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Heavy Meromyosin Induces Sliding Movements Between Antiparallel

Actin Filaments
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HRTIHS

HMM ; Heavy meromyosin

S—1 ; Myosin subfragment 1

ATP ; Adenosine 5’-triphosphate

I AF ; b5-Todoacetamidofluorescein

EGTA; Ethyleneglycol-0,0’-bis(2-aminoethyl)-
N,N,N' ,N’'-tetraacetic acid

DTT ; Dithiothreitol

PEP ; Phosphoenol pyruvate
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VYT ITITAPI(B -1)EMAT, OB RKROBI 2 R¥BHRETHE
L, HMMAMAEBE, $3¥RICRBHEZ 2, WL, FIRIOPE
THDOORZDHIH/DLIZEZD, ARIEAL RS, CORBAEEAFRIZ. R
BTREDNERRIZHIFITHAPN 3, BL, Che6DHRZXDO—HTES
LEIDT, BRALABAOROKEIV RIS, BUERAH#KT 28
RiZ. REBT7I0F VLD BRWIEBATH, HMMEATPOBEMIZ L
TRFELEBDP2E, CRHODRABFHEMBETCBBLELCS, BHADOT 7 F
VERMOBHERRITTH 2 2. o T, MOBHERAZD > % 1 XD R,
RiglcBEAR OROBREMIELAEZLIIRE, — K. S—-1%AWE
BOWKIER. FORWMHLERHMBEOBRIBE E RN 1,

UEDEREXRDEISEZHBRLTWS, WHAMEZ2/F>DHMMIZ, BHEHE
TL2KXO77F UBMLOA2 TBEINRETL2AL LABFICHENER
THIEHTES, RET2BAR2AO77F U RHEMICED 25122,
P25 HMMABER 2 K07V F UBRMIIE> T—FMIciBs, 20
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BRAOREIX. STV UFFOHBLMIETNhBEATPaseRURUT 7 F Uk
GRMUEZHTIRIV7 VF U LA BV EB T2 ik DR 3 (2-5],
FlrEofoMRESHOA BB L THETILEZORTWS (6], BRA 2
BRPEBHRI CHBEII 22 DIFT Y VS FIRCOESEAE 2 B> N
MEZLTWAI[5,6], LA 0E,. RETNEDEHMRRZAVWERRICE
DT, HIEBRICIIMESBTHBEICIREZIZTY VR 1 HOEKETI» 56
25S-1H HROIFY Uy PREBELZRFLTVWASHMMERRIZ? 2 F
VEBRMARDEHZIELI LW ENIIRD, TOFUBMOEY EB I A
YVORBPHWMEVLBLZWI EWRIANE([T-9], TOED., STV UVFFHR
BB EAR DL OHNEXBBEE Rk, ChAeBFHMIN B2 HEL
LT, MEMEEZMOIFY VOHMMTRET 22 BENS - 1 TIREL R
WHRZRARWHI BTN B,

COWMRTE. ATPHEETTIROIZIY U SFH, EHEUTETT 52
ADFIF VL ARICHERMAT 3 THEAKBLE. S+ ORME
RIZEBHERNOBRBEKR 2D, ERICIINAME AR >0 B2 B L
ZWHMM%2@ERLEZ, 1EOHMMY FAHEFERTEX2@ERNICHEED Y
JFUBMANETIEI L. FHANZZGE T - 2BBPCIRERTH 5.
LBALHARGBIE>T. F-72F VBBIRIVIFLYIYVa—LaloH
DFEEMTIEZDOREEDRICED, S ENPpHLEMETTCEXROT7 Y
FUBRMLEWIEIT—-N—F5 9T LW 6ifTIcEED. B<CAWEHEES D
EVBEINTNWS (1]l RKHDT7I7F UBRMOBHIR I UV LTHEREDID
Rt asFrzw(ll, CoBEsF22vwH A4 ERAT A Lic&D, HMM
REOTHERBZINDZ2KD7 IV F URMMOBEY HE2 RBEICR->TWS
EEZONIBRBRABEIZZLIZHRIILE, UTE2OHREABET 3,
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RKBICHERALAEHNBERYVYFORBHLIDBEL A, S Y VidPerryn b
ENOTENITHB L., BMEMEGRG(H 6.DEFEETSEY Y Y »diiz-20
CTRELEIDAMFEALAZ, HMMYE S - 1 iZWeeds & Popedd H i [12] 12 4¢
W(BLNaCIOE DD IcKC1AHA), HEBLAIAY v 4aFE MY T Y VTR
EFMLTERE, 727F »ikEbashi & Ebashid A (13O E 1] TH L &,
POFURMRUETOR 2 EALBERBCHBIZBA. 77F 8% 70
AV —FIVTHABEHRLE (4], 77F VRHORSREVWERICOE
LEMN, EHRIIEIIEFFIuTHH> R, a7 2 F = vithasaki & Takaitio
FHiE (18] THML =,

HHEOEEIZ28mOEAXBRRNEIZLI->TRDE, FHLZBRXER & 1.
Y UOBHEH268,800, HMMA1221,000, S — 1 286,300, 7 7 F > D if
GA148,300CH 5 [16). EALAS FHRIZ. I 40 DB EH480,0000 HMM
1340,000, S — 125115,000, 7 2 F > DB A42,000CH 5o

HMUELZBRHEOWMEIX. 5% 7.55RUI155 SDSKY 72U L Z7I R ILER
KBTIV HBLAE, HICHMMO®B A, Coomassie Bluefifgic & 2 /Ny
FOBRERF ¥ b X —% — (LKB 2202, Ultroscan Laser Densitometer) T illl

EL. STV VORADOISIMWWMLUTTHAZ LARBLD -,

(Z70F VBHEOERRUHMMEATPORKEADEM)
COMRTER. BRAEREZWI IFUORMOREZESEDICAF L E LT

—R(500cP) A FLLTHALE, AFLELO—RAFRAL Z8HIZE

RobTiErd s, FEERIBZ2DI2. BRODEBOBA. F-72F >

(#9130 g/ml) % & & 25wM Imidazole-HC1(pH 7.6). 1mM EGTA. 5mM MgCl,. 50
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oM KC1, 25oM DITHEMICBREBEIIZMW/ VO AF I LI O — R EMA THMI2
MiBLZER, EETHIMBEYT S, FRNOBER. XFHAR T 70—+
WERWTHiok, 2O7U0—tENE, ANV FRLAXASARTSRT2E
DAR—% — (&0 15 AAIN—TSZADANPNWE>E2BORTRIH
IFANTEELTIEL2RDBDOTH %,
HMM:ATPORBBADEMIZ. XF VL) u—R0.35(W/V), 2pg/ml
HMM, 2uM AT P, 10mM PEP, 20unit/ml pyruvate kinase% & ¥ t 72 25uM
Inidazole-HC1(pH 7.6). 1mM EGTA. 5mM MgCl,. 50mM KC1. 25uM DTTI ik i
w5 B (10-20 1 1) % B2 ALK (20-00 4k DO X o T W5 70— €L F 128k LR &
ZtlEDfTok, HMMEATPOEMIZE > TT7u—E2 IV RICBEEIAEL
TFOFUBRMORIZDHOWIRAETHIY, E<BIIDORBHAMBOBRKEE %
BUETAZLICEIDEICHMBORBORICTRATEL LY TE S, ZhiC
kD, HMMYATPASUBBM 7O — L ALILRLTWSF T, KO
RELAHMBELTIBRI DB LT EE,

(HRABELAEAIFTY VL HMMO#EE)

HAEEBLAIFY VPHMMA2ERBRICEATIHEGIR. TAFTIZF YV
BEAER L2, 4y yBEIINIttals 0 FE 18]Iz tw. B LA FY
LI EARIAFTCHEBELE, UTOFHA., RIcHBEOEWDL DR
£T4°CTHi» %,

