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ABSTRACT

	

We r epor t t hat eucar yot i c cel l s wer e i nduced t o synt hesi ze a speci f i c cl ass of heat
shock pr ot ei ns ( hsps) when t hey ent er ed t he r est i ng st at e, Go. Thi s f i ndi ng was or i gi nal l y -made
wi t h Sacchar omyces cer evi si ae cel l s by t aki ng advant age of t he syst em i n whi ch we can
di st i ngui sh bet ween G, ar r est s l eadi ng t o Go and t hose t hat do not r esul t i n Go ( l i da, H. , and
I . Yahar a, 1984, J . Cel l Bi ol . 98 : 1185- 1193) . Si mi l ar obser vat i ons wer e subsequent l y made
wi t h hi gher eucar yot i c cel l s i ncl udi ng chi ck embr yoni c f i br obl ast s ( CEF) , mouse T l ymphocyt es,
and Dr osophi l a GM1 cel l s . The i nduct i on of hsps i n Go cel l s was di st i nct f r om t hat i n heat -
shocked cel l s i n t wo r espect s . Fi r st , hsps wi t h mol ecul ar wei ght ar ound 25, 000 wer e not
i nduced i n Go cel l s, wher eas most , i f not al l , hi gh mol ecul ar wei ght ( HMW) hsps wer e
commonl y i nduced bot h i n Go cel l s and i n heat - shocked cel l s . Second, i n cont r ast t o t he
t r ansi ent synt hesi s of hsps i n heat - shocked cel l s, Go cel l s cont i nued t o synt hesi ze hsps at t he
st i mul at ed r at e f or a r el at i vel y l ong per i od . These r esul t s suggest t he possi bi l i t y t hat hi gh
mol ecul ar wei ght hsps mi ght f unct i on i n a t r ansi t i on f r om t he pr ol i f er at i ng st at e t o Go or i n
mai nt ai ni ng Go i n t he eucar yot e .

The t r ansi t i on f r omt he pr ol i f er at i ng st at e t o t he r est i ng st at e,
Go , has been r eveal ed wi t h exper i ment al syst ems i n vi t r o t o
have t he same f eat ur es as t hat obser ved i n vi vo ( 2, 18) .
Ref er r i ng t o cel l ul ar event s and char act er i st i cs speci f i cal l y
associ at ed wi t h t he pr ogr ess t owar d Go i n f i br obl ast s and
l ymphocyt es, we have f ound wi t h yeast cel l s t hat bl ocki ng t he
pr ocess of t he cel l cycl e at speci f i c poi nt ( s) i n G, r esul t ed i n
t he Go st at e ( 11) . Gr owt h ar r est pr oduced by sul f ur st ar vat i on
or t emper at ur e sensi t i ve mut at i on i n CDC25, CDC33,
CDC35, or I LS1 gene l ead yeast cel l s t o ent er Go whi l e ar r est
yi el ded by a f act or or t emper at ur e sensi t i ve mut at i on i n
CDC4, CDC24, or CDC28 gene do not .

Usi ng t hi s syst em of t he yeast , we have made an at t empt
t o i dent i f y pr ot ei ns speci f i cal l y or pr ef er ent i al l y synt hesi zed
dur i ng t he t r ansi t i on f r omG, t o Go or i n Go i n t he hope t hat
t hese pr ot ei ns mi ght f unct i on as a negat i ve- r egul at or y ma-
chi ner y i n eucar yot es . We r epor t t hat at l east ni ne pr ot ei ns
wer e synt hesi zed speci f i cal l y i n Go yeast cel l s and si x of t hem
wer e i dent i f i ed wi t h t hose known as heat shock pr ot ei ns ( hsps)
( f or r evi ew, see r ef er ences 1 and 37) . St i mul at i on of t he
synt hesi s of hsps i n Go was f ound al so wi t h hi gher or gani sms,
suggest i ng t hat t hi s phenomenon woul d be common t o al l t he
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eucar yot es. The synt hesi s of hsps has been known t o be
t r ansi ent l y i nduced under var i ous r est r i ct i ve condi t i ons f or
gr owt h besi des heat shock ( 1) . Based on t he pr esent and
pr evi ous obser vat i ons, we suggest t hat hsps mi ght be i nvol ved
i n a cel l ul ar machi ner y t hat di r ect s cel l s t owar d Go .

