét of
treatment of H-meromyosin with PCMB and F—mercaptoethanoi on. the
 ATPase acti%ity of)acto-H-meromyosin was very similar to that
observed when decreasing the ionic strength. |

%3, The ATPase activity of acto-H-meromyosin was unaffecfed
by the addition of EGTA, but iﬁhibited by the additioﬂ,of EDTA.

The 1nh1b1tlon was restored by the further addltlon of MgC12
About 40 - 80 per cent of ADP of F-actln was exchanged with .



nuéleotide in the medium, when H-meromyosin and ATP were added to

F-actin.

| 4. From these results the following reaction scheme is

‘proposed.for'the reaction between H-meromyosin, F-actin and ATP:
Mo+ A —Au | B

k1 '
M+ SN — M + ADP + P,

-~

ko
AM + S =2ANMS* —— AM + ADP + P,

where M énd A are the binding units of H-meromyosin and F-actin,
and S is MgATP . k3 and kp are the rate constants of ATP splitting
by the myosin type and the actomyosin type ATPase, respéctively,
AMS* is a coﬁplex of acto-H-meromyosin with'AT? which has a .,
weight average molecular welght almost equal to that of AM but a
_radlus of gyration much larger than AM. Furthermore, the polymer-:

- ization state of F-actin in AMS¥* is dlfferent from F-actin ltself.
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PART II

FORMATION OF ACTO-H-MEROMYOSIN AND ACTO-SUBFRAGMENT-1 COMPLEXES
" AND THEIR DISSOCIATION BY ADENOSINE TRIPHOSPHATE |
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INTRODUCTION
There have been many studies on the binding reaction of myosin

with actin (14,3%9,40,49,50). However even the stoichiometric
binding ratio ok a molecular basis of the actin - myosin inter-
action still remains gontroversial. Gergely and Kohler (39),
Tonomura et al. (40) and many others (50-54) suggested that one
molecule of myosin binds with an actin dimer from.viscométric,
~centrifugal, light-scattering and turbidity measurementé. The
1ight-scattering studies of Sekiya et al. (55) also showed that
the saturation point of actin - H-meromyosin (HMM*) binding was one -
mole of HMM per mole of actin dimer. On the other hand, electron
vmicroscopic observation by Huxley et al. (2), ultracentrifugél
analyses by Yoﬁng (56) and turbidity measurements by Tawada (57)
indicated& the binding of one HMM molecule to one actin monomer.
Moore et al. (58) analyzed electron_micrographs"of negatively-‘
stained preparations of the F-actin-subfragment-l (S-1) complex,

using the three-dimensional reconstruction technique of DeRosier
| and Klug (59), and showed that one S-1 molecule attaches to each
of the G-actin units in F-actin. - Kinetic analysis of acto-H~
' meromyosin-ATPase by Szentkiralyi and Oplatka (60) suggested-fhe

existence of both types of complex (in molar ratibs of HMM : G-actin

* The abbrev1atlons used are: HMM, heavy meromy031n, S-1,
subfragment-~1; EDTA, ethylenedlamlnetetraacetlc acid; PCMB, p~-chloro-
merquribenzoate; TCA, trlchloroacetlc acid; PPi,Vlnorgan;e_pyro—

. ¢

phosphate.
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"of 1 : L and 1 : 2), and Rizzino et al. (61)'supported-the'form-
ation of a 1 ¢ 1 complex from kinetic analyeis of actoFH-me%omyosin?f'
N _ATPase. : ‘ :‘ A " o

. ” //' v -
A large amount of recent work on the structure of thevmy031n

molecule (cf. ref. 9) has suggested that the molecul -
- of two identical heavy chains of molecular welght 200 OOWM
vand two or three light chains of molecular welght l4 OOO&to 30 OOO
(67-71) and that it has a double headed.structure‘§72 73), each '

head yielding one S-1 (72-75). However, it is stlll uncertaln ‘ﬂ;fi]

whether the two heads of the myosin molecule are 1dentlca1 (9)

~Ponomura and his coworkers have studied the mechanlsm of the my051ﬁeﬁ
ATPase reaction in the pre-steady state (35, 36 44 76-79), and that -
of dlSSOClatlon of reconstituted actomy031n 1nduced by ATP 1n o
solutions of high ionic strength (77) i |
In the present study, the binding ratlos of HMM %nd S-1 to

F-actin and the amount of ATP necessary to induce the dlss001atlon,

on their complexes were re—investigated; The pre-efeedy state of

the HMM- and S-1-ATPase reactions were also examlned.i The resultswfi

were analyzed on the basis of the molecular struqture of’my051n '
and the reaction mechanism of the- myos1n - aqtliv -

- mentioned above.

EXPERIMENTAL

Materials - Myosin was prepared from rabblt skeletal %uscle

ALY

by the method of Perry (23). HMM was prepared as prevxously f'f

descrlbed (55), except that proteln was obtalned from the fra'tlon?

e .43 e \__.
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' precipitated with 45 to 55\per cent saturation of ammonium sulfate
“containing 0.5 mM EDTA. Ammonium sulfate was passed through‘a
column of Amberlite IR-120 before use. . In some cases, HMM were
further purified by gel-filtration through a column of Sephadex
G-200 equilibrated. with O. 05 M KCl1, 0.1 M Trls—HCI and 0.5 mM EDTA
at pH 7.6 and 4°C. HMM was treated with PCMB and f—mercaptoethanol'.
as described previously (22).

HMM used:fof preparing S-1 was obtained by digestibn of a
15 - 20 mg. per ml. solution of myosin with.trypéin (EC.3.4.4.€)
(ratio of myosin to trypsin 200 : 1 by weight) for 10 minutes at
22°C., The reaction was stopped by adding 2 fold.excess of soybean
 trypsinfinhibitor-and the digestion mixture was dialyzed overnight

againét 6.7 mM phosphate, pH 7.0. The precipitated protein was

removed by centrifugation at 80,000 x g for 40 minutes. The super

' natant proteln fraction was precipitated by 43 to 57 per cent

saturatlon_of ammonium sulfate. S-1 was prepared from this HMM
essentially according to the procedures of Young et al. (81). HMM
was further digested by trypsin (ratio of HMM to trypsin 20 : 1 by
weight) in 0.1 M Pris-HG1l, 0.05 M KC1l and 0.5 mM EDTA at pH 7.6

and 25°C for 20 minutes. The reaction was stopped by adding;
trypsin iﬁhibitor at a weight ratio of inhibitor to trypsin of 2 : 1.
~ The resulting digest:was immediately chilled, applied to a colunn -
(6.9 x 70 cm) of Sephadex G-200 which had beenvequilibrated with

0.1 M Tris-HC1, 0.05 M KC1 and 0.5 mM EDTA at pH 7.6 and 4°C, and
'elhted with&the same buffer at a flow rate of 20 - 25 ml. per hour.

The fractions in the central portion of the second peak (cf. Fig. 21)
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were concentrated by precipitation with 65 per-cent.saturation of
ammonium sulfate or in an ultrafiltration apparatus, and then
purified further by chromatography'on Sephadex G-200 (5 x 54 cm).
Acetone-dried powder was: prepared.frbm rabbit skeletal muscle

according to the method of Ebashi and Maruyama (82), unless other-
wise stated. G-actin wasvprepared from an acetone'powder by the
method of Rees and Young (83), omittiﬁg_the step of Sephadex G-200 .~
gel-filtration. »Some preparations of G-actin were made by the
procedures of Drabikowski and Gergely (25). The purification
’ﬁsually included.a'step of partial polymerization (84). A1l
proteins were clarified by centrifugation at 80,000 x g for 3 hours.

‘r-?zP-lébglled ATP was prepared from ATP and 32?i by the method
of Glynn and Chappel (85). A crystalline preparation of the di-
sodium salt of ATP was purchased from Kyowa Hakko Kogyoldo. Tokyo.v
salt-free twice erystallized trypsin was obtained from Worthington
- vBiochemical Corp. or Sigma Chemical Co., and sbybean trypsin |
inhibitor, type 1-S, was from Sigma Chemical Co.