B#z4y 0208284, 100N & (pH 6.7). 0.6X KC1. 1mM DITHIE
TTEEBRMLITY VA BERBEA 7 2ug/n12 100g/nlTRAGL., S 4Y VD
BHAEBINAZDOL TR T EEDIC I BB THREYT 5. WICHRARET
HEROKBERKTHRLAZRLOLIAY VA2 UBIE D, BRiFICHBRLEI S
VU A 10nMS B &K (pH 6.7). O0.6M KC1BWRICBAMRI T3, CORMIZBD
534y VHEB1MEYUD O AFEMiEIZ. Marsh & Lowey® HiE (191 TR 72
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HRo.2TH - 12,

E#HHMM%4{3 584, 250M Inidazole-HC1(pH 7.0). 1mM DIT#H % T C 5 i#
B LHMMA BRBER 2 20g/ul 2 100g/0lTRHAEL., HMMOBHE # E# X
NEDDLTRTZEDIZIBRKITHET 2, HMMe BEBEOBE* D& T
%7, 508 MgCl,, 30uM KCIFHE T CCDREGHBICF -7 IF VA BRRENIE
BHMHMMEH 1EYD 1023 SIEMAT7I7F VBREICHMM2EA
W5, @B (100,000 x g, 903)ICEL > THMMAF -7 0F e HEXX
vE#%. 77F VICHLULTENEETLSEU EDO 7y 1Y 2 &A K 100M
Imidazole-HC1(pH 7.0). 1uM EGTA. 1mM MgCl,. 0.15M KC1. 1mM DTT# ¥ Iz iX
BEBMEIV S, ChIZBRIBEEI00MONg-ATPAMA THMMAF -7 7 F >
5B B X E 2%, 15°C. 200,000 x g. 155 DL (Beckman TL-1008 L5
ERAERBOB)ITF-77F042UBEE2, COL#AMESBLAEHIMM
AE040-57130EH A KD T, SoMBIEA M & (pH 7.5). 0.50M DTTICEIN T 5.
COBRMICBIAHMMBEBIBELSDOTI AFHSMEII0.2TH > %,

UEDHFECTHBL-AHAFEEI I Y Ve HAEBERIMMORBIZ T 7 F >
BMAE) EHIBI2LHTES, CORNEFHIIZLICED. 70 F
VBHRICH- TOIAY VPCPHMMOSHb oW HE 2 HELHME T TH
BIHZZeHTEE, BLHABBINEAILY VS FPHMMOFOESH
HELTOHEIHLTRECHOHEMARMRNILETH %,

(E%¥HMHICL 2BHE)

HAEEBLAE7 7F @O R IZ01yopus BH-2R B XBAMBI Z# A L THE
LIS, $BH#HO7 7 F > Wik D H 1Z01lynpus BHE! BF 31 87 BAMA & A W T [20],
HHIWE LIBHEBEABE OB AR THBEL 2, BAMM RIXIkegani CTC-9000T
B % L = {%Panasonic AG-3800L' FF L a—¥ —THEL 7= [9]. BARBDOEN
70— NVOEFRPEOERITHEBEPAEIRICADLE S, BEBIIEE2C
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TiT27%, I AYUHBAIWEHMMO7 7 F @R LicB U333 mPEET.
774 u—YIVTCHEBLE7 VF VBMORICTIAFERLEI LY
vHBIWIIHMMAEZMA THEBMBHATHELE, STV UVHH5WIEHMMIZ
HEaEEXIC LD FluoresceindDHATHEL., FIRaBERXICIho—¥=3
VOEXRTHET 3,

(BFHAMBICL 3BE)

JEM 100CRH B FHIMMA A WT RN T 7 HABL AR ZSuzukib D HiE (1] &
DBELE, HMMEATP%#EMBORANOT? 7 F U OBEIZ. A F0
tWU—X&ATP%%ﬁiﬁka‘ﬁﬁgmfﬁﬂﬂkHMMtATP&
EMFEIOSHMERICHEBLEICTHEEBO25 oM REGHR GG 6.2 MR AEADO
2Suzukib DK E NREWEROBFHAMM THBLRELE, BLEEKR
YU VEBOBDDIZORATY Y EBRL R,

(HEH)

TJryuaA4Yra—4%3= vidNolecular Probestt, X?")Lt)bﬂ—itifﬂ%i‘-‘ﬁ
RIXIDMALZZE, IAF, aFE MY T YU 7Jry04A Y vidSignatt &0,
ATP. PEP. pyruvate kinaselXBoehringer Mannheinft KD & <AL 2., #D

MEALERRBERILETEREODBNTH 5,

(R

(Z7O0F RO & 8 )
BOFAFLENLO—X(S500cP)DFEMIZE > THBREE AT IF VBHED
Fid, 10uniBBEOLO 610042530 F CTRERYTH 2. R
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BRT, PROUKXSHBEPHWHEI S 2 (Fig. ) COZ LB HOBTRIFES
KDT7I7F HBEPERONTWAZILERT, $AHREVWDHDIFE KW,
BRITA2EIDICCORKMICHMMLATPA2EMT 3L RIIWBLEREZE
AW, COBBICRERERZIPIONS0unDRENRICBATITo R, CORE
DEZOFIZ. BBELYDEHLTETEAO77F VBHMITEROGNTTET
WRZLHEFHMHEALAWTHEZLE, FEEXLOLBERICHINZ, 2O
EOT7O0—ELNHDOFRE —2HRICE>TESORIIR 2L LD, WA
ORGHEmOEMEERICEIDRRICAE 5 (Fig.3a),

HiZ. MADZEDFORFECEERVBRPO7 /7 F UREORENE W
FRERERBW[]l, EoTMAZAFIELNIO—RXZ2HEOBEICER LB
B. HBWVIXI500cPHH4000cPOBDICE R -BA. IDELAKVWEINBRX
Nd,. LHPLZOBEG. BEOKEIXRES RN ERBEVHHBIC 2 S5, UK
VIF LY ZYa—NV(EHSFR20,0000FMIcE > THEREBEARDO KX
TR, 0.34AXAF N ENO—ZXA500cP)THERITARLIFEREALTH» .
BEPBTFHEMBMTBELEAER, LEOWINDODFETHABRIEZBA D,
A7 7 F UBMOBHRIZS VYL THIZ LVBEIPDODLNE,

(HMMIZ X 2BH¥EAR 22 WP 7 F VRERO E)
POFUBMEORMICHMMATPAGENT AL RIZEBICKELED
BAZELIETWLS, BEEERIRICE>TRHLZ 2D, REWOuEEOBR
ZFLERIZIOPETCHOONITD1IORXICAEZD, AKICKL % 5 (Fig. 2,
a-d), FEHIANEBBERLLT. EREZLEARLRBEI S ET NS,
HMM ATPOEME. BREZLVLEFERIIRELAED K< Z>2TWwZ itk
DIROBERIZELS 2> TWL (Fig.3), WHEEIX. AEEORZOBRALE
HOBAELHEBRLUTHEFLZ2EZLVELW, CORRKRELZEVNRBETIRFIZ. M
RASHOBICET ZINBRORGEICEBMULTWE, BRELEAHDOKLDICHE
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Fig., 1; 77F 80K

UO—¥YIv770A4AY Y TCREBLEA7IVF UBMMOR 2 HXLMMBTHEL
EHEH, BBFEMHFIX. F—-72F »30ug/ul, 25uM Inidazole-HC1(pH 7.6).
1uM EGTA, 5mM MgCl,., 50mM KC1l. 25mM DTT. 0.3%(W/ VO XA F Lt u— R,
KAD7 7F VMMEOBHRZ T VYL THA2EDCORIBIEBHEARFELZ W, /NN
—DRZB0unERd,. MALA7 7F VBMOELHYEITHIuNT S 3,
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Fig., 2 8R2 L -2~
2 W O

