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ABSTRACT The t empor al r el at i onshi p bet ween t ubul i n expr essi on and t he assembl y of t he

mi t ot i c spi ndl e mi cr ot ubul es has been i nvest i gat ed dur i ng t he nat ur al l y synchr onous cel l cycl e

of t he Physar um pl asmodi um. The cel l cycl e behavi or of t he t ubul i n i sof or ms was exami ned

by t wo- di mensi onal gel el ect r ophor esi s of pr ot ei ns l abel ed i n vi vo and by t r ansl at i on of RNA

i n vi t r o . al - , a2- , ß1- , and ß2- t ubul i n synt hesi s i ncr eases coor di nat el y unt i l met aphase, and

t hen f al l s, wi t h 02 f al l i ng mor e r api dl y t han 01 . Nucl ei c aci d hybr i di zat i on demonst r at ed t hat

a- and ß- t ubul i n RNAs accumul at e coor di nat el y dur i ng G2, peaki ng at met aphase . Quant i t at i ve

anal ysi s demonst r at ed t hat a- t ubul i n RNA i ncr eases wi t h appar ent exponent i al ki net i cs,

peaki ng wi t h an i ncr ease over t he basal l evel of >40- f ol d . Af t er met aphase, t ubul i n RNA l evel s

f al l exponent i al l y, wi t h a shor t hal f - l i f e ( 19 mi n) . El ect r on mi cr oscopi c anal ysi s of t he pl asmo-

di um showed t hat t he accumul at i on of t ubul i n RNA begi ns l ong bef or e t he pol ymer i zat i on of

mi t ot i c spi ndl e mi cr ot ubul es . By cont r ast , t he decay of t ubul i n RNA af t er met aphase coi nci des

wi t h t he depol ymer i zat i on of t he spi ndl e mi cr ot ubul es .

How i s t he execut i on of an event i n t he cel l cycl e r el at ed t o

t he synt hesi s of t he macr omol ecul es t hat par t i ci pat e i n t he

event ? Successf ul execut i on of t he cel l cycl e event mi t osi s

depends on t he pr oper f unct i oni ng of t he mi t ot i c spi ndl e . The

maj or macr omol ecul ar component s of t he mi t ot i c spi ndl e ar e

mi cr ot ubul es . Mi cr ot ubul es ar e f or med by pol ymer i zat i on of

t ubul i n " pr ot omer s, " t he pr ot omer bei ng compr i sed of one

a- and one ß- t ubul i n pol ypept i de ( 31) . How i s t he synt hesi s

of t ubul i n pol ypept i des r egul at ed i n r el at i on t o mi t osi s? Ful -

t on and Si mpson ( 21) have pr oposed t hat t he pool of t ubul i n

pr ot omer s used f or mi t osi s i s pr esynt hesi zed. Thi s i s consi st ent

wi t h cyt ol ogi cal obser vat i ons of t i ssue cul t ur e cel l s, wher e,

bef or e pol ymer i zat i on of t he mi t ot i c spi ndl e mi cr ot ubul es

dur i ng pr ophase, t he cyt opl asmi c mi cr ot ubul es di sassembl e

( 54) . Bi ochemi cal suppor t f or a pr esynt hesi zed pool i s f ound

i n HeLa cel l s, wher e a- and ß- t ubul i n pol ypept i des ar e syn-

t hesi zed t hr oughout t he cel l cycl e ( 6) , and wher e equi val ent

amount s of t ot al or pol ymer i zabl e t ubul i n can be i sol at ed

f r ommi t ot i c or l og- phase cel l s ( 7) . However , Br avo and Cel i s

( 6) do not e a t wof ol d i ncr ease i n t ubul i n pr ot ei n synt hesi s

dur i ng mi t osi s . Dur i ng t he cel l cycl e of synchr oni zed

Chl amydomonas, t her e i s an i ncr ease i n t ubul i n pr ot ei n syn-

t hesi s t hat i s cont r ol l ed by an ei ght f ol d i ncr ease i n a- and #-

t ubul i n RNA l evel ( 1) . Al t hough t hi s i ncr eased t ubul i n expr es-

si on occur s dur i ng mi t osi s, i t i s al so concur r ent wi t h r egen-
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er at i on of t he f l agel l um. Thus i n t i ssue cul t ur e cel l s and

Chl amydomonas, exami nat i on of t he r el at i onshi p bet ween

t ubul i n synt hesi s and mi t osi s i s compl i cat ed by t he f act t hat

t ubul i n al so f unct i ons i n cyt opl asmi c or f l agel l ar mi cr ot u-

bul es .

I n t he mul t i nucl eat e pl asmodi um of Physar um, cyt o-

pl asmi c ( or f l agel l ar ) mi cr ot ubul es have never been obser ved

despi t e ext ensi ve sear ches by el ect r on mi cr oscopy and i ndi r ect

i mmunof l uor escence mi cr oscopy wi t h ant i - t ubul i n ant i bodi es

( 23) . Mi cr ot ubul es have been obser ved onl y wi t hi n t he nu-

cl eus dur i ng t he cl osed, nat ur al l y synchr onous mi t osi s . Thus,

Physar umi s wel l sui t ed f or a di r ect st udy of t he r el at i onshi p

bet ween t ubul i n synt hesi s and mi t osi s. Pul se l abel i ng of pl as-

modi al pr ot ei ns and r esol ut i on by t wo- di mensi onal gel el ec-

t r ophor esi s has shown t wo pol ypept i des t hat ar e pr ef er ent i al l y

synt hesi zed dur i ng l at e G2 phase of t he cel l cycl e ( 27, 51) .

I ni t i al l y, one pol ypept i de was i dent i f i ed as a- t ubul i n and

anot her as 0- t ubul i n ( 10) . Mor e r ecent l y, Bur l and et al . ( 8)

have f ound t hat t wo a- t ubul i ns ( al and a2) and t wo ß-

t ubul i ns ( ßl and 02) ar e expr essed i n t he pl asmodi um.

Thi s st udy exami nes whet her synt hesi s of al l f our t ubul i n

i sof or ms i n Physar um i s coor di nat el y r egul at ed dur i ng t he

cel l cycl e, and how t he synt hesi s i s t empor al l y r el at ed t o t he

assembl y and di sassembl y of t he mi t ot i c spi ndl e. I n addi t i on,

quant i t at i on of t ubul i n RNA l evel over t he cel l cycl e i s
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r epor t ed . Because i t i s f easi bl e t o gr ow l ar ge pl asmodi a t hat
r et ai n t he nat ur al mi t ot i c synchr ony, i t was possi bl e t o ex-

ami ne t ubul i n pr ot ei n synt hesi s, t he or gani zat i on of mi cr o-
t ubul es, and t he l evel of t ubul i n RNA at mul t i pl e t i me poi nt s

dur i ng t he cel l cycl e of a si ngl e pl asmodi um.

MATERI ALS AND METHODS

Physar um Pl asmodi al St r ai ns :

	

Di pl oi d nat ur al i sol at e Wi s 1 ( 18)
was used t o i sol at e RNA f or compl ement ar y DNA cl oni ng. I nbr ed di pl oi d
[ CLdxLU862] ( 16, 19) was used f or al l ot her exper i ment s .

Bact er i al Pl asmi ds :

	

The f ol l owi ng pl asmi ds wer e gener ous gi f t s : chi ck
a- and 0- t ubul i n compl ement ar y DNA ( cDNA) cl ones pTl and pT2 f r om D.
Cl evel and ( 12) , Dr osophi l a a- and 0- t ubul i n genomi c cl ones DTA4 and DTB4
f r omJ . Nat zl e ( 46) , and Dr osophi l a act i n genomi c cl one der i ved f r om XDmA2
f r om E. Fyr ber g ( 22) . Pl asmi d DNA was i sol at ed by t he met hod of Cl ewel l
( l 5) .

Const r uct i on of cDNA Cl ones :

	

cDNA cl ones wer e const r uct ed by
a modi f i cat i on of t he second- st r and pr i mi ng met hod of Land et al . ( 29) . Pol y
A- cont ai ni ng RNA, enr i ched by pol y USephar ose ( Phar maci a Fi ne Chemi cal s,
Pi scat away, NJ) chr omat ogr aphy f r om RNA i sol at ed f r oml at e G2 phase pl as-
modi a ( - 15 mi n) , was used as a t empl at e f or r ever se t r anscr i pt ase ( Li f e Sci ences,
I nc. , St . Pet er sbur g, FL) . Sodi um pyr ophosphat e ( 2 mM) was used i nst ead of
act i nomyci n D t o i nhi bi t ant i compl ement ar y st r and synt hesi s ( 37) . Tai l i ng of
t he f i r st st r and, of doubl e- st r anded cDNA af t er S1 nucl ease t r eat ment , and of

Pst l - cut pBR322 was per f or med usi ng t er mi nal deoxyr i bonucl eot i dyl t r ansf er -

ase ( Rat l i f f Bi ochemi cal s, Los Al amos, NM) as descr i bed by Roewekamp and

Fi r t el ( 44) except t hat MnCl 2 was used i n pl ace of COCI Z . Compet ent Escher i chi a

col i HB101 wer e t r ansf or med wi t h anneal ed cDNA- pBR322 ( 17) , and t et r acy-
cl i ne- r esi st ant col oni es ( 25 kg/ ml ) wer e sel ect ed and t hen scr eened f or ampi ci l -
l i n sensi t i vi t y ( 100 , ug/ ml ) .

