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ABSTRACT

	

A cel l - f r ee cyt opl asmi c pr epar at i on f r omact i vat ed Rana pi pi ens eggs coul d i nduce

i n demembr anat ed Xenopus l aevi s sper m nucl ei mor phol ogi cal changes si mi l ar t o t hose seen

dur i ng pr onucl ear f or mat i on i n i nt act eggs . The condensed sper m chr omat i n under went an

i ni t i al r api d, but l i mi t ed, di sper si on . A nucl ear envel ope f or med ar ound t he di sper sed chr o-

mat i n and t he nucl ei enl ar ged . The subcel l ul ar di st r i but i on of t he component s r equi r ed f or

t hese changes was exami ned by separ at i ng t he pr epar at i ons i nt o sol ubl e ( cyt osol ) and par t i c-

ul at e f r act i ons by cent r i f ugat i on at 150, 000 g f or 2 h . Sper m chr omat i n was i ncubat ed wi t h

t he cyt osol or wi t h t he par t i cul at e mat er i al af t er i t had been r esuspended i n ei t her t he cyt osol ,

heat - t r eat ed ( 60 or 100° C) cyt osol or buf f er . We f ound t hat t he l i mi t ed di sper si on of chr omat i n

occur r ed i n each of t hese oopl asmi c f r act i ons, but not i n t he buf f er al one . Nucl ear envel ope

assembl y r equi r ed t he pr esence of bot h unt r eat ed cyt osol and par t i cul at e mat er i al . Ul t r ast r uc-

t ur al exami nat i on of t he sper m chr omat i n dur i ng i ncubat i on i n t he pr epar at i ons showed t hat

membr ane vesi cl es of - 200 nm i n di amet er , f ound i n t he par t i cul at e f r act i on, f l at t ened and

f used t oget her t o cont r i but e t he membr anous component s of t he nucl ear envel ope . The

enl ar gement of t he sper m nucl ei occur r ed onl y af t er t he nucl ear envel ope f or med . The

pr onucl ei f or med i n t he cel l - f r ee pr epar at i ons wer e abl e t o i ncor por at e [ 3 H] dTTP i nt o DNA.

Thi s i ncor por at i on was i nhi bi t ed by aphi di col i n, suggest i ng t hat t he DNA synt hesi s by t he

pr onucl ei was dependent on DNA pol ymer ase- a . When sper m chr omat i n was i ncubat ed >3

h, t he chr omat i n of t he pr onucl ei of t en r econdensed t o f or m st r uct ur es r esembl i ng mi t ot i c

chr omosomes wi t hi n t he nucl ear envel ope. Ther ef or e, i t appear ed t hat t hese oopl asmi c

pr epar at i ons coul d i nduce, i n vi t r o, nucl ear changes r esembl i ng t hose seen dur i ng t he f i r st

cel l cycl e i n t he zygot e .

I n many speci es, t he cel l cycl es i ni t i at ed i n t he ear l y embr yo

by f er t i l i zat i on consi st of r api dl y al t er nat i ng per i ods of DNA

r epl i cat i on and mi t osi s ( 1- 3) . Dur i ng t he f i r st cel l cycl e, whi ch

i s usual l y l onger t han succeedi ng ones, t he nucl eus of t he

f er t i l i zi ng sper m under goes a t r ansf or mat i on i nt o an i nt er -

phase nucl eus ( f or r evi ew, see r ef er ences 4 and 5) . Shor t l y

af t er t he sper m f uses wi t h t he pl asma membr ane of t he egg,

t he nucl ear envel ope sur r oundi ng t he sper mchr omat i n br eaks

down, t he hi ghl y condensed sper m chr omat i n becomes di s-

per sed and a newnucl ear envel ope i s assembl ed at t he per i ph-

er y of t he chr omat i n t o f or m t he mal e pr onucl eus . The mal e

pr onucl eus i ncr eases i n si ze, synt hesi zes DNA, associ at es wi t h

t he f emal e pr onucl eus, and ent er s mi t osi s .

The changes i n t he sper m nucl eus f ol l owi ng f er t i l i zat i on

and dur i ng t he f i r st cel l cycl e of zygot es ar e si mi l ar t o t he

changes i n t he nucl ei of ot her pr ol i f er at i ng cel l s . I n bot h cases,
nucl ear envel ope assembl y, chr omat i n decondensat i on, DNA

synt hesi s, and chr omosome condensat i on occur i n a si mi l ar

manner . Cel l f usi on exper i ment s have shown t hat i n pr ol i f -
er at i ng cel l s t hese event s ar e cont r ol l ed by cyt opl asmi c f act or s

t hat ar e act i ve at speci f i c phases i n t he cel l cycl e ( 6) . Si mi l ar l y,
t he i nduct i on of chr omat i n decondensat i on, DNA synt hesi s,
and mi t osi s i n nucl ei t r anspl ant ed f r om embr yoni c or non-

di vi di ng somat i c cel l s i nt o act i vat ed eggs, suggest s t hat cyt o-

pl asmi c f act or s cont r ol nucl ear behavi or i n t he zygot e ( 4- 9) .

Ther ef or e, nucl ear behavi or may be cont r ol l ed by si mi l ar
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cyt opl asmi c subst ances i n bot h zygot es and pr ol i f er at i ng cel l s .

The i nvest i gat i on of t he mol ecul ar basi s of t he cyt opl asmi c

cont r ol of nucl ear behavi or woul d be f aci l i t at ed i f t he nucl ear

behavi or obser ved dur i ng t he cel l cycl e of i nt act cel l s coul d

be r epr oduced i n a cel l - f r ee syst em. Eggs may of f er an i deal

sour ce of mat er i al f or such a cel l - f r ee syst em si nce dur i ng

oogenesi s t hey accumul at e a l ar ge st or e of cel l ul ar compo-

nent s r equi r ed f or t he r api d cel l pr ol i f er at i on t hat f ol l ows
f er t i l i zat i on ( 10) . I n pr evi ous st udi es, oopl asmi c pr epar at i ons

have been shown t o i nduce, i n vi t r o, t he decondensat i on of

hen er yt hr ocyt e ( 11) and sea ur chi n sper mchr omat i n ( 12) , as

wel l as t he i ni t i at i on of DNA synt hesi s i n i sol at ed somat i c

cel l nucl ei ( 13) . We have r epor t ed t hat a cyt opl asmi c pr epa-

r at i on f r om act i vat ed Rana pi pi ens eggs can i nduce demem-

br anat ed Xenopus l aevi s sper m nucl ei t o t r ansf or mi nt o pr on-

ucl ei and t hen mi t ot i c chr omosomes ( 14) . I n t he pr esent

exper i ment s, we show t hat t he t r ansf or mat i on of t he sper m

nucl ei i nt o pr onucl ei r equi r es bot h t he sol ubl e and par t i cul at e

cyt opl asmi c component s f ound i n a heavy oopl asmi c f r act i on

and t hat t he par t i cul at e mat er i al cont r i but es membr ane vesi -

cl es t hat f or m a nucl ear envel ope i n t he pr esence of sol ubl e

oopl asmi c f act or s .

MATERI ALS AND METHODS

Pr epar at i on of Sper m Nucl ei : Sper m nucl ei wer e pr epar ed as

pr evi ousl y descr i bed ( 14) . Test es wer e di ssect ed f r om sexual l y mat ur e X. l aevi s

t hat had been i nj ect ed wi t h of 100 LU. human chor i oni c gonadot r opi n ( Si gma

Chemi cal Co. , St . Loui s, MO) and kept f or t h at 22° C. They wer e washed f r ee

of bl ood and i ncubat ed over ni ght at 18° C i n 200% St ei nber g' s sol ut i on con-

t ai ni ng ant i bi ot i cs ( 15) and human chor i oni c gonadot r opi n ( 10 I . U. / ml ) . Sper m

wer e r el eased by gent l y squeezi ng t he t est es, col l ect ed by cent r i f ugat i on at 1, 500

g f or 10 mi n, and t r eat ed f or 5 mi n at 22° C wi t h nucl ear i sol at i on medi um

( 16) , whi ch cont ai ned 0. 5% l ysol eci t hi n and 1 mg/ ml soybean t r ypsi n i nhi bi t or

( bot h f r omSi gma Chemi cal Co . ) . Lysol eci t hi n- t r eat ed sper mwer e washed once

wi t h i ce- col d nucl ear i sol at i on medi um + 3% bovi ne ser um al bumi n ( BSA;

f r act i on V, Si gma Chemi cal Co. ) , t hr ee t i mes wi t h nucl ear i sol at i on medi um+

0. 4% BSA and once wi t h buf f er ( see bel ow) bef or e use. The suspensi on

cont ai nedzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 95% sper m nucl ei and 5%nucl ei f r om ot her cel l s, most l y er yt h-

r ocyt es . For some exper i ment s t he i sol at ed sper m nucl ei wer e st or ed at - 80° C

i n 30%gl ycer ol i n nucl ear i sol at i on medi um. Nucl ei st or ed i n t hi s manner

wer e washed ext ensi vel y wi t h buf f er ( see bel ow) bef or e use.

