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Thr ee- Di mensi onal St r uct ur e of Myosi n Subf r agment - 1

f r omEl ect r on Mi cr oscopy of Sect i oned Cr yst al s

Donal d A. Wi nkel mann, * Ti mot hy S. Baker , t and I van Rayment §

* Depar t ment of Pat hol ogy, Rober t Wood Johnson Medi cal School , Pi scat away, NewJer sey 08854 ; f Depar t ment of

Bi ol ogi cal Sci ences, Pur due Uni ver si t y, West Laf ayet t e, I ndi ana 47907; and § Depar t ment of Bi ochemi st r y and t he Enzyme I nst i t ut e,

Uni ver si t y of Wi sconsi n, Madi son, Wi sconsi n 53705

Abst r act . I mage anal ysi s of el ect r on mi cr ogr aphs of

t hi n- sect i oned myosi n subf r agment - 1 ( Sl ) cr yst al s has

been used t o det er mi ne t he st r uct ur e of t he myosi n head

at t i 25- A r esol ut i on . Pr evi ous wor k est abl i shed t hat

t he uni t cel l of t ype I cr yst al s of myosi n Sl cont ai ns

ei ght mol ecul es ar r anged wi t h or t hor hombi c space

gr oup symmet r y P2 12, 2, and pr ovi ded pr el i mi nar y i n-

f or mat i on on t he si ze and shape of t he myosi n head

( Wi nkel mann, D. A. , H. Mekeel , and I . Rayment .

1985. J. Mol . Bi ol . 181 : 487- 501) . We have appl i ed a

syst emat i c met hod of dat a col l ect i on by el ect r on mi cr os-

copy t o r econst r uct t he t hr ee- di mensi onal ( 3D) st r uct ur e

of t he Sl cr yst al l at t i ce. El ect r on mi cr ogr aphs of t hi n

sect i ons wer e r ecor ded at angl es of up t o 50° by t i l t i ng

t he sect i ons about t he t wo or t hogonal uni t cel l axes i n

sect i ons cut per pendi cul ar t o t he t hr ee maj or cr yst al l o-

gr aphi c axes . The dat a f r omsi x separ at e t i l t ser i es wer e

mer ged t o f or ma compl et e dat a set f or 31) r econ-

HE pr i mar y r ol e of t he i nt er act i on of act i n and myo-

si n i s t he gener at i on of f or ce and mot i on . Thi s oc-

cur s as a consequence of t he cycl i c i nt er act i on of t he

mot or domai n of myosi n wi t h act i n f i l ament s and i s dr i ven by

myosi n ATP hydr ol ysi s . Muscl e myosi n i s a l ar ge, asym-

met r i c, mul t i - domai n mol ecul e composed of si x pol ypep-

t i des : t wo heavy chai ns of mol ecul ar mass 220, 000 Dand t wo

pai r s of l i ght chai ns of mol ecul ar masses 17, 000- 23, 000 D

( War r i ck and Spudi ch, 1987) . The car boxy- t er mi nal por t i on

of t he myosi n heavy chai ns associ at e t o f or m an a- hel i cal

coi l ed- coi l r od . The ami no- t er mi nal por t i on of each heavy

chai n associ at es wi t h t wo di f f er ent l i ght chai n t o f or man el on-

gat ed gl obul ar domai n ; t hi s st r uct ur e cont ai ns t he si t es f or hy-

dr ol ysi s of ATPand f or bi ndi ng act i n ( Mar gossi an and Lowey,

1973) . Myosi n can be f r agment ed by l i mi t ed pr ot eol ysi s wi t h

papai n, t r ypsi n, and chymot r ypsi n i nt o sever al st r uct ur al and

f unct i onal domai ns ( Lowey et al . , 1969 ; Weeds and Tayl or ,

1975) . Maj or f r agment s t hat r et ai n enzymat i c or assembl y

pr oper t i es have been pr epar ed by cl eavage i n t he r od t o f or m

heavy mer omyosi n ( HMM) ' and l i ght mer omyosi n ( LMM)

1 . Abbr evi at i ons used i n t hi s paper : HMM, heavy mer omyosi n ; LMM, l i ght

mer omyosi n ; Sl , myosi n subf r agment - 1 ; SF, st r uct ur e f act or ; 3D, t hr ee-

di mensi onal .
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st r uct i on . Thi s appr oach has yi el ded an el ect r on densi t y

map of t he uni t cel l of t he St cr yst al s of suf f i ci ent det ai l

t o del i neat e t he mol ecul ar envel ope of t he myosi n head .

Myosi n Sl has a t adpol e- shaped mol ecul ar envel ope t hat

i s ver y si mi l ar i n appear ance t o t he pear - shaped myosi n

heads obser ved by el ect r on mi cr oscopy of r ot ar y- shad-

owed and negat i vel y st ai ned myosi n . The mol ecul e i s

di vi ded i nt o essent i al l y t hr ee mor phol ogi cal domai ns : a

l ar ge domai n on one end of t he mol ecul e cor r espondi ng

t o - 60 % of t he t ot al mol ecul ar vol ume, a smal l er cen-

t r al domai n of t i 30 %of t he vol ume t hat i s separ at ed-

f r omt he l ar ger domai n by a cl ef t on one si de of t he mol -

ecul e, and t he smal l est domai n cor r espondi ng t o a t hi n

t ai l - l i ke r egi on cont ai ni ng - 10%of t he vol ume . Thi s

mol ecul ar or gani zat i on suppor t s model s of f or ce gener a-

t i on by myosi n whi ch i nvoke conf or mat i onal mobi l i t y

at i nt er domai n j unct i ons wi t hi n t he head .

or at t he head- r od j unct i on t o f or msubf r agment - 1 ( Sl ) and

r od . These st udi es have l ed t o t he concl usi on t hat i t i s t he r od-

l i ke myosi n t ai l s t hat const i t ut e t he t hi ck f i l ament backbone,

wher eas t he gl obul ar myosi n heads ( Sl ) l i e on t he sur f ace of

t he f i l ament . Fur t her mor e, i t has been demonst r at ed wi t h an

i n vi t r o mot i l i t y assay t hat t he gl obul ar , act i n bi ndi ng head do-

mai n ( Sl ) i s suf f i ci ent t o cause sl i di ng movement of act i n f i l a-

ment s ( Toyoshi ma et al . , 1987) .

The compl et e sequence of genes codi ng f or t he myosi n

heavy chai n and t he myosi n l i ght chai ns have been det er -

mi ned f or sever al i nver t ebr at e and ver t ebr at e st r i at ed muscl e

and nonmuscl e myosi ns ( f or r evi ew see War r i ck and Spudi ch,

1987) . Thi s r api dl y expandi ng sequence dat abase has pr o-

vi ded new i nsi ght s i nt o t he st r uct ur al and f unct i onal domai ns

of t he mol ecul e . The deduced ami no aci d sequence of t he

myosi n r od r eveal s a char act er i st i c hept ad r epeat of char ged

and apol ar r esi dues wi t h st r ong t x- hel i cal pot ent i al . How-

ever , asi de f r omt hi s char act er i st i c r epeat pat t er n, t he homol -

ogy bet ween myosi n r od sequences i s not st r ong. I n cont r ast ,

st r ong sequence homol ogy exi st s among t he deduced ami no

aci d sequences of t he Sl domai ns . Hi ghl y conser ved r egi ons

of homol ogy ar e f ound ar ound a sequence bel i eved t o f or m

par t of t he ATP bi ndi ng si t e ( Wal ker et al . , 1982) , ar ound
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si t es bel i eved t o be i nvol ved wi t h act i n bi ndi ng and ar ound

t wo r eact i ve cyst ei nes ( SHI and SHZ ) . I ndeed, t he sequence
homol ogi es wi t hi n t he Sl domai n ext end t o a second cl ass

of myosi n- l i ke mot or mol ecul es r ef er r ed t o as myosi n- I ( Pol -
l ar d et al . , 1991) . Myosi n- I s di f f er f r omconvent i onal myosi n

i n t hat t he l ong a- hel i cal myosi n r od domai n i s r epl aced by

shor t er , nonhel i cal sequences bel i eved t o have speci al i zed

bi ndi ng f unct i ons . Lacki ng t he coi l ed- coi l r od domai n nec-

essar y f or di mer i zat i on, myosi n- I exi st s as gl obul ar mono-
mer i c mot or s . Det ai l ed anal ysi s of myosi n- I gene sequences
r eveal s t hat t he N112- t er mi nal t wo- t hi r ds of t he deduced

ami no aci d sequence cover i ng t he ATP and act i n bi ndi ng

r egi ons i s homol ogous t o t he Sl domai n of convent i onal my-
osi n ; t hus t hese mol ecul es r epr esent a r el at ed but uni que
subcl ass of mol ecul ar mot or s . Unf or t unat el y, t he compl et e

sequence of t he Sl domai n of myosi n has yi el ded f ew i nsi ght s

i nt o t he secondar y or t er t i ar y st r uct ur e of t he myosi n head .

El ect r on mi cr oscopy of myosi n cont r ast ed by r ot ar y shad-

owi ng or negat i ve st ai ni ng has pr ovi ded a pr ogr essi vel y mor e

det ai l ed pi ct ur e of t he myosi n heads . The heads appear pear -
shaped and - 190- 200 A l ong, ar e t hi cker at t he di st al end

and t aper t o t he head- r od j unct i on ( El l i ot t and Of f er , 1978) .

I n negat i ve st ai n t he heads of t en appear cur ved and ar e sub-

di vi ded by st ai n- f i l l ed cl ef t s i nt o a l ar ge domai n at one end

and t wo smal l er domai ns near t he j unct i on of t he head wi t h

t he r od ( Kni ght and Tr i ni ck, 1984 ; Wal ker and Tr i ni ck,

1988) . The myosi n l i ght chai ns pl ay an i mpor t ant r ol e i n de-
t er mi ni ng t he appear ance and i n st abi l i zi ng t he st r uct ur e of

t he myosi n heads ( Fl i cker et al . , 1983 ; Wal ker and Tr i ni ck,

1989) . Ant i bodi es f or bot h cl asses of l i ght chai n l ocal i ze

t hese subuni t s i n t he nar r owr egi on of t he head near t he j unc-

t i on wi t h t he r od ( Fl i cker et al . , 1983 ; Wi nkel mann and

Lowey, 1986 ; Tokunaga et al . , 1987b ; Kat oh and Lowey,

1989) .

The or gani zat i on of t he heavy chai n i n t he head has been

st udi ed ext ensi vel y by pr ot eol yt i c di gest i on of Sl ( Bal i nt et

al . , 1978 ; Mor net et al . , 19816 ; Appl egat e and Rei sl er ,

1983) . Li mi t ed t r ypt i c cl eavage of skel et al myosi n Sl yi el ds

t hr ee maj or f r agment s of appar ent mol ecul ar masses 25, 50,

and 20 kD t hat ar e al i gned i n t hat or der f r om t he NHZ t er -

mi nus of t he pr i mar y st r uct ur e. These f r agment s r emai n as-

soci at ed under nondenat ur i ng condi t i ons and t he cl eaved

head r et ai ns f unct i onal act i vi t y . A concept of " domai ns" t hat

ar e l i nked by pr ot eol yt i cal l y sensi t i ve r egi ons has ar i sen

f r omt he f i ndi ng t hat a var i et y of pr ot eases cl eave wi t hi n 1- 2

kD of t he t r ypsi n- sensi t i ve si t es ( Appl egat e and Rei sl er ,

1983 ; f or r evi ew see Vi ber t and Cohen, 1988) .

