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Dur i ng cyt oki nesi s i n ani mal cel l s, f or ces ar e gener at ed at or

near t he cel l ' s sur f ace whi ch l ead t o t he f or mat i on of t he

cl eavage f ur r ow and event ual l y t o const r i ct i on of t he cel l i n

t wo . The or ganel l e r esponsi bl e f or t hese event s, t he cont r act i l e

r i ng, i s a wel l - def i ned ar r ay of mi cr of i l ament s l ocat ed ci r cum-

f er ent i al l y i n t he cel l beneat h t he pl asma membr ane of t he

concave por t i on of t he cl eavage f ur r ow ( 1, 29, 33) . I t s exi st ence

i s t r ansi ent and coi nci des wi t h t he t i me of f ur r ow f or mat i on

and f unct i on ( 31) . Wi t h i mmunol ogi cal t echni ques and heavy

mer omyosi n ( HMM) decor at i on, act i n, myosi n, a- act i ni n, and

t r opomyosi n have been f ound i n t he cor t ex of t he cel l coi nci -

dent wi t h f ur r owi ng act i vi t y and may be concent r at ed i n t he

cont r act i l e r i ng ( 3, 9, 10, 30, 32) . The hypot hesi s t hat t he

cont r act i l e r i ng i s di r ect l y r esponsi bl e f or gener at i ng t he f or ces

r equi r ed f or cl eavage i s suppor t ed by consi der abl e physi ol ogi -

cal evi dence . I nhi bi t or s of f ur r owi ng, such as hi gh pr essur e,

and dr ugs, such as cyt ochal asi n B, di sr upt cont r act i l e r i ng

or gani zat i on ( 33, 38, 40) . Mechani cal di sr upt i on of t he cor t ex

wher e t he r i ng i s l ocat ed pr event s t ensi on gener at i on and l eads

t o f ai l ur e of cl eavage ( 28) . I n addi t i on ant i bodi es agai nst

myosi n i nj ect ed i nt o st ar f i sh eggs and N- et hyl mal ei mi de

( NEM) - modi f i ed HMM mi cr oi nj ect ed i nt o amphi bi an eggs

bl ock cl eavage ( 17, 20, 23) .

Al t hough i t has been suggest ed t hat t he cont r act i l e r i ng

oper at es i n some ways anal ogous t o a muscl e sar comer e ( 1, 29,

33) , i t must be r ecogni zed t hat t her e ar e si gni f i cant di f f er ences

i n t he way t he cont r act i l e r i ng f unct i ons . The or gani zat i on of

act i n i n t he cont r act i l e r i ng i s qui t e di f f er ent f r om t hat i n

muscl e and, unl i ke a sar comer e, t he cont r act i l e r i ng has a

t r ansi ent exi st ence ( 31) . I t i s or gani zed i n t he cor t ex dur i ng

326

REGULAR ARTI CLES

A Per meabi l i zed Cel l Model f or St udyi ng Cyt oki nesi s

Usi ng Mammal i an Ti ssue Cul t ur e Cel l s

W. ZACHEUS CANDE

Depar t ment of Bot any, Uni ver si t y of Cal i f or ni a, Ber kel ey, Cal i f or ni a 94720

ABSTRACT

	

Pt K1 cel l s l ysed l at e i n cel l di vi si on i n a medi um cont ai ni ng t he noni oni c det er gent

Br i j 58 and pol yet hyl ene gl ycol wi l l cont i nue t o under go cl eavage af t er l ysi s . Mai nt enance of

cl eavage af t er l ysi s i s dependent on t he composi t i on of t he l ysi s medi um; t he pH must be

ar ound neut r al i t y, MgATP must be pr esent , and t he f r ee Ca" concent r at i on shoul d be 1 p, M

f or opt i mal const r i ct i on t o occur . Cl eavage can be st opped and r ei ni t i at ed by r ai si ng and

l ower i ng t he Ca" l evel s i n t he l ysi s medi um. Cl eavage i n t he per meabi l i zed cel l i s bl ocked by

addi t i on of phal l oi di n, cyt ochal asi n B, and N- et hyl mal ei mi de- modi f i ed myosi n subf r agment -

1 t o t he l ysi s medi um. Thi s r epr esent s t he f i r st cel l model syst em f or st udyi ng cl eavage si nce

t he pi oneer i ng st udi es of Hof f man- Ber l i ng i n 1954 .

t el ophase and pr ogr essi vel y di sassembl es as cl eavage pr oceeds .

At pr esent , no i nf or mat i on i s avai l abl e concer ni ng t he pr ocess

of assembl y and di sassembl y of t he cont r act i l e r i ng and r el a-

t i vel y l i t t l e i s known about t he or gani zat i on of t he mechani cal

el ement s i n t he f ur r ow.

Our i gnor ance, i n par t , i s because of t he l ack of cel l model s

f or st udyi ng cyt oki nesi s . Wi t h t he except i on of t he pi oneer i ng

wor k of Hof f man- Ber l i ng ( 15, 16) and Hof f man- Ber l i ng and

Ki noshi t a ( 18) , t her e have been no r epor t s of model syst ems

f or st udyi ng cl eavage . Hof f man- Ber l i ng ( 15, 16) demonst r at ed

t hat af t er a br i ef gl ycer i nat i on, di vi di ng f i br obl ast s woul d

under go cl eavage i n t he pr esence of MgATP at a sl i ght l y

al kal i ne pH. Unf or t unat el y, t hese exper i ment s wer e not per -

f or med i n a manner t hat al l ows one t o est i mat e t he cal ci um

r equi r ement s f or cl eavage . Al t hough gl ycer ol has been used

ext ensi vel y si nce Hof f man- Ber l i ng' s t i me f or t he pr epar at i on

of cyt oskel et ons f or HMMdecor at i on ( 11, 30, 32) and t o st udy

f i br obl ast movement i n cul t ur e ( 11) , t he gl ycer i nat ed cel l pr ep-

ar at i ons have not been used successf ul l y t o st udy cl eavage i n

vi t r o. Gi ven t he i mpor t ance of cl eavage i n cel l di vi si on and

our l ack of knowl edge about how t hi s and ot her mot i l e

pr ocesses ar e r egul at ed i n nonmuscl e cel l s, i t woul d be usef ul

t o ext end Hof f man- Ber l i ng' s st udi es and t o r eest abl i sh a per -

meabi l i zed model syst em f or i nvest i gat i ng t he mechani sm of

f ur r ow const r i ct i on .