BHEAEFEZWT7 I7F U BEERD
W~ EEHHMETEHEL - 88
EH, WHOMBIIZERKHIZAF L
Lo —ZX0.3%(W/V),2mg/ul HMN,
2mM ATP,10mM PEP,20u/ml pyruvate
kinase# & ¢ 25nM Imidazole-HC1
(pH 7.6),1uM EGTA,5mM MgCl.,50mM
KC1,25oM DTTE M A ML T - %,
I O2OWTIR (B ERE) 28
o a: WHMWE» 6HP %0 R,
b~e: &%, a»®bH7.5 15, 30,
IpPEOHR, N—OEZZ10un, I
Hi B B B TR D WL MR E BE I AV 1.6 1 m/s,

HIINEREY A2 LR ORI
d(e) BRHEH AWM T IR
. 77F U BHEELIDEVWESTD
HMMSATPOBIERMIZEL > TR
#HLZ W,



Fig., 3; RRZLEBHEEZFZ2VWHEO M
RREZLEBHEERAZWZ JF VBT OREA R L HEBE CHEL -
HEH, EBEMFIIFig.2ICALC, a~d: 2 INHEMB» 650, 15, 25, 408
ROK. N—ODRZE10umn, INHEB I E %O K EEIZ41.3u8/s,
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REZWHRDBRBT A L6 PI7FVRMIEOTHMLHIBD H ML
TWKEDREFRBLTWEREIDRERATWADTIIZL., BEIKEDOLER
RES>TRBRIREEZTWSZ M2, RBICHFEVWRARKIBZ2>TW L
6. WHOFETHAHLERAMBELTWA7 7F VRHOARKIIEFIEF—-ETH
5rExbIh 3,

HOPRWEIX. MAAHMMOEE %20.5ng/nlF CTIFTCLHEEIh A, AL
REEEIZIEREICEL 2 B, ICHMMOBEAZEU EIcL 2B6 (2 4ug/nl),
KOPRMEERIERLE»oE, ¥72HORMEI. MAS5ME-ATPORE %
0.InME T T THHEINA, BLZODBAINHEREIEBD TEI LS, &
NEBEZBEERLLT. HMMAMATHATPHEFET CTHRRERIZRL TR
WL R, COHERIZ. KORBHPHMMIZLIZ2ATPMAKIBREIE % &
REIIERBIENATWBILERLTWS, A DHeCL iz K %05 5 10sd, KCLE
B0 5 1000MOMTELI B TCHONBORFRIEDLO AN >R, FEMAD
AFNENO—ZADBRBEA0.150H0.65WNETEXEBEA. HAWIEA
FUENT—R%1500cP2 54000cPicE X 2B E B K Z N 72 I3 BRI IUHE
T3, |

AP IVF_VEF -7 IFVMRABLT 7F URMORIER TR B [21],
AFNVENVO—-AEROBAEHT. F-7I7F VICEREERI.1IOa7 I F =
VEMATEREVAZ7 VF VBREORIZHMMEATPAEMULEORF %
BMELAY, FORMEIEZ 62hok,

(Z70F VR OBREA)

HMM ATPOFEMERROFIZION D L < I1Z® Bl EWEE% 8T 505
CORBERTARL B AREPVTCARRMEBADNERRITHIT TR
3, BLADPNEREERXO—-BRMTHEEALETI 2D, BHELEEADORD
EFRE &N % (Figs. 2e, 5h, 6a), BERMHEMMA MM T 2BERE. BRI V7
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JFU/BRMIDBWEATH, HMMEATPOBEMIZE > TRELEZ»-
o ChoDHEABTFHMBBMTHBLALZIA, FRNO7 7 F U BREOE M
PITHo E(Fig.d), o THBLEZWRIIEE A2, s 2bbHMMED
HEFERICEID, BHERFAEAZVWHOTZ7 7 F UBHIEATEREOEME 126
WY —F 42779 bahEER. AV BHELAHEDICEo L LIz 3,
Wi, BHEH AWM T2EROEBMHLZEET 2D, HEERLAES F
YVEHMMABRALT2HBBMOEB41T>%2. —DBIR. ATPHBEETT
TAFBRELEHMM2EBRA4RZ220W0—YI VEHBRLETZVF VBRIEOK
RMATHAGSE AR, AEBRHMM2ATPASEMULTEAREIE 3, =
DEERIZHEALZP>ERML2BEIMMIBIAEROLDICEER IS S
DT, REHALEBEBEHEHMMOMUROAABETX 2. BVEORLEICHE -
THEINEHMMOEXIZ., BREBICHEVWHEOFRABEHL T & IHEE T i#
EUOHLIcKR T B (Fig.5), ZDHW. TAFEBKLZIF Y v20ueg/nl%
&¢5uM ATP, 25mM Imidazole-HC1(pH 7.6). 1mM EGTA. 5mM MgCl,. 50mM
KC1. 25uM DITHABMAMAL TITS. b6 LOCOBEBRAHMNBEMETHEL
FHRABEIAY VO 2RIBFELE, REHEHMMEATPAEMLT
U—YIBBLE7IVFUBRMOREZBUROBHA B OHOEAICE 2 1.
CHhHICEROBBEABICEMT S, BRI LY 0RBAMDPALHBRLTW X,
BHRHAAMETIRD I AL EMTILZOBHA» o R iIci> T HE T
5(Fig.6)o WMMI IV Vv ORBVIELEZER DI LAmMP - THED EB L %,
RBEOBRIZY VORERT7 7F VRHICHB>TRA VT FL Y FHInG
N=T7 FxvFfilicap>oTHVEHTIEELG, BHLHRIZEDOT7 Y
FUOBMMEIRLA Ty FL Y FE2EROAMIIN—-T P RZEMDB LIS
MIFTWwWad RSN D,

2O0BHMEV BB PLBEOMIC. S2 FHMBEL T3 2 K0 K H% i 5K
THEMIIZILYH D, COBEMPHMMEATPOFET TR 3L HIZE
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GL. HEARCTEEARREDICIET 2, COER220ENMBIIAER 1
DOEBYMHEBEICHMAET S (Fig.6), CHOZrid. HMM2ATPOHEETCHIE
HEROHIIMENIIRETH B, ChoDRVEBHIRPETICRAMET
BMIBILAREICRBZLEZRLTWVWS, BERMELABRAETHELTZZ LIC
INDBRIZDBMEIEII LV TES, FHLEKLELGNL, E0OhO@AENR
BALTRRIEB 2. CORROKRIKAOT 7 F VRO BHIER[TTH 5
EDIERETCH D, > THMMEATPAEIEML THIEEL % W (Fig. 1),
LPLIDLE, ChoDRDO—BCHMMARICh>T—FDHFmMIcARYT
LZONBRREINE, HMMOBAHE&SICH# > TROEIPZERTIC L LS
o CORTW, HEMEA =TI 20 0MRMHBPIICBI2-ROT7 7 F ¥ #
MOER. Wb IYOv20%0 B2 MBI EBHDTH -~ [22,23],

PQEDBRRE. XFNENVO—ZADEDLDIZSEPRY IF L UZY a— ) (B
SFFB20,000DFEMICL > THABKRIEAHBEGIILHEEINS, LAl X
FVNENO—ATHEREIEAE7IF UBMORIEBRBERICHE L LR B.
BICRBERICEREINIBEUMEIMOE I FARALABALEBRLTAE
CBENERTH B, COBANHAF L LN O —REEA LR,

FRALEHMMBRAOIZY VEARIZ0O.OUTTHB((HIEY 38).
2mg/ul HMMOEDLD 20.02ng/m]l S Y UV AHRALAZBA. ROREL BEWY
MEOERIEZ Lok, COKRELS. HMMEKMPIZEALTW S S
Ty AN EZWREONEEEROELZRZTOTRZVWEE XL 6N
%,

Bigic. 2ng/wl HMMOEDLD 1250 5 150g/0lDS - 1 4 ALTERLE
BeE. FORBEHLHEYHMEOER DB 62, ATPEHEFEHETFTS -1
AMATHRICKEAIEAHEHIMMEATPAEMLEBAIR. BM2r6IRED
BlOE ETIC0S L LORMAELD . FANEEEIZS -1 5EALTVWARN
RIZHRTHEDODTENW, ##->TS -1k, HMM»PH OIS B #E 0 KK
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Fig., 4; REEROEALBIA7I7F BB H