Methods - Light-scatterihg intensities of protein solutions
were measured at an angle 90° from the incident beam in a Brice _
" - Phoenix photometer (Model 1000 D). The solvent was filtered through
T-a Milliporé filter. The solution contained 0.0l - 0.30 mg. per ml.
HMM or 0.08 mg. per ml. S-1, 0.005 - 0.1 mg{ per ml. F-actin,
0.005 - 0.6 M KC1, 0.05 - 1 mM MgCl, and 10 mM Tris-HC1 at pH
Te5 = 7;6.or 20 mM phosphate af pH 7.0. All measurements were |
| performed at 22 - 23°C. The centrifuga'tube contained 5 ml. Qf a

constént concentration,okaMM of 2.9 - 3.0 mg. per ml. or S-1 of

5
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2.% mg. per ml. with increasing concentrations of F—actin<(0.04 -
0.9 mg. per ml.) in 3.8 - 100 mM KC1, 0.2 - 1 mM MgCl, and 10 ﬁM
Tris-HC1 at pH 7.6 or pH 8.8 or in some cases 20 mM phosphate,

pH 7.0. The mixtures were centrifuged at 130,000 - 165,000 x‘g,-

for 90 - 100 minutes in a Beckman, model L4, or a Hitachi, 55 P,
ultracentrifuge, and the clear-supernatanf solution, which contained -
uhbound protein (free HMM ox S-1) Was séparated from the smail g
dense pellet, which contained acto-HMM or acto-S~1 complex ahd
.F-~actin. The protein coneentration.of’the supernatént was determined.
The'amounts of aggregated HMM (or S—l) and G-actin in fhe F-actin
solution were determined from the wvalues of control tubes not
conﬁaining othexr proteins which weie centrifuged under the same

- conditions. The amounts of both were less than 10 per cent of the

- total protein in the original sOlutiqn, After correction,fé?'these'
ramounfé,'the numbex of_ﬁoles of HMM or S-1 bound per mole of actin |
mqnomer,? , was calculated, and the results were -treated by the

Scatehard equation (86,87);

Y

- | (n -V)
LHMMjfree or [S-Ilfrée

]

'A :where-n is> the maximum value of)); K is the intrinsie dissociation,
‘constant of the acto-HMM (or S5-1) complex, and [HMM]free or |
 [S-l]freé is the mdlar cqﬁcentraﬁion of free HMM or S-1. The

molecular weights of HMM, S-1 and actin monomér were taken o be

5.4 x 10° (37), 1.2 x 10° (81) and 4.6 x 10% (83), respectively. .

Sedimentation velocity experiﬁents Werefperformed'in a Spinco

Model E,analytical ultracentrifuge with Schlieren opticézusingfa
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12 mm aluminium double sector cell at a rotor speed of 56,000
rpm at 14°C.

Changes in light-scattering:intensities of protein solutions
 induced by ATP were measured in 0.05 - 2.0 M KC1, 1 - 10 mM MgClZ,
0.2 - ZO_pM.ATP and 20 mM Tris-HC1l at pH 7.6 and 20 - 22°C by the
stopped flow method usihg the mixing chamber described previously
(77). The final concentratlons of myosin, HMM, S-1 and F-actin
were 0.8 mg. per ml., 0.2 - 1.36 mg. per ml., 0.5 mg. per ml. and
0.1 - 0.4 mg. per ml., respectxvely.

The Caz -activated ATPase activities of HMM and S-1 were
determined in 0.05% mg. per ml. protein, 1.0 M KC1, 7 mM CaClz,

1 mM ATP andISO.mM'Tris-maleate at pH 7.0 by the method described
previdusly (44). EDTA—acfivated ATPase was measured under the sane
conditions, eXcept fhat 3 mM EDTA was used instead of QaClQ. |
: Mg2+—activated ATPase activities were measured in 0.1 - 0.5 mg.,per"
ml. HMM or S-l,'0.03 -1 mM ATP, 3.9 - 5 mM KC1, 0.5 - 2 mM MgC12 |
" and 10 - 20 mM Tris-HC1 at.pH 7.6 and 25°C. The ATPase activities
of $-1 obtained from Sephadex G-200 were measuréd in 0.25 M KC1,

5 mM CaClz, 1 mM ATP and 50 mM Tris-HC1l at pH 7.6 and 25 °C. TQ
measure the amounts of the 1n1t1a1 burst of 32? ~liberation from

| the HMM-ATBZP and the S—l—AT32P systems, the reaction was initiated
by the addition of 0.9 ml. of 32P-ATP solution (0{03 - 0.1 mM) to
0.5 ml. of reaction mixture containing 2 mg; per ml. protein. 

Both solutions contained 0.0039 - 0.5 M KC1, 2 mM MgCl, and 20 mM
Tris-HC1 at pH 7.6. The reaction was stopped by adding 1 ml. of
10 per cent TCA, 1 mM cold ATP and BO‘leéold Pi:as carriers.
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‘32P.—11berat10n was determlned as described previously (76)

The method of negative staining described by Huxley (2) was.
‘used with slight modifications. A drop of solution containing
0.045 mg. per ml. HMM, 0.03 mg. per ml. F-actin, 5 mM KCl, 1 mM
MgClzland 10 mM Tris-HCI,(pH.7;5) was placed on a carbon coated,
plastic microgrid which had been‘performated, washed with the
‘solvent, and stained with,C;E - i.O(per cent uranyl acetate. The -
preparation was examined in a JEM-7 electron microscope using én‘
aecelerating voltage of 80 KV. A histogram of the theoretieal
'random dlstrlbutlon of HMM on the actin filament was obtained from
 the f0110w1ng.equetlon. It was assumed (1) that a maximum of 55
HMM molecules attached per I,P length of E—aetln fllament,are
observable by electron mieroscopy, (2) that the sites are not
_1nf1uenced by neighboring site and (3) that the intrinsic affinlty

constant of all the sites for HMM are identical:

P,o= (2) (R0 ) 2 O
where P‘ is the probability that k molecules of HMM bind to n sites
on 1.P'°f F-actin filament, N is the total lengths of the F-actln B
filament, n is the number of blndlng s1tes of HMM on 1 pof F-actln
5 f11ament and M is the total number of HMM molecules. If N.is very

: large, as in our experiments, Pk can be represented approximated

‘by the. follow1ng equation

-k k
k-(“)(l-q)n

: where Q is M/Nn. If the maximum blndlng ratlo of HMM to F-actln '

is 3.6 : 1 by welght Q is 1.5/3.6 in solution contalned 0.045 ng.
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.per ml. HMM and 0.0% mg. per ml. F-actin.

The concentrations of myosin and actin were determined by the‘
‘biuret reaétion calibrated by the micro-Kjeldahl procedure, and
those o0f HMM and S-1 were determined usiﬁg values for El% at

280 nm and pH 7.6 of 6.47 and 7.70,'respe¢tive1y’(81).

RESULTS

Stoichiometry of thevCombinétion of HMM with Actin - Figure 1

shows a typical.saturation“curve of 1ight;écatteriﬁg measurements,
when various concentrations of HMM from 0.01 to 0.2 mg. per ml.
were added to 0.02 mg. per ml. ofFF-actin.in.S mM KC1, 1 mM Mg012
and 10 mM Tris-HC1 ét pHE 7.5 and. 25°C. The 11ght—scatterlng
1nten31ty 1ncreased w1th the concentratlon of HMM and the saturatlon
endpoint was at an HMM to actln ratio of 4.2 1 by weight. There-
 fore, the maximum weight of F—agtin which can be bound by 3.4 x

105 g. of HMM is 8.1 x 10% g., i.e., 1 mole of HNM binds with 1.8
| moles of actln ‘monomer. The saturation curve of F- actln bound

with HMM was often sigmoidal (O, rig. 18) as prev1ously observed
for act1n-myos1n binding (40).. ‘When increasing concentratlons of
HMM were added to a fixed concentratlon of G-actin (0.02 mg. per ml. )
in 5 mM KC1 and % mM Tris-HCI at pH 7.5 and 22°C, the saturation
- eurve of the light—scéttening intensity was not sigmoidal but
linear (O, Fig. 18).

