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ABSTRACT Pr omet aphase i n t wo l ar ge speci es of di at oms i s exami ned, usi ng t he f ol l owi ng

t echni ques : ( a) t i me- l apse ci nemat ogr aphy of chr omosome movement s i n vi vo ; ( b) el ect r on

mi cr oscopy of cor r espondi ng st ages ; ( c) r econst r uct i on of t he mi cr ot ubul es ( MTs) i n t he

ki net ochor e f i ber of chr omosomes at t ached t o t he spi ndl e . I n vi vo, t he chr omosomes i nde-

pendent l y commence osci l l at i ons back and f or t h t o one pol e . The ki net ochor e i s usual l y at t he

l eadi ng edge of such chr omosome movement s ; a var i abl e t i me l at er bot h ki net ochor es under go

such osci l l at i ons but t owar d opposi t e pol es and soon st r et ch pol ewar d t o est abl i sh st abl e

bi pol ar at t achment . El ect r on mi cr oscopy of ear l y pr omet aphase shows t hat t he ki net ochor es

usual l y l at er al l y associ at e wi t h MTs t hat have one end at t ached t o t he spi ndl e pol e . At l at e

pr omet aphase, most chr omosomes ar e f ul l y at t ached t o t he spi ndl e, but t he ki net ochor es on

unat t ached chr omosomes ar e bar e of MTs . Reconst r uct i on of t he ki net ochor e f i ber demon-

st r at es t hat most of i t s MTs ( 96%) ext end past t he ki net ochor e and ar e t hus appar ent l y not

nucl eat ed t her e . At l east one MT t er mi nat es at each ki net ochor e anal yzed . Our i nt er pr et at i on

i s t hat t he convent i onal vi ew of ki net ochor e f unct i on cannot appl y t o di at oms . The ki net ochor e

f i ber i n di at oms appear s t o be pr i mar i l y composed of MTs f r om t he pol es, i n cont r ast t o t he

convent i onal vi ew t hat many MTs of t he ki net ochor e f i ber ar e nucl eat ed by t he ki net ochor e .

Si mi l ar l y, chr omosomes appear t o i ni t i al l y or i ent t hei r ki net ochor es t o opposi t e pol es by

movi ng al ong MTs at t ached t o t he pol es, i nst ead of or i ent at i on ef f ect ed by ki net ochor e MTs

l at er al l y associ at i ng wi t h ot her MTs i n t he spi ndl e . The f unct i on of t he ki net ochor e i n di at oms

and ot her cel l t ypes i s di scussed .

Chr omosomes at t ach t o t he mi t ot i c appar at us dur i ng pr ome-

t aphase . Thi s r emar kabl e pr ocess i nvol ves or i ent i ng chr omo-

somes so t hat t hei r ki net ochor es f ace t owar d opposi t e spi ndl e

pol es, and t hen anchor i ng t he chr omosomes t o t he spi ndl e by

mi cr ot ubul e ( MT) at t achment s whi ch ext end f r om each ki net -

ochor e t o one or t he ot her pol e. The key st r uct ur al and

f unct i onal component s of t hi s pr ocess ar e t he t wo ki net ochor es

on each chr omosome, because t hey ar e t he si t es on t he chr o-

mosome whi ch ar e or i ent ed pol ewar ds, and t hey at t ach t he

chr omosome t o t he spi ndl e. However , t he f unct i oni ng of t he

ki net ochor e i n vi vo i s st i l l not wel l under st ood, al t hough t he

over whel mi ng consensus pr esent l y i s t hat i t f unct i ons by nu-

cl eat i ng MTs . Our wor k wi t h di at om spi ndl es unexpect edl y
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suggest s t hat t he ki net ochor e i n t hese or gani sms f unct i ons

pr i mar i l y, i f not sol el y, by at t achi ng t o pr eexi st i ng MTs i n t he

spi ndl e r at her t han by nucl eat i ng t he MTs ( 39, 41, 56) . We now

pr esent dat a r el evant t o t hi s mat t er , exami ni ng pr omet aphase

i n det ai l wi t h r ef er ence t o chr omosome movement s i n l i vi ng

cel l s i n conj unct i on wi t h cor r espondi ng el ect r on mi cr oscope

obser vat i ons.

Di at oms of f er uni que advant ages f or st udyi ng pr omet a-

phase . Because t he cent r al spi ndl e ( a cent r al bundl e of MTs)

i s so cl ear l y def i ned, bot h chr omosomal movement ar ound i t

and t he subsequent at t achment of chr omosomes t o i t ar e easy

t o f ol l ow. I n cont r ast , t he chr omosomes i n most convent i onal

spi ndl es at t ach t o a l ar ge and di f f use spi ndl e st r uct ur e . The
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f i r st t wo paper s of t hi s ser i es ( 42, 43) descr i be t he cour se of

mi t osi s and t he st r uct ur e of t he spi ndl e i n t he t wo di at oms

Hant zschi a and Ni t zschi a used i n t he pr esent r epor t .

MATERI ALS AND METHODS

Cul t ur e of di at oms, pr epar at i on f or el ect r on mi cr oscopy, and t i me- l apse ci ne-

mat ogr aphi c t echni ques ar e descr i bed i n t he f i r st t wo paper s of t hi s ser i es ( 42,

43) . Nomar ski di f f er ent i al i nt er f er ence cont r ast mi cr ogr aphs ( Fi gs . 2- 6) wer e

obt ai ned as f ol l ows : t i me- l apse sequences wer e exami ned wi t h a Phot o- Opt i cal

Dat a Anal yzer movi e pr oj ect or . Favor abl e sequences wer e car ef ul l y exami ned

f r ame- by- f r ame . Sel ect ed f r ames wer e phot ogr aphed di r ect l y usi ng a 35- mm

camer a f ocused on t he vi ewi ng scr een ; a poi nt er was i ncl uded i n most f r ames t o

unambi guousl y r ecor d t he l ocat i on of a par t i cul ar chr omosome or mi t ochondr i on.

Thi s pr ocedur e causes some l oss of i mage qual i t y, but per mi t s r epeat ed f or war d

and r ever se vi ewi ng so t hat t he i dent i t y of i ndi vi dual chr omosomes cannot be

conf used even dur i ng per i ods of maxi mummovement .

Ter mi nol ogy

Pol ar MTs have one end at a pol e and t he ot her end f r ee i n t he spi ndl e . Fr ee

MTs have bot h ends f r ee i n t he spi ndl e ( not at t ached t o t he pol es) . Ki net ochor e

MTs ( kMTs) have one end at a ki net ochor e . MTs wi t h one end at a pol e and t he

ot her at t he ki net ochor e ar e by def i ni t i on kMTs ( 26) . The ki net ochor e f i ber i n

t hese di at oms i s oper at i onal l y def i ned as t he bundl e of MTs and associ at ed

mat er i al t hat connect s t he chr omosome t o t he pol e. The ki net ochor e i s a si t e of

chr omosome at t achment t o t he spi ndl e; some MTs may t er mi nat e at t he ki net o-

chor e wher eas ot her s go past i t . The cent r al spi ndl e i s t he essent i al l y par al l el set

of MTs bet ween t he spi ndl e pol es ( Fi gs . 2a and 18) , whi ch consi st s of t wo hal f -

spi ndl es t hat i nt er di gi t at e i n t he mi ddl e over l ap r egi on . Met aki nesi s i s movement

of t he chr omosomes t o t he met aphase pl at e .

Ser i al Sect i on Anal ysi s

The ki net ochor e f i ber at met aphase i s r econst r uct ed by t r acki ng i t s MTs

t hr ough t r ansver se ser i al sect i ons ( see r ef er ences 57 and 24 f or det ai l s of MT

t r acki ng t echni que) . Br i ef l y, t hi s i s accompl i shed as f ol l ows :

An out l i ne of each MT i n t he f i r st mi cr ogr aph of a ser i es of ser i al sect i ons ( i . e .

sect i on 1) i s t r aced ont o acet at e ; t he t r aci ng i s t hen l ai d over t he next sect i on ( No .

2) and t he best f i t of each i ndi vi dual MT i s det er mi ned . Si mi l ar l y, MTs t r aced

f r om sect i on 2 ar e i dent i f i ed i n sect i on 3 and so on . A gr aph i s t hen gener at ed

( Fi gs. 21- 23) showi ng i n one- di mensi onal f or mt he endpoi nt s of each MT, and

an est i mat e of t hei r r el at i ve l engt h . Obl i quel y sect i oned MTs, encount er ed near

t he ki net ochor e ( Fi gs. 19 and 20) , ar e t r acked t he same way as MTs whi ch pr oj ect

ci r cul ar pr of i l es .

Fi g. I shows whi ch par t of t he ki net ochor e f i ber i s r econst r uct ed . The f i r st

ser i al sect i on of each r econst r uct i on by def i ni t i on begi ns j ust out si de of t he

spi ndl e pol e ( t he r egi on wher e MTs t er mi nat e whi ch i s usual l y ni ne sect i ons i n

l engt h) . Al l MTs wer e t r acked t o wi t hi n f our t o ei ght sect i ons of t he pol e . The

MTs wer e not t r acked al l t he way t o t he pol e because of t he l ar ge number of

ot her conver gi ng MTs . The ki net ochor e i n t r ansver se sect i ons i s def i ned as t he

densel y st ai ni ng r egi on usual l y about f i ve sect i ons i n l engt h ( Fi g . 19) on t he t i p

of t he pol ewar d- st r et ched chr omosomes .