MATERI ALS AND METHODS

Yeast St r ai ns :

	

Genot ypes and sour ces of st r ai ns wer e t abul at ed i n t he
pr evi ous paper ( 11) .

Medi a :

	

Medi a used f or cul t i vat i on of yeast cel l s wer e descr i bed el sewher e
( 11) . Mi ni mum essent i al medi um( Ni ssui , Tokyo, Japan) , RPMI 1640 medi um
( Gi bco Labor at or i es, I nc . , Gr and I sl and, NY) and modi f i ed Schnei der ' s me-
di um( MSM) ( 30) wer e used f or cul t ur es of chi ck embr yoni c f i br obl ast s ( CEF) ,
mouse l ymphocyt es, and Dr osophi l a GMI cel l s, r espect i vel y . Fet al bovi ne
ser um( FBS) ( Gi bco Labor at or i es) was suppl ement ed when i ndi cat ed.

Cel l Cul t ur e and Label i ng of Pr ot ei ns :

	

Cel l s of cdcmut ant s and
t hei r par ent al st r ai n ( Á364A) wer e gr own wi t h shaki ng at 23° C i n l ow- met hi o-
ni ne medi um, a modi f i ed SYE medi um ( 11) i n whi ch met hi oni ne was omi t t ed
f r om yeast ni t r ogen base ( Di f co Labor at or i es, I nc . , Det r oi t , MI ) and t he

Abbr evi at i ons used i n t hi s paper : CEF, chi ck embr yo f i br obl ast s ; FI BS,
f et al bovi ne ser um; hsp, heat shock pr ot ei n ; HMW, hi gh mol ecul ar

wei ght ; LMW, l ow mol ecul ar wei ght ; MSM, modi f i ed Schnei der ' s

medi um.
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concent r at i on of yeast ext r act was r educed t o 0. 025%. The i ncor por at i on of
[ " S] met hi oni ne i ncr eased up t o ei ght f ol d i n t hi s l ow met hi oni ne medi um
wi t hout af f ect i ng t he gr owt h of yeast cel l s . X2180- 1 A cel l s wer e gr own at 30° C
i n SD10 and st ar ved f or sul f ur i n SD10- S medi um. For l abel i ng of cdc mut ant s
and A364A, exponent i al l y gr owi ng cel l s wi t h t he i ni t i al concent r at i on of 5 x
10' cel l s/ ml or cel l s ar r est ed at nonper mi ssi ve t emper at ur e ( 38° C f or cdc28 and
36° C f or ot her s) f or i ndi cat ed per i ods wer e pul se- l abel ed wi t h 10- 50, uCi / ml L-

[ " S] met hi oni ne ( Amer shamCor p. , Tokyo, Japan) wi t h t he f i nal speci f i c act i v-
i t y of 0 . 26- 13 Ci / mmol f or 10 mi n, and chased f or an addi t i onal 3 mi n by
addi t i on of nonr adi oact i ve met hi oni ne t o 5 mg/ ml . The i ni t i al cel l densi t y of
A364A shoul d be 5 x 10' / ml or l ower upon t he t emper at ur e shi f t because
ot her wi se t he cul t ur e of t hi s st r ai n coul d al most r each t he st at i onar y phase 6 h
af t er t he shi f t t o 36° C. For l abel i ng of sul f ur - st ar ved X2180- 1A cel l s, cel l s
gr own i n SDI O medi um( I x 10' cel l s/ ml ) wer e i ncubat ed i n SD10- S medi um
up t o 40 h and wer e pul se- l abel ed wi t h 10 gCi / ml [ " S] met hi oni ne ( 5 . 3 Ci /
mmol ) f or 10 mi n at 30° C and chased f or 3 mi n. The r adi ol abel ed cel l s wer e
chi l l ed, washed t wi ce wi t h 20 mM Tr i s HCl ( pH 8 . 8) , 2 mM CaC1 2 ( Tr i s/
CaC12 ) , and kept f r ozen at - 80° C unt i l use.

