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Abst r act . We have exami ned t he r ol e of pr ot ei n phos-

phat ase t ype 1 ( PP- 1) i n mammal i an cel l mi t osi s . I m-

munof l uor escence usi ng ant i - PP- 1 ant i bodi es r eveal ed

t hat PP- 1, whi ch i s mai nl y l ocal i zed i n t he cyt opl asm

of Gl and S phase cel l s, accumul at es i n t he nucl eus

dur i ng G2 phase and i nt ensel y col ocal i zes wi t h i n-

di vi dual chr omosomes at mi t osi s . Thi s i ncr ease i n nu-

cl ear PP- 1 i n G2/ M cel l s was conf i r med by i mmuno-

xE phosphor yl at i on and dephosphor yl at i on of pr o-

t ei ns pl ays a pi vot al r ol e i n t he t r ansduct i on of hor -

monal si gnal s and t he r egul at i on of a number of pat h

ways of cel l ul ar met abol i sm ( f or r evi ews see r ef er ences 2,

10) . Recent l y at t ent i on has f ocused on t he r ol e of r ever si bl e

phosphor yl at i on i n t he r egul at i on of t he mammal i an cel l di -

vi si on cycl e, l eadi ng t o t he i dent i f i cat i on of a pr ot ei n ki nase

conser ved i n or gani sms f r omyeast t o man ( 26, 27) . Thi s ki -

nase, p34cdc 2 , appar ent l y pl ays a cent r al r ol e i n t he ent r y of

cel l s i nt o mi t osi s ( 27, 29) . Thr ough i t s phosphor yl at i on of

ot her cel l ul ar enzymes, such as t he sr c t yr osi ne ki nase,

p34cdoz appear s t o modul at e changes i n cel l ul ar mor phol ogy

and cyt oskel et al or gani zat i on accompanyi ng t he ent r y of

cel l s i nt o mi t osi s ( 24) . Whi l e l i t t l e i s known of t he ot her pr o-

t ei ns t hat cont r i but e t o r egul at i ng t he coor di nat e passage of

cel l s t hr ough mi t osi s, t he act i vat i on of p34c" - 2 ki nase i n-

vol ves i t s dephosphor yl at i on, under l i ni ng t he i mpor t ance of

pr ot ei n phosphat ases whi ch, by cat al yzi ng speci f i c dephos-

phor yl at i ons, may pl ay an i nt egr al r ol e i n t he r egul at i on of

cel l di vi si on .

One of t he most hi ghl y conser ved enzymes i n eucar yot es

i s pr ot ei n phosphat ase t ype 1 ( PP- 1) . ' I ndeed, t he pr oduct s

of t he bi mG gene of Asper gi l l us ni dul ans ( 12) , and t he

di s2+ gene and t he bwsl + gene of t he f i ssi on yeast Schi zo-

sacchar omyces pombe ( 4, 31) encode pr ot ei ns t hat ar e 86,

82, and 81% i dent i cal i n ami no aci d sequence t o r abbi t skel -

et al muscl e PP- 1 . Recent genet i c st udi es i n t hese l ower euca-

r yot i c or gani sms have shown t hat mut at i on i n t hese PP- 1- l i ke

genes causes mi t ot i c def ect s i n chr omosome di sj unct i on and

t he separ at i on of nucl ei dur i ng anaphase ( 4, 12, 31) . These

1 . Abbr evi at i on used i n t hi s paper : PP- 1, pr ot ei n phosphat ase t ype 1 .
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bl ot t i ng on subcel l ul ar f r act i ons . Mi cr oi nj ect i on of

neut r al i zi ng ant i - PP- 1 ant i bodi es bef or e di vi si on

bl ocked cel l s at met aphase, wher eas i nj ect i on of PP- 1

i n one pol e of an anaphase B cel l accel er at ed cyt oki -

nesi s and t he r ef l at t eni ng of t he i nj ect ed cel l . These

r esul t s r eveal a speci f i c cel l cycl e- dependent r edi st r i -

but i on of PP- 1 and i t s i nvol vement i n r ever si ng p34cdc2 -

i nduced ef f ect s af t er mi d- mi t osi s i n mammal i an cel l s .

put at i ve f unct i ons f or PP- 1 add t o i t s pr evi ousl y demonst r at ed

r ol es i n t he r egul at i on of gl ycogen and cel l ul ar met abol i sm,

t he modul at i on of pr ot ei n synt hesi s, and r el axat i on of smoot h
muscl e ( f or r evi ews see r ef er ences 2, 10) . Whi l e t he st r i ct

conser vat i on of PP- 1 i s i ndi cat i ve of i t s r ol e i n t he r egul at i on

of a di ver se ar r ay of f undament al pr ocesses, we st i l l do not
know how one enzyme can or chest r at e so many event s . Bi o-
chemi cal anal ysi s of t he cat al yt i c subuni t of PP- 1 r eveal s i t
can be pur i f i ed as het er odi mer wi t h ei t her of t wo pr ot ei ns,
t he heat st abl e i nhi bi t or 2 ( 15) or a gl ycogen- bi ndi ng ( G)

component . PP- 1 compl exed wi t h i nhi bi t or 2 f or ms a sol ubl e

hol oenzyme i n whi ch PP- 1 act i vi t y i s r egul at ed t hr ough a r e-

ver si bl e phosphor yl at i on r eact i on ( 2, 10) . Al t er nat i vel y, a

gl ycogen- bound hol oenzyme i dent i f i ed as PP- 1 compl exed t o

t he Gcomponent , whi ch anchor s PP- 1 gl ycogen, i s al so r eg-

ul at ed by phosphor yl at i on ( 16, 17, 33) . Ot her r epor t s have

demonst r at ed t he speci f i c bi ndi ng of PP- 1 t o myof i br i l s ( 9)

and muscl e membr anes ( wher e t he enzyme i s i n a f or msi m-

i l ar t o t hat associ at ed wi t h gl ycogen; r ef er ence 9) , and an

associ at i on wi t h chr omat i n ( 19, 23) . Taken t oget her t hese

bi ochemi cal anal yses showt he exi st ence of i nt r acel l ul ar PP- 1-

bi ndi ng pr ot ei ns and pr ovi de t he f i r st cl ues t hat t he i nt r acel -

l ul ar di st r i but i on of PPl act i vi t y may be an i mpor t ant aspect

of i t s r egul at i on .

We have exami ned t he di st r i but i on and pot ent i al r ol e of

PPl i n t he mammal i an cel l di vi si on cycl e . I mmunol ocal i za-

t i on st udi es usi ng af f i ni t y- pur i f i ed ant i bodi es speci f i c f or

PP- 1 r eveal t hat t he phosphat ase, mai nl y cyt opl asmi c i n Gl

cel l s, pr ogr essi vel y accumul at es i nt o t he nucl eus as cel l s

pr ogr ess t hr ough G2 and i nt o mi t osi s . Such nucl ear -

l ocal i zed PP- 1 i s t i ght l y associ at ed wi t h condensed chr omo-

somes dur i ng al l st ages of mi t osi s . Mi cr oi nj ect i on exper i -
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ment s i ndi cat e an essent i al r ol e f or t hi s nucl ear l ocal i zat i on

i n t ar get i ng PP- 1 act i vi t y whi ch appear s t o be r equi r ed f or

t he exi t f r om mi t osi s i n mammal i an cel l s .