I r epor t her e t he use of a noni oni c det er gent l ysi s pr ot ocol t o

pr epar e cel l model s t hat under go cl eavage af t er l ysi s . The Br i j

58- pol yet hyl ene gl ycol l ysi s pr ocedur e i s si mi l ar t o t he one

pr evi ousl y descr i bed ( 5) , whi ch mai nt ai ns anaphase chr omo-

some movement i n per meabi l i zed Pt K1 cel l s . Af t er l ysi s, t he
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pl asma membr ane, mi t ochondr i a, and ot her membr ane-

bounded or ganel l es ar e par t i al l y di sr upt ed but t he gr ound

subst ance and t he cyt oskel et ons of t hese cel l s appear t o be

si mi l ar t o t hose of unl ysed cel l s ( Cande, Meeusen, and Mc-

Donal d, manuscr i pt submi t t ed f or publ i cat i on) . Mai nt enance

of cl eavage af t er l ysi s i s dependent on t he composi t i on of t he

l ysi s medi um, par t i cul ar l y t he pH, l evel s of f r ee cal ci um i ons,

and l evel s of MgATP pr esent i n t he medi um. By mani pul at i ng

t hese par amet er s, i t i s possi bl e t o st op and r est ar t cl eavage . I

have used t he per meabi l i zed cel l model t o descr i be t he opt i mal

pHand f r ee cal ci uml evel s r equi r ed f or cl eavage af t er l ysi s and

t o descr i be t he ef f ect s of var i ous dr ugs and pr ot ei ns, such as

cyt ochal asi n B, phal l oi di n, and NEM- modi f i ed myosi n sub-

f r agment - 1 ( NEM- St ) , on cl eavage .

MATERI ALS AND METHODS

Mat er i al s

Vanadat e- f r ee ATP pr epar ed f r om yeast was obt ai ned f r om Boehr i nger -

Mannhei m Bi ochemi cal s, I ndi anapol i s, I nd . Car bowax 20 M( pol yet hyl ene gl y-

col , 20, 000 mol wt ) , cyt ochal asi n B, and Br i j 58 wer e obt ai ned f r om Si gma

Chemi cal Co . , St . Loui s, Mo . To r educe var i abi l i t y i n per meabi l i zat i on exper i -

ment s, st ock sol ut i ons wer e st or ed f r ozen unt i l t he day of use and t hen di scar ded

at t he end of t he day . I f ound t hat i t was not possi bl e t o st or e aqueous Br i j 58

st ock sol ut i ons because t he pr oper t i es of t he det er gent changed wi t h age . These

sol ut i ons wer e made f r esheach day. Phal l oi di n was a gi f t f r omT. Wi el and ( Max

Pl anck I nst i t ut e f t i r Chemi e, Hei del ber g, W. Ger many) .

S, was pr epar ed f r om r abbi t skel et al myosi n by t he met hod of Weeds and

Tayl or ( 41) . NEM- S, was pr epar ed by t he same met hod used pr evi ousl y t o

pr epar e NEM- HMM( 22, 24) . S, at 5- 10 mg/ ml was i ncubat ed i n 10 mM

i mi dazol e- Cl , 0. 2 mMdi t hi ot hr ei t ol ( DTT) wi t h 1 mMf r eshl y di ssol ved NEM,

pH 7. 0, at r oom t emper at ur e f or 75 mi n . The r eact i on was st opped by addi ng

DTT t o a f i nal concent r at i on of 10 mM, and unr eact ed NEMwas r emoved by

exhaust i ve di al ysi s . ATPase act i vi t i es of t he t r eat ed pr ot ei ns wer e measur ed as

descr i bed pr evi ousl y ( 24) . As wi t h NEM- HMM, t he cal ci umATPase act i vi t y of

NEM- S, was el evat ed above t hat of S, , and t he act i n- act i vat ed and K* / EDTA-

st i mul at ed ATPase act i vi t y of NEM- S, was < 10%t hat of t he unt r eat ed pr ot ei ns .

NEM- modi f i ed bovi ne ser um al bumi n ( NEM- BSA) was pr epar ed i n t he same

manner as NEM- S, .

Pr eci se l evel s of f r ee cal ci umi n t he l ysi s medi umwer e mai nt ai ned wi t h a Ca/

EGTA buf f er i ng syst em( Tabl e I ) desi gned t o compensat e f or t he pr esence of 1

mMexcess Mg" and l mMMgATP at a def i ned pH ( 27) . These cal cul at i ons

wer e per f or med by R. St ei nhar dt as descr i bed pr evi ousl y ( 43) . The cal ci um

chl or i de st ock sol ut i on was obt ai ned f r omOr i on Cor p . , Cambr i dge, Mass .

Ti ssue Cul t ur e Cel l s and Cel l Lysi s

Pt K, cel l s wer e used i n al l exper i ment s and wer e mai nt ai ned and handl ed f or

l i ght mi cr oscopy as descr i bed pr evi ousl y ( 5) . Cover sl i ps wer e mount ed on sl i des

wi t h cover sl i p f r agment s as spacer s. Cel l s engaged i n cel l di vi si on wer e l ysed by

f l ushi ng sol ut i ons under t he cover sl i p i n a t wo- st ep l ysi s pr ocedur e. St ep A

medi umcont ai ned 85 mMPI PES, pH 6. 94, or buf f er s speci f i ed i n t he t ext , 0 . 08%

Br i j 58, Ca/ EGTA buf f er s, 1 mMATP, 2 mMMgSO. . St ep B, whi ch f ol l owed

70- 90 s af t er st ep A, used a si mi l ar medi umt hat al so i ncl uded 2. 5%car bowax 20

Mand 0. 1- 0 . 15% Br i j 58 . For t he pH exper i ment s, t he f ol l owi ng buf f er s wer e

TABLE I

Reci pes f or t he Ca- EGTA Buf f er Syst em

used i n addi t i on t o PI PES: 85 mMMES [ 2- ( N- mor phol i no) et hane sul f oni c aci d]

at pH6. 4, 85 mMHEPES at pH 7 . 5, and 85 mMEPPS ( 4- [ 2- hydr oxyet hyl ] - l -

pi per azi ne pr opane sul f oni c aci d) at pH 8. 0 . The chamber s hel d - - 40 A of l ysi s

medi um. At each st ep, 200 X( 5 x vol ume) of medi umwer e f l ushed t hr ough t he

chamber dur i ng a 20- s exchange per i od usi ng bi bul ous paper t o f aci l i t at e f l ow.

Al l exper i ment s wer e r un at 35° ± 2° C and t he t emper at ur e of t he st age was

mai nt ai ned wi t h a hai r dr yer ( Lady Schi ck Tot e ' N Dr y, Schi ck I nc . , Lancast er ,

Penn. ) .

Li ght Mi cr oscopy

Fi l ms of di vi di ng cel l s wer e made wi t h Zei ss phase or Nomar ski opt i cs and an

Opt i Qui p 16- mmci né t i me- l apse appar at us ( Opt i Qui p I nc . , Hi ghl and Mi l l s, N.

