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GENERAL INTRODUCTION

Various contracti}e proteins, such as actin, myéﬁin and tropomyosin
have been isplated from varioﬁs non-muscle ceils and their localization
in cells has been extensively.étudied byAimmuhqfluérescence microscopf'
and electron-microscopy (see Ref. 1 for review). Vﬁowévér, no.function
has been.established for these pfoteins kéee Ref. 1 for review).

Tﬁe'celi fuéion réactidh*induéed_by heﬁagélutinating virus of -
Japah(HVJ) involves several elementaryistéps: édédrption of the virué 
to éélls,'agéfegatibn of the célls,:fusipn of thé viral envelope with
the ce11 membrane,'and fusion quthe cells. ATPédéfi;iept coﬁditiqns
énd the‘micrdfilament—disrupting mold metabolites,‘cytochalasin'B'and D,
inhibit the ce11-to-¢e1l.fuéion Of'Ehrlich ascités tumor ce;ls(ETC)
without affécting othef'éteps of the fusion féactioﬁ (2-5). Thésé facts
suggest that microfilaments(actin-céntaiping fiiaments), a presumptive‘
intracellular cont;actile‘system, are functionally invqlved in the
HVJ-mediated cell-to-cell fusion.

As part of our eﬁdeavour to understand-the mechanism of HVJ-mediated
ce}l fusiog ?eaction and the intraéellular'fﬁnctions 6f aétin inv |
nén—muscle'cells, we pfepared éﬁ‘actin-specific inhibitor, a cheﬁically
modified subfragment-1 of‘mYosin(CMB;s-l) and:gtqdied.the~roie of actin

“in temperature aependent gel-sol transformation of ETC extracts

( assembly-diSassembly of'microfilamentS)”by use of the inhibitof.
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ABSTRACT _

Two kinds of subfraément—l of myosin, S-1(T) and S-1(CT), were prepared
by_twp-step tryptic[EC 3.4.21.4] digestion of myosin that had been modified
with about 1 mol of p—chloromefcﬁfibenéoate(CMB) per mol of myosin, and
one-step chymotryﬁtic[EC 3.4.21.1] digestion of the myosin, respectively.
The amount of bound CMB was about 0.82 - 0.96 mol per 2 mol of S-1.

Both kinds of s-1 modified with CMB equally inhibited superprecipitation
of myosin B from rabbit skeletai muscle. Aboﬁt 2 mol of CMB-S-1(1 mol of
CMB-S~1A) inhibited the fuhction of 1 mol of actin monomer on the
superprecipitation of actomyﬁsin réconétituted~from myosin and fibrous actin
(FA) with rela#ing‘protein(RP). " CMB-S-1 aléé effectively inhibitea

superprecipitation of myosin B from the plasmodia of the slimé mold

thsarum polycephalum.

. The ATPase[ﬁC 3.6.1.3] activity of CMB-S-1(T) was similar to that of
CMB-S-1(CT) in the absence of FA, but was not enhanced as effectively by FA
as the 1atter. In the preéence of 0.3 mg/ml of FA with RP, the activity
of CMB-S-1(T) was only one-fifth of that of CMB-S-1(CT).

CMB-S-1(T) did not affect the activities of ATPase from animai cells
outside actomyosin-systems, such as the Ca2+-dependent ATPase [EC 3.6.1.3]
of the SR prepared from rabbit skeletal muscle and the Na+, K+-dependent
ATPase[EC 3.6.1.3] from porcine kidney. It also scarcely affected Ca2+—uptake
by the SR at concentiations lbwer than 0.2 mg/ml.

However, CMB-S-1(T) strongly inhibited the polymerigation and
depolymerizatioﬁ of tubulin éreparéd from bovine brain. At 6.15 mol éer
mol tubulin heterodimer, CMB—Sfl(T) inhibited 5& 50 % the extent of
polymerization of 0.80 mg/mi tgbulin (7.3 EM tubulin heterodimer). S-1(T)
also inhibited tubulin polymerization as effectively as CMB-S-1(T).

CMB-S-1 (CMB-S-1A) also weakly bound itself to polymerized tubulin.

It was concluded that CMB-S-1(T) can be used as a specific inhibitor of

actin functions in non-muscle cells if the possible involvement of tubulin

is excluded by other means.
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INTRODUCTION

Actin, myosin, and tropomyosin have been isolated from many kinds of
non-muscle cells and theirAlocalization in cells bas been studied (see review
by bollard'and Weihing, Ref. 1). Actin hasrbeen viaualized in cells by
‘selective decoration of‘actin fiiamenﬁs wiéh HMM (2)'or by,specifically
staihing them with flﬁaresceat Aye—labeled HMM (3). Recently;_anfibodies
specifically reactive'wifh_éachacomponent pf contractile proteins from
Vnan—muscle cells, such asracfia (4), myésin (5), trbppmyosin (6), and
aaétininf(7), have beénbpxepared and used-suéceSSfully to show the |
iatraceilular diatribation of each éompdnenf.» Much of the actin is
localized anvmicrofilaments f2,4),-and.in some cells, myosin (5),
tropqmyosiﬁ (6), and‘a-aatinin (7) were also associated with actin
filaments. While no function has been éstablished'for these protains;
they have beea implicated in a variety of qell functions including
motility, exocytosis, cytokinesis, ﬁembrane ruffling, maintenance of cell .
shape and cell adhesion to substratum (8-13, see also Ref. 1 for review).

Cytochalasin B aad D,Vmicrofilament—disrupting mold metabolites, have
beeﬁ widely used to ideﬂtify the functioaé qf mic;ofilaments in ndn-muscle
cells (13-19). However, it remains difficult to identiff aatin-sfacific
functions in.non-muacle cells,‘siaée thére is nd direct eQidenceashdwing
that ¢ytochalasina'épecifically inhibit actin fuhcfions;' Cytoahalasin D
was reported to bind with myosin'and ihhibit myosin ATPase[EC‘3.6.i.3] (20).
Cytochalasin B has the undesirable side effacf of inhibiting some qellular
transport.3ystemé (21-24).

To identify actin fﬁnctions in non-muscle cells, first, we must find
a substance which binds with actin specifically and stoichiometrically and
inhibias actin functions. Second, we must élaborate a method of 'introducing
the substance intoAcells without damaging cell fuﬁcfions. ~ One such methed
enables us to introduce any substance into a target ceil by HVJ (Sendai
virus)—mediated aell fusion between the ﬁarget cell and a human arythrocyte

ghost loaded with the substance (25).



In the present paper, we describe experiments showing that subfragment-1
modified with CMB(CMB-S-1) ﬁeets thé ;equirement fdr an actin—speéific
ihhibitor. As deécribed'previously, CMB-S-1 is composed of equimélar
S-1A modified with,CMB(CMB-SflA) and>S-lB not modified. with CMB, and that
CMB-S-1 inhibits the superprecipitation of actoﬁyosih induced by ATP,
>sincé CMB-S-1A binds ve?y tightly with FA even.in the presengé bf-ATP, and
thus occupies all thé mybsin binding sites of actin (26). In thexpresent
Qork, we pgeparea two.kinds éf CMB-S-1, CMB—S—I(T), and CMB-S-1(CT), and
.- compared their inhibition oé the supefprecipitation of actomyosin and their
ATPase activities in the preéence.of.FA. Wé_founa that the two kinds of
CMB-S-1 inhibited éuperpfeéipitationwof,actémyosin,from rabbit skeletal
muscle with the same effectiveness, while the acto-S—l*ATPaée activity of
CMB-S-1(T) was much lowér than ﬁhat of CMB-S-1(CT). Thus, using CMB-S-1(CT),
we studied the ;toichiometric relation between CMB—S—i and actin  in the
inhibition'of suberprecipitation by CMB-S-1, and found that 2 mol of CMB-S-1
(1 mol of CMB—S—iA)‘inhibifed the function df 1 mol of actin monocmer.

To see the effectivenéss of CMB-S-1 on actomyosin of non—muscie origin, we
prepared Physarum mygsin'B; andquund that CMB-S-1 also effectively
inhibited the superprecipitation of Physarum @yoéin‘B. "To confirm the
specificity of CMB-S-1, we_prepared SR[EC 3.6ﬂl;3] from rabbit skeletal
muscle, ﬁa*, Kf;depehAent ATPase[EC 3,6;1{3}.from porcine kidney and

tubulin fromvbovine prain}”and‘studied tﬁeif'possible interactions with
CMB-S-I; We fqund that they scarcely intefacted with CMB-S—1 except

for tubulin. Therfore, we concluded ﬁﬁatvCMB-S—l can be used és a specific

inhibitor of actin although it may also interact with tubulin.
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MATERIALS ANb METHODS

Matetialé - Myosin {(MW=4.8 # 105) was prepared fromrfabbi;_SReletal white
muscle by the method bf ferry_(27). - HMM (MW=3.4 vaOS’ was'prepared_by tryptic
- digestioh of myosin by the method §f Szent—Gyngyiv(28) with slight modification
(29). S-l(Tf (Mw=i.2 x 105) waé pfepared by trthic digestion of HMM, followed
by chromatogréphy 6n Sephadex szod, aé described pfeviously (26,30). S~1(CT)
(MW=1.2 x 105) was prépared by chymotryptic'digéstion o£ myosin_at_low ionic
strength, as described by Weeds and_fayiof (31), éndhpﬁrifiéd on Sephadex G-200.

AG-actiﬁ with ﬁP Qaé éxtracted fram‘aﬁ-acetqgg éowder of ‘rabbit skeletal
muscle at room teméeréﬁure,_aﬁd'purifiéd‘by é polymeri?étion—depolymeriéation
procedure (32). Purified GfactinAwas prépared from an_aéetone powaer of
rabbit skeletal muscle by the method of Spudich and Watt k33). After removal
of free nucleotidés from the G-actin. solution by treatment with Dowex 1 x 4,
actin was péiymerized by addition of 1 mM MgCl2 and 50 mM KC1.

Myosin B was prepéred from rabbit.skeletal muscle by the method described
by Szent-Gy8rgyi (34) with slight modification; Ca2+—sensitive Physarum myosin B

was . prepared from the plasmodia of the slime mold, Physarum polycephalum, as

'described'préviously (35f;

‘SR was prepared from rabbit skeletal muscle, as‘deéqribed previously‘(36):
"The activity of Cazf—depenaent ATPase éf the SR was resbonsible fé;bmore than -
97 %Vof~the total.ATPase“activity of the SR. The prepafation used waé.kindly“
supplied by Dr; T. Yamahoto.

Na+, K+4depeﬁdent ATPa;e wa§ prepaféd ffom the ‘dark oﬁtér meéulla_of
porcine Kidney by the method_of Jbrgensen (37) with slight modification.
The ATPase activity of the enzyme preparation was usually more than 2,000 umol
per mg protein per h at 37°C, and completely ihhibited by ouabain (M. Yamaguchi
& Y. Tonocmura, unpublished observatiohi) The enzyme was a genéfbus Qift from
Mr. M. Yamaguchi.

éovine brain tubulin (qB-heterodimer, Mw=i.l X 105) was pufified'ffomvfresh

brains essentially by the assembly-disassembly procedure described by
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Shelanski et al. (38). The superficial blood vessels were removed, then the
brain waé waéhed with 0.34 M sucrose and minced with scissors in ATP-reassembly
buffer, which contained limM‘ ATP, 1 mM EGTA, 0.5 mM Mgc12, and 0.1 M Mes-NaCH
(pH 6.5), at 4°C. Next, it was homogenized in 1 ml of‘buffer per g of~ﬁissue

-with a Sorvall Omnimiker for,l min at half-maximum épeéd. The homogenate was
cent?ifuged at 100,000 # g for 1 h~a£ 4°C- The supefnatént was  collected,
and mixed with énAeqﬁal volume of the reassembly buffer con;aining 8 M glycerol,
and incubated for 20 min.aﬁ 37°C to polvherizé tubulin. Pélymerized tubulin |
was collected by 100,000 x g_éentfifugation for 1 h at 25°C, theﬁ'dissolved iﬁ
cold reassembiv_buffer,'whiCh béntainéd 1 mM GTP instead of ATP (GfP—reassembly

, bufferj, by genﬁlé homogénizéﬁion in a glassAhbmogenizer. Next, the mixture

was chilled on icé for 30 min to depolvmerize tubulin. The tubulin solution

was clérified by 100,000 x g_centfifuqation for 1h at 4°C. The'polymerization—
depqumerization cycle was repeated twice in the pfesence of 1 mM GTP. After

" the second polymerizatiop, the dissociéted tubulin in GTf-reassembly buffer
was brought to 8 M in glycerol and stored.at -20°C, unless otherwise stated.
The tubulin was more than 70 % pure according to_electrophofesis on sodium
dodecyl sulfate—polvacrylamide gels ﬁerformed as described previously (30):
it was contaminated maiqif with_tubulin-associated'high.molecular weight

-compénents.

Pyruvate_kinése[EC 2.7.1,40J_wa§ prepared from rabbit ékeietal.muscle
by the method.of Tieté'and Ochoa (39). . |

Trypsin was'purchased from Worthingtdn Chemical Co. Tfypsin inhiﬁitor
and cthotrypsin were purchased from Sigma Chemicai Co. Bovine serum albumin

203

(fraction 5) was purchased -from Nakarai Chemicals, Ltd. Hg-CMB and CMB

were purchased from the Radiochemical Centre. England, and Wako Pure Chemical
Industries, Ltd., respectively, and purified by Boyer’'s method (40). 4SCaCI2
was purchased from the Radiocheﬁical Centre. ' Phenylmethylsulfonylfluoride

and phosphoenolbyruvaﬁe were purchased from Sigma Chemical Co., and

ﬁ-mercaptoethanol from Nakarai Chemicals, Ltd. GTP and ATP were purchased



from P.L. Biochemicals Inc. and Kyowa Hakko Co., respectively.