-Results on the binding ratios of various actin prepaﬁations -

aﬁd HMM obtained 5yvlight-scattering measurements under different

cbnditions are summarized in Table I. Acetone dried powders were
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'prepared.by the method by Straub (88) and also by that of Ebashi
and Maruyama (82) to remove contaminating<x~actinin. G-Actin was
prepared by the method of Ress and Young (83) or by the method of
Dfabikowski.and Gergely (25), @nd tropomyosin and denatured G-actin
contained in the actin preparation were removed by partial poiy?
merization with 0.6 mM Mg012 (84). The binding ratio was nbt
affected by the method of preparation. Moreover it was not affected
by the extractibn tempenatuie (05 20°C), actin concentration
(0.02 - 0.06 mg. per ml.), KC1l concentration (0.005 - 0.6 M), MgCl,
concentration (0 - 1 mM) or pH (7.0, 7.5)., The treatment of HMM
_ withvPCMB—P—mgrcaptoethanol, which strengthens'actin—HMM binding -
in the presence of ATP (55), did not change the maximum binding
" ratio of HMM to actin. The average of the values in 21 different -
experiments was 1 : 4.07 + 0.085 by weight (actin : HMM), ice.,
1.8 molesvof actin mdnomer : one mole of HMM. |

Unbound HMM cannot be estimated directly by lighit-scattering
measurements, s0 lt was measured by ultracentrlfugal analysis.
Scatchard plots for the binding of HMM with F-actin are given in
Fig. 19. The values were not very accurate, but-the apparent
intrinsic dlSSOClatlon‘constants obtained form the slopes were
'26xlO7Mat3—-4—°C (0.34 - 6.8 mg. per wl. HIM, 0.046 - 0.46
mg. per ml. F-actin, O. .1 M KC1, 1 mM MgClz, 10 mM Trls-HCl pH 8. 8
and 3 mg. per ml. HMM, 0.05 - 0.6 mg. per ml. F-actin, 0.1 M XC1,
1 it MgCl,, 10 mi Tris-HCI, pH 7.6) and 1.6 x 10 =T M at 22°C
(3 mg. per ml. HMM, 0.05 - 0.6 mg. per ml. F- actin, 0.1 M KCI,
1 mM MgClo, 10 mM Tris-HCl, pH 7. 6). These ‘values were much lower
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than those reported previously by other workers (56,61). These
small dissociation constants indicate that nearly all the added
HMM is bound to F-actin in light-scattering experiments. The -
intercept of theklines with the abscissa inéicates the maximum.
binding number of 0.46 - 0.52 mole of HMM per mole of actin monomer,
i.e., the binding of one mole of HMM to 1.9 - 2.2 moles of actin
monomer, which is.almost equal to fhat obtained from light-scatter- -
ing experiments.

When F-actin was saturated with HMM, a maximum of 55 bound
HMM mblecuies per 1 n of F—actin'filamént could be counted from
electron micrographs. Eiéure 20A indicates the distribution of.the_
numbérs of bound HMM moiecules per 1 P,of_F-actin filament, when
0.03 mg. per ml. of F-actin was mixed Withf0;045 mg. per ml. of
HMM in 5 mM KCl, 1 mM Mg012 and 10 mM Tris-HC1l at pH 7.5 and ioom
- temperature. In the actin preparationé shown in Fig. 34, the
histogram nad a peak at about 16 - 20 molecules per P_of'F—actin,
which coincided rather well with that for the random distribution,
assuming that the maximum binding ratio of HMM tq F-actin is 3.6 :
1 by weight and that the sites of binding of HMM to F-actin are
‘_ independent and identical (see "EXPERIMENTAL"). However, some
actin preparations showed a broad distribution with two peaks at
6 - 10 molecules and at 25 - 30 molécules.per P,o£ F-actin, as

~shown in Fig. 20B.

Purity and Stability of Subfragment-I1 - Tryptic digests of
" HMM were prepaxed as deécribed in the "EXPERIMENTAL" and'fractionate&
on a column of Sephadex G-200 (Fig. 215;MMF6ﬁr'diS£inct‘peaks were

N
EARRNCSY
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obtained. The'first peak emerged near the void volume and was
probably formed from undigested HMM and rod-like fragments of HMI,
.since the eize of this peak.decreased.with increase in the extent
of digestion and the Ca2+—aotivated ATPase activity of this peak
wae lower than that of undigested HMM:F'The second peak contained
high ATPase activity aﬁd was precipitated with 65 per cent satu-
ration of ammonium sulfate. When this fraction was rechromato-
graphed on Seohadex,G—ZOO,'a Single peak appeared with a small
shoulder near the void volune (Pig. 22). ‘Almost all the Ca2+—_
' ATPase activit& was associated-with the main peak. The sedi- .
mentation diagram of the main peak showed a symmetrieal single
boundary andla slower sedinenting component(s) with a broad peak
at the base—llne (Flg._23) o |
The apparent ‘sedimentation constant at 20°C was 5.5 = 5. 7 3.
Therefore, the material in the second peak in Flg. 22 was S-1.
The third peak contained trypein and trypsin iﬁhibitor, siﬁée its
»eize véried,with]the amounte of trypsin and inhibitor used. The.
fourth peak may bevcomposed of peptide fragments of HMM. The
amount of material in the second peak was 47.— 57 per cent of the
'original amounﬁ of HMM. After rechromatography, S-1 was stored in
'"0.05 M KC1, 20 mM Tris-HC1l and 0.5 mll EDTA at pH 7.6 and 0°C. As

2+

shown ih Pig. 23, the Ca " - and EDTA—activated ATPase_activitiesb

and the sedimentation pattern di&ﬂﬁot change sighificantly during
storage for 24 days. When myosln was digested to HMM, its Caz -
actlvated ATPase act1vxt1es usually lncreased about 1.4 - 1. 5 fold:

on a welght basis. Thls corresponds to a 30 pen cent reduct;on in
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myosin mass with no change'of the active sites. The Ca2+—activated
ATPase activity of HMM and S-1, in 1 M KC1 and 7 mM CaCl, at pH 7.0
éhd.25°c, were, respectively, 255 and 350 - 400‘pmb1és B, per
minute per g of protein, i.e., 1 : 1.4 - 1.6. The Mg°T-activated
 ATPase acth;tles of HMM and S-1, in 4 - 5 mM KG1 and O. 5 -2 mM
MgCl2 at pd 7.6 and 25 °c, were, respectlvely, 20.0 - 24.6 and 31.5
- 62 pmoles Pi}pen:mlnute per g. of protein, i.e., I : 1.6 - 2.5.
The ATPase aétivity ratios of HML to S-1 were almost equal tbf%ﬁé
value of 1 : 1.4, calculated assuming that the active site of

- ATPase is not affected by dlgestlon and<that one HMM molecule

yields two $-1 units (74, 75).

Stomchlocetrv of the Combxnatlon of S—l with Actin - Flgure

24 shows the change of . llght-scatterlnﬂ 1n¢ens1ty‘when various
amounts of F-actin (0.005 = 0.1 mg. per ml.) were added to 0.08
Rng. pér'ml. of S-l.' The 1ight—séattering‘intensities*increased
with increase in the concentratlon of actln, and reached a satu-
ration point. From this point, it was calculated that 1. 2 x 105 g
of S-1 binds with 4,6 x 1.04 g. of F-actin, i.e., one mole of S-1
binds with one mole of actin monomér¢

U31ng different Mgz concentrations (0.2 or 1 mM), KC1 concen-
tratlons (3 8 - 100 mM) and temperatures (2 or 16.5° C),_varlous
concentrations of F-actin (0.023 - 0.93 ng. per ml.) were added
%o 2.3 mg. per ml. of S-1 in 10 mM Tris-HC1 at pH 7.6 and the
amounts of free-s-l.were obtained by centrifugation. Figure 25
shows'Scatéhard plots of the results ofté»experiments.~ I£ was

difficult to determine the dissociation constant, since the
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 resu1ts were not accurate and values varied from 3.8 x 10'-7 to
l.éZ-x.lO_6 M. However, the limiting binding ratio was calculated
to be 0.9 - 1.08'm01e oerPI per mole of actin minomer, which
agrees weli with the walue obtained by the light-scattering method.