Pr epar at i on of Cyt opl asmi c Fr act i ons :

	

Femal e R. pi pi ens wer e

pr i med by an i nj ect i on of 1/ 6 of a pi t ui t ar y, kept at I 8° C f or 24 h and t hen
i nduced t o ovul at e by i nj ect i on of one pi t ui t ar y and 1 mg pr ogest er one di ssol ved

i n cor n oi l . 40- 48 h l at er , eggs wer e r emoved f r omt he ovi sac and enzymat i cal l y

dej el l i ed, i n 1% Na2HP04 7H2 0, 0 . 5% cr ude papai n ( cr ude powder , t ype I I ;

Si gma Chemi cal Co . , St . Loui s, MO) and 0 . 4%cyst ei ne- HCI ( Si gma Chemi cal

Co. ) . The eggs wer e washed wel l i n 0 . 1 MNaCl and 200% St ei nber g' s sol ut i on

and any damaged or act i vat ed eggs wer e r emoved. Whi l e i n 200%St ei nber g' s

sol ut i on, t he dej el l i ed eggs wer e act i vat ed by an el ect r i c shock ( 80 V, 200 ms) ,

and t hen i ncubat ed i n 20%St ei nber g' s at 19 f 1° C f or 1 h .

Cyt opl asmi c f r act i ons wer e pr epar ed as pr evi ousl y descr i bed ( 14) . The

act i vat ed dej el l i ed eggs wer e washed i n i ce- col d buf f er whi ch consi st ed of 250
mMsucr ose, 200 mMKCI , 1 . 5 mMMgCl 2, 2 . 0 mMß- mer capt oet hanol and

10 mMTr i s- HCI at pH 7 . 5 and t r ansf er r ed t o 5 ml cent r i f uge t ubes cont ai ni ng

i ce- col d buf f er . Af t er t he excess medi umwas wi t hdr awn, t he eggs wer e cr ushed,

wi t hout homogeni zat i on, by cent r i f ugat i on at 9, 000 g f or 15 mi n at 2° C. I n

most exper i ment s, t he l ayer of heavy super nat ant above t he packed pi gment

and yol k ( Fi g . I A) was t r ansf er r ed t o an 0 . 8- ml t ube and cent r i f uged at 9, 000
g f or 30 mi n t o r emove most of t he pi gment . I n cyt opl asmi c pr epar at i ons made

i n a si mi l ar manner t he buf f er cont r i but ed appr oxi mat el y one- t hi r d of t he
sol ubl e par t of t he pr epar at i on ( 17) . Lysol eci t hi n- t r eat ed sper mwas i ncubat ed

at 18° C i n 200, ul of t he cyt opl asmi c f r act i on t o gi ve a concent r at i on of 5 x 104

t o 1 x 103 sper m/ ml .

The sol ubl e and par t i cul at e cyt opl asmi c component s wer e separ at ed by
cent r i f ugi ng t he cyt opl asmi c pr epar at i on i n a smal l t ube ( 0. 8 ml , Beckman

I nst r ument s, I nc . , Pal o Al t o, CA) at 150, 000 g f or 2 h ( Fi g . 1 B) . The f l uf f y par t
of t he pel l et , whi ch cont ai ns cyt opl asmi c vesi cl es, was r esuspended, bef or e
mi xi ng wi t h t he sper m nucl ei , i n ei t her t he super nat ant or t he super nat ant t hat
had been heat ed at 60° C or 100° C f or 10 mi n and cent r i f uged at 1, 500 g f or 10
mi n t o r emove t he pr eci pi t at ed mat er i al ( heat - t r eat ed super nat ant ) , or 1/ 3
buf f er . The f i nal vol ume of each mi xt ur e was adj ust ed t o equal i t s i ni t i al
vol ume.

FI GURE 1

	

Di agr am of t he oopl asmi c f r act i ons obt ai ned f ol l owi ng
t he cent r i f ugat i on of dej el l i ed R. pi pi ens eggs . The cent r i f uge used
was a Beckmann 1_3- 4 wi t h an SW- 50 . 1 r ot or .

Assay f or Nucl ear DNA Synt hesi s :

	

To det er mi ne whet her t he
sper m nucl ei wer e i nduced t o synt hesi ze DNA, we mi xed 100 i l l of t he

oopl asmi c pr epar at i on wi t h an equal vol ume of 1/ 3 buf f er cont ai ni ng [ met hyl -
' H] t hymi di ne- 5' - t r i phosphat e ( [ ' H] dTTP' ; 44 Ci / mmol , Amer sham) at a con-
cent r at i on of 40 or 80 yCi / ml . Aphi di col i n ( a gi f t f r om Dr . J . Rossant ) was
di ssol ved i n di met hysul f oxi de at a concent r at i on of 5 mg/ ml and added t o t he
1/ 3 buf f er at t wi ce t he desi r ed concent r at i on . As a cont r ol , di met hyl sul f oxi de
al one was added t o t he 1/ 3 buf f er . The oopl asmi c pr epar at i on was t hen di l ut ed
wi t h an equal vol ume of 1/ 3 buf f er cont ai ni ng bot h t he l abel and t he dr ug .
Fr eshl y pr epar ed sper m nucl ei wer e suspended i n t he oopl asmi c pr epar at i ons
and i ncubat ed at 18° C. Sampl es t aken f r omt he i ncubat i on mi xt ur e at var i ous
t i mes wer e f i xed and pr ocessed f or aut or adi ogr aphy .

Cyt ol ogi cal and Hi st ol ogi cal Pr ocedur es:

	

Al i quot s of t he i n-
cubat i on mi xt ur e wer e f i xed i n a col d mi xt ur e of et hanol and acet i c aci d ( 3 : 1) .
The f i xed mat er i al was st ai ned by t he Feul gen pr ocedur e and por t i ons wer e

t r ansf er r ed t o a dr opl et of 50%acet i c aci d on a mi cr oscope sl i de and squashed .
The squashed pr epar at i ons wer e f r ozen i n a mi xt ur e of dr y i ce and et hanol , t he

cover sl i ps wer e r emoved and t he sl i des wer e ai r - dr i ed. The speci mens wer e

r est ai ned wi t h 2% Gi emsa i n 0. 01 M phosphat e buf f er at pH 6. 8 and af t er
dr yi ng cover ed wi t h Pr o- Texx ( Sci ent i f i c Pr oduct s, McGawPar k, I L) . The ar ea

of t he sper m nucl ei i n t he squashed pr epar at i ons was det er mi ned usi ng t he

f or mul a f or t he ar ea of an el l i pse, af t er t he l engt hs of t he l ong and shor t axes

had been measur ed.

I n some cases, por t i ons of t he i ncubat i on mi xt ur e wer e f i xed wi t h Smi t h' s

sol ut i on, st ai ned and sect i oned f or hi st ol ogi cal exami nat i on as pr evi ousl y

descr i bed ( 18) .

Aut or adi ogr aphi c Pr ocedur es : The squashed speci mens wer e
washed t wi ce i n col d 5%t r i chl or oacet i c aci d, r i nsed i n r unni ng wat er f or 1 h,
ai r - dr i ed, and coat ed wi t h Kodak NTB2 emul si on . Sl i des wer e exposed f or 14

t o 17 d at 4° C and devel oped i n Kodak 13- 19 .