Preparation of CMB-S-l(T) and CMB-S-1(CT) - Myosin was modified with
CMB as descriﬁed previously (26). CMB-HMM was pfepared by tryptic_digestion
of CMB-ﬁydsin. CMﬁ—S-lkT) and CMB-S-1(CT) were prepared by tryptic
digestion of.CMB-HMM and chymétryptic diQestion'of CMB-myoéin, reépectivély.

The radioactivity of_ZQ3

Hg-CMB bound to S-1 was measured in a Beckman liqﬁid
scintillation spectrbmeter, Model SL 150. CMB-S-1 contained 0.82 - 0.9 mol

~of CMB per 2 mol of S-1.

:ATPaseAActivity'and Ca2+-Uptake'f Tﬁe ATPasg aétiVity of acto-S-1 in the
Steédy state Qaé determined atNZSQC in a coupled system, with pyruvate kinase
and éhos?hoenolpyruvate as -an ATffregenerating system, as described pre?iouély
(29); The‘Ca2+—de§endent ATPase acpivity of SR was deﬁermined at 25°C as
described previously (41). ihe amount of*Ca2+—uptake'by SR was measured by
the Millipore filtration method using 45CaCl2 as substrate, as described
previously (41,42). The activity of Na+, K+-depéndent ATPase was measured

as described by Jgrgensen (37).

. Superprecipitation. of Actomyosin and Myosin B - The superprecipitation of
actpmybsin and myosin B was measured at 20°C by determining turbidity at 660 nm

with a Cary Model 14 spectrophotometer, as described éreviously (26).

Polymefizétion of Tubulin - The polymérization of tubulih in GfP;réassembly
buffer was measured at 25°C 5y the turbidimetfic ﬁeﬁhod deécribed by |
Gaskiﬁ et al. (435. The time  course of inc?ease ip absorbance at 350 nm
was measured with a Zeiss Model PMQ3:spectro§hotoﬁeter.

Protein Concentration - Protein concentration was estimated by the

biuret reaction (44) calibrated by nitrogen determination, or by the

Copper-Folin method (45).
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RESULTS AND DISCUSSION

Stoichiometric Inhibition of the Superprecipitation.of Actomyosin by
CMB-S-1 - S-lkCT) holds the myosin—éésociafed functions of interacting with
actin, such as the activation of S-1-ATPase activity by FA and the acceleration
of éctin polymerizafion by S-1, more persistently than S-1(T) (46). We
prebared two kinds of S-1 modified with CMB, CMB-S-1(T), and CMB-S-1(CT), and
compared thei:'inhibitién of the superprecipitatibn of actomyosin. Since
myosin B contains all the protein components of the muscle contractile system
and is considered to be a more native contractile model than actomyosin
reconstituted from myosin and FA, we used myosin B pfepéred-fréﬁ'rabbit
skeletal muscle.

When superprecipitation was.initiated in the presence of CMB-S-1(T) or
CMB-S-1(CT) , both inhibited £he rate and-extent of superprecipitation of
myosin é. Figure 1 shows that the two kinds of CMB-S-1 inhiﬁited the
extent of superprecipitation with same efficiency. This suggests that
tﬁe tryptic and chymotryptic digestion for the preparation of CMB-S-1(T)
and CMB-S-l(CT); respectively; did not démage the inhibitory function of

'mvésin head modified with CMB. S-1 not modified with CMB, such as S-1(T)
or S-1(CT), did not affect the superprecipitation of 0.28 mg/ml myosin B
at the concentraticn of 0.6 mg/ml.

The ATPase activities of ﬁhe two kinds of CMB-S-1 were measured at
25°C in the presence of 0 - 0.6 mg/ml FA with RP and 50 mM KC1 at pH 7.6.
Their ATPase activities in the absence of FA werevabout 50 - 100 nmol per
min per g of s-1. The.activity §f CMB—S—l(CT) grédualiy increased with
increasing concentra;ion of FA with RP, and the activities in the presence
of 0.3 and 0.6 mg/ml FA with RP were 780 and 1,060 umol per min per g of S-1,
respectively. However, FA did not enhance the activity of CMB-S-1(T)
as effectively as that of CMB-S-1(CT). The activities of CMB-S-1(T)
in the presence.of 0.3 and 0.6 ﬁg/ml FA with RP were only 160 and 240 pmol

per min per g of S-1, respectively. This fact shows that the tryptic
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digestion of CMB?mybsin somehow damaged-mvosin ﬁolecules. decreasing the

efficiency of FA_activation of ATPase activity of CMB-S-1(T).  When CMB-Sfi

is used>as a spécific’inhibitor of actomyosin motile systémé, CMB—S—lfassbciated

enzyﬁe activities, suqh-as ATPase, shbuld be very low.- We preferred CMB-S-1(T)

aé a caﬁdidate.for_ a specific inhibitor of actomyosiﬁjmotile systemsf |
CMB-5-1 inhibited the superprecipitation of attbmydsin reconstituted from

puré FA and myosin. as §e11<as tﬁat of-actomyosin recoﬁstituted from FA with

RP'and myosin. InAadditibn,-this inhibited supérprecipitation w;s recovered

by addition of pure Fa, Eﬁt not by'additioﬁ éf‘other protein compohents of

myosin B. Theée'iaéts clearly shéw that CMB—S—l~écted on actin to ihhibit |

superprecipitation of myosin B;':iAs déséribed previéusly, CMB—Sél(T)

contains equimolar S-1A modified with CMB(CMB—é;lA)‘and unmodified S-1B,

and - only CMB-S-1 binds with FA tightly in the presénce of ATP (26).

To show the stoichiometric:inhibition of actin function by CMB-S-1 on the

supérprecipitation.of;actomyqsin, we reconstituted actomyosin froﬁ O.S'mg/ml

of myosin and Qaribus amounts of FA Qith RP ,and studied the quantitatite

relation between the actin conteﬁt iﬁ the reéonstitutéd éctomyosin and the

amount of CMB—S—l(T)_required té-inhibit suéerprecipitation.

| Figure 2 shows the'stoicﬁiometfic»inhibition-of superptécipitatioﬁ of

actomyoSin by CMB—S—l(T); ' The amounts~of CMB—S-l(T) required for half

and complete_inhibitioﬁ_of the extent of superprécipitatioh ipcréased

linearly with the amount of FA with RP in actomyosin.- Assumiﬁg that

the molééular weiéht of FA withARPvper actin monomer is 6.3 x 104,rthe">

amounts of CMB-S-1(T) required for thé half and ébmélete inﬂibitién_were

about 1.1 and 1.8 mol per mol of actin monomer, respectively. This fact

clearly shows that 2 mol of CMB-S-1(T) (1 mol of CMB-S-1A) inhibited the

function of 1 ﬁol of aétin monomer; Therefore, we can conclude that 1 mol

of CMB-S-lA-Binds to 1 mol of actin moﬁbmer.and inhibits the functionél-

interaction betweeniactin and.myosin.

Inhibition of Superprecipitation of Myosin B Prepared from Nom-Muscle

Cells by CMB-S-1 - CMB-S~1(T) inhibited superprecipitation of actomyosin
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prepared from non-muscle cells as well as that of skeletal muscle actomyosin.
Figure 3 shows that'CMB-S—l(T) inhibited both the rate'ahd-extehtrof
superprecipitation of Physarum hyosin B. At the'concentratiohs of 0.24
and 0.74 mg/ml;‘CMBfS-l(T) caused half’and complete inhibition of the
exteht of superprecipitationAof 1 mg/mlsPhxsarum myosin B,'respectively.

Effects of CMB-S-l on the Activities of Ca2 -Dependent ATPase of SR .

+
and Na , K dependent ATPase Prepared from Porc1ne Kldney - To understand

the specific 1nh1b1tlon of actln functlons by CMB-S —l, we studled the -
possible interaction of CMB-S-l(T) with other ATPase prepared from animal
cells. ‘Figure 4 shows that the Ca2 -ATPase act1v1ty of SR (50 ug/ml of
SR'protern)'measured incthe presence of 790 ug/ml CMB-S—l(T) was 93 % of that
in the absence of CMB;S-l(T); ThlS fact suggests that there was no
1nteractlon of CMB-S-1(T) with the Ca2 -ATPase of SR. This view was supported
by the following result of'Ca2+—uptake experiment.

When the Ca2+—uptake'by SR was measured in the presence of wvarious
amounts of CMB-S—l(T), it was scarcely affected at concentraions lower
than 0.2 mg/ml, but partially inhibited'with increasing concentration (Fig. 5).
Ca2+-uptake in the presence of 0.53 and 0 79 mg/ml CMB-S-l(T) was 74 and 47 %
of that- in the absence of CMB-S- l(T), respectlvely. The inhibition observed |
at hlgh CMB-S—l(T) concentratlons would be caused partlally by the dlsturblng :
effect of hlgh proteln concentration on the Millipore flltratlon method, |
since protelh_concentratlons hlgher than 0.5 ng/ml decrease the measuredy
values of Ca2+—uptake‘bY'SR.‘- | |

CMB-5-1(T) alsoidid-not aiter the actiVity of Na+, K+-depeﬁdeht ATéase
prepared from porcine kidney. Figure 6 shows that the Na+, K+-dependent
ATPase activity measured in the presence of 100 ug/ml CMB-S-1(T) was 94 %
of that in the absence of CMB;S-l(f). |

Interaction of CMB-S-1(T) with Tubulin - The tubulin-dynein system

commonly exists in animal cells, and is believed to be involved in various

cell-associated phenomena, such as cell division, cell motility, transport,
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pinocytosis_and secretion. In addition, sbme authors recently reported
that colchicine-binding protein from pofcine brain (47) and blood platelets
(48), and tubulin isolafed from ;he outer fiber of the flégella of Tetrahymena
(49) activate the Mézf;ATPaSe activity. of skgletal_ﬁuscle myosin as ‘actin
doés, and sgggested é'homology'between tubuiin and actin. ‘>Thus, welexamined
the possible interaction 6f CMB-SFl(T) with tubuiin;

Fiqure 7 shows the binding of CMB-S-1(T) fo polymerized tubulih,

203

When various amounts of: Hg-CMB-S-1(T) were-centtifuged with 1.05 mg/ml

of tubulin (9.5 uM tubulin hetérodimer), a mixture of pclymerized (74 % of
' ' 203

total tubulin) and unpolymerized tubulin,’thé radioactivity dde:to Hg-CMB

bound to CMB-S-1A that'coprecipitated with'polymerized tubulin by -

203Hg-CMB-S-lA concentration,

ultracentrifugation becaﬁe greater with increasing

although it‘was low even in the presence of excess CMB-S-1A. Only 0.22 mol

of CMB-S-1A per mol of £ubulin heterodimer coprecipitatéd with polymerized

tuﬁulin in the presence of 20 uM CMB-S-1A. ‘ The coprecipitation of CMB-S5-1A

with pélymerized tubulin could not‘be attributed to actin contgmination

in the tubulin preparafion sincevﬁur tubulin was at 1east»7b % pure and

showed no-actin.band on electrophoresis on sodium dodecyl sulféte-pdlyacrylémide

gelsf |
CMB-5-1 ﬁot.onl?_ﬁoundAtorpolymerizéd:tUbuliﬁ‘but also inhibitea

polymerization of tubﬁlin (Fig.'Si. ‘Both CMB-S-1(T) and S—l(?)-stofonéiy

inhibited polymerization of tupulin Qith thevséme efficiency.. They affec;ed_

théAéolymerizatiqn:OE 0.80 mg/ml.tubulin (7.3 uM tubulin heterodimér),at

concentrations greater than 45 ﬁg/mi, and 0.12 mg/hl'of CﬁB—S-l(T) or S-1(T)

caused 50 % inhibition. The amount of CMB-S-1(T) or S-1(T) requierd for

half inhibition was 0.15 mol per mol of tubulin heterodimer. The extent

"of'tHeAinhibition by CMB-S-1(T) or S;l(T) d;d not exceéd about 74 % whichv

was observed at the concentration of 1 mg/ml. Bovine serum albumin did

not affect the polymeriéatioﬁiat 1 mg/ml.