Stoichiometric Liberation of P43 in the Initial Phase - On the

initial rapid liberafion of Pi from the myosin—ATP s&stem, Tonomura
et al. indicated that ome mole of Pi was liberated per 4 x 105_g,>

2% concentration was above 1 mM (35,36,44,

of myoéin.when.theVMg
76-79).. The amounts ofvinitial rapid Pifliberation from the HMM~-

ATP (36,75) and S-1-ATP (75,89) system were abéut 1 and 0.5 mole

per mole of proteln, respectlvely. Previoﬁs experiments were made

at hlgh ionic strengths, so I reinvestigated the initial phase of
'Pi-liberation with the HMM and S-1 ATP-system using -2 low ionic
strength like that use&:iﬁ'experimenﬁs on the binding of HMM and

S-1 to F-actin. Pigure 26 shows the time-course of Pi—liberation _
from the HMM-ATP éyste@ méasured:with,i”mg, per ml. of HMM, 0.03 -
0.1 mMiATP, 2 mM MgCl,, 20 mM Tris-HC1 and 0.005 or 0.5 M KCl at

pH 7.6 and 25°C. The amounts of the initial burst in 0.005 and

0.5 M KC1 were 1.0 and 1.2 mole per 3.4 x 10° g. of HMM, respectively.
“The time-courses of fi;iiberation from.fhé S~-1-ATP sYstem with 1‘mg.
per ml. of S-1, 0.03 - 0.1 mM MP, 2 mM MgClé and 20 mM Tris-HC1

are shown in Fig. 27. The amounts df the initial burst measured

in 0.0039 or 0.5 M KCi were both 0.5 mole per 1.2 x 10° é. of s-I1.

Dissociation of the Acto-myosin, Acto-HMM and Acto-S-1

Complexes by ATP - Varlous concentratlons of ATP (O -10 pM) were -

| added to the complexes formed from 0.8 mg.,per “ml. of myosxn and
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0.4 mg. per ml. F-actin in 1 M XC1l, 10 mM MNgCl, and 20 mM Tris-HCI1
at pH 7.6 and ZOyC, and the exténts of decrease in light-scattering
intensities were measured (Fig. 28). The light-scattering intensi=y
v-ties decreased linearly wi%ﬁ the ATP‘cbncentration, until the |
latter reached 1.75 ul, i.e., 1 mole per 4.0 x 105 g. of myosin,
 vand remained constaht at higher ATP cohcentrations. The stiochio-
metric value was equal to that of the previous study (77)

Figure 29 shows the amount of decrease in llght-scatterlng
1ntens1ty after addlng various concentrations of ATP from O to
ZO‘pM to the acto—HMM complex reconstituted from 1. 36 mg. per ml.
HMM and.0.3684mg. per ml.,of F—actlnsln l.mM MgClZ, 20 mM Tris-HCI1
and 0.1 or 0.5 M KC1 at pH 7.6 and 21°C. The light-scattering |
intensities:dedreQSed.linearly with increasing the ATP concentration
and the minimum amount of ATP réquire& to obtain the maximum
-decreasé in light—scatteringbintensity.of'the complex both in
'O.i and O.SLM KCI was 9.1 uM, i.e., 2.27 moles per 3.4 x 105 g. of
HMM. Table II summarizes the minimum'amounts oﬁ ATP required for
the maximum decrease in light-scattering intensity of the acto-HMM
complex under various conditions (0.2 ~1.%6 mg. per ml. HMM, 0.1
- o. 368 mg. per ml. F-actin, 0.1 - 1.0 M XC1, 1 - 5 mM MgClz)
. The average of these values was 2.20 moles per 3.4 x lO5 g. of HMM,
_and the value decreased sllghtly with increase in the concentrat—
ions of Mgclz, KC1 and protein,_as previously reportei for the -
actomyosin4ATP system (77) |
o On addltlon.of varlous concentratlons of ATP (0.5 - IO‘pM)
' .to the complexes formed from O. 5 mg. per ml. of S—l and 0.192 mg.
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per ml. of F-actin in 1 mM MgCl,, 20 mM Tris-HCI and 0.05 - 0.5

M KC1 at pHn7.6-and 22°C,’the light—scét%ering'intensity of acto-
S-1 decreased with increase in the ATP cencentration and the
maximum decrease was reached at'one mole of ATP per 1.2 X ZLO.5 g.

~ of s-1 (Fig. 30). Tne relative amount of decrease in light-
_scatterxng*1ntensmty was unaffected by increase in the KC1l concen-

tration from 0.05% to 0. 5 M.

DISCUSSION
Comparlng the results obtalned in the presebt work, whlch are
summarlzed in Table III w1th those obtained prev1ous1y, it can
be concluded that myOSLn (40) and HMM have two binding sites for
actin,‘whereas subfragment-l has only one site. Moreover the
‘amounts of ATP required<forfdisseciation of the acto-HMM and acto—
S-I compleXee'are two and one mole per mole of HMM and S-1, res-
pectively, while dissociation of the actomyosinﬁcomplex is induced
by one mole of ATP per mole;of’myosin. _ ;
Gergely and Kohler (%9) and Tonomura et al. (40) suggested
that one myosin molecule-binds with one actin dimer from light-
-~ scattering measurements. On the other hend Young (56) reported
. a binding ratio of one HMM molecule per actin monomer from wltra- -
~centrifugal analyses. Ultracentrlfugal methods can be used for
" direct estimation of the amountrofﬂunbound reactant in a multi-
'compenent system‘but interpretafion of results may be complicated_
by tne effect of pressure on the equilibrium of a system. As

described in the‘“RESULTS", the ratio of the binding:of HMM to
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. actin obtained by the ultracentrifugal method agreed well with
that obtained by the light-scattering method, but it did not agreé
-with that obfained by Young. This discrepancy coﬁld not be
attributed to contamination of our F-actin preparation by signifi-
- cant amounts of impurities, since oﬁvcentrifugation.of our prepa-
ration the amount of proteins in the supernatant was less than

10 per cent of the total protein concentration of the F—aetin; and
since the ratio waé not affected by the method of purification of
~actin (Table I). Recently, Rizzino et al. (61) calculated from
“kinetic analyéés of acto-HMM-ATPase that the stoichiometry of actin;f
HMM binding is'one-to—one;‘ Szehtkirélyi and Oplatké (60) concluded
from kinetic énalyses of ATPase that HMM énd F-actin can"form two
types of complex and the stoichiometry of the complex obtained is
affected by the.raﬁio of actin to HMM. HoWevér, the molecular
mechanism of the acto~HMM-ATPase_réactioh is much more complicated
than is‘usually thought (cf. ref. 9), and I think that it is very

- difficult to deduce the stoichiometry fromAkineﬁiC‘studies on
ATPase. Furthermore, it is possible that the iﬁteractions between
~actin and HMM differ.in the presence and_abéence of ATP. Further

~ experiments are required on this problem. Experiments on fhe
:binding of é—I to FP-actin indicated a stoichiometry of one mole of
.. 8-1 per mole of acfin monomer. Previously, it was repérted that_‘
all the S-1 binds with actin’(S). Thus it is concluded that both
-the heads of the myos1n molecule have an actin blndlng site. »
Although the Scatchard plot seems to be almost 11near, the afflnlty -

constant 1s too 1arge to distinguish whether the two s1tes are
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identical or not.

