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Chr omosome Behavi or af t er Laser Mi cr oi r r adi at i on of a Si ngl e

Ki net ochor e i n Mi t ot i c Pt K2 Cel l s

PATRI CI A A. McNEI LL and MI CHAEL W. BERNS

Devel opment al and Cel l Bi ol ogy, Uni ver si t y of Cal i f or ni a at I r vi ne, I r vi ne, Cal i f or ni a 92717

ABSTRACT The r ol e of t he ki net ochor e i n chr omosome movement was st udi ed by 532- nm

wavel engt h l aser mi cr oi r r adi at i on of mi t ot i c Pt K2 cel l s . When t he ki net ochor e of a si ngl e

chr omat i d i s i r r adi at ed at mi t ot i c pr omet aphase or met aphase, t he whol e chr omosome moves

t owar ds t he pol e t o whi ch t he uni r r adi at ed ki net ochor e i s or i ent ed, whi l e t he r emai ni ng

chr omosomes congr egat e on t he met aphase pl at e . The chr omat i ds of t he i r r adi at ed chr omo-

some r emai n at t ached t o one anot her unt i l anaphase, at whi ch t i me t hey separ at e by a di st ance

of 1 or 2 p, m and r emai n par al l el t o each ot her , not under goi ng any pol ewar d separ at i on .

El ect r on mi cr oscopy shows t hat i r r adi at ed chr omat i ds exhi bi t ei t her no r ecogni zabl e ki net o-

chor e st r uct ur e or a t ypi cal i nact i ve ki net ochor e i n whi ch t he t r i - l ayer st r uct ur e i s pr esent but

has no mi cr ot ubul es associ at ed wi t h i t . Gr aphi cal anal ysi s of t he movement of t he i r r adi at ed

chr omosome shows t hat t he chr omosome moves t o t he pol e r api dl y wi t h a vel oci t y of - 3 , um/

mi n . I f t he chr omosome i s cl ose t o one pol e at i r r adi at i on, and t he ki net ochor e or i ent ed

t owar ds t hat pol e i s i r r adi at ed, t he chr omosome moves acr oss t he spi ndl e t o t he opposi t e pol e .

The chr omosome i s sl owed down as i t t r aver ses t he equat or i al r egi on, but t he vel oci t y i n bot h

hal f - spi ndl es i s appr oxi mat el y t he same as t he anaphase vel oci t y of a si ngl e chr omat i d . Thus a

si ngl e ki net ochor e moves t wi ce t he nor mal mass of chr omat i n ( t wo chr omat i ds) at t he same

vel oci t y wi t h whi ch i t moves a si ngl e chr omat i d, showi ng t hat t he vel oci t y wi t h whi ch a

ki net ochor e moves i s i ndependent , wi t hi n l i mi t s, of t he mass associ at ed wi t h i t .

I t i s now gener al l y accept ed t hat mi t ot i c spi ndl e f or mat i on and

chr omosome movement i nvol ve sever al st r uct ur es, i ncl udi ng

mi cr ot ubul es, cent r i ol es, per i cent r i ol ar r egi ons, and t he cent r o-

mer e r egi ons of t he chr omosomes . Ther e have been sever al

i nvest i gat i ons i nt o t he ul t r ast r uct ur e and chemi cal composi t i on

of t he ki net ochor e, or at t achment si t e of mi cr ot ubul es t o t he

cent r omer i c r egi on ( 14, 30- 32, 35) . El ect r on mi cr oscope st udi es

have r eveal ed a r el at i vel y uni f or m mor phol ogy of t he ki net o-

chor e r egi on i n many di f f er ent eukar yot es ( i ncl udi ng Pt K2 cel l s

[ 34] ) consi st i ng of a t r i l ami nar st r uct ur e 0 . 3- 0 . 6 t t mi n di amet er .

Al t hough t he ki net ochor e has been demonst r at ed unequi vo-

cal l y t o be a mi cr ot ubul e- or gani zi ng cent er i n vi t r o ( 15, 22, 36,

38) , ver y l i t t l e bi ochemi cal i nf or mat i on i s avai l abl e on i t .

However , t her e ar e i ndi cat i ons t hat r i bonucl eopr ot ei n i s a

component of t he ki net ochor e ( 9, 32) and i t appear s t o be

associ at ed wi t h t he i nner pl at e of t he t r i l ami nar ki net ochor e i n

Pt K, cel l s .

One of t he ear l i est st udi es on t he f unct i on of t he cent r omer e

per t ai ns t o t he mi t ot i c behavi or of x- r ay- i nduced chr omosome

f r agment s l acki ng cent r omer es ( 11, 12) . Al t hough t hese f r ag-

ment s di d not j oi n t he met aphase pl at e, t her e was some sepa-
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r at i on of t he chr omat i ds at anaphase. However , t hey l agged

behi nd t he r est of t he chr omosomes and wer e of t en encl osed i n

smal l accessor y nucl ei .