The f ol l owi ng met hod was used t o det er mi ne whi ch of t he many MTs ar ound

t he chr omosome ar e t o be consi der ed par t of t he ki net ochor e f i ber . Fi r st , a ser i es

of ser i al sect i ons st ar t i ng at one pol e and ext endi ng mor e t han hal f way t o t he

opposi t e pol e i s phot ogr aphed usi ng a JEOL 100 Cel ect r on mi cr oscope equi pped

wi t h a goni omet er st age . Each sect i on i s t i l t ed and r ot at ed unt i l an opt i mum

posi t i on i s obt ai ned such t hat most of t he MTs of a par t i cul ar ki net ochor e f i ber

pr oj ect a ci r cul ar pr of i l e . Each negat i ve i s enl ar ged t o x 160, 000 . The pr i nt

cont ai ni ng t he ki net ochor e r egi on i s sel ect ed ; an ar bi t r ar y si zed ci r cl e, 0 . 3- 0 . 5 Fm

i n di amet er , i s dr awn ar ound t he ki net ochor e and i t s associ at ed MTs ( Fi g . l 9) .

Thi s ci r cl e i s al so t r aced ont o each adj acent sect i on t owar ds t he pol e; t he cent er

of t he ci r cl e i s f i xed by f i ve or si x cent r al l y l ocat ed r ef er ence MTs ( Fi g . 24) . A

si mi l ar ci r cl e i s pl aced ont o each sect i on movi ng t owar ds t he over l ap, but her e
t he chr omosome i s used as t he r ef er ence poi nt t o cent er t he ci r cl e ( Fi gs . 25, 26 a,

b) . Col l ect i vel y t heci r cl es i n each sect i on gener at e an i magi nar y cyl i nder ext end-
i ng f r omt he pol e t hr ough t he ki net ochor e t owar ds t he over l ap. Each MT i nsi de

t hi s cyl i nder f or mor e t han t wo sect i ons i s t r acked t hr ough t he ent i r e ser i es of
ser i al sect i ons ( i . e . usual l y ^40 sect i ons) r egar dl ess of whet her i t st ays i n t he

cyl i nder or moves out si de of i t . Thus, an MT may be i nsi de t he cyl i nder near t he

pol e but out si de of i t at t he ki net ochor e, and vi ce ver sa . Thi s posi t i onal change

i s document ed i n t he r econst r uct i ons as f ol l ows . Each MT i s desi gnat ed by a l i ne;

t he sol i d por t i on of t he l i ne denot es t hose sect i ons i n whi ch t hi s par t i cul ar MT i s

i nsi de t he cyl i nder , whi l e t he dashed par t of t he l i ne cor r esponds t o t he sect i ons

i n whi ch t he MT i s out si de t he cyl i nder . For exampl e, t he t hr ee MTs at t he
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Thi s dr awi ng shows a t ypi cal chr omosome and i t s ki net -

ochor e f i ber i n Hant zschi a si mi l ar t o t hose r econst r uct ed i n Fi gs . 21-

23 . These r econst r uct i ons cont ai n - - 40 sect i ons ; t hei r posi t i on i s

shown i n t hi s dr awi ng . The l i nes r epr esent NI TS and t he chr omosome

i s shaded .

bot t om of t he r econst r uct i on i n Fi g. 23 wer e i n t he cyl i nder i n sect i ons 10- 14,

and t hen moved out si de i t i n sect i ons 15- 40 . Thi s i s al so i l l ust r at ed i n Fi gs . 24

and 26 b.

RESULTS

I n Vi vo Obser vat i ons of Pr omet aphase

CHROMOSOME MOVEMENT DURI NG METAKI NESI S:

We have pr esent ed a br i ef account of pr omet aphase i n t hese

cel l s as par t of a descr i pt i on of t he cour se of mi t osi s i n vi vo

( 42, 43) . Her e we exami ne met aki nesi s i n det ai l , anal yzi ng at

l east 50 ci ne sequences of t hi s phase ( a f i l m of mi t osi s i n t hese

di at oms i s i n pr epar at i on) .

I t i s di f f i cul t t o document when t he nucl ear envel ope br eaks

down i n vi vo . Af t er a pr ol onged qui escent phase, t he smal l

bi r ef r i ngent pr ophase spi ndl e suddent l y i ni t i at es a phase of

el ongat i on ; wi t hi n 2 mi n i t has t r i pl ed i t s l engt h ( 42, 43) . As

t he spi ndl e st ar t s el ongat i ng, t he nucl ear sur f ace br i ef l y appear s

t o be i ndent ed . Suddenl y, t he chr omosomes become agi t at ed

near t he spi ndl e and wi t hi n 20 s t he spi ndl e cl ear l y has ent er ed

t he nucl eus . Movement of chr omosomes now r api dl y becomes

wi despr ead; t he f i r st chr omosomes occasi onal l y ar e obser ved

at t ached t o t he spi ndl e wi t hi n 10 s of t he begi nni ng of t hi s

gener al i zed mot i on ( Fi gs . 2 a and b) . Pr omet aphase at t achment

of chr omosomes occupi es - 15 mi n, al t hough t he maj or i t y of

chr omosomes i ndependent l y at t ai n t hei r met aphase conf i gu-

r at i on wi t hi n 3- 5 mi n . Chr omosome at t achment has been

obser ved up t o a f ew mi nut es bef or e t he begi nni ng of anaphase

( Fi gs . 4 af ) .
I n ever y cel l anal yzed, pr omet aphase act i vi t y i s char act er i zed

by r api d, i r r egul ar osci l l at i ons of t he chr omosomes ei t her over

t he sur f ace of t he cent r al spi ndl e i f t hey ar e cl ose t o i t ( Fi gs .

3 a- i ) , or el se al ong i nvi si bl e t r acks di r ect ed at t he near est edge

of ei t her pol e ( Fi gs. 4a- f , 5 af ) . Thi s chr omosomal movement

i s st r ongl y l ocal i zed at one or t wo speci f i c si t es . Al t hough

ki net ochor es cannot be di scer ned under t he l i ght mi cr oscope,

t he cor r el at i on wi t h el ect r on mi cr oscopy ( see sect i on ent i t l ed

el ect r on mi cr oscopi c . . . ) i s so pr eci se, we can conf i dent l y i den-

t i f y t hese si t es on t he chr omosomes as t he ki net ochor es . The

r est of each chr omosome i s r el at i vel y i nact i ve, al t hough t hey

ar e vi si bl y moved ar ound by t he mot i on i nsi de t he spi ndl e.

The chr omosomes r api dl y and i r r egul ar l y become dr awn out

t o f i ne poi nt s at t he ki net ochor es, di spl ayi ng consi der abl e

pl eomor phi sm. Repeat edl y, t hey i r r egul ar l y st r et ch at t he ki -

net ochor e( s) and t hen r el ax as t hei r i nt er act i on wi t h t he spi ndl e

pr oceeds ( Fi gs . 5 af ) . I ni t i al l y, movement of ki net ochor es on

any gi ven chr omosome i s st r ongl y t owar ds one pol e or t he

ot her , and t he ki net ochor es of a chr omosome may act i nde-

pendent l y, as t hey bot h osci l l at e al ong t he same pol ewar d

di r ect ed t r ack. The movement s of an i ndi vi dual chr omosome

can t hus be ver y compl ex . I t wi l l f r equent l y move up t o one

pol e, wi t h mi nor st r et chi ng somet i mes vi si bl e bet ween ki net o-

chor es ( Fi gs . 3 d and 5 b) , and t hen move away f r om i t . Thi s
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FI GURE 2

	

Ver y ear l y chr omosome at t achment i n Hant zschi a. ( a) Cent r al spi ndl e out si de t he nucl eus ( t = 0 s) . ( b) The cent r al

spi ndl e has j ust ent er ed t he nucl eus, and one chr omosome i s appar ent l y at t ached t o t he spi ndl e ; see Fi g . 15 ( t = 6 s) . x 2, 650.

FI GURE 3

	

Ear l y pr omet aphase i n Hant zschi a, showi ng chr omosome osci l l at i ons and at t achment . ( a) Chr omosomes ar e ar ound

t he cent r al spi ndl e whi ch i s j ust out of t he pl ane of f ocus ; al l ar e osci l l at i ng vi gor ousl y, and t he one mar ked wi t h t he poi nt er wi l l

be f ol l owed subsequent l y . ( b) The mar ked chr omosome st r et ches t o one pol e . ( c) I t r et ur ns t o t he mi ddl e of t he spi ndl e . ( d) I t

moves t owar d t o t he pol e and t he ki net ochor es have st r et ched apar t . ( e) I t moves back t o t he or i gi nal pol e . ( f ) I t r et ur ns t o t he

cent er of t he spi ndl e agai n . ( g- i ) Fi nal bi pol ar at t achment i s achi eved as t he ki net ochor es st r et ch apar t ( cf . , wi t h Fi gs 15 and 18) .

Ti mi ng : a, 0 s ; b, 17 s ; c, 21 s ; d, 28 s ; e, 40 s; f , 44 s; g, 45 s ; h, 50 s ; i , 57 s . x 1, 250 .

FI GURE 4

	

Lat e pr omet aphase chr omosome at t achment i n Hant zschi a . Many chr omosomes ar e al r eady at t ached t o t he spi ndl e .

( a) Chr omosome sl owl y backi ng away f r om pol e . ( b) Tensi on bet ween ki net ochor es br i ef l y r el axes, and one ki net ochor e moves

up t o pol e . ( c) Tensi on r eappear s bet ween ki net ochor es . ( d- f ) Tensi on i ncr eases, chr omat i ds ar e par t i al l y separ at ed over t he

cent r al spi ndl e as t hey achi eve met aphase . Ti mi ng : a, 0 s; b, 12 s ; c, 56 s ; d, 74 s ; e, 126 s ; f , 184 s . x 1, 150 .



cycl e may r epeat sever al t i mes and t he over al l mot i on i s

i nt er sper sed wi t h numer ous smal l er osci l l at i ons . Af t er sever al

such maj or osci l l at i ons ( a maxi mumof f our t o si x i s usual ) , t he

ki net ochor e f ur t hest f r om t he pol e wi l l suddenl y st ar t cur vi ng

and t hen movi ng t owar ds t he opposi t e pol e . Agai n, t hi s new

mot i on i s at f i r st i r r egul ar , and t he i ni t i al connect i on ( or

st r et ched ki net ochor e) i n sever al cases i s appar ent l y br oken ( cf .