Llectron mlcroscoplc observation of actin-HMM binding showed
that there are two different kinds of dlstrlbutlon of HMM bound
' to P-actin. In one type of acto-HMM, HMM molecules seem to bind
to F-actin 1ndependent1y, whereas in the other type HMM molecules
seem.to bind to actin co-operatlvely The former type of binding
was usually observed using F-actin éontaminate& with regulatory
‘pfotein(s), while the lattef'type was seen using purified actin.
The mechanism qf the change in distribution of binding‘df HMM on

- P-actin, which is probably induced by regulatory protein(s),

- requlres clariflcatlon.

The amounts of the initial burst of P, —11beratlon with HMM
‘and S—l were one mole per 3.4 X 105 g- of HMM and 0.5 mole per
.1.2 x,105 g. of S-1, respedtively. Thus, only one of the 2 heads
of myosin and HMM has a site for the initial burst of Pi-liberation,;
Onishi and Tonomura (77)'propbsed the following mechanism (9,77)

for the dissociation of reconstituted actomyosin by ATP;

I Ot
Fa o+ ECADP s FA 4 E'+ p, + ADP

FA-E + S = PA-ES == FA-E(3"° —> FA-E + ADP + P,

The dissociation of the actomyosin complex (FA-E) is induced by
formation of myosxn-phosphate—ADP (B AD‘) Mo ciarify the molecular
mechanism of the reactions studled.ln-thls péper, if‘is essential

to know the submolecular structure of my031n. As discussed in
detall in recent monograph (9), the*e 1s mucn e%idence to support

;the vxew that the two heads of the my031n molecule have 1dentlcal

v
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structure and function. For example, nucleotide and PPi bindingb
studies indioated that in'binding of two moles of ligand per mole
~of myosin or HMM the two sites having essentially the saﬁe affinities.
(74,90-92). However, the fact fhat the bindings of two moles of
nucleotide of“PPi per mole of myosin_have identical dissociation
'oonstants under special coﬂditions is not sufficient tovprovide
that the two binding sites are identical' FProm kinetic analyses

of ATPase Eisenberg and Moos (93%) concluded that the myosin, HMM
and S-1 molecules, respectlvely, had 2, 2 and 1 binding sites for

- ATP per molecule'of protein. The possibility that the subunits
were identical was also supported by the results of chemical
modification: Sekine et al. (94,95) demonstrated that the EDTA-
ATPase activity of myosin is oompletely suppressed by modification .
of one mole of sulfhydryl group in each of the~subunit chains of
2.0 x 105 g. of myosin. Murphy and Morales (96) concluded that
myosin has two ATPase 81tes from results of afflnlty labelling of

| the site by 6—mercapto—9-{;—D-rlbofuranosylpurlpe S—tr;phosphate.‘
Furthermore, Seidel et al. (97) indicated the presence of two
rapidly reacting groups per myosin molecule by/titration of myosin
with the spin label, N-(l-oxyl-2,2,6, 6—tetramethy1—4-pipeﬁidinyl)
'iodoacetamiée. However, the reaction mechanism of ATPase is :
rather compllcated (ef. ref 9 for review) and the my031n molecule
is composed of two identical heavy chalns and 2-3 light chains.
Therefore, these results cannot be accepted as conclusive evidence
that the two heads are 1dentlca1

| On the other hand, some years ago Tonomura and Morlta (98)
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reported that two mole of PPi combined with one mole of myosin
and had different dissociation constants and that one mole of PP;

combined with one mole of myosin in actomyosin. Morita (99,100)

‘showed that the two nucleotide binding sites in HMM have different

'_affinities for ATP and ADP, only one site being involved in the

generation of the difference spectrun. Furthermore; Tonomura and
his coworkers showed that the binding of one mole of reagents such
as p-nitrothiophenol (78), trinitrobenzenesulfonate (45), diagonium-

1-H-tetrazole (101) or monoiodoacetamide (75,102) to a specific

gite per mole of myosin induces a maximum change in enzyme activity.

?

makashiha (103) recentl& reported that the ATPase activity of myosin.
was completely-inhibited by feaction of one molecule of thev
fluorescent dye, 1-dimethylaminonaphthalene~5-sulfonyl chloride,

per 3.6 x 105 g. of HMM. The best evidence that the two heads

are not identical is the éxistenoe of one phosphorjléting site on
the myosin molecule, ;.g,, only one of the two heads has this site
(75).  Recent support for the idea that the heads afe not identical

has also come from investigation of the light-chains in the myosin'

molecule. Paterson and Strohman (104) reported that the myosin

molecule is -composed of two identiéal-heavy chains and two-nohr
identical component pfoteins of the low molecular weight with
approximate molecular Welghts of 18, SOO - 19,500 and 32,000 -
3%,000. More recently, Sarker and Cooke (105) showed. that the

_myosxn molecule contains three light chalns Wlth molecular welghts

of 25,500, 17,000 and 15,200. Hayashi (106) obtained similar |

results and;obtained circumstantial.evidence for the non-identity
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of the two heads from studies on the submolecular structure of S-1.
Figure 31 shows various models of the interaction of HMM with
sobin and ATP. In the first model (Fig. 31 (a), (b)), the two
heads are assumed to be hon—identi@al: both heads have actin
binding.sites but only one head has a phosphorylating site while
the other has a simple binding site for ATP. This model is further
divided into two typeé.in which thevheads show co—Operativevand_
independent binding With;F—aotin. In Pig. 31 (a), only one of
two heads (S-la) has a phdsphorylating site, and when the protein4:“
phosphate~ADP complex, E:ﬁDP, is formed on this site, the two

heads dissociate from actin co-operatively. In Pig. 31 (b), the

- bindings of the two non—*dentical heads to acfin-are independent,

and these two heads (S—la and S-1b) are dissociated from F-actin
by the formation of E'%DP and E--S (31mp1e binding w1th ATP),
respectlvely. The two sites have different afflnltles for ATP,.
but the affinity constants may be too large to be dlstlngulshable
from each other under our experimental conditions.

In contrast, if the two heads are identical, the affinity

constants .of the actin'binding sités of the two heads should be

| ‘equal and the affinities of their binding sites for ATP should be

the same. PFig. 31 (c) shows the case of heads on whlch interaction

~-ADP

is co-operative. When either of the two heads forms E‘P and  its

binding with actln is broken, the other head co—operatlvely
d133001ates from.actln. When the 1nteractlon of the two heads are

(‘ADP

independent (Fig. 31 (d)), both heads form Eip. and dlssoclate

from actln,‘-
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As described in the "RESULTSY, HMM binds with an actin dimer,

and S-1 with an actin monomer. Furthermore, the amounts of -the

'initial burst of Pifliberation, l.e., E{%pg were one mole per mole

of HMM and 0.5 mole per mole of S-1. The amounts of ATP necessary
to_dissociate,the acto-HMM and actin-S-1 complexes were two moles

per mole of HMM and one mole per mole of S-1. These results can

be most easily explained by model (b), and are inconsistent with  +

model (d), but they do not exclude models (a) and (e). If modél
(b) is accepted for acto-HMM, model (a) seems to be the most
reasonable for thevinteractian between‘myosin,ﬂactin éﬁd ATP,

since in this case theﬁamount of ATP neceésary for dissociétidn is
one mole per mole of myosin. However, further work is required to
establigh the validity of this model and the further characteri-
zation'of the stﬁucture and funetion of the different light chains

- in the myosin molecule would be very valuable.

SUMMARY

1. The bihding ratios of heavy’meromyosin, HMM, and subfrag-
ment-l, S-1, of myosih to F-actinlwere measured by 1ight-scattering
and ultracentrifugal methods. The ratios were one mole of HMM per
" mole of actin dimer with a diséociatibn'C6nsfant‘of 1.6 - 26 x -
1077 M and one mole of S—l}per mole of actin monomer. They were
not affected_by the method of preparation of actin or the KC1 and
MeCl, concentrations; The distribution of HMM on the F-actin

- filament was analyzed by electron microscopy.' Some acto-H-mero-

myosin.prepaiations showed a random distribution of HMM on F—actin,
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while others showed a distribution suggesting co-operative binding
of HMM to F-actin.