The f i r st mi cr oi r r adi at i on st udi es of t he cent r omer e or ki -

net ochor e r egi on of mi t ot i c chr omosomes wer e per f or med on

newt cel l s by Ur et z et al . ( 37) usi ng a UV mi cr obeam and by

Bl oomet al . ( 8) usi ng a pr ot on mi cr obeam. These exper i ment s

showed t hat i r r adi at i on caused t he chr omosome t o l ose i t s

abi l i t y t o under go di r ect ed movement . The chr omosome di d

not congr egat e on t he met aphase pl at e and was l ef t behi nd i n

t he i nt er zone at anaphase, f or mi ng a mi cr onucl eus . Si mi l ar

r esul t s wer e obt ai ned by I zut su ( 17) f or UV i r r adi at i on of

gr asshopper mei ot i c chr omosomes . However , l at er exper i ment s

by Baj er and Mo16- Baj er ( 2) usi ng a het er ochr omat i c UV

mi cr obeamt o i r r adi at e Haemant hus ki net ochor es di d not con-

f i r m t hese r esul t s . I t was f ound t hat chr omosomes wi t h ki ne-

t ochor es i r r adi at ed dur i ng pr ophase, pr omet aphase, or met a-

phase di d not show not i ceabl e di f f er ences i n t hei r movement s,

as compar ed wi t h noni r r adi at ed chr omosomes, unt i l anaphase

when t he chr omosome t ended t o r emai n i n an equat or i al

posi t i on .
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FI GURE 1

	

Ser i es of phase- cont r ast mi cr ogr aphs of a Pt K2 cel l i n whi ch a si ngl e ki net ochor e was i r r adi at ed i n pr omet aphase . Ti me

( i n mi nut es) f r om i r r adi at i on i s i ndi cat ed i n bot t om r i ght - hand cor ner of f r ames . x 2, 560. ( a) Pr omet aphase . Lower ki net ochor e of

cent r omer e i ndi cat ed by ar r ow i s about t o be i r r adi at ed . ( b) I mmedi at el y af t er i r r adi at i on . A vi si bl e phase- pal e l esi on i s pr oduced

at t he si t e of i r r adi at i on . ( c and d) Chr omosome í s movi ng acr oss t he spi ndl e t owar ds t he pol e t o whi ch i t st i l l has an at t achment .

( e and f ) Met aphase . The undamaged ki net ochor e i s cl ose t o t he pol e. ( g) Ear l y anaphase. The i r r adi at ed chr omosome has spl i t

but bot h chr omat i ds r emai n cl ose t o t he pol e. ( h) Anaphase . The uni r r adi at ed chr omosomes ar e movi ng apar t nor mal l y but t he

chr omat i ds of t he i r r adi at ed chr omosome r emai n cl ose t o t he pol e, par al l el , and separ at ed by onl y a sl i ght di st ance .
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The i nt r oduct i on of t he l aser mi cr obeam as a t ool f or exper -

i ment al cyt ol ogy by Bessi s et al . ( 7) made i t possi bl e t o use r ed

l i ght f r om a r uby l aser t o pr oduce speci f i c l esi ons at t he
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FI GURE 2

	

Movement of t he i r r adi at ed chr omosome and pol es wi t h

r espect t o t he equat or i al pl ane f or t he cel l shown i n Fi g. 1 .

80

subcel l ul ar l evel . The devel opment of a t unabl e dye l aser

mi cr obeam( 4) pr ovi ded a wi de r ange of l aser wavel engt hs t hat

coul d be used t o pr oduce many di f f er ent ki nds of subcel l ul ar

l esi ons . I n par t i cul ar , t he l aser mi cr obeam syst em pr ovi des a

mor e pr eci se met hod t han t he ear l i er UVsyst ems f or sel ect i vel y

damagi ng speci f i c r egi ons of t he chr omosome because t he

i r r adi at i on t i mes ar e much shor t er and t he beamcan be f o-

cussed t o a smal l er , di f f r act i on- si zed spot ( down t o - 0. 2 f ami n

di amet er ) .

Speci f i c r egi ons of chr omosomes wer e f ast del et ed by l aser

mi cr obeami r r adi at i on i n 1969 ( 6) when i t was shown t hat cel l

FI GURE 3

	

Movement of t he chr omosome shown i n Fi g. 1 r el at i ve

t o t he pol e t o whi ch i t moves .

FI GURE 4

	

El ect r on mi cr ogr aph of a chr omosome t hat had one ki net ochor e i r r adi at ed . The cel l was f i xed 30 s af t er i r r adi at i on .
El ect r on- dense l esi on mat er i al i s pr esent at t he i r r adi at i on si t e . The uní r r adi at ed si st er ki net ochor e i s vi si bl e i n adj acent sect i ons
and exhi bi t s a nor mal st r uct ur e . x 30, 000 .

P . A. MCNEI LL AND M. W. BERNS
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FI GURE 5

	

El ect r on mi cr ogr aphs of ser i al sect i ons t hr ough t he i r r adi at ed chr omosome shown i n Fi g . 1 . x 25, 000. ( a) Sect i on t hr ough

t he ki net ochor e r egi on ( ar r ow) of t he uni r r adi at ed chr omat i d . Not e t hat t he ki net ochor e i s cl ose t o t he cent r i ol e ( C) . ( b) Sect i on

t hr ough t he edge of t he ki net ochor e ( ar r ow) of t he uni r r adi at ed chr omat i d . Numer ous mi cr ot ubul es ar e associ at ed wi t h t hi s

r egi on . ( c) Sect i on passi ng t hr ough t he ki net ochor e r egi on of t he i r r adi at ed chr omat i d . No ki net ochor e st r uct ur e i s vi si bl e i n t hi s

or adj acent sect i ons .
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vi abi l i t y coul d be mai nt ai ned f or sever al days af t er i r r adi at i on.