Fi gs . 5 b- e) . Fai r l y soon however , connect i on t o t he second

pol e becomes f i r ml y est abl i shed. The chr omosome i mmedi at el y

becomes mor e st abl e and l ess f r enet i c ; wi t hi n a f ew seconds

t her e i s a bui l dup of t ensi on bet ween t he ki net ochor es as now

t hey st eadi l y st r et ch t owar ds opposi t e pol es ( Fi gs . 3 g- i ; 4c- f ,

5 g- i ) . Meanwhi l e, t he i ner t chr omosome ar ms ar e moved t o

t he met aphase conf i gur at i on wher e t hey ext end per pendi cul ar

t o t he cent r al spi ndl e .

Ti me- l apse movi es of met aki nesi s demonst r at e a f r enzi ed,

di sor der ed mot i on whi ch ver y r api dl y l eads t o t he maj or i t y of

chr omosomes bei ng at t ached. The f i r st chr omosomes at t ached

seem t o be st r et ched di r ect l y over t he cent r al spi ndl e ( Fi gs . 2

and 3) . Succeedi ng chr omosomes become st acked up on t he

f i r st ones, as t hey ar e pul l ed i n agai nst t he cent r al spi ndl e ( Fi gs .

4f and 5i ) , and t hus by met aphase sever al l ayer s of chr omat i n

can be seen st r et chi ng over t he cent r al spi ndl e . I t i s di f f i cul t t o

est i mat e t he speed of t hese chr omosome movement s si nce t hey

ar e so var i abl e i n dur at i on, di st ance, and vel oci t y . Chr omosome

movement at i t s f ast est i s cl ear l y vi si bl e by di r ect obser vat i on

and causes bl ur r i ng of i ndi vi dual ki net ochor es wi t h t he hal f -

second exposur e per f r ame ( maxi mum r at e) used f or ci n6

f i l mi ng . We est i mat e t he maxi mum vel oci t y of ki net ochor e

movement at ar ound 2. 5 I t m/ s; t hi s r at e var i es f r omcel l t o cel l

and i s t emper at ur e sensi t i ve . St r et chi ng of bot h chr omosomes

t o t he pol es i s sl ower , up t o ar ound 0. 5 t Lm/ s; t hi s r at e i s

di f f i cul t t o est i mat e because of di f f i cul t y i n i dent i f yi ng t he

l eadi ng edge of t he chr omosome . These movement s wer e

f i l med at t emper at ur es appr eci abl y el evat ed ( 22° C) i n compar -

i son t o gr owt h t emper at ur e ( 4° - 8° C) and ar e t hus pr obabl y

f ast er t han i n wi l d speci mens .

MI TOCHONDRI AL MOVEMENT I N THE SPI NDLE: Mi -

t ochondr i a ar e par t i cul ar l y good nonchr omosomal mar ker s of

spi ndl e act i vi t y . They ar e l ong and t hi n, conspi cuous wi t h

Nomar ski opt i cs, and hi ghl y pl eomor phi c ; t he changes i n shape

t hey under go ( e . g . , st r et chi ng) demonst r at e t he f or ces t o whi ch

t hey ar e bei ng subj ect ed . Thei r movement can be easi l y f ol -

l owed at met aphase, when t hei r osci l l at i ons t end t o r emai n i n

one pl ane of f ocus.

Mi t ochondr i a ar e usual l y l i ned up end t o end and i nvar i abl y

move al ong i nvi si bl e t r acks ( Fi gs . 6b, g, h) di r ect ed at t he

cl osest edge of ei t her pol e ( Fi gs . 6 a- i ) . They appear unexpect -

edl y f r om t he cyt opl asm usual l y near t he chr omosome ar ms

whi ch l at er al l y ext end f r om t he spi ndl e . Thei r movement i s

ver y i r r egul ar and t hey wi l l of t en move up t o one pol e ( Fi gs .

6 a, e, h) bef or e ( e . g. - 30 s l at er ) sl i di ng wi t h sever al osci l l at i ons

back i nt o t he cyt opl asm wher e t hey become i nvi si bl e ; dur i ng

t hi s movement t hey of t en go t hr ough cycl es of st r et chi ng and

r el axi ng. Somet i mes t hey r eappear and r epeat t hi s behavi or

( e . g. , t he t op mi t ochondr i a i n Fi gs. 6a- i ) . The i mages of t he

mi t ochondr i a may change bet ween f r ames ( e . g. Fi gs . 6d- f ) ,

maki ng i t di f f i cul t t o det er mi ne t hei r end poi nt s dur i ng move-

ment . Thei r maxi mum vel oci t y i s est i mat ed t o be t he same as

t hat of t he most act i ve pr omet aphase ki net ochor es al t hough

t hey can mai nt ai n t hi s speed over l onger di st ances ; f or exampl e,

one pai r of mi t ochondr i a moved f r om t he equat or of t he

spi ndl e t o one pol e ( 9 I LLm) wi t hi n - r 4 s ( Fi gs . 6 c and d) . I n r ar e

cases, i ndi vi dual movi e f r ames suggest ed t he exi st ence of a

t r ansi t or y f i ber associ at ed wi t h such r api dl y movi ng mi t ochon-

dr i a ( Fi gs . 6 d and e) . However , i t i s l i kel y t hat such an i mage

i s an ar t i f act cr eat ed by bl ur r ed movement s of t he or ganel l es .

I n Fi gs . 6 a- i , a mi t ochondr i on moves t o and f r om t he upper

pol e, and t hen t wo ot her s si mi l ar l y move t o t he l ower pol e.

Anaphase commences dur i ng t he osci l l at i ons ( at about f r ame

g) ; as t he chr omosomes move pol ewar ds, t he t r ack t hese mi -

t ochondr i a f ol l ow i s di spl aced l at er al l y away f r om t he cent r al

spi ndl e by t he chr omosomal movement .

El ect r on Mi cr oscope Obser vat i ons of

Pr omet aphase

Ki net ochor es have not been i dent i f i ed i n pr ophase nucl ei ,

but can be f ound when t he nucl ear envel ope st ar t s t o br eak

down. I ni t i al l y, t he ki net ochor es ar e bar e of MTs and have a

di st i nct i ve mor phol ogy; t hey ar e of t en cont ai ned wi t hi n one of

t hr ee consecut i ve ser i al sect i ons . Each ki net ochor e has a smal l

basal l amel l a sur mount ed by a dense r egi on of l i mi t ed ext ent ,

whi ch i s of t en f ai nt l y f i br ous ( Fi gs . 7 d and 9) .

As t he nucl ear envel ope br eaks down near t he cent r al spi n-

dl e, MTs at t ached t o t he pol es penet r at e ext ensi vel y i nt o t he

nucl eopl asm( Fi g. 7) . An associ at i on bet ween ki net ochor es and

MTs soon becomes wi despr ead as pr omet aphase pr ogr esses .

We have sect i oned - 35- 40 pr omet aphase cel l s ( some ser i al l y

sect i oned) , and have obser ved numer ous exampl es of t he f ol -

l owi ng t ypes of associ at i ons bet ween ki net ochor es and MTs :

( a) MTs di r ect ed t owar d and appar ent l y at t ached t o opposi t e

pol es ( as obser ved i n ser i al sect i ons) ar e seen cl ose t o and of t en

ext endi ng past a si ngl e ki net ochor e ( Fi gs. 7 a- c) . ( b) Si mi l ar l y,

MTs at t ached t o one pol e r un up t o and of t en past bot h

ki net ochor es on a chr omosome ( Fi g . 12) . ( c) Most commonl y,

MTs at t ached t o one pol e ar e seen cl ose t o and of t en ext endi ng

past one of t he ki net ochor es on a chr omosome, whi l e t he ot her

ki net ochor e i s bar e; f r equent l y, such chr omosomes ar e ver y

cl ose t o one pol e ( Fi gs . 9 and 10) . Many t i mes, bot h ki net o-

chor es ar e not i n t he pl ane of t he sect i on, but one ki net ochor e

i s obser ved l at er al l y associ at ed wi t h MTs di r ect ed t owar d and

appar ent l y at t ached t o t he pol es as shown by ser i al sect i ons

( Fi gs . 8, 11 a, b, 13) . ( d) On r ar e occasi ons, ki net ochor es wer e

seen abut t i ng t he MTs of t he cent r al spi ndl e, appar ent l y caused

by si mi l ar l at er al i nt er act i on bet ween t he ki net ochor e and MTs

of t he cent r al spi ndl e ( Fi g . 14) .

The manner by whi ch t he chr omosomes or i ent so t hat t he

ki net ochor es f ace opposi t e pol es i s not di scer ni bl e f r omel ect r on

mi cr oscopy al one . As pr omet aphase pr ogr esses, t he chr omo-

somes i ndependent l y become ar r anged wi t h t hei r ki net ochor es

cl ear l y associ at ed wi t h MTs at t ached t o opposi t e pol es . Af t er

t hi s or i ent at i on i s achi eved, t he chr omosomes st r et ch t owar d

opposi t e pol es and t he ki net ochor es become unr ecogni zabl e

( Fi gs . 15 and 18) . Dur i ng or af t er bi pol ar or i ent at i on, t hr ee

ot her changes i n t he ki net ochor e ar e obser ved; ( a) t he number

of MTs associ at ed wi t h each ki net ochor e i ncr eases, unt i l a

smal l bundl e i s f or med whi ch ensheat hes each ki net ochor e and

i t s at t ached st r and of chr omat i n ( Fi g. 18, bl ack ar r ow) ; ( b) a

f ai nt l y st ai ni ng mat r i x of t en l ocal i zed i n t he t i p of t he ki net o-

chor e i s det ect abl e per meat i ng t hese bundl es ( Fi gs . 16 and 19) ;

( c) t he i nduct i on of t ensi on i s vi si bl e bet ween t he t wo ki net o-

chor es of each pai r ; as t hey i ncr easi ngl y separ at e, t he chr omat i n

devel ops a f i ne, f i br ous, st r i at ed cor e st r et ched bet ween t hem

( Fi g. 12 i n r ef er ence 43) . Somet i mes, MTs ar e cur ved i n

associ at i on wi t h such a st r et ched chr omat i n st r and ( Fi g . 17) .