2. The amounté of the initial burst of Pi-liberation from the
HMM—-ATP and the S-1-ATP systems were one mole and 0.5 mole per mole
of protein, respectively. The values were nod affected by ionic
strength. |

%, The decrease in light-scattering intensity after adding
ATP to aato-mjosin, acto ~HMM énd acto-S-1 complexes was measured
by a stdpped flow method. The minimum amounts of ATP required for
"the maximum decreaseAin light¥scattering intensity were 1.0, 2.2
and 1.0'm01es_per-molevof'myosin, HMM and S-1, respecti#ely.

4. From these results it was concluded that each of the two.
head parts of HMM has one‘binding sité'for actin, and thatithe
binding 6f one site with aétin}is dissociated by formation of the
HMM-phosphate~ADP complex, while the binding of the other site is

broken by simple binding of ATP.
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TABLE I. Ratio of combination of actin and H-meromyosin. The binding ratio was obtained from light-scattering measurements at pH 7.5
and room temperature. ‘ o )

Actin prep.P Ext. temp. Actin (mg/ml) KClI (mMm)- Conditions : ~  Weight ratie (actin : HMM)

S.D. 0-2°C 0.03 5 1 mm MgCl;, 10 mM Tris-HCl o 1:3.50
S.D. 0-2 0.03 200 1M MgCl,, 10 mm Tris-HCl 1:3.44
S.D. 0-2 " 0.03 ' 5 1 mm MgCl,, 10 mm Tris-HC 1:5.33
S.D. 0-2 0.03 200 1 mm MgCl,, 10 mM Tris-HCl 1:5.33
. S.D. 0-2 0.03 600 1 mm MgCl,, 10 mM Tris-HCI 1:5.00
S.R. 0-2 0.03 : 5 1 mm MgCl,, 10mM Tris-HCl 1:4.34
S.R. 0-2 ‘ 0.03 , 5 1 mm MgCl,, 10 mm Tris-HCl 1:4.00
S.R. 0-2 0.03 - 200 1 mM MgCl,, 10 mm Tris-HCI 1:4.00
S.R. 7 0-2 0.03 5 1 mm MgCl,, 10 mM Tris-HCl 1:3.66
S.R. 0-2 0.03 - 5 1 mM MgCl,, 10 mM Tris-HCl (PCMB-HMM) 1:3.66
E.R. S 0-2 0.03 5 10 #M MgCly, 10 mM Tris-HCI 1:4.83.
E.R. 0-2 - 0.02 5 10 M MgCl,, 10 mm Tris-HCl - 1:4.25
E.R. (G-actin) 0-2 0.02 0 4mM Tris-HCI ' 1:4.00
E.R. (G-actin) 0-2 0.02 5 10 #m MgCl,, 10 mm Tris-HCL 1:4.00
E.D. 20 0.02 5 10 pm MgCly, 10 mM Tris-HCl ' 1:4.00
E.D. 20 0.02 5 10 v MgCly, 10 mM Tris-HCL o “1:4.95
E.D. (G-actin) 20 0.02 5 . - 3mm Tris-HCl 1:3.70
E.D. 0-2 0.06 *5 '30 pv MgCl,, 10 mm Tris-HCl 1:3.83
E.D. ‘ 0-2 - 0.04 5 30 M MgCl, 10 mM Tris-HCl ' 1:3.75
E.D. 0-2 ' 0.02 5 . 30 gM MgCl, 10 mM Tris-HCI 1:3.65
ED. 20 0.02 100 1 mm MgCl,, 20 mM phosphate (pH 7.0) 1:4.00
' Av. . ' - 1:4.07:£0.0846

1 S, Acetone dried powder prepared by the method of Straub with slight modifications; E, acetone dried powder prepared by the method by
Ebashi and Maruyama; D, G-actin prepared by the method of Drabikowski; R, G-actin prepared by the method of Rees and Young with slight
modifications. T

""Vg"



F=55-

TABLE II. Hinimum amount of ATP required for the maximum decrease
in light-scattering intensity of acto-HMH,

20 mM Tris~HCLl, oM 7.6, 81 - 23°C

oy ’ g - *. 2 - i’z"i 1 "XQ-T
HifH F-actin KC1  Fglls cle AT¥

EEP Gag/ml) (mg/ml) () (M) 3.4 x 105 g or muH

1 1.36 0,368 0. 1 2.27

2 1.3 0.368 0.5 1 2.27
3 1.36 0.365 9.5 2 2,00

4 0.8 0.8 0. 1 2.5
5 0.68 - 0.184 0.1 5 2,00
6  0.20  0.10 0.1 2 2.38

'7 0.20 . 0.10 0.5 2 , 2.14

8 ' 2 2.1

0.20 0,10 1.0
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TABLE III. CompieXPformation of myosin and :‘L'vt:'sf_;vs;ub'\i:’ragmem:_’s.:f

 “%]  with F-actin and dissociation ofncompléxes:on éddiﬁion‘of ATP

'\'l‘

Binding with  Initial Burst  Amount of ATP| : -
Protein F-actln (mole/mole of necessary to
(mole of actin protein) ~ dissociation ‘
‘monomer/mole - (mole/mole of

of protein) prote;n)’

- Myosin . 21) 1 o
CCHMM 2 1 2 B

.y The value measured by Tonomura et al. (40).

B 2) The value measured infou& laboratory (35,36,44,76-79).ff"
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Fig. 1. Lineweaver-Burk plot of H-meromyosin ATPase coupled
“with a ATP generating system. _
0.2 mg. H-me_r.omyo'sin/ml., 40 P8- pyruvate kinase/ml., 0.4 mM
PEP, 1 mll Mgll,, 10 mM Tris-HO1, pH 7.5, 25°C. |
KCli_co‘ncentration:' O , 6; , 4 mM.
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.- Pig. 2. Binding-of F-actin to-H-meromyosin measured by
increasevin‘light—scaﬁfefing intensity at 90°. |
0,16.mg.«H-meromyosin/ml;, 4 mM KC1, 1 mM MgCl,, 10 ml
- Tris-HC1, pH 7.5, 25§CuA QO » Acto-H-meromyosin; X sum
of H—meromyosin'and_F-aatin‘-M s -

o
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Pig. 3. Decrease in light-scattering intensity at 90° of

" acto-H-meromyosin by ‘the addition of ATP. ,

40,05_mg. H-meromyosin/ml., ZO_pg;'pyruvate kinése/ml.? 0.4

M PEP», "--5rmM KC1, 1 mm’Mgclz, 10 mM Tris-HC1l, pH 7.5,' 25°C.
(jf;'After‘mixing.“. ‘”' | | ‘ P ‘

&  , Before mixing df H-meromyosin and P-actin.

x » On the addition of 0.5 mM ATP to acto-H-meromyosin.
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Pig. 4. Effect of ionic strength on decrease in'light-—
“'scattering intensity at 90° of acto-H-meromyosin induced by ATP.
0.05 mg. H-meromyosin/ml., 0.14 mg. F-actin/ml., 30 pg.

pyruvate kinase/ml.,_ 0.4 mM PEP, 1 mN}I MgClz', in excess of ATP,

10 mM Tris-HC1, pH 7.5, 25°C."

"KC1 concentration: O, 5 X s 305 - . 129 mM.
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Fig. 5. Effect of ratio of H-meromyosin to F-actin on
decrease in 1ight-scaftering intensity at 90° of acto-H—meromyosin
induced by ATP. | | |

‘Bars represent sum of intensities due to both proteins.
0.05vmgf.H—meromyosin/ml;,-ZO pg. pyruvate kinase/ml., 0.4 mM
v 1PEP, 5 -mM KCi;’l.mM Mg012f1n~excess:of ATP, 10 mM Tris-HC1l, pH
7.5, 25°C,"
Ratios of H-meromyosin to F-actin: O ,1: 3; AN, 11
'C]-*; 1 : 0.33.- | '
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Fig. 6. Change in angular dis;b.r‘ir‘rbutbionvoﬁ— sca‘ct;fing
intensity of acto-H—merom-yoéin on the addition of ATP.