Det ai l ed knowl edge of t he st r uct ur e of t he mot or domai n

of myosi n i s essent i al f or under st andi ng t he mechani sm of

al l myosi n based mot i l i t y i ncl udi ng muscl e cont r act i on . The

di scover y of condi t i ons f or cr yst al l i zi ng t he head of myosi n

has l ead t o syst emat i c st udi es of t he S1 st r uct ur e ( Rayment

and Wi nkel mann, 1984) . Cr yst al s of myosi n Sl f r omavi an

skel et al muscl e have been exami ned by x- r ay di f f r act i on and

el ect r on mi cr oscopy t o det er mi ne how t he mol ecul es pack

i n t he uni t cel l and t o gai n pr el i mi nar y i nf or mat i on on t he

si ze and shape of S1 i n pr oj ect i on ( Wi nkel mann et al . , 1985) .

The appear ance of t he S1 i n t he cr yst al l at t i ce i s st r i ki ngl y

si mi l ar t o t he appear ance of t he heads on negat i vel y st ai ned

or r ot ar y shadowed myosi n . However , t hese t wo- di men-

si onal pr oj ect i ons onl y pr ovi de l i mi t ed i nf or mat i on about t he

3D shape and domai n st r uct ur e i n t he head . We pr esent her e
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t he r esul t s of t he appl i cat i on of a syst emat i c met hod of dat a

col l ect i on by el ect r on mi cr oscopy used t o r ecor d a compl et e

dat a set f or 3D r econst r uct i on of t he myosi n Sl cr yst al l at -

t i ce . Thi s appr oach has yi el ded an el ect r on densi t y map of

t he uni t cel l of t he Sl cr yst al s of suf f i ci ent det ai l t o del i neat e

t he mol ecul ar envel ope of t he myosi n head at 25- A r eso-

l ut i on .

Mat er i al s and Met hods

( a) Cr yst al Sect i on Pr epar at i on

Myosi n Sl cr yst al s ar e f or med wi t h myosi n i sol at ed f r omchi cken pect or al i s

muscl e and cl eaved wi t h papai n ( Rayment and Wmkel mann, 1984) . Thi s

Sl pr epar at i on has bot h cl asses of myosi n l i ght chai ns ( 17 and 19 kD) and

a 95- kD heavy chai n f or a t ot al mol ecul ar mass of 130 kD. Pur i f i ed pr epar a-

t i ons of chi cken pect or al i s muscl e myosi n Sl cr yst al l i ze as t hi ck, di amond-

shaped, bi r ef r i ngent pl at es as pr evi ousl y descr i bed ( Rayment and Wi nkel -

mann, 1984) . The cr yst al s bel ong t o t he or t hor hombi c space gr oup P212121

wi t h uni t cel l di mensi ons a = 107 A, b = 117 A, and c = 278 k Cr yst al s

wer e f i xed, pr est ai ned, dehydr at ed, and embedded as descr i bed ( Wi nkel -

mann et al . , 1985) . Thi n sect i ons ( 300- 500 A t hi ck) f r omcr yst al s or i ent ed

wi t h one of t he t hr ee pr i nci pal uni t cel l axes per pendi cul ar t o t he cut t i ng

di r ect i on wer e pi cked up on For mvar coat ed gr i ds, st ai ned wi t h ur anyl ace-

t at e and l ead ci t r at e, and st abi l i zed wi t h a t hi n l ayer ( <50, A) of evapor at ed

car bon.

( b) El ect r on Mi cr oscopy

Sect i ons cut per pendi cul ar t o each of t he t hr ee pr i nci pal cr yst al axes wer e

t i l t ed f r om - 45° t o +45° i n t he el ect r on mi cr oscope ( Phi l i ps EM420) i n

3° or 6° st eps and phot ogr aphed at a magni f i cat i on of 30, 000x usi ng l ow-

i r r adi at i on met hods t o l i mi t t he t ot al el ect r on dose t o - 120e- / AZ ( Baker

and Amos, 1978) . Obj ect i ve l ens was under f ocused 3, 000 A such t hat , t o

t he l i mi t of r esol ut i on, al l of t he dat a wer e wi t hi n t he f i r st zer o of t he phase-

cont r ast t r ansf er f unct i on ( Er i ckson and Kl ug, 1971) . Bef or e phot ogr aphy,

each sect i on was or i ent ed wi t h a r ot at i on speci men hol der t o al i gn one of

t he t wo pr i nci pal cel l axes i n t he pl ane of t he sect i on al ong t he mi cr oscope

t i l t axi s . The or i ent at i on of t he sect i on was qui ckl y al i gned at l ow

magni f i cat i on ( <1, 000x) wi t h t he i r r adi at i on l evel l i mi t ed t o <0. 02e- /

AZ/ s, and wi t h t he ext er nal cr yst al mor phol ogy used as a gui de. At hi gher

magni f i cat i on ( 30, 000x) t he al i gnment was cr i t i cal l y adj ust ed by r ot at i ng

t he unt i l t ed sect i on t o al i gn a pr omi nent set of st r i at i ons al ong t he di r ect i on

of t he t i l t axi s ( coi nci dent wi t h one of t he speci men t r ansl at i on cont r ol s) .

Each t i l t ser i es was obt ai ned f r oma pr evi ousl y uni r r adi at ed ar ea of t he t hi n

sect i on, and t he speci men ar ea was r ef ocused af t er each t i l t i ncr ement .

( c) I mage Anal ysi s

Mi cr ogr aphs wer e sur veyed by opt i cal di f f r act i on t o assess t he i magi ng con-

di t i ons ( def ocus, ast i gmat i sm, speci men dr i f t , and t i l t ) and t o i dent i f y t he

best - pr eser ved speci men ar eas ( Sal mon and DeRosi er , 1981) . Based on

t hese cr i t er i a, we sel ect ed si x t i l t ser i es ( 18 mi cr ogr aphs i n each) r ecor ded

f r om f our separ at e sect i ons f or pr ocessi ng usi ng Four i er r econst r uct i on

met hods ( Baker , 1981 ; Amos et al . , 1982) . Sel ect ed t i l t ser i es i ncl ude : se-

r i es 02, whi ch compr i ses 6° t i l t i ncr ement s over a r ange of +40° t o - 49°

t i l t i ng about t he b axi s sampl i ng t he Okl di f f r act i on zone and desi gnat ed

Okl ( 02) , ser i es 17 and 18 f r omadj acent ar eas of t he same sect i on compr i s-

i ng 3° t i l t i ncr ement s f r om - 43° t o 0° ( ser i es 17) and 0° t o +52° ( ser i es 18)

t i l t i ng about t he c axi s al so sampl i ng t he Okl zone and desi gnat ed Okl ( 17/ 18) ,

ser i es 07, whi ch compr i ses 6° t i l t i ncr ement s f r om +47° t o - 43° t i l t i ng

about t he c axi s sampl i ng t he h01 zone and desi gnat ed h01( M) , and ser i es

25 and 26 f r om adj acent ar eas of t he same sect i on compr i si ng 3° t i l t i ncr e-

ment s f r om +50° t o 0° ( ser i es 25) and - 43° t o 0° ( ser i es 26) t i l t i ng about t he

a axi s and desi gnat ed h01( 25/ 26) . Regi ons t hat gave shar p and st r ong

di f f r act i on spot s f or t he ent i r e set of 18 mi cr ogr aphs composi ng a si ngl e t i l t

ser i es wer e sel ect ed and di gi t i zed on a 512 x 512 pi xel ar r ay wi t h an Op-

t r oni cs P1000 phot oscan r ot at i ng dr um mi cr odensi t omet er ( Opt r oni cs I n-

t er nat i onal , Chel msf or d, MA) at a 25- , umr ast er st ep, whi ch cor r esponds

t o 7 . 7 A sampl i ng of t he or i gi nal i mage . Car e was t aken t o cent er t he

scanned ar r ay on pr eci sel y t he same cr yst al ar ea t hr oughout t he ser i es of

mi cr ogr aphs bel ongi ng t o a t i l t ser i es. The l ast mi cr ogr aph col l ect ed f or

each t i l t ser i es was a second unt i l t ed ( 0° ) vi ew t o assess r adi at i on damage .
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Tabl e I . I mage Dat a Summar y

These i mages wer e essent i al l y i dent i cal t o t he f i r st unt i l t ed i mages and wer e

not pr ocessed .

The di gi t i zed i mages of speci men ar eas wer e di spl ayed on a TV r ast er

gr aphi cs devi ce ( Lexi dat a Cor p . , Bi l l er i ca, MA) , and t hen wer e boxed,

f l oat ed and Four i er t r ansf or med ( DeRosi er and Moor e, 1970 ; Baker et al . ,

1983) . The comput ed di f f r act i on pat t er ns, r epr esent i ng separ at e cent r al sec-

t i ons of t he 3DFour i er t r ansf or mof t he f i ni t e cr yst al l at t i ce, showed st r ong

and shar p Br agg r ef l ect i ons at hi gh t i l t angl es i ndi cat i ng excel l ent pr eser va-

t i on of t he 3Dcr yst al l i ne l at t i ce i n t he t hi n sect i on . Ref i ned r eci pr ocal l at t i ce

par amet er s wer e obt ai ned f or each di f f r act i on pat t er n and st r uct ur e f act or s

( ampl i t udes and hal es) wer e cal cul at ed f r omt he comput ed Four i er t r ans-

f or mout t o 24 r esol ut i on ( Baker and Amos, 1978; Baker et al . , 1983) .

The posi t i on of t he t i l t axi s and t i l t angl e, cal cul at ed f r omt he obser ved, sys-

t emat i c changes of t he l at t i ce par amet er s i n t i l t ed vi ews r el at i ve t o t he un-

t i l t ed vi ew ( Shawand Hi l l s, 1981) , wer e used t o l ocat e each st r uct ur e f act or

measur ement al ong t he l at t i ce l i nes of t he 3D Four i er t r ansf or mof t he t hi n

sect i on . The st r uct ur e f act or measur ement s wer e scal ed t o mi ni mi ze di f f er -

ences bet ween consecut i ve i mages of a dat a set and t he or i gi n posi t i on was

i t er at i vel y r ef i ned t o mi ni mi ze phase di f f er ences bet ween r ef l ect i ons wi t hi n

a z* i nt er val of 0. 002 A- t ( Tabl e 1) ( Amos et al . , 1982) . The di scr et e sam-

pl i ng of t he combi ned phases and ampl i t udes of F( hkz* ) wer e f i t t o a smoot h,

evenl y sampl ed f unct i on usi ng a nonl i near l east - squar es f i t of t he obser va-

t i ons t o t he t r ansf or mof a const r ai ned f unct i on of f i ni t i e ext ent by t he met hod

of Agar d ( 1983) wi t h t he pr ogr amLATLI NE ki ndl y pr ovi ded by t he aut hor .
The i nt er pol at ed st r uct ur e f act or s f or a t i l t ser i es wer e sampl ed at a z*

spaci ng of 0. 0005 A- ' and wer e i nver se Four i er t r ansf or med t o r econst r uct

Tabl e I I . St at i st i cs of Combi ned and Aver aged St r uct ur e Fact or s

Wi nkel mann et al . Thr ee- Di mensi onal St r uct ur e of Myosi n Subf r agment - 1
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( d) Dat a Mer gi ng

Aver age and st andar d devi at i on of t he ampl i t ude wei ght ed phase r esi dual cal cul at ed as, Ace = EI Aa( hkl ) I - F( hkl ) 1EF( hkl ) and - a ; ?- - Act ( hkl ) >_ r , on r ef i ni ng
t he f i l ms i n a compl et e t i l t ser i es t o a common phase or i gi n .

t Sect i on t hi ckness and uni t cel l r epeat nor mal t o t he sect i on pl ane ( z r epeat ) wer e det er mi ned f r omt he pr oj ect ed maps of t he r econst r uct ed t hi n sect i ons . Lat t i ce
di mensi ons on aver age ar e wi t hi n 5%of val ues det er mi ned f or hydr at ed cr yst al s by x- r ay di f f r act i on .

a densi t y map f or t he t hi n sect i on . The number of uni t cel l s i n t he di r ect i on

nor mal t o t he sect i on pl ane was di r ect l y det er mi ned by pr oj ect i ng t he map
al ong one of t he t wo cel l axes i n t he pl ane ( Tabl e I I ) . The r econst r uct ed

maps wer e aver aged i n t he di r ect i on nor mal t o t he sect i on pl ane over an i nt e-
gr al number of uni t cel l s t o suppr esses al i asi ng ar t i f act s ( DeRosi er and

Moor e, 1970) and t hen Four i er t r ansf or med t o pr oduce a set of st r uct ur e

f act or s f or t he si ngl e uni t cel l .