GMl , a D. mel anogast er cel l l i ne of embr yoni c or i gi n ( 31) was pr ovi ded by
T . Mi yake ( Mi t subi shi - Kasei I nst i t ut e of Li f e Sci ence, Tokyo, Japan) . GMI
cel l s wer e gr own at 25° C i n a spi nner f l ask cont ai ni ng MSM suppl ement ed
wi t h 10%FBS ( 30) . Exponent i al l y gr owi ng cel l s ( 4 x 10' cel l s/ ml ) and t hose

of t he st at i onar y phase ( 2 x 106 cel l s/ ml ) wer e separ at el y washed wi t h met hi -
oni ne and Bact opept one- f r ee MSM- 10% FBS, r esuspended i n t he same me-

di um, and i ncubat ed at 25° C f or 15 mi n . Each cul t ur e was t hen di vi ded i nt o
t wo equal par t s, af t er whi ch one was i ncubat ed at 25° C and t he ot her at 37° C
f or 15 mi n i n pl ast i c t ubes . They wer e f i nal l y pul se- l abel ed f or 30 mi n wi t h
[ " S] met hi oni ne ( 1, 200 Ci / mmol , 0 . 1 mCi / ml ) , washed wi t h chi l l ed MSM, and
f r ozen at - 80° C.

Secondar y cul t ur es of CEF wer e gr own i n mi ni mum essent i al medi um
cont ai ni ng 5%FBS at t he i ni t i al cel l densi t y of 2 x 10° / cm2 i n t i ssue cul t ur e
f l asks . 1 . 5- and 7- d cul t ur es wer e used as an exponent i al l y gr owi ng cul t ur e and
as a st at i onar y cul t ur e, r espect i vel y . These cul t ur es r ecei ved 10, uCi / ml of [ " S] -
met hi oni ne ( t he f i nal speci f i c act i vi t y, 0 . 1 Ci / mmol ) and 20 mM HEPES,
pH7 . 4, and wer e i ncubat ed f or 1 h at 37° f or 45° C. The r adi ol abel ed cel l s wer e
washed t wi ce wi t h PBS and f r ozen at - 80° C.

Met hods f or t he pr epar at i on of r est i ng and gr owi ng mouse l ymphocyt es
used i n t hi s st udy wer e pr evi ousl y descr i bed i n det ai l ( 18) . Go T l ymphocyt es
wer e pur i f i ed f r om spl een cel l s of DBA/ 2 mi ce by Fi col l - Paque cent r i f ugat i on
and passage t hr ough Nyl on wool col umns . Day 2 and day 4 cul t ur es of
st i mul at ed l ymphocyt es wi t h Con A wer e used as t he sour ces of gr owi ng and

GI l ymphocyt es, r espect i vel y . Lymphocyt es t o be l abel ed wer e washed wi t h
met hi oni ne- f r ee RPMI 1640 medi um cont ai ni ng 5% FBS and suspended i n
t he same medi um at a cel l densi t y of 3 . 3 x 106/ ml . The cel l suspensi ons
r ecei ved 0. 1 mCi / ml [ " S] met hi oni ne ( 1, 200 Ci / mmol ) and wer e i ncubat ed f or
1 h at 37° , 42° , or 45° C, af t er whi ch t he cel l s wer e washed and f r ozen at - 80° C.

Pr ot ei n Ext r act i on and Two- di mensi onal Gel El ect r ophor e-
si s :

	

Met hods f or pr ot ei n ext r act i on f r om whol e cel l s ar e essent i al l y t he same

as t hose descr i bed by Mi l l er et al . ( 27) but wi t h sl i ght modi f i cat i ons . The

ext r act i on was per f or med at 0- 5° C. Br i ef l y, f r ozen yeast cel l s wer e vor t exed f or

4 x 30 s wi t h 0. 3 g of 0 . 5 mm- gl ass beads and 2 . 5 t al of 100 mMphenyl met h-
yl sul f onyl f l uor i de ( PMSF) . The l ysat es r ecei ved 0. 2 ml Tr i s/ CaCl 2 and 10 , uI

of l mg/ ml Mi cr ococcal nucl ease ( Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d,
NJ) , and wer e i ncubat ed f or 5 mi n, af t er whi ch t hey wer e mi xed wi t h 20 ul of
2% SDS- 10% 2- mer capt oet hanol and 20 kl of 1 mg/ ml pancr eat i c DNase I
( Wor t hi ngt on Bi ochemi cal Cor p. , Code : DPFF) , 2 mg/ ml RNase A ( Wor t hi ng-
t on Bi ochemi cal Cor p. , Code: RAF) made up t o 0 . 5 MTr i s- HCI ( pH7 . 0) , 50
mMMgC12. The mi xt ur es wer e t hen l yophi l i zed and di ssol ved i n l ysi s buf f er
of O' Far r el l ( 32) at r oom t emper at ur e.