At mi d- pr omet aphase, some chr omosomes ar e f ul l y at t ached

t o t he spi ndl e whi l e ot her s on t he edge of t he nucl eus cont ai n
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FI GURE 5

	

Repeat ed bi pol ar at t achment i n Hant zschi a . ( a) Bl ur r ed chr omosome, not under t ensi on, near one pol e . ( b) Tensi on

bet ween ki net ochor es . ( c) Tensi on r el axed . ( d) Tensi on r eest abl i shed . ( e) Tensi on al most gone . ( f - i ) I ncr ease i n t ensi on and

est abl i shment of bi pol ar at t achment . Ti mi ng: a, 0 s ; b, 38 s; c, 42 s ; d, 48 s ; e, 154 s ; f , 172 s ; g, 182 s ; h, 198 s ; i , 240 s . x 1, 050 .

FI GURE 6

	

Mi t ochondr i al movement i n t he spi ndl e of Hant zschi a . ( a) Af t er sever al osci l l at i ons, one ( possi bl y t wo) mi t ochondr i on

i s near pol e; not e char act er i st i c l i near or i ent at i on al ong t he i nvi si bl e pat h i t f ol l ows . ( b and c) Movement t o edge of spi ndl e ( one

of sever al such osci l l at i ons) . ( d) Movement back t o t he pol e ; a f ai nt f i ber can be br i ef l y det ect ed al ongsi de i t . ( e) As f or d, but t hi s

adj acent f r ame shows t he r api d change of shape i t can under go. ( f ) The mi t ochondr i on moves back t o t he edge of t he spi ndl e .

Anaphase commences at about t hi s st age and t he mi t ochondr i on cont i nues t o move i n t hi s f ashi on . ( g) A pai r of mi t ochondr i a

nowappear , l i near l y or i ent ed t owar d t he ot her pol e ( poi nt er ) not e t hat t he or i gi nal mi t ochondr i on has r eappear ed ( whi t e ar r ow)

agai n, havi ng under gone sever al osci l l at i ons not i l l ust r at ed her e . ( h) Bot h mi t ochondr i a move r api dl y t o t hei r r espect i ve pol es .

( i ) Bot h mi t ochondr i a have moved away f r om t he pol es ; as anaphase pr ogr esses, t he t r acks t he mi t ochondr i a f ol l ow have become

sl i ght l y bent . Ti mi ng : a, 0 s ; b, 8 s ; c, 22 s ; d, 26 s ; e, 28 s; f , 36 s ; g, 56 s ; h, 74 s ; i , 84 s . x 1, 050 .
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FI GURE 7

	

Ear l y pr omet aphase i n Hant zschi a . The spi ndl e f or ms near t he si l i ceous wal l ( w) and st ar t s si nki ng i nt o t he nucl eus ;
numer ous MTs at t ached t o t he pol es i nvade t he nucl eopl asm and associ at e wi t h t he chr omosomes ( ar r ow) . X 10, 050 . ( a- d) These
f our mi cr ogr aphs show ki net ochor es f r om t hi s spi ndl e . The chr omosome i n a i s a hi gh magni f i cat i on of t he ki net ochor e i n Fi g . 7

( ar r ow) , wher eas ot her ki net ochor es ar e f r om di f f er ent sect i ons . The t wo ar r ows on each mi cr ogr aph poi nt t owar d t he spi ndl e

pol es ; t he ar r ows show t he or i ent at i on of t he chr omosome i n t he spi ndl e ( cf . t he or i ent at i on of t he chr omosome i n Fi g . 7 wi t h t he
hi gh magni f i cat i on mi cr ogr aph i n a) . ( a- c) Ki net ochor es associ at ed wi t h MTs appar ent l y at t ached t o t he pol es ; ser i al sect i ons
conf i r m most of t hese MTs ext end t o t he pol e . Occasi onal l y, MTs f r om bot h pol es ar e associ at ed wi t h a si ngl e ki net ochor e . ( d)

One of t he many bar e ki net ochor es ( whi t e ar r ow) i n t he spi ndl e . x 24, 900, X 23, 300, X 25, 700, X 23, 000, r espect i vel y .
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ki net ochor es whi ch ar e devoi d of MTs ( Fi g . 18) ; such l at e-

at t achi ng chr omosomes ar e obser ved wel l i nt o " met aphase" .

Reconst r uct i on of MTs Associ at ed wi t h t he
Chr omosome

At met aphase, numer ous MTs at t ach t he chr omosomes t o

t he spi ndl e pol es . Ser i al l ongi t udi nal sect i ons i ndi cat e t hat most

of t hese MTs do not t er mi nat e at t he t i p of t he st r et ched

ki net ochor e ; i nst ead, t hey ext end past i t f or a var i abl e di st ance.

To conf i r m t hi s unexpect ed obser vat i on, we have r econst r uct ed

f r om t r ansver se ser i al sect i ons t he MTs associ at ed wi t h si ngl e

chr omosomes al r eady at t ached t o t he spi ndl e. Fi ve such r econ-

st r uct i ons wer e compl et ed f r om t hr ee di f f er ent met aphase cel l s.

Thr ee r epr esent at i ve sampl es ar e shown i n Fi gs . 21- 23 ; Fi gs .

19, 24- 26 a, b ar e mi cr ogr aphs of t he ki net ochor e f i ber r econ-

st r uct ed i n Fi g. 23 . Each ki net ochor e f i ber i s per meat ed by a

densel y st ai ni ng mat r i x ( Fi gs . 16, 19, 24) whi ch ext ends f r om

t he ki net ochor e t owar d t he pol e .

Near l y 96%of t he MTs f r om t he f i ve r econst r uct i ons do not

t er mi nat e at t he ki net ochor e; t hey ext end f r om t he pol e past

t he ki net ochor e r egi on ( Fi gs. 19 and 20) t owar ds t he mi ddl e of

t he spi ndl e . At l east one MT per chr omosome t er mi nat es i n
t he r egi on of t he ki net ochor e ( Fi gs . 21- 23 and Tabl e I ) . The

MTs whi ch ext end past t he ki net ochor e spl ay out war ds away
f r om t he cent er of t he chr omosome af t er passi ng t he ki net o-
chor e ( Fi gs . 25 and 26 a) .

I nvar i abl y, some of t he MTs i n t hese r econst r uct i ons ar e al so
cent r al spi ndl e MTs . For exampl e, i n t he r econst r uct i on shown

i n Fi g . 23, t he posi t i on of t he same ni ne MTs i s i l l ust r at ed i n
a sect i on near t he pol e ( Fi g . 24, sect i on 12) and i n a sect i on
hal f way t hr ough t he r econst r uct i on ( Fi g . 26 b, sect i on 20 : see

f i gur e l egend) . I n Fi g. 26 b, t hese MTs ar e par t of t he cent r al

spi ndl e and ar e spat i al l y r emoved f r om t he ki net ochor e f i ber

whi ch i s enci r cl ed ( see Mat er i al s and Met hods) ; near t he pol e

( Fi g . 24) t hey i nt er mi ngl e wi t h MTs associ at ed wi t h t he chr o-

mosome . The r econst r uct i ons cont ai n 9. 8% f r ee MTs ( e . g . Fi g .

23, t he t wo MTs at t he t op of t he r econst r uct i on) ; ever y

r econst r uct i on cont ai ns at l east t wo f r ee MTs . I n one r econ-

st r uct i on, a si ngl e MT was f ound t o ext end past one ki net ochor e

and t hen cur ve over t o an adj acent ki net ochor e on a near by

chr omosome, t her eby l at er al l y associ at i ng wi t h t wo separ at e

ki net ochor es . ( To t r ack such cur ved MTs di d not r equi r e

f ur t her t i l t i ng of sect i ons) .

DI SCUSSI ON

Pr omet aphase i s a vi t al st age of mi t osi s; t he chr omosomes

or i ent t hei r pai r s of ki net ochor es t owar d opposi t e pol es of t he

spi ndl e, and a f i ber cont ai ni ng MTs i s f or med whi ch connect s

each ki net ochor e t o t he pol e i t f aces . Ther e i s var i at i on i n t he

mor phol ogy of t he ki net ochor e f i ber i n di f f er ent or gani sms .
Cer t ai n f ungi have a si ngl e kMTat t ached t o each chr omosome
( 13) but i n ot her cel l s a mor e compl i cat ed f i ber i s obser ved
whi ch appar ent l y cont ai ns some MTs t hat t er mi nat e at t he
ki net ochor e and ot her MTs whi ch pass by i t or do not r each i t
( I 1) . Recent l y, i t has become wi del y accept ed t hat t he MTs

whi ch t er mi nat e at t he ki net ochor e ar e nucl eat ed t her e. I t

f ol l ows t her ef or e t hat pr omet aphase or i ent at i on of chr omo-

somes i s achi eved by l at er al i nt er act i on bet ween t hese kMTs

and t he MTs f r om t he pol e ( 27, 49, 4, 26, 10, 22) . MTs gr owi ng

f r om t he ki net ochor e ar e essent i al t o t hi s t heor y because wi t h-

out t hem t her e can be no l at er al i nt er act i on t o or i ent t he

chr omosome and r ecr ui t MTs f r om t he pol es i nt o t he ki net o-

chor e f i ber . Our obser vat i ons on di at oms i ndi cat e t hat t hei r

chr omosomes ar e not or i ent ed by t hi s mechani sm ( t hei r chr o-

mosomes can appar ent l y or i ent wi t hout MTs gr owi ng f r om t he

ki net ochor e) , and t hat t hei r ki net ochor e f i ber i s composed
pr i mar i l y, i f not sol el y, of MTs or i gi nat i ng f r om t he pol es .