The pr ocess used t o r econst r uct t he uni t cel l f r oma t hi n sect i on and ext r act

a uni que set of st r uct ur e f act or s f or t he uni t cel l was r epeat ed f or each of

t he t i l t ser i es dat a set s . Scal i ng and phase or i gi n r ef i nement , whi ch was r e-

qui r ed t o combi ne t he i ndependent l y pr ocessed dat a set s, was accompl i shed

by compar i ng t he st r uct ur e f act or measur ement s i n common bet ween i n-

di vi dual dat a set s . St r uct ur e f act or s wer e scal ed by equat i ng EI F( hkl ) I f or

common st r uct ur e f act or s bet ween pai r s of dat a set s . Dat a set Okl ( 02) has
t he gr eat est over l ap wi t h dat a set s Okl ( 17/ 18) ( 136 common SFs of 209 t ot al )

and h01( 25/ 26) ( 131 common SFs of 203 t ot al ) and was t her ef or e used as

t he r ef er ence f or scal i ng t hese t wo dat a set s . Dat a set h01( 07) was t hen scal ed

t o t he combi nat i on of t he t hr ee dat a set s .

Ref i nement of t he i ndependent dat a set s t o a common phase or i gi n ut i -

l i zed a r el i abi l i t y i ndex, R( A+B) , whi ch measur es t he agr eement of bot h t he

ampl i t ude and phase of common st r uct ur e f act or s bet ween dat a set s, and

i s cal cul at ed as :

* Per cent age of t ot al r ef l ect i ons f or cal cul at i on of t he cr yst al st r uct ur e t o 25- A r esol ut i on cont r i but ed by i ndi vi dual t i l t ser i es . Of t he 472 possi bl e r ef l ect i ons, 456
wer e measur ed i n t he combi ned dat a set s : 146 of t hese wer e measur ed once among t he combi ned dat a set s, and 310 wer e measur ed bet ween 2 and 4 t i mes and
aver aged .

f The cr yst al l ogr aphi c Rf act or , cal cul at ed as R= EI I F( hkl ) . I - I F( hkl ) ~I I / EI F( hkl ) o 1 ; wher e F( hkl ) , i s t he st r uct ur e f act or ampl i t ude of t he hkl r ef l ect i on of t he
combi ned and symmet r y aver aged dat a set .
3 Ampl i t ude wei ght ed phase di f f er ence of st r uct ur e f act or s cal cul at ed as
Aa = EI Aa( hkl ) - F( hkl ) , I / EI F( hkl ) . I wher e, Act = a( hkl ) o - a( hkl ) , ( - r 3 Aa( hkl ) ; ~ r ) , a( hkl ) o i s t he phase of t he obser ved st r uct ur e f act or and a( hkl ) , i s
t he phase of t he combi ned and symmet r y aver aged st r uct ur e f act or . The magni t ude of t he phase di f f er ence and Rf act or i ndi cat e t hat t he combi ned dat a ar e si gni f i cant
t o t he l i mi t of r esol ut i on of t he col l ect ed dat a, 25 A.

Dat a
set

No. of
Fi l ms

Ti l t
st ep

Ti l t

st ar t

r ange

end a

Lat t i ce spaci ng

b

-

c
Phase

r esi dual '
Sect i on

t hi cknesst
z

r epeat

Okl ( 02) 17 6° - 48 . 5° +39 . 5° z 118 276 18° t 6° 330 A 105 A

Okl ( 17) 17 3° - 43 . 0° 0 . 0 1 z 116 270 - - -

Okl ( 18) 17 3° 0 . 0 1 +52 . 0° z 117 268 17 t 8° 300 A 82 A

h01( 07) 17 6° - 42 . 5° +47 . 0° 101 z 270 18° f 6° 390 A 112 A

h01( 25) 17 3° +50 . 0° 0 . 0° 105 z 270 - - -

h01( 26) 17 3° 0 . 0 1 - 43 . 0° 105 z 268 17° t 5° 495 A 104 A

Dat a set
Tot al

r ef l ect i ons
Uni que

r ef l ect i ons
Obs/ t ot al * Rt

1/ 40 A- '

Da( hkl ) §

1130 A' 1/ 25 A- '

%

Okl ( 02) 237 12 50 0 . 51 23 28 31

Okl ( 17/ 18) 209 64 44 0 . 25 6 9 11

hO1( 07) 235 67 50 0 . 47 22 28 30

h01( 25/ 26) 203 3 43 0 . 48 27 39 41

( t ot al ) ( 884) ( 146)

Combi ned 456/ 472 97 0 . 28 12 16 18



EI F( hkl ) , - F( hkl ) . I

R( A+B)
°

	

EI F( hkl ) , I

	

( 1)

wher e, F( hkl ) , i s t he st r uct ur e f act or of t he hkl r ef l ect i on of t he r ef er ence

dat a set and F( hkl ) o i s t he cor r espondi ng obser ved st r uct ur e f act or . The

st r uct ur e f act or of a par t i cul ar r ef l ect i on may be r epr esent ed by i t s ampl i -

t ude ( F( hkl ) ) and phase ( a( hkl ) ) or al t er nat i vel y, by i t s r eal and i magi nar y

par t s, i . e . , F( hkl ) = A + M, wher e A = F( hkl ) - cosa( hkl ) , B= F( hkl ) - si na-

( kkl ) and I F( hkl ) I = ( A2 + B
2

)
1 n . I n . t hi s f or m, t he r el i abi l i t y i ndex used

t o br i ng t wo dat a set s t o a common phase or i gi n i s wr i t t en as :

E( ( A, - A. ) ' +
( Br

- Bo) 2) 1/ 2

R( A+B)
=

	

E( A 2 + Br z) v2

	

( 2)

The magni t ude of R( A+B) var i es f r om val ues appr oachi ng 2 . 0 f or unr el at ed

dat a set s t o val ues appr oachi ng t he cr yst al l ogr aphi c R f act or cal cul at ed. as,

R = EI I F( hkl ) ol - I F( hkl ) . I I / EI F( hkl ) al , f or dat a set s on a common phase

or i gi n wi t h i dent i cal phases .

Dat a set Okl ( 02) was chosen as t he r ef er ence f or r ef i nement of h01-

( 25/ 26) . Ref i nement i nvol ved shi f t i ng t he or i gi n of t he t est f i l e on a 3Dgr i d,

and sampl i ng al l possi bl e combi nat i ons of Ax, Ay, and Az . Thi s pai r of dat a

set s was combi ned and h01( 07) was si mi l ar l y r ef i ned t o t he or i gi n of t he

combi ned pai r . Fi nal l y, Okl ( 17/ 18) was r ef i ned agai nst t he ot her s . Ther e was

a cl ear l y def i ned mi ni mumi n t he sear ch f or a common or i gi n wi t h a 15 %

r el at i ve i ncr ease i n t he r el i abi l i t y i ndex, R( n+B) , bet ween t he l owest and t he

second l owest mi ni ma i n t he i ni t i al sear ch bet ween dat a set s Okl ( 02) and

h01( 25/ 26) and a si mi l ar di f f er ence on subsequent i ncl usi on of t he ot her dat a

set s . The second best choi ce i n each case was r el at ed t o t he best choi ce by

one- hal f uni t cel l t r ansl at i on al ong one of t he pr i nci pal vect or s . The i n-

di vi dual dat a set s wer e combi ned and aver aged, and t he or i gi n f or t he com-

pl et e set of SFs was shi f t ed t o a posi t i on, mi dway bet ween t hr ee noni nt er -

sect i ng t wof ol d scr ew axes of t he space gr oup P2 1 2 1 21 and t he SFs wer e

aver aged about t he f our symmet r y- r el at ed posi t i ons of t hi s space gr oup.

Thi s combi ned and symmet r y- aver aged dat a set was used as t he r ef er ence

f or anot her r ound of r ef i nement wi t h t he i ndi vi dual dat a set s . At t hi s st age

t he r el at i ve di f f er ence bet ween t he l owest and second l owest mi ni ma i n-

cr eases t o 40- 80%, essent i al l y l ocki ng t he choi ce of or i gi n f or each dat a

set i n pl ace . Thi s pr ocess was r epeat ed t wo addi t i onal t i mes unt i l no f ur t her

i mpr ovement was det ect ed as measur ed by t he r el i abi l i t y i ndex, R( n+B) -

The combi ned and symmet r y- aver aged set of st r uct ur e f act or s was used t o

cal cul at e t he 3D el ect r on densi t y map by Four i er summat i on usi ng uni t cel l

di mensi ons est abl i shed by x- r ay di f f r act i on. The cont our l evel used t o

def i ne t he boundar y of t he mol ecul ar envel ope of myosi n Sl was sel ect ed

based on t he assumpt i on t hat 8 mol ecul es of Sl ( wi t h mol ecul ar mass

130, 000 Dand par t i al speci f i c vol ume 0. 72 cm3/ g ; Mar gossi an et al . , 1981)

occupy ^363' 0 of t he vol ume of t he 107 A x 117 A x 278 Auni t cel l . Maps

cont our ed at t hi s vol ume cl ear l y r eveal t he over al l shape and cont act s of t he

mol ecul es i n t he uni t cel l .