About 1, 000 col oni es wer e scr eened by di f f er ent i al col ony hybr i di zat i on
( 49) . Repl i cat e f i l t er s wer e hybr i di zed wi t h " P- l abel ed, ol i go dT- pr i med cDNA

( 45) synt hesi zed ei t her f r om l at e G2 phase RNA ( - 15 mi n) or f r om l at e
r econst r uct i on RNA ( + 90 mi n) t empl at es . The vast maj or i t y of col oni es
showed hybr i di zat i on si gnal s of equal i nt ensi t y f or t he t wo di f f er ent cel l cycl e
pr obes . For 40 col oni es t hat showed possi bl e di f f er ent i al hybr i di zat i on, pl asmi d
DNAs wer e pur i f i ed ( 4) , di gest ed wi t h Pst I , el ect r ophor eeed i n 1 %agar ose gel s
( 33) , t r ansf er r ed t o ni t r ocel l ul ose paper ( 48) , and hybr i di zed wi t h chi ck or
Dr osophi l a a- or ß- t ubul i n sequences " P- l abel ed by ni ck- t r ansl at i on ( 41) . One
col ony i dent i f i ed by pr ef er ent i al hybr i di zat i on t o t he l at e G2 phase cDNA
pr obe cont ai ned a 1, 400 base- pai r ( bp) i nser t homol ogous t o bot h t he chi ck
and Dr osophi l a a- t ubul i n cl ones ( Ppc- al 25) . Two addi t i onal cl ones di scussed
i n t hi s r epor t showed equal hybr i di zat i on t o l at e G2 and l at e r econst r uct i on
cDNA pr obes : Ppc- 16 has a 670 by i nser t homol ogous t o an 850 base RNA,

and Ppc- 42 has a 1, 600 by i nser t homol ogous t o a 3, 800 base RNA.

Cul t ur e Met hods :

	

A si ngl e pl asmodi um was used f or each compl et e

cel l cycl e exper i ment . Pet r i di sh- si zed pl asmodi a ( 7- cm di am) wer e pr epar ed
wi t hout st ar vat i on as descr i bed by Bur l and et al . ( 8) and gr own on mycol ogi cal
medi um, t he compl ex medi umdescr i bed by Tur nock et al . ( 51) .

To i sol at e 1- 2- mg quant i t i es of RNA f r omeach of a number of t i me poi nt s
dur i ng t he cel l cycl e of a si ngl e pl asmodi um, i t was necessar y t o use a pr epar at i ve
scal e pl asmodi um( 20- 25- cmdi am) . Pr epar at i ve pl asmodi a wer e gr own at 26° C
i n a cover ed st ai nl ess st eel t r ay, 45 cmsquar e. Medi umwas ci r cul at ed t hr ough
t he cul t ur e t r ay at 2 . 4 l i t er s/ h, at a dept h of 12 mm, f r om a t emper at ur e-
cont r ol l ed r eser voi r ( 5 l i t er s t ot al vol ume i n syst em) . Exponent i al l y gr owi ng
mi cr opl asmodi a ( 5- 10 ml of 70% vol / vol mi cr opl asmodi a i n mycol ogi cal
medi um, concent r at ed by cent r i f ugat i on) wer e i nocul at ed ont o a dr y f i l t er i n a
r i ng pat t er n - - l I cm i nsi de and 15 cm out si de di amet er . When excess medi um
had soaked i nt o t he f i l t er , t he pl asmodi umand suppor t i ng f i l t er wer e t r ansf er r ed
t o t he pr eequi l i br at ed cul t ur e t r ay . I n t he t r ay, t he pl asmodi um r est ed on a
second f i l t er suppor t ed by a per f or at ed st eel sheet ; t hi s ser ved t o hol d t he
pl asmodi umj ust above t he l evel of t he medi um, whi l e t he pai r of f i l t er s ensur ed
even cont act bet ween t he medi um and t he pl asmodi um. The second synchr o-
nous mi t osi s ( met aphase I I , MI I ) occur r ed - 20 h af t er i nocul at i on .

Pol ypept i de Label i ng and Two- di mensi onal Gel El ect r o-
phor esi s :

	

At di f f er ent t i mes dur i ng t he cel l cycl e, 7- mmdi sks wer e r emoved
f r omt he pl asmodi um and pul se- l abel ed wi t h [ " S] met hi oni ne f or 15 or 20 mi n
as descr i bed by Bur l and et al . ( 8) . For one cel l cycl e exper i ment , a mor e ef f i ci ent
l abel i ng pr ot ocol was empl oyed: pl asmodi al di sks wer e pl aced on t op of 10 / , 1
( 100 uCi ) of [ " S] met hi oni ne f or 20 mi n . Sampl e pr epar at i ons f or t wo- di men-
si onal gel s, gel el ect r ophor esi s, si l ver st ai ni ng, and f l uor ogr aphy wer e per f or med
as pr evi ousl y descr i bed ( 8) wi t h t he f ol l owi ng modi f i cat i on : f or pr epar at i ve
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pl asmodi al sampl es, af t er l ysi s and nucl ease t r eat ment , an addi t i onal 100 M1 of
sampl e buf f er was added.

RNA f r om di f f er ent cel l cycl e sampl es was t r ansl at ed i n vi t r o usi ng t he
wheat ger mcel l - f r ee syst em ( 43) as descr i bed by Bost on et al . ( 5) .

Mi cr oscopy :

	

Pr ogr essi on of t he cel l cycl e and synchr ony acr oss t he
pl asmodi umdur i ng an exper i ment was j udged by et hanol - f i xed smear s obser ved
by phase- cont r ast mi cr oscopy .

El ect r on mi cr oscopy was used t o det er mi ne unambi guousl y t he cel l cycl e
st age and t o assess whet her mi cr ot ubul es wer e pr esent or absent . Smal l pi eces
( 1 mm' ) of pl asmodi um wer e f i xed i n 2%gl ut ar al dehyde, 0 . 1 MPI PES ( pH
6 . 8) , l mMEGTA, 1 mMMgSO, f or 1 h at r oom t emp. Af t er post f i xat i on i n
I %OsOy f or I h, sampl es wer e dehydr at ed t hr ough a gr aded et hanol ser i es and
t r ansf er r ed t o pr opyl ene oxi de . Sampl es wer e embedded i n Epon/ Ar al di t e and
si l ver sect i ons cut on a Por t er - Bl um MT- 2 ul t r ami cr ot ome ( Sor val , Nor wal k,
CT) st ai ned wi t h ur anyl acet at e and l ead ci t r at e, and vi ewed at 75 kV i n a
Hi t achi H- 500 el ect r on mi cr oscope ( Hi t achi , Lt d . , Tokyo, Japan) . The st ages
of mi t osi s ar e mor e accur at el y det er mi ned by el ect r on t han by phase mi cr os-
copy .

RNA I sol at i on :

	

At di f f er ent t i mes dur i ng t he cel l cycl e, a sect or - shaped
sampl e ( - 25° , 12 cm i n r adi us) wi t h suppor t f i l t er was r emoved f r om a
pr epar at i ve pl asmodi um wi t h a scal pel . Fr om t hi s pi ece, 7- mm di sks wer e
r emoved f or pr ot ei n l abel i ng and smal l er sampl es wer e r emoved f or et hanol -
f i xed smear s and f or f i xat i on f or el ect r on mi cr oscopy . The r emai ni ng pi ece of
pl asmodi um ( 0 . 5- 1 . 0 g wet wt ) was l ysed i n 5 . 0 M guani di ni um t hi ocyanat e
wi t h a Pol yt r on ( Br i nkmann I nst r ument s I nc . , West bur y, NJ) , and RNA was
pur i f i ed away f r om DNA and pol ysacchar i des by ul t r acent r i f ugat i on t hr ough
CsCl ( 8) . The RNA concent r at i on was det er mi ned by opt i cal densi t y .

Hybr i di zat i on Pr obes :

	

For RNA quant i t at i on, DNA r est r i ct i on f r ag-
ment s cont ai ni ng homol ogous sequences wer e pur i f i ed away f r om vect or se-
quences by a modi f i cat i on of t he met hod of Mor an et al . ( 36) , t hen l abel ed by
ni ck- t r ansl at i on ( 41) wi t h [ " P] dTTPor [ ' 2P] dCTP( 3, 000 Ci / mmol ; Amer sham
Cor p. , Ar l i ngt on Hei ght s, I L) t o speci f i c act i vi t i es of 1- 5 x 108 cpm/ , Ug .

The Physar um a- t ubul i n pr obe was an i nt er nal 1 ki l obase ( kb) BgI I I - SacI
f r agment of cDNA cl one Ppc- x125 . The ß- t ubul i n pr obe was ei t her a 950- bp
Bgl l l - St ul f r agment of chi ck cDNA cl one pT2 ( 53) or a 2 . 35- kb EcoRI - Bgl I
f r agment f r om Dr osophi l a cl one DTB4 ( 46) . The act i n pr obe was a 1 . 8- kb
Hi ndi l l f r agment f r omDr osophi l a cl one XDma2 ( 22) . Pr obes Ppc- 16 and Ppc-
42 wer e exci sed Pst ] i nser t s of t he r espect i ve cDNA cl ones. Af t er l abel i ng,
pr obes wer e pur i f i ed by phenol ext r act i on, Sephadex G- 75 chr omat ogr aphy,
and f i l t r at i on ( Acr odi sc, 0 . 45, um; Gel man Sci ences, I nc . Ann Ar bor , MI ) .