CEF, mouse l ymphocyt es, and GMl cel l s wer e soni cat ed i n 212 . 51Al of Tr i s/

CaC12 cont ai ni ng 1 . 2 mMphenyl met hyl sul f onyl f l uor i de and 47 Ag/ ml Mi cr o-
coccal nucl ease . Cel l ext r act s wer e pr epar ed i n t he same way as f or yeast cel l s .

Two- di mensi onal pol yacr yl ami de gel el ect r ophor esi s ( NEPHGE/ SDS
PAGE) ( 33) was used f or anal ysi s of pr ot ei ns i n whol e cel l ext r act s . 20- ul

al i quot s of t he cel l ext r act s wer e el ect r ophor esed i n t he f i r st di mensi on at 400
V f or 4 h i n 2. 5 x 130- mmgl ass t ubes cont ai ni ng 4%acr yl ami de/ bi sacr yl ami de

gel , 9 . 2 M ur ea, 2% Noni det P- 40, and 2% Amphol i ne ( pH 3 . 5- 10, LKB,

Br omma, Sweden) . El ect r ophor esi s i n t he second di mensi on was car r i ed out

wi t h 11% pol yacr yl ami de gel cont ai ni ng SDS. The gel s wer e st ai ned wi t h

Coomassi e Br i l l i ant Bl ue, af t er whi ch f l uor ogr ams wer e made up wi t h

ENHANCE ( NEN, Bost on, MA) . The dr i ed gel s wer e exposed t o Kodak X-
Omat S f i l m ( XS- 1) t oget her wi t h st andar d spot s cont ai ni ng a ser i es of known
" S r adi oact i vi t i es .

Densi t omet r y of Two- di mensi onal Gel s : Spot s on XS- f i l ms
wer e anal yzed and quant i t at ed wi t h t he i nt er act i ve pat t er n anal ysi s syst em( 15)
whi ch was composed of a comput er ( PDP 11/ 70, Di gi t al Equi pment Co. ,
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Maynar d, MA) coupl ed wi t h a dr um scan densi t omet er ( Model 2604, Abe
Sekkei Co. , Tokyo, Japan) and an i nt er act i ve i mage di spl ay ( NAC I nc . , Tokyo,
Japan) . The opt i cal densi t y of ever y 0 . 25 mm' i n f l uor ogr aphi c f i l ms was
measur ed and conver t ed i nt o t he r adi oact i vi t y accor di ng t o t he st andar d cur ve
of opt i cal densi t y ver sus r adi oact i vi t y obt ai ned on t he same f i l ms . Radi oact i v-
i t i es cont ai ned i n t he spot s i n quest i on and t hose i n t he whol e gel s wer e
cal cul at ed. Met hods f or t hi s t wo- di mensi onal densi t omet r i c anal ysi s wi l l be
descr i bed i n det ai l ( Mi nami kawa, R. , N. Hat a, and T. Kami numa, manuscr i pt
i n pr epar at i on) .

RESULTS

I dent i f i cat i on of Yeast Go Pr ot ei ns

To i nvest i gat e Go pr ot ei ns of yeast cel l s, we have used t hr ee
cdc mut ant s ( cdc25, cdc33, and cdc35) and sul f ur st ar vat i on,
whi ch l ed t o Go ar r est of t hese cel l s ( 11) . The r esul t s wer e
compar ed wi t h t hose obt ai ned wi t h ot her cdc mut ant st r ai ns
such as cdc28, whi ch was not ar r est ed i n Go at nonper mi ssi ve
t emper at ur e . Si nce t he met hod f or gr owt h ar r est of cdc mu-
t ant s was shi f t - up of t he t emper at ur e, hsps coul d al so be
i nduced by t he shi f t - up r egar dl ess of gr owt h ar r est . I n addi -
t i on, hsps may be i nduced al so by sul f ur st ar vat i on because
hsps ar e known t o be i nduced under st r essf ul condi t i ons ( 1,
8, 13, 16, 19- 22) and sul f ur st ar vat i on i s possi bl y st r ess . To
di scr i mi nat e bet ween possi bl y si mul t aneousl y i nduci bl e Go
pr ot ei ns and hsps, we used t wo cr i t er i a. Fi r st , synt hesi s of hsps
sol el y i nduced by heat shock or by st r ess ( 13, 19, 21) cont i nues
onl y f or a shor t per i od up t o 1 h and ceases t her eaf t er , per haps
due t o f eedback r egul at i on of mRNA synt hesi s by hsps ( 27,
and see bel ow) . Second hsps but not Go pr ot ei ns ar e t r an-
si ent l y i nduced at nonper mi ssi ve t emper at ur e i n t he par ent al
st r ai n A364A and ot her cdc mut ant s ( e . g . , cdc28) t hat wer e
ar r est ed but di d not ent er Go ( 11) .