( e) Model Bui l di ng of Myosi n andAct omyosi n

Repr esent at i ons of t wo- and t hr ee- di mensi onal densi t y di st r i but i ons wer e

di spl ayed on t he r ast er gr aphi cs devi ce and phot ogr aphed wi t h a gr aphi cs

r ecor der ( I mageCor der 4566; Focus Gr aphi cs, Redwood Ci t y, CA) . Thr ee-

di mensi onal cont our maps wer e conver t ed t o pol ygonal el ement model s

t hen mani pul at ed and di spl ayed wi t h t he gener al pur pose gr aphi cs di spl ay

pr ogr am, Movi e. BYU ( Depar t ment of Ci vi l Engi neer i ng, Br i gham Young

Uni ver si t y, Pr ovo, UT) . Model s of act o- Sl wer e const r uct ed based on t he

geomet r y of t hi s compl ex as descr i bed by Mi l l i gan and Fl i cker ( 1987) and

t he 20- A r esol ut i on model of F- act i n as descr i bed by Egel man and DeRosi er

( 1983) . Act i n i s model ed as t wo i nt er sect i ng spher es, each wi t h r adi us 19 A

and a cent er - t o- cent er separ at i on of 30 A. The posi t i on of t he t wo spher es

wi t h r espect t o t he hel i cal f i l ament axi s ar e Az = 10 A, AB = 70° , r 1 =

11 A and r 2 = 35 A, as def i ned by Egel man and DeRosi er ( 1983) . The

hel i cal par amet er s f or t he one- st ar t l ef t handed hel i x ar e - 167° r ot at i on

per 27. 8- A r i se per subuni t t hat r esul t s i n a cr ossover of t he l ong pi t ch,

t wo- st ar t , r i ght handed hel i x ever y 378 A. Four i er t r ansf or ms wer e cal cu-

l at ed f r omt wo- di mensi onal pr oj ect i ons of f our r epeat s of model ed act o- Sl

f i l ament s, and l ayer - l i ne dat a wer e ext r act ed f or compar i son t o publ i shed

l ayer - l i ne dat a f or aver aged f i l ament s of act o- SI ( ki ndl y pr ovi ded by Ron

Mi l l i gan, Scr i pps I nst i t ut e, La Jol l a, CA) . A myosi n r od segment was mod-

el ed by t wo 10- A di amet er r ods ent wi ned i n a l ef t - handed hel i x wi t h a pi t ch

of 162 A/ t ur n.
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Fi gur e 1. Thi n sect i on of myosi n Sl cr yst al cut cl ose t o t he [ 010]

pl anes showi ng t wo ar eas f r om whi ch t i l t ser i es i mages wer e r e-

cor ded. ( A) Low- magni f i cat i on i mage ( t aken af t er dat a col l ect i on)

t hat r eveal s t he over al l mor phol ogy of t he 500- A t hi ck sect i on t hat

was cut per pendi cul ar t o t he b axi s of t he cr yst al . The number ed

boxes r epr esent ar eas f r omwhi ch t i l t ser i es i mages wer e r ecor ded .

The edge of t he sect i oned cr yst al t hat was par al l el t o t he c axi s was

used t o al i gn t he a cel l axi s on t he t i l t axi s of t he mi cr oscope

goni omet er st age f or t i l t ser i es 25 and 26 . ( B) Enl ar ged vi ew of

sel ect ed ar ea of cr yst al sect i on showi ng boxed r egi on t hat was pr o-

cessed f or t i l t ser i es h01( 26) .

Resul t s

El ect r on Mi cr oscopy and I mage Anal ysi s

Smal l , di amond- shaped cr yst al s of myosi n subf r agment - 1

wer e embedded wi t h t he t anni c aci d pr ocedur e of Akey et

al . ( 1980) . The mor phol ogy of t hese cr yst al s made i t possi -

bl e t o or i ent t hemphysi cal l y dur i ng t he embeddi ng and sec-

t i oni ng pr ocedur e so t hat sect i ons coul d be cut per pendi cul ar
t o each of t he maj or cr yst al l ogr aphi c axes ( Wi nkel mann et

al . , 1985) . Thi s f eat ur e was expl oi t ed t o col l ect syst emat i -
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Fi gur e 2. Scanned ar eas of sect i on cut cl ose t o t he [ 010] pl anes ( A) 0° ( unt i l t ed) , and t i l t ed ( B) - 31° , and ( C) - 46° about t he a axi s .
Comput ed di f f r act i on pat t er ns f r omeach i mage ar e shown al ongsi de t he cor r espondi ng i mage. The di f f r act i on pat t er n of t he unt i l t ed speci -
men ( A) shows wel l - pr eser ved mmsymmet r y and t he absence of odd i ndexed r ef l ect i ons al ong bot h t he h ( hor i zont al ) and k ( ver t i cal )
r eci pr ocal l at t i ce axes . The occur r ence of t hese syst emat i c absences i s consi st ent wi t h pl ane gr ouppgg symmet r y, cor r espondi ng t o t he
space gr oup P2, 2, 2 1 i n pr oj ect i on . The di f f r act i on pat t er ns change symmet r i cal l y ( mai nt ai ni ng mmdi f f r act i on symmet r y) as t he speci men
i s t i l t ed about a wi t h r ef l ect i ons di sappear i ng and r eappear i ng and t he spaci ng bet ween r ef l ect i ons al ong c* i ncr easi ng, i n a manner t hat
i s consi st ent wi t h t he sampl i ng of a 3D cr yst al l i ne l at t i ce by t i l t i ng t he speci men .

Wi nkel mann et al . Thr ee- Di mensi onal St r uct ur e of Myosi n Subf r agment - 1
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t al l y el ect r on mi cr ogr aphs of or i ent ed cr yst al sect i ons t i l t ed

about t he pr i nci pal cel l axes of t he cr yst al . Dat a set s wer e

col l ect ed f or t i l t s about bot h axes of t wo or t hogonal f aces ( t he

[ 100] and [ 010] pl anes) , and t hese t i l t ser i es wer e i ndepen-

dent l y r econst r uct ed t o pr oduce a 3D densi t y map of each

cr yst al sect i on . Due t o l i mi t at i on i n t he t i l t r ange of conven-

t i onal mi cr oscopes, each i ndependent t i l t ser i es sampl es onl y

a por t i on of t he r epeat i ng st r uct ur e of t he cr yst al sect i on, and

t he r esul t i ng maps cont ai n ar t i f act s r esul t i ng f r omt hi s mi ss-

i ng i nf or mat i on t ypi cal l y obser ved as densi t y f eat ur es t hat

become smear ed i n t he di r ect i on per pendi cul ar t o t he pl ane

of t he sect i on ( Agar d and St r oud, 1982) . However , t he i nde-

pendent t i l t ser i es over l ap each ot her t o a var yi ng ext ent and

t he combi nat i on of di f f er ent vi ews t hat wer e sel ect ed was

suf f i ci ent t o pr oduce a f i nal aver aged densi t y map of t he r e-

peat i ng uni t of t he cr yst al t hat cont ai ned no mi ssi ng i nf or ma-

t i on . Thi s appr oach made i t possi bl e t o col l ect a compl et e

and over sampl ed dat a set t o cal cul at e t he st r uct ur e of t he

r epeat i ng uni t i n t he cr yst al , and t her eby mi ni mi ze ar t i f act s
whi ch r esul t f r ommi ssi ng dat a and pr ovi de a r econst r uct ed

densi t y map wi t h i sot r opi c r esol ut i on .

Lar ge ar eas of cr yst al l i ne mat er i al wer e wel l pr eser ved at
t he edge of cr yst al sect i ons ( Fi g . 1) . I n cont r ast , cent r al

r egi ons of cr yst al s wer e poor l y pr eser ved, pr obabl y as a con-

sequence of poor penet r at i on of t he f i xat i ves . The i nset shows

a t ypi cal r egi on sel ect ed f or pr ocessi ng ( Fi g. 1 b) . The edge

of t he cr yst al i s ver y wel l def i ned as i s t he r epeat i ng pat t er n

char act er i st i c of t hi s pr oj ect i on . The cr yst al was or i ent ed i n

t he bl ock such t hat t hi s sect i on was cut per pendi cul ar t o t he

[ 010] pl anes ( i . e . , per pendi cul ar t o t he b uni t cel l axi s) . I n

t hi s or i ent at i on t he c axi s r uns al ong t he hor i zont al f ace of

t he cr yst al and t he a axi s i s ver t i cal . The sect i on was or i ent ed

wi t h a r ot at i on hol der t o al i gn t he a axi s cl ose t o t he t i l t axi s

of t he mi cr oscope ( see Mat er i al s and Met hods) . The appear -

ance of t he sect i on when t i l t ed by 0° , - 31° , and - 46° about

t he a axi s, and t he cor r espondi ng comput ed di f f r act i on pat -

t er ns r eveal t he excel l ent pr eser vat i on of cr yst al l ogr aphi c

symmet r y i n t hi s sect i on over t he ar eas used f or pr ocessi ng

( Fi g . 2) . Si nce t he hor i zont al st r i at i ons f r omt he a r epeat ar e

pr omi nent i n al l i mages i n t hi s ser i es, i t ' s appar ent t hat t he

t i l t axi s and t he a uni t cel l axi s ar e near l y par al l el . The di f -

f r act i on pat t er ns cal cul at ed f r omt he t hr ee r egi ons shown r e-

veal a syst emat i c absence of r ef l ect i ons whi ch i s consi st ent

wi t h pl ane gr oup pgg symmet r y i n t he unt i l t ed sect i on; var i a-

t i ons i n t he di f f r act i on pat t er ns wi t h t i l t angl e ar e al so r e-

veal ed ( Fi g . 2) . The spaci ng bet ween r ef l ect i ons var i es sys-

t emat i cal l y and i ndi vi dual r ef l ect i ons ar e seen t o appear ,

di sappear , and t hen new ones appear as t he sect i on i s t i l t ed ;

t hi s i s pr eci sel y t he behavi or expect ed f or sampl i ng of a 3D

cr yst al l i ne l at t i ce ( Ber ger , 1969) .

3DReconst r uct i on

Each vi ew of a t i l t ed or unt i l t ed cr yst al sect i on cont r i but es

a cent r al pl ane t o t he 3DFour i er t r ansf or mof t he cr yst al sec-

t i on . The sampl i ng of t he 3D Four i er t r ansf or mi s l i mi t ed by

t he number of i mages t aken and i s non- uni f or m. To cal cul at e

t he 3D map of a cr yst al sect i on a set of uni f or ml y sampl ed

ampl i t udes and phases f or each st r uct ur e f act or must be de-

r i ved f r omt he obser ved ampl i t udes and phases . To obt ai n a

uni f or ml y sampl ed set of st r uct ur e f act or s, t he di scr et el y

sampl ed dat a f r omt he comput ed Four i er t r ansf or ms f or each

l at t i ce poi nt wer e f i t t o a l i ne based on a ( si n x) / x " sync" f unc-
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Fi gur e 3. Pl ot of var i at i on i n t he ampl i t udes and phases as a f unct i on
of z* ( A- ' ) f or t hr ee l at t i ce l i nes f r om dat a set Okl ( 02) ( A- C) , and

t hr ee l at t i ce l i nes f r omdat a set h01( 25/ 26) ( D- F) . The cur ves wer e
obt ai ned by a l east - squar es f i t t i ng pr ocedur e ( Agar d, 1983) and ar e

not const r ai ned by space gr oup symmet r y ( pl ane gr oup pl was as-

sumed) . The ampl i t udes showpeaks at z* spaci ngs t hat cor r espond
t o val ues expect ed f or t he cr yst al uni t cel l r eci pr ocal l at t i ce spaci ngs
( Tabl e 1) i ndi cat i ng excel l ent pr eser vat i on of t he cr yst al l at t i ce i n
t he di r ect i on per pendi cul ar t o t he pl ane of t he t hi n sect i on . The
phases ar e r el at i vel y f l at acr oss t he ampl i t ude peaks and f l uct uat e
bet ween peaks . The smoot h cur ves wer e sampl ed at a z* spaci ng

of 0. 0005 A- ' t o der i ve t he ampl i t udes and phases of t he st r uct ur e
f act or s, F( hkz* ) , used t o r econst r uct t he 3Ddensi t y di st r i but i on i n

each t hi n sect i on exami ned .

t i on t hat t akes i nt o account knowl edge of t he sect i on t hi ck-

ness and uses a l east - squar es pr ocedur e f or mi ni mi zi ng t he

er r or bet ween t he cal cul at ed and obser ved val ues of t he am-

pl i t udes and phases ( Agar d, 1983) .