ERNRFAAMBRLTWE2EROAWBAE FHMMECHAELAER, HMM
THEMLEZ7 7F v BEEO7o0—~y F(ERME)IALCME(ERHDLFH)%
HLTWA, N—OEXX0.1unm,
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Fig., 5 @B %2REZVHORMBEN DR LICKP T IHEBMBEMM
ATPHHFETTHIZHGIEATIAFEHZEIMME., v—¥3 U E#L -
TFI7F R EOEPRELEYHME T LARERDDPLIZEDRT B, £8
FiERZC(HHEFE) 8B, a~h: BEx KX EHHIMMEATPOEMI &
UL EEB B 50, 10, 20, 30, 40, 50, 80, O EOH, N—DEX|FT10un,
BBBICIZHLAMBEAMFEAL, a. c. e, g HBEBEXTHEBIMMO#
XABEL. b, d. f. hZRBAMEXT 7 7F v OBRXRLHBELEL O,
R mE®. EEHIEMMEELEIcoMda(al) LOLEOWHE(b, d.
flicEnw, BEEHMMRBEOALIEBITTA(c. e. 8)e HOWML BER A
DEREAPR TR, BEHIHMMBEIEHOF LD T BZ(g8. h),
TEHRORWEHBICABEBEHIMMAERLZOIR, BBRPAOIAF#HXON
DI VR EBLMATHRIZEALZE#RIEMMOEHEXABXE32EDI12T 5
FHOTH B,
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Fig., 6; B MR ITIEDOEM
RU2O0E R HEMEM L I
BIBICIZHEBHMMAMRAL 2, £
BHAEOHEMIZOWTIR (HBE HiE)
M. a. e: RABEXICLZ 7
J7F VOHRXATEROLGRABEL
LD, b~d: HEAMEXTI AF
REkz=F> oHRXEHMEBELEDLOD,
N—DREXZ10un, a: KEEHMM
LATPOEMICE>TTEE2o9D
BR, b: aTHRIIL-AZERN L EM
LEAEEBI T Y Vol (EH). R
BIB¥odhLizR o AEHRS 4
VUODOHE., T DLEEROGL O
BA4md. c. d: 82 b»n 10, 30
PiglcbUl2EEBEIF Y 08X, &
T VO REHN)ITER %MKk d
ZERICH-TEROGFL(ER)ICED
>THBHLTWL(b~d), ZTD ¥
EE T 2un/s, clcBWT O @
SEYVCOROEEPELIS > TR AT
W50, COL 20RO HEIHEM
HOERBEI»HOREINTVWEREDTH
5, e: anbiISPiRIcBIIAEY,
BHRPEZEI2ODBHNE 2 & MK
THOHOEITHEML, ML A2K
DHEVRBEGT I LB E(a. BH),
CHOLEERORMIETLBOHMM
EATPAHBABHRIZE->-TWBEHA.
MELTHAEITEARIIMAL -6
FinbEBICZREAED S (a~e)
COHR2ZODDEMNIZIHEWIZT XFH
bh, BRBEIZBEIDAXERZRLID>DOER
ik 3d(e),

i
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Fig., 7T;77F 8M0EBBHEXRi->-~RELEVWERROK

EU» M ULHODIRRIE A7 7F UBRMOERAATPHFETHSE YN
WETHREL-EEEH, a~d: EXHMMEATPOEEMD S0, 2. 4.
b EDORAUCRROE, N—DOREXFT10un,
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ROFBEBRPIBIZ77F U BREEORENI. HAAMICB T 2RH®
BROIFOREBEEZEILLI>THEIIREFICEITVWTWA (1], CO@EFEIZEL.
PI72F B3 BCENRNOGNTIADEEAERLTWREEZGEh B, ZOR
ODHMMBBBIHARLBATEARO7 V7 F o B HEERTE 3 #M
Ehd. RABMICBBI377F VRMLHMMEOBEERARY - 28D
BUALOIDBETHALERABNA3DT., ERIZHIIHFERTIHMMDIE
BEREMHZHE»oRkDoNZVWERBbh 3. . 0.34W/VDAF LMD~
AEROTEFHEM T, 2g/nl HMMEEBEEBABO400npIZ BT 5 BRI 2=
BRaMok, SAPBAFLELNO—RIZEBAHMMOF Y T2 —HBERIEZL
LN D,

COMART. ATPHREFNICHMMMBBHEREZWT 7 F WK% I
SHEBEHALAHMEBRERATLEIZEDHENIZR 2, CORBIZHOVWT
KOLSRBRLTWS, (DNE#EZH>DHMMIBHNERETR2EXD7
yF vl (REAEM L ARICHEEM T2 L TE5. COBIEMIC
o T2HKDOKMIZ. HEON—T FL Y FMOBMAEOIMEICHED HEH)
Y 5 (Fig.8a)s (IDHMMB BV ETL2KXD07 7 F v R#E(EfTRED
ABICHEERTZI LY TE2, COBAHMMS FRI2KDBEICE > T
N=7FRFxTryFMicgh H#B L. A»r602K0BEMIcmb3EN Hicx
TH5EM A LT (Fig.8b), JID1EOHMMAFIX. $524KXD7 7 F iRk
ONPEMMONANLHEERATIHFALEALPLEBLTWLS, ZWHMM
SFRLEAO7I7F URMEBEERLZX6BDEBTI LD TE DI,
COMEFRARUTOERZ2MRICTIEDICEBT B,

FRROIFELWEZBIE. REfFedickAT2LE, HMM3FHAT—HO
BRI A I LG ROE S TISOERBET X2 2 L H#F X h 5 (Fig.8a),
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Fig. 8; ATPHETIRBUIIRATOHMMEZ I/ F L OEES
AOBRAX
REBEEROHMMRBAUT I3 2X07 7 F UL AMKICHEERT &
5, a: HMMP»PBHIRETL22XO7 7 F U BRELBEEALEBA. 2
AO7I7F HMOMICBIEPEXNTRLARZBIMPE S S5, b: HMM
BEFFTL22X07 7 F VR L BEFHLEBS, HMMS FAESED 2 &
D7 T7FVHRHEIZE> TXRHNORTHANBY EBT 5. COLE. #nbC
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BEOHMRICEID, 1LAD7IVF VBV PRHBIL YV OMNBIERMLE
DERICE->T—FHTMICBD LB IcEINRE(24,28], 2= butino
—ABERESNEFHMM FONIZB>T7 7 F U BRMVEHEAMICHED EH)
TEHZLIBBEIN TS [26] ChoDHRBREAEHROERIERCETF
HRHEICLIBEBERNRINEET. 77F URMLEE2BEERHZT 512D
. SAYVOREN 7 IF URMOBHICAOE T NE 4180 ETHIEZT &
BIELATRBULTWS, MEIFAY VRS FARICHGEOHEHELZFE>TWS
BITHHH., ChicBT2MBRIREZEBANTSHS, LHL. HMMM T
MHEOBWEEHHER > TRET2A 2B 822D TERLRELE
BA. COMATREESR A7 IF VBRMMOBIOMERZEGAICEIT ST
JFUBRMLIFTYUMOBIOMEL-BLTWS, ECTHMMIR &K 37
JFURMBOBY LEGBACBT B EB L IR LCEMIZE s TEL T
BLERXTW3,

HMMSFOmEARIZ. 1HOATPNAKSBREIEY A 7NV hIcBD H%ER
A5 RKBehaHRELZVWRBLOM A BT 5 (28-30], > THMMH F
HEGRHE> THDEBLTWABA WRBAD), ~F OMHEEE A HED
NEHUTWARBHYFET S, L2rLZORBIR2AOEEICHLTELNH
HICAULBETELIRITH L, COEDZORBIZII2X0MD Y
higHatwicHBIh T2 B2 WEHE XGRS, HEENKEYD HAIL
TWaEEG., HMMOFR2EKXOBMMICE->TN—-T7 FX Y FMICES. WA
RKrEhZEHLTWERWEBEG, HMMOTFREBEZ LD T2XOBMLEALT
W3, s, 2 ULTHMMIE, FiTadicdr2ob3ig) HhoiER
K23t HExb6hs, COBEHOMEIZ., RiT2dAE—N=Fv T LTWAE
MYy ZWBHICE>CHYVEHTAHMMYTFORICHKAT B LEZH N B,