Hybr i d- sel ect i on assays demonst r at e t hat t he Dr osophi l a act i n pr obe hybr i d-
i zes t o Physar um act i n RNA and t hat chi ck and Dr osophi l a 0- t ubul i n pr obes
hybr i di ze t o ß- t ubul i n RNA ( 8) . Under t he condi t i ons used, t he chi ck and

Dr osophi l a ß- t ubul i n pr obes do not cr oss- hybr i di ze wi t h Physar um a- t ubul i n
sequences ( Schedl , T . , unpubl i shed obser vat i ons) .

RNA Quant i t at i on :

	

The r el at i ve l evel s of di f f er ent RNA speci es f r om

a ser i es of cel l cycl e sampl es wer e quant i t at ed by dot bl ot t i ng ( Fi g . 1) . Fi l t er s
wer e pr ehybr i di zed over ni ght at 42` C i n 5XSSC ( I XSSC i s 15 mM sodi um
ci t r at e, 150 mMNaCI ) , 200 ug/ ml soni cat ed E. col i DNA, 200 wg/ ml yeast
t r ansf er RNA, 100 ug/ ml pol y r i boadenyl i c aci d, 1 mg/ ml pol yvi nyl pyr r ol i -

done, l mg/ ml Fi col l , 50 mMsodi umphosphat e buf f er ( pH 7 . 0) , 8 mMEDTA,
0 . 5% sodi um dodecyl sul f at e, and 10% Dext r an sul f at e ( Phar maci a Fi ne
Chemi cal s, Pi scat away, NJ) i n seal ed pl ast i c bags . The pr ehybr i di zat i on sol ut i on
was r emoved and an i dent i cal sol ut i on pl us 0. 12- 0 . 6 kg of denat ur ed, ni ck-
t r ansl at ed pr obe was added and hybr i di zed at 65° C f or 6 h . Fi l t er s wer e washed
i n a vast excess of I XSSC, 0 . 1% sodi um dodecyl phosphat e at 55° C f or 2 h
wi t h agi t at i on, except t hat f i l t er s hybr i di zed wi t h t he ß- t ubul i n pr obes wer e
washed wi t h 3XSSC, 0 . 1 %sodi umdodecyl phosphat e. Fi l t er s wer e exposed t o
XAR- 5 f i l m ( East man Kodak Co . , Rochest er , NY) usi ng a Li ght ni ng- Pl us
i nt ensi f yi ng scr een ( DuPont I nst r ument s, Wi l mi ngt on, DE) .

Fi g . 1, a and b shows aut or adi ogr ams of dot bl ot s hybr i di zed wi t h t he Ppc-
a 125 and chi ck ß- t ubul i n pr obes . The aut or adi ogr ams wer e used as a t empl at e
t o cut out r adi oact i ve dot s f r om whi ch t he number of count s per mi nut e
hybr i di zed was det er mi ned by sci nt i l l at i on count i ng of f i l t er s i n 4a20 cockt ai l
( RPI Cor por at i on, Mount Pr ospect , I L) . The amount of pr obe hybr i di zed t o
al kal i - t r eat ed sampl e or when pBR322 was used as a pr obe ( 20- 30 cpm/ dot )
was subt r act ed f r omt he si gnal obt ai ned f or each dot of t he RNA di l ut i on ser i es .
Pi l ot exper i ment s under t he above condi t i ons showed t hat hybr i di zat i on had
not r eached compl et i on wi t h r espect t o t i me and concent r at i on, even t hough
( a) t he pr obe was i n st oi chi omet r i c excess wi t h r espect t o homol ogous RNA on
t he f i l t er and ( b) t he t i me and concent r at i on wer e suf f i ci ent f or t he pr obe i n
sol ut i on t o achi eve >10 x Cot , / Z . Pr esumabl y f ai l ur e t o hybr i di ze t o compl et i on

was a r esul t of concat enat i on of ni ck- t r ansl at ed DNA i n sol ut i on t o t he f i l t er -
bound RNA ( 20) . Never t hel ess, t her e i s a l i near r el at i onshi p bet ween t he
quant i t y of RNA i n a dot and t he amount of pr obe hybr i di zed, as demonst r at ed
i n Fi g. 1, c and d. For each t i me poi nt and pr obe, t he r el at i onshi p bet ween t he
amount hybr i di zed and t he quant i t y of RNA/ dot was assessed by l i near



a

Ti me Rel at i ve t o Met aphase ( mi n)

b

RESULTS

Synt hesi s of Al l Four Tubul i n Pr ot ei ns I s Per i odi c

dur i ng t he Cel l Cycl e

Wk

r egr essi on anal ysi s usi ng t he comput er pr ogr am Mi ni t ab ( Pennsyl vani a St at e

Uni ver si t y, Uni ver si t y Par k, PA) . The r el at i onshi p was consi st ent wi t h ast r ai ght

l i ne whose i nt er cept was t he or i gi n ; i n most cases RZ was >95%and, usi ng a t

t est , t he i nt er cept was not si gni f i cant l y di f f er ent f r omzer o at t he 95%conf i dence

l evel . Because t he amount of pr obe hybr i di zed was l i near l y dependent on t he

amount of homol ogous RNAi n a gi ven sampl e, t he sl ope of t he t i t r at i on l i ne

det er mi ned by l i near r egr essi on anal ysi s can be used as a measur e of t he r el at i ve

l evel of RNAat di f f er ent t i me poi nt s . The sl opes of t he t i t r at i on l i nes ( Fi g . 1, c

and d) i ndi cat e t hat wher eas act i n, Ppc- 16 and Ppc- 42 RNAl evel s ar e si mi l ar ,

t he Ppc- a 125 RNAl evel s di f f er gr eat l y i n RNAi sol at ed f r om- 430 cont r ast ed

t o 0- mi n cel l cycl e t i me poi nt s .

Nor t her n Bl ot Anal ysi s :

	

4 ug of t ot al RNA f r om each t i me poi nt

wer e gl yoxal at ed, r un on 1 . 2 or 1 . 75% agar ose gel s ( 34) , and t r ansf er r ed t o

Bi odyne A nyl on f i l t er s ( 1 . 2 t am, Pal l Cor p . , Rosemont , I L) as descr i bed by

Thomas ( 50) . I n some cases, di l ut i ons of 2 . 0, 1 . 0, and 0. 5 ug of t ot al RNAwer e

i ncl uded . Hybr i di zat i on, washi ng, and aut or adi ogr aphy wer e per f or med as

descr i bed above. Radi oact i ve bands wer e exci sed and t he amount of pr obe

hybr i di zed was det er mi ned by l i qui d sci nt i l l at i on count i ng. Si mi l ar quant i t at i ve

r esul t s wer e obt ai ned usi ng ei t her Nor t her n bl ot or dot bl ot met hods .

The cel l - cycl e t i me of Physar um pl asmodi a under t he con-

di t i ons empl oyed i s 11- 12 h . Ther e i s no G1 ; S phase begi ns

i mmedi at el y f ol l owi ng met aphase and l ast s 3 h ; G2 occupi es

7 . 5- 8 . 5 h ; and mi t osi s occupi es ~30 mi n . To exami ne t ubul i n

pr ot ei n synt hesi s dur i ng t he cel l cycl e, sampl es f r om a si ngl e

pl asmodi umwer e pul se- l abel ed f or 15 mi n wi t h [ ' SS] met hi o-

ni ne, and t he l abel ed pr ot ei ns wer e r esol ved by t wo- di men-

si onal gel el ect r ophor esi s . To exami ne cel l - cycl e nucl ear l and-

mar ks and assembl y of t he mi t ot i c spi ndl e, a sampl e was f i xed

f or el ect r on mi cr oscopy at t he mi dpoi nt of each pul se . Sam-

pl es wer e t aken ever y 15 mi n f r om 195 mi n bef or e met aphase

unt i l 120 mi n af t er met aphase . Fi g. 2 shows exampl es of

f l uor ogr aphs of t he t wo- di mensi onal gel s and el ect r on mi cr o-

FI GURE 1

	

Quant i t at i on of RNA l evel s by dot bl ot anal ysi s . Aut or adi ogr ams of r epl i cat e dot bl ot s hybr i di zed wi t h ni ck- t r ansl at ed

pr obes ( a) Ppc- al 25, 4 h- exposur e ; and ( b) chi ck , B- t ubul i n; 2- wk exposur e. Quant i t at i on of RNA l evel s by t he amount of pr obe

hybr i di zed t o a t i t r at i on ser i es of RNA sampl es i sol at ed at cel l - cycl e t i me poi nt s ( c) - 430 and ( d) 0 mi n . Tot al RNA sampl es

i sol at ed at t he i ndi cat ed t i mes dur i ng t he cel l cycl e wer e di l ut ed ( 2 . 0, 1 . 0, 0 . 5, and 0. 2 j ug, or 2 t ug al kal i t r eat ed) , f or mal dehyde

denat ur ed ( 56) , and bound t o a ser i es of r epl i cat e ni t r ocel l ul ose f i l t er s wi t h a 96- hol e mani f ol d appar at us ( Bet hesda Resear ch