Exponent i al l y gr owi ng cel l s at 23° C of t hr ee cdc mut ant s,
cdc25, cdc33, and cdc35, and t he par ent al st r ai n A364A wer e
i ncubat ed at 36 °C. The cel l s wer e pul se- l abel ed wi t h [ 35 S] -
met hi oni ne f or 10 mi n, at 1 and 6 h af t er t he t emper at ur e
shi f t . The pr ot ei ns synt hesi zed dur i ng t he pul se wer e anal yzed
by t wo- di mensi onal pol yacr yl ami de gel el ect r ophor esi s ( 2D-
NEPHGE/ SDS PAGE) ( 33) .

We f ound wi t h cdc25 cel l s t hat 36 pr ot ei ns wer e cont i nu-
ousl y synt hesi zed at 36' C up t o 6 h af t er t he shi f t of t emper -
at ur e whi l e t hey wer e synt hesi zed onl y sl owl y, i f at al l , at 23° C
( Fi g . l , A- C) . For i nst ance, a pr ot ei n wi t h mol ecul ar wei ght
of 73, 000 ( p73 ; i ndi cat ed by an ar r ow i n Fi g . 1 C) was not
synt hesi zed i n gr owi ng cdc25 cel l s at 23 ° C. Synt hesi s of t hi s
pr ot ei n was i nduced by t r ansf er t o 36° C and r emai ned st i m-
ul at ed even 6 h l at er ( Fi g . 1 and Tabl e I ) . P73 was al so
synt hesi zed i n sul f ur - st ar ved cel l s and i n cel l s of cdc33 and
cdc35 mut ant s t hat had been i ncubat ed at 36° C f or 6 h,
al t hough t he r at e of t he synt hesi s was r el at i vel y l owcompar ed
wi t h cdc25 cel l s at 36° C ( Fi g . 2A and Tabl e 1) . Synt hesi s of
p73 was not si gni f i cant l y det ect ed i n cdc28 cel l s ar r est ed at

38° C ( Fi g. 2, B and Cand Tabl e 1) or i n cdc25 cel l s ar r est ed
by a f act or at 23° C ( dat a not shown) . These r esul t s showed
t hat p73 sat i sf i ed cr i t er i a f or Go pr ot ei n .

By cont r ast , a pr ot ei n wi t h mol ecul ar wei ght of 55, 000 ( Fi g .
1) was synt hesi zed i n cdc25 or cdc35 cel l s at 36° C, but was

not synt hesi zed i n cdc33 cel l s at t he same t emper at ur e ( Tabl e
I ) . Accor di ngl y, p55 di d not meet t he cr i t er i a f or Go pr ot ei n .
Based upon quant i t at i ve dat a shown i n Tabl e I , ni ne out of
t he 36 pr ot ei ns wer e commonl y obser ved t o be dur abl y syn-
t hesi zed under r est r i ct i ve condi t i ons by sul f ur st ar vat i on or
wi t h cdc35 or cdc33 and, t her ef or e, wer e desi gnat ed as put a-

t i ve Go pr ot ei ns of t he yeast . They ar e pr ot ei ns wi t h mol ecul ar



FI GURE 1

	

2D- NEPHGE/ SDS PAGE anal ysi s of [ 3sS] met hi oni ne- l abel ed yeast pr ot ei ns synt hesi zed i n cdc25 cel l s and A364A cel l s

at 23° and 36° C. Exponent i al l y gr owi ng cel l s at 23° C and cel l s shi f t ed t o 36° C wer e pul se- l abel ed wi t h [ ' s S] met hi oni ne ( 10 ; 1Ci /
ml , 0 . 26 Ci / mmol ) f or 10 mi n and chased f or 3 mi n wi t h nonr adi oact i ve L- met hi oni ne ( 5 mg/ ml ) . Radi oact i vi t y of 4 x 10 ° dpm

was anal yzed f or each sampl e . ( A) cdc25 cel l s gr own and pul sed at 23° C; ( ß and C) cdc25 cel l s pul sed 1 and 6 h af t er t he shi f t

f r om 23° t o 36° C, r espect i vel y . ( D) Cel l s of A364A, t he par ent al st r ai n of t he cdc25 mut ant , gr own, and pul sed at 23° C. ( E and F)