The r el at i ve amount of [ ' H] dTTP i ncor por at ed by a sper m nucl eus was
expr essed as t he cor r ect ed gr ai n count per nucl eus . The cor r ect ed gr ai n count
per nucl eus was obt ai ned by count i ng t he number of gr ai ns i n a 100- or 400-
4m2 ar ea i n whi ch t he nucl eus was l ocat ed and subt r act i ng f r omt hi s val ue t he
number of gr ai ns f ound i n an equi val ent ar ea sur r oundi ng t he nucl eus.

Pr epar at i on f or El ect r on Mi cr oscopy :

	

Fr eshl y pr epar ed sper m
nucl ei wer e i ncubat ed at I 8° Ci n an undi l ut ed oopl asmi c pr epar at i on or i n one
of i t s cyt opl asmi c f r act i ons. Al i quot s of t he i ncubat i on mi xt ur e wer e f i xed
over ni ght i n i ce- col d 2%gl ut ar al dehyde buf f er ed wi t h 0 . 05 Mphosphat e buf f er
at pH 7 . 4. Nucl ei wer e r ecover ed by cent r i f ugat i on at 1, 500 g f or 5 mi n, washed
t hr ee t i mes wi t h phosphat e buf f er , post f i xed f or 2 h at r oom t emper at ur e i n

1 % osmi um t et r oxi de, dehydr at ed t hr ough a gr aded concent r at i on ser i es of
et hanol t o pr opyl ene oxi de, and embedded i n Epon 812 . Sect i ons wer e made
at 50 t o 60 nm, st ai ned wi t h ur anyl acet at e, f ol l owed by l ead ci t r at e and
exami ned at 60 kV on a Phi l i ps 201 el ect r on mi cr oscope .

' Abbr evi at i ons used i n t hi s paper .
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RESULTS

Behavi or of Sper m Chr omat i n i n

Oopl asmi c Fr act i ons

Cr ushi ng act i vat ed R. pi pi ens eggs by cent r i f ugat i on at

9, 000 g f or 15 mi n r esul t ed i n a cr ude separ at i on of oopl asmi c

component s ( Fi g. 1 A) . Yol k, cor t ex and some pi gment wer e

f ound i n t he pel l et . The super nat ant obt ai ned by t hi s cent r i f -
ugat i on consi st ed of t wo l ayer s : an upper l ayer , whi ch we cal l

t he " l i ght oopl asmi c f r act i on, " and a mor e vi scous and heavi l y

pi gment ed l ower l ayer , whi ch we cal l t he " heavy oopl asmi c

f r act i on . " When 5 ml of eggs ar e cr ushed by cent r i f ugat i on,

- 1 . 4 t o 1 . 6 ml of t he l i ght oopl asmi c f r act i on and 0 . 6 t o 0 . 8

ml of t he heavy oopl asmi c f r act i on i s obt ai ned . The cent r i f -

ugat i on buf f er i s t hought t o cont r i but e about one- t hi r d of t he

vol ume of t he super nat ant s ( 17) .

The l ysol eci t hi n- t r eat ed sper mnucl ei wer e i ncubat ed ei t her

i n t he l i ght or i n t he heavy oopl asmi c f r act i on or i n t he buf f er

used i n t he pr epar at i on of t hese f r act i ons ( Tabl e I ) . The sper m

nucl ei i ncubat ed i n t he heavy oopl asmi c f r act i ons under went

a ser i es of changes i n t hei r mor phol ogy . I n al l cases, at t he

st ar t of t he i ncubat i on, t he sper mchr omat i n, f ound i n a l ong,

t hi n f or mt hat i s char act er i st i c of t he sper m nucl eus, coul d be

st ai ned deepl y wi t h Gi emsa ( Fi g . 2A) . We r ef er t o nucl ei wi t h

t hi s mor phol ogy as t ype A nucl ei . Wi t hi n 1 h, t he nucl ei

changed t o a r ound or oval shape, but t hei r chr omat i n coul d

st i l l be st ai ned deepl y ( t ype B nucl ei ; Fi g. 2B) . These nucl ei

t hen began t o enl ar ge, as t hei r per i pher al chr omat i n became

mor e decondensed, t o f or mnucl ei wi t h an i nner cor e deepl y

st ai ni ng chr omat i n and a per i pher al por t i on of l i ght l y st ai ni ng

chr omat i n ( t ype C nucl ei ; Fi g. 2 C) . The pr ocess of nucl ear
enl ar gement gr adual l y cont i nued unt i l t he chr omat i n was

compl et el y decondensed, f or mi ng pr onucl ei whose chr omat i n

was uni f or ml y st ai ned l i ght l y by Gi emsa ( t ype D nucl ei , Fi g .

2 D) . The heavy oopl asmi c f r act i on was abl e t o t r ansf or m

bot h f r eshl y pr epar ed sper m nucl ei and t hose t hat had been

st or ed at - 80* Ci n 30%gl ycer ol i nt o pr onucl ei ( t ype Dnucl ei )
dur i ng a 3- h i ncubat i on . Thi s ef f ect of t he heavy f r act i on was

obser ved not onl y wi t h Xenopus sper m nucl ei , but al so wi t h

t he nucl ei i sol at ed f r omR. pi pi ens sper m ( Tabl e I ) . I n con-

t r ast , t he mor phol ogy of t he sper m nucl ei di d not change

when t hey wer e i ncubat ed f or 3 l i i n t he buf f er used f or

pr epar i ng t he oopl asmi c f r act i ons or i n t he buf f er t hat was

TABLE I

Behavi or of Sper mNucl ei dur i ng 3- h I ncubat i on i n Cel l - f r ee

Pr epar at i ons of Act i vat ed R. pi pi ens Eggs

* Ref er t o t ext .

' Damaged or nonsper m nucl ei .
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FI GURE 2 The mor phol ogy of X. l aevi s sper m nucl ei at var i ous

t i mes dur i ng i ncubat i on i n oopl asmi c pr epar at i ons . ( A) Condensed

sper mnucl ei ( t ype A nucl ei ) , 0 mi n. ( B) Round sper m nucl ei ( t ype

B nucl ei ) , 60 mi n. ( C) Par t i al l y decondensed sper mnucl eus ( t ype C

nucl eus) , 90 mi n. ( D) Compl et el y decondensed sper mnucl eus ( t ype

Dnucl eus) , 180 mi n. x 1, 000 .

di l ut ed t o one- t hi r d i t s or i gi nal concent r at i on . Si mi l ar l y, t he

chr omat i n of sper m nucl ei t hat wer e i ncubat ed i n t he l i ght

oopl asmi c f r act i on r emai ned condensed dur i ng a 3- h i ncu-

bat i on, al t hough i n t hi s case t he nucl ei of t en changed t o a

r ound or oval shape ( Tabl e I ) . These r esul t s cl ear l y i ndi cat e

t hat t he heavy oopl asmi c f r act i on cont ai ns t he component s

t hat coul d i nduce t he f or mat i on of t he sper mpr onucl eus and

t hat t hese component s ar e l acki ng or gr eat l y r educed i n t he

l i ght oopl asmi c f r act i on .

We exami ned t he ef f ect of di l ut i ng t he heavy oopl asmi c

f r act i on on i t s abi l i t y t o decondense sper m nucl ei ( Tabl e I ) .

I ncubat i on
condi t i ons

No . of

nucl ei

Type A

and B*

Per cent age

Type

C'

of nucl ei

Type

D* Ot her #

Xenopussper m

Li ght f r act i on 905 68 4 1 27

Heavy f r act i on 464 1 16 82 1

Di l ut ed heavy f r ac- 703 17 32 47 4

t i on ( 1/ 2)

Di l ut ed heavy f r ac- 655 91 8 0 1

t i on ( 1/ 4)

Buf f er 636 95 0 0 5

1/ 3 buf f er 1, 230 94 0 0 6

Ranasper m

Heavy f r act i on 557 0 10 89 1

1/ 3 buf f er 558 95 0 0 5



Sper mnucl ei wer e i ncubat ed f or 3 h i n equal vol umes of t he

undi l ut ed heavy f r act i on or i n t he f r act i on af t er i t was di l ut ed

t o one- hal f or one- quar t er of i t s or i gi nal concent r at i on wi t h

1/ 3 buf f er . The r esul t s show t hat t he abi l i t y t o i nduce pr o-

nucl ear f or mat i on was dependent upon t he concent r at i on of

t he heavy f r act i on . I n t he undi l ut ed heavy f r act i on, 82% of

t he sper mnucl ei f or med pr onucl ei wi t hi n 3 h . On t he ot her

hand, onl y 47%of t he sper m nucl ei f or med pr onucl ei i n t hi s
f r act i on af t er i t was di l ut ed by one- hal f , and none of t he

sper m nucl ei f or med pr onucl ei i n t he f r act i on di l ut ed t o one-

quar t er ( Tabl e 1) .