Labor at or i es, Gai t her sbur g, MD) . To avoi d possi bl e var i abl e bi ndi ng due t o di f f er ent amount s of Physar um RNA, al l sampl es wer e

adj ust ed t o 10 l ag wi t h cal f l i ver t r ansf er RNA. Usi ng ' H- l abel ed SV40 compl ement ar y RNA ( a gi f t of D. Rei sman) , >99% of t he

RNA was bound by t hi s met hod . For each cel l cycl e exper i ment , a ser i es of such f i l t er s wer e hybr i di zed i n dupl i cat e wi t h each

pr obe . Radi oact i ve dot s wer e cut out and t he number of count s per mi nut e of pr obe hybr i di zed was det er mi ned by l i qui d

sci nt i l l at i on count i ng . Pr obe symbol s : O, act i n ; A, Ppc- 42 ; x, Ppc- 16; and 0, Ppc- al 25 . A l i near r el at i onshi p was obt ai ned

bet ween t he amount of pr obe hybr i di zed and t he number of mi cr ogr ams of t ot al Physar um RNA/ dot . Li nes wer e det er mi ned by

l i near r egr essi on anal ysi s . The coef f i ci ent of var i at i on bet ween sl opes of RNA t i t r at i on cur ves f r om r epl i cat e dot bl ot s was l ess

t han 17% f or act i n, 11%f or Ppc- 42, 25%f or Ppc- 16, and 13%f or Ppc- al 25 . The sl ope of t he l i ne i s a measur e of t he l evel of a

gi ven RNA ( see Mat er i al s and Met hods) .

gr aphs of r epr esent at i ve nucl ear mor phol ogi es f r omt he mi d-

poi nt of t he cor r espondi ng pul se . The second synchr onous

met aphase ( MI I ) af t er i nocul at i on ( see Mat er i al s and Met h-

ods) i s def i ned as 0 mi n, wi t h t he i ndi cat ed t i mes ( - bef or e,

+ af t er met aphase) r epr esent i ng t he t i me when t he sampl e

was f i xed f or el ect r on mi cr oscopy . The i dent i f i cat i on of t he

t ubul i ns and act i n shown i n t wo- di mensi onal gel s ( Fi gs. 2 and

4) has been descr i bed pr evi ousl y ( 8) . Pul se- l abel ed t i me poi nt s

shown i n Fi g . 2, a- c occur dur i ng i nt er phase ( see l egends t o
Fi gs . 2 and 3 f or a descr i pt i on of cel l - cycl e nucl ear l andmar ks) .

I nspect i on of t he f l uor ogr aphs shows a coor di nat e i ncr ease i n

t he l abel i ng of al - , a2- , O1- , and 132- t ubul i ns f r om - 165 t o

- 60 mi n . Synt hesi s of al l f our t ubul i ns dur i ng t he ear l i est

t i me poi nt s ( - 195 t o - 165) can be det ect ed wi t h l onger

exposur es ( see bel ow) . Label i ng cont i nues at a hi gh r at e unt i l

met aphase, and t hen decr eases r api dl y ( Fi g. 2, d- 1
.
) . Fi g . 2 d

shows a sampl e whose mi dpoi nt coi nci ded wi t h met aphase .

At t hi s poi nt , t ubul i n l abel i ng has begun t o decr ease . Fi g. 2,

e and f show l abel i ng dur i ng an ear l y ( +15 mi n) and a l at er
( +60 mi n) st age of nucl eol ar r econst r uct i on. Dur i ng t he f al l

i n t ubul i n pr ot ei n synt hesi s af t er met aphase, t he l abel i ng of

, d2, and possi bl y of a2, decr eases mor e r api dl y t han t hat of

a 1 and f 1 ( + 15 mi n, Fi g. 2e) . Tubul i n pol ypept i de l abel i ng
was never det ect ed af t er t he +30 mi n t i me poi nt . I n agr eement
wi t h pr evi ous wor k ( 27, 51) act i n, spot Z, and ot her non-
t ubul i n pr ot ei ns i n t he r egi on of t he gel wer e l abel ed cont i n-

uousl y t hr oughout t he cel l cycl e .
The t ot al l evel s of t ubul i n pol ypept i des over t he cel l cycl e

wer e anal yzed by si l ver st ai ni ng of t wo- di mensi onal gel s.

Qual i t at i ve i nspect i on showed t hat al l f our t ubul i ns wer e

pr esent t hr oughout t he cel l cycl e, even when t hey wer e not

det ect ed by pul se l abel i ng ( dat a not shown) . Thi s r esul t , i n

concer t wi t h pr evi ous wor k ( 27, 51) i ndi cat es t hat t he f our

t ubul i n speci es ar e st abl e . These r esul t s suggest t hat per i odi c
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l abel i ng i s not t he r esul t of di f f er ent i al r ecover y or changes i n

st abi l i t y of t ubul i ns . Thus, changes i n pul se l abel i ng of t ubu-

l i ns pr obabl y r ef l ect changes i n t he r at e of pr ot ei n synt hesi s .

Assembl y of Mi cr ot ubul es dur i ng t he Cel l Cycl e

To anal yze t he t i me of f or mat i on and t he or gani zat i on of

mi cr ot ubul es over t he cel l cycl e i n t he same pl asmodi um

anal yzed above, el ect r on mi cr ogr aphs wer e exami ned at hi gh

magni f i cat i on f or char act er i st i c 25- nm di am mi cr ot ubul es.

Fi g. 3 shows r epr esent at i ve el ect r on mi cr ogr aphs . Mi cr ot u-

bul es wer e f i r st obser ved at - 30 mi n ( Fi g . 3 a) i n an ot her wi se

i nt er phase nucl eus ( i nset ) . Mi cr ot ubul es wer e shor t , f ew i n

number , and r epr oduci bl y l ocal i zed i n one r egi on of t he

nucl eopl asm, t o one si de of t he nucl eol us . 15 mi n l at er ( - 15

mi n, Fi g. 3 b) t he cel l cycl e pr ogr essed t o pr ophase ( i nset

shows a t ypi cal pr ophase nucl eus) . The mi cr ot ubul es ar e i n a

st ar bur st ar r angement i n t he cent er of t he nucl eus, abut t i ng

t he nucl eol us . Mi cr ot ubul es became l onger and mor e numer -

ous . Fi g. 3 c shows a l ongi t udi nal sect i on t hr ough one pol e of

a met aphase nucl eus such as t hat shown i n Fi g . 2 d. Long

mi cr ot ubul es ext end f r omt he chr omosomes, conver ge on t he

pol e, and t er mi nat e bef or e t he nucl ear envel ope . No or gani zed

st r uct ur e has yet been di scer ned at t he pol e, i n cont r ast t o t he

spi ndl e pol e body of S. cer evi si ae ( 9) . By 15 mi n af t er met a-
phase ( Fi g . 3d) , onl y r ar e, ext r emel y shor t mi cr ot ubul es can
be obser ved, r andoml y di st r i but ed t hr oughout t he nucl eo-
pl asm. Mi cr ot ubul es wer e never obser ved ei t her i n t he cyt o-
pl asm or i n nucl ei , bef or e - 30 mi n, nor af t er +15 mi n . I t i s
i nt er est i ng t o not e t hat t he f i r st t i me t hat mi cr ot ubul es ar e
obser ved ( - 30 mi n) cor r esponds t o t he poi nt of nucl ear
commi t ment t o mi t osi s i n pl asmodi al cel l cycl e f usi on exper -

i ment s ( 52) .

The dat a pr esent ed i n Fi gs. 2 and 3 t hus show t hat t ubul i n
pr ot ei n synt hesi s begi ns hour s bef or e mi cr ot ubul es can be

det ect ed by el ect r on mi cr oscopy. By cont r ast , t he f al l i n
t ubul i n pr ot ei n synt hesi s af t er met aphase i s concur r ent wi t h
di sassembl y of t he mi t ot i c spi ndl e. To avoi d depol ymer i zat i on

of mi cr ot ubul es dur i ng f i xat i on f or el ect r on mi cr oscopy, f i x-
at i on condi t i ons t hat ar e known t o pr eser ve mi cr ot ubul es
wer e empl oyed ( 32) . The abi l i t y t o det ect shor t , r ar e mi cr o-
t ubul es at +15 mi n st r engt hens t he vi ew t hat mi cr ot ubul es
ar e l ar gel y absent over t he r emai nder of t he cel l cycl e . Thi s
concl usi on i s consi st ent wi t h t he absence of cyt opl asmi c mi -

cr ot ubul es t hr oughout t he cel l cycl e as j udged by i mmunof l u-
or escence mi cr oscopy ( 23) . I t shoul d be not ed t hat i n t hi s
st udy, st r uct ur es < - 100 nm i n l engt h coul d not be scor ed

unequi vocal l y as mi cr ot ubul es . Assumi ng an 8- nmdi amet er
f or an a- ß- t ubul i n het er odi mer ( pr ot omer ) and 13 pr ot of i l a-

ment s per t ubul e ( Gul l , K. , unpubl i shed obser vat i on) , t he

smal l est mi cr ot ubul e l i kel y t o be scor ed woul d cont ai n - 150

pr ot omer uni t s .