Y. ) . Exposur es of 0. 2- 0. 8- s dur at i on wer e made at a r at e of 20 f r ames/ mi n on

Kodak RAR2496 or 2498 f i l m. A Xenon 150- Wl amp ( Knei sl ey El ect r i c Co. ,

Tol edo, Ohi o) was used as a l i ght sour ce wi t h heat cut and 546- r un wi de pass

band i nt er f er ence f i l t er s .

RESULTS

Cl eavage i n Pt K, Cel l s

Sel ect ed phot ogr aphs t aken f r om a ci né r ecor d of a nor mal

Pt K, cel l under goi ng cl eavage ar e shown i n Fi g. 1 A- E. Al -

t hough t hese cel l s do not r ound up t o t he same ext ent as ot her

cel l s i n cul t ur e, Pt Kj cel l s t hi cken dur i ng t he onset of cel l

di vi si on and assume a r ect angul ar shape dur i ng anaphase and

t el ophase. Fur r owi ng begi ns af t er spi ndl e el ongat i on i s com-

pl et e . I f t he upper sur f ace of t he cel l i s moni t or ed wi t h a X40

phase l ens wi t hout al t er i ng t he f ocal pl ane dur i ng cl eavage, t he

cent er of t he cel l usual l y dr ops out of t he pl ane of f ocus ( Fi g .

1 D- E) bef or e t he cel l mar gi n i s compl et el y pi nched i n . The

spi ndl e mi dbody i s not nor mal l y vi si bl e i n t he cl eavage zone

unt i l const r i ct i on has pr ogr essed t o near i t s end poi nt . I n

unl ysed cel l s, const r i ct i on ( t he change i n wi dt h acr oss t he cel l

mi dzone) pr oceeds at a r at e of - 1 Am/ mi n ( Fi g . 2) . Because

anaphase cel l s have an aver age wi dt h of 12 Am, cl eavage

nor mal l y cont i nues f or 10- 15 mi n bef or e t he cel l s ar e com-

pl et el y const r i ct ed .

Cl eavage i n Lysed Cel l s

Cl eavage i n l ysed cel l s ( Fi g. 1 F- J) pr oceeds f or 5- 7 mi n i n

a manner si mi l ar t o t hat obser ved i n unl ysed cel l s ( Fi g . 1 A-

E) . Af t er addi t i on of l ysi s medi um, const r i ct i on i ni t i al l y pr o-

ceeds f or 1- 2 mi n at a r at e f ast er t han t hat obser ved i n vi vo

and t hen decr eases t o - 0 . 5- 0. 75 Am/ mi n ( Fi g. 2) . Nor mal l y,

f ur r ow di amet er s decr eased by - 50° í o af t er l ysi s, but i n some

exper i ment s const r i ct i on pr oceeded t o <10%of t he or i gi nal

f ur r ow di amet er . Thi s r epr esent s a change i n f ur r ow di amet er

of 4- 8 Am. The ext ent of t he zone of cyt opl asm i nvol ved i n

f ur r owi ng showed consi der abl e var i at i on and r anged f r om 3 t o

8 Am.

Af t er l ysi s, al l di vi di ng cel l s under go some noncl eavage-

r el at ed shape changes ( Fi gs. 3 and 4) . I n gener al , t he r ect an-

gul ar - shaped t el ophase cel l s ar e r educed i n l engt h and, except

f or t he f ur r ow, i ncr ease sl i ght l y i n wi dt h . Thi s i s si mi l ar t o t he

shape changes r epor t ed by Gol dman et al . ( 11) f or f i br obl ast s

af t er gl ycer i nat i on and addi t i on of MgATP. The l ar gest i so-

t r opi c shape changes i n t el ophase cel l s ar e obser ved i n cel l s

l ysed ear l y i n t el ophase t hat have not yet begun t o cl eave ( Fi gs .

3 and 4) .

The occur r ence of cl eavage af t er l ysi s i s dependent on t he

st age at whi ch t he cel l s ar e l ysed ( Fi gs . 3 and 4) . Cel l s ear l y i n

t el ophase t hat have no det ect abl e f ur r ow f ai l t o under go f ur t her

cl eavage af t er l ysi s ( Fi gs . 3 A and B and 4) . Cel l s t hat have

under gone cl eavage f or at l east 2- 3 mi n and have wel l - devel -

oped f ur r ows under go maxi mal cl eavage af t er l ysi s ( Fi gs . 3 E-

W. ZACHEUS CANDE
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pH

[ Mg++]

added

MM

[ Ca" ]

added

M

EGTA

added

MM

Est i mat ed

f r ee Ca+ +

M

6. 4 1 . 03 4. 55 X 10 - 5 3 10 - 7

7 . 5 1 . 05 6. 66 X 10 - ° 1 10 - 7

8. 0 1 . 04 9. 15 X 10 - ° 1 10 - 7

6. 94 1. 03 1 . 75 X 10 - 5 1 10
- e

6. 94 1 . 03 1 . 51 X 10 - ° 1 10 - 7

6. 94 1 . 01 6. 41 X 10 - ° 1 10
- e

6. 94 1 . 00 8. 81 X 10 - " 1 4 X 10
- 5

6. 94 1. 00 9. 57 X 10 - ° 1 10 - 5



l l ml

FI GURE 1

	

Sel ect ed f r ames f r om a ci n6 r ecor d of cl eavage i n an unl ysed and l ysed Pt K 1 cel l . A- E i s a ser i es t aken of an unl ysed cel l

i n cul t ur e medi um. A, 0 mi n ; B, 1 mi n; C, 2 . 5 mi n ; D, 4 mi n ; and E, 10 mi n . F- 1 i s a ser i es of a cel l l ysed af t er 0 . 1 mi n i n sol ut i on A

cont ai ni ng 4 I M f r ee cal ci um and no MgATP. When sol ut i on B cont ai ni ng 0 . 1 [ LM f r ee cal ci um and 1 mMMgATP was added at 1 . 5

mi n, cl eavage r esumed . F, 0 mi n ; G, 1 mi n ; H, 2 mi n ; l , 3 mi n ; and / , 6 mi n . Bar , 5I Lm.

2345678910111213

Mi nut es

FI GURE 2 Change i n f ur r ow di amet er i n unl ysed and l ysed Pt K,

cel l s . Fur r ow di amet er s wer e measur ed f r om pr oj ect ed i mages of a

ci n6 r ecor d of cl eavi ng cel l s . A and B and t he ar r ows i ndi cat e wher e

sol ut i ons A and B wer e added dur i ng t he l ysi s pr ot ocol . I n t hese

exper i ment s, A and B cont ai ned 0 . 1 P, M f r ee cal ci um and 1 mM

MgATP. Cf , Unl ysed cel l ;zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , cel l l ysed 1- 2 mi n af t er i ni t i at i on of

cl eavage ; A, cel l l ysed 3- 4 mi n af t er i ni t i at i on of cl eavage .