Lat er exper i ment s i nvol vi ng del et i on of t he nucl eol ar or gani zer

r egi on showed t hat t he def i ci ency i s her i t abl e i n t he daught er

cel l s ( 5) . I n si mi l ar exper i ment s on t he f unct i on of t he cent r o-

mer e r egi on, bot h si st er ki net ochor es of a chr omosome wer e

i r r adi at ed at pr omet aphase wi t h a l aser mi cr obeam ( 10) . The

r esul t s conf i r med t he ear l i er f i ndi ng of Ur et z et al . ( 37) , Bl oom

et al . ( 8) , and I zut su ( 17) t hat t he chr omosome det aches f r om

t he spi ndl e and under goes no f ur t her di r ect ed movement f or

t he dur at i on of mi t osi s . I n addi t i on, i t was shown t hat t he

i r r adi at ed chr omat i ds, whi ch wer e f r equent l y encl osed i n a

mi cr onucl eus at t el ophase, r et ai n t hei r capaci t y t o r epl i cat e

t hei r DNAand condense at t he next mi t osi s but do not r eat t ach

t o t he spi ndl e.

I n t he pr esent st udy, a si ngl e ki net ochor e of a doubl e- chr o-

mat i d chr omosome was i r r adi at ed at pr omet aphase or met a-

phase of mi t osi s i n or der t o i nvest i gat e t he f unct i on of t he

ki net ochor e i n chr omosome movement . I t was of i nt er est t o see

what ef f ect t he i r r adi at i on of a si ngl e ki net ochor e woul d have

on t he or i ent at i on of t he r emai ni ng ki net ochor e and on t he

subsequent movement of t he chr omosome and chr omat i ds . I t

was t hought possi bl e t hat such i r r adi at i on woul d pr oduce

behavi or si mi l ar t o t hat of a uni val ent i n mei osi s i n whi ch one

or mor e r eor i ent at i ons of t he uni val ent occur f ol l owed by

nondi sj unct i on ( 25) .

MATERI ALS AND METHODS

Cel l Cul t ur e

The exper i ment s descr i bed her e wer e al l per f or med on Pt K2 cel l s, an est ab-

l i shed l i ne obt ai ned f r om t he Amer i can Type Cul t ur e Col l ect i on . Thi s i s an

epi t hel i al l i ne f r omt he r at kangar oo ki dney and i s char act er i zed by t he f act t hat

t he cel l s r emai n f l at dur i ng di vi si on, per mi t t i ng cl ear vi sual i zat i on of t he chr o-

mosomes. The cel l s wer e gr own as monol ayer cul t ur es i n T25 f l asks i n a modi f i ed

Eagl e' s medi umcont ai ni ng 0 . 85 g/ l i t er of NaHCOa, suppl ement ed wi t h 10%f et al

FI GURE 6

	

Ser i es of phase- cont r ast mi cr ogr aphs of a Pt K2 cel l i n whi ch one kí net ochor e was i r r adi at ed dur i ng pr omet aphase . Ti me
( i n mi nut es) f r om i r r adi at i on i s shown i n bot t om r i ght - hand cor ner of f r ames . X 2, 304 . ( a) Pr omet aphase . The i r r adi at ed
chr omosome ( ar r ow) i s cl ose t o t he r i ght - hand pol e . ( b and c) The i r r adi at ed chr omosome i s movi ng acr oss t he spi ndl e t owar ds
t he opposi t e pol e. ( d) Met aphase . The i r r adi at ed chr omosome r emai ns near t he l ef t - hand pol e whi l e t he ot her chr omosomes ar e
al i gned on t he met aphase pl at e . ( e) Ver y ear l y anaphase . The chr omat i ds of t he i r r adi at ed chr omosome have separ at ed by - 1 Ji m.
( f ) Mi d- anaphase . The chr omat i ds of t he i r r adi at ed chr omosome r emai n par al l el and sl i ght l y separ at ed f r om each ot her . The
i r r adi at ed chr omat i d i s i ndi cat ed by a doubl e ar r ow and t he uni r r adi at ed chr omat i d by a si ngl e ar r ow.

P. A. MCNEaL AND M. W, I I ERNS
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cal f ser um; no ant i bi ot i cs wer e used . Cel l s wer e subcul t ur ed once a week usi ng a

0. 125%sol ut i on of Pancr eat i n 4, N. F . f r om Gr and I sl and Bi ol ogi cal Co. ( Gr and

I sl and, NewYor k) wi t h 0. 1%EDTA. 2 or 3 days bef or e an exper i ment , cel l s

har vest ed f r omt hest ock cul t ur es wer e seeded i nt o Rose chamber s f or i r r adi at i on.

As vi si bl e wavel engt hs wer e t o be used, t he Rose chamber s wer e assembl ed wi t h

st andar d No. 1 t hi ckness uncoat ed cover gl asses . ,

Laser I r r adi at i on

The mi cr obeam syst em ut i l i zed a Chr omat i x No. 1000 pul sed neodymi um-

YAGl aser wi t h an out put of 5 kWat t he second har moni c wavel engt h of 532

nm and a pul se dur at i on of 180 ns . Af t er at t enuat i on wi t h neut r al densi t y f i l t er s

t he ener gy densi t y of t he f ocused spot var i ed f r om800 t o 1, 200pJ/ 1Lm2 . The l aser

beamwas def l ect ed t hr ough a Zei ss phot omi cr oscope syst emand f ocussed usi ng

a Zei ss Neof l uar x100 obj ect i ve t o gi ve a spot di amet er of - 0. 251í m. The l aser

beam ener gy was moni t or ed wi t h a cal i br at ed Eppl ey t her mopi l e No . 14011

at t ached t o a Hewl et t - Packar d No. 419 vol t met er ( Hewl et t - Packar d Co. , Pal o

Al t o, Cal i f. ) . Thecel l s wer e mai nt ai ned at 37° C usi nga Sage ai r cur t ai n i ncubat or

( Sage I nst r ument s Di v . , Or on Resear ch I nc . , Cambr i dge, Mass . ) . Chr omosomes

f or i r r adi at i on wer e chosen when a cl ear cent r omer i c const r i ct i on coul d be seen

and t he t wo chr omat i ds wer e l yi ng si de by si de such t hat bot h ki net ochor e r egi ons

coul d be di st i ngui shed . Thr ee successi ve pul ses wer e usual l y needed t o pr oduce

a vi si bl e l esi on al t hough occasi onal l y t wo wer e suf f i ci ent . Af t er i r r adi at i on, cel l s

wer e moni t or ed behavi or al l y usi ng a GYYR model DAS 300 t i me- l apse vi deo

r ecor der and/ or wer e f i xed f or el ect r on mi cr oscopy .