As t he sper mchr omat i n decondensed dur i ng i ncubat i on i n

t he heavy oopl asmi c f r act i on, t he nucl ei enl ar ged. Thi s change

coul d be quant i t at i vel y expr essed as an i ncr ease i n t he ar ea of
t he sper m nucl ei i n t he squash pr epar at i ons . The ar eas of
pr onucl ei ( t ype Dnucl ei ) t hat f or med dur i ng a 3- h i ncubat i on

i n undi l ut ed or hal f - di l ut ed heavy f r act i ons was det er mi ned .

The r esul t s showed t hat whi l e t he aver age ar ea of t he decon-

densed nucl ei var i ed among exper i ment s, i n each exper i ment

t he mean ar ea of t he nucl ei i ncubat ed i n t he undi l ut ed heavy

oopl asmi c f r act i on was consi st ent l y about t wi ce t hat of t he
nucl ei i ncubat ed i n t he di l ut ed f r act i on . For exampl e, t he
aver age ar eas of 50 pr onucl ei f or med dur i ng a 3- h i ncubat i on

i n undi l ut ed pr epar at i ons wer e 119 ± 50, 188 ± 97 and 352

± 124 gm' i n t hr ee di f f er ent exper i ment s, wher eas t he ar eas

of t hose f or med i n hal f - di l ut ed pr epar at i ons i n t he same

exper i ment s wer e 61 ± 17, 86 ± 36, and 154 ± 53 uml ,

r espect i vel y . These r esul t s i ndi cat e t hat t he oopl asmi c com-
ponent s i n t he heavy f r act i on i nduce pr onucl ear f or mat i on

and t hat t hei r ef f ect i s concent r at i on- dependent .

Assembl y of t he Nucl ear Envel ope

To f ur t her i nvest i gat e t he pr ocesses of pr onucl ear f or mat i on
i n vi t r o, we obser ved sper m nucl ei i ncubat ed i n t he heavy

oopl asmi c f r act i on at an ul t r ast r uct ur al l evel . Pr evi ousl y, we
f ound t hat t r eat ment of X. l aevi s sper m wi t h l ysol eci t hi n

r emoved most of t hei r pl asma membr ane and nucl ear enve-
l ope, l eavi ng t he hi ghl y condensed chr omat i n i nt act ( 14) . The
mor phol ogy of t hese sper m nucl ei r emai ned unchanged f or
at l east 3 h i f t hey wer e i ncubat ed ei t her i n t he buf f er or i n
t he buf f er di l ut ed t o one- t hi r d of i t s i ni t i al concent r at i on . I n
cont r ast , t he sper m chr omat i n i ncubat ed i n t he heavy oo-
pl asmi c f r act i on was uni f or ml y di sper sed t o become a l ess
el ect r on- dense, f i br ous st r uct ur e wi t hi n 5 mi n . However , i t
shoul d be not ed t hat whi l e t he sper m chr omat i n was f ound
t o be di sper sed wi t hi n 5 mi n when i t was exami ned ul t r ast r uc-
t ur al l y, no change i n t he chr omat i n coul d be di scer ned when
t he nucl ei wer e exami ned under t he l i ght mi cr oscope at t hi s
t i me . I nst ead, t he chr omat i n r et ai ned i t s el ongat e f or mand
coul d st i l l be st ai ned deepl y by Gi emsa .

Dur i ng i ncubat i on, a nucl ear envel ope began t o assembl e
at t he per i pher y of t he sper m chr omat i n f r om vesi cl es t hat
had pr evi ousl y been di sper sed i n t he heavy oopl asmi c f r ac-
t i on . Fr om t he mor phol ogy of vesi cl es obser ved near t he
per i pher y of t he chr omat i n i n sampl es i ncubat ed f or 30 mi n,

t he sequence of changes t hat l ead t o t he f or mat i on of t he
nucl ear envel ope was const r uct ed ( Fi g . 3, A- H) . I ni t i al l y, t he
per i pher y of t he di sper sed chr omat i n was devoi d of nucl ear
envel ope and t her ef or e di r ect l y exposed t o t he cyt opl asmi c
component s ( Fi g. 3A) . Cyt opl asmi c vesi cl es havi ng a di amet er
of 180 t o 200 nmand cont ai ni ng el ect r on- opaque mat er i al ,
wer e soon f ound at many si t es al ong t he per i pher y of t he
sper mchr omat i n ( Fi g . 3 B) . These vesi cl es f used t o each ot her

and f l at t ened ( Fi g . 3 C) t o f or mt he doubl e membr ane of t he

nucl ear envel ope. El ect r on- dense mat er i al ( Fi g . 3 E) accu-

mul at ed on t he out er membr ane of t he f l at t ened vesi cl es .

Nucl ear por e st r uct ur es wer e f or med i n t he f l at t ened vesi cl es,

possi bl y f r om t he mat er i al t hat adher ed t o t he out er mem-

br anes, at si t es wher e t he i nner and out er membr anes had

coal esced ( Fi g . 3, E- F) . Vesi cl es added t o t he per i pher y of

t he chr omat i n cont i nued t o f use and f l at t en at t he edges of

t he nascent nucl ear envel ope ( Fi g. 3 F) unt i l a cont i nuous
nucl ear envel ope, cont ai ni ng por es, encl osed t he chr omat i n
( Fi g. 3 G) . The por es wer e al so seen i n sect i ons t angent i al t o
t he membr ane ( Fi g. 3H) . Al t hough our obser vat i ons cl ear l y
i ndi cat e t hat membr ane vesi cl es t hat had a si ngl e membr ane

and cont ai ned el ect r on- opaque mat er i al cont r i but ed mem-

br ane mat er i al t o t he f or mat i on of t he nucl ear envel ope

ar ound t he sper mchr omat i n, we cannot r ul e out t he possi -

bi l i t y t hat ot her membr ane vesi cl es ar e al so i nvol ved i n nu-

cl ear envel ope assembl y .

The pr opor t i on of t he per i met er of t he sper m chr omat i n

t hat was cover ed wi t h nascent nucl ear envel ope i ncr eased

wi t h t i me dur i ng i ncubat i on i n t he cyt opl asmi c pr epar at i ons .

I n nucl ei exami ned at 30 mi n af t er i ncubat i on, onl y shor t

f r agment s of nucl ear envel ope t hat cover ed l ess t han one hal f

of t he chr omat i n cont our , wer e f ound, al t hough cyt opl asmi c

vesi cl es had al i gned at many si t es on t he chr omat i n per i pher y .

By 60 mi n, however , 85% of t he nucl ei had at l east hal f of

t he per i pher y of t he chr omat i n cover ed wi t h a nascent nucl ear

envel ope, and by 90 mi n, pr act i cal l y al l of t he nucl ei obser ved

wer e encl osed by a cont i nuous nucl ear envel ope.

Al t hough nucl ear envel ope assembl y ar ound t he sper m

chr omat i n was usual l y compl et e by 90 mi n, no f l at t ened

membr anes of any ki nd, r esembl i ng ei t her t he nucl ear enve-

l ope or annul at e l amel l ae, even i n a f r agment ed f or m, wer e
f ound i n oopl asmi c pr epar at i ons t hat wer e exami ned af t er
i ncubat i on f or 180 mi n wi t hout sper mchr omat i n . Ther ef or e,
i t i s hi ghl y l i kel y t hat t he pr esence of sper m chr omat i n i s
r equi r ed f or t he f or mat i on of t he nucl ear envel ope f r om

cyt opl asmi c membr ane vesi cl es .