A364A cel l s pul sed 1 and 6 h af t er t he shi f t , r espect i vel y . Ar r ows and ar r owheads i ndi cat e Go- i nduced pr ot ei ns and hsps,

r espect i vel y . A bent ar r ow i ndi cat es a pr ot ei n, p55, whose synt hesi s i s i nduced i n ar r est ed cdc25 or cdc35 cel l s but not i n ar r est ed

cdc33 cel l s or i n sul f ur - st ar ved cel l s ( see t he t ext ) . Numer al s af f i xed t o ar r ows or ar r owheads i ndi cat e mol ecul ar wei ght s of
pr ot ei ns i n ki l odal t ons .

I I DA AND YAHARA

	

Synt hesi s of Heat Shock Pr ot ei ns i n Go Cel l s
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TABLE I

Synt hesi s of I ndi vi dual Pr ot ei ns i n Per mi ssi ve and Nonper mi ssi ve Condi t i ons f or Gr owt h

" Cel l s wer e pul se- l abel ed wi t h [ ' sS] met hi oni ne under t he condi t i ons descr i bed i n t he t ext . The speci f i c act i vi t i es of [ " S] met hi oni ne used f or l abel i ng wer e 0 . 3 Ci / mmol ( 20 ACi / ml ) f or

A364A and cdc mut ant s, and 10 Ci / mmol ( 20 yCi / ml ) , f or X2180- 1A . Met hod f or det er mi nat i on of r adi oact i vi t y associ at ed wi t h t r i chl or oacet i c aci d- i nsol ubl e mat er i al s and met hod f or

det er mi nat i on of pr ot ei n cont ent wer e pr evi ousl y descr i bed ( 11) . Val ues l i st ed i n t hi s col umn i ndi cat e r adi oact i vi t y ( cpm) i ncor por at ed i nt o pr ot ei ns per mi cr ogr am pr ot ei n dur i ng t o-
mi n pul se .

The synt hesi zi ng r at e of i ndi vi dual pr ot ei ns was obt ai ned by densi t omet r y of t wo- di mensi onal gel s f ol l owed by conver si on i nt o r adi oact i vi t y ( see Mat er i al s and Met hods) . Each val ue

l i st ed above was t hen cal cul at ed by di vi di ng t he synt hesi zi ng r at e of i ndi vi dual pr ot ei ns by t he synt hesi zi ng r at e of t he t ot al pr ot ei ns f ol l owed by mul t i pl yi ng by 106. The backgr ound

l evel gi ven by densi t omet r y was 1- 2 X 10- 6 but was not subt r act ed f r om t he above val ues .

wei ght s of 89, 000 ( p89) , 86, 000 ( p86) , 75, 000 ( p75) , 73, 000

( p73) , 71, 000 ( p71) , 68, 000 ( p68) , 56, 000 ( p56) , 48, 000

( p48A) , and 46, 000 ( p46A) ( Tabl e I ) .
The synt hesi s of f our Go pr ot ei ns, p86, p71, p56, and p46A,

was si gni f i cant l y det ect ed even i n exponent i al l y gr owi ng cel l s

of cdc25, and was st i mul at ed t o a l ar ge ext ent af t er t he shi f t

of t emper at ur e ( Fi g . 1 and Tabl e I ) . The backgr ound synt hesi s

of t he ot her s p89, p75, p73, p68, and p48A, was negl i gi bl e i n

t he same st r ai n at 23° C.
P48A ( t he aci di c f or mof p48) and p48B ( t he basi c f or m of

p48) ar e composed of si mi l ar pol ypept i des ( unpubl i shed ob-
ser vat i ons) . Cr i t er i a f or Go pr ot ei ns used i n t he pr esent st udy
ar e met wi t h p48A but not wi t h p48B ( Tabl e I ) . P46A and
p46B ar e si mi l ar but not i dent i cal i n pept i de maps ( unpub-
l i shed obser vat i ons) . P46A i s a Go pr ot ei n but p46B i s not .