El ect r on Mi cr oscopy

I r r adi at ed cel l s wer e f i xed at a sel ect ed t i me by per f usi on t hr ough t he Rose

chamber of 3% gl ut ar al dehyde made up i n ser um- f r ee cul t ur e medi um buf f er ed

t o pH 7. 4 wi t h Mi l l oni g' s phosphat e buf f er . The i ni t i al f i xat i on t ook pl ace at

r oomt emper at ur e ( - - 23° C) but t he chamber s wer e r ef r i ger at ed f or t he r e mai ni ng

f i xat i on t i me of 1- 72 h. The cel l s wer e post f i xed at r oom t emper at ur e i n 1%

osmi um t et r oxi de made up i n t he same buf f er , dehydr at ed t hr ough an et hanol

ser i es f ol l owed by hydr oxypr opyl met hacr yl at e, and embedded i n Epon . The

cover sl i ps wer e r emoved f r om t he r esul t i ng Epon di sks usi ng l i qui d ni t r ogen.

The i r r adi at ed cel l was r el ocat ed usi ng a x 16 phase obj ect i ve, ci r cl ed wi t h a

di amond mar ker , cut f r omt he Epon di sk, andmount ed on a bl ock f or subsequent

sect i oni ng wi t h an LKB Ul t r at ome I I I ( LKB I nst r ument s, I nc. , Rockvi l l e, Md. ) .

Ser i al sect i ons mount ed on For mvar - coat ed sl ot gr i ds wer e exami ned i n a JEOL

JEM1000 mi cr oscope oper at ed at 80kV.

RESULTS

Pr omet aphase cel l s ar e usual l y chosen f or i r r adi at i on as t he

i ndi vi dual chr omosomes ar e mor e easi l y di st i ngui shed t han i n

met aphase . A chr omosome i s sel ect ed when bot h chr omat i ds

ar e l yi ng si de by si de and t he pr i mar y const r i ct i on can be seen

cl ear l y .

A t ot al of 92 ki net ochor es wer e i r r adi at ed i n 65 cel l s . Of

t hese, a si ngl e ki net ochor e was successf ul l y i r r adi at ed i n 42

cases, r esul t i ng i n movement of t he chr omosome t o t he pol e.

18 of t hese wer e exami ned i n t he el ect r on mi cr oscope at var yi ng

t i me per i ods af t er i r r adi at i on, and 24 wer e al l owed t o pr ogr ess

compl et el y t hr ough di vi si on . I n 11 of t he 92 cases t he whol e

cent r omer e r egi on was damaged and behavi or si mi l ar t o t hat

descr i bed by Br enner et al . ( 10) occur r ed. 20 of t he 92 i r r adi a-

t i ons pr oduced no ef f ect and wer e pr esumabl y bel owt hr eshol d.

I n t he r emai ni ng exper i ment s t he cel l s r ounded up so t hat t he

i r r adi at ed chr omosome was no l onger vi si bl e, or t he cel l di ed

i mmedi at el y af t er i r r adi at i on .

25 of t he i r r adi at i ons wer e per f or med on met aphase cel l s,

t he r est dur i ng pr omet aphase . When t he dat a ar e t abul at ed

wi t h r espect t o ei t her t he t i me i nt er val bet ween i r r adi at i on and

anaphase i ni t i at i on ( a r ange f r om 1 t o 73 mi n) , or t he di vi si on

st age as det er mi ned by obser vat i on, no pat t er n of behavi or can

be seen . The occur r ence of damage t o a si ngl e ki net ochor e, t he

whol e cent r omer e r egi on, l ack of any ef f ect , or cel l deat h

appear s t o be compl et el y r andomwi t h r espect t o t he pr evi ousl y

ment i oned t i mi ng or mi t ot i c st age par amet er s .

I mmedi at el y af t er i r r adi at i on of one of t he ki net ochor es, t he
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chr omosome moves r api dl y t owar ds t he pol e t o whi ch i t has

an undamaged connect i on, i . e . , t he pol e t o whi ch t he noni r r a-

di at ed ki net ochor e i s or i ent ed, whi l e t he r emai ni ng chr omo-

somes cont i nue t o congr egat e on t he met aphase pl at e ( Fi g. 1) .

A pal e l esi on i s usual l y vi si bl e i n phase cont r ast f or a br i ef

per i od af t er i r r adi at i on ( Fi g. 1 b) . I n most exper i ment s, t he

chr omosome appr oaches ver y cl ose t o t he pol e and r emai ns

t her e t hr oughout pr omet aphase and met aphase. At anaphase,

t he chr omat i ds of t he i r r adi at ed chr omosome separ at e si mul -

t aneousl y wi t h t he r est of t he chr omosomes t o a di st ance of 1

or 2 , am. The damaged chr omat i d does not move t owar ds t he

opposi t e pol e but r emai ns par al l el t o, and sl i ght l y separ at ed

f r om, t he undamaged chr omat i d, r esul t i ng i n nondi sj unct i on

of t he i r r adi at ed chr omosome.