Our ear l i er wor k on smal l er di at oms i ndi cat ed t hat most of

t hei r chr omosomes at t ach t o t he sur f ace of t he cent r al spi ndl e,

havi ng been appar ent l y di r ect ed t her e dur i ng met aki nesi s by
MTs f r om t he pol es; bet ween t he at t achment poi nt s of chr o-
mosomes and pol es i s a mat r i x, t he " col l ar " , per meat i ng t he
out er MTs of t he cent r al spi ndl e ( 56, 41) . I n cont r ast , t hese t wo
l ar ger di at oms have smal l bundl es of MTs si mi l ar t o conven-
t i onal ki net ochor e f i ber s, ensheat hi ng t he st r et ched chr omo-
somes and r unni ng t o t he pol es . Thi s di f f er ence i n mor phol ogy

i s i n par t caused by t he var i at i on i n t he number and si ze of t he
chr omosomes . A col l ar i s not obser ved ar ound t he cent r al
spi ndl e of t hese l ar ge di at oms; i nst ead t he col l ar may be
r epr esent ed by t he dense mat er i al per meat i ng t he MTs of each
ki net ochor e f i ber .

Met aki nesi s i n Di at oms

Our i nt er pr et at i on of howchr omosomes or i ent t o opposi t e
pol es i n t hese di at oms at pr omet aphase, based upon a compar -
i son of el ect r on mi cr oscopy and t i me- l apse ci nemat ogr aphy, i s

FI GURE 8

	

Mi d- pr omet aphase i n Hant zschi a . MTs gr aze t he ki net ochor e of t hi s chr omosome . The t wo ar r ows poi nt t owar ds t he

spi ndl e pol es . x 28, 200.

FI GURE 9

	

Thr ee ki net ochor es ar e pr esent i n t hi s pr omet aphase i n Hant zschi a ; t wo ar e bar e of MTs ( smal l whi t e ar r ows) , but t he

t hi r d ( l ar ge whi t e ar r ow) associ at es wi t h MTs at t ached t o t he cor ner of t he pol e ( bl ack ar r ow) . The MTs of t he cent r al spi ndl e ar e

on t he r i ght . x 22, 200.

FI GURE 10

	

Ear l y pr omet aphase i n Hant zschi a . One of t he ki net ochor es on t hi s V- shaped chr omosome i s bar e of MTs wher eas t he

ot her i s st r et ched sl i ght l y and associ at ed wi t h MTs at t ached t o t he pol es . x 21, 800 .

FI GURE 11

	

These mi cr ogr aphs ar e ser i al sect i ons of t wo ki net ochor es on t wo di f f er ent chr omosomes i n Hant zschi a whi ch associ at e

wi t h t he same MTs . I n a, NI TS ext end past a ki net ochor e ( l ar ge ar r ow) ; i n b t he same MTs l at er al l y associ at e wi t h anot her

ki net ochor e ( smal l whi t e ar r ow; t he l ar ge whi t e ar r ow shows t he posi t i on of t he ki net ochor e i n a) on a di f f er ent chr omosome .

( These ar e t wo di f f er ent chr omosomes as i ndi cat ed by t he chr omosome ar ms, not i ncl uded, whi ch ar e si mi l ar t o t hose i n Fi g . 10) .

The bl ack ar r ows poi nt t owar ds t he pol es . x 19, 500 .

FI GURE 12

	

The t wo ki net ochor es ( smal l whi t e ar r ows) of t hi s chr omosome i n Hant zschi a whi ch i s behi nd t he spi ndl e pol e ( bl ack

ar r ow) , appear t o be associ at ed wi t h MTs at t ached t o t hat pol e . I n an adj acent sect i on not i ncl uded, t he r i ght ki net ochor e i s mor e

cl ear l y associ at ed wi t h MTs . x 19, 200 .

FI GURE 13

	

Mi d- pr omet aphase i n Ni t zschi a . A ki net ochor e ( ar r ow) on a chr omosome near t he pol e i s l at er al l y associ at ed wi t h

MTs at t ached t o t he pol e . x 26, 500.
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FI GURE 14

	

A ki net ochor e ( ar r ow) of a chr omosome at ear l y pr omet aphase i n Hant zschi a i s at t ached t o t he sur f ace of t he cent r al

spi ndl e, possi bl y because of i nt er act i on bet ween t he ki net ochor e and t hese MTs . x 22, 300.

FI GURE 15

	

Thi s mi cr ogr aph shows t he f i r st chr omosome at t achi ng t o an ear l y pr omet aphase spi ndl e ( cf wi t h Fi g . 2 b) i n

Hant zschi a . The ki net ochor es, st i l l r ecogni zabl e, ar e begi nni ng t o st r et ch pol ewar ds and ar e associ at ed wi t h MTs . x 24, 900 .

FI GURE 16

	

Thi s sect i on gr azes t he t i ps of chr omosomes i n Ni t zschi a, whi ch ar e al r eady at t ached t o a l at e pr omet aphase spi ndl e .

Densel y st ai ni ng mat er i al i s associ at ed wi t h each ki net ochor e . x 19, 900.

FI GURE 17

	

The MT mar ked wi t h t he ar r ow i s conspi cuousl y cur ved, possi bl y because of i t s at t achment t o a near by chr omosome

i n Hant zschi a . x 22, 200 .
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FI GURE 18

	

Mi d- pr omet aphase i n Ni t zschi a . At t hi s st age, some chr omosomes ar e f ul l y at t ached t o t he spi ndl e ( bl ack ar r ow) , but

ot her chr omosomes st i l l have no MTs associ at ed wi t h t hei r ki net ochor es ( whi t e ar r ow) . x 11, 000 .

FI CURES 19 and 20

	

Fi g . 19 i s a mi cr ogr aph t hr ough t he ki net ochor e r egi on i n Hant zschi a ( sect i on 15) of t he ki net ochor e f i ber

r econst r uct ed i n Fi g . 23 . Fi g . 20 i s a t r aci ng of t he MTs i n Fi g . 19; many of t hese MTs i n t he ki net ochor e r egi on become skewed,

especi al l y t hose about t o t er mi nat e ( Fi g . 20, t he t hr ee MTs wi t h ar r ows) i n t he next sect i on . The skewed NI TS ar e st i l l t r ackabl e

because t her e i s ver y l i t t l e backgr ound cyt opl asm. The 28 MTs i nsi de t he l ar ge ci r cl e i n Fi g . 20 appear as sol i d l i nes i n t he

r econst r uct i on ( sect i on 15 i n Fi g . 23) , and t he ei ght shaded MTs ar e r epr esent ed as dashed l i nes ( see Mat er i al s and Met hods) .
x 84, 500.
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FI GURES 21- 23 These t hr ee di agr ams ar e r econst r uct i ons of t he

MTs of t hr ee ki net ochor e f i ber s i n Hant zschi a . Each di agr am i s a

r econst r uct i on of t he MTs associ at ed wi t h a si ngl e chr omosome as

shown i n Fi g . 1 . Each l i ne i n t hese r econst r uct i ons r epr esent s a si ngl e

MT; some l i nes ar e di vi ded i nt o a dashed por t i on and a sol i d

por t i on, whi ch denot es t he spat i al posi t i on of MTs ( see Mat er i al s

and Met hods) . Not es on r econst r uct i ons : ar r ows denot e kMTs . The

t wo MTs whi ch t er mi nat e i n sect i on 31 i n Fi g . 23 wer e not t r acked

t o t hei r end poi nt because t hey wer e t oo f ar di spl aced f r om t he

chr omosome . MTs whi ch ar e par t of t he cent r al spi ndl e ( see Tabl e

I ) ar e di spl ayed at t he bot t om of each r econst r uct i on . For exampl e,

t he 13 cent r al spi ndl e MTs i n Fi g . 21 ar e di spl ayed at t he bot t om of

t he r econst r uct i on .

as f ol l ows : dur i ng spi ndl e f or mat i on ( 43) , each pol e cr eat es a

set of MTs . A pr opor t i on of t hese MTs f r om each pol e i nt er act

l at er al l y t o cr eat e a cent r al spi ndl e consi st i ng of t wo i nt er di gi -

t at ed hal f - spi ndl es . The r emai ni ng MTs ( i . e . , t hose not par t of

t he cent r al spi ndl e) spl ay out war ds f r om t he pol es t hr oughout

di vi si on. Dur i ng pr omet aphase t hey i nvade t he nucl eopl asm,

penet r at e among t he chr omosomes, and cr eat e t he st r uct ur al

basi s f or pr omet aphase chr omosomal act i vi t y and subsequent

at t achment .