Mat er i al s and Met hods

Phosphat ase Pur i f i cat i on and Ant i - Type 1 Ant i body

The 33- kD cat al yt i c f r agment of PRI was pur i f i ed f r omr abbi t skel et al mus-

cl e by t he met hod of Br aut i gan et al . ( 5) wi t h t he addi t i on of a f i nal st ep

of Mono- Q chr omat ogr aphy . Thi s pr epar at i on i s r ender ed f ul l y act i ve by

t r eat ment wi t h Mn" and di gest i on wi t h t r ypsi n ( 5) . The cat al yt i c f r agment

was di al yzed i mmedi at el y bef or e use f r om a st ock sol ut i on of 0. 35 mg/ ml
i nt o an i nj ect i on sol ut i on cont ai ni ng 0. 3 mg/ ml r abbi t ant i - mouse ant i ser a

( t o act as a mar ker f or i nj ect ed cel l s) i n an i nj ect i on buf f er cont ai ni ng 100
mM K+ gl ut amat e, 39 mMK+ ci t r at e, L0 MMMgS04 , pH 7 . 25, essen-

t i al l y as descr i bed el sewher e ( 13) . Ant i bodi es t o t he cat al yt i c f r agment of

PP- 1 wer e pr oduced as descr i bed el sewher e ( 5) , and di al yzed i nt o 0. 5 x PBS

f or mi cr oi nj ect i on . These ant i bodi es sel ect i vel y i nhi bi t PRI wi t hout i nhi bi t -
i ng or i mmunobl ot t i ng t he t ype 2A cat al yt i c subuni t ( 6) . For cont r ol ant i se-

r um, pr ei mmune sheep ant i bodi es wer e used and di al yzed as descr i bed

above . Synchr oni zed REF- 52 cel l s wer e i mmunobl ot t ed wi t h ant i - PR- 1 es-

sent i al l y by t he t echni ques descr i bed el sewher e ( 6) . Assessment s of PP- 1

act i vi t y i n REF- 52 cel l s wer e made as descr i bed bef or e usi ng phosphor yl ase

A as a subst r at e ( 5) , i n t he pr esence and absence of okadai c aci d ( 3) .

Mi cr oi nj ect i on and Cel l Cul t ur e

Rat embr yo f i br obl ast ( REF- 52) cel l s ( 28) wer e cul t ur ed i n DME sup-

pl ement ed wi t h 8 %FCS i n a humi di f i ed at mospher e cont ai ni ng 5 % C02

essent i al l y as descr i bed el sewher e ( 24) . Cel l s wer e subcul t ur ed 2- 3 d bef or e

use ont o ei t her 25- mm- di am gl ass cover sl i ps ( Schut t Labor t ekni k, Got t i n-

gen, Ger many) f or mi cr oi nj ect i on st udi es, or 12- mm gl ass cover sl i ps f or

i mmunof l uor escence . Synchr onous cel l s wer e obt ai ned by 36 h of ser um

depr i vat i on and r ef eedi ng as descr i bed el sewher e ( 24) . Mi t ot i c cel l s wer e

synchr oni zed by ser um depr i vat i on and r esynchr oni zed at S phase usi ng a

2- mMhydr oxyur ea bl ock f or 12 h . Hydr oxyur ea was r emoved by sequent i al

washi ng i n f r esh DME f or 1, 5, 10, and 15 mi n . Under t hese condi t i ons,

95 % of t he cel l s ent er S phase wi t hi n t he i ni t i al hour . Cel l s wer e mi cr oi n-

j ect ed wi t h ul t r af i ne ( x+0. 2- um out si de di amet er ) mi cr oneedl es f or ana-

phase cel l s . I mmedi at el y af t er i nj ect i on, mi t ot i c cel l s wer e l oaded i nt o

Dvor ak- St or t l er cont r ol l ed envi r onment chamber s ( Ni chol son Pr eci si on I n-

st r ument s I nc . , Gai t her sbur g, MD) and obser ved on a heat ed st age on a

Zei ss Axi ophot phot omi cr oscope .

I mmunof l uor escence Anal ysi s

For i mmunof l uor escence st udi es, cel l s wer e f i xed i n 3. 7%For mal i n f or 5

mi n and ext r act ed wi t h acet one ( - 20° C) , and f r ee pr ot ei n bi ndi ng si t es

wer e bl ocked wi t h a br i ef i ncubat i on i n PBS cont ai ni ng 0. 1 %BSA. Al t er na-
t i vel y, cel l s wer e f i xed i n - 20° C met hanol or pr eext r act ed i n 0. 5 %Tr i t on

bef or e f or mal i n f i xat i on as descr i bed bef or e ( 13) . Synchr oni zed cel l s wer e

st ai ned f or di st r i but i on of t he cat al yt i c subuni t of PP- 1 usi ng af f i ni t y- pur i f i ed

sheep ant i bodi es speci f i c f or t he cat al yt i c f r agment of PP- 1 di l ut ed 1: 100 ( 5) .

Af t er a 1- h i ncubat i on, cel l s wer e washed and t he di st r i but i on of pr i mar y

ant i body was det er mi ned by st ai ni ng cel l s wi t h f l uor escei n- conj ugat ed r ab-

bi t ant i - sheep af f i ni t y- pur i f i ed ant i bodi es ( 13) . Cel l s wer e st ai ned f or DNA

wi t h HOESCHT ( 1 j i g/ ml , bi sbenzi mi de ; Si gma Chemi cal Co . , ( La Ver pi l -

l i er e Cedex) Fr ance) , mount ed, and phot ogr aphed as descr i bed el sewher e

( 25) . Mi cr oi nj ect ed cel l s wer e f i xed i n For mal i n as descr i bed above bef or e

st ai ni ng f or t he di st r i but i on of t he i nj ect ed ant i bodi es wi t h f l uor escei n- con-

j ugat ed goat ant i - r abbi t ant i bodi es ( 24) . Cel l s wer e st ai ned f or act i n mi cr o-
f i l ament s as descr i bed el sewher e ( 13) , bef or e bei ng mount ed and pho-

t ogr aphed .

Cel l Fhact i onat i on and I mmunobl ot t i ng of Ext r act s

f r omSynchr oni zed Cel l s

Synchr oni zed REF- 52 cel l s gr owi ng on 60- nun di shes wer e t r eat ed wi t h 20

uMcyt ochal asi n B ( Si gma Chemi cal Co. ) f or 30 mi n, bef or e bei ng washed

once i n 25° C PBS, pel l et ed at 3, 000 g, and r esuspended i n 100 Al ( per 60-

mmdi sh of cel l s) of hypot oni c buf f er ( 20 mMHepes, pH7. 2, 10 mMKAc,

1 mMMgAc, 1 mMDTT, 0. 5 mMEDTA) cont ai ni ng 20 uMcyt ochal asi n

B. Cel l s wer e al l owed t o swel l f or 10 mi n on i ce, bef or e l ysi s by addi t i on
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of NP- 40 at 0. 1% f i nal and KAc at 100 mM. Af t er 5 mi n i n i ce and vor t ex,

nucl ei and membr anes wer e pel l et ed by cent r i f ugat i on f or 10 mi n at 8, 000 g,

r esuspended i n 100 WI of l ysi s buf f er , and cal l ed nucl ear f r act i on ( N) ; t he

super nat ant was t he sol ubl e cyt opl asmi c f r act i on ( S) .

For i mmunobl ot t i ng of t hese f r act i ons wi t h ant i - PP- I , 50 ul of each f r ac-

t i on ( equi val ent t o hal f a 60- mmdi sh of cel l s) was l oaded on a 12 . 5 %acr yl -

ami de gel f or anal ysi s by one- di mensi onal el ect r ophor esi s bef or e t r ansf er

on ni t r ocel l ul ose f or i mmunobl ot t i ng wi t h af f i ni t y- pur i f i ed ant i - PP- 1 ( di -

l ut ed 1 : 200) and st ai ni ng wi t h ant i - sheep per oxi dase- conj ugat ed ant i bodi es

and chl or onapt hol as descr i bed bef or e ( 6) .