A gr aphi cal r epr esent at i on of t he movement of t he chr o-

mosome i n Fi g. I i s shown i n Fi g . 2 t oget her wi t h t he movement

of t he pol es . I f t he movement of t he chr omosome ( t he noni r -

r adi at ed ki net ochor e) i s pl ot t ed wi t h r espect t o t he pol e t o

whi ch i t moves ( Fi g. 3) , a cl ear er pi ct ur e i s pr esent ed of t he

movement caused by shor t eni ng of t he ki net ochor e f i ber wi t h-

out t he component due t o whol e spi ndl e el ongat i on or shor t en-

i ng . Thi s shows t he chr omosome appr oachi ng t he pol e t o

wi t hi n 1 Amwi t h a vel oci t y of 2 . 5 Am/ mi n and t hen r emai ni ng

st at i onar y t hr oughout pr omet aphase and met aphase.

I f t he cel l i s f i xed f or el ect r on mi cr oscopy i mmedi at el y af t er

i r r adi at i on, a di st i nct l esi on consi st i ng of cl umps of el ect r on-

dense mat er i al can be seen at t he si t e of t he i r r adi at ed ki net o-
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FI GURE 7

	

Movement of t he i r r adi at ed chr omosome shown i n Fi g .

6 r el at i ve t o t he pol e t o whi ch i t f i nal l y moves . Not e t he t empor ar y

ar r est of movement i n t he equat or i al r egi on bet ween 13 and 20 mi n

f r om i r r adi at i on .
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FI GURE 8

	

El ect r on mi cr ogr aphs of ser i al sect i ons t hr ough t he i r r adi at ed chr omosome shown i n Fi g. 7 . x 25, 000. ( a) Sect i on t hr ough
t he ki net ochor e of t he uni r r adi at ed chr omat i d ( ar r ow) . The t ypi cal l ayer ed st r uct ur e i s seen associ at ed wi t h many mi cr ot ubul es .
( b) Sect i on t hr ough t he i r r adi at ed ki net ochor e ( ar r ow) . The t r i l ami nar st r uct ur e of t he ki net ochor e, whi ch i s f aci ng away f r om bot h
pol es, i s st i l l appar ent but f ew mi cr ot ubul es ar e associ at ed wi t h i t . The undamaged chr omat i d i s ver y cl ose t o t he cent r i ol e ( C) .
( c) Adj acent sect i on t hr ough t he i r r adi at ed ki net ochor e ( ar r ow) . Agai n, t he l ayer ed st r uct ur e i s vi si bl e but t her e ar e no mi cr ot ubul es
l i nki ng i t t o ei t her pol e .
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chor e ( Fi g. 4) . The uni r r adi at ed chr omat i d exhi bi t s a nor mal

ki net ochor e st r uct ur e i n adj acent sect i ons ( not depi ct ed i n Fi g .

4) . However , i f t he cel l i s f i xed 2 or mor e mi n af t er i r r adi at i on,

no such el ect r on- dense mat er i al i s obser ved, and a l esi on i s not

appar ent . Not hi ng r esembl i ng a ki net ochor e i s f ound i n ser i al

sect i ons t hr ough t he i r r adi at ed chr omat i d ( Fi g . 5) . I f i r r adi at i on

t akes pl ace l at e i n met aphase, t he chr omosome f r equent l y does

not r each t he pol e bef or e t he i ni t i al separ at i on of t he chr oma-

t i ds occur s . I n t hi s case, t he undamaged chr omat i d moves t o

t he pol e dur i ng anaphase whi l e t he i r r adi at ed chr omat i d r e-

mai ns i n t he i nt er zone or i s dr agged par t of t he way acr oss t he

spi ndl e by t he ot her chr omosomes. I f i t i s st i l l i n t he i nt er zone

at t he end of anaphase, t he chr omat i d i s passi vel y di st r i but ed

t o one or t he ot her of t he daught er cel l s dur i ng cl eavage . I n

t hi s case, t he i r r adi at ed chr omat i d may be i ncor por at ed i n a

mi cr onucl eus i f i t i s f ar f r om t he ot her chr omosomes . I f such

a cel l i s f ol l owed t hr ough t o t he next mi t osi s, one doubl e-

chr omat i d chr omosome condenses i n t he mi cr onucl eus al -

t hough t he l ong t r ai l i ng ar ms of t he chr omosome suggest t hat

i t i s not f ul l y condensed. The chr omosome does not move ont o

t he met aphase pl at e, but at anaphase t he chr omat i ds separ at e

sl i ght l y and once agai n ar e passi vel y di st r i but ed t o t he daught er

cel l s .

The chr omosome depi ct ed i n Fi gs . 6 and 7 was chosen f or

i r r adi at i on because i ni t i al l y i t was cl ose t o one pol e . The

ki net ochor e t hat was or i ent ed t o t hat pol e was i r r adi at ed, wi t h

t he r esul t t hat t he chr omosome was pul l ed acr oss t he whol e

spi ndl e . Fi g. 7 shows t hat t he chr omosome moves r api dl y

t hr ough t he hal f - spi ndl es but i s dr amat i cal l y sl owed down as

i t t r aver ses t he equat or i al r egi on . The ul t r ast r uct ur e of t hi s

chr omosome i s shown i n Fi g . 8 . Agai n, t he undamaged ki net -

ochor e appr oaches ver y cl ose t o t he pol e, bei ng wi t hi n 0 . 5 pm

of t he cent r i ol e . I n cont r ast t o t he i r r adi at ed chr omat i d shown

i n Fi g . 5 i n whi ch no ki net ochor e st r uct ur e was appar ent , ser i al

sect i ons of t he i r r adi at ed chr omat i d f r om t hi s cel l show a

t ypi cal i nact i ve ki net ochor e i n whi ch t he t r i - l ayer st r uct ur e i s

pr esent but i s not or i ent ed t owar ds ei t her pol e and has f ew

mi cr ot ubul es associ at ed wi t h i t . The noni r r adi at ed si st er chr o-

mat i d exhi bi t s a nor mal ki net ochor e .