CMB-S-1(T) also inhibited depoiymerization of polymerized tubulin
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initiated by addition of 2 mM CaClz

in GTP-reassembly buffer at 25°C.
These observatiqns indicate that myosin.head (at leést héad A) could interact
with tubulin in vitro, and suggeét that the modification of head A with CMB -
did not alter the interact;on between myosin head aﬁd tubuiin;
The mechanism'fdr>inhibitioh ofAtubﬁlin §ol§mefization and depolymerizétion

by CMB-S_i(T) and'S-liT) ié not clear; - Tubﬁiin reéuires equimolar GTP for .
polymerization (50). ?he‘GTPase activity asséciated with CMB—S-l(T)‘or S-1(T)
could not account for the ihhibitiop of tﬁbulin pdlYmerizatién, since thé |
activity was not high enough to induee‘GTP dépietion,:which would inhibit
. the bolYmerizatién..gAWhen CMB-S-1(T) or S-1(T) wég'incubated in GTP-
reassembly Buffé: aﬁ 25°C (coﬁditions of the»polymerizatioﬁ experiment),

0.12 mg/ﬁl of‘CMB—S-l(T) and S—l(f),_&hich inhibited by 50 %.thé polymeriéation‘
of 0.80 mé/ml tubulin (Fig. 8), consumed only 25 ana 39 % of the total GTP

(1 mM) per 30 min, respectively, while the polymerization was almost complete
within 30 min under the given conditions. - Pol?merization was inhibited 50 %
by 0.15 mol of CMB—S;l(T) or S-1(T) per mol of tubulin heﬁerodimef fFig. 8).
This amount of CMB-S-1(T) is equivalent té 0.07 mol of CMB-S—lA per mol of
tubulin heterodimer, provided that 2 mol of CMB—S-l(f) contained 0.9 mol

of éMB. " Thus, in the presence of 9.5 uM tubulin,.0.7 uM of CMB-S-1A caused

50 % inhibition_of thbplin poiymé;ization; At the concentration; of tubulin
- and CMB-S-1A, oply 0.02 ﬁol of CMB-S-1A per mél pf‘tubulin héterbdimer bound
to polymerized tubulin.(Fig..7).- This calculation shows gﬁat.if'the binding
~of CMB—S-lA-(br S-13) to tubulin'inhibited tﬁbulin polymefization, the binding
of only 0.02 mol éf CMB~S-1A (or é—lA) per mol of tubulin heterodimer could
inhibit the polymerization by 50 %. If so, we may consider two possible
mechanisms for the inihibitién. One is that CMB-S-1A (or S-1A) binds to
polymerized tubulin and blocksmthe elongation and shortening of fhe tubulin
polYmer. The otﬁer is that CMB-S-1A (or S—lA) binds with miérotubule-
associated compohents that confrol the tubulin polymerization‘and depolyﬁerization

(51-54), and affects the control functions of the compcnents. ~ Further

investigations are necessary to clarify the interaction between S-1 and tubulin.
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CONCLUSION

Actomyosin exists commdnly in various non-muscle cells (1) The
intracellular distribution of aqtiﬁ is easily seen gy specific~decoration
of the actin filameqts-with'HMM (2) or imﬁunofluorescence staining of the.
actin filaﬁents usingAactin-specific antibody (4), and actin is téntétively
located on microfilaments. Actoﬁyosin in'non;musclé cells is believed to.:
- be invoivea iﬁAvarious cell_functions (1), mainly because the functions
are inhibited by éytochalasin B or D,'wﬁich disrupts thevorgahizatibn of
microfila@ents.(l3-l9). quever, actin fun;tions iﬁ non—muséle cells
are not fef ciear méiniy due to the iéck of an actin-specific inhibitor.

Pure S-1, modified with CMB, is easily prepared inrlarge amounts from
rabbit skeletal muscle. - CMB-S-1A binds_with FA stqichiometrically at a
ratio of 1 mol of CMB-S-1A per mol of actin monomer, ;nd very tightly even:
in the presence of ATP. iThuslif occupies all the myosin binding sites of
actin, and inhibits the actin funcgion to interact with myosin. Therefore,

we can estimate the content of functional actin in cells using the specific

3

binding of 2O_Hg—CMB-S—l with actin in the.presence of ATPf" The distribut;on
of actin within a4c¢11 can also be séen under‘a‘fluoreséence micrdscopé using
CMB;S-l conjugated with a fiuorescent dye, or using CMB—S—thogether_with
fluorescent dye-conjugated antibody~féactive Qith s-1. Although . HMM
conjugated with flﬁorescein ié&thibcygnate'has been supcessfully used to

show the disfribution of actin within a ceil 3), CMB—S—l maf-be prefefabie_
sincé the bindiné of S-1A to FA is‘gfeatly stfengthenéd by thé modification
with CMB (26). We éan also identify the actin funcfions in non-muscle

cells using CMB-S-1 as a speficic inhibitor of actin. The ATPaseractivity
associated with CMB-S-1(T) is lqw even in the presence of FA, and thus CMB-
S~-1(T) mightraffect ﬁhe intracellular ATP level only slightly if introduced
into a éell. If large amount'of CMB-S-1A are isolated from CMBfS-l, it is

preferable to CMB-S-l(T), since the ATPase actiVity of CMB-S-1A is not

accelerated by FA (26). There is little possibility that CMB bound to S5-1
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is transferred to intracellular.components and affects the functions of
components other then'actin, since CMB bouhd to S-1 is difficult to remove
from CMB-S—l even by treatment with ditiothreitol, and as reported previouslf
(26), there is no indication of intramoiecular andintermolecular transfer
of CMB bound to S-1 during the preparation of CMB-S-1 from CMB-myosin and
doring incubetion of CMB~S-1 with FA. CMB—Sjl(T) does hot interact with

a cell—aesociated,ATPase,vsuch'as-the Cazf;dependent ATPase of éR from
rabbitdskeietal muscle or the Na+, k+—dependent ATPase from porcine hidney.v
Since both CMB-S—l(Tf ahd S-1(T) show some*interaction with thhulin from
bovine brain,bwe cah ihterpret the ihhihition ofdceil functions:by CMB-S-1
"as a result of specific inhibition of actin functions, only when S-1 or a
tubulin-specific inhibitor such as colchicine does not affect the same
functions, excludiné-the possible involvement of tubulin in the functions.

7 Furthermore,lif the effect of é—l to a cell function is dependent on the
modification of S-l.with CMB, theh the involvement of actomyosin, but not
tubulin; in the functionAis highly probeble, since the interaction of S-1
with tubulin is independent.of the modification. | |

Kuroda'has.already usedhCMd—S-l euccessfully to show the involvement
of the actomyosin motile eystem in'the protoplasmic etreaming in Nitelia
cells (Kuroda, K.,-unpubllshed observatlon) She made Nltella drops
permeable to protelns by treatment w1th EGTA, and showed that only 4 uM
CMB—S-l completely inhibits the rotation of chloroplasts w1th1n a Nitella
drop as 1 mM N-ethylmalelmlde, an SH reagent, does.

We can introduce CMB-S-1 1nto human erythrocytes (HRBC) by proceduree
described previously (25). A small amount of actin exists in HRBC,
associated with spectrin (55), but actin functions in HRBC are not clear.
Since there is no_indication of the existence of tubulin in HRBC, the HRBC
ghost loeded with ChB?S—l is a very useful’tool for_studyingractin functicns
in erythrocytes. _CMB-S—i.also.cah be introduced into animal cells by

HVJ (Sendai virus)-mediated cell fusion between a target cell and an HRBC
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ghost loaded with CMB-S-1 (25). Successful inhibition of actin functions

in non-muscle cells by introducing CMB-S-1 into the cells would depend on the
efficiency of introduction into the target cell and the actin content in

- the cell, since the actin content in non-muscle cells of animal origin is
rather high (0.2 - 10 % of the total cell proteins) (56-58). In addition,

" we must take into account the intracellular prdteolysis of CMB-S-1 introduced
into a target cell, since a foreign protein introduced into a target cell

ié degraded rathér rapidly — the halfrlife.of the activity of bacteriophaée
T4—endonuc1ease'v introduced into the fibroblasté derived from Xefoderma
pigméntbsum patients is about 3 h (59), and thét of bovine serum albumin in<

FL cells, an established line from human amnions, is about 4 h (Yamaizumi, M.,

Uchida, T., Furusawa, M., & okada, Y., in preparation).
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Fig. 1. Inhibition of the superprecipifation of rabbit skeletal muscle

myosin B by CMB-S-1(T). and CMB-S-1(CT). Rabbit skelefal muscle‘myosin B
(0.28 mg/ml) was mixed with various amounts of CMB-S-1(T) orFCMB-S-l(CT),
andhpréincubated at 20°C for 5 min. The clearing of.myosin B was induced

by adding 0.2 mM ATP in the presence of 62.5 mM KC1l, 2 mM MgCl 1 mM EGTA

2'
and 20 mM Tris—maleate'(pH 7.0), and 1 min later, superprecipitation of

myosin B was initiated by adding 3 mM CaClz. A A was defined as the final

difference of absorbance at 660 nm in the presence and absencevof CaClz.

O, cMB-s-1(T); @, CMB-S-1(CT).
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Fig. é. Stoichiometric inhibition of the superprecipitation of rabbit
skeletal muscle actomyosin by CMB-S-1(T). Actomyosin was reconstituted
from 0.6 mg/ml rabbit skeletal muscle myosin and various amounts of
rabbit skeletal muscle FA with RP, and then mixed with various amounts
oéwéﬂé:;:lz&). Ofﬁer conditions for the sﬁéerprecipitation of actoﬁyosin
were the samé as in Fig. 1. Q, amount of CMB-S-1(T) required for half

inhibition of the extent of superprecipitation; @, that required for

complete inhibition.
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Fig. 3. Ihhibition of ‘the superprecipitati‘on oﬁ Physba-rum m)lr.osi.n‘B by
CME-S-l(T) . thsa.ruin myosin B | (1 né/ml) was mixed with various amounts
" of CMB-S-1(T) and 'preincupafed for 5 min at 20°C. Next, i:he clearing |
and superprecipitation of Physerum my_osin B were initieted by adding
'0.2 mM ATP and 3 mM Caclz, respectively, in the presence o.f 75 mM KC1,

2 mM MgCl

o 1 mM EGTA and 20 mM imidazole-HCl (pH 7.0), as described in.

Fig.- 1. Other conditions were the same as in Fig. 1. A. Time course
of superprecipitation.  CMB-S-1(T) added: Q, 0 mg/ml; X, 0.5 mg/ml.
¥, addition of 1 mM ATP; §, addition of 3 mM CaCl,. B. Extent of

superprecipitation.’
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‘Fig. 4. Effect of CMB-S-1(T) on the,Ca2+-,,dependenLATPase,activity of
SR. ATPase activities of SR and/or CMB-S-1(T) were measured in the

presence of 2 mM ATP, 70 mM KC1, 100 )1M CaClz, 5 mM Mgclz, and 60 mM

Tris-maleate at pH 6.5 and 25°C. O, Ssr (50 Pg/ml SR protein);

(790 ng/ml);---, O +X.
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Fig. 5. Effect of CMB-S-1(T) on the Ca +--uptake activity of SR.
2+ ' : ' '
Ca -uptake by SR (50 pg/ml protein) was started by adding 2 mM ATP, and

measured by the Millipore filtration method in the presence of 2 mM ATP,

: 4
70 mM KC1, 100 pM 5CaCl . 5 mM MgCl

2 , and 60 mM Tris-maleate at pH 6.5

2
and 25°C.
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Fig. 6. Effect of CMB-S-1(T) on the activity of Na , K -dependent ATPase
from porcine kidney. ATPase activities of Na{', K -dependent ATPase and/or
CMB-S-1(T) were measured in the presence of 2 mM ATP, 140 mM NaCl, 15 mM
KCl, 5 mM MgCl_, and 206 mM Tris-HC1 at pH 7.6 and 37°%.
+  _+
O, Na', K -dependent ATPase (680 ng/ml); X , CMB-S-1(T) (100 ng/ml);
+ _+ o
0, Na , K -dependent ATPase (680 ng/ml) and CMB-S-1(T) (100 ng/ml):

-——,0+X .
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Fig;v7. Copreeipitation of CMB-S-1(T) with polymefized fubulin by
ultracentrifugation. Tubuiin (1.05 mg/ml= 9.5 uM tubulin héterodimer)

was incubated for 20 min af 37°C>in GTP—feassembly buffer (1 mM GTP-0.5 mM
Mgclz-o.l_M Mes-NaOH at pH 6.5) for po;ymerization 6f tubulin. Under

the conditions, 74 % (7.0'pM) of total tubulin polymerized.. The tubulin

. . . 2 .
was mixed with various amounts of 03Hg—CMB-S—l(T) in GTP-reassembly

2
034g-cMB-5-1 (T)

. . 2
and the tubulin were also centrifuqged separately. The amounts of 03Hg-CMB

buffer and centrifuged at 100,000 x g for 1 h at 25°C.

in'the‘supernatant_and pfecipitate were measured by the radiocactivity.
’ 203 o :
The amount of Hg-CMB coprecipitated with polymerized tubulin was
: ’ . 203 . .
calculated by subtracting the amount of Hg-CMB precipitated in the

absence of tubulin from that in its presence.

30
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' Fig. 8. Effect of CMB~-S-1(T) on tubulin polymerization. Tubulin

(0.8 mg/ml= 7.3‘pM tﬁbulin heterodimér) was mixed with various amounts

. of CMB¥S-1(T) or S-1(T), and preincubated for 5Vmin at 4°C in GTP—reassembly
buffer. Polymerization was initiated by incubation at 25°C, and measured

at 25°C in GTP-reassembly buffer by the turbidimetric method. AA_ was
defined as the increase of absorbance‘at 350 nm during the incubatiop

for 60 min at 25°%c. O, cMB-S-1(T); @, S-1(T).
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11, THE ROLE OF ACTIN IN TEMPERATURE-DEPENDENT
GEL-SOL TRANSFORMATION OF EXTRACTS OF
EHRLICH ASCITES _TUMOR CELLS



-27-
ABSTRACT

Ehflich ascites tumor cell extracts gel when warmea to 25°C at pH 7.0
in sucrose solution, and the gel rapidly becomes a sol when cooled to 0°C.
This gel-sol transformation was studied quantitatively by determining the
volume or the total prbtein of pellets of gel obtained by low-speed
centrifugation. The gelation dependéd on nucleotide triphosphates, Mg2+,
- KC1l, and a reducing agent. Gelation was inhibited reversibly by 0.5 uM
free ¢a2+ and 25 to 50 ng/ml ‘of cytochalasin B or D but it was not
affected by 10 mM:colchiqine. Sqdium dodecyl sulfate-polyacrylamide gel
elgctrophoresis demonstrated tﬁat the gel was composed of six major
proteins with molecular weights of >300,000, 250,000, 89,600, 51,000,
48,000, and 42,000 daltons. The last component was idéntified as cell
actin by the findingé that it had the same molecular weiéht as muscle
actin and bound with ﬁuscle myosin and tropomyosin.