Resul t s

I mmunol ocal i zat i on of PRI i n Rat Embr yo Fl i br obl ast s

dur i ng t he Cel l Di vi si on Cycl e

To exami ne t he cyt ol ocal i zat i on of PP- 1 i n mammal i an cel l s,
REF- 52 cel l s ( 28) wer e synchr oni zed by ser umdepr i vat i on

as descr i bed pr evi ousl y ( 8, 25) . Under t hese condi t i ons,

upon ser um st i mul at i on, cel l s have a doubl i ng t i me of 26-

28 h wi t h f our phases cor r espondi ng t o Gl ( 0- 16 h) , S phase

( 16- 20 h) , G2 ( 20- 26 h) , and mi t osi s ( 25- 28 h) ( 24) . Syn-

chr oni zed cel l s, f i xed as descr i bed i n Mat er i al s and Met h-

ods, wer e st ai ned wi t h a sheep pol ycl onal ant i body af f i n-

i t y pur i f i ed agai nst a 33- kD cat al yt i c f r agment of r abbi t

skel et al muscl e PP- 1 ( 5) . Thi s ant i body ( ant i - PP- 1) has been

shown t o be speci f i c f or PP- 1 and unr eact i ve wi t h phospha-

t ase t ype 2A ( 5) . Ant i - PP- 1 r ecogni zed a si ngl e pr ot ei n of

36 kD i n gr owi ng REF- 52 cel l s ( Fi g . 1 A) . Cel l s st ai ned i n

GI wi t h t hi s ant i - PP- 1 r eveal ed a di st r i but i on f or PP- 1 mai nl y

t hr oughout t he cyt opl asm, wi t h onl y l i t t l e evi dence of st ai n-

i ng i n t he nucl eus ( Fi g . 1, B and C) . A si mi l ar di st r i but i on
was al so obser ved i n qui escent cel l s, t hr oughout t he G1
per i od and usi ng di f f er ent met hods of f i xat i on of t he cel l s

( f or mal i n or met hanol ) ( dat a not shown) . Thi s l ocal i zat i on,

mai nl y cyt opl asmi c, i s consi st ent wi t h bot h i t s pr evi ous i m-

pl i cat i on i n gl ycogen met abol i sm ( f or r evi ew see r ef er ence

10) and i n S6 dephosphor yl at i on ( 32) , and wi t h our obser va-
t i on t hat PP- 1 appear s t o pl ay an essent i al r ol e as t he domi -
nant phosphat ase i n t he r egul at i on of act omyosi n cont r act i l -

i t y i n r at embr yo f i br obl ast s ( 13) . As cel l s pr oceeded t hr ough
S phase and i nt o G2, t her e was a pr ogr essi ve i ncr ease of t he

phosphat ase st ai ni ng i nt o t he nucl eus . Cel l s i n S phase ( 18 h

af t er r ef eedi ng) begi n t o show a l ow- l evel st ai ni ng wi t hi n

t he nucl eus ( Fi g . 1, Dand E) i n addi t i on t o t he br i ght cyt o-

pl asmi c st ai ni ng . Dur i ng G2, t he l evel of nucl ear st ai ni ng f or

PR- 1 cont i nued t o i ncr ease unt i l cel l s r eached pr ophase,
when t he l evel of nucl ear st ai ni ng was consi der abl y br i ght er
t han i n t he cyt opl asm. Met hanol f i xat i on or br i ef ext r act i on

of cel l s wi t h 0. 1% Tr i t on X- 100 bef or e f or mal i n f i xat i on

pr ovi ded hi gher cont r ast i mages of PP- 1 nucl ear st ai ni ng.
Fi g . 1, F and G, shows phase- cont r ast and PP- 1 st ai ni ng of

l at e G2 cel l s f i xed i n f or mal i n af t er pr i or ext r act i on i n Tr i t on
X- 100 ( not e t he chr omat i n i s begi nni ng t o condense i n t he
cel l on t he r i ght i n F) . Mor eover , Fi g. 1 Gwas pr i nt ed ap-

pr oxi mat el y t wi ce as dar kl y as t he ot her f l uor escence panel s
t o compensat e f or t he br i ght ness of t he st ai ni ng wi t hi n t he

nucl eus of t he pr ophase cel l . At t he onset of mi t osi s, nucl ear

PP- 1 i s speci f i cal l y associ at ed wi t h t he condensi ng chr oma-

t i n ( Fi g . 2, Aand B) , and i ndi vi dual chr omosomes ar e br i l -

l i ant l y st ai ned at pr omet aphase ( Fi g . 2, Cand D) . Af t er di s-

assembl y of t he nucl ear envel ope, br i ght st ai ni ng f or PP- 1 i s

st i l l cl ear l y di scer ned on t he met aphase chr omosomes t o-

get her wi t h some st ai ni ng t hr oughout t he cel l cyt opl asm
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Fi gur e I . I mmunol ocal i zat i on of PP- 1 t hr ough t he cel l cycl e of mammal i an f i br obl ast s . Rat embr yo f i br obl ast s gr owi ng on gl ass cover sl i ps
wer e synchr oni zed t hr ough 36 h of ser umdepr i vat i on as descr i bed i n Mat er i al s and Met hods . At di f f er ent t i mes t her eaf t er , cel l s wer e f i xed
and pr ocessed f or i mmunof l uor escence usi ng an af f i ni t y- pur i f i ed sheep ant i - PP- 1 whi ch r ecogni zes a si ngl e pr ot ei n at 36 kD i n ext r act s
of r andoml y gr owi ng REF- 52 cel l s ( A) . Shown ar e phase- cont r ast i mages ( B, D, and F) and f l uor escence mi cr ogr aphs ( C, E, and G) of
cel l s at di f f er ent t i mes i n t he cel l cycl e . B and C show PP- 1 di st r i but i on i n GI cel l s ; D and E show i t s di st r i but i on i n S phase cel l s ; and
F and Gshow i t s di st r i but i on i n l at e G2 wi t h one pr ophase cel l i n t he cent er of t he i mage . Bar s, 5 um.

( Fi g . 2 E) . Thi s br i ght st ai ni ng of t he chr omosomes r emai ns
t hr ough anaphase ( Fi g . 2 F) and ear l y t el ophase ( Fi g . 2 G)
wi t h t he chr omat i n st i l l bei ng cl ear l y st ai ned agai nst t he cel -
l ul ar backgr ound . Thi s nucl ear st ai ni ng di sappear s onl y at
l at e t el ophase, when t he chr omat i n i s decondensed and t he
nucl eus has r egai ned i t s i nt er phase mor phol ogy ( - I h af t er
r ef or mat i on of t he nucl ear envel ope) , l eavi ng cel l s st ai ned
mai nl y i n t he cyt opl asm l i ke GI cel l s ( Fi g. 1 C) . Such i m-
ages of chr omat i n st ai ni ng at mi t osi s wer e speci f i c t o t he use
of ant i - PPI ant i body si nce t hi s st ai ni ng pat t er n was abol -
i shed by pr ei ncubat i on of t he ant i - PP- 1 ant i bodi es wi t h an
excess of PPl ( Fi g . 2 H, st ai ni ng of a pr omet aphase cel l ) .
Fur t her mor e, t hi s associ at i on of PP- 1 st ai ni ng wi t h t he chr o-

Fer nandez et a) . Pr ot ei n Phosphat ase- I i n Mammal i an Cel l Mi t osi s

mosomes of mi t ot i c cel l s was abol i shed by t r eat ment of t he
f i xed cel l s wi t h DNase 1 ( pr ot ease f r ee, 0. 5 mgI ml f or 10
mi n) bef or e i mmunost ai ni ng . Such t r eat ment r esul t ed i n a
di f f use st ai ni ng f or PP- 1 t hr oughout t he cyt opl asmof mi t ot i c
cel l s ( dat a not shown) . These r esul t s show a cel l cycl e- de-
pendent change i n PP- 1 di st r i but i on, wi t h a gr adual i ncr ease
i n nucl ear PP- 1 f r omt he end of GI - S, cul mi nat i ng at mi t osi s
wi t h an i nt ense st ai ni ng associ at ed wi t h t he condensed chr o-
mosomes .