Tubul i n Pr ot ei n Synt hesi s I s Cont r ol l ed by t he

Level of Tr ansl at abl e RNA

To det er mi ne t he l evel of t r ansl at abl e RNAs f or t he t wo a-
and t wo ß- t ubul i ns, t ot al RNA was i sol at ed f r om pl asmodi a
bef or e met aphase ( - 15 mi n) and af t er met aphase ( +90 mi n) .
The RNAwas t r ansl at ed i n vi t r o and t he pol ypept i de pr oduct s
wer e r esol ved on t wo- di mensi onal gel s ( see Mat er i al s and
Met hods) . Bef or e met aphase, t r ansl at abl e al - , a2- , ßl - , and

02- RNAs ar e abundant , wher eas 90 mi n af t er met aphase

t r ansl at abl e t ubul i n RNAs coul d not be det ect ed ( Fi g . 4) .

Thus, f or t wo cel l - cycl e t i me poi nt s, synt hesi s of al l f our
t ubul i n speci es i s coor di nat el y r egul at ed by t he l evel of t r ans-
l at abl e RNA. A mor e det ai l ed t i me cour se f or t r ansl at abl e
RNA i s di scussed bel ow. Tr ansl at abl e RNA f or act i n, as wel l

as f or ot her pr ot ei ns det ect ed on t he gel syst em, showed no
var i at i on bet ween t he - 15 and +90 mi n t i me poi nt s .

The l ar ge change i n l evel s of t r ansl at abl e t ubul i n RNA
suggest ed a st r at egy f or i sol at i ng t ubul i n cDNA cl ones . Com-
pl ement ar y DNA cl ones wer e const r uct ed usi ng t he - 15 mi n
RNA as a t empl at e ( see Mat er i al s and Met hods) . These cl ones
wer e t hen scr eened f or di f f er ent i al hybr i di zat i on ( 45) t o " P-
l abel ed cDNA pr obes synt hesi zed f r om ei t her - 15 mi n or
+90 mi n RNA t empl at es . One cl one t hat showed pr ef er ent i al
hybr i di zat i on t o t he pr e- met aphase cDNA pr obe was al so
homol ogous t o bot h t he chi ck a- t ubul i n cl one, pT 1 ( 12) , and
t he Dr osophi l a a- t ubul i n cl one, DTA4 ( 46, dat a not shown) ;
i t was named Ppc- a 125 . When Ppc- a 125 DNA was used t o
hybr i d- sel ect t r ansl at abl e t ubul i n RNAs, i t sel ect ed bot h al
and a2 f r om t he - 15 mi n RNA ( 8) . Thus Ppc- a125 i s a
Physar um ( pl asmodi al ) a- t ubul i n cDNA cl one. Most of t he
cDNA cl ones di d not show di f f er ent i al hybr i di zat i on si gnal s
wi t h t he - 15 and +90 mi n r adi oact i ve cDNA pr obes . Two of
t hese cl ones ( Ppc- 16 and Ppc- 42) wer e chosen as cont r ol s f or
RNA quant i t at i on .

Changes i n Tubul i n RNA Level s dur i ng t he

Cel l Cycl e

To anal yze t he ki net i cs of a- t ubul i n RNA accumul at i on
and i t s r el at i onshi p t o t ubul i n pr ot ei n synt hesi s and mi cr o-

FI GURE 2

	

Per i odi c t ubul i n pr ot ei n synt hesi s and nucl ear mor phol ogy dur i ng t he cel l cycl e . At di f f er ent t i mes dur i ng t he cel l
cycl e, pl asmodi al sampl es wer e pul se- l abel ed wi t h [ 3s S] met hi oni ne . Fl uor ogr aphs of l abel ed pol ypept i des r esol ved by t wo-
di mensi onal gel s ar e i n t he upper panel s : onl y t he t ubul i n r egi on i s shown . El ect r on mi cr ogr aphs of sampl es f i xed at t he mi dpoi nt
of t he cor r espondi ng pul se- l abel i ng ar e i n t he l ower panel s ( see Mat er i al s and Met hods f or det ai l s) . Two di mensi onal gel s :
i soel ect r i c f ocusi ng i s f r om l ef t ( basi c) t o r i ght ( aci di c) ; sodi um dodecyl sul f at e el ect r ophor esi s i s f r om t op t o bot t om. Ar r ows
i ndi cat e a1- , a2- , #1- , and 02- t ubul i ns, nont ubul i n spot Z, t he br acket i ndi cat es t he act i n r egi on ( 8) . Appr oxi mat el y 1 x 10 5 cpm
was l oaded per gel , al t hough consi der abl e var i abi l i t y i n t he amount of sampl e ent er i ng t he gel was obser ved . However , usi ng
doubl e- l abel i ng t echni ques t o cor r ect f or such var i abl es, i t has been shown t hat t he r at es of t ubul i n synt hesi s i ncr ease dr amat i cal l y
i n l at e G2, wher eas t he r at es of synt hesi s of most ot her pr ot ei ns r emai ns r el at i vel y const ant ( 27, 51) . Fl uor ogr aphy of t i me poi nt s
- 165, - 150, and - 60 mi n was 5 d, and f or 0, + 15, and + 60 mi n, f l uor ogr aphy was 2 wk . The mor phol ogi es obser ved i n l ow-
magni f i cat i on el ect r on mi cr ogr aphs agr ee wi t h pr evi ous wor k ( 28) , showi ng t hat mi t osi s i n t he pl asmodi um i s cl osed, wi t h an
anast r al i nt r anucl ear spi ndl e . I nt er phase nucl ei a, b, and c showt he char act er i st i c el ect r on- dense nucl eol us wi t h di f f use chr omat i n
i n t he nucl eopl asm. The met aphase nucl eus d has condensed chr omosomes al i gned on t he met aphase pl at e bet ween t wo spi ndl e
pol es, wher eas t he nucl ear envel ope, al t hough i r r egul ar l y shaped, r emai ns i nt act . Af t er met aphase t he nucl ei di vi de, chr omat i n
decondenses, and t he el ect r on dense nucl eol ar mat er i al r eappear s and begi ns t o coal esce i nt o a si ngl e nucl eol us ( nucl eol ar
r econst r uct i on) . Ear l y and l at er st ages of nucl eol ar r econst r uct i on ar e shown i n e and f , r espect i vel y . Bar , 2 pm. x 7, 500- 12, 500 .
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FI GURE 4 I n vi t r o t r ansl at i on of RNAs i sol at ed bef or e and af t er

met aphase . Tot al RNA ( 0 . 5 ug) i sol at ed 15 mi n bef or e or 90 mi n

af t er met aphase was t r ansl at ed i n a wheat ger m ext r act wi t h [ " Sl -

met hi oni ne ; t he l abel ed pol ypept i des wer e r esol ved on t wo- di men-

si onal gel s ( see Mat er i al s and Met hods) . Ar r ows i ndi cat e al - , a2- ,

ß1- , and , B2- t ubul i ns ; t he act i n pol ypept i des ar e br acket ed .

t ubul e f or mat i on, sampl es wer e r emoved at di f f er ent t i mes i n

t he cel l cycl e f r om a si ngl e pr epar at i ve pl asmodi um. Fr om

each t i me poi nt t he f ol l owi ng i nf or mat i on was obt ai ned : ( a)

pr ot ei n synt hesi s was anal yzed by pul se l abel i ng wi t h [ ' I S] -

met hi oni ne; ( b) cel l cycl e pr ogr essi on and t he appear ance and

or gani zat i on of mi cr ot ubul es was i nvest i gat ed by phase and

el ect r on mi cr oscopy; and ( c) t ubul i n RNA l evel s wer e quan-

t i t at ed f r om t ot al RNA i sol at ed f r om t he maj or par t of each

sampl e ( see Mat er i al s and Met hods) . Thi s compl et e anal ysi s

was per f or med t wi ce, on i ndependent pr epar at i ve pl asmodi a .

Al t hough t he cel l cycl e t i mes di f f er ed ( 12 and 11 h) , equi val ent

r esul t s wer e obt ai ned . Dat a f r om one exper i ment ar e shown

i n Fi gs. 1 and 5, and dat a f r omt he ot her i n Fi g. 6 .

The r el at i ve l evel s of RNAs homol ogous t o a- t ubul i n, act i n,

Ppc- 42, and Ppc- 16 pr obes wer e quant i t at ed by dot bl ot s as

descr i bed i n Mat er i al s and Met hods and i n Fi gs . 1 and 5 .

Act i n, Ppc- 42, and Ppc- 16 wer e used as a cont r ol f or t he

behavi or of RNAs expect ed t o be nonper i odi c . Fi g. 5, a- c

show t he l evel s of t hese RNAs, def i ned by t he sl ope of t he

RNA t i t r at i on cur ve, pl ot t ed as a f unct i on of t he t i me dur i ng

t he cel l cycl e when t he RNA sampl e wer e i sol at ed ; MI I and

MI I I r epr esent t he second and t hi r d met aphases obser ved i n

t he pl asmodi um af t er i nocul at i on . The l evel s of act i n, Ppc-

42, and Ppc- 16 RNAs var y by no mor e t han a f act or of t wo.