The role of actin in gelation was studiéd by use”g;“actin—inhibitors.
Gelation was inhibited by a chemically modified subfragment-l of myosin,
which binds with F-actin even in the presence of ATP, and by bovine
pancreatic DNase I, which tightly binds with G-actin. Muscle G-actin
neufralized-thevinhibitory'effect of DNase I when added at an equimolar
ratio to thérlgtter,‘and it also restored gelation after its inhibition

by DNase I. These findings suggest that gelation depends on actin.

However, the extracts showed temperature—dependent,'cytochalasin-sensitive,

2+ s . . . :
and .Ca -regqulated gelation just like the original extracts when the
cell actin in the extracts was replaced by muscle actin, suggesting that
components other than cell actin might be responsible for these characters

of the gelation.
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INTRODUCTION

Recently, it has become possible to study the assembly and disassembly
of actin-containing filaments(microfilaments) 12.21359: Kane first found
that actin filaments form a gel when extracts of sea urchin eggs are
warmed in the presence of ATP, ethyleneglycol—bis(@—aminoethyletherf—N,N'-
tetraacetate (EGTA), and KC1(1,2). Similar temperature-, and ATP-dependent
gelation of cell extfacts and subsequent contraction of the gel have
also been reported for various kinds of non-muscle cells including rabbit

pulmonary macrophages .(3,4), HeLa cells (5,6), human leukocytes from -

patients with éhronic myelogenous leukemia (7), platelets (8) , Acanthamoeba

(9,10), Amoeba proteus (ll),-bictyosterium discoideum (12,13), and Ehrlich
ascites tumor cells(ETC) (14). .It is interesting in connection with
cytochalasin effects on cells, -that cytochalasin B reversibly inhibits

the gélation_of-cell extracts (3,5,10,12). Hartwig and Stossel demonstrated
that cy?ochalasin B reversibly inhibits the gelation-of-actin caused by

the interaction of actin and actin-binding protein (3). In spite of these
previous studies, however, much remains to bé determined about the gelation,
such as its temperatﬁre—dependence; Cazf—regulation, and ATP~-requirement,
and the protein compohents involved. - The difficulty in studying the
gelétion is partly due to lack of a reliable quantitative method for
measuring the gelation..

This paper reports avquantitatiVe method to measure the extent of
gelation or sélaﬁion of cell extracts. By this method, we studied the
temperéturé-dependent reversible gel-sol transformation of ETC extracts,
and also examined the role of actin in the transformation quantitatively
by use of two actin inhibitors, a chemically modified subfragment-1l of

myosin(CMB-S-1) and bovine pancreatic DNase I.
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MATERIALS AND METHODS

EEE_-IA mutant of ETC,vresistant to 8-azaguanine (15), wasvpropagated
in the abdomen of ddovmice. After 10 to 13 days of ig_zizg.culturé, the
cells were harvested from the‘abdomen. All subsequent treatments of the
cells were carried out in ice-cold conditions. The cells were washed
| three to four times with 0.15 M ﬁacl containing 15 mM sodium citrate by
'centrifugation at 120 x g for 3 min to remove ascites fluid and 5lood
cells. Then the cells were suspended in 15 volumes of distilled deionized
water to lyse residual erythrocytes. The preparation was mixed,by>pipetting,
and then fapidly Eenfrifuged at 1,150 x g for 10 min. When there was no
apparent contamination with blood, the water treatment was omitted. The
packed cells were immediately used for prepération of cell extracts.

ETC extracts - Cell extracts were prepared by a procedure based on the

ﬁethods of Stossel and Hartwig (4), and Weihing (5). Freshly prepared
packed ETC were Suspended in an equal vqluﬁé'of an extraction solution
contéining 0.45 M sucrose, 5 mM ATP, 1 mM EGTA, 10 mM DTT, 1 mM
phenylméthylsuifonylfluoride(PMSF), 0.6 % Triton X-100, and 20 mM
Tris-maleate(pH 7.0 at 25°C), and gently stirred for 10 min under ice-cold
conditions. This procedure effectively ruptures all the celis, as monitored
by phase microscopy. In sdmé experimgnts the extraction solution was
slightly modified. The ruptured cells wére centrifuged at 160,000 # g for
90 min at 3°C, and the resulting clear supérnatant fraction(ETC extraét)
was collected. Unless otherwise mentioned, the supernatant fraction was
diél?sed against ‘25 volumes of buffered sucrose solution [0.34 M sucrose
and 20 mM Tris-maleate(pH 7.0 at 25°C)] containing 0.25 mM ATP, 0.5 mM
EGTA, 0.5 mM DTT, and 0.2 mM PMSF, for 12 hr in ice-cold conditions, with
one change of the‘bgffer. " After dialysis, the fraction was clarified by
éentrifugation of 1,150 x g for 30 min at 4°C, and used for experiments.

In some experiments, ETC extracts were.désalted by chromatography on
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Sephadex G-25.-

Rabbit Skeletal Muscle Proteins - Myosin was prepared from rabbit

skeletal white muscle by the method of Perry (16). Heavy meromyosin (HMM)
was prepared_by tryptic digestion of myosin by the method of Szent-Gy8rgyi
(17) with slight modification (18). Subfragment-1 of myosin(S-~1)
[Mw=1.2 xv105].was prepared by tryptic digestion of HMM, followed by
_ chromatography on Sephadex G-200 (19,20).
Myosin_was chemically modified with p—chloromercuribenzoate(CMB{
as deséribéd previously (20).  S-1 modified with CMB(CMB-S-1l) was preparedv"
-by two-step tryptic digestion of the modified myosin by the procedure
uséa for preparétion of S;l; | |
Purified G-actin[MW=4;2 b4 104] was prepared from an acetohe powder
of rabbit skeletal white muscle by the method of Spudich and Watt (21).
F-actin was prepared by polymerizing C—actin by adding 1 mM Mgcl2 and
gb mM KCl. - R o
Tropomyosin[heterodimer, MW=6.8 X 104] was extracted with 1 M KC1
from the residue ofvrabbit”skeleta; white muscle remaining after extraction
of actin, and purified in.the presence of 10 mM(?-mercaptoethanol by a
procedure based.op the method of Bailey (22). Briefly, the 1 M KCl extracts
were acidified to pH 4.5 with 1 N Hcﬁ. The resulting precipitate was
.collected by centrifugation and dispersed in 10 volumes of water, and
the pH>was readjusted to 7.0 with-l N NaOH. The solution was clarified
by centrifugation and protein waé saited out with 41 % to 70 § saturation

of (NH,) ,SO Then, isoelectric fractionation at pH 4.5 in the presence

4°277a°

of 1 M KC1 followed by fractionation at pH 7.0 with 53 % to 60 % saturation
of (NH4)ZSO4'was repeated three times.
4
Reagents - Bovine pancreatic DNase I (DL-CL) [MW=3.l1 x 10 ] was purchased

from Sigma Chemical Co. It was more than 90 % pure as judged by electrophoresis
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on sodium dodecyl sulfate(SDS)-polyacrylamide gél. iCytochalasin B was..
purchased from Aldrich Chemical Co., Inc., and cytochalasin D was a gift
from Shiénogi Co;' CMB, 5,5'-dithip—bis(2-nitrobénzoate)(DNTB), and
iodoacetamide (IAM) were obtainéd from Nakarai Chemicals, Ltd., and
p-chloromercuriphenylsulfﬁnate(CMBS) from Sigﬁa Chemical Co. N-Ethylmaleimide
(NEM) was obfaiﬁed»from Wako Pure Chemical Industries, Ltd; PMSF was
pufchésed from Sigmé_chemiéal.Co. all oﬁher chemicals Were reagenf grade.

. Temperature-Depehdent Gel-Sol Transformation of ETC Extracts - The

témperature-dependent Qél—so;ftransforhatidn of ETC extracts was méasured,r
‘by determining the gel volumg of total_érdfein ih the gel.:' Gelation was-
defined as the inqrease of ﬁhe gel &oiume or ‘total pfofein'ih the gel;

and solation aé their decrease. Gelatién was induced by warming the’
preparation fo 25°C in a spall test tube graduated i§.25 pl(6.x 80 mm),
and solation by cooling it fo 0°c. 'After incubation for gélation or
solation, extracts were separated into gel aﬁd liquid iéyers reproducibly’
by centrifuéatién at 1,150 x g for 30 min or at 2,060 x g for 10 min. |
After removing fhe liquid layer_ca:gfﬁlly with a Pasteur pipette, the gel
volume~énd/or total pr§tein in the gel was aetermined; To obtain
réproducible fesults, gelled extracts were not stirred: tﬁis is very
important because the gels are fragilé aﬁd easiiy bquen, giving whité
Precipitatgs.when stirred. | | o

SDS-polyacrylamide Gel Electrophoresis - Polyacrylamide gel glectrophoresis

in tﬁe presence of SDS was performéd on gels éontaining 5% o0r 7.5 %
acrylamide, 0.1 % SDS, and s.o‘mm' sodium éhosphate buf‘fer‘at pH 7.2, by the
method of Weber and Osborn (23), with slight modification (19).. After
electrophoresis, the gelsrwere stained at 45°C for 1 hr with 0.1 % Coomassie
Brilliant Blue ﬁ 250. Electrophoreograms. were scanned with a Gilford

Model 2000 spectrophotometer at a Wavélenéth of 550 nm.
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The molecular weights of polypeptides were calculatéd-by the method
of Weber and Osﬁorn (23) using the following proteins as sténdards: human
erythrocyte spectrin[Mi=2.4 x 10° and 2.2 x 10%], rabbit skeletal muscle
myoSin[ﬁeaVy chain, MR=2.0 x 105], Eb ggli_@—galéctosidasé[mw=1‘3 x 1051,
fabbit skeletal_muéclef%—actinin[MW=9.0 x”}04], onine serum albumin
[MW=6.8 37104], rabbit_muscle'pyruvate kinase[MW;5;7 X 104], onine brainA
tubulin[MW=5.5_x'iOS], pig cardiac musclévfumarase[MWﬁ4.9.x 104], rabbit .
skeletal muscle actin[Mw=4.2 x7104], and rgbbit‘muscle §lyceraldehyde—3—
phosphate dehydrdgenase[Mw=3.6 x~104].. ‘ -

Protgin ¢omp§sition was estimated tbughly by quantitative densitometry’
of SDé?polyaérylamide-géls'ééained.with éoomassie Blue after electfophoresis.
Using the pfocedure of GorOVSky.gE;gl. (24), thé peak areas of'polypeptiaes
in the densitometric scans were cut out and weighed on an analytical .
balance.

Protein Determination - Protein concentration was estimated by the

biure£ reaction (25) or by the Copper-Folin method (26) with bovine serum
albumin as a staﬁdard.A Proteins were precipitated from crude extracts wiﬁh
5.% trichloroacetic acid(TCa), and contaminating nucleic acidé were '
hydrolysed by incubating the precipitates at 90°C for 10 min in 5 % TCA. :
The precipitates'were:washedvthree times with 5 %_TCA,“dissolV§drin-0}; N
NaOH, and used for protein determination. The concentréiion of tropomyosin
' 3

. ' . ' : s 1
- was estimated from the ultraviolet absorbance using a value of A

577 = 3.3 (27)..
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" RESULTS

GENERAL FEATURES

Quantitative MeaSurement of the Gelation of ETC Extracts - To study
the gel-solvtraﬁsfdrmation of ETC extracts in detail, we first establish
a quantitativeAmethod to measure-the extent of gelation of the extracts.

Recently, the gelétion of cell éxtraéts'of :abbit7pulmonary macrophages (3),

Acanthamoeba (9),vhuman leukocytes (7), and Amoeba proteus (ll)ﬁwas measured
turbidimetricglly. 'Tﬁis'method, howevér,_was not appiicablé to ETC extracts;
because-thé tuibidity of the extfaéts easily thanged'indeéeﬁdently éf the'
eétent'of gelatiqnf»_ Therfore, in this-study we measured the gelation of
ETC extracts quantitatively bytthé following procédure. After incubétibn
for gelation or solétion, the extracts were separated into gel and liquid
layers by low-speed centrifugation without stirring. After‘rémoving the
liquid layer; the gei-volgme or the total-pratein in the gel was measured.
Fig. 1 showsrthé linear relations between the protein concentrations
of ETC extracts and the extent of gelation, measured_as the volume or
total protein of the gel. Above a critical protein concentration of the
extracts, the gel-ﬁélumetaﬁa the'percentage of total protein in tbe gel
increased linearly uﬁtil satu;ation, with increase in tﬁe protein
cbn;entration of the extracts.’ This shows'thatIWe can measure the.extent
of ggiatiqn'of_ETC extracts quantitatively;_as the volumé or total proteit
.0of the gel. | |

Temperature-Dependent Gel-Sol Transformation of ETC extracts - we studied

the temperature—dependent gel-sol transformétion 6f ETC extracts quantitatively
by the centrifugation method described above. Fig. 2A shows the time course
of gelation induced by warming, and subsequent solation induced by cooling.