PRI I mmunobl ot t i ng of Subcel l ul ar Fr act i ons

To conf i r m t hat t he mar ked i ncr ease i n nucl ear PP- 1 at t he
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Fi gur e 2 . I mmunol ocal i zat i on of PP- 1 i n mi t ot i c mammal i an cel l s. Synchr oni zed r at embr yo f i br obl ast s gr owi ng on gl ass caver sl i ps wer e

f i xed i n met hanol as t hey r eached mi t osi s ( mi t ot i c i ndex - 15- 20%) and st ai ned wi t h af f i ni t y- pur i f i ed ant i - PP- 1 ant i bodi es as descr i bed

f or Fi g. 1 . Fl uor escence mi cr ogr aphs of i ndi vi dual cel l s st ai ned at var i ous st ages of mi t osi s : ( A and B) i n ear l y and l at e pr ophase, r espec-
t i vel y ; ( C and D) i n pr omet aphase ; ( E) i n met aphase ; ( F) i n anaphase; and ( G) i n t el ophase . ( H) St ai ni ng of a mi t ot i c wi t h t he same
ant i - PP- 1 ser um but af t er pr ei ncubat i on of t he ant i body wi t h pur i f i ed PP- 1 . Bar , 7 gym.

end of G2 and dur i ng mi t osi s obser ved by i mmunof l uor es-

cence t r ul y r ef l ect ed an i ncr ease i n PP- 1 cat al yt i c subuni t

abundance i n t he nucl ei , as opposed t o t he possi bl e unmask-

i ng of an epi t ope t hr ough di f f er ent i al associ at i on wi t h r egul a-

t or y subuni t s, we per f or med f r act i onat i on of synchr oni zed

cel l s f or anal ysi s by West er n i mmunobl ot t i ng . Cel l s wer e
gr own on 60- mm pl at es and synchr oni zed as descr i bed

above . Pl at es of cel l s wer e scr aped and i ncubat ed i n a smal l

vol ume of hypot oni c buf f er bef or e l ysi s wi t h NP- 40 ( 0. 1%)

and pr epar at i on of t he nucl ear f r act i ons as descr i bed i n
Mat er i al s and Met hods t o obt ai n pel l et ed nucl ear f r act i ons

and cyt opl asmi c sol ubl e f r act i ons . Bef or e har vest i ng, cel l s

wer e t r eat ed wi t h 20 / AM cyt ochal asi n B t o di sassembl e t he

act i n mi cr of i l ament net wor ks and t hus r el ease t he PP- 1

bound t o act omyosi n i nt o t he sol ubl e f r act i on . Fi g . 3 shows

t he West er n bl ot f r om GI and G2/ M nucl ear and sol ubl e

f r act i ons . I n GI cel l s, i mmunobl ot t i ng r eveal s a 36- kD pr o-

t ei n i n t he sol ubl e f r act i on whi ch i s det ect ed si mi l ar l y i n t he

cyt opl asmi c sol ubl e ext r act f r omG2/ M cel l s ( Fi g . 3, l anes

GI S and G2S) . I n t he nucl ear f r act i ons, GI cel l s show onl y

a f ai nt st ai ni ng of t he 36- kD band ( Fi g . 3, l ane GI N) wher eas

a much st r onger si gnal i s det ect ed at 36 kD i n G2/ M cel l

nucl ei ( Fi g . 3, l ane G2N) , even t hough t he sampl e l oadi ng

per l ane was t he same. ( Fr act i ons r ecover ed f r omhal f a 60-

mmdi sh of conf l uent REF52 cel l s- i . e . , 4- 5 x 106 cel l s-

wer e l oaded per l ane ; t he equi val ence of t he l oadi ng was al so

Fi gur e 3. Evi dence f or a nucl ear accumul at i on of PP- 1 i n G2 cel l s .
Tb assay t he r el at i ve abundance and act i vi t y of PP- 1 i n nucl ear and
cyt oskel et al compar t ment s of Gl and G2 cel l s, synchr oni zed cel l s
wer e har vest ed and subcel l ul ar f r act i ons pr epar ed as descr i bed i n
Mat er i al s and Met hods . The f i gur e shows i mmunobl ot t i ng anal ysi s
of t he di f f er ent f r act i ons f r omGl and l at e G2 cel l s, usi ng ant i - PP- 1
af f i ni t y- pur i f i ed ant i bodi es . S and Nr ef er t o t he cyt opl asmi c ( sol u-
bl e) and nucl ear ( i nsol ubl e) f r act i ons, r espect i vel y .
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checked t hr ough r ed Ponceau st ai ni ng of t he bl ot bef or e i m-

munobl ot t i ng. ) These dat a show t hat an i ncr eased associ a-
t i on of PP- 1 wi t h t he i nsol ubl e f r act i on occur s dur i ng t he G2
per i od of t he cel l cycl e and t hus conf i r m our i mmunocyt o-

l ocal i zat i on obser vat i on .

Met aphase Ar r est af t er Phosphat ase I nhi bi t i on

To i nvest i gat e t he pot ent i al r ol e of PP- 1 dur i ng mi t osi s, si nce
i t appear ed t hat PP- 1 under went nucl ear l ocal i zat i on dur i ng

G2 and at mi t osi s, we exami ned how neut r al i zi ng PP- 1 act i v-

i t y by mi cr oi nj ect i on of ant i - PP- 1 ant i bodi es woul d af f ect t he

under goi ng of mi t osi s i n r at embr yo f i br obl ast s . To obt ai n

hi gh pr opor t i ons of mi t ot i c cel l s, REF- 52 cel l s wer e syn-

chr oni zed by ser umst ar vat i on and used 24 h af t er r ef eedi ng .

Cel l s sel ect ed i n t he ear l i est phases of mi t osi s wer e mi cr oi n-

j ect ed wi t h ei t her cont r ol ant i ser um ( Fi g. 4, Aand B) or 0. 5

mg/ ml af f i ni t y- pur i f i ed ant i - PP- 1 ant i body di l ut ed i nt o 0 . 5 x

PBS ( Fi g . 4, Cand D) . Cel l s wer e i nj ect ed wi t h ant i bodi es

as t hey ent er ed mi t osi s, and f i xed 90 mi n af t er war ds . Under

usual ci r cumst ances, most cel l s have ent er ed t el ophase by

t hi s t i me . Mi cr oi nj ect i on of t he cont r ol ant i bodi es ( st ai ned

wi t h f l uor escei n- conj ugat ed ant i - sheep ant i bodi es ; Fi g . 4 B)

had no di scer ni bl e ef f ect on t he t r ansi t i on of t he cel l s t hr ough

t o t el ophase, and a pai r of br i ght l y st ai ned r ef l at t eni ng cel l s

i s cl ear l y vi si bl e i n t he mar ker ant i bodi es st ai ned i mage ( Fi g .