Repr esent at i ve pl ot s of t he st r uct ur e f act or ampl i t udes and

phases f or si x l at t i ce l i nes, t hr ee f r oma t i l t ser i es about t he

a* axi s of t he h01 zone ( 25/ 26) and t hr ee f r om a t i l t ser i es

about t he b* axi s of t he Okl zone ( 02) , ar e shown i n Fi g. 3 .

Two- di mensi onal cr yst al l i ne ar r ays gi ve r i se t o a cont i nuous

Four i er t r ansf or mi n t he di r ect i on per pendi cul ar t o t he cr ys-

t al pl ane ( z* ) . I n cont r ast , t hese cr yst al t hi n sect i ons yi el ded

a di st i nct l y sampl ed Four i er t r ansf or m whi ch shows up as

sever al uni f or ml y spaced peaks i n t he l at t i ce l i ne pl ot s . The

spaci ng of t hese peaks cor r esponds cl osel y t o t he l at t i ce

di mensi ons of t he hydr at ed cr yst al s ( Tabl e I ) and r epr esent

80
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Fi gur e 4. Two- di mensi onal pr oj ect i ons of t he 3D r econst r uct i on of

a t hi n sect i on of an Sl cr yst al . TWo di st i nct pr oj ect i ons of t he t hi n
sect i on ar e shown i n per spect i ve t o pr ovi de a sense of howt he dat a
wer e col l ect ed and anal yzed . I mages f r omdat a set h01( 25/ 26) wer e
col l ect ed f r oma t hi n sect i on, whi ch was t i l t ed about t he a axi s . The
vi ewdown b ( shown i n per spect i ve) has t he appear ance t hat i s char -

act er i st i c of t hi s pr oj ect i on of t he cr yst al ( Wi nkel mann et al . ,
1985) , and one uni t cel l i s out l i ned . The pr oj ect ed vi ew down a i s
der i ved f r omr econst r uct i ng t he t hi n sect i on by Four i er summat i on
of t he st r uct ur e f act or s, F( hkz* ) , t aken f r om t he l at t i ce l i ne pl ot s.
Thi s vi ew of t he t hi n sect i on r eveal s at l east f our f ul l r epeat s of t he
uni t cel l al ong b ( mar ked by ar r ows) . The dot t ed l i nes mar k t he ap-
pr oxi mat e bounds of t he t hi n sect i on . The box i n t he cent er of t he
densi t y map i ndi cat es one r epeat i ng uni t . The smear i ng of densi t y
al ong b i s a consequence of t he " mi ssi ng- wedge" of Four i er dat a .
The al t er nat i ng f uzzy and cl ear r egi ons r unni ng al ong c ar i se f r om
er r or s i n t he dat a and ar e appar ent because t he symmet r y al ong c

was not enf or ced i n const r uct i ng t hi s map. As a r esul t , t her e i s var i -
at i on i n t he r epeat i ng uni t s al ong c . The sour ces of er r or i n t he dat a
i ncl ude di f f er ences i n ampl i t ude scal i ng of t he hi gh t i l t mi cr o-
gr aphs, var i at i on i n t he r ange of sampl i ng on ei t her si de of t he t i l t

ser i es, and dr i f t i n t he phase or i gi n on combi ni ng t he dat a . The
ef f ect s of t hese sour ces of er r or wer e mi ni mi zed by aver agi ng sev-
er al i ndi vi dual uni t cel l s ext r act ed f r om t he r econst r uct i on of t he
sect i on t o pr oduce a set of SFs r epr esent i ng t he si ngl e aver age
r epeat i ng uni t . Thi s aver agi ng suppr essed t he " f uzzy- cl ear " pat t er n,
wher eas aver agi ng combi ned wi t h enf or ci ng t he symmet r y el i mi -
nat ed i t ( dat a not shown) .

t he uni t cel l r epeat of t he cr yst al l at t i ce i n t he z* di r ect i on .

Thi s was a consi st ent pr oper t y of al l of t he t i l t ser i es used

i n t he r econst r uct i on . I t i ndi cat es t hat mi ni mal shr i nkage of

l at t i ce di mensi ons had occur r ed as a consequence of cr yst al
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embeddi ng, sect i oni ng, and el ect r on mi cr oscopy and t hat

each sect i on cont ai ned mul t i pl e r epeat s of t he cr yst al uni t

cel l i n t he z* di r ect i on .

The i nt er pol at ed st r uct ur e f act or s f r om t he l at t i ce l i ne

f i t t i ng pr ocedur e wer e used t o gener at e a 3D r econst r uct i on

of each sect i on by Four i er i nver si on . The sect i on t hi ckness

and t he number of r epeat i ng uni t s i n t he di r ect i on nor mal t o

t he sect i on pl ane was di r ect l y det er mi ned by pr oj ect i ng t he

map al ong one of t he cel l axes i n t he pl ane ( Fi g . 4) . Appr oxi -

mat el y 4 1/ 2 r epeat s ar e obser ved i n t he r econst r uct i on of a

sect i on t i l t ed about t he a axi s of t he h01 zone. Feat ur es of

t he map ar e smear ed i n t he b di r ect i on due t o t he absence

of t he " mi ssi ng wedge" of Four i er dat a ; nonet hel ess, t he i n-

di vi dual r epeat s ar e easi l y di scer ned . I n or der t o combi ne

dat a set s f r om di f f er ent sect i ons of var yi ng t hi ckness, t he

r econst r uct ed maps wer e aver aged i n t he di r ect i on nor mal t o

t he sect i on pl ane over an i nt egr al number of r epeat i ng uni t s

and t he aver aged map was Four i er t r ansf or med t o yi el d a set

of st r uct ur e f act or s f or a si ngl e, aver aged uni t cel l r epr esen-

t at i ve of t he cr yst al sect i on . Thi s appr oach was r epeat ed f or

t he t i l t ser i es f r omeach of t he sect i ons i ncl uded i n t he f i nal

r econst r uct i on .

St r uct ur e f act or s f r omt he separ at e r econst r uct ed uni t cel l s

wer e t hen combi ned wi t h an i t er at i ve scal i ng and phase or i -

gi n r ef i nement pr ocedur e, maxi mi zi ng t he f i t among t he dat a

common t o t he i ndi vi dual dat a set s ( Tabl e I I ) . The si x t i l t se-

r i es f r omf our i ndi vi dual cr yst al sect i ons account ed f or 96

of t he st r uct ur e f act or s r equi r ed t o comput e a r econst r uct i on

at a r esol ut i on l i mi t of 25 A. Over t wo- t hi r ds of t he r ef l ec-

t i ons wer e measur ed i n t wo or mor e dat a set s. Thi s r edun-

dancy pr ovi ded a f i r mbasi s f or det er mi ni ng a common phase

or i gi n t o cor r ect l y combi ne t he di f f er ent dat a set s .

3DMap of SI Cr yst al

The 3Dmap of t he cr yst al uni t cel l cal cul at ed wi t h t he space

gr oup symmet r y P2 1 2 1 2, i mposed i s essent i al l y i dent i cal i n

t he [ 100] pr oj ect i on ( Fi g . 5 a) t o t he t wo di mensi onal maps

t hat have been publ i shed ( Wi nkel mann et al . , 1985) . The

t hr ee di mensi onal st r uct ur e pr esent ed as a sur f ace vi ew, con-

t our ed at 83% of t he vol ume of t he pr ot ei n i n t he cr yst al uni t

cel l ( Fi g . 5, b and c) , r eveal s t he packi ng of t he myosi n heads .

The el ongat ed t adpol e- shaped densi t y f eat ur es, whi ch ar e i n-

t er pr et ed as cor r espondi ng t o si ngl e myosi n heads, ar e ar -

r anged i n essent i al l y t wo l ayer s ( Fi g . 5 c) per pendi cul ar t o
a . Ther e ar e st r ong head t o t ai l cont act s bet ween mol ecul es

r el at ed by t he 2 1 scr ew axes r unni ng par al l el t o c, and head
t o head cont act s bet ween mol ecul es r el at ed wi t hi n t he pl ane
by a l ocal t wof ol d r ot at i on axi s par al l el t o a . St r ong cont act s

bet ween t he l ayer s ar e f ound i n onl y t he t hi ckest por t i on of

t he cur ved heads ( Fi g . 5 c) .

Ei ght mol ecul es of myosi n Sl ar e packed i n t he uni t cel l

wi t h t wo mol ecul es i n t he asymmet r i c uni t . These t wo mol e-
cul es, whi ch can be seen st acked one on t op of t he ot her i n

Fi g . 5 c, ar e not r el at ed by cr yst al l ogr aphi c symmet r y oper a-

t or s i n t hi s space gr oup and t hus, ar e not aver aged when t he

space gr oup symmet r y i s i mposed dur i ng cal cul at i on of t he

densi t y map. Hence, smal l di f f er ences can be seen i n t he mo-

l ecul ar envel ope of t hese t wo mol ecul es ( Fi g. 5 c) . The r e-
gi ons whi ch var y bet ween t he t wo mol ecul es ar e t he vol ume
of t he l ow densi t y t ai l of t he t adpol e- shaped head and t he

dept h of a cl ef t i n t he cent r al r egi on of t he t hi ck por t i on of
t he head . These var i at i ons ar e not i nt er pr et ed as r ef l ect i ng



di f f er ent conf or mat i ons of t he t wo heads, si nce t hese t wo

mol ecul es ar e r el at ed by a l ocal noncr yst al l ogr aphi c sym-

met r y oper at or ( Wi nkel mann et al . , 1985) ; t he di f f er ences

r ef l ect t he f act t hat t hese t wo mol ecul es ar e not symmet r y-

aver aged dur i ng cal cul at i on of t he map and t he magni t ude of

t he di f f er ences i s a measur e of t he r esi dual noi se i n t he dat a .

S1 Mol ecul ar Envel ope and Domai ns

Despi t e t he st r ong cont act s bet ween i ndi vi dual mol ecul es

wi t hi n and bet ween l ayer s, t he mol ecul ar envel ope of a si ngl e

head i s r eadi l y del i neat ed at t hi s cont our l evel when vi ews

down bot h t he a and b axes ar e consi der ed . I n addi t i on, t he
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Fi gur e 5. Two- and t hr ee- di men-

si onal maps of t he cr yst al uni t cel l

cal cul at ed f r omt he combi ned and

symmet r y aver aged st r uct ur e f ac-

t or s . ( A) Cont our di spl ay of t he
t wo- di mensi onal pr oj ect i on of a

si ngl e uni t cel l of t he f i nal t hr ee-

di mensi onal el ect r on densi t y map
vi ewed down a. Or t hor hombi c

space gr oup symmet r y P2 1 2 1 2 1 i s

i mposed and t he l ocat i on of t he

pr oj ect ed symmet r y oper at or s

cor r espondi ng t o t hi s spacegr oup

ar e shown . ( B) Sur f ace- shaded
r epr esent at i on of t he 3Dst r uct ur e

of t he cr yst al uni t cel l vi ew as i n

( A) . The cont our l evel used t o
def i ne t he sur f ace of t he st ai n

excl udi ng pr ot ei n r egi ons i n t he

cr yst al was 83 %of t he hydr at ed
mol ecul ar vol ume of myosi n S1 .