0.048 mg. H-—meromyos’in/nil.} 0.14 mg. F-actin/ml., 30 npg. .
~-pyruvate kinase/ml., 0.4 mM PEP, 5 mM KC1, 1 mi MgClz_,,.io mM
i‘Tris—HCl, pH 7.5, 25°C. |

QO Acto-H-meromyosin after mixing.

' , Before mixing of H-meromyosin and F-—actin.‘

X 9 On' the. addition of 0.1 mM MgATP™ to acto-H-meromyosin.



~63-

600 —

75

Fig. 7. -Effect of KCl concentration on ATPase activity of
aé*bo-H-—meromyosin. o
0.15 mg. H—meromyosin/mi., 20 pg. pyruvate kinase/ml;, 0.4
©mM PEP, 1 mM MgCl,, 10 mi Pris-HC1, pH 7.5, 25°C. |
Ratios of H-meromyosin to F-actin: O , 1 : 3; , 1 ¢ 1;: .-
X" , 1 :0.33. o '
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Fig. 8.\‘Dependence on substrafé conééﬁggéégén‘ofmATPase
 activity df‘écto-H—meromyosin. |

" In this experiment ionic strength was increased with
increase in ATP concentration. 0.15 mg. H~meromyo§in/ml.,v30 Pg.
pyruVate xinase/ml., O.4.mM PEP, 5 mM KCI, 1 mM MgCl,, 10 mM )
Tris-HC1, pH 7.5, 25°C. B
Ratios of H-meromyosin to F-actin: O ,1:3% & ,1:1;

: VAN ,'1 : O.33§ X 9 1 : 0,167; —--—--= , H-meromyosin alone.
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Fig. 9. Dependence on substrate concentration of ATPase
activity at fixed ionic strength of acto-H-meromyosin(ratio\of

- H-meromyosin to P-actin 1 : 2.8).

0.176 mg. H;meromyosin/ml.,,O.S ng. F—acfin/ml., 15 pg;
pyruvate kinase/ml., 0.4 mM PEP, 1 ml MgCl,, 10 mM Tris-HC1,
pH 7.5, 25°C. - |
~ Ionic strengths due.to KC1 + MgATP—“: O 5 X 103
e ; 36; /\ , 60 mM. |
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Fig. 10. Dependénce on substrate concentration 6f ATPase
activity at fixed ionic strength of acto-H-meromyosin(ratio of
- H-meromyosin to P-actin 3 : 1). o | |

0.15 mg. H-meromyosin/ml., 0.05 mg. F-actin/ml., 20 pg. .
pyruvate kinase/ml., 0.4 mM pep, 1 mM MgClz, 10 mM Tris-HCl,_pH'
7.5, 25°C. | | | |
Ionic:Strengths derived from KC1 + MgATP™ : (O , 5. X » 10;
© ., 25 O » 50; A, 50 oM + 0.1 mM EGTA. |
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Pig. 11. Dependencte on substrate cohcetration of ATPase
activity of acto-H-meromyosins with'#arious concentrations of
F=actin. |

0.15 mg. H—meromyosin/mlf, 35Apg. pyruvaté kinase/ml., O.4‘ﬁM
.‘PEP, 1 wM MgCl,, 10 mM Tris-HC1, pH 7.5, 25°C. Ionic strength

”due»té'KCl+MgA$P’7;was 5 ml.
L]

" Concentrations of F-actin: O , 0.45; | & , 0.15; X
0.05 wg/ml. - :
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Pig. 12. Enhancemeﬁt of ATPase activity of H-meromyosin
by F-actin before and after treétment of_H—méromybsin with PCMB
and B-mercaptoethanol. :
0.176 mg. H-meromyosin/ml., 40 pg. pyruvate kinase/ml.,
0.4 mM PEP, 1 mM ATP, 5 mM KC1, 1 mM MgCl,, 10 mM Tris-HC1l, pH
7.5, 25°C.. "
O ‘; Before treatment of H-meromyosin with PCME and B-mercapto:

’ ethanol;. X , After treaﬁméntvof H-meromyosin with PCMB and

B-mercaptoethanol.
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Fig. 13 Dependence on prétéin- cdnc.entr.ation of specific
activity of acto-H-meromyosin at coxistan’c. ratio of H‘—meromyasinf
to P-actin (1 : 2.8). | . | | |

20 mg. pyruvate kinase/ml., O..4 mM‘PEP, 5 mM‘KCi,- 1 mM MgClz,
10 mM Tris-nci', pH 7.5, 25 C. . |

- Goncentration of ATP: (O, 100; X , 20;

R
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Pig. 14. Effect of treatment of H-meromyosin with PCMB

and B-mercaptoethanol on Lineweaver-Burk plot of H-meromybsiﬁ

- ATPase.

0.2 mg. H-meromyosin/ml., 40 ug. pyruvate kinase/ml., 0.4
mil PEP, 5 mM XC1, 1 mlf MgCl,, 10 mM Tris-HC1, pH 7.5, 25°C.
O » Before tfeatment{ % s After treatment with PCMB and

g-mercaptoethanol.
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Pig. 15. Effect of treatment of H-meromyosin with PCMB and
"FB-mercaptoethandl on ATP-dependences of ATPase activity and de-
 crease in intensify of iighféscéﬁtering at 90° of actb—H-meromyosin.
0.15 mg. H-meromyosin/ml., 0.05 mg(-F-actin/mi;, 28 ng.

pyruvate.kinase/ml., 0.4 mM PEP, 5 mM KC1+MgATP ™, 1 mM MgCl,,

10 nM Tris-HC1, pH 7.5, 25°C. | : o

, ", Intensity of light-scattering at 90°.
e ,ATPase activity. |

, Control H-meromyosin.

> D>D> O

,'H~meromyosinztreated with PCMB and B-mercaptoethanol.

o0 DO
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Fig. 16. Dependehce on ATP concentration of ATPase activity
of acto-H-meromyosin reconstituted from F—actin and H-meromyosin
treated with PCMB and B-méréaptoethandl.' |

0.176 mg. H-meromyosin/ml., 0.0588 mg; F—actin/ml.,'40 jor-2%

A ”’pyfuvate‘kinasé/ml., 1'mM"Mg01é, 10 mM Tris-HC1l, pH 7.5; 25°(,
" freated H-meromyosini ~ O , 55 A , 30; X , 60; [1 , 120
A ' - mM KC1+MgATP™ . »

. Original H-meromyosin: , 55 4 , 30 mM KC1+MgATP™ .
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Fig. 17. Dependences on ATP concentration of ATPase‘aé-
' tivities of acto-H-meromyosins recontituted from 0.176 mg./ml of
H-meromyosin treated with PCMB and B-mercaptoethanol and Variousr.
concentrations:of PF-actin. | _ |
A 0.176 mg. treated H-meroﬁyosin/ml., 40 ng. pyruvate kinase
'/invl‘.‘, 0.4 mM PEP, 5 mM KC1, 1 mM MgCl,, 10 mil Tris-HC1, pE 7.5,
25°C. L et |
F-actin c.oncentration: N4 ',0.0315; D , 0.0587; \
| | ‘O, 0.492; O , 0.88 mg/ml.

, 0.176;
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Fig. 18. Increase in>the light-scattering intensity of actin
solution on adding various amounts of H-meromyosin. o |
Measurements were performed in 5 mM KC1 at pH 7.5 and 25°C.
O, 0.01-0.20 mg/ml H-meromyosin, 0.02 mg/ml F-actin, 1 mM
MgCl,, 10 mM Tris-HC1. ‘
‘ o, 0. 01-0.12 mg/ml H-meromyosin, O. 02 mg/ml G-actin, 3 mM

: Trls—HCI.
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Pig. 19. Scatchard plots of binding of HMM to F-actin ob-

tained by ultracentrifugal analysis.