4 B) . I n t he phase i mage ( Fi g . 4 A) , t he nucl ei i n t he i nj ect ed
cont r ol cel l s ar e al r eady di scer ni bl e, i mpl yi ng t hat t he enve-
l ope i s r ef or mi ng ; t hi s i ndi cat es t hat i nj ect i on of t he cont r ol

ant i ser umdi d not di sr upt t he pr ogr essi on of t he cel l s t hr ough

mi t osi s . I ndeed, cel l s i nj ect ed wi t h cont r ol ant i ser um con-

t i nued t hr ough at l east anot her cel l di vi si on cycl e wi t hout ap-

par ent del et er i ous ef f ect s ( dat a not shown) . I n cont r ast , cel l s

i nj ect ed at t he st ar t of mi t osi s wi t h i nhi bi t or y ant i - PP- 1 ant i -

bodi es ar r est ed at met aphase ( Fi g . 4, C and D) . Bot h t he

phase i mage ( Fi g . 4 C) and t he chr omat i n st ai ni ng wi t h

HOECHST ( Fi g . 4, i nset d) show t hat t he i nj ect ed cel l

( st ai ned f or t he i nj ect ed ant i bodi es, Fi g . 4 D) was ar r est ed

at met aphase wi t h t he chr omat i n cl ear l y al i gned acr oss t he

cent er of t he cel l . None of t he cel l s i nj ect ed wi t h ant i - PP- 1

bef or e mi t osi s ( det ect ed by i mmunof l uor escence st ai ni ng of

i nj ect ed ant i bodi es) compl et ed mi t osi s but i nst ead al l ar -

r est ed at met aphase ( t i 20 cel l s i nj ect ed per exper i ment , per -
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Fi gur e 4. Mi cr oi nj ect i on of ant i bodi es whi ch neut r al i ze PP- 1 i nt o l at e G2 cel l s bl ocks t he cel l s at mi t ot i c met aphase . To exami ne i f i nhi bi t i ng
PP- 1 af f ect s mi t ot i c t r ansi t i on, r at embr yo f i br obl ast s gr owi ng on gl ass cover sl i ps wer e ser um synchr oni zed and t hen r esynchr oni zed at
S phase usi ng hydr oxyur ea . 8 h af t er r el ease f r om t he hydr oxyur ea bl ock, as most cel l s wer e about t o ent er mi t osi s, ear l y pr ophase cel l s
wer e mi cr oi nj ect ed wi t h 0. 5 mg/ ml of af f i ni t y- pur i f i ed sheep ant i - PP- 1. Cel l s wer e f i xed 45 mi n af t er i nj ect i on and st ai ned f or t he i nj ect ed
ant i body . Shown ar e phase- cont r ast ( A and C) and f l uor escence mi cr ogr aphs showi ng t he di st r i but i on of t he i nj ect ed ant i body ( B and D)

t o i dent i f y i nj ect ed cel l s . A and Bshow a cel l i nj ect ed wi t h a cont r ol ant i body sol ut i on al one and Cand D show a cel l i nj ect ed wi t h ant i - PP- 1 .
Bar , 7 Am.

f or med f our t i mes) . Thi s i nhi bi t or y ef f ect of ant i - PP- 1 ant i -

body was abol i shed by t r eat i ng wi t h 1 mMDTT or boi l i ng

t he ant i body sol ut i on bef or e i nj ect i on or by pr ei ncubat i ng t he

ant i body wi t h an excess of PP- 1, showi ng t hat t he ef f ect of

mi t ot i c ar r est at met aphase was speci f i c t o ant i - PP- 1 ant i -

bodi es .

Mi cr oi nj ect i on of PRl and Ant i - PR1 i n

Anaphase Cel l s

To exami ne t he r ol e of PP- 1 i n t he event s subsequent t o

met aphase, cel l s wer e al l owed t o pr oceed t hr ough t o l at e

anaphase A- ear l y anaphase B bef or e we i nj ect ed one of t he

t wo si st er cel l s . Under nor mal condi t i ons si st er hal ves of t he

same mi t ot i c cel l f or mmi r r or i mages of one anot her as t hey

r ef l at t en dur i ng t el ophase, maki ng i t si mpl e t o assess any

possi bl e changes i nduced by mi cr oi nj ect i on . Thi s t echni que

al l ows a di r ect compar i son of t he consequent behavi or of t he

t wo hal ves of t he same mi t ot i c cel l t hus pr ovi di ng an endoge-

nous synchr oni zed cont r ol . Anaphase cel l s wer e i nj ect ed

wi t h ei t her neut r al i zi ng ant i - PP- 1 ant i bodi es or cont r ol an-

t i ser umand f i xed 45 mi n af t er mi cr oi nj ect i on, by whi ch t i me

mi t osi s was nor mal l y compl et ed and t he cel l s wer e i n

Fer nandez et al . Pr ot ei n Phosphat ase- 1 i n Mammal i an Cel l Mi t osi s

t el ophase and compl et el y f l at . Wi t h cont r ol ant i ser um ( Fi g.
5, A- C) , mi cr oi nj ect i on of one hal f of t he anaphase pai r di d
not i nt er f er e wi t h t he t r ansi t i on t hr ough and compl et i on of

mi t osi s . I ndeed, as shown i n Fi g. 4 A, bot h hal ves of t he i n-

j ect ed mi t ot i c cel l ( t he hal f whi ch was i nj ect ed i s st ai ned f or
ant i body i n Fi g. 5 B) show a si mi l ar mor phol ogy and act i n

st ai ni ng ( Fi g . 5 C) . Fr omt hi s we concl ude t hat t hi s mi cr oi n-
j ect i on t echni que pr ovi des a f easi bl e way t o assess t he ef f ect s
of ant i - PP- 1 i n anaphase/ t el ophase t r ansi t i on . I n mar ked

cont r ast , t he si st er hal f of an anaphase cel l i nj ect ed wi t h

ant i - PP- 1 ant i bodi es ( Fi g . 5, D- F; mar ked by ant i body st ai n-
i ng i n Fi g. 5 E) cl ear l y ar r est ed wi t h a r ounded phenot ype

whi ch di f f er s consi der abl y f r omt he f l at t ened mor phol ogy of
t he uni nj ect ed si st er hal f ( Fi g. 5 D; not e t hat t he i nj ect ed cel l
has been l ef t f or 1 . 5 h af t er i nj ect i on and t he uni nj ect ed si st er
cel l i s cl ear l y i n l at e t el ophase) . The cel l whi ch was i nj ect ed
wi t h ant i - PPI ant i bodi es st i l l cl osel y r esembl ed an ana-
phase B cel l . The cel l was compact , t i ght l y r ounded wi t h

condensed chr omat i n, and st ayed ar r est ed at t he st age f or

mor e t han 24 h . When cel l s wer e i nj ect ed wi t h ant i - PP- 1 an-

t i body i n bot h hal ves of t he anaphase cel l ( whi ch usual l y oc-

cur r ed i f cel l s wer e i nj ect ed t oo ear l y i n anaphase A) nei t her

hal f f l at t ened down, wher eas i nj ect i on of cont r ol ant i ser um
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Fi gur e 5. I nhi bi t i on of PP- 1 act i vi t y i n anaphase Acel l s ar r est s f ur t her pr oceedi ng and pr event s anaphase B and t el ophase t r ansi t i on . Syn-
chr oni zed r at embr yo f i br obl ast s i n l at e G2 wer e al l owed t o pr ogr ess i nt o mi t osi s . Sel ect ed cel l s wer e mi cr oi nj ect ed i nt o one hal f as t he
cel l s pr ogr essed i nt o anaphase B ( when t he t wo si st er cel l s begi n t o f or m and move pol ewar d) , wi t h ei t her cont r ol pr ei mmune ser um or
af f i ni t y- pur i f i ed ant i - PP- 1 . Cel l s wer e al l owed t o cont i nue t hr ough anaphase and t el ophase f or 50- 90 mi n bef or e f i xat i on and st ai ni ng f or
t he di st r i but i on of t he i nj ect ed ant i body ( usi ng f l uor escei n ant i - sheep ant i ser a) and F- act i n usi ng r hodami ne phal l oi di n . Shown ar e phase-
cont r ast ( A and D) and f l uor escence mi cr ogr aphs showi ng t he di st r i but i on of t he i nj ect ed ant i body ( B and E) and F- act i n ( Cand F) . A- C
show a cel l i nj ect ed wi t h cont r ol ant i bodi es and D- F show a cel l i nj ect ed wi t h ant i - PP- 1 ant i bodi es. Bar , 4 pm.