At t hi s cont our l evel t he l i mi t s of

t he el ongat ed, t adpol e- shaped Sl
mol ecul es ar e cl ear l y r esol ved .

( C) Vi ew down b of t he uni t cel l
( r ot at ed count er cl ockwi se 90°

wi t h r espect t o vi ew i n B) show-
i ng t he ar r angement of t he heads

i n l ayer s wi t h st r ong cont act s be-

t ween t he hi gh densi t y r egi on of

Sl mol ecul es f r om di f f er ent l ay-

er s . For cl ar i t y, onl y t he cent r al

pai r s of symmet r y r el at ed Sl mol e-
cul es ar e shown i n t hi s vi ew. The
t wo S1 mol ecul es i n each l ayer ar e
r el at ed by a 21 scr ew symmet r y
oper at or r unni ng al ong c, but Sl

mol ecul es st acked on t op of one

anot her ar e not r el at ed by cr yst al -

l ogr aphi c symmet r y and t hus ar e

not aver aged t oget her . The smal l

di f f er ences t hat exi st bet ween t hese

t wonon- symmet r y aver aged mol e-

cul es i s l i kel y t o be r epr esent at i ve

of t he noi se l evel r emai ni ng i n t he

aver aged dat a .

densi t y map can be cal cul at ed wi t h bot h t he cr yst al l ogr aphi c

and l ocal symmet r y i mposed t o aver age t he t wo mol ecul es

i n t he asymmet r i c uni t and pr oduce a si ngl e aver age mol ecu-

l ar envel ope of myosi n SI ( Fi g . 6) . The mol ecul es ar e di s-

pl ayed wi t h t he sur f ace cont our l evel set t o gi ve - 83%of

t he hydr at ed vol ume of Sl ( 1 . 3 x 105 A3) : at t hi s vol ume,

t he l engt h of t he cur ved S1 i s 165 A wi t h a l ongest cor d of

145 k The mol ecul e can be di vi ded ( Fi g. 6 c) i nt o essen-

t i al l y t hr ee domai ns : ( a) a l ar ge domai n on one end of t he

mol ecul e of di mensi ons 54 k x 47 A x 70 A, whi ch ac-

count s f or - 60% of t he t ot al mol ecul ar vol ume ; ( b) a

smal l er cent r al domai n t hat i s 54 A, x 24 A x 60 A and con-

708



Fi gur e 6. Mol ecul ar envel ope of myosi n Sl pr oduced by aver agi ng
t wo non- cr yst al l ogr aphi cal l y r el at ed mol ecul es about a l ocal t wo-
f ol d symmet r y oper at or . ( A) Shaded sur f ace di spl ay of t wo Sl mol -
ecul es r el at ed by a 2 1 scr ew symmet r y oper at or as i n Fi g . 5 B, but

wi t h cont act s bet ween t he mol ecul es r emoved . ( B) The pai r of mol -

ecul es i n A r ot at ed 60° t o r eveal t he f eat ur es whi ch subdi vi de t he
st r uct ur e i nt o domai ns . The cur ved ar r ow mar ks t he l ocat i on of t he

ATPase si t e whi ch has been mapped on act o- Sl ( Tokunaga et al . ,
1987a) , and t he st r ai ght ar r ow mar ks t he act i n bi ndi ng sur f ace of my-

osi n Sl . ( C) A pai r of mol ecul es as i n A, whi ch have been separ at ed

at domai n boundar i es .

st i t ut es - 30%of t he t ot al mol ecul ar vol ume and i s separ at ed

f r omt he l ar ger domai n by a cl ef t on one si de of t he mol ecul e ;

and ( c) t he smal l est domai n cor r espondi ng t o a t hi n, t ai l - l i ke

r egi on wi t h di mensi ons 22 A x 22 A x 40 Aand cont ai ni ng

- 10%of t he t ot al vol ume . Thi s t adpol e- shaped mol ecul ar

envel ope i s ver y si mi l ar i n appear ance t o t he pear - shaped

myosi n heads obser ved by el ect r on mi cr oscopy of r ot ar y

shadowed and negat i vel y st ai ned myosi n and myosi n Sl

( Fl i cker et al . , 1983 ; Wal ker et al . 1985 ; Wi nkel mann and

Lowey, 1986 ; Wal ker and Tr i ni ck, 1988, 1989 ; Vi ber t ,

1988) .

Model s of Myosi n andAct o- SI

The r el at i onshi p of t he st r uct ur e of Sl t o t he heads of myosi n

i s i l l ust r at ed i n Fi g . 7, i n whi ch t wo Sl mol ecul es have been

or i ent ed on t he end of a shor t segment of t he myosi n r od . The

st r uct ur e of myosi n Sl whi ch we have det er mi ned pr ovi des

no det ai l s of t he head- r od j unct i on ; t hus, t hi s model i s

pr esent ed pr i mar i l y t o i l l ust r at e our i nt er pr et at i on of t he

r esul t s . Two di f f er ent pr of i l es ar e pr esent ed : a t aper ed and

cur ved pr of i l e of t he heads and a st r ai ght pr of i l e ; bot h of

t hese ver y di f f er ent pr of i l es can be gener at ed f r omt he cur ved

Sl st r uct ur e by r ot at i on about t he at t achment si t e wi t h t he

r od . The l engt h of t he heads on t he model ed myosi n mol e-

cul e ( 165 A) ar e somewhat shor t er t han t he measur ed l engt hs

of myosi n heads ( 180- 200 A) . Thi s may r ef l ect t he uncer -

t ai nt y i n t he det ai l s of t he head- r od j unct i on i n t he model .

The i nt er act i on of myosi n Sl wi t h act i n has been ext en-

si vel y st udi ed by hel i cal 3D r econst r uct i on of Sl decor at ed
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Fi gur e 7 Model of myosi n i l l ust r at i ng t he ar r angement of t wo Sl
mol ecul es about a hypot het i cal si t e of r od at t achment . A shor t seg-
ment ( - 160 A) of myosi n r od was model ed based on a coi l ed- coi l
a- hel i x wi t h 162 Api t ch . A pai r of S1 mol ecul es ar e ar r anged about
t he r od t o pr oduce cur ved and st r ai ght pr of i l es of t he myosi n heads
si mi l ar i n appear ance t o myosi n obser ved by el ect r on mi cr oscopy.
These di f f er ent pr of i l es can be model ed wi t h t he cur ved Sl st r uct ur e
by r ot at i on about t he head- r od j unct i on . Si nce myosi n Sl i s pr o-
duced by pr ot eol ysi s of t he myosi n head- r od j unct i on, det ai l s of t he
st r uct ur e of t hi s j unct i on ar e unknown and t he hypot het i cal j unct i on
i s pr esent ed her e onl y f or i l l ust r at i on of t he r el at i onshi p of t he Sl
st r uct ur e t o myosi n .

act i n f i l ament s ( act o- Sl ) . Mi l l i gan and Fl i cker ( 1987) have

used cr yo- el ect r on mi cr oscopy of t hi n f i l ament s and F- act i n

bot h decor at ed wi t h myosi n Sl and hel i cal 3Dr econst r uct i on

t o pr oduce hi ghl y r epr oduci bl e maps of t hi s st r uct ur e and t o

def i ne t he sur f ace bi ndi ng si t e on act i n f or myosi n Sl ( Mi l l i -

gan et al . , 1990) . To compar e our r esul t s t o t hi s r econst r uc-

t i on and const r uct a model of t he st r uct ur e of r i gor act o- Sl ,

we began wi t h t he st r uct ur e of t he act i n f i l ament . At a r esol u-

t i on of t i 20 A t he act i n monomer can be r epr esent ed as a

t wo domai n st r uct ur e and a model of t he act i n f i l ament based

on i mage anal ysi s of si ngl e f i l ament s has been pr oposed

( Egel man and DeRosi er , 1983) . We st ar t ed wi t h t hi s model

of act i n and docked t he Sl st r uct ur e on t he act i n monomer

t o gener at e a model st r uct ur e f or act o- Sl . We syst emat i cal l y

var i ed t he or i ent at i on of t he myosi n Sl on t he act i n monomer

usi ng t he geomet r y def i ned by t he hel i cal r econst r uct i on of

act i n- Sl compl exes r epor t ed by Mi l l i gan and Fl i cker ( 1987) .

The qual i t y of t he f i t of t he r esul t i ng model s t o t he hel i cal

r econst r uct i ons of act o- Sl was eval uat ed by compar i ng vi ews

of t he model t o r econst r uct ed act o- Sl and by compar i ng t he

cal cul at ed Four i er t r ansf or mof t he model ed st r uct ur es t o t he

obser ved act o- Sl t r ansf or m.

We have obt ai ned a good f i t of t he model ed act o- Sl com-

pl ex t o t he obser ved densi t y di st r i but i ons of negat i vel y

st ai ned and f r ozen- hydr at ed act o- Sl ( Fi g. 8) . Thi s was eval u-

at ed quant i t at i vel y f or t he f i r st , f our t h, f i f t h, si xt h, and sev-

ent h l ayer l i ne dat a and qual i t at i vel y f or t he equat or , second

and t hi r d l ayer l i nes ( dat a not shown) . I n t he model , t he

l ar gest Sl domai n pr i mar i l y at t aches t o t he out er domai n of

a si ngl e act i n monomer wi t h t he l ong axi s of t he act i n mono-

mer l yi ng al most par al l el i n pr oj ect i on t o t he l ong axi s of t he

l ar ge domai n . The di st r i but i on of mass i n t he l ar ge domai n

of Sl i s ver y si mi l ar t o di st r i but i on of mass i n t he act o- Sl

r econst r uct i on . The gr eat est var i at i on bet ween t hi s model



Fi gur e 8. Model of myosi n Sl r i gor compl ex wi t h F- act i n . The

shaded sur f ace model was cr eat ed by or i ent i ng t he mol ecul ar enve-

l ope of myosi n Sl on a model of an act i n monomer usi ng t he geome-

t r y f or t hi s compl ex def i ned by t he hel i cal r econst r uct i on of act o- Sl
r epor t ed by Mi l l i gan and Fl i cker ( 1987) . The model spans t wo cr oss-

over s ( 760 A) of t he l ong- pi t ch act i n hel i x . I n t he f i gur e, t he upper

ar r ow poi nt s at t he smal l t ai l - l i ke domai n of myosi n Sl t hat i s not

gener al l y det ect ed i n hel i cal r econst r uct i ons of act o- Sl . The l ower

ar r ow poi nt s at one of a gr oup of Sl mol ecul es f r om whi ch t hi s do-

mai n was omi t t ed . Act o- Sl model s bui l t l acki ng t hi s f eat ur e of Sl

mor e accur at el y f i t t he obser ved st r uct ur e of act o- Sl . The ast er i sk

hi ghl i ght s t he l ocat i on of t he ATPase si t e mapped on act o- Sl by

Tokunaga et al . , 1987a . Thi s si t e cor r esponds t o a cl ef t and i ndent a-

t i on i n t he st r uct ur e of myosi n Sl t hat was used t o subdi vi de t he
mol ecul e i nt o t he l ar ge and cent r al domai ns .
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and hel i cal r econst r uct i ons i s f ound i n t he l ower densi t y por -

t i ons of t he st r uct ur e at hi gher r adi us : t he cent r al and t he

smal l est domai ns of myosi n Sl . The smal l domai n i s com-

pl et el y mi ssi ng i n r econst r uct i ons of act o- Sl and r emoval of

t hi s r egi on f r omSl r esul t s i n a model of act o- Sl t hat i s most

si mi l ar t o t he st r uct ur e det er mi ned by hel i cal r econst r uct i on .