ATPHFETTCHMMPEBH® AR 22 wWHIZEAT L. HMMAEZ TR
i axMOBY HURBEBANDOEDIZRAO7 7 F U RMIKROM A MIZIA-
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THNVPHEBIT 33T TH35, —~FHMMOBEEIESEWBE., Tz —
WP OHEL TWSAFLBWPORAL I AT TFRARICZD., fikko
F—-N—F9yT45E->THRAHMMSFURETD)OBRIT—-FIcLBLHE
b, COETLAOALGMbAED Hicxd 2\ URH TIDIX. B
MOLT—N—SyTHPRLBIFLEFATIHMMI FOKPETOTRL &
Bo DT A—N—F 9 TR BIFLEETRZAEIAL»L6DRRD HizXL
TRERBBRTTHS, bbb, BUEAREALWHONETIE. HMM
BCITRFETLEHHOBEBIICEI>TETRNICHEDIVEE., CORDHHR
BB K MICEET 2N ERHABICIDRERT - N—F9 T 4R TEHAN
EELTWL: COELRBREEZRSLTWL: HEEBRLTWET7 J7F ik
DABP—FOBE. CORRAL 2 LARICEC 2 hIERBE W, HD
BEECOIIICHP RS BI2ERETHILHBRLT WS,
RRZLAKOIHEHIYMBIRICB T 2RERONMEITHUTWEI I L %%
L, HEREZBRO7 I/F UMY ETICEE>TTETED (31,32], AK
CIFVUORBHERMIPFETSILEF A6 T WS [33,34], WHEEROPTS
Y URMNTEITET 77 REMOERE REAL7 77 Y REMORD %
BRICEREZEHICLRASFREINS, COZHBONIZ PR O PEEICL
BThb, ~RXHMENHMMICHBMLAERAIZT Y VORLEBET AHBE
ODERKIZ., PHTDZULVTETERAYOMBAEES (35]. COXKHRIA
YURHBEATR7 7F VR HRONMARS T2 LT EBLFHEIAS
DT, E¥L2IFYVHBLLRBEOMNERMMITT 7 F VMO BRE RIC
REMZBHAZBELTWBERDR S,
HYEHHECEDIWMBRIBHETEEORRIEETH 22, XL
FEXATWASA, HMM2 T2 O0MEERAURHETIDBIEETEYEDES
RBANEDHKEHOICHNED, BEEZHAELWERORMEL ETT UGN ELT
B7I7F VBB LPRDON 2 BMREBMTHALEB T LI DI1CR 5,
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il 5 )
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SUMMARY

Suzuki et al. (1) have shown that, when F-actin is mixed with
inert high polymer, a large number of actin filaments closely
align in parallel with overlaps to form a long and thick bundle.
The bundle may be designated non-polar, as the constituent
filaments are random in polarity (1). I prepared non-polar
bundles of F-actin using methylcellulose (MC) as the high
polymer, exposed them to heavy meromyosin (HMM) in the presence
of ATP under a light microscope, and followed their morphological
changes in the continuous presence of MC. It was found that
bundles several tens of micrometers long contracted to about one-
third the initial length, while becoming thicker, in half a
minute after exposure to HMM. Subsequently, each bundle was
split longitudinally into several bundles in a stepwise manner,
while the newly formed ones remained associated together at one
of the two ends. The product, an aster-like assembly of actin
bundles, was morphologically quiescent; that is, individual
bundles never contracted upon second exposure to HMM and ATP,
although they were still longer than the F-actin used. Bundles
in this state consisted of filaments with parallel polarity as
examined by electron microscopy. This implies that non-polar
bundles were transformed into assemblies of polar bundles with
ATP hydrolysis by HMM. Importantly, myosin subfragment-1 caused
neither contraction nor transformation. These results are
interpreted as follows. In the presence of ATP, the two-headed
HMM molecule was able to cross-bridge antiparallel actin

filaments, as well as parallel ones. In the antiparallel case,



HMM induced sliding forces between the two filaments, while, in
the parallel case, HMM traveled along the pair directionally,

producing resistance against external sliding forces acting upon

the two filaments.,

Muscle contraction results from active sliding of myosin
heads along actin filaments (2-4), and the sliding mechanism may
possibly underlie other types of cellular movements (5). The
myosin molecule has two heads sharing ATPase sites and surface
domains for actin binding (6). It has been shown by in vitro
motility assay that one-headed myosin prepared by limited
proteolysis was able to slide on F-actin as well as intact myosin
(7), and that two kinds of myosin fragments, heavy meromyosin
(HMM) possessing two heads and subfragment-1 (S-1) carrying one
head, were equally able to slide on F-actin (8,9). These results
indicate that two heads are not required for the myosin molecule
to slide along an actin filament. Important as this finding is,
it raises a problem as to the struoture—fuhction relationship in
myosin: Does the two-headed structure confer on the protein any
functional merits? A straightforward approach to this problem is
to search for phenomena which can be induced by HMM but cannot be
induced by S-1,.

It is to be expected that, in the presence of ATP, the two-
headed HMM molecule would be able to cross-bridge two actin
filaments aligned in parallel at a short distance equal to the

inter-thin filament distance in muscle. However, it is difficult



to realize such a parallel alignment of actin filaments in
homogeneous solutions. Suzuki et al. (1) have reported that,
when F-actin is mixed with an inert high polymer (for instance,
polyethylene glycol (PEG)) at physiological pH and ionic
strength, a large number of actin filaments closely align in
parallel with overlaps to form a long and thick bundle, and that
this alignment is brought about by the osmotic effect of the high
polymer. The bundle may be designated non-polar, because the
congstituent filaments are random in polarity (1). The use of
non-polar bundles has enabled me to observe an interesting
phenomenon based probably on inter-actin filament sliding
movements induced by HMM with ATP hydrolysis. The results are

presented here.

MATERTIALS AND METHODS

Proteins --- Rabbit skeletal myosin, chymotryptic HMM and S-
1 were purified as described previously (9). SDS-PAGE assays (5
%, 7.5 % and 15 % poly(acrylamide) gels) (10) of the HMM
preparation were made to estimate myosin contamination; however,
it was difficult to detect a 220 kDa component corresponding to
myosin heavy chain because of its low content. So, three samples
were assayed in parallel; (I) 20 pg HMM only, (II) 20 pg HMM +
0.02 pg myosin and (IIi) 20 pg HMM + 0.04 pg myosin. The
densitometric data indicated that, while the peak area of myosin

heavy chain in sample (III) was 2.2-fold that of myosin heavy



chain in sample (II), sample (I) showed no measurable peak
corresponding to the myosin heavy chain, So, it is safe to say
that the weight percent of myosin contained in the HMM
preparation was less than 0.05%.

Rabbit skeletal actin was purified as described previously
(9). F-actin was fluorescently labeled with phalloidin-rhodamine
(11) for fluorescence microscopic visualization of single actin
filaments. Actin filaments had a broad distribution of length,
with the average value of 2.5 - 3.5 pm depending on preparations.
In some experiments, rhodamine-labeled F-actin was used for
fluorescence microscopic observations of bundles, and, in others,
unlabeled F-actin was used for dark-field microscopic
observations of bundles. «a-Actinin was prepared from rabbit
skeletal muscle by the method of Masaki and Takaiti (12).

Protein concentrations were determined by measuring the
absorbance at 280 nm using ¢ values of 268,800 for myosin,
221,000 for HMM, 86,300 for S-1 and 48,300 for actin (13), and
using molecular weights of 480,000 for myosin, 340,000 for HMM,
115,000 for S-1 and 42,000 for actin.