As t he spi ndl e ent er s t he nucl eus, chr omosomes i mmedi at el y

st ar t movi ng . Thi s st r ongl y l ocal i zed movement i s appar ent l y

caused by ki net ochor es movi ng al ong pol ar MTs . Usual l y, one

ki net ochor e of a pai r i nt er act s wi t h MTs f i r st , l eadi ng t o

unst abl e l i near osci l l at i ons, dur i ng whi ch t he chr omosome may

r eor i ent . Two ki net ochor es of t he same chr omosome may

i nt er act wi t h MTs f r om one pol e, but soon t hey al so r eor i ent
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af t er unst abl e osci l l at i ons . When one ki net ochor e i s movi ng

t hus, i t s accompanyi ng si st er ki net ochor e i s abl e t o encount er

MTs f r om t he opposi t e pol e, wher eupon i t st ar t s osci l l at i ng i n

t hat new di r ect i on . Thus, one ki net ochor e r emai ns l oosel y

at t ached t o one pol e unt i l t he ot her cont act s MTs f r om t he

opposi t e pol e, an el egant l y si mpl e met hod f or ensur i ng t hat a

chr omosome wi l l cont act and t hen be abl e t o at t ach t o MTs

f r om opposi t e pol es . Af t er bi pol ar cont act has been est abl i shed,

bot h ki net ochor es st r et ch t owar ds t he opposi t e pol es al ong t he

set s of MTs, and t hat chr omosome t her eaf t er mai nt ai ns bi pol ar

or i ent at i on and does not r eor i ent . Dur i ng t hese met aki net i c

movement s, i ncr easi ng number s of MTs i nt er act wi t h a ki net -

ochor e unt i l a di scr et e bundl e i s bui l t up . Dur i ng t hi s pr ocess,

i ndi vi dual MTs become bent and possi bl y br oken because of

t hei r associ at i on wi t h t he ki net ochor e; some may t her eby at t ach

t o and t er mi nat e at t he ki net ochor e .

Thus, we post ul at e t hat met aki nesi s i n t hese di at oms i nvol ves

t wo di st i nct t ypes of chr omosome movement s, dur i ng whi ch

ki net ochor es appear t o be t r anspor t ed al ong pr eexi st i ng pol ar

MTs . Fi r st t her e ar e unst abl e osci l l at i ons of t he chr omosomes

t o one pol e at a var i abl e r at e up t o 2 . 5 I t m/ s ; t hi s i s f ol l owed by

t he st r et chi ng of t he si st er ki net ochor es t owar ds opposi t e pol es

at ar ound 0. 5 l am/ s . Pr omet aphase osci l l at i ons ar e i nvar i abl y

st r ongl y pol ewar ds di r ect ed, and t he chr omosomes of t en cl ust er

unst abl y near ei t her pol e . I t i s possi bl e t hat t he i nt r i nsi c pol ar i t y

of t he MTs at t ached t o t he pol es may be i nst r ument al i n t he

obser ved pr edomi nance of movement s t owar d ( i nst ead of away

f r om) t he pol e at ear l y pr omet aphase .

Our i nt er pr et at i on i s t hat t ensi on ( pul l f r om opposi t e pol es)

i nduced by bi pol ar at t achment , t r ansf or ms t he i ni t i al unst abl e,

osci l l at or y mot i on i nt o a st r ongl y pol ewar ds- di r ect ed, st abl e

bi pol ar or i ent at i on . Thi s i nt er pr et at i on has been st r ongl y i nf l u-

enced by t he pi oneer i ng wor k of Ni ckl as and hi s col l eagues

( 30, 33, 34, 14, 15) who demonst r at ed by di r ect exper i ment al

mi cr omani pul at i on t hat t ensi on on a chr omosome conf er s upon

i t st abi l i t y i n t he spi ndl e . I n par t i cul ar , when a chr omosome

has bot h i t s ki net ochor es at t ached t o one pol e, t hey osci l l at e

unst abl y unt i l one connect i on i s br oken, wher eupon t hat ki -

net ochor e at t aches t o t he ot her pol e t o est abl i sh nor mal bi pol ar

or i ent at i on . When a chr omosome at t ached t hus t o one pol e i s

r est r ai ned exper i ment al l y, t he unst abl e osci l l at i ons i mmedi -

at el y cease and t he chr omosome i s now st abl e ( 33, 14) . Thi s

exper i ment shows cl ear l y t hat t he ki net ochor es cannot i nt r i n-

si cal l y di st i ngui sh bet ween whi ch pol e t hey ar e at t ached ( 34) ,

and i nst ead r espond t o t ensi on t hat i s nor mal l y i nduced be-

t ween t hem. Thi s conf i r ms Di et z' s ( 8) suggest i on t hat bi pol ar

or i ent at i on of chr omosomes i s st abl e, and t hat r eor i ent at i on

wi l l occur r epeat edl y unt i l t hi s conf i gur at i on i s achi eved .

TABLE I

Dat a f r om Reconst r uct ed Ki net ochor e Fi ber s

No . of

MTs t hat

t er mi nat e

at ki net o-

No . of

MTs i n

r econ-

No . of

MTs par t

of cent r al

Di amet er

of t r acki ng

Cel l No . chor e st r uct i on spi ndl e cyl i nder

Am

1 1 32 7 0. 402

2 1 32 8 0. 378

3 ( Fi g . 21) 2 47 13 0. 375

4 ( Fi g . 22) 2 47 12 0. 430

5 ( Fi g . 23) 3 38 9 0. 425



FI GURES 24- 26

	

These ar e mi cr ogr aphs of sect i ons 12, 32, and 20 r espect i vel y, f r om t he ki net ochor e f i ber r econst r uct ed i n Fi g . 23 .

The l ar ge ci r cl e on each mi cr ogr aph oper at i onal l y def i nes t he MTs t o be i ncl uded i n t he ki net ochor e f i ber ( see Mat er i al s and

Met hods) . Fi gs . 26 a and b ar e t wo mi cr ogr aphs of t he same sect i on ( i . e . , sect i on 20) , but ar e phot ogr aphed at a di f f er ent t i l t and

r ot at i on t o maxi mi ze cl ar i t y of di f f er ent MTs . Fi g . 26 a shows t he MTs whi ch ext end past t he ki net ochor e t owar d t he over l ap,

wher eas Fi g . 26 b shows MTs of t he cent r al spi ndl e . Ni ne MTs ar e mar ked wi t h cr osses i n Fi g . 24 ; t hese same ni ne MTs ar e si mi l ar l y

mar ked i n Fi gs . 26 a and b, but ar e mor e cl ear l y vi ewed i n Fi g . 26 b. I n Fi g . 24 t hese ni ne MTs ar e wi t hi n t he ci r cl e ( boundar i es of

t he ki net ochor e f i ber ) , but i n Fi gs . 26 a and b t hey ar e par t of t he MTs t hat const i t ut e t he cent r al spi ndl e . x 84, 500.

Met aki nesi s i n Ot her Cel l Types

The most wi del y accept ed hypot hesi s t o expl ai n pr omet a-

phase or i ent at i on of chr omosomes ( 27, 49) and i ndeed f or mer l y

endor sed by t he second aut hor ( di agr am 26 i n r ef er ence 38)

assumes t hat MTs ar i se concur r ent l y f r omt he t wo ki net ochor es

on a chr omosome ; such MTs woul d be or i ent ed at 180° t o each

ot her and ar e pr esumed t o l at er al l y i nt er act wi t h t he par al l el

MTs f r om t he pol es and t her eby or i ent t he chr omosomes . I n

spi t e of t he wi despr ead accept ance of t hi s i dea, we have yet t o

see one mi cr ogr aph publ i shed whi ch suppor t s such a sequence

of event s ( i . e. , showi ng a bundl e of MTs emanat i ng f r om bot h

ki net ochor es bef or e t he chr omosome i s or i ent ed t owar d t he

pol es) . Of t en mi cr ogr aphs publ i shed of t hi s r eor i ent at i on st age

show somet hi ng qui t e di f f er ent - a bundl e of MTs f r om onl y

one ki net ochor e, or i ent ed t o one pol e ( e . g . , 3, 28, 49) . Thus, t he

common expl anat i on of pr omet aphase or i ent at i on i s a t heor et -

i cal concept si nce i t has not been demonst r at ed t hat l at er al

i nt er act i ons bet ween kMTs and pol ar MTs can i n f act or i ent

chr omosomes . Nei t her has t he compl exi t y of pr omet aphase

osci l l at i ons been sat i sf act or i l y expl ai ned on t hi s st r uct ur al

basi s .

I t may appear t hat t he pr omet aphase chr omosome act i vi t y

of di at oms descr i bed her e i s unusual . However , we bel i eve t hat

t her e ar e i mpor t ant si mi l ar i t i es bet ween t hese met aki net i c

movement s and t hose di spl ayed by ot her cel l s . Ci né sequences

and t hei r descr i pt i ons ( 1, 48, 49) of mi t osi s i n mammal i an and

Ti ppu, PI CKETT- HEAPS, AND LESLI E
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hi gher pl ant cel l s show some chr omosomes movi ng at f i r st

i r r egul ar l y pol ewar ds, of t en up t o one pol e bef or e ent er i ng t he

met aphase conf i gur at i on . Under f avor abl e condi t i ons, numer -

ous such osci l l at i ons may be obser ved accompani ed by " con-

si der abl e st r et chi ng of ki net ochor es" ( 49 ; see al so 29) , but mor e

f r equent l y t he osci l l at i ons ar e qui ckl y damped. I n Bar bul an-

ympha, ki net ochor es osci l l at e bet ween t he pol es of t he spi ndl e

on t he sur f ace of t he i nt act nucl ear envel ope whi ch under goes

pr onounced def or mat i on at t he ki net ochor es ( 46, 17) . The

movement s of cent r ophi l i c chr omosomes at pr omet aphase i n

newt ( 28) ar e si mi l ar t o t hose i n di at oms . I n Haemant hus ( 21)

and sper mat ocyt es of cr i cket s ( 45) , such movement s ar e pr esent

but not so pr onounced . McI nt osh et al . ( 26) summar i ze nu-

mer ous si mi l ar r epor t s t hat met aki net i c chr omosomes " f ol l ow

appr oxi mat el y ci r cul ar ar cs of di f f er ent r adi i . . . def i ned by t he

el ement s of t he pol ar spi ndl e . " Thi s pr omet aphase act i vi t y i s

even mor e dr amat i c i n abnor mal uni pol ar spi ndl es of newt ,

wher e chr omosomes can osci l l at e up t o 90 t i mes, demonst r at i ng

ext r eme i nst abi l i t y i n t he absence of bi pol ar at t achment ( A. J .