Of t he 18 i r r adi at ed chr omosomes whi ch wer e exami ned by

el ect r on mi cr oscopy, onl y t he t wo t hat wer e f i xed wi t hi n 1 mi n

of i r r adi at i on show el ect r on- dense l esi on mat er i al . Thr ee ki -

net ochor es exhi bi t t he t r i - l ayer st r uct ur e but have ver y f ew

mi cr ot ubul es associ at ed wi t h t hem whi l e anot her t hr ee ar e

par t l y damaged and have t he ki net ochor e pl at es pul l ed out of

t he chr omosome ( P. A. McNei l l and M. W. 13ems, manuscr i pt

i n pr epar at i on) . On t he r emai ni ng i r r adi at ed chr omosomes, no

ki net ochor e st r uct ur e can be det ect ed. Ther e i s no cor r el at i on

bet ween t he appear ance of t he i r r adi at ed ki net ochor e and t he

di vi si on st age at whi ch i r r adi at i on occur s .

Anal ysi s of t he movement of chr omosomes t hat had one

ki net ochor e i r r adi at ed shows t hat t he chr omosome moves t o

t he pol e wi t h a vel oci t y of - 3 p- m/ mi n, al t hough occasi onal l y

vel oci t i es as hi gh as 7 l t t n/ mi n have been r ecor ded . The r at e of

anaphase movement i n cont r ol cel l s i s 2. 5- 3 l am/ mi n. I f t he

chr omosome must t r aver se t he whol e spi ndl e, i t i s sl owed down

i n t he r egi on of t he met aphase pl at e, but t he vel oci t y i n bot h

hal f - spi ndl es i s appr oxi mat el y t he same and i s of t he same

magni t ude as t he anaphase vel oci t y of a si ngl e chr omat i d .

I n some exper i ment s, f or exampl e i n t he cel l shown i n Fi g.

9, t he i r r adi at ed chr omosome appr oaches t he pol e but i s f r e-

quent l y j er ked back t owar ds t he ot her pol e, al t hough t he

chr omosome does not move ont o t he met aphase pl at e . Thi s

er r at i c movement can be seen mor e cl ear l y when r epr esent ed

gr aphi cal l y ( Fi g. 10) . I n t hi s case, t he vel oci t i es of t he i ndi vi dual

j er ks ar e si mi l ar i n magni t ude t o t hose obser ved when t he

chr omosome moves di r ect l y t o t he pol e .

DI SCUSSI ON

Al t hough el ect r on mi cr oscope st udi es show t hat i r r adi at ed

ki net ochor es have been i nact i vat ed, t hei r mor phol ogy var i es

consi der abl y . One f act or af f ect i ng t he st r uct ur e i s t he t i me

el apsi ng bet ween i r r adi at i on and f i xat i on . I f t hi s t i me i s ver y

br i ef ( 1 mi n or l ess) , el ect r on- dense l esi on mat er i al i s f ound at

t he i r r adi at i on si t e and i t obscur es t he r emai ni ng st r uct ur e. I n

cel l s t hat have been f i xed l at er t han 1 mi n af t er i r r adi at i on, t he

di f f er ence i n st r uct ur e obser ved may be caused by sl i ght di f -

f er ences i n t he l esi on l ocat i on. Al t hough ver y f ewmi cr ot ubul es

ar e associ at ed wi t h t he damaged ki net ochor e shown i n Fi g. 5,

i t has a st r uct ur e t hat i s si mi l ar t o t he i nact i ve ki net ochor es

descr i bed by Roos ( 34) f or col cemi d- t r eat ed Pt K2 cel l s, t he

i nner dense l ayer of t he nor mal t r i l ami nar st r uct ur e not bei ng

appar ent . Al t hough t he f i ndi ngs on t he act ual si t e of at t ach-

ment of mi cr ot ubul es t o t he ki net ochor e ar e somewhat cont r a-

di ct or y, t her e i s good evi dence t hat , at l east i n Pt K2 cel l s, t he
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FI GURE 10

	

Movement of t he i r r adi at ed chr omosome shown i n Fi g .
9 r el at i ve t o t he pol e t o whi ch i t moves . The chr omosome i s

f r equent l y pul l ed back t owar ds t he opposi t e pol e, i ndi cat i ng t hat

t her e i s some l i nkage bet ween t he cent r omer e r egi on and bot h

pol es . The vel oci t y i s appr oxi mat el y t he same i n bot h di r ect i ons .