Hand 4) . However , t he r esponse t o l ysi s i s hi ghl y var i abl e i n

cel l s t hat have ent er ed cyt oki nesi s wi t hi n t he pr ecedi ng 1- 2

mi n and have smal l f ur r ows ( Fi gs . 3 C and D and 4) . Of t he

f i ve cel l s l ysed at t hi s st age, t wo cel l s cont r act ed t o 50%of t hei r
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or i gi nal f ur r ow wi dt h and t he ot her t hr ee cel l s showed l i t t l e

const r i ct i on af t er l ysi s . I n most exper i ment s, cel l s equi val ent t o
t hose i n Fi g . 3 E- H wer e used f or exper i ment al mani pul at i on

( f or exampl e see Fi gs. I and 2) .

Cal ci um and Cl eavage

Ca/ EGTAbuf f er syst ems, as descr i bed i n Tabl e 1, wer e used

t o st udy t he cal ci um r equi r ement s f or cl eavage . The opt i mal

cal ci um concent r at i on f or mai nt enance of cl eavage af t er l ysi s

i s near 0 . 1 AM ( Fi g . 5) . At concent r at i ons >1 AM, f ur t her

cl eavage af t er l ysi s i s bl ocked and t he f ur r ow sl owl y i ncr eases

i n wi dt h ( Fi g . 6) . The ef f ect s of mi cr omol ar f r ee cal ci um ar e

not l i mi t ed t o j ust t he f ur r ow. Under t hese condi t i ons, t he

mar gi ns of t he cel l af t er l ysi s become mor e i ndi st i nct and t he

cel l does not di spl ay t he i sot r opi c shape changes seen at l ower

cal ci um concent r at i ons ( Fi g . 10A and B) . Cl eavage cont i nues

af t er l ysi s i n 10 - R Mcal ci um or i n 5 mMEGTA but f ur r owi ng

i s not so ext ensi ve as i n 0. 1 AMf r ee cal ci um. I n 5 mMEGTA,

t he ext ent of const r i ct i on i s onl y about one- hal f t hat obser ved

i n 0 . 1 AMf r ee cal ci um.

By mani pul at i ng t he cal ci um and MgATP l evel s af t er l ysi s,

i t i s possi bl e t o st op and r est ar t cl eavage ( Fi g . 7) . Lysi s i n 4- 8

AMcal ci um i n t he absence of MgATP can be used t o t empo-

r ar i l y st op cl eavage . At t hese cal ci um concent r at i ons, f ur r ow

r el axat i on occur s mor e sl owl y i n t he absence t han i n t he

pr esence of nucl eot i de . The addi t i on of a second sol ut i on



HCURE 3

	

Cl eavage i n per meabi l i zed cel l s l ysed at di f f er ent t i mes af t er cl eavage i ni t i at i on . A, C E, and G ar e phase mi cr ogr aphs

of cel l s j ust bef or e addi t i on of l ysi s medi um; B, D, F, and H ar e t he same cel l s, r espect i vel y, 5 mi n af t er addi t i on of l ysi s medi um

cont ai ni ng 0. 1 PMf r ee cal ci umand 1 mMMgATP. I n A, t he cel l i s i n ear l y t el ophase and no f ur r ow i s appar ent bef or e or af t er l ysi s .

I n C, t he f ur r ow was i ni t i at ed 1- 2 mi n bef or e l ysi s . I n E, t he f ur r ow was i ni t i at ed - 3- 4 mi n bef or e l ysi s and i n G, 7- 8 mi n bef or e

l ysi s . Bar , 5 Pm.

cont ai ni ng 0. 1 I , M f r ee cal ci um and MgATP wi l l r ei ni t i at e

cl eavage, pr ovi ded t he exposur e t o subopt i mal condi t i ons af t er

l ysi s i s <5 mi n ( Fi g . 7) . Mi cr ogr aphs t aken f r om a f i l m r ecor d

of t ypi cal st op- r est ar t exper i ment s ar e pr esent ed i n Fi gs . 1 F- J

and 13 A - E. I n t hese exper i ment s, cl eavage i s r et ar ded f or 1 . 5

mi n bef or e i t i s r ei ni t i at ed by t he addi t i on of 0. 1 uMcal ci um

and MgATP. Const r i ct i on i s of t en not so ext ensi ve wi t h t he

st op- r est ar t pr ot ocol but r educt i on i n f ur r ow di amet er of at

l east 30%i s r out i nel y obser ved.

pH and Cl eavage

I have st udi ed t he pHopt i mumf or cl eavage under condi t i ons

i n whi ch t he f r ee cal ci um l evel s wer e kept const ant at 0. 1 uM

( Tabl e 1) and t he MgATP l evel s mai nt ai ned at 1 mM. Under

t hese condi t i ons, const r i ct i on pr oceeds t o i t s f ar t hest ext ent at

a neut r al pH ( Fi g. 8) . At pH 8, t he f ur r ow di amet er expands

and mar gi ns of t he cel l r el ax i n a manner r emi ni scent of l ysi s

i n f r ee cal ci um l evel s >4 t , M ( Fi gs . 6 and 10 C and D) .

Pr el i mi nar y obser vat i ons demonst r at e t hat cl eavage can al so

be st opped and r ei ni t i at ed af t er l ysi s by mani pul at i ng t he pH

of t he l ysi s medi um. At pH 8, t he i sot r opi c shape changes

nor mal l y obser ved af t er l ysi s ar e al so i nhi bi t ed ( Fi g. 10 C and

D) .

Nucl eot i des and Cl eavage

Af t er l ysi s, maxi mal const r i ct i on occur s i n t he pr esence of 5

mMMgATP ( Fi g. 9) . Some cl eavage occur s i n t he absence of

exogenous nucl eot i des, but t hi s i s l ess t han one- hal f t he con-
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Ext ent of cel l shape change i n per meabi l i zed cel l s l ysed at di f f er ent t i mes af t er cl eavage i ni t i at i on i n t he unl ysed cel l .