Oopl asmi c Component s Requi r ed f or Nucl ear

Decondensat i on and Nucl ear Envel ope Assembl y

The heavy oopl asmi c f r act i on cont ai ns bot h sol ubl e com-

ponent s and par t i cul at e mat er i al . Cent r i f ugat i on of t hi s f r ac-

t i on at 9, 000 g f or 30 mi n r emoved most of t he pi gment

wi t hout a l oss of t he abi l i t y t o i nduce pr onucl ear f or mat i on.

However , as seen i n Tabl e I I , t he super nat ant obt ai ned f r om

t he heavy oopl asmi c f r act i on af t er a cent r i f ugat i on at 150, 000
g f or 120 mi n was unabl e t o t r ansf or m sper m nucl ei i nt o

pr onucl ei dur i ng a 3- h i ncubat i on, al t hough t he nucl ei of t en

changed t o a r ound or oval shape t hat coul d st i l l be st ai ned
deepl y by Gi emsa. I n cont r ast , pr onucl ei wer e f or med when

sper m nucl ei wer e i ncubat ed f or 3 h i n t he super nat ant t o
whi ch t he par t i cul at e component s, whi ch had been sedi -
ment ed i n t he f l uf f y l ayer dur i ng cent r i f ugat i on ( Fi g. 1 B) ,

wer e r et ur ned and r esuspended . These r esul t s, t aken t oget her

wi t h t he ul t r ast r uct ur al obser vat i ons descr i bed above, dem-
onst r at e t hat t he pr esence of par t i cul at e component s i ncl udi ng
cyt opl asmi c vesi cl es ar e pr er equi si t e f or t he t r ansf or mat i on of
sper m nucl ei i nt o pr onucl ei .

To exami ne t he r ol e of sol ubl e component s i n pr onucl ear
f or mat i on, we i ncubat ed sper m nucl ei wi t h t he f l uf f y par t of
t he pel l et af t er i t had been r esuspended i n one of t he f ol l owi ng
medi a : ( a) t he super nat ant obt ai ned by cent r i f ugat i on of t he
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FI GURE 3

	

The sequence of changes r esul t i ng i n t he f or mat i on of a nucl ear envel ope . ( A) The per i pher y of t he sper m chr omat i n

i s devoi d of nucl ear envel ope . x 35, 500 . ( B) Cyt opl asmi c vesi cl es of - 200 nm i n di amet er accumul at e at many si t es al ong t he

per i pher y of t he chr omat i n . x 35, 500. ( C) Vesi cl es i n t he pr ocess of f usi ng t o each ot her and f l at t eni ng t o f or m t he doubl e

membr ane of t he nucl ear envel ope. x 54, 000 . ( D) El ect r on- dense mat er i al ( ar r ow) accumul at es on t he out er membr ane of t he

f l at t ened vesi cl e . x 54, 000 . ( E) Por es ( ar r ows) f or m i n t he f l at t ened vesi cl es, t her eby f or mi ng shor t f r agment s of nucl ear envel ope .

x 54, 000. ( F) Vesi cl es cont i nue t o f use t o t he edges of t he f r agment s of nascent nucl ear envel ope . x 54, 000. ( G) The nucl ear

envel ope t hat ent i r el y encl oses t he sper m chr omat i n . x 54, 000. ( H) Nucl ear por es ( ar r ows) f ound i n a sect i on t angent i al t o a

nucl ear envel ope . x 52, 800 . ( A) 5- mi n i ncubat i on; ( B- F) 30- mi n i ncubat i on; ( G- H) 120- mi n i ncubat i on . Bar s, 0 . 25 gm.

l i ght oopl asmi c f r act i on at 150, 000 g f or 2 h; ( b) t he heat -

t r eat ed super nat ant f r om t he heavy oopl asmi c f r act i on, ob-

t ai ned by cent r i f ugat i on at 150, 000 g f or 2 h and t hen exposed

t o 60° C f or 10 mi n; or ( c) 1/ 3 buyer . I n each of t hese cases,

onl y a smal l per cent age of t he sper mnucl ei wer e i nduced t o

f or m pr onucl ei , usual l y t ype C nucl ei , except f or t he 5% t hat

f or med t ype D nucl ei i n t he heat - t r eat ed super nat ant ( Tabl e

I I ) . These r esul t s i ndi cat e t hat t he par t i cul at e component s ar e

not suf f i ci ent t o i nduce pr onucl ear f or mat i on. Rat her , bot h

sol ubl e f act or s and par t i cul at e component s cont ai ned i n t he
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heavy oopl asmi c f r act i on ar e r equi r ed . The sol ubl e f act or s

r esponsi bl e f or t hese ef f ect s appear t o be l ar ge, heat - l abi l e

mol ecul es, si nce nei t her t he component s i n t he heat - t r eat ed

super nat ant nor i n t he super nat ant f r omt he l i ght oopl asmi c

f r act i on ar e abl e t o compl ement t he ef f ect of t he vesi cul ar

component s t hat i nduces sper mchr omat i n decondensat i on .

We al so det er mi ned t he pr opor t i on of t he sper mchr omat i n

per i pher y t hat was cover ed by nascent nucl ear envel ope dur -

i ng a 2- h i ncubat i on i n cyt opl asmi c f r act i ons si mi l ar t o t hose

descr i bed above . As shown i n Tabl e I I I , cont i nuous nucl ear



* Ref er t o t ext .
= Damaged or nonsper m nucl ei .

60* C f or 10 mi n .

TABLE I I

Behavi or of Sper m Nucl ei dur i ng 3- h I ncubat i on i n Fr act i ons of Cyt opl asmi c Pr epar at i ons Obt ai ned by Cent r i f ugat i on

at 150, 000 g f or 2 h

TABLE I I I

Nucl ear Envel ope Assembl y on Sper m Chr omat i n I ncubat ed f or

2 h i n Fr act i ons of t he Cyt opl asmi c Pr epar at i on Obt ai ned by

Cent r i f ugat i on at 150, 000 g f or 2 h

envel opes wer e assembl ed ar ound sper m chr omat i n onl y

when i t was i ncubat ed wi t h bot h t he unt r eat ed super nat ant

f r omt he heavy f r act i on and t he par t i cul at e cyt opl asmi c ma-

t er i al . Sper mnucl ei i ncubat ed i n t he super nat ant , f r omwhi ch

al l par t i cul at e mat er i al had been r emoved by cent r i f ugat i on,

f ai l ed t o f or m nucl ear envel opes ( Fi g . 4A) . Al t hough t hese

nucl ei f ai l ed t o f or m i nt er phase nucl ei , t hei r chr omat i n be-

came di sper sed and l ess el ect r on- dense, t o t he same ext ent as

seen dur i ng t he i ni t i al phase of sper mchr omat i n di sper si on

t hat was i nduced i n t he heavy cyt opl asmi c f r act i on cont ai ni ng

vesi cl es . I n cont r ast , when t he sper mchr omat i n was i ncubat ed

i n t he super nat ant s t o whi ch t he vesi cl e- cont ai ni ng f r act i on

was r et ur ned and r esuspended, compl et e nucl ear envel opes

wer e f ound at t he per i pher y of most nucl ei ( Fi g . 4B) . How-

ever , when t he chr omat i n was i ncubat ed wi t h t he vesi cl e-

cont ai ni ng f r act i on t hat had been r esuspended ei t her i n 1/ 3

buf f er or i n t he heat - t r eat ed super nat ant exposed t o 100* Cf or
10 mi n, t he vesi cl es f ound at t he chr omat i n per i pher y had
nei t her f used t o each ot her nor f l at t ened t o f or m a nucl ear
envel ope ( Fi g. 4, C- D) , except f or a f ew cases i n whi ch onl y
ver y smal l segment s of nucl ear envel ope wer e f ound ( Tabl e
I I I ) . Under t hese condi t i ons, t he sper m nucl ei l acki ng a nu-
cl ear envel ope f ai l ed t o devel op t o a pr onucl eus, al t hough t he
chr omat i n di sper sed t o about t he same ext ent as t he chr o-

mat i n i ncubat ed i n t he sol ubl e cyt opl asmi c component s

al one. Taken t oget her , t hese r esul t s st r ongl y suggest t hat i n-

t er act i ons among t he heat - l abi l e, sol ubl e cyt opl asmi c com-
ponent s, cyt opl asmi c vesi cl es, and chr omat i n ar e pr er equi si t e
f or nucl ear envel ope assembl y .