FI GURE 9

	

Ser i es of phase- cont r ast mi cr ogr aphs of a Pt K2 cel l i n whi ch a si ngl e ki net ochor e was i r r adi at ed dur i ng pr omet aphase .
Ti me ( i n mi nut es) f r om i r r adi at i on i s shown i n bot t om r i ght - hand cor ner of f r ames . x 1, 664 . ( a and b) Pr omet aphase . Ri ght - hand
ki net ochor e of chr omosome i ndi cat ed by ar r ow was i r r adi at ed . ( c and d) I r r adi at ed chr omosome moves t owar ds t he pol e whi l e
t he r emai ni ng chr omosomes congr egat e on t he met aphase pl at e . ( e) I r r adi at ed chr omosome has moved back t owar ds t he
met aphase pl at e . ( f ) The i r r adi at ed chr omosome agai n moves t owar ds t he pol e . ( g and h) The chr omosome r ot at es sl i ght l y and
begi ns movi ng t owar ds t he equat or i al r egi on agai n . ( i and j ) The chr omosome moves al most ont o t he met aphase pl at e. Not e t he
change i n shape i ndi cat i ng a f or ce act i ng on t he cent r omer e r egi on t owar ds t he r i ght - hand pol e. ( k) The chr omosome r et ur ns t o
t he pol e whi l e t he r emai ni ng chr omosomes ar e al i gned on t he met aphase pl at e . ( I ) Ear l y anaphase . The chr omat i ds of t he
i r r adi at ed chr omosome have separ at ed ( ar r ow) but ar e not under goi ng any pol ewar d movement .
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mi cr ot ubul es or i gi nat e i n t he out er l ayer of t he t r i l ami nar
ki net ochor e ( 34, 35) . Al t hough t hi s out er l ayer appear s i nt act
i n Fi g. 8, t he f act t hat mi cr ot ubul es can no l onger be nucl eat ed
t her e suggest s t hat i r r adi at i on damage has occur r ed at l east t o
t hi s out er l ayer .

The behavi or of t he i r r adi at ed chr omat i d at t he second
di vi si on af t er i r r adi at i on i s si mi l ar t o t hat descr i bed by Br enner
et al . ( 10) f or whol e cent r omer e i r r adi at i on . Al t hough t he
chr omosome appear s t o r epl i cat e nor mal l y, we must concl ude
t hat t her e i s no ki net ochor e r epai r .

The f act t hat anaphase i s a compl ex pr ocess has been known
f or many year s . As summar i zed by Ni ckl as ( 27) , anaphase
mot i on has t hr ee component s : t he i ni t i al chr omat i d separ at i on
occur r i ng i n t he absence of spi ndl e at t achment s ( 11) , pol ewar d

movement of t he chr omosomes, and chr omosome separ at i on
caused by spi ndl e el ongat i on ( 33) . I f we di sr egar d t he compo-
nent because of spi ndl e el ongat i on, we can consi der " chr omo-
somal anaphase" as a t wo- st age event . The evi dence f or t hi s i s
cl ear . Cel l s t r eat ed wi t h col chi ci ne exhi bi t chr omat i d separ at i on
but no pol ewar d movement of t he chr omosomes i n t he absence
of a spi ndl e ( 18, 19, 24, 29) as do unf er t i l i zed sea ur chi n eggs
t r eat ed wi t h NH4 0H ( 21) whi ch i nduces t he chr omosome cycl e
but no spi ndl e f or mat i on . Chr omosomes i n whi ch bot h ki -
net ochor es have been dest r oyed by mi cr oi r r adi at i on al so ex-
hi bi t i ni t i al chr omat i d separ at i on wi t h no subsequent pol ewar d
movement ( 10) . I n t he exper i ment s descr i bed her e, onl y one

ki net ochor e l acks a spi ndl e at t achment and, as a r esul t , t her e
i s no bi pol ar t ensi on bet ween t he si st er ki net ochor es. The
obser vat i ons t hat chr omat i d separ at i on occur s at t he begi nni ng
of anaphase i n t he absence of t he bi pol ar t ensi on associ at ed

wi t h t wo f unct i onal ki net ochor es suggest s t hat t he i ni t i al sep-

ar at i on i s not dependent on t he ki net ochor e r egi on and i s not

caused by mi cr ot ubul e- medi at ed f or ces .

The quest i on of chr omosome r eor i ent at i on i s st i l l not r e-
sol ved . I t was suspect ed t hat i nact i vat i on of one of t he ki net o-

chor es of a chr omosome woul d l ead t o successi ve r eor i ent at i ons
si mi l ar t o t hose under gone by uni val ent s i n mei osi s ( 25) . The

osci l l at i ng movement exhi bi t ed by some i r r adi at ed chr omo-

somes ( e. g . , Fi gs . 9 and 10) may be caused by t wo di f f er ent

f act or s : ei t her by r eor i ent at i on of t he undamaged ki net ochor e

or by t he f act t hat t he i r r adi at ed ki net ochor e i s onl y par t l y

damaged and st i l l r et ai ns some connect i on wi t h t he opposi t e

pol e . We do have el ect r on mi cr oscope evi dence t o suppor t t he

l at t er possi bi l i t y ( P. A. McNei l l and M. W. Ber ns, manuscr i pt

i n pr epar at i on) but not t he f or mer . I t seems t hat r eor i ent at i on

occur s i nf r equent l y i n mi t osi s when one ki net ochor e i s i nact i -

vat ed . The l ow f r equency compar ed wi t h t hat of mei ot i c uni -
val ent s may be caused by t he much shor t er t i me- cour se of
pr omet aphase and met aphase i n mi t osi s as compar ed wi t h
mei osi s . Ther e may al so be di f f er ences i n behavi or because of

t he f act t hat onl y a si ngl e ki net ochor e woul d be i nvol ved i n
r eor i ent at i on of an i r r adi at ed mi t ot i c chr omosome, wher eas a
pai r of ki net ochor es ar e pr esent si de by si de on a mei ot i c

uni val ent . Cl ear l y, mor e st udi es shoul d be conduct ed on t he

phenomenon of chr omosome r eor i ent at i on .
The quest i on of why chr omosomes of vast l y di f f er ent si zes

wi t hi n t he same cel l move at t he same r at e i n anaphase has
puzzl ed i nvest i gat or s f or many year s ( see r evi ews of Ni ckl as
[ 27] and Baj er and Mol 6- Baj er [ 3] ) . Ther e i s a r ange of ana-
phase vel oci t i es among di f f er ent speci es f r om0. 2 , um/ mi n t o 8