ETC extfacts formed é gel when warmed to 25°C, and the gel liéuified when

cooled to 0°C. The rate and extent of gelation increased with increase.
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in the protein éoncentration’of thexéxtracts; ~ At a protein concentrétion
of ébout 5 to 6 mg/ml, the_ektracts gelled within 30 min when warmed to 25°cC,.
and the gelled e#tracts liquified iapidly within 15 min wﬁen_cooled tb o°c.’
When warmed to 25;C égain, the ligquified éxtrécfs gellediagain within 5 min;
that is, more rapidly than the'origiéal‘extracts. 'AEven'if F—actin_prepared-
from rébbit skéletal muscle was preéent in the reaction migturés fof gelation,
the extractsrnevef gelled without warming. ‘ This indicafés that thé presence
of F-actin iny is not sufficient fér inducing éelatioﬁ. |
Fig. 2B shows thé reversibility qfvthe temperafuré—dependent gel-sol
_tranéfdrmatiQn. . When ETC extracts in reacpion ﬁixfuresvwere alﬁérnately.-
warmed - to 25°C for gelation and cooled t§ 0°C for solation, the éxtracts
showed'reveréiblevgel—sol transformation. This transformation cycle could
be repeatéd at least 6‘times. On repeating the cyéle the extent of gelation
decreased and unliquified matefial increased. Addition of 1 mM Mg-ATP
partially restored the exient of gelation of gxtrécts after several
transformation cycles (Fig. 2B), suggesting the ATP—requirementifor gelation

"described below in detail.

Ion- and Nucleotide-Requirements for the Gelation - To show ion- and
nucleotide-requirements for the gelation, we rapidly désaltedﬂthe'extracts
by chromatography on Sephadex G—25,'énd then added various amounts of KCl,

MgCl_, or various nucleotides and phbsphoric compounds to the reaction

2

mixtures for gelation. Fig. 3 shows the dependence of gelatidnronfthe

concentrations of KCl énd MgCl When warmed in the absence of either KCl

2"

or MgCl, the extracts formed only a‘slight precipitate, showing-no gelation.

2
The extent of gelation increased linearly with increase in the KCl concentration
and became maximal at 75 mM KCl; high concentrations of KCl were rather

inhibitory. The extent of gelation also increased with increase in the

Mg012 concentration, and in the presence of 1. mM ATP, it reached a saturation
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level a§ 2 mM Mgélz.
Table 1 shows the nucieotide—requirements for the geiation.

When added to reaction mixtures at concentrations of 1 mM, nucledtidg

triphosphates, such as ATP, CTP, GTIP, ITP; apd uTP, Were'ail effective.

for sustaining the gelaﬁion; whereas ihorganic1phosphate, py:ophosphate,

AMP,-énd ADP had né effect. Fig.‘4'sh6ws the dépendence.of gelation on

the concéntration of ATP.  The gela;ion was detectablé on addition of

1o pM‘ATP,. Additioh of 250 pM-to 1 mM AfP feéﬁltéd in maximai gelation,

But high qoncentrétions.oi ATP ﬁere téthérviﬁhiﬁitory;_ In additioﬁ to

‘sugtaining gelation, ATP apparently stabilized the gelation activity

of ETC extracts, because the exﬁracts'irreversibly lost activity ip

the absence of ATP but not in its presence.

Effects of Reducing or SH-Blocking Reagents on the Gelation - When ETC
extracts werevdialysed for 12 hr against buffered sucrose solution without
a reducing agent;they formed insoluble material containing 42,000-dalton
polypeptide; presumably cell actin, as a main protein component, and lost
gelation activity. Addition of DTT did not restored the lost activity.
Inc}usion‘pf DIT in the dialysis solution stabiliied theiactivity, presﬁmably
by reducing the SH—érdups of proteiﬁ components.

Eig. 5 shows the inhibitory effecté,of:SH4§locking réagents op'the-'
gélation. When added tovxeactiSn mi#fugés cohtaining O.SVmM DTT just
before warming to 25°C;l mﬁ DfNB; 2 mM'NEM,'é nM CMB, or 2 mM CMBS causea -
complete inhibition, and_? mM IAM.céuséa 50 é iﬁhibition. - The gelafion |
inhibited by 1 mM DTNB or 2 mM CMBS was restored to 72 % and 61 %, respéctively,
of the COntrolrvalue without the reagedts by adding 39 mM DTT. These
findings indicate that SH-groups of protein components involved in the
gelation should be kept reduced for their'fuﬁctional interactions resulting in

gelation.
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' , 2+ .
Regulation of the. gelation by Free Ca - When EGTA was not included

in the solutions for extraction, dialysis, and incubation éf ETC extracts
for gelation, the gelation was partially or almost coméleteiy inhibited.
This inhibitioﬁ seemed t§ be due to contaminating calcium or:heav?>metals.
.becausé theAinhibited gelaﬁipn was restored_whén EGTA was addéd'to the reaction
mixtufe.fof gelation. This fact also'inaiﬁate; tﬁe feve:éibiiity of'fhe
. inhibition. io exémine'the poséible role of Cazf in :egulating the gelation
of ETC extracté, we first measured the extent of gelation ét Qarioﬁs |
-concentiations of free Ca2+ obtained witﬁ C;;EGTA buffer. . Eig;'é shows
that low concentrations'of_free Ca2+ iﬁhibited fhe‘géiation: 50;% inhibition
was observed with 0.06.gM Car2+ andlcompiete inhibition with 0.5 uM Ca2+.
In addition, Table 2 shows that the gelation inhibited by low cqncentrationé
bf'free Ca2+ was partially restored by adding excesé EGTA. |

We also examined the solation §£ gelled extracts by Ca2+. Table 3
shows the results. Whenﬂl ml of CaCl2 in 100 mM Tris-HC1 buffer (pH 7.6)

was overlaid on 1 ml of gelled extracts containing 1 mM EGTA, for 1.5 hr

3 3 X - 2+
. at 25°C, 1 mM CaCl, solution (final concentration, about 10 6 M free Ca )

2
caused 50 % reduction of the gel volume. Because ETC extracts do not
show contraction phenomena such as those reported for ther.cell extracts,

. . 2+ : .
this suggests that low concentrations of free Ca caused weak solation

of gelled extracts.

Effects of Cytochélasins and Colcﬁicine onifhe Gélatioﬁ - Fig. i shows
the inhibition of gelafionlby cytochalasiﬁs, which are metabolites of mould
thaf affect microfilaments. Cytochalasin B and D were equally effective
for inhibiting the gelation, and both inhibited the gelation éf ETC extracts
(5.8 mg/ml extract protein) by 50 % at 25 ng/ml and completely at 50 ng/ml
(about 0.1 uM).  The amounts of éytochalésiné required for inhibition

increased with increase in the protein concentration of the extracts.
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Table 4 shéws‘the_revérsibility of the iﬁhibitioﬁ of ‘gelation by cytoqhalasin B.
When extracts treated With O,lvug/ml cytochélasin B were éxtensively aialySed
against buffered.éﬁcrose solution, the gelétion activity was partially
recovered. In addition Table 3 shows that when cytochalasin B wgé o&érlaid
. on geiled extracts it caused weak solation of‘fhe extfacts..

In confrast to cytochalasins{ COlchichine; whichvpreQenfs the éssembly

of tubulins intq.micfotubuleé, did.not~affect the gel&tionAeven at é
concentration of 10 mM,Vsuggesting_tﬁatAassémbly of tubulins was ﬁot»

" involved in the gelation.

INVOLVEMENT OF ACTIN

Protein Composition of the Gel - After completion of gelation, the

gelled extracts were broken by vigorous agitétion»in a voltex mixer,vand
then separatgd into a small volume of broken gels and supernatants by
:low-speed centrifﬁgation.A Then, the protein compositiéns of the broken
gels, the supernatants, and the original extracts were analysed by SDS-
polyacrylamide gel electrophoresis. The relative amounﬁs of the major
ge; comppnents in the gels and the original extrécts were also‘estimaﬁed
roughly by quantitative dens;tome£fy of SDS-polyacrylamiéeVgels'stained
with Coomassie Blue after electrophoresis. -

‘When ETC extracts 1mmed1ately after preparation wefe gelled 5y
‘-warmlng to 25°C for 1 hr, their pellets contalned polypeptldes of 42, 000
48,000, 51,000; 89,000, and.270,000 daltons, and a very large polypeptide
(VLP, the largest . component easily detected.oh SDs-polyacrylamidérgels
of ETC extracts stained with Coomassie Blue after electrophoresis) with
a molecular weight of more than 300,000 daltons,bwith numerous minor
unidentified polypeptides. ‘,Washing_the gels.several times with gelation

_solution at 25°C removed minor polypeptiae bands, but did not>significantly
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alter the relativeramoﬁnts.of the mejor polypeptide bends (Fig. 8d)1.
The amount of the polypeptides of 42,000, 51,000, 89,000, and 270,000
deltons in the supernatapts2 were lees than in the origiﬁal extrects, and
most of the VLP in the originel ektracts_wes concentrated in the gels
(Fig. 8a and 85); Fig. 9 and Table 5 show the :elative.amounts of thev-.
major polypeptides of the‘washed gels. | -

7 When the Qels were prepared from.exttacts dialyseaAegeinst buffered
sucrose solution.or storedvﬁnder icefoold eonéitionS'in the abseooe of
PMSF for 12 hr( the gels oontained.onlp two majof polppeptidee of 42,600
ahd‘2-30,000 daltons with a trace-of‘ the VLP (Fig. 9 and Table 5). The
extrects before geletion coﬁtaineo only a traoe.of the VLP bﬁt there was
much:more of the 230,000-dalton polypeptide than in the ETC extracts
just after'preparation. | This suggests that the VLP pas degreded lnto
230,Q00-dalton polypeptide by endogenous protease. If ETC extracts were
. further dialysed or stored, they lost their gelation activity and these
extracts were'founo to have scarcely any VLP or 230,000-dalton polypeptides.
| The polypeptide of 42,000 daltons co-migrated with rabbit muscle -
actin on SDS-polyacrylamide gels. To determine whether it was ln fact
cell actin, first we examined its eelective 5lnding with musclebmyosin.
ETC extraote and rabbit muecle'myoein were extensively‘dialysed together
ageinst a solution of low ionic strenoth witﬁoutiATP, aod then centrifugea

at low speed in the absence or presence of ATP. Then the supernatants:

1. Washing the gels also remOVed some of ‘the 270,000-dalton polypeptlde,
but a significant amount of the polypeptide remained in the éels even
after extensive washing.

-2. The supernatants prepared without the agitatioh also shoWed_the same

SDS-polyacrylamide gel pattern.
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and washed pellets were analyéed by Sbs-polyacrylamidé gel electrdphorésis.
In the absence of ATP, about 40 % of the 42,000-dalton polypeptide '

selectively co-precipitated with myosin. On the other hand'in.the

presence of ATP, neither this pdlypeptide norvmuscle myosin precipiteted.

This indicates that at 1éést 40 % of the 42,000-dalton polypeptide was
funétionql cell aﬁtin. |

Second, we studied the binding of muscle tropomyosin_With'preSumptive
cell actin. Rabbit,mﬁscle ﬁropomy§sin,‘up-to 0.6 mg/ml,'didAnbf affect
the gelation;. So, the gelled extracts were made in the presence of various.
émouﬁts of'muséle tropomyosin.: fhen, the protein composition of the washed
geis was ahély#ed By SDS—péiyacrylaﬁidevgel electrophofesis. ~ Fig. 10
shows that muscle tropomyosin was co-precipitated with the gels by low-speed
centrifugatidn. Assuminé that ali the 42,000~dalton éolypeptide in the
gel was cell actin and that muscle tropomyosin was co-precipitated with
the gels»by bindinngith cell F-actin, quantitafive densitometry of
SDSfpolyacrylamide gels stained with Coomassie Blué after electrophoresis
showed that the maximal amount of tropomyosin co-precipitated with cell
F-actin in the>gels was about 0.18 mole per mole of actin monomer. This
value‘is gon;istent with tﬁe value of 0.15 molé tropomyoéin per'mole of
actin monomer reported for thé binding of rabbit muscle trdpom?osin with

rabbit muscle F-actin (28,29). ' This indicates that most of the 42,000-dalton

polypeptide in the gels was cell F-actin.

Functional Involvement of Actin - Cell F-actin is the main protein
component in the gels. Thus, t§>determiﬁe whether actin is functionally
involved in the gélation, we used bovine pancreatic DNase I and CMB-S-1
as actin inhibitors.

DNase I binds very tightly with an equimolar amount of G-actin (30,31)

and inhibits the polymefization of G-actin to F-actin (32). In addition,
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it depolymerizes»F-aCtinvto G-actin (32,33). Thus; DNase I can block
) Fjactin—dependent functions by forming an inactive equimoiar G-actin~DNase I
complex. |
Fig. 11 showsAfhe inhibitipn of gelatioh by DNaée I. ETC extracts.
and DNase I were ihéubgted together_ét 0°C for 30:ﬁin to allow the formation’
of a G—actinépNasé I complex, and then warmea té 25°C for gelation. ‘The
~ extent of gelation decreased lihearly‘withAincrease_in the.bNase I
conceﬂtration, and-addition of 7S.ug/ml«(2.4 ﬁM) DNase I.resulted in:
complete inhibition of geia;ion of ETC extracts (4 .0 mg/ml extract.protein) .
- ToAdetermine Qhether tﬂé'inhibition of gelation by DNase I resulted
froﬁ the fqrmation of an equimolar cell G—actin—DNaserI complex, we
examined the neutralization of the inhibitory function of DNase I by
muscle actin and the reversal of the inhibition by muscle actin.
Fig. 12a éhows that 196 ug/ml (4.6 uM) muscle G-actin neutralised the
iﬁhibitory function of 148 ug/ml (4.9 uM) DNase I when DNase I was
preincubated.witﬁ G~actin at 0°C for ;0 min before its addition to the
reaction mixtures.fér gelatién. Fig. 12B shows that muscle G-actin also
restored gelation after its inhibition by bNase I. The amount of actin
required for complete rééo&erf of the gelation inhibited by 296 ﬁg/ml_
(9.4 uM) DNase I was~caléuléted>as.585 ug/ml (14 uM) by extrapolation of
the results. The molar ratio of actin to DNage I of 1.5 required for
recovery of the gelationvis consistent with thé value of 1.0 fér
neutralization described above. fhese facts clearly show that DNase I
inﬁibited the gelation bY'forming‘an equimolar cell G-actin-DNase I éomplex,
and that muscle actin sustained the gelation as effectively as cell actin.
S-1 binds to F-actin in the absence of ATP, but dissociates from it

on addition of ATP. CMB-S-1 is composed of equimblar amount of S—lAl

1. s-1a, S-1 without the initial burst of B, ~liberation; S-1B, S-1 with
the Pi-burst. For further explanation, see Inoue, A., and Y. Tonomura.