Thus, wi t hi n t he r esol ut i on of t he assay, act i n, Ppc- 42, and

Ppc- 16 RNAs r epr esent a const ant pr opor t i on of t ot al RNA

t hr oughout t he cel l cycl e . The behavi or of act i n RNA i s

consi st ent wi t h t he cont i nuous synt hesi s of t he act i n pol ypep-

t i des dur i ng t he cel l cycl e .

El ect r on mi cr ogr aphs of t he pl asmodi umat t he peak of a-

t ubul i n RNA accumul at i on ( see bel ow) showed a t ypi cal

met aphase nucl ear mor phol ogy ( see Fi gs . 2 and 3) . The sam-

pl e i sol at ed 25 mi n ear l i er had an ear l y pr ophase mor phol ogy,

wher eas t he sampl e i sol at ed 7 mi n af t er met aphase had a ver y

ear l y st age of nucl eol ar r econst r uct i on t hat f ol l ows t el ophase

( dat a not shown) . The t i me of appear ance and t he or gani za-

t i on of mi cr ot ubul es agr eed wi t h r esul t s di scussed ear l i er :

mi cr ot ubul es wer e not obser ved bef or e - 30 or af t er + 15 mi n

( see Fi gs. 2 and 3) .

The r el at i ve l evel s of a- t ubul i n RNA over t he cel l cycl e ar e

shown i n Fi g . 5 d. To cor r ect f or var i at i ons due t o sampl i ng,

each a- t ubul i n RNA l evel was nor mal i zed t o t hat of act i n,

Ppc- 42, or Ppc- 16 RNA ( see l egend t o Fi g . 5) . A l ow basal

l evel of a- t ubul i n RNA, di f f er ent f r om exper i ment al back-

gr ound ( see Fi g . 1 c) , can be det ect ed dur i ng l at e S phase and

ear l y G2 . Dur i ng G2, t he l evel of a- t ubul i n RNA begi ns

i ncr easi ng wi t h appar ent exponent i al ki net i cs ( doubl i ng t i me

of 79 mi n) , r eachi ng a maxi mum at met aphase . Af t er met a-

phase, t her e i s a r api d f al l i n RNA l evel , r eachi ng t he basal

l evel bef or e +140 mi n. At t he met aphase peak, t her e i s mor e

t han a 40- f ol d i ncr ease i n a- t ubul i n RNA over t he basal l evel .

For at l east t he f i r st 60 mi n af t er met aphase, a- t ubul i n RNA

l evel s decay exponent i al l y, wi t h an appar ent hal f - l i f e of 19

mi n assumi ng t hat synt hesi s ceases af t er met aphase . The t r ue

hal f - l i f e woul d be even l ess i f some t ubul i n RNA cont i nues

t o be synt hesi zed post met aphase .

Mi t ot i c synchr ony was assessed by f i xi ng sampl es f or mi -

cr oscopy si mul t aneousl y f r om opposi t e si des of t he pl asmo-

di um ( see Mat er i al s and Met hods) . No evi dence of asyn-

chr ony was f ound, as j udged by phase mi cr oscopy, f or t he

pl asmodi um used i n Fi gs. 1 and 5 . The dat a pr esent ed i n Fi g.

6 wer e obt ai ned f r om a pl asmodi umt hat showed asynchr ony

of ± 5 mi n as j udged by el ect r on mi cr oscopy. I n nei t her case

was t her e det ect abl e asynchr ony wi t hi n a phase or el ect r on

mi cr oscope sampl e. Thus, t he peak l evel of a- t ubul i n RNA

occur r ed at met aphase t o a r esol ut i on of 5 mi n .

Because t he ß- t ubul i n pr obes wer e het er ospeci f i c ( chi ck or

Dr osophi l a) , t he hybr i di zat i on si gnal was not suf f i ci ent l y hi gh

f or quant i t at i on by sci nt i l l at i on count i ng. However aut or a-

di ogr ams of a- and ß- t ubul i n dot bl ot s ( Fi g. 1, a and b) , show

a qual i t at i vel y si mi l ar cel l cycl e pat t er n f or 0- t ubul i n RNA

and a- t ubul i n RNA.

RNA l evel s wer e al so quant i t at ed by Nor t her n bl ot t i ng ( see

Mat er i al s and Met hods) . Thi s met hod woul d per mi t det ect i on

of degr aded RNA t hat may cont r i but e si gni f i cant l y t o t he

hybr i di zat i on si gnal . The quant i t at i ve r esul t s f r omNor t her n

bl ot s wer e si mi l ar t o t hose obt ai ned by dot bl ot s : act i n, Ppc-

16, and Ppc- 42 RNAs r epr esent a const ant pr opor t i on of t ot al

RNA t hr oughout t he cel l cycl e ; nor mal i zed a- t ubul i n RNA

l evel s show a gr adual i ncr ease peaki ng at met aphase, >40-

f ol d over basal l evel , f ol l owed by a r api d exponent i al decay

af t er met aphase ( dat a not shown) . Fi g . 6 shows aut or adi -

ogr ams of Nor t her n bl ot s t hat i l l ust r at e t hi s . I mpor t ant l y, t he

Nor t her n bl ot s do not r eveal any si gni f i cant amount of RNA

degr adat i on ( Fi g . 6) , even f or t he t ubul i n RNAs dur i ng t he

r api d decay af t er met aphase. However , bot h a- and ß- t ubul i n

RNAs do appear t o show a sl i ght decr ease i n si ze af t er

FI GURE 3

	

Assembl y of mi cr ot ubul es dur i ng t he cel l cycl e . El ect r on mi cr ogr aphs of mi cr ot ubul es wi t hi n nucl ei f r om t he cel l cycl e

exper i ment descr i bed i n t he t ext and Fi g. 2 . I nset s show l ow- magni f i cat i on nucl ear mor phol ogi es f or - 30- and - 15- mi n t i me

poi nt s ; nucl ear mor phol ogi es f or 0 and + 15 mi n ar e shown i n Fi g . 2d and e . ( a) A f ew shor t mi cr ot ubul es ( shown i n l ongi t udi nal

sect i on, ar r ows) ar e f i r st obser ved 30 mi n bef or e met aphase, l ocal i zed i n one ar ea of t he nucl eopl asm, t o one si de of t he

nucl eol us, i n an ot her wi se i nt er phase nucl eus . ( b) At pr ophase ( - 15 mi n) mi cr ot ubul es ( shown i n cr oss- and l ongi t udi nal sect i on,

ar r ows) ar e i n a st ar bur st ar r angement i n t he cent er of t he nucl eus, adj acent t o t he nucl eol us . I n t he pr ophase nucl eus ( i nset ) ,

chr omosomes ar e begi nni ng t o condense whi l e t he nucl ear envel ope r emai ns i nt act . The nucl eol us i s acent r i c, appr essed agai nst

t he nucl ear envel ope and has begun t o di sper se . I n t he ( c) met aphase nucl eus, mi cr ot ubul es r adi at e f r om t he spi ndl e pol e

( ar r ows) acr oss t o t he spi ndl e equat or . ( d) By 15 mi n af t er met aphase, onl y a f ew shor t mi cr ot ubul es ar e seen, r andoml y

di st r i but ed t hr oughout t he nucl eopl asm. Bar , 500 nm. x 50, 000- 75, 000 .
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FI GURE 5 Level s of a- t ubul i n, act i n, Ppc- 42, and Ppc- 16 RNAs

dur i ng t he cel l cycl e . Pl ot of RNA l evel vs . t i me i n t he cel l cycl e i n

r ef er ence t o t he t hi r d met aphase af t er i nocul at i on ( M I I I ) . The sl ope

of t he t i t r at i on cur ve det er mi ned f r om dot bl ot anal ysi s was used

as a measur e of RNA l evel ( see Mat er i al s and Met hods and Fi g . 1) .

For ( a) act i n, ( b) Ppc- 42, and ( c) Ppc- 16, each poi nt i s t he mean of

sl opes f r om dupl i cat e dot bl ot s . The a- t ubul i n RNA l evel s ( d) have

been nor mal i zed t o cor r ect f or sampl i ng er r or s . The mean a- t ubul i n

sl opes f or a gi ven poi nt wer e di vi ded by t he mean of act i n ( O) , Ppc-

42 ( A) , or Ppc- 16 ( x) sl opes f r om t he same t i me poi nt . To pl ot t he

nor mal i zed l evel s on t he same scal e, nor mal i zed a- t ubul i n l evel s

wer e mul t i pl i ed by t he scal i ng f act or ( mean of al l Ppc- 42 or Ppc- 16

sl opes) / ( mean of al l act i n sl opes) . Essent i al l y equi val ent r esul t s ar e

obt ai ned wi t h each of t hese r el at i ve val ues . The mi ni mum ampl i -

t ude bet ween peak and basal l evel was 42- f ol d f r om t he a- t ubul i n

RNA l evel nor mal i zed wi t h Ppc- 42 . The exponent i al accumul at i on

and decay const ant s f or cal cul at i ng RNA doubl i ng t i me and hal f -

l i f e wer e det er mi ned by l i near r egr essi on anal ysi s of a pl ot l og e

( r el at i ve RNA l evel ) vs . t i me ( dat a not shown) . Not e t hat hybr i di za-

t i on ef f i ci ency can var y f r om exper i ment t o exper i ment . Thi s

changes t he number of count s per mi nut e hybr i di zed wi t hout

af f ect i ng t he l i near i t y of t he assay . Thus, t he scal e ( r el at i ve l evel of

a- t ubul i n RNA, [ d] ) wi l l change wi t hout af f ect i ng t he shape of t he

cur ve or quant i t at i ve concl usi ons, such as t he r at i o bet ween peak

and basal l evel , hal f - l i f e, and doubl i ng t i me .
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FI GURE 6 Nor t her n bl ot anal ysi s of a- and 0- t ubul i n, act i n, and

Ppc- 16 RNA dur i ng t he cel l cycl e . Tot al RNA ( 4 t ag) i sol at ed at

di f f er ent t i mes dur i ng t he cel l cycl e was gl yoxal at ed, el ect r opho-

r esed on a 1 . 75%agar ose gel , and t r ansf er r ed t o Bi odyne A paper .