i n t hi s case di d not hi nder mi t osi s whi ch pr oceeded nor -

mal l y, wi t h bot h hal ves becomi ng f ul l y f l at t ened ( dat a not

shown) . Agai n, i f t he ant i body was denat ur ed ( by boi l i ng or

DTT t r eat ment ) t hese ef f ect s on mi t osi s wer e not obser ved

( dat a not shown) . These dat a show t hat i nhi bi t i ng PP- 1 act i v-

i t y dur i ng anaphase pr event s compl et i on of cel l di vi si on, i m-

pl yi ng t hat PP- 1 st i l l pl ays an i nt egr al r ol e at t hi s st age i n

mi t osi s .

The concl usi on t hat PP- 1 pl ays an essent i al r ol e i n t he com-

pl et i on of anaphase/ t el ophase was r ei nf or ced by modi f yi ng

t he exper i ment descr i bed f or Fi g . 5 by i nj ect i ng t he act i ve

phosphat ase enzyme, PP- 1, i nt o t he separ at i ng hal ves of

anaphase cel l s . Agai n, mi cr oi nj ect i on sol ut i ons cont ai ned an

i ner t ant i body t o al l ow i dent i f i cat i on of mi cr oi nj ect ed cel l s.

As shown i n Fi g . 6, A- C, af t er i nj ect i on of PP- 1 i nt o one hal f

of an anaphase cel l , t he i nj ect ed hal f ( ar r owheads) begi ns t o

show f l at t eni ng ahead of t he associ at ed uni nj ect ed hal f such

t hat by 15 mi n, t he i nj ect ed cel l i s vi si bl y much l ar ger t han

t he uni nj ect ed si st er cel l . I f t hi s i s al l owed t o go t o compl e-

t i on, t he mi cr oi nj ect ed cel l ( mar ked by ant i body st ai ni ng i n

Fi g . 6 E) pr oceeds t o compl et e mi t osi s wi t hi n 15- 25 mi n,

wel l i n advance of t he ot her uni nj ect ed hal f ( Fi g. 6 D) . I n

t hese cases, t he i nj ect ed si st er cel l became compl et el y f l at

wi t h a r eassembl ed nucl ear envel ope, di f f er i ng mar kedl y

f r omt he uni nj ect ed si st er cel l whi ch was st i l l r ounded wi t h

condensed chr omat i n .

These dat a r ei nf or ce our obser vat i on wi t h ant i - PP- 1 ant i -

bodi es, t hat PP- 1 pl ays an essent i al r ol e i n t he compl et i on of

mammal i an cel l di vi si on . The obser vat i on t hat i ncr easi ng

t he l evel of PP- 1 at anaphase mar kedl y accel er at ed t he

spr eadi ng of t el ophase cel l s st r ongl y suppor t s t he concl usi on

t hat PP- 1 act i vi t y pl ays a key r ol e i n t he exi t f r ommi t osi s and

must be t i ght l y r egul at ed dur i ng t he ear l y st ages i n t he mi -
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t ot i c cel l . I n t hi s r espect t he t ar get i ng of PP- 1 i n t he nucl eus

of pr ophase cel l s and ont o t he condensed chr omat i n of mi -

t ot i c cel l s may be i mpl i ci t i n such a r egul at or y pr ocess .

Di scussi on

We have exami ned bot h t he i nt r acel l ul ar di st r i but i on of PP- 1

and i t s par t i ci pat i on i n t he mammal i an cel l di vi si on cycl e,

par t i cul ar l y i n mi t osi s . I mmunof l uor escence st ai ni ng of syn-

chr oni zed r at embr yo f i br obl ast s r eveal ed PP- 1 i s di f f er en-

t i al l y l ocal i zed dur i ng t he cel l cycl e, and under goes a mar ked

r el ocat i on i nt o t he nucl eus at t he end of t he G2 phase, cul -

mi nat i ng i n i nt ense st ai ni ng of t he condensed chr omosomes

dur i ng mi t osi s . Thi s i ncr ease i n nucl ear PP- 1 at t he G2/ M

t r ansi t i on was al so obser ved by i mmunobl ot t i ng on f r act i on-

at ed cel l s . Exper i ment s usi ng mi cr oi nj ect i on of ant i - PP- 1 or

PP- 1 show cl ear l y t he cont i nuous i nvol vement of PP- 1 af t er

mi d- mi t osi s i n t he event s r equi r ed f or t he compl et i on of cel l

di vi si on f r ommet aphase onwar d. Speci f i c i nhi bi t i on of PP- 1

act i vi t y i n mi t ot i c cel l s, t hr ough mi cr oi nj ect i on of neut r al -

i zi ng ant i bodi es di r ect ed agai nst PP- 1, bl ocked cel l s i n met a-

phase when i nj ect ed i n l at e G2/ ear l y pr ophase cel l s, and

st opped t he pr ogr essi on f r om anaphase t o t el ophase when

i nj ect ed i nt o an anaphase cel l . Conver sel y, mi cr oi nj ect i on of

t he f r ee PP- 1 cat al yt i c f r agment i nt o one pol e of an anaphase
cel l accel er at ed t he r ef l at t eni ng and compl et i on of t el ophase

of t he daught er cel l f r omt he i nj ect ed hal f .

Di ff er ent i al Local i zat i on of PP- 1 dur i ng t he
Mammal i an Cel l Cycl e

Usi ng af f i ni t y- pur i f i ed ant i - PP- 1 ant i bodi es, we have det er -

mi ned di st i nct changes i n l ocal e of PP- 1 as cel l s pr oceed
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Fi gur e 6. Mi cr oi nj ect i on of PP- 1 dur i ng anaphase Aaccel er at es t he r at e of exi t of cel l s t hr ough mi t osi s . Rat embr yo f i br obl ast s synchr oni zed
t hr ough ser umst ar vat i on and hydr oxyur ea wer e al l owed t o pr oceed i nt o mi t osi s bef or e sel ect ed cel l s wer e mi cr oi nj ect ed i nt o one pol e
of an anaphase B cel l . Cel l s wer e i nj ect ed wi t h 0. 5 mg/ ml of pur i f i ed cat al yt i c f r agment of PRl and phot ogr aphed on t he mi cr oscope
st age. Shown ar e phase- cont r ast mi cr ogr aphs of l i vi ng cel l s i mmedi at el y af t er i nj ect i on ( A, 1 mi n ; B, 5 mi n; C, 15 mi n) ; and cel l s f i xed
20 mi n af t er i nj ect i on i n Dand E. Eshows t he i nj ect ed cel l as det ect ed by st ai ni ng f or t he pr esence of t he mar ker ant i body . The i nj ect ed
cel l i s i ndi cat ed i n each panel ( ar r owhead) . Bar s : ( C) 10 gm; ( E) 4 Ft m.