Formation of actin bundles and application of HMM to them
--- To produce non-polar bundles of F-actin, I used MC (1500
centi-Poise (cP)) as the inert high polymer, for reasons which
will be described in RESULTS. Usually, a 0.6 % (w/v) MC solution
containing 25 mM imidazole-HC1l, pH 7.6, 50 mM KCl, 5 mM MgClZ and
1 mM EGTA was mixed with an equal volume of an actin solution
containing Bo‘pg/ml rhodamine-labeled or unlabeled F-actin, 25 mM

imidazole-HCl, pH 7.6, 50 mM KCl, 5 mM MgClz, 1 mM EGTA, 50 mM



DTT, and the mixture was left at room temperature for several
minutes to produce actin bundles. For light microscopic
observation of this specimen, I used a flow cell, which consisted
of a slide glass and a cover slip which were firmly fixed with
spacers (0.15 mm thick) on two parallel sides of the cover slip.
To apply HMM and ATP to actin bundles, I prepared a 0.3 % (w/v)
MC solution containing 2 mg/ml HMM, 2 mM ATP, 10 mM phosphoenol
pyruvate (PEP), 20 unit/ml pyruvate kinase, 25 mM imidazole-HC1,
pH 7.6, 50 mM KC1, 5 mM MgCl,, 1 mM EGTA and 25 mM DTT, and
placed a drop of it on an open side of the cell which had been
filled with the specimen of actin bundles. Then, viscous flow
was induced in the cell and, thereby actin bundles were moved at
various speeds in the field of the microscope. Slowly moving
bundles were able to be placed near the center of the field by
changing the position of the microscope stage. This technique
enabled me to observe rapid contraction of bundles which were
floating near the front of the MC solution containing HMM and
ATP. Contraction started suddenly, the maximum velocity being
attained within a second after the initiation of contraction. It
was possible to define time zero within an error of 1 second.
Preparation of fluorescently labeled myosin and HMM ---
Some experiments were performed, using fluorescently labeled
preparations of myosin and HMM. All species of light chains were
dissociated from myosin and labeled with 5-iodoacetamido=
fluorescein (IAF) by the method of Mittal et al. (14). To obtain
fluorescently bright myosin, IAF-labeled light chains and myosin

were mixed to final concentrations of 2 mg/ml and 10 mg/ml in 10



mM potassium phosphate buffer (pH 6.7) containing 0.6 M KC1 and 1
mM DTT, and the mixture was left overnight on ice to exchange
light chains of myosin with the labeled ones. Then, to remove
free light chains, the mixture was centrifuged at low speed after
dilution with 7 volumes of distilled water, and the fluorescently
bright pellet was dissolved in 10 mM potassium phosphate buffer
(pH 6.7) containing 0.6 M KC1. This myosin preparation had a
dye-to-head molar ratio of about 0.2 as estimated by the method
of Marsh and Lowey (15): hence, the extent of labeling was rather
low. To obtain fluorescently bright HMM, IAF-labeled light
chains and HMM were mixed to final concentrations of 2 mg/ml and
10 mg/ml in 25 mM imidazole~HCl (pH 7.0) and 1 mM DTT, and the
mixture was left overnight on ice for exchange. To separate HMM
from free light chains, the mixture was mixed with F-actin to a
final actin to head molar ratio of 1.5 in 30 mM KCl and 5 mM
MgCl, to form acto-HMM complex. The complex was sedimented by
high-speed centrifugation and resuspended in 10 mM imidazole-HCl
buffer (pH 7.0) containing 0.15 M KC1l, 1 mM MgClz, 1 mM EGTA, 1
mM DTT and a 1.5-fold excess molar concentration of phalloidin
over actin. Then, Mg.ATP was added to the suspension to a final
concentration of 10 mM, and F-actin dissociated from HMM was
sedimented at 15°C by centrifugation at 200,000 x g for 15 min
with a Beckman TL-100 centrifuge. The supernatant was further
fractionated with ammonium sulfate. A fraction of between 40 and
57 % saturation, which contained fluorescent HMM, was separated
and dialyzed against 5 mM potassium phosphate buffer (pH 7.5)

containing 0.5 mM DTT. The HMM preparation had a dye-to-head



molar ratio of about 0.2, The fluorescent preparations of myosin
and HMM were both able to slide F-actin in in vitro assays (9):
however, because of the low extents of labeling, this does not
necessarily mean that labeled proteins themselves produced
sliding forces., Systematic studies will be required to elucidate
their properties as motor proteins.

Light microscopy --- Bundles of fluorescence-labeled F-actin
were visualized with an Olympus BH-2 fluorescence microscope (9),
and those of unlabeled F-actin were visualized with an Olympus BH
dark-field microscope (16), or with the above fluorescence
microscope by white-light illumination. In both cases, images
were recorded with a Panasonic AG-3800 video recorder after
intensification with an Ikegami CTC-9000 image intensifier (9).
The plane of focus was set near the half depth of the flow cell
to observe bundles freely floating in the medium. The
observations were made at 25°C., In an experiment, IAF-labeled
HMM was applied to bundles of rhodamine-labeled F-actin: bundles
were visualized by green light excitation, while the distribution
of HMM along them was visualized by blue light excitation. The
same technique was used for visualizing movements of myosin
aggregates along actin bundles.

Electron microscopy --- Negatively stained preparations of
actin bundles with and without bound HMM were observed with a JEM
100C electron microscope by the method of Suzuki et al. (1).

Reagents --- MC was purchased from Wako Pure Chemicals.

IAF, a-chymotrypsin, and phalloidin were obtained from Sigma.

ATP, PEP, and pyruvate kinase were obtained from Boehringer



Mannheim. Phalloidin-rhodamine was obtained from Molecular

Probes. All other reagents used were of analytical grade.
RESULTS
Actin Bundles --- Bundles prepared by the procedure

described in MATERIALS AND METHODS had various lengths in a range
between 10 and 100‘ym as judged from their microscopic images.
Each image became dimmer toward both ends (Fig. 1), indicating
that the maximum number of filaments was contained in cross-
sections near the center of a bundle. Overall, longer bundles
tended to be thicker. From bundles of various lengths, I
selected those which were several tens of micrometers long for
observations of HMM-induced morphological changes (see below).

In a bundle of this length, the number of actin filaments/cross
section would be of the order of 10, on average, as estimated by
electron microscopy. Bundles were flexible. They were bent into
various shapes when exposed to inhomogeneous flow of the medium.
Strongly bent bundles were occasionally closed into rings by end-
to-end association (Fig. 3a).

Longer and thicker bundles were produced when the MC
concentration was doubled, and also when MC (1500 cP) was
replaced with MC (4000 cP). However, those preparations of
bundles were more viscous and less suitable for preparation of
microscopic specimens. Bundles produced in 5 % (w/v) PEG 20,000

(1) were similar in overall shape and size to those produced in



0.3 % MC (1500 cP).

HMM-induced Contraction --- It was found that the morphology
of actin bundles changed remarkably upon simultaneous application
of HMM and ATP (see MATERIALS AND METHODS). Linear bundles,
which were several tens of micrometers long, shortened to about
one third the initial length in half a minute, while becoming
considerably thicker (Fig. 2, a-d). It is interesting to note
that ring-shaped bundles became smaller in diameter upon
application of HMM and ATP, while becoming thicker, in a similar
manner to the contraction of contractile rings in dividing cells
(Fig. 3). The maximum velocity of contraction in a ring-shaped
bundle was approximately equal to that in a linear bundle of the
gsame length., Therefore, I consider that, not only in ring-shaped
bundles but also in linear ones, contraction took place rather
uniformly along the length. It is unlikely that linear bundles
might have been shortened by dissociation of their constituent
filaments from both ends. Because bundles became considerably
thicker during contraction, I assume that the total number of
filaments/bundle changed little during this process.