1976. J. Biochem. (Tokyo). 79, 419-434.
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modified with CMB(CMB—S—lA) and S-1B not modified with CMB  (20). In
contrast tq s-1, CMst—lA binds with F-actin very tightly and
stoichiometrically in a ratio of 1 mole of CMB-S-1A per mole of actin
monomef, even in the presence of ATP. Thus, finally it occupies all the
myosin binding sitesvof F-actin, and inhibits the ability of F-actin to
interact wiEhAmyosin. Because CMBfS—l séecifically binds with F-actin,
it can be used as an actin-specific inhibitor (20, 34).

Fig. 13 shows the effects of CMB-S-1 and S-1 én thé gelation.  When
reaction mixtures for gelatioh contained high concentrations.qf ATPl, |
gelation of ETc'extracts'(s.S mg/ml exttact protein)_was inhibited 50 %

" and completelylby 0.38 hg/ml and 0.66 mg/ml -of CMB-S-1, respectively,
but only slightly by 1.9 mg/ml of S-1. :This differencé in the effects
6f‘s—l aﬁd CMB-S-1 indicates thét the inhibition by‘CMB—S—l Was due to
the tight binding of CMB;S—lA with cell F—actin; because fhe gelation
was measured in the presence of high concentrations o£~£;P.r W

In consistent with the results of the actin-inbihitor experiments,
the gelation activity of ETC extrécté was lost partially or almost
:completely when‘cell F—actin wés-removed from the extracts by
ultracentrifugation éftef polymerization éf éell actin, and the
actin-deficieht extracts,‘however,iregained the full activity on addition’’
qf muscle actin. The extent of the gelation increased linearly with

increase in the amount of muscle actin added. (Fig. 14).

Gelation of ETC Extracts Reconstituted from Actin-Blocked or

Actin-Deficient ETC extracts by Addition of Muscle Actin - To determine

whether cell actin is responsible for the temperature~dependence,

1. At low concentrations of ATP, S-1 also inhibited the gelation. This

inhibition, however, probably resulted from mere ATP deficiency.
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cytochalasin;sensitivity, or Céz+-:egulation of the gelation, we_inactivated
cell actiﬁ in ETC extracts by addition of excesé bNase I, or removed it
from the extracts by ultrécentrifugation after its polymerization,'and
‘then‘reconstituted extracts with gelation activit§ by add;tion of muscle
G-actin, and examined these actinrrecénstitﬁfed‘extracts for reversibility ' .
of temperaturé—dependeht gel-sol tranéfofmatibn,»cytochalasin—sensitivity,'»
and Ca2+-regﬁ1atiop of geiation. |

Ifrespécﬁive of'wﬁetﬁer the éktracts were reconstituted from actin-blocked
extractS‘or'actin—dificiént extracts, the aétin récon§titutéd system

behaved like the original extracts.- (Fig. 15 and Table 6).
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DISCUSSION

Quantitative Measurement — In this paper, we established a very simple

quantitative method to measure the gelation or solation of cell extracfs.
With this method it became possible to study the gel-sol transformation
of ETC extracts quantitatively and even to examine the stoichiometry of
actin in the gel-sol transformation. Therefore, this method is gseful
in studies on the intefactions between protein components in the gel-sol
tfansforﬁation of cell exeracts.

Protein Components - SDS-polyacrylamide gel electrophoresis showed

-that the main components of ETC extract gels had molecular weighfs of
42,000, 48,000, 51,000,_89,006, 270,000, and more than 300,000 daltons (VLP).
Washing the gels several times with gelation solution did not signifieantly
alter the relative amounts of the‘major polypeptidee. This indicates

that these polypeptides are either stfuctural components or associated

with the true structural cemponents. The §olypeptid;"32“42;ooo daiéons

was identified as cell actin by the facts that it had the same mobility

on SDS-polyacrylemide gel as muscle actin, and that it bound with muscle
myosin and muscle tropomyosin. Hoﬁever, the protein components and their

functions remain'toAbe established.

Functional Involvement of Actin -Bovine pancreatie DNase I inhibited

gelation. Muscle G-actin neutralized the inhibitory function of DNase I
when added in equiﬁola; amount, and addition of muscle actin also restored
the gelation inhibited by DNase I. These facts indicate that DNase I
inhibited the éelation by forming.an'equimolar G-actin-DNase I complex,
because DNase I binds tightly with an equimolar amount of G-actin (30,31)
and inhibits the polymerization of actin (32). Because the association
between G-actin and DNase 1 is very tight and almost irreversible (30,31),
and DNase I also depolymerizes F-actin to form a G—actin;DNase I complex

(32,33), in the presence of excess DNase I essentially all the cell actin
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is probably fixed as an equimolér éomplex. Thus, the concentrations éf
free G-actin and F-actin, if any, are probably very low. Therefore;
inhibition of gelation by DNase I was caused by lack éf available free
G-actin or F-actin.

CMB4S¥l(CMB—S-lA), which‘binds with f-actin even in the presenée of
ATP (20), inhibited the gelation, whereas S-1, which dissociates from
F-actin in the presence of ATP, did not. Because the gelation was measured
iﬁ the presence of ATP, this differential inhibition of gelation indicates
that CMB-S-1 inhibited the gelation as a result of the fight binding of
CMB—S—lA withAcell f-actin;’suggesting the functionél involvement of F-actin
in the gelation. This view is consistent with the following facts: (1)
The gelaﬁion depended on the conditions for polymerization of actin,
namely, the presence of ATP, Mg2+ and KCl, and warming. (2) Removal of
éell F-actin from ETC extracts by ultracentrifugation resulted in loss
of thé gelation activity. (3) Muscle tropomydsin bound stoichiometrically
with cell actin in the gels, indicating that most of actin in the gels
was F-actin. (4) The cyclic peptide phalloidin, a toxic component of the

toad stool Amanitia phalloides, which induces polymerization of actin

and which prevents depoiymgrization of F-actin (35,36), scarcely affected
the gelation (Ishiura and Okada, in prepafation). However, -it is éossible
that anothér type of actiﬁ, distinct from G—aétin of F-actin, might be
invol&ed in the gelation (cff 12).

‘The contenﬁ of functional actin in ETC extracts can be calculated
from data oﬁ the inhibition of the gelation by CMB-S-1 or DNase I.
Assuming that 2 moles of CMB-S-1 ( 1 mole of CMB-S-1A) inhibits the function
of 1 mole of actin monomer in the gelation, the results shown in Fig. 13
indicate that functional actin comprised about 1.4 % of the total protein

of ETC extracts. Similarly, if DNase Ibinhibits the functin of actin
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in the gelation when added in equimolar amount, the results shown in Fig. 11
indicate that functicnal actin comprised about 2.5 % of the total brotein
of the extracts. These values are consistent with each other, although
quantitative densitometry of SDS-polyacrylamide gels stained with Coomassie
Blue after electrophoresis dempnstrated that the component of 42,000 daltons
preéumed to be cell actin coﬁprised about 14 %1 of the total stainable
protein of ETC extracts. - The band of 42,000-dalton polypeptide may
contain denatured actin or a protein oﬁher than actin, because some of the
.polypeptide could hot be co-precipitated with muscle myosin. .

Interactions between Actin,'Myosin;'and‘Gelation Protein - The inhibition

of gelation by CMB—S;l also indicates that when all the myosin-binding sites
of F-actin are occupied by CMB-S-lA (34), it is difficult.for a protein
component inducing éelation of F-actin (gelation protein) to interact
functionally with the actin. Thus, it is possible that binding of myosin
with F-actin might prevent the functional<1ﬁ£éf5ctioﬁ”6f the gelation
protein with F-actin, and vice versa. In accordance with this possibility,

Maruta and Korn reported that Acanthamoeba proteins that induce the gelation

of F-actin inhibit actin-activated HMM-ATPase activity (37).  Weihing
reported that HMM inhibits the gelation of HeLa cell extracts (6). In
addition, Condeelis and Taylor reported that treatments that inhibit the

gelation and induce the solation of Dictyosterium extracts enhance the

1. This value might be an overestimation,vbécause the content of funcEional
actin (the 42,000-dalton polypeptide co—precipitatéd with muscle myosin)
estimated by quantitative densitometry of SDS-polyaclylamide gels stained
with Coomassie Blue after electrophoresis was two to three times greater
than that calculated from data on the inhibition of the gelation by

CMB-S-1 or DNase 1I.
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functional interaction of myosin and actin {(contraction) iﬁ the extracts (12).
However, in contfast to these observations, Stoossel and Hartwig reported
that actin-binding rpotein isolated from rabbit pulmonary macrophages,

which causes the gelation of F-actin, does not affect the macrophage
myosin-ATPase activity activated by actin and a cofactor protein (4).
,Tﬁerefore, further studies are necessary on the interactions between actin,
myosin, and a gélation protein such as actin-binding rpotein.

2+ . - -
Ca -regulation - We showed that concentrations of 10 8 to 10 6 M

free Ca2+ control.the gelation. This concentration fande is physiologically
significant,_éinée in animal cells ﬁhe concentration of Ca2+ in the cytoSol
or_freé cytbplasm is in the range of 10-8 to 10-5 M (38-43). Thus, it is
possiblé that intracellular free Ca2+ controls the interaction between
actin and gelation protein, namely, fhe assembie and disassembly of
actin-containing filaments (microfilaments) in cells, and therby the
celi shape (cf. 12,13). In fact, recently, Géshima éE.él: found that
micromolar free Ca2+ controls the cell shape and rhythmical beating of
cultured mouse cardiacvcells (44). |

» In some non-muscle cells, Ca2+-regulation of actin-myosin interactions
seéms to be carried out by the troponin-tropomyosin system (45-47, see also
48 for review). But the sysfem has not yet been found in many non-muscle
cells. Ca2+-regulation of éctin-myosin interaction via gelation protein
might explain the Ca2+-regu1ation of non-muscle cell contractility
demonstrated in intact cells (49-51), cell models (52,53), éﬁd'iéolated
cytoplasm (il, 54~57 see also 48,58 for review). A Condieelis and Taylor
have also proposed the same mechanism for Ca2+—regulation of cell
contractility (12).

In reconstitution experiments we demonstrated that even if cell

actin of ETC extracts was replaced by muscle actin, the reconstituted
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2+ . . .
extracts showed Ca -regulated gelation. This suggests that cell actin
: . - . . 2+ . L 2+
is not directly involved in Ca -regulation. Similar Ca  -regulated
gelation of cell extracts has also been reported in sea urchin eggs (1)

and Dictyosterium (12). However, it is unknown what component is the

Ca2+—binding protein responsible for Ca2+-regulation.

Temperature-Dependence and Nucleotide Triphosphate-Requirement - Reconstitution

experiments demonstrated that reconstituted extracts in which cell actin was
repiaced by muscel actin showed temperature-dependent reveréible gel-sol
transfofﬁation as the original-ext:acts did.v This suggests that the
temperaturé-dependent reversible G-F transformatibn of éell actin (59,69),
if any, is not the main cause of fhe témperature-dependent gel-sol transformation
of ETC extracts, because rabbit skeletal muscle actin does noﬁ show significant
reversible G-F transformation in response to temperature changes. Instead,
a temperature-sensifive component other than actin may be responsible for
the temperature-dependence of the gelation. This possibility is also
suppqrted by the fact'that addition of muscle F-actin did not cause gelation
at 0°C and warming was always required for the functional interaction
between F-actin and gelation protein. In this connection it is important
- to note that the purified macrophage actin-binding'protein solution shows
a reversible turbidity change on alternate warming and cooling (4).

.The general features of assembly-disassembly of microtubules are
very similar to those of temperature-dependent gel-sol transformation of
ETC extracts: thé,asseﬁbly is'induced byrwarming and dépends on GTP,
and the disassembly is induced by cooling; this reversible process occurs
very rapidly; moreover, low concentrations of Ca2+ not only inhibit the
assembly but also induce the disassembly (61). But we can eliminate the
possibility of involvement of temperature-dependent reversible

assembly -disassembly of microtubules in the gel-sol transformation of
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ETC extracts, because the gelation did not depend on a polypeptide
correspoﬁding to tubulins, -and because 10 mM colchicine, an alkaleoid
that inhibits the assembly of microtubules,>did not affect tﬁe gelafion
of ETC extracts at all. |

Ihé gelation of ETC extracts depended on nucleotide triphophatés.
The tempe:ature?dependence and the nucleotide triphosphate—requixement
suggest that assembly of actin-containing filaments (microfilaments) might
depend on the hydrolysis of nuclebtideAtriphosphates or the the phosphorylation
of a protein component involved in the gelation. However, the true substrate
involved in the assembly'is unknown, because ATP, GTP, ITP, and UTP were
equally effective for sustaining the gelation, and the rble of the substrate
in the assembly is also‘unknown.