Fer nandez et al . Pr ot ei n Phosphat ase- 1 i n Mammal i an Cel l Mi t osi s
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t hr ough t hei r di vi si on cycl e . Our obser vat i on t hat i n qui es-

cent or GI cel l s t he phosphat ase was l ocal i zed pr i nci pal l y i n

t he cyt opl asm i s i n agr eement wi t h i t s pr evi ous i mpl i cat i on

i n gl ycogen met abol i sm ( f or r evi ew see r ef er ence 10) , i t s

pr evi ous i mpl i cat i on i n t he modul at i on of S6 phosphor yl a-

t i on ( 32) , and wi t h our pr evi ous st udy concl udi ng t hat PP- 1

has an act i ve r ol e i n t he mai nt enance of act omyosi n dynami cs

of i nt er phase f i br obl ast cont r act i l i t y ( 13) . Thr oughout G2,

t he st ai ni ng f or PP- 1 pr ogr essi vel y i ncr eased wi t hi n t he nu-

cl eus, cul mi nat i ng i n t he br i ght st ai ni ng f or PP- 1 on condensed

chr omosomes . PP- 1 has been pr evi ousl y r epor t ed t o bi nd t o

chr omat i n and be r el eased by 0 . 5 MNaCl or DNase di gest i on

but no r el at i on t o t he cel l cycl e was exami ned ( 19, 23) . Fur -

t her mor e, t hi s di f f er ent i al l ocat i on of PP- 1 dur i ng t he cel l cy-

cl e was conf i r med by i mmunobl ot t i ng on subcel l ul ar f r ac-

t i ons whi ch showed a pr ogr essi ve i ncr ease i n PP- 1 associ at ed

wi t h t he nucl ear f r act i on as cel l s pr ogr essed t owar d G2/ M.

One of t he i nt r i gui ng quest i ons r ai sed by our obser vat i on

concer ns t he pr ocesses r egul at i ng t hi s i ncr ease i n nucl ear l o-

cat i on of PP- 1 . Pr ot ei ns t he si ze of PP- 1 ( 35 kD) have been

shown t o f r eel y di f f use i nt o t he nucl eus wher e t hey r equi r e

bi ndi ng t o an i mmobi l e component t o mai nt ai n nucl ear l o-

cal i zat i on . Al t er nat i vel y, pr ot ei ns above 60 kD r equi r e

speci f i c sequences, usual l y compr i sed of sever al cont i guous

l ysi nes or ar gi ni nes f or t r ansl ocat i on i nt o t he nucl eus . A di s-

t i ngui shi ng f eat ur e of t he PP- 1 cat al yt i c subuni t ( not pr esent
i n t he t ype 2Aphosphat ase) i s a cl ust er of basi c r esi dues l o-

cat ed at t he car boxyl t er mi nus . Al t hough not seemi ngl y r e-

qui r ed f or nucl ear r el ocat i on, t hi s f eat ur e i s conser ved i n

PP- 1 f r ommammal s, Dr osophi l a ( 11) , and f ungi ( Asper gi l l us

ni dul ans, Schi zosacchar omyces pombe; r ef er ences 4, 12,
30) . Addi t i onal l y, t he r el ocat i on mechani sm coul d i nvol ve

t he r ever si bl e phosphor yl at i on of t he PP- 1 cat al yt i c subuni t
or a speci f i c bi ndi ng subuni t i n t he nucl eus by a cel l cy-

cl e- dependent ki nase act i vi t y . However , no evi dence yet ex-

i st s f or t he i n vi vo phosphor yl at i on of t he PP- 1 36- kD cat a-

l yt i c subuni t . I n vi t r o, PP- 1 has been r epor t ed t o be

phosphor yl at ed at a COOH- t er mi nal si t e by t he pr ot ei n t yr o-

si ne ki nase pp60- -
, a phosphor yl at i on whi ch decr eases

PP1 act i vi t y ( 20) . PP- 1 coul d al so be r el eased f r oma cyt o-

pl asmi c si t e i n r esponse t o an i ncr eased phosphor yl at i on of

some of i t s r egul at or y subuni t s . I t has been shown t hat PP- 1

di ssoci at es f r omt he G subuni t t hat anchor s i t t o gl ycogen

when t hi s Gsubuni t becomes phosphor yl at ed by t he cAMP-

dependent pr ot ei n ki nase ( A- ki nase) i n vi t r o ( 16, 17) , a r eac-

t i on whi ch may i nvol ve ot her ki nases ( 14) . I n t hi s r espect ,

ot her pr ot ei n ki nases, t he act i vi t y of whi ch f l uct uat es dur i ng

t he cel l di vi si on cycl e, such as p34cdo' , c- mos, c- sr c, c- abl ,

and al so t he pr ot ei ns of t he cycl i n f ami l y whi ch accumul at e

as t he cel l pr oceeds t o mi t osi s, ar e good pot ent i al candi dat es
t o r egul at e t he bi ndi ng of PP- 1 t o ei t her cyt opl asmi c or nu-
cl ear si t es . Addi t i onal l y, PP- 1 may bi nd t o one or mor e

speci f i c pr ot ei ns i n t he nucl eus af t er t hei r cel l cycl e- depen-

dent phosphor yl at i on, f or mi ng a PP- 1 bi ndi ng si t e on t he

chr omosomes. I ndeed, we have al r eady obser ved t hat PP- 1

bi nds wi t h a l ow Km ( - I W) speci f i cal l y t o hi st one Hl

phosphor yl at ed by cdc2 ki nase ( but not t o unphosphor yl at ed

Hl or phosphor yl at ed by ot her ki nases) ( Br aut i gan, D. L . ,

manuscr i pt i n pr epar at i on) . Si nce hi st one Hl phosphor yl a-

t i on i s known t o gr adual l y augment t hr oughout t he cel l cycl e
par t i cul ar l y dur i ng G2, a mechani smi nvol vi ng PP- 1 bi ndi ng
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t o Hl may account f or t he gr adual i ncr ease of PP- 1 i n t he nu-

cl ear f r act i on .

Fbt ent i al Funct i on of PFL1 af t er Mi d- Mi t osi s i n

Met aphase and Anaphase

The quest i on ar i ses, What f unct i on does nucl ear r el ocat i on

of PP- 1 at mi t osi s per f or m? Mi t osi s i nvol ves pr of ound

changes i n cel l mor phol ogy ; i n par t i cul ar , chr omat i n con-

densat i on, di sassembl y of t he cyt oskel et al net wor ks, and

br eakdown of t he nucl ear envel ope . Most of t hese changes-

whi ch occur i n cel l s as t hey ent er mi t osi s and appear t o i n-

vol ve a mar ked i ncr ease i n phosphor yl at i on of pr ot ei ns ( i n-

cl udi ng t he mi cr ot ubul e- associ at ed pr ot ei ns, vi ment i n, hi s-

t ones, t he nucl ear l ami ns, sr c, and t he cycl i ns) - have t o be

r ever sed af t er mi d- mi t osi s af t er t he met aphase- anaphase

t r ansi t i on .