Ot her Act i vi t i es of t he Pr onucl ei

I t was pr evi ousl y shown t hat t he Pr onucl ei t hat f or med

dur i ng a 3- h i ncubat i on i n t he heavy f r act i on cont ai ni ng

[ 3 H] dTTP coul d synt hesi ze DNA. The accumul at i on of r adi o-

act i ve l abel by t he decondensed nucl ei was exami ned by

aut or adi ogr aphy . Bot h t he compl et el y decondensed sper m

nucl ei ( t ype D nucl ei ) and nucl ei whose chr omat i n had not

yet decondensed compl et el y, ( t ype C nucl ei ) , coul d i ncor po-

r at e t he r adi oact i ve l abel . I n cont r ast , sper m nucl ei whose

mor phol ogy r emai ned unchanged dur i ng t he i ncubat i on di d

not i ncor por at e t he l abel , nor di d sper m nucl ei t hat wer e

i ncubat ed i n 1/ 3 buf f er cont ai ni ng [ 3H] dTTP wi t hout t he

oopl asmi c f r act i on .

Aphi di col i n, a speci f i c i nhi bi t or of DNA pol ymer ase- a, has

been shown t o i nhi bi t t he DNA synt hesi s r equi r ed f or chr o-

mosome r epl i cat i on ( 19) . To exami ne whet her or not t he

DNA synt hesi s obser ved her e i s r el at ed t o chr omosome r ep-

l i cat i on, we t est ed t he ef f ect of aphi di col i n on t he i ncor por a-

t i on of [ 3H] dTTP by decondensed sper mnucl ei . Sper mnucl ei

wer e i ncubat ed f or 3 h i n t he heavy oopl asmi c f r act i on af t er
i t was di l ut ed by one- hal f wi t h 1/ 3 buf f er cont ai ni ng [ 3H] -
dTTP and ei t her aphi di col i n or DMSO, t he vehi cl e sol vent

f or aphi di col i n. The abi l i t y of t he heavy oopl asmi c pr epar a-

t i on t o i nduce pr onucl ear f or mat i on was not af f ect ed by

aphi di col i n . However , aphi di col i n i nhi bi t ed t he i ncor por at i on

of [ 3 H] dTTP by t he decondensed sper m nucl ei . When
aphi di col i n was pr esent at concent r at i ons of 5 gg/ ml or 25
ug/ ml , <2% of t he Pr onucl ei , ( t ype D nucl ei ) , had gr ai ns
count s t hat exceeded t he backgr ound l evel . I n cont r ast , when

aphi di col i n was not pr esent , >98% of t hese Pr onucl ei had

gr ai n count s t hat exceeded t he backgr ound l evel . Ther ef or e,

we concl ude t hat t he DNA synt hesi s by t he Pr onucl ei r esul t s
f r omt he act i vi t y of DNA pol ymer ase- a, t he enzyme t hought

t o be i nvol ved i n chr omosomal DNA r epl i cat i on i n eucar y-
ot es .

We have shown pr evi ousl y t hat t he chr omat i n of Pr onucl ei

f or med dur i ng a 3- h i ncubat i on i n t he undi l ut ed heavy oo-

pl asmi c f r act i on of t en condensed agai n t o f or m st r uct ur es

t hat r esembl e mi t ot i c chr omosomes when i ncubat ed f or >3

h ( 14) . Al t hough t hese chr omat i n st r uct ur es r esembl e chr o-

mosomes f or med at met aphase, hi st ol ogi cal exami nat i on

showed t hat t he nucl ear envel ope was f ound t o have r emai ned

i nt act , encl osi ng t he chr omosomes. The condensed chr omat i n

was usual l y at t ached t o t he i nsi de of t he nucl ear envel ope . I t
shoul d al so be not ed t hat t he r econdensat i on of t he sper m
chr omat i n t o f or m mi t ot i c chr omosomes occur r ed onl y i n
t he undi l ut ed heavy oopl asmi c f r act i on . Sper m nucl ei i ncu-
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Cyt opl asmi c f r act i on No. of nucl ei

Type A

and B*

Per cent age

Type C*

of nucl ei

Type D* Ot her $

Heavy f r act i on ( uncent r i f uged) 2, 705 1 5 81 12

Super nat ant ( heavy f r act i on) 2, 023 83 3 0 14

Super nat ant ( heavy f r act i on) + pel l et 2, 337 0 6 87 7

Super nat ant ( l i ght f r act i on ) + pel l et 1, 185 85 5 0 10

Heat - t r eat ed super nat ant s ( heavy f r act i on) + pel l et 1, 209 81 6 5 8

1/ 3 buf f er + pel l et 2, 344 95 0 0 5

Per cent age of nucl ei

Per cent age of t he chr o-

mat i n per i met er l i ned by

nucl ear envel ope
No . of

Cyt opl asmi c f r act i on nucl ei 0 <50 >50 100

Super nat ant 50 100 - - -

Heat - t r eat ed* super nat ant + 50 98 2 - -

pel l et

1/ 3 buf f er + pel l et 60 92 8 - -

Super nat ant + pel l et 39 - 5 20 75

* 100° C f or 10 mi n .



FI GURE 4 The ext ent of nucl ear envel ope assembl y on l ysol eci t hi n- t r eat ed sper m nucl ei dur i ng a 2- h i ncubat i on i n t he

super nat ant or vesi cl e- cont ai ni ng f r act i on obt ai ned by cent r i f ugat i on of t he cyt opl asmi c pr epar at i on . ( A) Super nat ant al one, x

7, 500. ( s) Super nat ant and pel l et , x 7, 500 . ( C) 1/ 3 buf f er and pel l et , x 7, 500 . ( D) Heat - t r eat ed super nat ant and pel l et , x 10, 700 .

Bar s, 1 . 0 pm.

bat ed f or 6 h i n t he heavy f r act i on di l ut ed t o one- hal f f ai l ed

t o condense chr omosomes .

DI SCUSSI ON

Numer ous i nvest i gat i ons have demonst r at ed t hat sper m or

somat i c cel l nucl ei t r anspl ant ed i nt o t he cyt opl asm of act i -

vat ed amphi bi an eggs ar e i nduced t o enl ar ge and synt hesi ze

DNA ( 7- 10) . I t woul d not be di f f i cul t t o i magi ne t hat t he

cyt opl asmi c component s act i ng upon t he t r anspl ant ed nucl ei

t o i nduce t hei r swel l i ng ar e t he same as t hose i nvol ved i n t he
f or mat i on of t he mal e pr onucl eus . I n t he pr esent st udy, we
have shown t hat a cyt opl asmi c pr epar at i on of R. pi pi ens eggs

can i nduce, i n vi t r o, a ser i es of changes i n sper m nucl ear

mor phol ogy t hat ar e si mi l ar t o t hose occur r i ng dur i ng pr o-

nucl ear f or mat i on i n t he i nt act egg. These changes i ncl ude ( a)

t he i ni t i al r api d, but l i mi t ed, di sper si on of t he hi ghl y con-

densed sper mchr omat i n, ( b) t he assembl y of a nucl ear enve-

l ope ar ound t he per i pher y of t he sper m chr omat i n, ( c) t he

enl ar gement of t he sper m nucl ei accompani ed by an ext ensi ve

decondensat i on of t he sper mchr omat i n, ( d) t he i ni t i at i on of

DNA synt hesi s, and ( e) t he r econdensat i on of t he chr omat i n
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t hat r esul t s i n t he f or mat i on of st r uct ur es r esembl i ng mi t ot i c

chr omosomes wi t hi n t he nucl ear envel ope . These obser va-

t i ons i ndi cat e t hat t he egg cyt opl asmi c f act or s necessar y f or

t he f or mat i on of t he sper m pr onucl eus and i t s f ol l owi ng

nucl ear cycl e can be kept act i ve i n t hi s cel l - f r ee syst em.

Upon exposur e t o t he heavy oopl asmi c f r act i on, t he sper m

chr omat i n r api dl y becomes di sper sed and l ess el ect r on- dense .