Acto-HMM samples were reconstituted from a constant concen-
; tration of HMM(or‘F—actin) and various concentrations of.F-actin
(or HMM). The four different symbols represent different prepa-
rations; All mixture contained.O.lAM XCl and 1 mM'MgCI2; O »
2.9 mg/ml HMM, 0.3-0.9 mg/ml F-actin, 20 mM phosphate, pH 7.0;
6-8°C; © , 3.0 mg/ml HMNM, 0.05-0.6 mg/ml F-actin, 10 mM Tris-
HC1, pH 7.6, 22°C; & , 3.0 mg/ml HMM, 0.05-0.6 mg/ml F-actin,
10 mM Tris-HC1l, pH 7.6, 3-4°C; /\ , acto-HMM reconsitituted
from 1.02 mg/ml of HMM and 0.1%8 mg/ml of F-actin, 10 mM Tris-

HC1 at pH 8.8 and 4°C.
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Pig. 20. Distribution of number of HMM molecules bound

.per 1 u of F-actin filament.

. The numbers were determined from diﬁect visualization of"the.}
HMM molecules by electron microsCopy. 0.045 mg/ml HMM, 0.03 mg/ml
F-actin, 5 mM KC1, 1 mM MgCl,, 10 mM Tris-HC1l, pH 7.5,:2300.

_ ,'éalcuiated assuming a random distribution and a maximum
binding.ratio‘of HMM to F-actin of 3.6 : 1 By weight; , ob=
sérved distribution. (A) and (B) repreéent aifferent preﬁarations.
Total lengtﬂ\ﬁf P-actin: (A) 1=209.u; (B) 1=194 u. Note the two
~ types of charactér'of acto-HMM: (A) independent binding of HMM

to F-actin, (B) cooperative binding. .
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Fig. 21. Fractionation of tryptic digest of HMM on Sephadex
 G-200. |
| HMM was digested with trypsin(HMM to trypsin, 20 :‘1) for 20
min at 25°C.; The digest was applied to column(6.5 x 70 cm) of
Sephadex G-200 which had previously been ééuilibrated which 0.1 M
Tris, 0.05 M KC1 and 0.5 mM EDTA at pH 7.6 and 4°C. The column
was eluted with the same solvent at a flow rate of 10 ml/hr, and
10 ml1 fractions were collected. ATPase activities were measured
in 1 ﬁM ATP, O.25'M'K01, 5 mM CaClé and 50 mM Tris-HC1 at pH 7.6

-, ca?t -actlvaued ATPase(umole Pl/mln/ml '

Q .
a-nd 25 C-c . ,‘.O ’ E28O,

of fraction).
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Fig. 22. Rechromatography of S?l on Sephadex G-200.

Fractibns from the central portion of the second peak in the
_éhromatogram shown in PFig. 4 were concentrated and rechromatographed"'
on a column(S X 54) of Sephadex G-200. The conditions ofrelufion
:'.and ATPase assays were as for Pig. 4. 5 ml fractions were collected.

O E28O’ , Ca2 -actlvated ATPase act1v1ty.
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- " Pig. 23. _Changes in ATPase.aQti§i£§wand fherﬁltrécentrifugal'
pattern of S—liduring storage in 0.05 M KCl, 0.5 mM EDTA and 20 mM
Tris-EC1 at pH 7.6 and 0°C. |

_CaZ*-activated AtPase activities were measured in 0.0s_ﬁg/ml
FS-l, 1 mM AT?, 1 M%KCI, T mM CéCl2 and 50 mM Tris-maleate at pH -
7.0 and 25°C. EDTA—ATPase‘activities were used instead under the
same conditions, except that 3 mMl EDTA was used instead of CaCl,.
Ultracentrifugation was performed in 50 mM KC1, 0.5 mM EDTA and 20
mM Tris;HCi at pH 7.6 and 14°C. Bar angle 69“, rotor speed 56,100
rpm.' (A) 7 days’aftér'reéhromatography, The picture was taken 80
min after reachiig full épeed with 11 mg/ml S-1. (B) 1 day after
rechromatography, The pictufe was taken 90 min affervreaching full
speed with 6.6 mg/ml S-1. O , ca?*-ATPase activity; @ , EDTA-

" ATPase activity.
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Fig. 24. Change in the light-scattering intensity of S-1
solutlon on addition of various amounts of P-actin.

The measurements were performed ‘in 0.08 mg/ml S-1, OﬂOS O. 1
' mg/ml F-actln, 0.1 M KC1, 50 mM MgClz, 25 pM EDTA and 10 mM Tris-
.H01 at pH 7 6 and 23°C.



-8 -

15

10F
E
=

v(l)

L
;@ 05+
N
W

i i

Y . 2
f 5. Moles S-1 Bound -
LBx104g of Actin

i

Fig. 25. Scatchard plots of binding of 5-1 to actin from
ultracentrifugal analysis. | ‘
Acto-S-1 complexes were reconstituted from a:cpnstant con-
centration of S-1(2.3 mg/ml) and various concentrations of F-actin
(0.2115-0.69 mg/ml). The four-symbbls represent differnt prepa?
‘rations. All the mixtureé containea 10 QM Tris(ﬁH 7.6).
o , 100 ol KC1, 1 mM MgCl,, 16.5°C. '
© , 100 mil KC1, 0.2 nM MgCl,, 2°C.
JANEEN 10 mM KC1, 0.2 mM MgCl,, 16.5°C.
&, 3.8 mM KC1, 1 mM MgCl,, 16.5°C.
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Fig. 26. Time-courses of Pi-liberation from the HMM—ATP
system at two ionic sirengths. |
ATPase activities were measured in 1 mg/ml HMM, 0.1 mM or :
30 pM.'ATP, 2-'ix"iM MgCl2 and ZC mM Tris—HQl__at pH 7.6 and 25°C.
O, 5 mMKCl." | |
@ ., 0.5 M KC1.
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Pig. 27. Time-courses of Pi-liberation from the S-l-AT?
system at two ionic strengths. |
ATPase activities were measured in 1 mg/ml $-1, 0.1 mM or
30 pM ATP, 2 mll MgCl, and 20 mM Tris-HC1 at pH 7.6 and 25°C.
0O, 3.9 mM KCl.
, 0.5 M KC1.

T~
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- Pig. 28. Decrease in light-scatterihg intensi?y of acto-.
myosin on adding various concentratlons of ATP S A

Light-scattering 1ntensxt1es were measured 1n O 8 mg/ml

my031n, 0.4 mg/ml F-actln, 1 M KC1, 10 mM MgCl

2 and 20 mM Trls-ﬂ

HCl at pH 7.6 and 20°C.
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FPig. 29. Decrease in light-scatfering intensity of acto-.
HMM on adding various cbncentratioﬁ of ATP.

Light-scattering intensities were measured in 1.36 mg/ml _
E HMM, 0.368 mg/ml P-actin, 1 m Mgclz'and 20 mM Tris-HCl at pH |
7.6 and 21°C; | o
'XC1 concentration: O , 0.5 I , 0.1 M.
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Fig. 30.

S-1 complex on addlng various concentratlons of ATP.

0.

Decrease in llght—scatterlng 1ntens1ty of the acto-

Light- scatterlng 1nten51t1es were measured in 0.5 mg/ml S- 1,

0. 192 mg/ml F-actln, 1 mM MgCl

22°C.

KCl‘concentration: o ,

2

50 mM;

y 0.1 M;

and 20 mM Tris-HC1l at pH 7. 6 and

AN, 0.5 M.
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Pig. 31. Schematic repfesentation'of the interaction of

HMM with actin and ATP(S).
| P, prbtein-phosphste;ADP complex; S, simple binding of ATP.
Globular portions show the two S-1 parts(A, B) of the HMM molecule.

For explanation see text.