Cytochalasin-Sensitivity - The reconstitution experiments also demonstrated

that extracts reconstituted by addition of muscle actin showed cytochalasin-

sensitive gelation. Low concentrations (5 x 16_8 té i6;7 M) of cytcchalasin B
and D inhibited the gelation, but earlier studies showed that these low
concent:ations of cytochalasin B do not markedly influence the viscosity,
ﬁorphology, function, or polymerization of muscle actin (36, 62-64).

The léck of influence of low concentrations of cytochalasin B has also

been reported with maérophage_actinv(B). Furthermore, assuming that
functional actin compriéed 1.4 to 2.5 % of the total protein of EXT extracts,
as discussed above, from the results shown in Fig. 7 the amount of
cftochalasins required'fdr the coﬁplete inhibition of éelation was
calculated as 0.03 to 0.05 mole per mole of actin monomer, indicating a

lack of stoichiometry between actin and cytochalasins. These facts

suggest that a component other than actin might be responsible for the
cytochalasin-sensitivity of the gelation. The natﬁre of fhe

cytochalasin-sensitive component has not been established, but it should
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be noted that Hartwig and étossel demonstrated that low concehtfations.
of Cytochalasiﬁ B reversibly prevent the gelation of musclé actin by
purifiea macrophage acfin—binding protein (3)} ~In édditiog,‘similar.
cytochalasiﬁ—sensitive gelation has also been reported with cell extracts

of Hela cells (5), Acanthamoeba {(10), and Dictyostélium discoideum (12),

and inte;estingly,~these_gels all contain a VLP épparently corresponding.
to tﬁe actin-binding’pfotein.

During'ﬁﬁe prepération of this maunuscript, we learned’ that Mimuré_
and Asano also observed'céz+-%egulated and-éyéochélasin-éehsitiﬁe gelétioh

of ETC extracts (14).
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Table 1. Nucleotide-Requiremepts for Gelation

* . .

Nucleotide . Totaliprotein

‘ _ >GeliVoluﬁe

and o in gel .
‘phosphoric compound (pg) e . (ul)
None - : et o <10
Inorganic phospﬂate. B 174 ¥ :2 . - < 10 ;,
Pyrophosphate » T 185 I o v <10
e | | 1641 5 N < 10
ap 142 i 12 <10
ATP . 1591 I 563 | 210 = 90
CTP S 730 % iiz 80 I 10
‘are ‘ 1418 * 225 200 < 30
m  aes1 13 270 < 10
uTP - , 1854 T 239 260 ¥ 50

' * Means : sténdard deviations for triplicate experiments.
ﬁeaction mixtures contained theAnugleotide'éf phosphdricA
compound indicated at 1 mM qoncentration, 6,87mg/m1 extraéfl
protein, 50 mM KC1, 2.5 m nglz,”énd.l mt DIT in 1 ml of

. buffered sucrose solution. othe; conaitions were the samé as

for Fig. 3.
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Table 2. Reversibility of the Inhibition of Gelation by

- 2+
. Free Ca

Condition of ' Total protein
in gel
+ .
free Ca2 {(ng)
*
Control with 1 mM EGTA : 3431 - 199 (100)
2+ . + :
ca” —— + 0 mM EGTA 321 -111 ( 9)
2+ ’ + ) g
Ca — + 5 mM EGTA 1388 - 128 ( 40)
2+ +
Ca’ — + 10 mM EGTA ) 1713 - 155 ( 50)

* Percentage of the value for the 1 mM EGTA control. B

ETC extracts were incubated at 25°C for 1 hr in thé présence

of 0.3'5,,:m,Cac12 and 0.5 mM EGTA(about 5 x 10™ M free ca>') -

in 1 ml of reaction mixture for gelation. Then 0.1 ml of
EGTA(pH 7) was added to the extracts at the final concentrations
indicated and the extracts(6.1 mg/ml extract protein) were
further incubated»at'ZSoc for 1 hr. Other conditions were the

) . e e 2+ .
same as for Fig. 1. The initial free Ca concentration of

about 5 x‘10_7M was calculated as described for Fig. 6.
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Table 3. Solation of Gelled Extracts by Addition of CaC12'

‘or Cytochalasin B

Addition Total proteih Gel volume
in gel
(ng) (ul)

A. CaC12(1 ml)

i ’ ' * + *
0 mM 8280 ¥ 732 (100) 840 ¥ 70 (100)
1mM o 4475 Y510 (54) 410 % 90 ( 49)
2 mt ' 4921 ¥ 160 ( 59) 430 ¥ 40 ( 51)

B. Cytochalasin B (0. 1 ml)
~ ¥ ' +

0 pg/ml NM 310 - 10 (100)
10 pg/ml NM 200 T 40 ( 65)

* Percentage of the‘value for the buffer control.

1 NM, not measured.

(3) . The gelled extracts(l10.3 mg/ml extract protein) in 1 ml of-
reaction_mixtﬁre were prepared by warming ETC extracts at 25°C
for 1.5 hr in the presence of 1 mM EGTA, as described for Fig. 1.
Then i ﬁl of various concentrations of_CaCl2 in 100 mM Tris-HC1
(pH 7.6) was overlaid on 1 mi of gelled extracts and the extracts
were further incubated at ZSOC for 1.5 hr.VOthér cdnditions

Qere fhe same as for Fig. 1.

(B). The gelled extracts(4.2 mg/ml extract protein) in 0.9 ml of
reaction mixture for gelation were prepared, and then 0.1 ml

of 0 or lolpg/ml cytochélasih B in 10 mM Tris-maleate(pH 7.0)
was overlaid on 0.9 ml of gelled extracts. Other ‘conditions

were the same as for (Aa).



~56-

Table 4. Reversibility of the Inhibition of Gelation by

Cytochalasin B

Condition df Total protein : Gel volume
cytochalasin B in gel ’ _
(pg) (u1)
. + . * » *
(=) —> (-) 6190 = 287 (100) 1000 (100)
(=) —> (#) 9a % 12 ( 2 <10 (K D)
(+) —> (-) 3925 ¥ 108 ( 63) 640 ( 64)
(+) —> (+) 232.F 23 ( g 10 (1)

* Percentage of the value for the ccntroi without cytochalasin B.
ETC extracts treated with 0.1 ug/ml cytochalasin B fér 30 min

at 25°C in reaction mixture forﬁgéla;ion were dialysed against
42 volumes of buffered sucrose solution containing 1 mM EGTA,
0.25 mn ATP and 0.5 mM DTT, under ice-cold conditions. The
buffer was changed twice at 6 hr intervals. ETC extracts without
-cytochalasinltreatmeht were also dialysed similarly. Then
extracts (6.4 mg/ml e#tract protein) in 1 ml of reaction mixture
were'incubated at 25°c for 30 min in thé pfesence or absence

"of O.l‘pg/mlicytochalasin B, for gelation. Other conditions

were the same as for Fig. 7.
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Table 5. Protein Composition of the Gel

Polypeptide % of total stainable polypeptide
| % b : §
( dalton ) Extract Gel I Gel II
‘ ' + o+
>300,000 _0.33 - 0.09 6.4 - 0.7 £ 0.1
1 +
270,000 NM 1.6 - 0.5 < 0.1
+
230,000 NM _ < 0.1 14.5 - 0.2
89,000 N 5.2 0.8 - NDﬂ'
51,000 NM - 19.5 2 0.1 T
4 9.4 - 0.8
48,000 NM 6.3 - 0.7
+ + +
42,000 13.9 - 1.7 37.2 - 6.4 73.0 - 0.8
+ +
Others NM 23.8 - 5.8 3.1 - 0.3

* Fresh extracts just after preparation.
i Gels prepared immediately after preparation of ETC extracts.

§ Gels prepared after dialysis of the extracts against buffered
sucrose solution without PMﬁE for 12 hr.

"I NM, not measured.

4 ND, not detected.

** 51,000-dalton polypeptide plus 48,000-dalton polypeptide.

The extracts immediately after preparation or dialysis against
buffered sucrose solution without PMSF for 12 hr were warmed at

’25°C for 1 hr for gelation. The gels wefe washed three times with
reaction mixture for gelation, as describéd for Fig. 8. The

relative amounts of the major components in the gels and in the
extracts just after preparation were roughly estimated by quantitative
densitometry of SDS-polyacrylamide gels stained with Coomassie Blue

after electrophoresis.
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‘Table 6. Inhibition of Gelation of the Reconstituted

| 2+
Extracts by Cytochalasin B or Ca

Inhibitor - - | 7 Gel volume
: (ul)

A. Extracts reconstituted from
actin-deficient extracts

water S ' - 7 1000

: cyfodhalasin B (1.7 pg/ml) , 100
. CaCl2 (1.7 mpM) o .50 -

B. Extracts reconstitufed from '
actin-blocked extracts

20

N+

water - ' 310

1+

cytochalasin B.(O.S‘pg/mi) o 10 - 10

~ Extracts with gelation_activity,were reconstituted from
actin-deficient or actin-blocked extracts by addition of

muscle actin, as described for Fig. 15.-
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Fig. 1. Linear relations begweéﬁ the protein cbnééntration bf ETC extracts
and the gel vblume and the'ﬁercentégé of the total protein in the gel.

ETC extracts wére aialysed agaiﬁét 25 volumes of buffered sucrose solution
(0.34 M sucrosé; 20 mM.Tris-maleate, pH 7;0 at 25°¢) containing 0.25 mM
ATP, 0.5 mM.EGTA, 0.5 mM DTT, and 0.2 mM PMSf‘for 12 hr under”ice-éoid:
conditions, with one change .of buffef;AReaction mixturesAcontainiﬁg
various amounts of the extracts, 57 mM KC1l, 1.4 mM ATP, 3.9 mM MgClz,

2.5 mM EGTA, 2.5 mM DTT, and 0.2 mM PMSF were incubated at 250C for
gelation, and the resulting gels were separated by centrifugation at

1,150 x g for 30ﬂmin at zsoc.(),‘percentage of total'protein in the gel;

®, gel volume.
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Fig. 2. Teﬁpetature—dependentvie&ersible gélfsol transformatién,of_ETC
'ektracfs..Gelation wa§ induced»by.warming the mixture to ZSOC,‘énd
'solatipn by cooliﬁg iﬁAtq'OOC. After various ihéﬁbation.times, the gelled
.extfacts wexé,separated into gel‘aﬁd.liquid layers by centrifugation at
2,060 x g_fof 10 min at'25°C, whereas solled extracts were centtifuged
at 4°¢ to prevent their regelation. Othef conditions were theAsame as for
Fig. l, T; warming to 25°C} &, ﬁooling to OOC;:k, additicn of 1 mM Mg-ATP;
A, extracts to_which l,mMAMg—ATP was added at 5 hxv()[;,'extracts
centrifuged at 2_5°C; Q. ex_tracts centrifuged a£ 4OC. (A) . Time course
of the gelation on warming and the subseqﬁent solation oh cocling. ETC
extracts (5.4 mg/ml extract protein), in i ml of reaction mixture, were.
inéﬁbated at 2506,-and ﬁhen at OOC.-_(B); ReQe:sibility of the gel-sol
traﬁéformation. ETC extracts(s.o mg/mi extract proteiﬁ), in'l ml of
reaction mi#ture, we?e incﬁbatedfat 25°C fo:'30 min fo; ge}étion,'and

O . . - . .
then at 0 C for 30 min for solation. This warming-cooling cycle was repeated.



(lw) JWNTOA 139

90,

- 60

 TIME(min) -

30

- 1.0*—-K

(Iw) IWNTOA 739

- <
.l,.z
(0 ot , :
A . )
s .
_ T —
. . =g ©

TIME (hn)



-61~ .

Fig. 3. Effects -of KC1 and MgCl on gelation.. Eight ml of ETC extract

2
_was desalted by chromatography on Sephadex G-25(3 x 25 cm) equ111brated»-
with buffered sucrose.solution containing 0.5 mM EGTA and 1 mM DTT, and
ithe void fractions were collected. The void fractions_were incubated in

1 ml of reaction mixture at 25 C for 1 hr for gelation. The gels were
separated by centrifugation of 1, 150Ax g for 30 min at 25 C, and the
total protein in the gels was determined. (a). Effect of KCl. Reaction
mixtures contained various amounts of KCl, 5.0 mg/ml extract protein,

0.5 mM ATP, 1 mM Mgcl , 0.5 mM EGTA, and 1 mM DIT in buffered sucrose

2

solution. (B). Effect of MgCl_ . Reaction mixtures contained various

2
amounts of Mgclzi 5.0 mg/ml extract protein, 50 mM KCl, 1 mM ATP, 0.5 mM

EGTA, and 1 mM DTT in'buffered sucrose solution.
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Fig. 4.~ Dependencequ gelation on ATP concentration. Reaction mixtures
contained Various"amounts»of Mg-ATP, 5.0 mg/ml extract protein, 50 mi KC1,
1 mM MgClz, 0.5 mM EGTA, and 1 mM DTT in 1 ml of bufféred sucrose solution.

Other conditions were the same as for Fig. 3.
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Fig. 5. Inhibition 6f Qelatiop by SH-reagents. 'ETC.extf;cts were aia;ysed'
against 25 vélumes of buffered suéroée solution containing 0.25 mﬂ ATP,

0.5 mM EGTA, and 0f5’mM'DTT, with one change of buffer. The-extracts

(10.5 mg/ml extract'pfotein), in 1 ml of reactioﬁ mixture, we£e incubated

at 25°C for 30 min for gelation in the presence of 0.5 mM DTT and various
amounts of SH-reagents. Other conditions were the same as for Fig. 1.