Thi s change i n t he sper m chr omat i n i s cl ear l y seen at t he

ul t r ast r uct ur al l evel , but i t i s di f f i cul t t o obser ve i n t he squash

pr epar at i ons under a l i ght mi cr oscope, wher e t he sper mchr o-

mat i n appear ed t o have been unchanged f ol l owi ng a 5- mi n

exposur e t o t he oopl asmi c pr epar at i ons . Si mi l ar chr omat i n

di sper si on was al so obser ved when sper m nucl ei wer e i ncu-

bat ed i n t he f r esh sol ubl e component s, as wel l as i n t he sol ubl e

component s t hat had been exposed t o 100° C f or 10 mi n .

Fur t her mor e, t hi s t ype of chr omat i n di sper si on al so occur r ed

i n 1/ 3 buf f er i n whi ch t he vesi cul ar component s had been

r esuspended . Si nce no chr omat i n di sper si on was obser ved

when sper m nucl ei wer e i ncubat ed i n 1/ 3 buf f er al one, i t i s

l i kel y t hat t he f act or r esponsi bl e f or t he i ni t i al , r api d di sper -

si on of sper mchr omat i n i s a di f f usi bl e cyt opl asmi c subst ance



cont ai ned i n t he vesi cul ar component s as wel l as i n t he sol ubl e

f r act i on. However , si nce t he chr omat i n di sper si on occur r ed

even af t er t he maj or i t y of pr ot ei ns wer e denat ur ed by t he heat

t r eat ment , i t i s unl i kel y t hat speci f i c, heat - l abi l e cyt opl asmi c

component s ar e r esponsi bl e f or t hi s r api d chr omat i n di sper -

si on . Rat her , a mor e l i kel y expl anat i on f or t he phenomenon

may be t hat t he i ni t i al di sper si on of sper mchr omat i n r esul t s

f r om t he act i on of smal l , heat - st abl e mol ecul es, i ncl udi ng

i ons, i n t he cyt opl asmi c pr epar at i ons .

A nucl ear envel ope was assembl ed i n vi t r o ar ound t he

per i pher y of t he newl y di sper sed sper mchr omat i n. Our r esul t s

i ndi cat e t hat t he f or mat i on of t he nucl ear envel ope r equi r es

t he i nt er act i on of cyt opl asmi c vesi cl es, heat - l abi l e sol ubl e

component s and chr omat i n . The vesi cl es t hat we have shown

t o cont r i but e membr ane component s t o nucl ear envel ope

assembl y i n t hi s cel l - f r ee syst em, ar e mor phol ogi cal l y si mi l ar

t o some of t hose t hat par t i ci pat e i n nucl ear envel ope f or ma-

t i on i n l i vi ng cel l s . Not onl y wer e si mi l ar vesi cl es f ound t o be

i nvol ved i n t he f or mat i on of t he sper m pr onucl ear envel ope

i n eggs of var i ous speci es ( 4, 22, 23) , but al so i n t he r econst i -

t ut i on of t he nucl ear envel ope at t el ophase i n mi t ot i cal l y

di vi di ng cel l s ( 24- 26) . Ther ef or e, t he vesi cl es t hat par t i ci pat e

i n nucl ear envel ope assembl y i n t he oopl asmi c pr epar at i on

may be i nvol ved i n bot h t he f or mat i on of t he pr onucl ear

envel ope i n t he zygot e, as wel l as, i n t he r api d r econst i t ut i on

of t he nucl ear envel ope i n * cl eavi ng bl ast omer es . I t may be

hypot hesi zed t hat t hese vesi cl es ar e st or ed i n t he f r og egg

cyt opl asm f or use as pr ecur sor s of t he nucl ear envel ope, j ust

as t he component s r equi r ed f or chr omosomal r epl i cat i on ar e

st or ed i n t he egg cyt opl asm f or use dur i ng cl eavage ( 10) .

The or i gi n of t hese vesi cl es i s not ent i r el y cl ear , al t hough i t

has been supposed t hat i n di vi di ng cel l s t hey ar e der i ved f r om

t he endopl asmi c r et i cul um as wel l as f r om r emnant s of t he

pr evi ous nucl ear envel ope br oken down dur i ng mi t osi s ( 27) .

I n t he f er t i l i zed sea ur chi n egg t he endopl asmi c r et i cul um al so

appear s t o pl ay a maj or r ol e i n pr ovi di ng component s of t he

sper mpr onucl ear envel ope ( 28) . At pr esent , t he or i gi n of t he

vesi cl es t hat cont r i but e t o nucl ear envel ope assembl y i n t he

f r og egg i s unknown . They may or i gi nat e f r omt he envel ope

of t he ger mi nal vesi cl e, whi ch i s f r agment ed when t he ger -

mi nal vesi cl e br eaks down dur i ng mei ot i c mat ur at i on and

l at er di sper sed i n t he cyt opl asm t o become i ndi st i ngui shabl e

f r om t he ci st er nae of t he pr eexi st i ng endopl asmi c r et i cul um

( 29, 30) . I t has been shown t hat sper m nucl ei f ai l t o f or m

pr onucl ei when t hey ar e exposed t o t he cyt opl asm of mat ur e

oocyt es f r om whi ch t he ger mi nal vesi cl e has been r emoved,

suggest i ng t hat t he pr esence of ger mi nal vesi cl e mat er i al i s

r equi r ed f or pr onucl ear f or mat i on ( 21) . However , t hi s does

not necessar i l y mean t hat cyt opl asmi c membr anes der i ved

f r omsour ces ot her t han t he ger mi nal vesi cl e ar e i ncompet ent

t o assembl e nucl ear envel opes . I n f act , oocyt es whose ger -

mi nal vesi cl es have been r emoved become capabl e of i nduci ng

pr onucl ear f or mat i on i f t hey ar e r ei nj ect ed wi t h sol ubl e com-

ponent s t hat wer e pr epar ed f r omact i vat ed eggs by cent r i f ug-

i ng t he heavy oopl asmi c f r act i on at 150, 000 g f or 2 h ( 31) .

Si nce t he mat er i al t hat was i nj ect ed i n t hi s exper i ment was

compl et el y devoi d of par t i cul at e and membr ane component s,

t he nucl ear envel opes of t hese pr onucl ei must have been

f or med f r om cyt opl asmi c membr anes r emai ni ng wi t hi n t he
enucl eat ed oocyt e.

The maj or pr ot ei naceous, nonmembr anous component s of

t he nucl ear envel ope have been f ound t o be l ocal i zed i n t he

nucl ear por e compl ex, si t uat ed at t he si t es wher e t he i nner

and out er nucl ear membr anes have j oi ned, as wel l as i n t he
nucl ear l ami na l yi ng bet ween t he i nner membr ane of t he

nucl ear envel ope and t he per i pher al chr omat i n ( f or r evi ew,

see r ef er ences 27, 32) . These st r uct ur es ar e di sassembl ed dur -

i ng mi t osi s and r eassembl ed i nt o t he nucl ear envel ope when

an i nt er phase nucl eus i s r ef or med ( 33- 36) . Dur i ng nucl ear

envel ope assembl y i n our cel l - f r ee syst em, nucl ear por e st r uc-

t ur es ar e f or med af t er t he membr ane vesi cl es cont ai ni ng

el ect r on- opaque mat er i al have f l at t ened, l eavi ng t he cont ent s

bet ween t he t wo membr anes. Ther ef or e, i t i s t empt i ng t o

pr opose t hat at l east some of t he pr ot ei ns const i t ut i ng t he

nucl ear por e compl ex and l ami na or i gi nat e f r omt he cont ent s

of t he vesi cl es, al t hough t he i ncor por at i on of sol ubl e pr ot ei ns

i nt o t hese st r uct ur es i s al so l i kel y.