The r esul t s of t he mi cr oi nj ect i on st udi es we have done

wi t h PP- 1 and neut r al i zi ng ant i bodi es t o PP- 1 r eveal an es-

sent i al r ol e f or t hi s enzyme i n t he compl et i on of mi t osi s f r om

t he met aphase st age and st i l l dur i ng t he t r ansi t i on f r om

anaphase t o t el ophase . Our obser vat i on t hat ant i - PP- 1 i n-

j ect ed bef or e mi t osi s bl ocked cel l s at met aphase suggest s

t hat PP- 1 has i t s ear l i est f unct i on i n t he t r ansi t i on of cel l s

t hr ough met aphase i nt o anaphase. Thi s i s i n agr eement wi t h

pr evi ous genet i c dat a f r om bot h Asper gi l l us ni dul ans ( 12)

and yeast ( 4, 22, 30) whi ch r eveal ed t hat PP- 1 af f ect ed spi ndl e

or gani zat i on and nucl ear separ at i on. Mor e r ecent l y, a st udy

on PP- 1 mut ant f r omDr osophi l a descr i bed si mi l ar per t ur ba-

t i ons wi t h cel l s bear i ng met aphase- l i ke over condensed chr o-

mosomes ( 1) . Based on t he bl ock at met aphase wi t h a

spi ndl e- l i ke st r uct ur e we obser ved, one mi ght specul at e t hat

t he mol ecul ar mot or s r esponsi bl e f or chr omat i d separ at i on

ar e under r egul at i on by phosphor yl at i on and t hei r dephos-

phor yl at i on by PP- 1 mi ght be i nt egr al t o t hi s pr ocess . I n-

deed, t hi s hypot hesi s r ecent l y f ound st r ong suppor t wi t h t he

st udy by Hyman and Mi t chi son ( 18) showi ng t hat t he pol ar i t y

of t he movement of mi cr ot ubul es on t he ki net ochor es of i so-

l at ed chr omosomes can be r ever sed i n a phosphor yl at i on-

dependent manner . Under condi t i ons i n whi ch dephosphor y-

l at i on i s i nhi bi t ed, mi cr ot ubul es ar e i nduced t o move by t he

pl us- end ( t owar d t he met aphase pl at e) , r at her t han mi nus-

end movement ( t owar d t he spi ndl e pol es) , occur r i ng when

dephosphor yl at i on i s al l owed or phosphor yl at i on i s i n-

hi bi t ed . Thi s i mpl i es t hat t he mol ecul ar mot or s i n t he

ki net ochor es, r esponsi bl e f or t he di r ect i on of chr omosome

movement , ar e under cont r ol by phosphor yl at i on/ dephos-

phor yl at i on. I n t hi s r espect , t her e ar e homol ogi es bet ween

at l east t wo of t he pot ent i al mi cr ot ubul e mot or pr ot ei ns,

dynei n and ki nesi n, and t he act omyosi n phosphopr ot ei n my-

osi n, whi ch we demonst r at ed t o be a pr ef er ent i al subst r at e

f or PP- 1 i n vi vo ( 13) , and has r ecent l y been shown t o be al so

i nvol ved i n cyt oki nesi s i n Dr osophi l a ( 21) . I t wi l l be i nt er est -

i ng t o exami ne i f ei t her of t he mi cr ot ubul e mot or pr ot ei ns

or ot her mi cr ot ubul e- associ at ed pr ot ei ns ar e al so subst r at es

of PP- 1 .

Downst r eam of t he met aphase bl ock i nduced wi t h ant i -

PP- 1 i nj ect i on, we obser ved t hat t he f l at t eni ng of mi t ot i c cel l s

t hr ough anaphase B and t el ophase, l eadi ng t o t he mor phol -

ogy of i nt er phase cel l s, i s accel er at ed by mi cr oi nj ect i on of

PP- 1 and bl ocked by neut r al i zi ng ant i - PP- 1 ant i bodi es. Thi s
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st r ongl y suppor t s t he vi ew t hat PP- 1 i s a key ef f ect or i n t he

pr ocess of mi t ot i c exi t i n mammal i an cel l s . Whi l e t he spe-

ci f i c f unct i ons of PP- 1 i n mi t ot i c exi t r emai n unknown, we

mi ght specul at e t hat PP- 1 i s pr obabl y i nvol ved i n t he dephos-

phor yl at i on of a var i et y of mi t osi s- speci f i c phosphopr ot ei ns,

par t i cul ar l y t hose subst r at es f or p34cdc2 or t he ki nases act i -

vat ed downst r eam of i t .

For exampl e, t he r ef l at t eni ng of mi t ot i c cel l s pr obabl y i n-

vol ves t he dephosphor yl at i on of i nt er medi at e f i l ament pr o-

t ei ns whi ch become hi ghl y phosphor yl at ed at mi t osi s and we

have obser ved t hat vi ment i n can be dephosphor yl at ed i n vi vo

by PP- 1 ( 7) . The nucl ear l ami ns A and C al so appear t o be

dephosphor yl at ed by PPl i n vi vo ( 7) ; and whi l e t hey ar e de-

phosphor yl at ed dur i ng envel ope r eassembl y, t he phospha-

t ase r esponsi bl e r emai ns t o be i dent i f i ed . Our obser vat i ons

st r ongl y suggest t hat PP- 1 may pl ay a r ol e i n t hi s pr ocess

si nce hal f an anaphase A cel l i nj ect ed wi t h ant i - PP- 1 was

bl ocked i n anaphase and f ai l ed t o r ef or m an envel ope whi ch

had cl ear l y r ef or med i n t he uni nj ect ed si st er cel l .

However , al l t hese pot ent i al subst r at es ar e dephosphor y-

l at ed onl y af t er t he met aphase- anaphase t r ansi t i on . The f act

t hat we obser ved an i nt ense st ai ni ng f or PP- 1 on t he chr oma-

t i n as soon as cel l s ent er pr ophase, whi l e mi cr oi nj ect ed ant i -

bodi es t o PP- I onl y bl ocked cel l s at met aphase, suggest s t hat

PP- 1 act i vi t y must be t i ght l y r egul at ed up t o t hi s st age . I n

l i ght of our r ecent f i ndi ng showi ng an i ncr ease of i nhi bi t or

2- one of t he t wo speci f i c heat - st abl e i nhi bi t or s f or PP- 1, at

S phase and at mi t osi s ( 8) - i t i s t empt i ng t o specul at e an i n-

vol vement of i nhi bi t or 2 i n t he downr egul at i on of t he

chr omat i n- bound PP- 1 up t o met aphase . However , al t hough

we obser ved t hat i nhi bi t or 2 was l ocal i zed i n bot h t he nu-

cl eus and cyt opl asm i n pr ophase cel l s, i t was never as-

soci at ed wi t h t he chr omat i n . Al t er nat i vel y, downr egul at i on

of PP- 1 mi ght i nvol ve ei t her a di r ect phosphor yl at i on by
p34cd° 2, or PP- 1 bi ndi ng t o cycl i n subuni t s ( whi ch get r ap-

i dl y degr aded at met aphase) . However , f ur t her st udi es of t he

pot ent i al i nt er act i ons of PP- 1 wi t h cdc2 subuni t s wi l l be r e-

qui r ed t o document any of t hese possi bi l i t i es .

Our i mmunof l uor escence and bi ochemi cal st udi es of t he

i nt r acel l ul ar di st r i but i on of PPl shows t hat i t under goes a

concer t ed r eor gani zat i on dur i ng t he mammal i an cel l cycl e,

whi l e mi cr oi nj ect i on st udi es pr ovi ded di r ect evi dence t hat

PP- 1 r egul at es a number of event s especi al l y i n t he pr ogr es-

si on t hr ough mi t osi s, af t er t he met aphase st age . Toget her ,

t hese r esul t s suppor t t he i dea t hat t he changes i n PP- 1 di st r i -

but i on at mi t osi s pl ay an i mpor t ant r ol e i n modul at i ng t he

act i vi t y of t hi s enzyme and suggest t hat PP- 1 mi ght be a ma-

j or phosphat ase r esponsi bl e f or dephosphor yl at i ng p34cd° z

ki nase si t es, an hypot hesi s t hat now awai t s mor e det ai l ed ex-

ami nat i on .
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