The st r uct ur e of t he act i n monomer has been sol ved at

at omi c r esol ut i on ( Kabsch et al . , 1990) , and an at omi c model

of t he act i n f i l ament has been const r uct ed and f eat ur es of t hi s

model have been conf i r med by cr yoel ect r on mi cr oscopy

( Mi l l i gan et al . , 1990) . The st r uct ur e of myosi n Sl and t he

model f or t he associ at i on bet ween act i n and myosi n pr ovi de

a st ar t i ng poi nt f or def i ni ng t he cont act si t es bet ween t hese

pr ot ei ns .

Di scussi on

Rel i abi l i t y of t he SI Reconst r uct i on

Reconst r uct i on of t he 3D densi t y f r omt hi n- sect i oned cr ys-

t al s of myosi n Sl by t he syst emat i c appr oach out l i ned her e

has pr oduced a r el i abl e model of t he st r uct ur e of t he myosi n

head at a r esol ut i on of t i 25 . Br . The i nt er pr et at i on of t he den-

si t y di st r i but i on i n t he map and t he mol ecul ar envel ope of

myosi n Sl i s of cour se dependent on t he mechani smof st ai n

penet r at i on and cont r ast enhancement i n t he t anni c aci d- em-

bedded cr yst al s . I n t he anal ysi s of t he packi ng of Sl i n t he

cr yst al l at t i ce by bot h x- r ay di f f r act i on of nat i ve hydr at ed

cr yst al s and el ect r on mi cr oscopy of t anni c aci d f i xed, em-

bedded and sect i oned cr yst al s, we f ound t he st ai n di st r i bu-

t i on i n t he f i xed and embedded cr yst al s i s cl osel y r el at ed t o

t he l ocat i on of sol vent r egi ons i n nat i ve, hydr at ed cr yst al s

( Wi nkel mann et al . , 1985) . The cont r ast i n t he sect i ons i s

t hus si mi l ar t o a negat i vel y st ai ned speci men wi t h t he r egi ons

cont ai ni ng pr ot ei n sur r ounded by el ect r on dense st ai n pr e-

ci pi t at es . I n addi t i on t o pr ovi di ng cont r ast , t he st ai n pr eci pi -

t at es i mpar t consi der abl e st abi l i t y t o t he cr yst al sect i on ; we

obser ved <10% shr i nkage of t he l at t i ce di mensi ons i n t he

di r ect i on nor mal t o t he el ect r on beamas a consequence of

i r r adi at i on dur i ng i mage col l ect i on .

St r uct ur al Det ai l s of Myosi n SI Cr yst al Lat t i ce

The i nt er pr et at i on of t he st ai n excl udi ng mol ecul ar envel ope

of myosi n Sl r eveal ed i n t he f i nal symmet r y- aver aged map i s

suppor t ed by t he r esul t s of t he anal ysi s of t he packi ng of Sl

i n t he cr yst al l at t i ce ( Wi nkel mann et al . , 1985) . Ther e ar e

ei ght Sl mol ecul es i n t he uni t cel l wi t h t wo i n each asymmet -

r i c uni t . The mol ecul es ar e ar r anged i n l ayer s t hat near l y su-

per i mpose except f or a t r ansl at i on of N9 Aal ong t he c axi s .

Gi ven t he uni t cel l di mensi ons, t he ei ght mol ecul es of Sl oc-

cupy 36%of t he uni t cel l . I nt er pr et at i on of t he map usi ng t hi s

vol ume as a cut - of f f or det er mi ni ng t he boundar y bet ween

pr ot ei n and sol vent r eveal s t he el ongat ed, t adpol e- shaped

st ai n excl udi ng r egi on pr evi ousl y i nt er pr et ed as cor r espond-

i ng t o a si ngl e myosi n head i n pr oj ect i on ( Wi nkel mann et al . ,

1985) . Changi ng t hi s cut - of f val ue up or down by 20- 30%

had l i t t l e ef f ect on t he over al l shape of t he envel ope, but di d

i ncr ease or decr ease t he cont act s bet ween mol ecul es wi t hi n

a l ayer and bet ween t he l ayer s . The envel ope of a si ngl e mol -

ecul e was def i ned by set t i ng t he cont our l evel at a val ue t hat

i ncl udes 30% of t he uni t cel l vol ume ( 83% of Sl vol ume) .
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At t hi s l evel t he S1 mol ecul e has t he el ongat ed and cur ved
pr oj ect i on char act er i st i c of r ot ar y- shadowed el ect r on mi cr o-

gr aphs of t hi s subf r agment ( Wi nkel mann and Lowey, 1986) .

Shape and Domai n St r uct ur e of Myosi n SI

The Sl st r uct ur e can be di vi ded i nt o t hr ee mor phol ogi cal do-

mai ns . The l ar gest domai n i s on one end of t he mol ecul e and

cor r esponds t o - 60% of t he t ot al mol ecul ar vol ume. I t i s

separ at ed f r omt he cent r al domai n by a shal l ow cl ef t on one

si de of t he mol ecul e, and t he l ong axi s of t he cent r al domai n

i s bent away f r omt he l ong axi s of t he l ar ge domai n . The cen-

t r al domai n cont ai ns - 30%of t he vol ume of Sl , and i s di s-

t i ngui shed f r omt he smal l est domai n by an abr upt change i n

t hi ckness . The smal l est domai n par t i ci pat es i n what appear s

t o be i mpor t ant cont act s i n t he packi ng of t he heads wi t hi n

a l ayer , and t hese pr obabl y hel p t o hol d t he cr yst al l at t i ce t o-

get her .

Consi der abl e evi dence suggest s t hat t her e ar e domai ns i n

t he myosi n head t hat f al l near t he boundar i es descr i bed her e

( r evi ewed by Vi ber t and Cohen, 1988) . El ect r on mi cr oscopy

of negat i vel y st ai ned myosi n r eveal s cl ef t s t hat can be

penet r at ed by st ai n and t hat di vi de t he head i nt o one l ar ge

and one or t wo smal l er domai ns ( Wal ker and Tr i ni ck, 1988) .

The si ze of t he l ar gest f eat ur e i s qui t e si mi l ar t o t he si ze and

vol ume of t he l ar ge di st al domai n descr i bed her e. Si ngl e par -

t i cl e aver agi ng of shadowed myosi n al so r eveal s a mul t i do-

mai n st r uct ur e : a l ar ge domai n separ at ed by a cl ef t f r om a

sl i mmer , mor e var i abl e r egi on of t he head near t he head- r od

j unct i on ( Vi ber t , 1988) . The nar r ow r egi on appear s t o adopt

a var i et y of conf i gur at i ons and t hi s appar ent f l exi bi l i t y or di s-

t or t i on l i mi t ed t he det ai l t hat was seen i n t hi s par t of t he aver -

aged st r uct ur e .

The 25- kDami no- t er mi nal pr ot eol yt i c f r agment of myosi n

Sl cont ai ns sequences i mpl i cat ed i n ATP bi ndi ng ( Wal ker et

al . , 1982) ; i n addi t i on, phot or eact i ve anal ogues of ATP l a-

bel - speci f i c r esi dues i n t hi s f r agment and i n t he 50- kD cen-

t r al f r agment , suggest i ng t hat sequences f r ombot h of t hese

pr ot eol yt i c f r agment s ar e i nvol ved i n ATPbi ndi ng ( Mahmood

and Yount , 1984 ; Okamot o and Yount , 1985) . Resi dues i n

t he 50- kD f r agment and near t he 50- kD- 20- kD j unct i on

have been cr oss- l i nked t o act i n ( Mor net et al . , 198 l a ; Sut oh,

1983) , suggest i ng t hat por t i ons of t he 50- kD f r agment may

i nt er act wi t h act i n . Epi t opes i n t he 25- and 50- kDf r agment s

and t he nucl eot i de bi ndi ng si t e have been l ocat ed on t he di s-

t al por t i on of t he head ( Wi nkel mann and Lowey, 1986 ; Sut oh

et al . , 1986) . These r esul t s pl ace at l east par t of t he 25- and

50- kD f r agment s i n t he l ar ge domai n of Sl . These f r agment s

account f or 58% of t he mass of myosi n Sl and, t hus, ar e

compar abl e i n si ze t o t he l ar ge domai n of t he mol ecul ar

envel ope .

The 20- kD f r agment cont ai ns t he r eact i ve sul f hydr yl s

SH, and SHz . These ar e on cyst ei ne r esi dues separ at ed by

onl y 10 ami no aci ds i n a mobi l e segment of t he heavy chai n .

The SH, cyst i ne has been l ocal i zed - 130 A f r omt he head-

r od j unct i on ( Sut oh et al . , 1984) . The 20- kD f r agment al so

cont ai ns si t es i nvol ved i n l i ght chai n bi ndi ng t o t he heavy

chai n . Si t es near t he ami no and car boxy t er mi ni of bot h myo-

si n l i ght chai ns have been mapped by i mmunoel ect r on mi -

cr oscopy t o t he nar r ow r egi on of t he head wi t hi n 100 Aof

t he head- r od j unct i on ( Fl i cker et al . , 1983 ; Wi nkel mann and

Lowey, 1986 ; Tokunaga, et al . , 1987b ; Kat oh and Lowey,

Wi nkel mann et al . Thr ee- Di mensi onal St r uct ur e of Myosi n Subf r agment - 1

1989) , and a di scr et e pr ot eol yt i c f r agment of myosi n t hat
cont ai ns t he 20- kD f r agment wi t h t he associ at ed l i ght chai ns
has been vi sual i zed by el ect r on mi cr oscopy and appear s t o
compr i se most of t he mass of t he nar r ow r egi on of t he head
( Wi nkel mann et al . , 1984) . These dat a suggest t hat t he el on-
gat ed 20- kD f r agment wi t h bound l i ght chai ns cor r esponds
t o t he combi ned cent r al and smal l t ai l - l i ke domai ns of t he
Sl st r uct ur e .

Model i ng Myosi n andAct o- Sl

The r el at i onshi p of t he Sl st r uct ur e t o myosi n and act o- Sl

i s summar i zed i n t wo model s ( Fi gs. 7 and 8) . The shape and
cur vat ur e of t he heads and over al l appear ance of t he model ed
myosi n mol ecul e ( Fi g . 7) i s st r i ki ngl y si mi l ar t o el ect r on
mi cr ogr aphs of myosi n cont r ast ed by r ot ar y shadowi ng or

negat i ve st ai ni ng . The l engt h of t he heads on t he myosi n

model ar e smal l er by 15- 25 A t han t he measur ed l engt h

f r omel ect r on mi cr oscopy of r ot ar y- shadowed and negat i vel y

st ai ned myosi n mol ecul es . Myosi n Sl i s pr epar ed by cl eav-

age of t he head- r od j unct i on, so det ai l s of t he st r uct ur e of

t hi s r egi on ar e not r eveal ed i n t he r econst r uct i on and cannot

be model ed wi t h any r el i abi l i t y, t hus, t he shor t er l engt h of

t he model myosi n heads may r ef l ect uncer t ai nt y i n t he det ai l s
of t he j unct i on . Thi s uncer t ai nt y i s compounded by r ecent

dat a t hat suggest s 53 r esi dues of t he r od sequence may ext end
i nt o t he myosi n head, and pr ot eol yt i c separ at i on of t he heads

f r om t he r od may occur at a si t e wi t hi n t he head ( Ri mm et

al . , 1989) . Al t er nat i vel y, t he measur ed l engt h of t he head

may be exagger at ed due t o f l at t eni ng as has been suggest ed
f or t he measur ed di amet er ( El l i ot t and Of f er , 1978 ; Wal ker
and Tr i ni ck, 1988 ; Vi ber t , 1988) .