0%cl eavage i s equi val ent t o t he cel l i n Fi g . 3 A, 25%cl eavage, t o t he cel l i n Fi g . 3 C, SO%cl eavage, t o Fi g . 3 E, and 80%cl eavage, t o

t he cel l i n Fi g . 3 G. ( A) Fur r ow wi dt h ( F) was measur ed at t he poi nt of maxi mum const r i ct i on . ( 8) Cel l l engt h ( L) was measur ed as

a st r ai ght l i ne dr awn per pendi cul ar l y t hr ough t he cent er s of t he t wo nucl ei . ( C) Cel l wi dt h ( W) was a measur e of t he cel l di amet er

t aken acr oss one of t he t wo nucl ei . Each measur ement i s an aver age of f i ve separ at e exper i ment s . The er r or bar s i ndi cat e st andar d

devi at i on .
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FI GURE 5

	

Ext ent of change i n f ur r ow di amet er af t er l ysi s i n di f f er ent

l evel s of f r ee cal ci um i ons . Per cent const r i ct i on i s def i ned as t he

change i n f ur r ow di amet er di vi ded by t he or i gi nal f ur r ow di amet er

x 100 . The cal ci um l evel s wer e cal cul at ed as descr i bed i n Tabl e I ; E

i s a sol ut i on cont ai ni ng 5 mM EGTA, 1 mM excess Mg, and no

cal ci um . EGTA buf f er s wer e not used i n exper i ment s r equi r i ng t he

addi t i on of 10 - ° Mcal ci um. The er r or bar s i ndi cat e st andar d devi a-

t i on . Each poi nt i s an aver age of a mi ni mum of f i ve separ at e

exper i ment s .

st r i ct i on seen i n t he pr esence of 5 mMMgATP. Pr esumabl y,

t her e ar e i nt r acel l ul ar st or es of MgATP pr esent i n t he per mea-
bi l i zed cel l ( 5) whi ch can be used t o mai nt ai n some f ur r owi ng

act i vi t y af t er l ysi s even i n t he absence of exogenous nucl eot i de.

At hi gh concent r at i ons of MgATP, const r i ct i on i s bl ocked. The

i ncr ease i n f ur r ow di amet er af t er l ysi s i n 10 mM MgATP i s

l ess ext ensi ve and occur s l ess r api dl y t han t he i ncr eases i n

f ur r ow di amet er obser ved when cel l s ar e exposed t o al kal i ne
pH or 4- 10 [ LM f r ee cal ci um ( Fi g. 10E and F) . I TP wi l l

subst i t ut e f or hi gh ATPt o r el ax t he f ur r ow and r et ar d const r i c-

t i on but cl eavage wi l l st i l l occur i n 10 mMCTP and GTP ( Fi g .
9) . Reduct i on of t he i oni c st r engt h of t he l ysi s medi um t o
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Cl eavage bef or e l ysi s

compensat e f or addi t i on of 10 mMMg nucl eot i de does not

al t er t he out come of t he exper i ment .

Cyt ochal asi n B

Cyt ochal asi n B has an i mmedi at e and dr amat i c ef f ect on t he
pr ogr ess of cl eavage i n t he per meabi l i zed cel l ( Fi gs . 11 and

12A and B) . Af t er l ysi s i n 15 l eg/ ml Cyt ochal asi n B, t he f ur r ow

st opped cont r act i ng and wi t hi n I mi n af t er l ysi s t he f ur r ow

expanded t o sever al t i mes i t s wi dt h bef or e l ysi s ( Fi g. 11) . A

concent r at i on of Cyt ochal asi n B 30 t i mes l ower ( 0 . 5 l eg/ ml ) al so

l ed t o f ur r ow r el axat i on, but const r i ct i on cont i nued f or I mi n

bef or e i t was bl ocked . Cel l s l ysed i n 0 . 1 j i g/ ml Cyt ochal asi n B

l t m
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Del ay and r ei ni t i at i on of cl eavage af t er l ysi s . Cel l s wer e

l ysed i n sol ut i on A cont ai ni ng 4 j i M f r ee cal ci um and no MgATP.

Fur r ow di amet er does not decr ease unt i l sol ut i on B, whi ch cont ai ns
1 mM MgATP and 0 . 1 PM f r ee cal ci um, i s added ( O) . I n one

exper i ment ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) , sol ut i on C cont ai ni ng pol yet hyl ene gl ycol , no ATP,

and 4 , uM f r ee cal ci um was added . Fur r owi ng was del ayed f or an

addi t i onal 1 . 5 mi n bef or e sol ut i on B was added .

6 . 4 7. 0 7. 5 8 . 0

pH

FI GURE 8

	

Ext ent of change i n f ur r ow di amet er af t er l ysi s i n sol u-

t i ons of di f f er ent pH. Al l sol ut i ons cont ai ned 0. 1 pMf r ee cal ci um as

descr i bed i n Tabl e I . The er r or bar s i ndi cat e st andar d devi at i on .

st i l l under go cl eavage af t er l ysi s, but bot h ext ent and r at e of
const r i ct i on ar e sl i ght l y r educed compar ed wi t h di met hyl sul f -
oxi de cont r ol s.

For compar i son, cel l s i n cul t ur e medi um wer e al so t r eat ed
wi t h 15 j i g/ ml cyt ochal asi n B. Af t er dr ug addi t i on, f ur r owi ng
ceased wi t hi n 2 mi n. The cl eavage f ur r ow began t o r el ax and,
af t er 5 mi n, t he uncl eaved shape of t he ear l y t el ophase cel l was
r est or ed. Unl i ke t he si t uat i on i n per meabi l i zed cel l model s, t he
mar gi ns of t he cel l di d not bal l oon out . Thi s cel l , when l ysed
i nt o a dr ug- f r ee medi um, di d not under go cl eavage ( W. Cande,
unpubl i shed dat a) .

The addi t i on of 200 f i g/ ml phal l oi di n t o t he cul t ur e medi um
had no ef f ect on t he pr ogr ess of cyt oki nesi s i n unl ysed cel l s. By
mani pul at i ng t he f r ee cal ci um and MgATP l evel s i n t he l ysi s
medi um, cl eavage af t er l ysi s was del ayed f or 90 s i n t he
pr esence of 200 t i g/ ml phal l oi di n ( Fi g. 11) . Under t hese ci r -
cumst ances, phal l oi di n bl ocked r ei ni t i at i on of cl eavage ( Fi gs.
11 and 12 C and D) . Al t hough t he mar gi ns of t he cel l i n t he

f ur r ow wer e def or med sl i ght l y af t er MgATP and 0. 1 [ LM cal -
ci um wer e added t o t he medi um, l i t t l e or no const r i ct i on

occur r ed i n t he pr esence of t he dr ug. The f ur r ow di d not r el ax
or i ncr ease i n wi dt h af t er dr ug t r eat ment but t he cel l s di d
under go some i sot r opi c shape changes ( Fi g. 12 Cand D) .

NEM- S,

As has been descr i bed pr evi ousl y f or NEM- HMM( 22, 24) ,

NEWS, i nhi bi t s super pr eci pi t at i on of act omyosi n sol ut i ons,
t he cont r act i on of gl ycer i nat ed myof i br i l s i n t he pr esence of
MgATP, and t he cont r act i on of st r ands of Chaos cyt opl asm.