A two-fold increase in HMM concentration yielded no
detectable increase in the velocity of contraction, while
contraction became considerably slower as the HMM concentration
was decreased to 0.5 mg/ml. A decrease in the Mg.ATP
concentration to 0.1 mM decreased the velocity of contraction
remarkably. Perhaps more important is the fact that bundles
never contracted upon application of HMM in the absence of ATP,

indicating that contraction was driven by HMM with ATP
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hydrolysis. Contraction took place in a range of KCl
concentration between 0 and 100 mM, and in a range of free MgClz
concentration between 0 and 10 mM. Bundles produced in PEG
solutions contracted as well as those in MC solutions.

a~-Actinin is known to cross-link F-actin into bundles (17).
I confirmed by light microscopy that long and thick bundles were
formed in mixtures of F-actin and a-actinin at a 1 to 0.1 weight
ratio, irrespective of whether the mixtures contained MC or not.
Bundles of cross-linked F-actin never contracted to any extent
upon application of HMM and ATP in the presence or absence of MC.

Transformation --- In the case of linear bundles,
contraction continued for half a minute or longer after
application of HMM and ATP. After this period of time, each
thickened bundle was longitudinally split into several bundles in
a stochastic manner, while the newly formed ones remained
associated together at one of the two ends (Figs. 2e, 5h, 6a).
The product, an aster-like assembly of short bundles, was
morphologically quiescent: that is, individual bundles never
shortened to any extent upon second application of HMM and ATP,
although they were still longer than F-actin used. Observing
bundles in this state by electron microscopy, I found that they
consisted of actin filaments parallel in polarity (Fig. 4). This
implies that bundles in the non-contractile state were polar., It
is interesting to note that actin filaments comprised in each
non-polar bundle were sorted in terms of the polarity with ATP
hydrolysis by HMM. To determine the polarity of polar bundles in

the aster-like structure, two experiments were carried out using
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fluorescently labeled proteins. In the first, IAF-labeled HMM
was applied to non-polar bundles of rhodamine-labeled F-actin in
the absence of ATP to decorate them with labeled HMM and,
thereafter, unlabeled HMM and ATP were applied to the decorated
bundles to initiate contraction in the fluorescently dark
background. It can be seen from Figure 5 that labeled HMM
initially distributed along a linear bundle finally accumulated
near the center of an aster-like structure. The second
experiment was performed, using a 0.3 % (w/v) MC solution
containing ZO.Pg/ml TAF-labeled myosin, 5 mM ATP, 25 mM
imidazole-HCl, pH 7.6, 50 mM KCl, 5 mM MgClz, 1 mM EGTA and 25 mM
DTT. Preliminary observations of this solution by fluorescence
microscopy indicated that it consisted of small but visible
aggregates of myosin. Linear bundles of rhodamine-labeled F-
actin were transformed into aster-like assemblies of polar
bundles with unlabeled HMM and ATP, and, thereafter, myosin
aggregates and ATP were applied to these assemblies. Then, it
was found that myosin aggregates trapped onto bundles moved along
them (Fig. 6). This and many other observations indicate that
the direction of movements was from the tip to the assembly
center. Combining these results with the fact that myosin heads
slide along actin filaments from the pointed end to the barbed
end during muscle contraction, I conclude that, in the aster-like
structure, individual bundles consisted of actin filaments whose
barbed ends were localized nearer to the structural center.

Two aster-like structures freely floating in a MC solution

occasionally came into contact at the tips of two bundles
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belonging to the two structures. When such a contact happened in
the presence of HMM and ATP, the two bundles fused into one, the
newly formed bundle contracted rapidly, and, thereby, the two
assemblies were fused into one (Fig. 6). This implies that,
while polar bundles were structurally stable in the presence of
HMM and ATP, they became unstable as they were brought into
contact at the pointed ends. The aster-like structure often
dissociated into constituent bundles upon application of rapid
flow. These bundles were also flexible. Strongly bent bundles
were occasionally closed into rings by head-to-tail association
in themselves. The ring structure was stable: it never
contracted upon second application of HMM and ATP (Fig. 7). It
is presumed that HMM trapped in the ring structure would continue
moving around it unidirectionally.

Linear bundles produced in PEG solutions were also
transformed into aster-like assemblies of bundles. However,
these bundles were always much shorter than those produced in MC
solutions. Hence, I used MC. The final concentration of MC
(1500 cP) could be changed within a range of 0.15 to 0.6 % (W/V)
to observe contraction and transformation of bundles.

Myosin content of the HMM preparation used in this study was
as low as less than 0.05 % (w/w) (see MATERIALS AND METHODS). I
confirmed that neither contraction nor transformation took place
when 0.02 mg/ml intact myosin was used in place of 2 mg/ml HMM.
Therefore, it is highly unlikely that the contraction and
transformation of non-polar bundles might have been brought about

by myosin contained in the HMM preparation.
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Finally, it should be mention that, when 5-15 mg/ml S-1 was
used in place of 2 mg/ml HMM, neither contraction nor
transformation took place. When HMM and ATP were applied to
actin bundles which had been saturated with S-1 in the absence of
ATP, there was a lag of about 30 min before initiation of
contraction, the maximum velocity of contraction being about 10-
fold smaller than that in S-l-untreated bundles. These results
indicate that S-1 strongly interfered with HMM as regards

inducing contraction and transformation.

DISCUSSION

The stability of actin bundles in high polymer solution is
rooted in the osmotic pressure originating from the difference in
local concentration of high polymer between outside and inside of
the bundles (1). Since the osmotic pressure should be low, it is
likely that the packing of actin filaments in a bundle is rather
loose, and, therefore, HMM would be able toApenetrate into it to
interact with the constituent filaments. Acto-HMM interactions
in this situation may be more complicated than those in
homogeneous solutions; the effective concentration of HMM applied
to bundles might be greatly different from that apparently
present. A 0.3 % (w/v) MC solution containing 2 mg/ml HMM was
closely similar in absorbance at 400 nm to a low-salt solution
containing 2 mg/ml HMM., Hence, it is unlikely that HMM might

have associated into oligomers in the MC solution.
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It has been shown in this study that HMM causes ATP-
dependent contraction of non-polar bundles of F-actin and their
transformation into aster-like structures. A possible
interpretation of these facts, involves the following
assumptions. (I) The two-headed HMM molecule is able to cross-
bridge two actin filaments antiparallel in polarity (antiparallel
pair) to generate sliding forces between the two filaments in the
direction to reduce the distance between their barbed ends (Fig.
8a). (II) The HMM molecule is also able to cross-bridge two
actin filaments parallel in polarity (parallel pair). In this
case, the HMM molecule travels along the pair unidirectionally,
producing resistance against external sliding forces acting upon
the two filaments. (Fig. 8b). (ITI) Both types of acto-HMM
interactions are in dynamic equilibria; therefore, an HMM
molecule can dissociate from a pair to associate with a different
one. The HMM molecule can also associate with a single actin
filament to travel along it; however, this type of interaction
will not be taken into account for simplicity in the following
discussions.

If assumption (I) is correct, it is to be expected that, in
the HMM molecule, a head would be able to rotate 180 degrees at
the neck relative to the other in order to cross-bridge an
antiparallel pair of actin filaments (Fig. 8a). In connection
with this possibility, I should refer to the recent finding that,
when a thick bipolar filament of smooth muscle interacts with an
actin filament aligned in parallel, both the correctly and

incorrectry aligned halves of the bipolar filament can slide
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along the actin filament in the same direction, although there is
a difference in sliding velocity between the two halves (18, 19;
see also 20). This implies that myosin heads protruding from the
incorrectly aligned half of the bipolar filament can swivel 180
degrees about their bases to interact correctly with the actin
filament. Bidirectional movement of actin filaments along tracks
of myosin heads observed by Toyoshima et al. (21) also indicates
that HMM has rotational freedom. Important as these findings
are, our knowledge regarding the rotational freedom in myosin is
still fragmentary. If the HMM molecule can actually slide two
antiparallel filaments along each other, by virtue of the
internal freedom of rotation, the direction of inter-actin
filament s8liding determined in this study is in accord with that
of the in vivo sliding between actin and myosin. So, it is
assumed that the HMM-induced inter-actin filament sliding and the
in vivo s8liding are governed by common mechanisms. Suppose that
each head of HMM alternates between an active, force-generating
state and an inactive, force-nongenerating state in one ATPase
cycle (22-24). Then, an HMM molecule simultaneously interacting
with two parallel actin filaments would produce sliding forces
between the filaments in one direction when one head is in the
active state and the other head is in the inactive state.
However, the HMM molecule has to produce sliding forces in the
opposite direction at equal probability, for the reason of
symmetry. The sum of sliding forces should be null
statistically. An HMM molecule moves along a parallel pair of

filaments unidirectionally when both heads are in the active

16



state, and it stops movement when both heads are in the inactive
state. Overall, HMM simultaneously interacting with two parallel
actin filaments would have to produce resistance against external
sliding forces acting upon the filaments. The resistance
increases with increase in the number of HMM molecules contained
in the overlap between the two filaments.