The cur ved and st r ai ght head pr of i l es of t en seen on myosi n
have been model ed by r ot at i on of t he cur ved Sl st r uct ur e

about t he head- r od j unct i on . Sever al l i nes of evi dence i ndi -

cat e t hat t he heads can r ot at e f r eel y and i ndependent l y about
t he head- r od j unct i on ( Cr ai g et al . , 1980 ; Wi nkel mann and
Lowey, 1986 ; Reedy et al . , 1989) . I n addi t i on t o r ot at i on,
myosi n heads exhi bi t consi der abl e het er ogenei t y i n t he or i en-
t at i on about t he head- r od j unct i on and i n t he degr ee and
di r ect i on of cur vat ur e wi t hi n a head ( El l i ot t and Of f er , 1978 ;

Cr ai g et al . , 1980 ; Kni ght and Tr i ni ck, 1984 ; Wal ker and

Tr i ni ck, 1988) . Thi s may r ef l ect a f l exi bi l i t y i n t he st r uct ur e

or may r esul t f r om di st or t i on i mposed by sur f ace i nt er ac-
t i ons .

The act o- Sl model ( Fi g . 8) has t he maj or f eat ur es i dent i f i ed

i n al l r econst r uct i ons of Sl decor at ed act i n f i l ament s : t he

l ar ge Sl domai n makes ext ensi ve cont act wi t h t he act i n f i l a-

ment , and t he at t ached Sl di spl ays l ef t - handed sl ew cur va-

t ur e. The geomet r y of t he act i n- Sl i nt er f ace obser ved i n t he

r econst r uct i on of f r ozen- hydr at ed sampl es of act o- Sl com-

pl exes ( Mi l l i gan and Fl i cker , 1987) was used f or const r uct -

i ng t he model . I n t he act o- Sl r econst r uct i on, Sl i s di vi ded

i nt o t wo domai ns or r egi ons : a hi gh densi t y domai n 95 A
l ong and 45- 55 A i n di amet er , and a l ow densi t y domai n at

hi gher r adi us t hat i s 35 A l ong and smear ed azi mut hal l y .

Thi s suggest s t hat t he t wo domai ns exhi bi t di f f er ent degr ees

of or der t hat may r esul t f r omi nt r amol ecul ar mot i on or f l exi -

bi l i t y . The f eat ur es of t hei r maps ar e appar ent i n t he model ed

act o- Sl st r uct ur e . The model di f f er s f r omt he act o- Sl r econ-

st r uct i on onl y i n t he r adi al ext ent of t he cent r al and smal l

t ai l - l i ke domai ns, f eat ur es whi ch ar e l i kel y t o be poor l y

pr eser ved i n hel i cal r econst r uct i ons .



Tokunaga et al . ( 1987a) have det er mi ned t he posi t i on of t he

ATPase si t e of myosi n Sl by comput i ng a 3D r econst r uct i on

of act o- Sl wi t h an anal ogue of ADPcoval ent l y bound i n t he

act i ve si t e. The ATPase si t e i n - 50 A f r omt he t i p of t he head

and 40 . 8r away f r omand opposi t e t he act i n bi ndi ng i nt er f ace

of Sl . Our model of t he act o- Sl agr ees ver y wel l wi t h t hi s

r econst r uct i on . The l ocat i on of t he ATPase si t e cor r esponds

t o t he i ndent at i on or cl ef t obser ved i n t he Sl st r uct ur e at t he

boundar y bet ween t he l ar ge and cent r al domai ns ( Fi g . 8) .

The t hi n t ai l - l i ke domai n of Sl , whi ch i s mi ssi ng f r om3D

r econst r uct i ons of act o- Sl , can be seen i n t he 3D r econst r uc-

t i on of i nsect i ndi r ect f l i ght muscl e ( Tayl or et al . , 1989a, b) .

I n t hi s r econst r uct i on, myosi n cr oss- br i dges emer ge f r om

t he t hi ck f i l ament sur f ace as nar r ow st ems t hat br oaden and

bend as t hey appr oach and f or mr i gor cont act s wi t h t he t hi n

f i l ament s . The r i gor cr oss- br i dges occur i n at l east t wo

f or ms : t he l ar ge l ead cr oss- br i dges whi ch consi st of a pai r

of myosi n heads, and t he smal l er r ear cr oss- br i dges compr i s-

i ng a si ngl e myosi n head . The conf or mat i onal di f f er ences be-

t ween t he heads i n t he l ead and r ear br i dges i ncl ude var i a-

t i ons i n bendi ng as wel l as t i l t angl e . I t i s l i kel y t hat t he

i nt er f ace bet ween act i n and myosi n i s t he same f or al l r i gor

heads, and t hat combi nat i ons of act i n f i l ament unt wi st i ng

and mul t i pl e head conf or mat i ons accommodat e t he di st or -

t i on ar i si ng f r om t he si ngl e act i n f i l ament bi ndi ng of t wo-

headed and one- headed cr ossbr i dges . Thi s i mpl i es t hat di f -

f er ent conf or mat i ons of myosi n heads exi st even i n st r ongl y

bound st at es . These r esul t s suppor t t he vi ew t hat mul t i pl e,

f l exi bl y connect ed domai ns must be pr esent i n t he myosi n

head .

Domai n St r uct ur e and Model s of Muscl e Cont r act i on

Bi ochemi cal bi ndi ng st udi es suggest t hat myosi n Sl exi st s i n

at l east t wo conf or mat i ons ( Ei senber g and Hi l l , 1985) . I n

one conf or mat i on, whi ch occur s i n t he absence of ATP, Sl

bi nds ver y st r ongl y t o act i n and det aches f r om i t sl owl y. I n

a second conf or mat i on, whi ch i s i nduced by ATP bi ndi ng,

Sl bi nds ver y weakl y t o act i n and det aches r api dl y. I t has

been pr oposed t hat , dur i ng a cr ossbr i dge cycl e, t he t r ansi t i on

f r omt he weak bi ndi ng t o st r ong bi ndi ng conf or mat i on causes
t he el ast i c myosi n cr ossbr i dge t o become def or med and exer t

posi t i ve f or ce, whi l e t he r ever se t r ansi t i on ( f r om st r ong bi nd-

i ng t o weak bi ndi ng) causes a def or mat i on t hat l eads t o

det achment of t he cr ossbr i dge f r om act i n ( Ei senber g and

Gr eene, 1980) . Wher eas st r uct ur al evi dence f or t he conf or -

mat i on of t he cr ossbr i dge i n t he st r ong bi ndi ng st at e ( r i gor )

i s avai l abl e f r omx- r ay di f f r act i on of r i gor muscl e and i mage

anal ysi s of r i gor compl exes of act o- S1 and r i gor i nsect f l i ght

muscl e, t he pr esence of t he weak bi ndi ng st at e has onl y been
i nf er r ed and l i t t l e i s known about i t s conf or mat i on .

Bi ochemi cal and bi ophysi cal evi dence f or i nt r amol ecul ar

mot i on i n myosi n i s avai l abl e . For exampl e, nucl eot i de bi nd-

i ng t o t he myosi n head causes i nt er nal mot i on t hat i s r e-

f l ect ed by changes i n t he pat t er n of cr oss- l i nks t hat can be

f or med wi t h SH, and by changes i n pr ot eol yt i c suscept i bi l -

i t y of bonds ( Lu et al . , 1986 ; Appl egat e and Rei sl er , 1984) .

Weak and st r ong bi ndi ng st at es of act i n al so suggest nucl eo-

t i de i nduced mot i on t hat dr amat i cal l y al t er s act i n bi ndi ng

af f i ni t y ( Ei senber g and Gr eene, 1980) . NMRand el ect r i c bi -

r ef r i ngence st udi es have demonst r at ed f l exi bi l i t y i n i sol at ed

heads ( Pr i nce et al . , 1981 ; Hi ghsmi t h and Eden, 1986) . I n

addi t i on, x- r ay di f f r act i on of act i ve heads i ndi cat es t he exi s-
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t ence of i nt er nal f l exi bi l i t y and mot i on ( Huxl ey et al . , 1982) .

I n cont r ast , opt i cal and par amagnet i c pr obes i ndi cat e t hat

some r egi ons of t he head, especi al l y SH, and t he ATPbi nd-

i ng si t e, mai nt ai n a const ant or i ent at i on wi t h r espect t o act i n

dur i ng act i ve cont r act i on ( Yanagi da, 1981, 1985) .

The model descr i bed by Huxl ey and Kr ess ( 1985) r esol ves

t hese appar ent l y cont r adi ct or y obser vat i ons by pr oposi ng i n-

t er domai n mobi l i t y t hat occur s dur i ng act i vi t y and account s

f or mot i on . I n t hi s model , muscl e cr oss- br i dges can i nt er act
wi t h t he t hi n f i l ament over an axi al r ange of 120 A as or i gi -

nal l y pr oposed f or t he power st r oke ( Huxl ey and Si mmons,

1971) , but t he cr ossbr i dges r oduce f or ce wi t h a mor e

l i mi t ed axi al movement of 40 A. Thi s magni t ude of change

coul d be accommodat ed by movement wi t hi n a par t of t he

S1 st r uct ur e or bet ween domai ns wi t hi n t he st r uct ur e l eavi ng

a por t i on of t he st r uct ur e i n a st at i c conf i gur at i on wi t h r e-
spect t o act i n. Thi s model sat i sf i es t he exper i ment al obser va-

t i ons whi ch i ndi cat e a f i xed or i ent at i on of l abel ed pr obes

l ocat ed i n t he act i ve si t e and on SH, dur i ng i somet r i c con-

t r act i on, i f t he l abel ed pr obes ar e l ocat ed on a por t i on of t he

st r uct ur e whi ch does not move . I n t er ms of t he st r uct ur e

pr esent ed her e, t he l ar ge domai n i s t he l i kel y l ocat i on of

t hese si t es and, t hus, woul d mai nt ai n a f i xed or i ent at i on wi t h

r espect t o act i n . The mobi l e el ement s of t he cr ossbr i dge

woul d t hen be t he cent r al and smal l domai ns, and movement

woul d be t he r esul t of i nt er domai n f l exi bi l i t y, e . g. , at j unc-

t i ons bet ween domai ns. Sol ut i on of t he hi gh- r esol ut i on cr ys-

t al st r uct ur e of myosi n Sl wi l l f ur t her del i neat e domai n

boundar i es and pr ovi de mor e def i ni t i ve i nf or mat i on con-

cemi ng t he possi bi l i t y of such i nt er domai n f l exi bi l i t y .

We t hank G. Sosi nsky and D. L . D . Caspar f or advi ce and f or shar i ng t hei r

i deas about t he r el i abi l i t y i ndex, H. McKeel f or mi cr oscmy and P. Somu
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