Baj er , per sonal communi cat i on) .

Ri ckar ds ( 45) has emphasi zed t hat osci l l at or y pr ophase and

ear l y pr omet aphase chr omosome movement dur i ng mei osi s i n

cr i cket s i s si mi l ar t o t he movement of par t i cl es i n t he ast er . As

t he nucl ear envel ope di sper ses, t hese chr omosome movement s

r api dl y become l ocal i zed at t he ki net ochor e . The movement s

of par t i cl es, chr omosomes and ki net ochor es ar e col cemi d- sen-

si t i ve . These pr ophase chr omosome movement s occur when

t her e ar e appar ent l y no MTs i nsi de t he nucl eus ( no el ect r on

mi cr oscopy of t hese cel l s i s pr esent ed) , suggest i ng t hat MTs

f r om t he ast er i nf l uence such movement s . We do not obser ve

pr ophase chr omosome movement s i n di at oms ; however , r ecent

wor k i n pr epar at i on on t he spi ndl e of Oedogoni um has r eveal ed

t he exi st ence of f i l ament s i n t he nucl eus at pr ophase whi ch

of f er an expl anat i on f or t hese unusual chr omosome move-

ment s .

I n summar y, osci l l at i ons and t r anspor t of smal l or ganel l es

( e . g . , mi t ochondr i a) al ong MTs i s a common f eat ur e of many

nondi vi di ng eukar yot i c cel l s, al t hough mol ecul ar mechani sms

t o expl ai n t hi s movement ar e not yet known . Si mi l ar movement

of or ganel l es and par t i cl es wi t hi n t he spi ndl e has been wi del y

document ed ( 2, 9, 44, pr esent r epor t ) . No one bel i eves t hat

such par t i cl es need t o nucl eat e MTs t o gener at e t hi s movement ;

nei t her , i n our opi ni on, do t he ki net ochor es at t hi s st age . We

suggest t hat t he t r anspor t pr oper t i es associ at ed wi t h MTs may

cont r i but e t o t he unst abl e but vi t al l y i mpor t ant pr omet aphase

osci l l at i ons of chr omosomes, and t hat t he chr omosomes ( ki -

net ochor es) i n cer t ai n cel l t ypes i ni t i al l y or i ent by movi ng

al ong MTs al r eady di r ect ed t owar d t he pol es .

I s t he Ki net ochor e of Di at oms a Mi cr ot ubul e
Or gani zi ng Cent er ( MTOC?

The di at oms of f er advant ages f or anal yzi ng st r uct ur al aspect s

of mi t osi s ; t hei r spi ndl e MTs ar e hi ghl y or gani zed, and usual l y

have one end t er mi nat i ng at t he pol e ( 57) . I n t he absence of

l ar ge number s of conf usi ng f r ee MTs, t he f or mat i on of t he

ki net ochor e f i ber and t he or i gi n of i t s MTs can be f ol l owed .

Let us now summar i ze t he evi dence t hat di at om ki net ochor es

do not nucl eat e MTs :

( a) Reconst r uct i on of sever al ki net ochor e f i ber s f r om t r ans-

ver se sect i ons demonst r at es t hat 96% of t hei r MTs do not

t er mi nat e at t he ki net ochor e . Thi s i ndi cat es t hese MTs wer e

not nucl eat ed at t he ki net ochor e and i mpl i es t hat t he ki net o-
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chor e f i ber i s composed pr i mar i l y of MTs f r om t he pol es . At

l east one MT of each f i ber anal yzed, t er mi nat es i n t he ki net o-

chor e r egi on . Whet her t hi s si ngl e ( occasi onal l y t wo or t hr ee)

kMT or i gi nat ed at t he ki net ochor e or at t he pol es, cannot be

det er mi ned .

( b) The f i r st MTs associ at ed wi t h ki net ochor es dur i ng pr o-

met aphase ar e i nvar i abl y r eveal ed by ser i al l ongi t udi nal sec-

t i ons t o be l ong, and t o have one end at t ached t o t he pol e .

These MTs consi st ent l y r un cl ose t o and ext end past r andoml y

or i ent ed ki net ochor es i n t he ear l y st ages of pr omet aphase ( Fi gs .

7- 13) ; nucl eat i on of MTs l at er al l y by t he ki net ochor e i n such

cel l s ( Fi g. 13) appear s unl i kel y .

( c) The ki net ochor e f i ber s of t en do not devel op si mul t ane-

ousl y on a pai r of ki net ochor es on t he same chr omosome . One

ki net ochor e f aci ng t he pol e ver y of t en has MTs associ at ed wi t h

i t , whi l e i t s par t ner i s bar e, suggest i ng t hat t he f i r st has i nt er -

act ed wi t h pr eexi st i ng MTs ( Fi gs . 9 and 10) .

( d) MTs associ at ed wi t h t he ki net ochor e ar e never obser ved

f aci ng any di r ect i on ot her t han t he pol e . I nt er medi at e st ages of

ki net ochor e f i ber devel opment ( e . g . MTs ext endi ng f r om t he

ki net ochor e hal f way t o t he pol e) ar e not encount er ed .

( e) MTs at t ached t o one pol e may l at er al l y associ at e wi t h

t wo di f f er ent ki net ochor es on di f f er ent chr omosomes ( Fi gs .

11 a and b) . Nucl eat i on of a MT f r om one ki net ochor e t o

anot her ki net ochor e appear s unl i kel y ( see comment s i n r ef er -

ence 25) .

( Î ) The ki net ochor e appear s t o have an af f i ni t y f or MTs as

i s demonst r at ed by i t s t endency t o at t ach di r ect l y t o t he cent r al

spi ndl e ( Fi g . 14) , or el se by conspi cuousl y def or mi ng MTs t hat

pass near by ( Fi g . 17) .

( g) Ti me- l apse ci nemat ogr aphy demonst r at es r epeat edl y

and unequi vocal l y t hat t he chr omosomes make numer ous f ast

osci l l at i ons back and f or t h t o one pol e, of t en up t o i t ; i t i s not

cl ear how t hi s behavi or coul d be ef f ect ed by MT nucl eat i on .

( h) At l at e pr ophase, MTs ar e not i nsi de t he nucl eus . Wi t hi n

1 mi n of t he br eakdown of t he nucl ear envel ope, t he f i r st

chr omosomes ar e usual l y f ul l y at t ached t o t he spi ndl e . I n Fi g .

2, t he f i r st chr omosome at t aches i n - 6 s af t er t he begi nni ng of

gener al i zed mot i on i n t he spi ndl e whi ch accompani es br eak-

down of t he nucl ear envel ope . Thus, i f ki net ochor es nucl eat e

MTs, t hey must r api dl y assembl e t hese f i r st ki net ochor e f i ber s

( consi der abl y f ast er t han t he MTs of t he hal f spi ndl e ar e

assembl ed) , whi l e most of t he ot her ki net ochor es ar e st i l l bar e

of MTs .

( i ) Bar e ki net ochor es ar e ubi qui t ous at ear l y pr omet aphase .

Even by l at e met aphase, l aggar d chr omosomes can be f ound

( e . g . , Fi g. 18 ; al so see pl at e I Va, i n r ef er ence 40) whi ch ar e

unst r et ched and whi ch have no MTs emanat i ng f r om t hei r

ki net ochor es . Such l aggar d chr omosomes ar e f r equent l y seen

i n vi vo t o suddenl y commence t ypi cal pr omet aphase move-

ment , f ol l owed qui ckl y by nor mal spi ndl e at t achment . I f ki -

net ochor es nucl eat e MTs, such chr omosomes woul d have t o

del ay nucl eat i ng t hei r ki net ochor e f i ber unt i l suddenl y st i mu-

l at ed l ong af t er t he r est have al r eady at t ached ; i ndeed, al l

chr omosomes woul d have t o commence ki net ochor e nucl eat i on

spont aneousl y, i r r egul ar l y, and t hen be abl e t o f or m t he ent i r e

f i ber ver y qui ckl y .

I n summar y, we have anal yzed over 50 ci ne sequences of

pr omet aphase and many hundr eds of pr omet aphase el ect r on

mi cr ogr aphs of var i ous di at om gener a ( not j ust t he t wo men-

t i oned i n t hi s paper ) . We ar e convi nced t hat t he convent i onal

vi ew of ki net ochor e f i ber f or mat i on cannot appl y t o di at oms

( see f i r st par t of Di scussi on) .



I s t he Ki net ochor e an MTOCi n Ot her Cel l
Types?

The r ecogni t i on of t he ki net ochor e by Met zner i n 1894

( r evi ewed i n r ef er ence 53) and of a f i ber connect i ng i t t o t he

pol e mar ked t he begi nni ng of an ei ght y- year debat e on t he
or i gi n of t he chr omosomal spi ndl e f i ber . By 1953 ( 53) , t her e

was evi dence suppor t i ng t wo mai n t heor i es . One hypot hesi s
was t hat t he f i ber gr ew f r om t he pol e and connect ed t o t he
ki net ochor e, t he ot her t hat i t or i gi nat ed at t he ki net ochor e and
gr ew t o t he pol e . I t seems t hat t he f or mer possi bi l i t y has been
al most ent i r el y abandoned by most r ecent i nvest i gat or s ; al -
t hough a f ew ( 31, 36, 20, 23) st i l l consi der i t an unr esol ved
i ssue, vi r t ual l y no one endor ses t hi s vi ew. I n t he f ol l owi ng
di scussi on, we del i ber at el y f avor t he i nt er pr et at i on t hat ki ne-
t ochor es dur i ng ear l y pr omet aphase can bi nd t o MTs, i n or der
t o emphasi ze t hat much of t he evi dence di scussed can be
i nt er pr et ed i n mor e t han one way . Any r ecent r evi ew on mi t osi s
pr esent s t he ar gument s whi ch f avor MT nucl eat i on by t he
ki net ochor e.