NEWS, at a concent r at i on of 1- 2 mg/ ml compl et el y bl ocks

r ei ni t i at i on of cl eavage i n per meabi l i zed cel l s af t er a 90- s

i ncubat i on i n t he pr ot ei n ( Fi gs . 13 F- J and 14) . I n t he pr esence
of NEWS, , t he f ur r ow gr adual l y r el axes and i ncr eases i n
wi dt h, suggest i ng t hat NEWS, i nt er f er es wi t h t he st r uct ur al
i nt egr i t y of t he f ur r ow. NEWS, r et ar ds cl eavage af t er l ysi s

even i f t he st op- r est ar t pr ot ocol i s not used, but t he per meabi l -
i zed cel l cont i nues t o cl eave f or 1- 2 mi n bef or e cl eavage i s
i nhi bi t ed . NEM- BSA and S, have no ef f ect on t he r at e or
ext ent of const r i ct i on i n t he per meabi l i zed cel l ( Fi gs . 13A- E
and 14) .

DI SCUSSI ON

By mani pul at i ng t he l ysi s medi um, I have been abl e t o mai n-
t ai n, st op, and r ei ni t i at e cl eavage i n per meabi l i zed mammal i an
cel l s . Thi s i s t he f i r st model syst em f or st udyi ng cl eavage si nce
t he pi oneer i ng st udi es of Hof f man- Ber l i ng ( 15, 16) , Hof f man-
Ber l i ng and Ki noshi t a ( 18) , and Ar r onet ( 2) usi ng gl ycer i nat ed
f i br obl ast s . Af t er l ysi s, t wo t ypes of cont r act i on ar e obser ved i n
t he per meabi l i zed t el ophase cel l . Fi r st , cel l s r ound up af t er
l ysi s . Thi s i sot r opi c cont r act i on of t he cyt opl asm of t he r ect an-
gul ar t el ophase cel l r esul t s i n a decr ease i n cel l l engt h of 10-
20% and an i ncr ease i n over al l cel l wi dt h of 10%. Second, i n
cl eavi ng cel l s, f ur r ow const r i ct i on cont i nues at al most i n vi vo
r at es af t er l ysi s, l eadi ng t o a decr ease i n f ur r ow di amet er of
50%.

Const r i ct i on af t er l ysi s i s obser ved i n al l cel l s t hat have
est abl i shed a f ur r ow and i s not obser ved at al l i n ear l y t el ophase
cel l s . The gr eat est var i abi l i t y i n ext ent of const r i ct i on af t er l ysi s
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Ext ent of change i n f ur r ow di amet er af t er l ysi s i n sol u-

t i ons of di f f er ent nucl eot i de composi t i on . Al l sol ut i ons cont ai ned

0 . 1 j uM f r ee cal ci um, t he appr opr i at e l evel s of Mg nucl eot i de, and 1

mMexcess Mg. For exper i ment s wher e 7 . 5 mMor 10 mMnucl eot i de
was added, t he PI PES buf f er was r educed t o 50 and 35 mM, r espec-
t i vel y . The er r or bar s i ndi cat e st andar d devi at i on .
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FI GURE 10

	

Cl eavage i n di f f er ent physi ol ogi cal condi t i ons . A, C and E ar e phase mi cr ogr aphs of cel l s j ust bef or e addi t i on of l ysi s
medi um; B, D, and F ar e t he same cel l s, r espect i vel y, 5 mi n af t er l ysi s . I n A, t he cel l was l ysed i n medi um cont ai ni ng 10 / Mf r ee
cal ci um at pH 6 . 9, i n C, t he medi um was at pH 8, and i n E, t he l ysi s medi um cont ai ned 10 mMATP at pH 6 . 9 . Bar , 5 pM.
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Change i n f ur r ow di amet er af t er l ysi s i n cyt ochal asi n B

( CB) or phal l oi di n . I n t he phal l oi di n exper i ment , cl eavage was

del ayed f or 1 . 5 mi n by el evat i on of t he f r ee cal ci um concent r at i on

i n sol ut i on A onl y . I n t he cyt ochal asi n B ( CB) exper i ment s, 1%

di met hyl sul f oxi de was al so pr esent i n t he l ysi s medi um.
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occur s i n cel l s t hat have j ust begun t o f ur r ow. Thi s suggest s

t hat a t hr eshol d of cont r act i l e r i ng or gani zat i on must be

r eached i n t he unl ysed cel l f or cl eavage t o cont i nue af t er l ysi s .

The l ar gest i sot r opi c cont r act i ons ar e obser ved i n t el ophase

cel l s t hat have not yet est abl i shed a f ur r ow and ar e i ncapabl e

of cl eavage af t er l ysi s . Thi s r esul t i s consi st ent wi t h t heor et i cal

model s of f ur r ow i ni t i at i on t hat suggest t hat r ecr ui t ment of

mechanochemi cal el ement s f r om t he r est of t he cor t ex i nt o t he

f ur r ow i s i nvol ved i n est abl i shi ng t he cont r act i l e r i ng ( 21, 29,

33) .

The f i ndi ngs pr esent ed her e ar e i n agr eement wi t h t hose

r epor t ed by Hof f man- Ber l i ng i n 1954 ( 15, 16) . The r at es of

cl eavage af t er l ysi s i n Br i j 58- pol yet hyl ene gl ycol ar e f ast er

t han t hat descr i bed i n gl ycer i nat ed f i br obl ast s, but t he ext ent

of cl eavage af t er l ysi s i s si mi l ar i n t he t wo syst ems . I n bot h cel l

model syst ems, af t er l ysi s, opt i mal cl eavage r equi r es ATP, has

a pH opt i mumar ound neut r al i t y, and i s i nhi bi t ed by hi gh ATP

concent r at i ons . Because Hof f man- Ber l i ng used phosphat e

buf f er s, he was unabl e t o descr i be cal ci um i on r equi r ement s

f or cl eavage . He al so f ound t hat i nhi bi t or s of act omyosi n- based

cont r act i ons, such as sul l hydr yl r eagent s, i nhi bi t ed cl eavage i n

t he gl ycer i nat ed cel l model .

Cl eavage I nhi bi t i on

Cl eavage does not occur af t er l ysi s i n t he pr esence of t he

f ungal met abol i t es phal l oi di n and cyt ochal asi n B, t he pr ot ei n

NEM- S1 , or i n subopt i mal physi ol ogi cal condi t i ons. Wi t h t he

except i on of phal l oi di n, t hese t r eat ment s l ead not onl y t o a

bl ockage of f ur r ow const r i ct i on but al so t o an i ncr ease i n

f ur r ow di amet er . I n addi t i on, t he i sot r opi c cel l cont r act i ons ar e

bl ocked and t he di mensi ons of t he per meabi l i zed cel l model

may i ncr ease sl i ght l y . Fur r ow r el axat i on was dr amat i c and

occur r ed r api dl y i n t he pr esence of hi gh cal ci um, al kal i ne pH,



FI GURE 12

	

Cl eavage af t er l ysi s i n cyt ochal asi n B or phal l oi di n . A and C ar e phase mi cr ogr aphs of cel l s j ust bef or e addi t i on of l ysi s

medi um. 8 i s t he cor r espondi ng cel l 2 mi n af t er l ysi s i n 15 t t g/ ml cyt ochal asi n B and D i s t he cor r espondi ng cel l 5 mi n af t er l ysi s

i n 200, äg/ ml phal l oi di n . Bar , 5l t m.