Per haps t he most st r i ki ng change i n t he sper m nucl ei dur i ng

i ncubat i on i n t he oopl asmi c pr epar at i on i s t he dr amat i c i n-

cr ease i n t hei r si ze . Our r esul t s i ndi cat e t hat bot h sol ubl e and

vesi cul ar cyt opl asmi c component s ar e r equi r ed t o i nduce t he

sper m nucl ei t o f or m pr onucl ei and t o enl ar ge . However ,

si nce bot h sol ubl e and vesi cul ar component s ar e al so r equi r ed

f or nucl ear envel ope assembl y, t hese r esul t s may i ndi cat e t hat

nucl ear envel ope assembl y i s pr er equi si t e f or nucl ear enl ar ge-

ment and f ur t her di sper si on of t he chr omat i n dur i ng pr onu-

cl ear f or mat i on . The concept t hat t he sper m nucl eus can be

i nduced t o enl ar ge onl y af t er a nucl ear envel ope has f or med

i s suppor t ed by t he obser vat i ons t hat dur i ng i ncubat i on i n t he

oopl asmi c pr epar at i on t he assembl y of t he nucl ear envel ope

ar ound t he sper mchr omat i n pr ecedes t he enl ar gement of t he

nucl ei . I n i nt er phase nucl ei , t he por e compl ex of t he nucl ear
envel ope, t he per i pher al l ami na, and t he i nt er nal mat r i x f or m

a nucl ear skel et on ( 37) . I t may be hypot hesi zed t hat dur i ng

sper m pr onucl ear f or mat i on t he nascent nucl ear envel ope
ser ves as a suppor t f or t he assembl y of t he nucl ear skel et on

and t hat assembl y of t he nucl ear skel et on cont i nues whi l e t he

nucl ei enl ar ge . A si mi l ar r ol e coul d be pr oposed f or t he

nucl ear envel ope dur i ng t el ophase when t he nucl ear envel ope

i s r econst i t ut ed ar ound t he mi t ot i c chr omosomes bef or e t hey

decondense t o f or m i nt er phase nucl ei .
When sper mnucl ei ar e i nduced t o enl ar ge af t er f er t i l i zat i on,

sper m- speci f i c nucl ear pr ot ei ns ar e r epl aced by hi st ones and

ot her pr ot ei ns t hat wer e or i gi nal l y f ound i n t he egg cyt opl asm

( 38- 43) . I n amphi bi an eggs, cyt opl asmi c pr ot ei ns al so move

i nt o t r anspl ant ed nucl ei and ar e t hought t o i nduce t hem t o
enl ar ge ( 44- 46) . I n our exper i ment s, di l ut i on of t he oopl asmi c
pr epar at i on r educes bot h t he per cent age of nucl ei t hat decon-
dense and t he ext ent t o whi ch t he nucl ei enl ar ge . Thi s obser -

vat i on suppor t s t he i dea t hat cyt opl asmi c pr ot ei ns or ot her

component s i n t he oopl asmi c pr epar at i ons move i nt o t he

sper m nucl ei i n a concent r at i on- dependent manner t o i nduce

t hem t o enl ar ge . Al t hough at pr esent , t he i dent i t y and t he

mode of act i on of t he pr ot ei ns t hat move i nt o t he sper m

nucl ei i s not known, we may assume t hat t hey i ncl ude t he

ger mi nal vesi cl e mat er i al f ound i n t he sol ubl e oopl asmi c

f r act i on ( 31) .

The i ni t i at i on of DNAsynt hesi s i n di vi di ng cel l s i s r egul at ed

by cyt opl asmi c f act or s t hat ar e act i ve i n S- phase of t he cel l

cycl e . When t he nucl ei of nondi vi di ng cel l s ar e exposed t o t he
cyt opl asm of cel l s i n S- phase, by cel l f usi on or nucl ear t r ans-

pl ant at i on, t hey ar e i nduced t o synt hesi ze DNA ( 6) . Our
r esul t s i ndi cat e t hat t he sper mnucl ei i ncubat ed i n a cel l - f r ee
pr epar at i on of egg cyt opl asm ar e i nduced t o synt hesi ze DNA

as wel l . The i nhi bi t i on of DNA synt hesi s by aphi di col i n

i ndi cat es t hat i t i s dependent on DNA pol ymer ase- a, t he

enzyme t hat i s necessar y f or chr omosomal DNA r epl i cat i on

i n eucar yot es ( 19) . I n i nt act eggs, t he movement of cyt opl as-

mi c pr ot ei ns i nt o t he t r anspl ant ed nucl ei may be necessar y

f or DNA synt hesi s t o be i ni t i at ed ( 44- 46) . Si mi l ar l y, DNA
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synt hesi s i nduced i n t he cel l - f r ee cyt opl asmi c pr epar at i ons

may depend on t he mi gr at i on i nt o t he sper m nucl ei of t he

f act or s t hat i ni t i at e DNA synt hesi s i n t he zygot e . However , at

pr esent , t he possi bl i t y cannot be r ul ed out t hat DNA pol ym-

er ase- a and ot her enzymes t hat may pl ay a r ol e i n t he i ni t i a-

t i on of DNA synt hesi s ar e associ at ed wi t h t he Xenopus sper m

nucl ei bef or e t hei r exposur e t o t he oopl asmi c pr epar at i ons .

The cel l f usi on and nucl ear t r anspl ant at i on exper i ment s

have al so pr ovi ded evi dence t hat t he condensat i on of chr o-

mosomes dur i ng mi t osi s al so i s cont r ol l ed by cyt opl asmi c

f act or s ( 6, 16, 46) . These exper i ment s cl ear l y showed t hat t he

cyt opl asm of cel l s i n mi t osi s can i nduce t he f or mat i on of

mi t ot i c chr omosomes i n i nt er phase nucl ei . When sper mnu-

cl ei ar e i ncubat ed i n t he oopl asmi c pr epar at i on f or 3 t o 6 h,

t he chr omat i n of t hose nucl ei t hat had once been i nduced t o

decondense t o i nt er phase coul d condense agai n t o f or mst r uc-

t ur es t hat r esembl e mi t ot i c chr omosomes. Thi s r econdensa-

t i on of chr omat i n does not appear t o r esul t f r oma degener a-

t i ve change i n t he nucl ei , si nce i n some exper i ment s t he

condensed chr omosomes, i f i ncubat ed f ur t her , coul d decon-

dense agai n t o r et ur n t o i nt er phase ( 14) . Al so, sper m nucl ei

wer e decondensed compl et el y when i ncubat ed i n pr epar at i ons

made f r om eggs i mmedi at el y af t er act i vat i on, but , unl i ke

t hose i ncubat ed i n pr epar at i ons made f r om eggs 1 h af t er

act i vat i on, t hey di d not r econdense t o f or m mi t ot i c chr om-

somes dur i ng a 6- h i ncubat i on ( unpubl i shed r esul t s) . Ther e-

f or e, i t may be a t r ansi ent appear ance of speci f i c f act or s i n

t he oopl asmi c pr epar at i on made f r omeggs 1 h af t er act i vat i on

t hat i s r esponsi bl e f or t he condensat i on of t he decondensed

chr omat i n t o st r uct ur es r esembl i ng met aphase chr omosomes .

I n al l pr obabi l i t y, t he put at i ve oopl asmi c f act or s r esponsi bl e

f or t he r econdensat i on of chr omat i n i n vi t r o ar e si mi l ar t o

t hose t hat r egul at e chr omosome condensat i on dur i ng mi t osi s

i n i nt act cel l s . These f act or s may ent er t he decondensed sper m

nucl ei t o i nduce chr omat i n condensat i on, si nce our obser va-

t i ons i ndi cat e t hat , unl i ke t he case i n i nt act cel l s, chr omosome

condensat i on i n t he oopl asmi c pr epar at i ons i s i nduced wi t h-

out br eakdown of t he nucl ear envel ope . Ther ef or e, i t may be

t hat t he f act or s r esponsi bl e f or chr omosome condensat i on

and f or nucl ear envel ope br eakdown dur i ng mi t osi s ar e di f -

f er ent mol ecul ar ent i t i es t hat coul d act i ndependent l y .

The r esul t s we pr esent her e suggest t he possi bi l i t y of ana-

l ysi ng nucl ear - cyt opl asmi c i nt er act i ons dur i ng t he cel l cycl e

by usi ng a cel l - f r ee pr epar at i on f r om amphi bi an eggs . Si nce

t hi s i n vi t r o pr epar at i on i s amenabl e t o a wi der r ange of

mani pul at i ons t han i nt act cel l s, i t woul d be par t i cul ar l y usef ul

f or t he bi ochemi cal i nvest i gat i on of t he cel l cycl e .
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