The most convi nci ng demonst r at i on t hat MTs ar e nucl eat ed
by ki net ochor es, comes f r om i n vi t r o st udi es ( 25, 54, 55, 12, 37,

6) . These exper i ment s, whi l e of t en per suasi ve, ar e not wi t hout

pr obl ems ( see Di scussi on i n r ef er ence 39) ; f or exampl e t he
ki net ochor e may r enucl eat e MTs al r eady bound t o t he ki net -
ochor e, but not r emoved by col cemi d t r eat ment , or t he ki ne-
t ochor es may be " seeded" by bi ndi ng t o smal l MT f r agment s
col l ect ed dur i ng chr omosome pr epar at i on . Al l of t hese exper i -
ment s use col cemi d- t r eat ed chr omosomes and i t i s not known
whet her t hese r esembl e i n vi vo pr omet aphase chr omosomes .

Ki net ochor es ar e f ar l ess vi gor ous i n nucl eat i ng MTs when
compar ed wi t h t he ast er ( 54, 6) , and Wei senber g and Rosenf el d
( 58) do not r epor t any nucl eat i on by ki net ochor es under con-
di t i ons wher e ast er s ar e qui ckl y f or med . Thus, even i f ki net o-
chor es nucl eat e new MTs i n vi t r o, t hei r nucl eat i on pr oper t i es

ar e mar kedl y di f f er ent f r om t hose of t he ast er .

The l i ght mi cr oscope does not r eveal whet her t he ki net o-
chor e nucl eat es MTs i n vi vo, al t hough t he ki net ochor e ob-
vi ousl y does or gani ze t he ki net ochor e f i ber ( 16, 5) . El ect r on
mi cr oscope evi dence f r om a wi de var i et y of cel l s i s usual l y
i nt er pr et ed t o conf or m wi t h t he concl usi on t hat MTs ar e
nucl eat ed by t he ki net ochor e . Pr omet aphase i s a poor l y docu-
ment ed st age of mi t osi s, pr esumabl y because t he spi ndl e at t hi s
st age i s di sor gani zed and i t s st r uct ur e di f f i cul t t o eval uat e, and
open t o di f f er ent i nt er pr et at i ons . I n HeLa cel l s ( 35) and hi gher
pl ant s ( 50- 52) , i t i s suggest ed t hat t he f i r st MTs at t ached t o t he
ki net ochor e coul d have come f r omt he pol es . Roos ( 47- 49) and
Baj er and Mol e- Baj er ( 3) consi der ed t hi s possi bi l i t y but t hey
and most subsequent i nvest i gat or s have concl uded t hat most
or al l ki net ochor e MTs ar i se f r om ki net ochor es . Some of t hei r
mi cr ogr aphs, and t hose of Tr i chonympha ( 18) , do suggest t hat
ki net ochor es may i nt er act l at er al l y wi t h MTs as i n di at oms
( e . g. , Fi gs . 17 6 and 18 i n r ef er ence 3 ; Fi g . 8 i n r ef er ence 48 ;
Fi g . 6 i n r ef er ence 49) . Roos has shown t hat when chr omo-
somes move t owar d one pol e at ear l y pr omet aphase, MTs ar e
at t ached t o t he pol ewar d- f aci ng ki net ochor e wher eas t he ot her
i s bar e ( 49) . Thi s has al so been st r i ki ngl y i l l ust r at ed wi t h t he
cent r ophi l i c chr omosomes of newt ( 28) . We have not encoun-
t er ed convi nci ng r easons why t he second ki net ochor e of such
pai r s, i f i t i s an MTOC, shoul d be bar e . Lack of t ubul i n or t he
exi st ence of hypot het i cal t ubul i n gr adi ent s ( 49) does not ade-
quat el y expl ai n t hi s obser vat i on because t he ot her ki net ochor es
i n such spi ndl es ar e not af f ect ed and t he spi ndl e i s per meat ed
by MTs . A r ei nvest i gat i on of pr omet aphase i n Oedogoni um ( i n

pr epar at i on) i ndi cat es t hat t he f i r st MTs associ at ed wi t h ki ne-

t ochor es may be pr eexi st i ng MTs f r om t he pol es . Two r ecent

r epor t s ( 20, 36) al so suggest t hat ki net ochor es coul d f unct i on
by at t achi ng t o pr eexi st i ng MTs, but do not r ul e out nucl eat i on .
When chr omosomes ar e r emoved f r om t he spi ndl e by mi cr o-
mani pul at i on and r el ocat ed near t he edge of t he cel l , t hey
move back t owar ds t he spi ndl e ( 32) ; MTs at t ached t o spi ndl e
pol e r un up t o and l at er al l y past t he ki net ochor es of such
chr omosomes . The or i gi n of t hese MTs i s not addr essed by t he
aut hor s, but i t i s di f f i cul t t o envi sage t he ki net ochor es nucl eat -
i ng MTs whi ch ext end l at er al l y t owar d and away f r om t he one
pol e .

I n summar y, t he el ect r on mi cr oscope evi dence i s qui t e equi v-
ocal i n t hi s i ssue, i n spi t e of t he consensus of opi ni on i n i t s
i nt er pr et at i on . I t i s di f f i cul t t o ascer t ai n t he or i gi n of kMTs

because ki net ochor e nucl eat i on i s pr esumed t o occur dur i ng
pr omet aphase, pr eci sel y when MTs f r om t he pol es i nvade t he

nucl eus ( MTs ar e not obser ved i n t he pr ophase spi ndl e al -
t hough ki net ochor es ar e pr esent [ 7, 10, 3] ) .

Funct i on of Ki net ochor es i n Convent i onal
Spi ndl es

We have been f or ced t o r eexami ne t he f unct i on of t he
ki net ochor e dur i ng mi t osi s, because t he ki net ochor e f i ber of
t he di at oms i s not pr i mar i l y composed of MTs nucl eat ed by
t he ki net ochor e . Fur t her mor e, t he si ngl e kMT of each chr o-
mosome i n t hese cel l s, even i f nucl eat ed by t he ki net ochor e,
coul d be uni mpor t ant dur i ng pr omet aphase because t he ki net -

ochor e seems t o be or i ent ed and at t ached t o t he spi ndl e pr i -
mar i l y by MTs f r om t he pol es. At pr esent , t her e i s conf l i ct i ng
evi dence gener al l y as t o whet her ki net ochor es f unct i on i n vi vo
ent i r el y by nucl eat i ng MTs, or at t achi ng t o MTs and MT
f r agment s whi ch subsequent l y el ongat e. Nei t her of t hese pos-
si bi l i t i es al one pr esent l y appear s t o expl ai n al l of t he obser va-
t i ons on ki net ochor e f i ber f or mat i on f r om a var i et y of cel l s.
For exampl e, at t achment t o pr eexi st i ng MTs does not suggest
why and how kMTs t er mi nat e at t he ki net ochor es ; how t he
number of kMTs i ncr ease af t er t he chr omosome i s at t ached t o
t he spi ndl e ; how cer t ai n f ungi can at t ach t o j ust one kMT per
chr omosome and never t wo . Al t er nat i vel y, nucl eat i on does not
expl ai n t he di at om ki net ochor e f i ber ; t he ear l y pr omet aphase
obser vat i ons i n numer ous cel l t ypes whi ch i ndi cat e t hat t he
f i r st MTs t hat at t ach t o ki net ochor es ar e f r om t he pol es; how
kMTs gr ow pr eci sel y f r om t he ki net ochor e t o t he pol e and
si mul t aneousl y or i ent t he chr omosome ; pr omet aphase osci l l a-
t i ons of chr omosomes i n vi vo; or how t he ki net ochor e can
swi t ch on nucl eat i on on di f f er ent chr omosomes at di f f er ent
t i mes ( but usual l y j ust bef or e at t achment t o t he spi ndl e and
never dur i ng l at e pr ophase) .

The mai n di f f er ence bet ween met aphase i n di at oms and t hat
i n ot her cel l s i s t hat t he ki net ochor es of di at oms r emai n
st r et ched t o t he pol e unt i l anaphase commences . I t seems l i kel y
t hat anaphase pol ewar d movement i s caused by t he same
mechani sm as pr omet aphase pol ewar d movement s . Because
t hese pr omet aphase movement s occur wi t hout appar ent sl i di ng,
zi ppi ng, or depol ymer i zat i on of MTs ( e . g . , t he chr omosome i n
Fi g. 13 has appar ent l y moved cl ose t o t he pol e) , we suggest
t hat none of t hese mechani sms pr oduce t he f or ce t hat moves
chr omosomes at anaphase i n di at oms . Pr omet aphase st r et chi ng
of chr omat i ds i s common i n ot her cel l s ( 19, 21, 29, 48) , but
al most al ways t he chr omat i ds r el ax by met aphase. Per haps,
t her ef or e, nucl eat i on of MTs at t he ki net ochor e ( i f i t occur s)
coi nci des wi t h t he r el axat i on of pr omet aphase t ensi on, whi l e
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at t achment t o t he pol es i s bei ng mai nt ai ned . Even i f t he
ki net ochor e does nucl eat e MTs, t hi s act i vi t y may be a r el at i vel y
uni mpor t ant aspect of ki net ochor e f unct i on i n some cel l t ypes,
and per haps has ser ved over r ecent year s t o di ver t at t ent i on
f r om ot her i nt er est i ng possi bi l i t i es .

Thi s wor k was suppor t ed by a gr ant f r om t he Nat i onal Sci ence
Foundat i on ( gr ant PCM76- ( 8287) .

Recei ved f or publ i cat i on 15 Febr uar y 1980, and i n r evi sedf or m 14 Apr i l

1980.
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