FI GURE 13

	

Sel ect ed f r ames f r om a ci n6 r ecor d of cel l s l ysed i n S, or NEM- S, . I n A- E, a cel l was l ysed i n 1 . 9 mg/ ml S, , i n F- 1, a cel l

was l ysed i n 1 . 6 mg/ ml NEM- S1 . Because sol ut i on A cont ai ned 4 f t M f r ee cal ci um and no ATP, cl eavage was del ayed f or 1 . 5 mi n

af t er l ysi s unt i l sol ut i on B was added . A and F wer e t aken bef or e l ysi s ; B and G, 1 mi n af t er l ysi s ; C and H, 2 mi n af t er l ysi s ; Dand

1, 4 mi n af t er l ysi s ; and E and 1, 6 mi n af t er l ysi s . Bar , 5 , um .

and cyt ochal asi n B, but i n 10 mMATPand i n NEM- S, , f ur r ow

di amet er i ncr eased sl owl y and r el axat i on of t en di d not occur

unt i l sever al mi nut es af t er l ysi s . These obser vat i ons suggest

t hat cyt ochal asi n B, al kal i ne pH, and hi gh cal ci um act di r ect l y
on t he cont r act i l e r i ng t o di sor gani ze and r el ax t he f ur r ow, and

t hat NEWS, and hi gh ATP have an i ndi r ect ef f ect on f ur r ow

i nt egr i t y .

Al t hough t her e i s ampl e evi dence t hat cyt ochal asi n B i nt er -

f er es wi t h t he f unct i on of many mi cr of i l ament syst ems, i ncl ud-

i ng t hose i nvol ved i n cl eavage, t he mechani sm of cyt ochal asi n
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FI GURE 14

	

Change i n f ur r ow di amet er af t er l ysi s i n NEWS, or S, .

Cel l s wer e l ysed i n 2 . 0 mg/ ml NEWS, or S, . Cl eavage was del ayed

f or 1 . 5 mi n af t er l ysi s by r ai si ng t he f r ee cal ci um l evel i n sol ut i on A.

B act i on i s st i l l cont r over si al ( see r ef er ence 38 f or r evi ew) . At

hi gh concent r at i ons ( 10- 20 i r g/ ml ) , cyt ochal asi n B sol at es act i n

gel s ; at l ower concent r at i ons t he dr ug may bl ock act i n subuni t

addi t i on t o t he gr owi ng end of t he mi cr of i l ament ( 12, 13) . I t
has al so been suggest ed t hat cyt ochal asi n B di sr upt s mi cr o-

f i l ament - membr ane at t achment s ( 38) . I n ùnl ysed Pt K, cel l s,

cyt ochal asi n B pr omot es a r api d di ssol ut i on of t he f ur r ow and

r el axat i on of t he cyt opl asm t o r est or e t he or i gi nal ear l y t el o-

phase cel l pr of i l e . Cyt ochal asi n B addi t i on at l ysi s causes an

i mmedi at e col l apse of t he f ur r ow and a sever al f ol d i ncr ease i n

f ur r ow wi dt h . Cyt ochal asi n B al so bl ocks t he i sot r opi c shape

changes obser ved af t er l ysi s . These r esul t s ar e consi st ent wi t h

a r ol e of cyt ochal asi n B i n di r ect l y pr omot i ng di sassembl y of

t he mechani cal el ement s of t he f ur r ow and t he sur r oundi ng

cor t ex, per haps by di ssol vi ng act i n f i l ament s or by di sor gani z-

i ng t he act i n gel .

The i ncr ease i n f ur r ow wi dt h i n 10 - 5 MCa" and al kal i ne

pH may al so be caused by a pr omot i on of cont r act i l e r i ng

di sassembl y . I n a r ecent r evi ew, Tayl or and Condeel i s ( 39)

have ar gued t hat sol at i on of act i n gel s i s a necessar y and

r egul at or y st ep dur i ng t he cont r act i l e cycl e r equi r ed f or ame-

boi d movement . I n nor mal cl eavage, cont r act i l e r i ng di sassem-

bl y and cont r act i on may be cl osel y coupl ed, but af t er cyt o-
chal asi n B t r eat ment , hi gh pH and hi gh cal ci um di sassembl y

may occur mor e r api dl y t han cont r act i on . Thi s woul d r esul t i n

f ur r ow r el axat i on. Ther e have been sever al r epor t s t hat cal ci um

and pH can r egul at e t he ext ent of gel at i on of cyt opl asmi c

ext r act s ( f or r evi ew see r ef er ences 14 and 39) . For exampl e,

Mi mur a and Asano ( 25) have pur i f i ed t wo pr ot ei n f act or s f r om

Ehr l i ch asci t es cel l s t hat pr omot e act i n gel at i on i n submi cr o-

mol ar f r ee cal ci um and sol at i on i n mi cr omol ar f r ee cal ci um

i ons . Cal ci um or pH may pl ay a si mi l ar r ol e i n r egul at i ng t he

di sassembl y of mi cr of i l ament s i n t he cont r act i l e r i ng as cl eav-

age pr ogr esses.

NEM- S, and 10 mM MgATP may i nhi bi t cl eavage by
i nt er f er i ng wi t h act omyosi n i nt er act i ons i n t he cont r act i l e r i ng.
We have pr evi ousl y r epor t ed t hat NEM- HMMf or ms r i gor l i ke

bonds even i n t he pr esence of ATP and bl ocks act omyosi n

i nt er act i ons i n sever al model syst ems by pr event i ng unmodi f i ed

myosi n f r om i nt er act i ng wi t h t he act i n mi cr of i l ament ( 24) .