Repl i cat e f i l t er s wer e hybr i di zed wi t h ni ck- t r ansl at ed Ppc- a125,

chi ck ß- t ubul i n, act i n, or Ppc- 16 pr obes ( see Mat er i al s and Met h-

ods) . Appr oxi mat e mol ecul ar si zes i n bases ar e gi ven, det er mi ned

f r om gl yoxal at ed si ze mar ker s Rsal or Bgl l di gest ed pBR322 and 18S

and 26S Physar um RRNAs . Exposur es f or Ppc- a125, act i n, and Ppc-

16 f i l t er s wer e 4 h ; exposur e f or chi cken 3- t ubul i n was 2 wk .

met aphase, i n cont r ast t o act i n and Ppc- 16 RNAs. Al t hough

t wo a- t ubul i n and t wo ß- t ubul i n RNAs have been i nf er r ed

f r om i n vi t r o t r ansl at i ons ( 8, see bel ow) , onl y a si ngl e a-

t ubul i n and a si ngl e Q- t ubul i n RNAband was r esol ved by t he

gel syst em used. Because Ppc- a 125 DNA can hybr i d- sel ect

bot h al - and a2- RNAs, t he RNA l evel s quant i t at ed by dot

and Nor t her n bl ot met hods pr obabl y r ef l ect t he sum of al -

and a2- RNAs .

I s t he obser ved l evel of t ot al t ubul i n RNA pr opor t i onal t o

t he l evel of t ubul i n mRNA? The pat t er n of i n vi vo pr ot ei n

synt hesi s f r om pr epar at i ve pl asmodi um t i me poi nt s agr eed
wi t h t he r esul t s pr esent ed ear l i er f or a smal l pl asmodi um( Fi g.

2 and dat a not shown) . The ear l i est t i me t hat t ubul i n synt hesi s

was det ect ed i n vi vo i n t he pr epar at i ve pl asmodi umwas i n a

pul se l abel ( 20 mi n) st ar t i ng at - 280 mi n . Synt hesi s of al ,

a2, ßl , and 02 i ncr eased coor di nat el y unt i l met aphase. Af t er

met aphase, t ubul i n synt hesi s decr eased unt i l i t was undet ect -

abl e i n t i me poi nt s af t er +30 mi n . The par al l el ki net i cs of i n

vi vo pr ot ei n synt hesi s and t ot al t ubul i n RNA l evel s suggest s

t hat t he obser ved l evel s of t ubul i n RNA ar e pr opor t i onal t o

t he l evel s of mRNA i n vi vo .

I n vi t r o t r ansl at i on of RNA i sol at ed at di f f er ent t i mes

dur i ng t he cel l cycl e of t he pr epar at i ve pl asmodi a shows a

si mi l ar pat t er n of pr ot ei n synt hesi s as does i n vi vo l abel i ng.

I n addi t i on, af t er met aphase, t r ansl at abl e RNA f or / 32, and

possi bl y f or a2, decays mor e r api dl y t han t hose f or ßl - and

al - t ubul i n ( dat a not shown) . Thi s agr ees wi t h t he pat t er n of

i n vi vo pr ot ei n synt hesi s f or t he +15 mi n t i me poi nt shown

i n Fi g . 2e. The di f f er ent i al decay of t r ansl at abl e RNA f or

t ubul i n i sof or ms pr ovi des addi t i onal evi dence t hat ßl and 02

must be encoded by di f f er ent mRNAs .

DI SCUSSI ON

The al - , a2- , 01- , and ß2- t ubul i ns of t he Physar umpl asmo-

di um ar e coor di nat el y synt hesi zed bef or e and dur i ng t hei r

ut i l i zat i on i n t he assembl y of t he mi t ot i c spi ndl e mi cr ot u-

bul es . On di sassembl y of t he spi ndl e, synt hesi s of al l t he



i sof or ms f al l s, wi t h 02 f al l i ng mor e r api dl y t han #1 . Thi s cel l

cycl e pat t er n of t ubul i n pr ot ei n synt hesi s i s f ound bot h i n

vi vo and by i n vi t r o t r ansl at i on . The coor di nat ed synt hesi s of

t he pl asmodi al t ubul i n i sof or ms may r ef l ect t he f act t hat al l

f our ar e f ound i n pur i f i ed mi t ot i c spi ndl e pr epar at i ons i n t he

st oi chi omet r y obser ved wi t h i n vi vo and i n vi t r o pr ot ei n

synt hesi s ( Roobol , A. , per sonal communi cat i on) .

Nucl ei c aci d hybr i di zat i on demonst r at ed quant i t at i vel y ( a-

t ubul i n) and qual i t at i vel y ( ß- t ubul i n) a coor di nat e accumu-

l at i on of t ubul i n RNAs i n a peak pat t er n . The t i me cour se of

t ot al t ubul i n RNA l evel s par al l el s t hat of t ubul i n pr ot ei n

synt hesi s suggest i ng t hat t he obser ved t ot al RNA i s pr opor -

t i onal t o amount s of messenger RNA. At l east t wo event s

must occur dur i ng t he cel l cycl e t o pr oduce t hi s peak pat t er n :

an event ( s) dur i ng G2 t hat gener at es an exponent i al accu-

mul at i on of a- t ubul i n RNA ( doubl i ng t i me of 79 mi n) peak-

i ng at met aphase, wi t h a >40- f ol d i ncr ease i n a- t ubul i n RNA

over t he basal l evel ; and an event ( s) at met aphase t hat gener -

at es exponent i al decay of a- t ubul i n RNA ( appar ent hal f - l i f e

of 19 mi n) , r eachi ng t he basal l evel by mi d- t o- l at e S phase .
The f al l i n a- t ubul i n RNA i s about f our t i mes mor e r api d
t han t he accumul at i on, wi t h t he appar ent hal f - l i f e r epr esent -
i ng <3% of t he i nt er mi t ot i c t i me . Thi s pat t er n of t ubul i n
expr essi on dur i ng t he pl asmodi al cel l cycl e i s obser ved under

nor mal , unper t ur bed physi ol ogi cal condi t i ons . The magni -

t ude of t he t ubul i n cel l cycl e per i odi ci t y i n Physar umi s f ar
gr eat er t han t hat obser ved i n HeLa cel l s, t wof ol d ( 6) , and
Chl amydomonas, ei ght f ol d ( 1) .

Level s of RNA ar e est abl i shed by t he r at e of synt hesi s of
t he RNA and t he r at e of i t s degr adat i on . Two gener al model s
can expl ai n t he peak pat t er n of t ubul i n RNA l evel s dur i ng
t he cel l cycl e . I n t he f i r st model , t ubul i n RNA synt hesi s woul d
be const ant t hr oughout t he cel l cycl e and t ubul i n RNA l evel s
woul d be det er mi ned sol el y by changes i n RNA st abi l i t y .
Under t hi s model , t he const ant r at e of RNA synt hesi s must
be at l east t hat of t he maxi mumobser ved r at e of accumul at i on
( st eepest sl ope of cur ve bef or e met aphase, Fi g . 5 d) . However ,
t o achi eve t he basal l evel of RNA obser ved af t er mi t osi s, a
ver y shor t RNA hal f - l i f e ( <3 mi n) woul d be necessar y . I n t he
second cl ass of model , RNA accumul at i on woul d i nvol ve
changes i n r at es of synt hesi s, wi t h RNA decay ei t her const ant
or var i abl e . Synt hesi s woul d cease at met aphase, and t ubul i n
RNA woul d subsequent l y decay. The per i odi c accumul at i on
of hi st one RNA dur i ng t he yeast cel l cycl e pr ovi des an ex-
ampl e wher e changes i n bot h synt hesi s and st abi l i t y r egul at e
RNAl evel s ( 24, 25) . The dat a i n t hi s r epor t cannot di st i ngui sh
bet ween t hese t wo model s f or accumul at i on of t ubul i n RNA.
Det ai l ed anal ysi s of t he r at es of synt hesi s and decay of Phy-
sar um t ubul i n RNAs may al l ow one t o assess t he r el at i ve
cont r i but i ons of synt hesi s and st abi l i t y .