Am/ mi n ( 20) , but i t i s not yet cl ear whet her t hi s r ange i s

cor r el at ed wi t h chr omosome si ze . Ther e has al so been consi d-
er abl e specul at i on on t he r el at i onshi p bet ween chr omosome
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si ze and t he number of mi cr ot ubul es at t ached t o t he ki net o-
chor e. Fr omt he r evi ew of Fuge ( 14) i t seems t hat t her e may be
some gener al cor r el at i on, at l east bet ween speci es . Di et z, i n t he
di scussi on f ol l owi ng t he paper by Fuge ( 13) , post ul at es t hat
t her e i s a cor r el at i on bet ween chr omosome si ze and t he number
of ki net ochor e mi cr ot ubul es i n anaphse. Thi s suggest s t hat t he
f or ce r equi r ed t o move di f f er ent chr omosomes i n a gi ven cel l
wi t h t he same vel oci t y at anaphase i s det er mi ned by t he
number of nucl eat i ng si t es i n a gi ven ki net ochor e. However ,
Moens ( 23) i n a compar at i ve st udy of mi t osi s and mei osi s of
t hr ee speci es shows t hat t he number s of ki net ochor e mi cr ot u-
bul es cannot be pr edi ct ed f r omchr omosome si ze al one . Ni ckl as
( 26) f ound t hat t he vel oci t y of t he sex uni val ent i n Mel anopl us

sper mat ocyt es r emai ns const ant when t he chr omosome i s sud-
denl y shor t ened t o one- quar t er of i t s l engt h. I n t he opposi t e
si t uat i on our st udi es show t hat one ki net ochor e can move t wo
chr omat i ds at t he same vel oci t y ( - 3 um. / mi n) wi t h whi ch i t
nor mal l y moves a si ngl e chr omat i d. I f we assume t hat t he

number of mi cr ot ubul e- nucl eat i ng cent er s i n a gi ven ki net o-
chor e i s const ant , t hen t hi s number can move t wi ce t he nor mal
mass wi t h t he same vel oci t y . The exper i ment s of Baj er ( 1) on

t he behavi or of chr omosome br i dges and our obser vat i on t hat
t he chr omosome i s sl owed down when t r aver si ng t he mass of
chr omosomes i n t he equat or i al r egi on show t hat t her e ar e

l i mi t s t o t he f or ce exer t ed by t he mi cr ot ubul es . However , we

can concl ude, wi t hi n l i mi t s, t hat t he vel oci t y wi t h whi ch a

ki net ochor e moves i s i ndependent of mass.

I t has been suggest ed t hat spi ndl e f i ber s may not pul l con-
t i nuousl y and evenl y on t he ki net ochor e f r ompr omet aphase
t o anaphase and t hat t her e may be a r educt i on i n t he f or ce

dur i ng l at e pr omet aphase and met aphase ( 16, 28) but our
f i ndi ngs on Pt K2 cel l s i n vi t r o cl ear l y conf l i ct wi t h t hi s i dea as

si mi l ar vel oci t i es ar e f ound t hr oughout pr omet aphase, met a-
phase, and anaphase.

Our r esul t s ar e consi st ent wi t h t he i dea t hat t he r at e of
chr omosome movement i s cont r ol l ed sol el y by t he r at e of

depol ymer i zat i on of t he mi cr ot ubul es and t hat t he depol ym-
er i zat i on r at e r emai ns const ant f r om pr omet aphase t o ana-
phase, even t hr ough t he f or ce t r ansmi t t ed by t he mi cr ot ubul es
may change consi der abl y .

I n summar y, we may concl ude t hat :

( a) Two f unct i onal ki net ochor es ( and, t her ef or e, bi pol ar

t ensi on) ar e necessar y f or t he al i gnment of a chr omosome on

t he met aphase pl at e and f or nor mal anaphase movement .

( b) I r r adi at i on and i nact i vat i on of one ki net ochor e l ead t o

nondi sj unct i on of t he i r r adi at ed chr omosome .

( c) The i ni t i al separ at i on of t he chr omat i ds occur s at ana-

phase i n t he absence of t wo f unct i onal ki net ochor es.
( d) The i ni t i al separ at i on of t he chr omat i ds at anaphase i s

not caused by mi cr ot ubul e- medi at ed f or ces .
( e) Chr omat i ds wi t h i r r adi at ed ki net ochor es r et ai n t hei r

abi l i t y t o r epl i cat e but ar e unabl e t o r epai r t he damaged
ki net ochor e r egi on.

( f ) Wi t hi n l i mi t s, t he vel oci t y wi t h whi ch a ki net ochor e
moves i s i ndependent of t he mass associ at ed wi t h i t .

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h ( NI H) gr ant s
HL 15740, GM23445, GM22754, and U. S. Ai r For ce gr ant AFOSR-
77- 3136 . Par t of t he wor k was conduct ed i n t he NI H Laser Mi cr obeam
Pr ogr am ( LAMP) suppor t ed by Bi ot echnol ogy Resour ce gr ant RRO
1192- 1 .

Recei vedf or publ i cat i on 8 August 1980, and i n r evi sedf or m3 November

1980.
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