NEM- S, pr obabl y i nhi bi t s cl eavage by a si mi l ar mechani sm,
t hat i s, i t may pr event nat i ve myosi n f r om i nt er act i ng wi t h
f i l ament s i n t he cont r act i l e r i ng. Hi gh ATP has been demon-

st r at ed t o pl ast i ci ze gl ycer i nat ed myof i br i l s and gl ycer i nat ed

di vi di ng cel l s ( 15, 16, 37) . Szent - Gy6r gyi ( 37) has suggest ed

t hat under t hese ci r cumst ances myosi n i s cl eavi ng ATPwi t hout

i nt er act i ng wi t h act i n and gener at i ng t ensi on . Thi s i nt er pr et a-

t i on of t he mode of act i on of hi gh ATP i n bl ocki ng f ur r ow

cont r act i on i s suppor t ed by t he nucl eot i de speci f i ci t y of t he

r el axat i on, whi ch i s si mi l ar t o t he nucl eot i de speci f i ci t y of

myosi n ( 26) . Cl eavage i n t he pr esence of 10 mM CTP and
GTP may be caused by t he pr esence of endogenous t r ansphos-

phor yl ases or endogenous ATP i n t he cel l model . The gr adual
r el axat i on of t he f ur r ow af t er l ysi s i n NEM- S, and hi gh ATP

suggest s t hat act omyosi n i nt er act i ons, i . e . , r i gor bonds, cont r i b-

ut e t o t he i nt egr i t y of t he f ur r ow and may be r equi r ed t o hel p

mai nt ai n t he cont r act i l e r i ng st r uct ur e . A si mi l ar phenomenon

has been descr i bed by Cr ooks and Cooke ( 6) who f ound t hat

hi gh ATP br oke act omyosi n t hr eads .

An al t er nat i ve i nt er pr et at i on of t hese r esul t s i s t hat NEM- S,
and hi gh ATP may be sel ect i vel y sol ubi l i zi ng component s
necessar y f or successf ul cl eavage. For exampl e, NEM- S, may

di spl ace cr oss- l i nki ng pr ot ei ns t hat bi nd t o act i n and ar e r e-

qui r ed t o hol d t he cont r act i l e r i ng t oget her . Hi gh ATPmay be
capabl e of sel ect i vel y sol ubi l i zi ng myosi n .

Phal l oi di n i s a dr ug known t o st abi l i ze mi cr of i l ament s i n

vi t r o and bl ock act i n depol ymer i zat i on wi t hout i nt er f er i ng wi t h

act omyosi n i nt er act i ons ( 7) . Cl eavage i n per meabi l i zed cel l s i s

bl ocked by concent r at i ons t hat bl ock shut t l e st r eami ng i n

Physar um and l ocomot i on i n mi cr oi nj ect ed f i br obl ast s ( 36, 42) .

I n t he l ysi s exper i ment s, i t i s not cl ear whet her phal l oi di n

i nt er f er es wi t h cl eavage by i nhi bi t i ng essent i al act i n depol ym-

er i zat i on wi t hi n t he f ur r ow r egi on or by changi ng t he mechan-

i cal pr oper t i es of t he cor t ex out si de t he f ur r ow by pr omot i ng

mi cr of i l ament f or mat i on t hr oughout t he cel l . I n ei t her case,

phal l oi di n i nhi bi t i on of cl eavage i s consi st ent wi t h t he mor -

phol ogi cal obser vat i ons of t he t r ansi ent nat ur e of t he cont r ac-
t i l e r i ng ( 31) .

Cal ci umand Cl eavage

I t has been est i mat ed t hat t he f r ee cal ci um l evel i n r est i ng

cel l s, such as unst i mul at ed ner ve and muscl e, i s bet ween 0 . 05

and 0 . 1 AM ( f or r evi ew see r ef er ence 19) . Because cl eavage

cont i nues af t er l ysi s at t hese l evel s, a l ar ge i ncr ease i n i nt r acel -

l ul ar cal ci um i s not r equi r ed f or mai nt enance of f ur r owi ng

act i vi t y . Thi s r esul t i s unl i ke smoot h or st r i at ed muscl e i n

whi ch t he cont r act i l e machi ner y i s i nsensi t i ve t o 0. 1 AM f r ee

cal ci um and maxi mumt ensi on i s gener at ed i n t he pr esence of

1 AM cal ci um ( 8) . Because t he ext ent of cl eavage af t er l ysi s i s

r educed by addi t i on of EGTA t o t he medi um, t her e must be a

mi ni mum cal ci um r equi r ement f or cl eavage. Ther e i s al so a

maxi mal cal ci um concent r at i on whi ch i s unf avor abl e f or con-

t i nued const r i ct i on and whi ch l eads t o f ur r ow r el axat i on r at her

t han const r i ct i on . Pr el i mi nar y exper i ment s wi t h a mor e pr e-

ci sel y def i ned Ca/ EGTA buf f er suggest t hat t he opt i mal r ange

of f r ee cal ci um t hat suppor t s cl eavage at pH 6 . 94 i s bet ween

0. 1 AMand 0. 6 AM. Thi s cal ci um l evel i s al most i dent i cal t o

t hat descr i bed by Hel l ewel l and Tayl or ( 14) f or sol at i on of

act i n gel s pr epar ed f r omDi ct yost el i um amebae .

Baker and War ner ( 4) have demonst r at ed t hat amphi bi an

eggs mi cr oi nj ect ed wi t h EGTA do not under go cl eavage . Fur -

r owl i ke cont r act i ons have al so been el i ci t ed i n eggs wi t h cal -

ci um i onophor es and cal ci um- enr i ched medi um ( 1, 34) . Be-

cause t he cal ci uml evel s r equi r ed f or const r i ct i on i n l ysed cel l s

ar e so l ow, t hese exper i ment s on eggs may def i ne a r equi r ement

f or cal ci um f or f ur r ow act i vat i on and assembl y r at her t han

f ur r ow f unct i on . By anal ogy wi t h smoot h muscl e ( 35) , t hi s

i ni t i at i on event coul d be a cal ci um- st i mul at ed phosphor yl at i on

of myosi n l i ght chai ns t hat act i vat es t he myosi n i nvol ved i n



cl eavage . Af t er cl eavage i s i ni t i at ed, l ower l evel s of cal ci um

woul d be per mi ssi bl e f or f ur r ow const r i ct i on and coul d coor -

di nat e cont r act i l e r i ng di sassembl y . Tayl or and Condeel i s ( 39)

have ar gued t hat l ocal br eakdown of act i n gel s i s r equi r ed f or

cont r act i on dur i ng ameboi d movement . Al t hough t he or gani -

zat i on of t he cont r act i l e r i ng i s ver y di f f er ent f r om t hat of t he

ameba cyt opl asm, a si mi l ar pr ocess of cont r ol l ed di ssol ut i on of

st r uct ur e coupl ed t o cont r act i on may be r equi r ed f or successf ul

cl eavage .

Wi t h t he per meabi l i zed cel l model , i t wi l l nowbe possi bl e t o

eval uat e t he r ol e of phosphor yl at i on and ot her possi bl e r egu-

l at or y mechani sms dur i ng cl eavage . Exper i ment s ar e i n pr og-

r ess t o def i ne t he r ol e of cal ci umdur i ng f ur r ow i ni t i at i on and

cont r act i on and t o exami ne t he ul t r ast r uct ur e of t he cl eavage

f ur r ow i n t he per meabi l i zed cel l .
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