When the non-polar bundle is allowed to interact with HMM in
the presence of ATP, the constituent filaments would have to
undergo bidirectional movements along the axis, due to HMM-
induced sliding movements between antiparallel filaments
(assumption (I)), although such internal movements of the bundle
would be invisible by light microscopy. When the HMM
concentration is high, the total number of HMM molecules
travelling along the overlap in a parallel pair (assumption (II))
may be approximately constant at any moment, as dissociation of
HMM from one end and its association to the opposite end will
take place at equal rates., In this situation, the resistance
against external sliding forces between the two filaments
(assumption (II)) has to increase with increase in their overlap.
That is, the pair has to become more stable against external
sliding forces as the overlap increases. In the non-polar
bundle, HMM-induced sliding movements between antiparallel
filaments give rise to external sliding forces between parallel
filaments. When sliding forces are randomly applied to parallel
pairs, those pairs which have larger overlaps will survive longer
statistically. This implies that the number of filaments

contained in a cross-section of the bundle (or its thickness)
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increases with time. These increases in thickness would have to
cause decreases in length, when the bundle consists of a fixed
number of filaments. In this interpretation of contraction,
shortening is a consequence of thickening.

An in vitro simulation of the contraction of contractile
rings in dividing cells has been described. Contractile rings
consist of a number of actin filaments aligned in parallel with
random polarity (25,26) and, presumably, thick bipolar filaments
of myosin distributed among them (27, 28). I suggest that, in
this structure, thick bipolar filaments generate resistance
against sliding forces acting on parallel filaments, as well as
sliding forces between antiparallel filaments (as usually
assumed), and that both kinds of forces generated in the
structure are necessary to induce contraction. It has been shown
that mutant Dictyostelium cells, which produce mutant myosin
essentially identical in the primary structure to HMM, are
defective in cytokinesis and become large and multinucleate (29).
The mutant myosin is supposed to be able to induce the in vitro
contraction of actin bundles. It is tempting to speculate that
normal myosin (or its thick bipolar filament) might play a
crucial role in the organization of actin filaments into
contractile rings in wild-type cells.

The transformation of linear bundles into aster-like
structures is a complicated process and has not been fully
interpreted. Assume that cross bridges between parallel
filaments (assumption (II)) are statistically stronger than those

between antiparallel filaments (assumption (I)). Then, it is to

18



be expected that, when HMM and ATP are applied to a non-polar
bundle, the constituent filaments will be sorted into several
tight groups of parallel filaments during contraction, which
groups slide along each other to produce an aster-like structure.
Computer simulation of contraction and transformation is awaited.

In conclusion, the use of non-polar bundles of actin
filaments has enabled me to reveal new functional properties of
HMM based on the two-headed structure. The technique employed in
this study may be applied to investigate inter-microtubule

sliding movements induced by kinesin and dynein.
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FIGURE LEGENDS

Fig. 1. A fluorescence microscopic image of a non-polar bundle
of rhodamine-labeled F-actin produced in 0.3 % MC solution. For
experimental conditions, see MATERIALS AND METHODS. The bar

indicates 10/um. Note that the average length of F-actin used

was about 3 ym.

Fig. 2. Dark-field light micrographs showing HMM-induced
contraction and transformation of a non-polar bundle.

Contraction was initiated by the procedure described in MATERIALS
AND METHODS. Images at a few seconds (a), 7.5 8 (b), 15 s (c),
30 s (d), and 40 s (e) after initiation of contraction. The bar
indicates 10.pm. The maximum velocity of contraction was about

1.6_pm/s.

Fig. 3. Fluorescence micrographs showing contraction of a ring-
shaped bundle of rhodamine-labeled F-actin. For experimental
conditions, see MATERTALS AND METHODS. Image before application
of HMM and ATP (a), and images at 15 s (b), 25 s(c), and 40 s (d)
after initiation of contraction. The bar indicates 10 pm. The

maximum velocity was about 1.3 Pm/s.

Fig. 4. Electron micrographs showing tip portions of bundles
assembled in the aster-like morphology. The HMM-decorated actin
filaments in each micrograph point upwards. The bar indicates

0.1 jm.
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Fig. 5. Accumulation of IAF-labeled HMM near the center of an
aster-like assembly after transformation of a non-polar bundle of
rhodamine~labeled F-actin. For experimental conditions, see
MATERTIALS AND METHODS. Distribution of labeled HMM along the
non-polar bundle in the absence of ATP is shown in a. Images at

10 s (b), 20 s (¢), 30 s (d), 40 s (e), 50 (f), 80 s (g) and 80

w

8 (h) after simultaneous application of unlabeled HMM and ATP are
shown. Images a, ¢, e and g, which were obtained by blue-light
excitation, represent distributions of labeled HMM, while images
b, d, f and h, which were obtained by green-light excitation,
represent the actin bundle during contraction and transformation.

The bar indicates 10 Pm.
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Fig. 6. Fluorescence micrographs showing directional movements
of an aggregate of IAF-labeled myosin along a polar bundle of
rhodamine-labeled F-actin, and fusion of two aster-like
structures initiated by brief contact. For experimental
conditions, see MATERIALS AND METHODS. 1Images a and e were
obtained by green-light excitation, and b, ¢ and d by blue-light
excitation. The bar indicates IOIPm. Two aster-like structures
produced by application of unlabeled HMM and ATP are shown in a.
An TAF-labeled myosin aggregate associated onto a bundle seen in
a is indicated by the arrow in b. Changes in position of the
aggregate along the bundle are shown in ¢ and d: the interval of
time between b and ¢ was 10 s and that between ¢ and d was 20 s.
The average velocity of movement was about 2 Pm/s. {The blurred
image in c was due to the fact that the aggregate went out of the
depth of focus at this moment). The two aster-like structures
were floating near the front of a 0.3 % MC solution containing
aggregates of IAF-labeled myosin and ATP (see MATERIALS AND
METHODS). Hence, there remained free HMM near the two
structures, although it would have been diluted to some extent.
The two aster-like structures were brought into contact at the
position indicated by the aster in a. Then, the two structures
fused into a bigger one, as shown in e: the interval of time
between a and e was 35 s. The two arrowheads in b and ¢ indicate
JAF-labeled myosin aggregates trapped at the two structural
centers, and the arrowhead in d indicates TAF-labeled myosin

aggregates accumulated at the center of the fused structure.
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Fig. 7. Dark-field light micrographs of a non-contractile ring
produced by head-to-tail association of a polar bundle. Images
were obtained at 0 s (a), 2 min (b), 4 min (c) and 6 min (d)
after the second application of HMM and ATP. For experimental

conditions, see MATERIALS AND METHODS. The bar indicates 10.pm.

Fig. 8. Hypothetical modes of acto-HMM interactions in the
presence of ATP. (a) Simultaneous interactions of HMM with two
antiparallel actin filaments, inducing sliding movements between
the two filaments in the direction to reduce the distance between
the two barbed ends as indicated by the arrows. {b) Simultaneous
interactions of HMM with two parallel actin filaments. 1In this
case, HMM slides along the pair in the direction indicated by the
arrows, while generating resistance against external sliding

forces acting upon the two filaments.
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