For ei t her gener al model , t he decay component must dom-
i nat e af t er met aphase . Tubul i n RNA may be i nt r i nsi cal l y
l abi l e, wi t h t ur nover obser ved onl y when t her e i s no synt hesi s .
Al t er nat i vel y, degr adat i on of t ubul i n RNA may be f aci l i t at ed,
f or exampl e by t he i ncr eased pool of t ubul i n pr ot omer cr eat ed
by di sassembl y of t he mi t ot i c spi ndl e . Faci l i t at ed decay does
seem t o occur wi t h yeast hi st one RNAs ( 25, 39) , adenovi r us
ear l y RNAs ( 2) , and aggr egat i on- speci f i c RNAs i n di saggr e-

gat ed Di ct yost el i um ( 35) .

I t i s of i nt er est t o compar e t he cel l - cycl e expr essi on and

f unct i on of t ubul i n i n Physar um wi t h t he cel l - cycl e expr essi on

and f unct i on of hi st ones and homot hal l i sm endonucl ease i n
yeast . Per i odi c expr essi on of t ubul i ns, hi st ones ( 24, 25) , and

homot hal l i smendonucl ease ( 38) occur s bef or e and dur i ng t he
ut i l i zat i on of t hese gene pr oduct s i n t he cel l cycl e event s
mi t osi s, DNA synt hesi s, and mat i ng t ype swi t chi ng, r espec-
t i vel y . Coor di nat e expr essi on of t he pl asmodi al t ubul i ns ( a l ,
a2, ßl , and ß2) and t he yeast hi st ones ( H2A, H2B, H3, and

H4 ; 25) occur s at t he cor r espondi ng t i mes i n t he cel l cycl e.

However , what ever event ( s) i ni t i at es t he accumul at i on of

t ubul i n RNA i n Physar um, i t i s pr obabl y di st i nct f r om t he

G1 cel l cycl e r egul at i on of hi st ones and homot hal l i sm endo-

nucl ease expr essi on . Hi st one and homot hal l i smendonucl ease

expr essi on i s act i vat ed pr i or t o i ni t i at i on of DNA synt hesi s

and may be r el at ed t o t he cl ose pr oxi mi t y of or i gi ns of DNA

r epl i cat i on t o t hese genes ( 38, 40) . By cont r ast , t ubul i n RNA

accumul at i on begi ns af t er S phase . The behavi or of t he gene

pr oduct s i n t hese t hr ee exampl es i s al so di st i nct . Funct i onal l y,

t he homot hal l i sm endonucl ease i s t hought t o be unst abl e, so

t hat mat i ng- t ype swi t chi ng act i vi t y i s l i mi t ed dur i ng t he cel l

cycl e. By cont r ast , t he Physar um t ubul i ns ar e chemi cal l y

st abl e. Af t er assembl y and di sassembl y of t he mi t ot i c spi ndl e,

t he t ubul i n pool woul d seem t o be avai l abl e f or r euse. Thi s

si t uat i on di f f er s f r om t hat of hi st ones, wher e t her e i s not a

f r ee pool ( 42) ; t he hi st ones ar e i r r ever si bl y assembl ed i nt o
chr omat i n dur i ng t hei r per i odi c synt hesi s .

I t i s not obvi ous what f unct i on i s ser ved by t he per i odi ci t y

of t ubul i n synt hesi s dur i ng t he pl asmodi al cel l cycl e. Per i odi c

t ubul i n synt hesi s may cont r ol spi ndl e mi cr ot ubul e pol ymer i -
zat i on by r ai si ng t he t ubul i n pr ot omer pool t o t he concent r a-

t i on necessar y f or mi cr ot ubul e assembl y . But , synt hesi s of

t ubul i n al one seems not t o be an adequat e cause f or t he
mi t ot i c t r ansi t i on i n t hat t he pool of t ubul i n i s as l ar ge j ust
af t er mi t osi s as bef or e mi t osi s . Synt hesi s of t ubul i n woul d

become i mpor t ant f or mi cr ot ubul e assembl y i f t he t ubul i n

pr ot omer wer e modi f i ed, and l ost f unct i on dur i ng a cycl e of

assembl y and di sassembl y of t he mi t ot i c spi ndl e . However ,

no modi f i cat i ons have been det ect ed t hat al t er t he mobi l i t y
of a- or 0- t ubul i n spot s i n t wo- di mensi onal gel s of pl asmodi al

t ubul i ns t hr oughout t he cour se of mi t osi s ( unpubl i shed ob-

ser vat i ons) . Det er mi nat i on of whet her t ubul i n mol ecul es syn-

t hesi zed dur i ng one cycl e ar e ut i l i zed i n t hat and subsequent

cycl es shoul d be f easi bl e i n t he Physar um pl asmodi um. I t

seems mor e pl ausi bl e t hat assembl y i s cont r ol l ed pr i mar i l y by

mi cr ot ubul e or gani zi ng cent er s, because t hey seem t o show a

cel l cycl e var i at i on i n compet ence t o assembl e mi cr ot ubul es

( 26, 47) . Thus, t he per i odi ci t y of t ubul i n synt hesi s does not ,

by i t sel f , pr ovi de a si mpl e expl anat i on f or t he cont r ol of

mi t ot i c spi ndl e assembl y .

The event ( s) t hat r esul t i n t he f al l of t ubul i n RNA l evel s

af t er met aphase i s t empor al l y cor r el at ed wi t h t he depol ymer -

i zat i on of t he spi ndl e mi cr ot ubul es . Tr eat ment of cul t ur ed

cel l s wi t h ant i mi t ot i c agent s t hat depol ymer i ze mi cr ot ubul es

causes t he cessat i on of a- and ß- t ubul i n pr ot ei n synt hesi s and

a decr ease i n t he st eady- st at e l evel s of a- and 0- t ubul i n RNA

( 3, 11, 13) . To expl ai n t hese obser vat i ons, an aut or egul at or y
model has been pr oposed i n whi ch t he i ncr eased l evel of

unpol ymer i zed t ubul i n depr esses t ubul i n synt hesi s ( 3, 13) .

Coul d t hi s pr oposed aut or egul at i on al so be r esponsi bl e f or

t he decay of t ubul i n RNA af t er met aphase? Mi cr ot ubul es
wer e not obser ved by el ect r on mi cr oscopy bef or e - 30 mi n
and l at er t han +15 mi n . Based on t he absence of mi cr ot u-
bul es, one assumes t hat al l of t he t ubul i n exi st s i n t he pr ot o-
mer f or m out si de t he shor t t i me i nt er val f r om - 30 t o +15
mi n . Thi s assumpt i on woul d be i ncor r ect i f t ubul i n wer e
pol ymer i zed i nt o mi cr ot ubul es smal l er t han t he l i mi t of ob-
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ser vat i on, or i f a cl ass of mi cr ot ubul es or ot her t ubul i n pol y-

mer exi st s t hat i s undet ect abl e, bot h under t he condi t i ons

used f or el ect r on mi cr oscopy i n t hi s st udy, and under t he

condi t i ons used f or i mmunof l uor escence mi cr oscopy by Hav-

er cr of t and Gul l ( 23) . Because t he t ubul i n pr ot ei ns ar e chem-

i cal l y st abl e, synt hesi s wi l l change t hei r l evel by no mor e t han

t wo- t o f our - f ol d over t he cel l cycl e . Fr om ^' - 280 t o - 30

mi n, t ubul i n RNAl evel i ncr eases concur r ent l y wi t h i ncr eased

l evel of t ubul i n pr ot omer as a r esul t of new pr ot ei n synt hesi s

wi t hout assembl y i nt o mi cr ot ubul es . Fur t her mor e, at j ust

bef or e - 30 mi n when t ubul i n RNA i s accumul at i ng, t he

unpol ymer i zed t ubul i n pool must be al most as l ar ge as t hat

at 15 mi n af t er met aphase, when t ubul i n RNA l evel i s f al l i ng.

Thus, i f t ubul i n RNA i s r egul at ed by t he si ze of t he t ubul i n

pr ot omer pool as suggest ed by t he aut or egul at or y model , t hi s

r egul at i on must be sensi t i ve t o changes i n t he t ubul i n pr ot o-

mer pool of l ess t han t wof ol d . That such a smal l i ncr ease i n

t ubul i n pr ot omer pool coul d depr ess t ubul i n expr essi on i s

consi st ent wi t h t he obser vat i on t hat t ubul i n synt hesi s i s sup-

pr essed when t ubul i n l evel s ar e el evat ed 25- 50%by mi cr oi n-

j ect i on ( 14) .

The compl ement ar y aut or egul at or y r esponse woul d be t o

i ncr ease t ubul i n synt hesi s when t he t ubul i n pr ot omer pool i s

depl et ed. Evi dence f or such an i ncr ease i n r esponse t o ant i -

mi t ot i c agent s t hat depl et e t he t ubul i n pr ot omer pool has not

been r esol ved ( 3, 13) . Depl et i on of t he t ubul i n pool seems not

t o under l i e t he i nduct i on of t ubul i n RNA accumul at i on dur -

i ng f l agel l ar r egener at i on i n Chl amydomonas ( 30, 55) . I n t he

Physar umpl asmodi umaccumul at i on of t ubul i n RNAbegi ns

at l east 250 mi n bef or e mi cr ot ubul es ar e obser ved . Thus, t he

event ( s) dur i ng G2 t hat i ni t i at es t he exponent i al accumul at i on

of t ubul i n RNA i s cl ear l y not a r esul t of assembl y of t he

mi t ot i c spi ndl e mi cr ot ubul es and seems unr el at ed t o t he

behavi or of t he t ubul i n pr ot omer pool .
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