O, IAM;@, NEM; A, CMB; A, CMBS; X , DTNB.
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Fig. 6;: Inhibi£ion of gelation byAfree é$2+. ETC extracts-wére dialysed ’
against 25 volumes of Euffered.sﬁérosé solutioh qohtéining 0.25 mM ATP,
0.5 mM EGTA, and 1 mM DTT, with ohe changeiqf ﬁuffef, and then against
25 volumes of buffered sucrose solution containing 0.25 mM ATP and 1 mM
DTT, with one change of buffer. The extracts(6.0 mg/mi extfaét protein),
in 1 ml of buffered sucrose solution containing 50 mﬁ KC1l, i mM ATP,

2 mM MgClz, 1 mM EGTA, and 1 mM DTT, were incubated at 25°C for 1_hr
for gelation, at various ﬁree Ca2+ concentrations obtained with Ca~EGTA
buffer. Free Ca2+ concentrationéuof reactionAmixtures were calculated
adépting the value of 5.13 x 106 M-l és the aﬁparent stability constant
of the Ca-EGTA complex at pH 7.0(65). Other conditions were the same as

for Fig. 1.
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Fig. 7. Inhibition of gelation by cytochalasin;B-ahd'D. Cytochalasin B
and D dissolved in'dimethylsﬁlfoxide'atAa coﬁqentration of 1 mg/ml were
~diluted with water, and added to ETC extracts. Dimethylsulfdxide‘didknét
“affect thergelation at concentrations of 0.1 % or ‘higher. ETC extracts’
(5.8 mg/ml e#tract protein), in 1 ml of buffered sﬁéroéé solution
containing 50 mM KCl, 1.3 mM ATP, 2.3 ™M Mgclz, 0.5 mM EGTA, and 1 mM‘DiT,
were incubated at 25°C for 1 hr for gelation, with various concentrations
of cytochalasin B and D. Other conditions were the same as for Fig. 1.

O, cytochalasin-B;., cytochalasin D,
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»Fig; 8. Protein coﬁposition of the gels épalyséd by’sbs-polyécrylamide

gel electrophoresis. ETC extraéts immediately aftgf‘pieparation, in

1 ml of féaction mixtufe for gelation, were gelled by warming-thém‘to

25°c for 1 hr. The'jelled extracts were biéken by vigorégs ééitatipn

in.é voltex mixer;-apd the broken gels were coilected_ﬁy low-speed
centfifuééﬁion(l,lSO x g for 3b ﬁin at 25°C). The'precipitated gels

wefe resuspended in 2 ml of reaction‘mixtu:e forvge;ation at 250C, and
collected agaiﬁ by low-speed centrifugation. The gels were washed again.

The protein compositions of the broken gels, the supernatanfs after gelation,
and the original*extracfs;were>analysed'by SDS-polyacrylamide gel electrophoresis . ... ..
on 5 % polyacrylamide gels. Other conditions were the same as for Fig. 1.

The numbers indicate the polypeptide peaks(or bands) correéponding to

molecular weights éf more than 300,000(1), 270,000(2), 89,000(3), 51,000(4),

V 48,000(5); énd 42,000 daltons(G’; respectively. The arrbws:indicate_the position
of heavy:chain of rabbit muscle myosin(M) and»aq;in(A), respectively.
Densitométric scans-bf elecfrophore;ic gels §tained WitﬁvCoomassiebBlue:

(a), origihél éxtrécts; fb), supgrnatants after gelatioh. (c),
SDS-polyagrylamide gelé, from left to;right, of the uhwashed, oncé washed,

and tWice washed Qels.
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Fig. 9. -Densifometric scans of SDS—polyecrylamide gels of ETC extract
gels stained with Coomassie Blue. The ekt?acts>immediately afte;

‘ pieparation or diaiysiseagainsteeuffered“sucrose_solution,without PMSF
for 12 hr were warmed at 25°C for 1 hr fer gelation. The gelled extracts
were broken by vigorous agitation in e voltex miker, and the broken gels
were colleeted by low-speed centrifugation and washed three times with
reaction mixture for gelation. Other conditions were the same as for

Fig. 8. The numbers indicate the pqupebtide peaks cofresponding to
'molecular weights of more thae 300,000(1), 270(000(2), 230,000(2"),
89,000(3), 51,000(4), 48;009(5), end 42,000 daltons(G), respectively.
.(ai, gels prepared immediaﬁeiy after preparaﬁioh of ETC ex#racts; (b), gels
- prepared efter dialfsis of the extreefs against buffered sucrose solution

without PMSF.
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Fig.vlo. Co;precipitétion of tfopomyosin with. the gels By low—speed
Centrifugation. For preparationAof éeis containing ohly two major.protein
coméonénts, ETC extrédts were usgd after dialysis against buffered
suérose solution for 12 hr in the absehde of PMSF. Samples of extracts

" (4.2 mg/ml extract protein), in 1 ml of reaéfion mixture for gelation;
wé;e incubated at 25°clfor 30 min for-gelation-in the presence or absence_ .
of rabbit muscle ﬁropomyosin. The gelled extracts were broken by vigorous
agitation in a voltex mixer,band the broken gels were collected by
low-Speed centrifugation and-wasﬁed twice with 2 ml of reaction mixture
for gelation, as described for Fig. 9. The protein composition of the’
washed gels was analySed by SDS-polyacrylamide gei electrophoresis on

7.5 % polfacrylamide gels. Other conditions were the same as for Fig. 1.
(a). Densitpmefrié scans of electrophofetic gels stainea with Coomassie
Blﬁe. (B) . Amount of muscle tropomyosin co-precipitated with the‘éels,
estimated by qqantitative densitometry of electrophoretic gels stained

with Coomassie Blue after electrophoresis.
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Fig. 11. 1Inhibition of gelation by DNase I. ETC extracts(4.0 mg/ml extract
protein); in 1 ml of reaction mixture, were incubated with various amounts
of DNase I for 30 min at OOC, and  then at 25°C for 30 min for gelation.

-Other conditions were the same aé'fcr'Fig. 1.



-70-

Fig. 12. Néutralizatidn by muécle action of the inhibitofy function of
DNasé I and-réversal by muséle actih of~inhibi£ioh of gelation by DNase'I;
(A). Neutralization of the}inhiﬂitbry function ofrDNasé,i.A‘Dﬁase I.aﬁa'
various amounts of rabbit muscle G;actin were ihcubéted atvoociforAlb min

in the presence of 114 mM KCl, 2.8 mM ATP, 7.8 mM MgCl 5 mM EGTA, and

57
0.2 mM PMSF to allow the formation of aﬁ equimolar G—actin;DNase I complex. -
After addition ofvthe mixtureé, ETC extfaéts(3;7.mg/ml extract protein), |
in 1 ml of reactién mixture, wére ipcubatéd at Ooclfar 36>@in and thén.

at 25°C for 30 min in the presence of 148‘pg/ml DNase I and various amounts
of muscie actin.lother conditions were the same as for Fig. 1.

O, gelation in the presence of DNase I and various4amountsAof muscle
éctin;.,v gelation in the absence of both DNase I and muscle actin.

(B) . Reversal of the inhibition of gelation by DNase I. When ETC extracts
(5.0 mg/ml extract protein), in 0.9 ml of reaction mixture, were incubated
at 25°C for 30 min in the presence of 329 Jg/ml DNase I and 0.5 mM PMSF,

no gelation occurred..After,addition of 0.1 ml of various amounfs of
rabBit muscle G-actin, the extractshinvl ml of reaction mixture were
further incubated at_éSoc fo; 30 min in the presence of 296-pg/ml'bNase Ii
and various amounts_éf muscle actin. Othef.conditiéhs weré the‘same aé for
Fig. l.(), gelation in‘the breséncé of DNase ibgnd variocus amouﬁts of

muscle actin; @, gelation in the absence of both DNase I and muscle actin.
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Fig. 13. Effécts of CMB-5-1 and S-1 on gélation..'ETC extracts were
dialysed against 50 volumes of buffereq sucrose solution containing
0.25 mM:ATP-and 0.5 mM EGTA for 6 hr to decrease the DTT concentration.
The extiacts(8.5 mg/mlvéxtract protein), in 1 ml of buffered sucrose
solutidn containing 55 mM KCl1l, 6 mM ATP, 7 mM Mgclz, 0.5 mM EGTA; and
0.1 mM DTT, were incubated at 25°C for 30 min for gelation in the
pregence of various amounts of CMB-S-1 or S-1l. Other conditions were

the same as for Fig. 1.0, cMB-s-1;@®, S-1.



=72~

1.0

E

=

=

=

5

Sos5 &

-t

s

A

0 —— —
0 0.3 0.6

ACTIN (mgyzml)

B Fig. 14. Promotion of gelation by muscle actin. ETC extractsvwgre
incubated at OOC for 12 hr in buffered sucrose solution containing 57 mM
KCl, 1.4 mM ATP, 3.9 mM MgClz, 2.5 mM E(;TA, 2.5 mM DTT, and 0.2 mM PMSF,
and thgn centrifuged.at_l60,000 X é_for 2 h# at 3°C to remove ce;l F-actin.
- The high~speed superﬁatants and- the original extractg(S.O mg/ml extract
protein), in 1 ml of reaction mixture, were incubated at 250C for 30 min
for gelation in the presence of various amounts of rabbit muscle G-actin.
Other condigions were the same as for Fig. 1. O, high-speed supernatants;

@® ., original extracts.
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Fig. 15. :Temperature-dependent reversible gel-sol transformation of the
reconstituted extraéts from actin-blocked or actin-deficient extracts by
.addition of muscle actin. ETC extracts in which actin was blocked with
DNase I were prepared by incubafing ETC extracts in reaction mixtures for
gelation in the presence of 329/pg/m1(10/pM) DNase I and 0.5 mM PMSF, at
OOC for 30 min and then at 25°C for 30 min. Actin-deficient high-speed
supernatants of ETC extraéts_were preparedva§ for Fig. 14. Extracts
with gelation actiVity were reconstituted from the actin-ﬁlocked éxtfacts
or actin-deficient high-speed supernatants by addition of 1 mg/miAof
rabbit muscle G-actin. Temperature-dependent gel-sol transformation was
measured in 1 ml of reaction mixture, as for Fig. 2. Neither actin-blocked
extracts nor actin-deficient high-speed supernatants showed gelation on
_incubation at 25?C‘for 2 hr. Other conditions were the same as for
Fig. 2B. (A), extracts reconstituted from actin-deficient high-speed
.supernatants; (B) , extracts reconstituted from actin-blocked extracts.
Protein concentration of original ETC exﬁracts in reaction mixtures for
gelation: (Aa), 4.2 mg/ml; (B), 4.7 mg/ml.ak,_addition of muscle actin;
'T‘, warming to 25°C; {, cooling to OOC;O.. reconstituted extracts;

Ad, original extacts;QA, gelled .exfracts centrifuged at 250C;.A ’

. . o
solled extracts centrifuged at 4 C.
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GENERAL DISCUSSION

In PART I, we demonstrated that CMB-S-1 meets the requirement for
an actin-specific inhibitor. After completion of this study, several
authors showed that bovine pancreatic DNase I also meets this requirement
(1-4).

In PART II, first we described the basic features of the témperature—
dependent gelfsbl transformation of ETC extracts. Second, using CMB-S-1
and DNase I we showed that cytoplasmic actin is functionally involved in
the transformation. |

Since cells alwayé grow and multiply at about 37°C, we do not know
whether there is any physiological significance in the gelation of ETC
extracts on warming and their solation on cooling. But the temperature-
dependent reversible gel-sol transformation of ETC extracts (assembly-
disassembly of microfilaments) has interesting features,iﬁ relation to the
mechanism of HVJ-mediated celi fusion reaction. The early stage of cell
 fusion feaction induced by HVJ, which proceeds at 0°C, involves adsorption
of the virus to qells and aggregation of the cells, and the late one,
which is initiated by warming the cells to 37°C, involves fusion of the
 viral envelope with. the cell membrane and fuéion of the cells. For effective
cell fusion, the cells should be preincubated with HVJ at 0°C for 5 to 15 min
in the presence of a millimolar Ca2f4coh§entration(5). Without cooling and
Ca2+, poor cell fusion occurs. When the cells are iﬁcubated at 0°C in the
presence of Ca2+, Ca2+ passively penetrates into the cells, resulting in
increase of the intracellular Ca2+ concentration(6), and interaction ofr
HVJ with the cells also enhances this Ca2+—penetration(7, cf. 8). Both
cooling and inérease of Ca2+ concentration inhibit the assembly of
microfilaments and initi;te the disassembly. When the cells are warmed
again to 37°¢ to initiate the envelope fusion and cell-to-cell fusion,

2+ ‘ + . )
Ca is rapidly pumped out by energy-dependent Ca2 -pumps, resulting -in
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decrease of intracellular Ca2+ concentratiqn(G);: Warming and decrease of
Ca2+ concentration initiate the reassembly of microfilaments. Cytochalasin B
and D(9,10), which inhibit the assembly of microfilaments, or ATP-deficient
conditions(5,11 ), which inhibit the assembly of microfilaments as well as
Ca2+-pumps(6), inhibit the cell fusion in the late stage. These facts
tempt us to hypothesize that disassembly and reassembly of microfilaments
play an important‘role(s) on the cell fusion reaction induced by HVJ.

In connection with the possible involvement of cytoskeleton in cell fusion
reactiop, there afe some interesting Qbservatiéns. Several authors
demonstrated that reéistribution of intramembrane particles of the plasma
membrane occurs during virus-induced(12) and chemically induced cell fusion
(13-16). Recently, Sekiguchi and Asano showed that antispectrin antibody
which is introdﬁced into human erythroéyte ghosts inhibits the cell fusion .
of the ghosts and the redistribution of intramembrane particles associated
with the cell fusion(l7). However, the role of cytoskeleton in cell fusion

reaction is unknown.
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