Rel at i onshi p of Go Pr ot ei ns t o Heat Shock

Pr ot ei ns

To i dent i f y hsps of yeast cel l s, A364A cel l s gr own at 23° C

wer e exposed t o 36° C and pul se- l abel ed wi t h [ 35 5] met hi oni ne

1 and 6 h af t er t he t emper at ur e shi f t ( Fi g . 1, D- F) . We

det ect ed t hi r t een hsps l i st ed i n Tabl e 11. These r esul t s ar e
consi st ent i n par t wi t h t hose of ot her s ( 25, 27) . We not ed t hat

t he r el at i ve synt hesi zi ng r at e of t he t hi r t een hsps i n A364A

cel l s was hi gher 1 h af t er t he shi f t t han 6 h af t er ( Fi g . 1, D- F
and Tabl e 1) .

We unexpect edl y f ound t hat si x out of t he ni ne Go pr ot ei ns
wer e hsps . Conver sel y, si x out of t he t en hi gh mol ecul ar wei ght
( HMW) hsps, t hose wi t h mol ecul ar wei ght over 45, 000, wer e
Go pr ot ei ns, wher eas none of t he l ow mol ecul ar wei ght

( LMW) hsps, t hose wi t h mol ecul ar wei ght ar ound 27, 000,

was a Go pr ot ei n ( Tabl e I I ) . Evi dence t hat t hese si x Go pr ot ei ns

ar e i dent i cal t o hsps was f ur t her pr ovi ded by l i mi t ed pr ot eol -
ysi s of t hese pr ot ei ns ext r act ed f r om spot s on t wo- di mensi onal
gel s. An exampl e i s shown i n Fi g. 3, A and B, whi ch i ndi cat es

t hat p89 i nduced i n Go- ar r est ed cdc25 cel l s and p89 i nduced
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by heat shock i n A364A cel l s ar e i dent i cal .
Pr ot ei ns t hat ar e si mul t aneousl y Go pr ot ei ns and hsps ar e

di st i ngui shabl e f r om si mpl e hsps by t he cr i t er i a descr i bed
above . The r at e of synt hesi s of hsp89, hsp75, and hsp48A
i ncr eased i n cdc25, f or exampl e, af t er t he shi f t - up of t emper -
at ur e at l east up t o 6 h, wher eas t hat of a si mpl e hsp, hsp27,
was accel er at ed i n t he same st r ai n 1 h af t er t he shi f t - up but
r el at i vel y decr eased 6 h af t er . I t shoul d be not ed t hat Go and
heat shock pr ot ei ns behaved l i ke si mpl e hsps i n cdc28 and
A364A, whi ch di d not r est i n Go at nonper mi ssi ve t emper a-
t ur e ( Tabl e 1) .

As descr i bed above, f our ( p86, p71, p56, p46A) out of ni ne
Go pr ot ei ns ar e synt hesi zed al so i n t he pr ol i f er at i ng st at e
al t hough t he r el at i ve r at e of t hei r synt hesi s i n gr owi ng cel l s i s
l ower t han t hat i n Go cel l s . The quest i on may be r ai sed as t o
whet her t he pr ot ei ns i dent i f i ed as Go pr ot ei ns wer e not i n-
duced i n Go but t he synt hesi s of t hem mer el y per si st ed even
i n Go wher e t he over al l pr ot ei n synt hesi s f el l . The synt hesi zi ng
r at es i n Go- ar r est ed cdc25 cel l s of p86, p56, and p46A per
mi cr ogr am t ot al pr ot ei ns wer e est i mat ed t o be 6 . 9, 8 . 3, and
5 . 9 t i mes hi gher t han t hose i n t he gr owi ng st at e, r espect i vel y
( Tabl e I ) . Thi s suggest s t hat t he synt hesi s of t hese t hr ee
pr ot ei ns was r eal l y i nduced or accel er at ed i n Go . However ,
t he r at e per mi cr ogr am t ot al pr ot ei ns of p71 i n Go yeast cel l s
was compar abl e wi t h t hat i n gr owi ng cel l s. Thus an i ncr ease
i n t he r el at i ve synt hesi zi ng r at e of p71 t o t hat of t he t ot al
pr ot ei ns i n Go may be account ed f or by per si st i ng synt hesi s
of t hi s pr ot ei n i n Go r at her t han i nduct i on .

St i mul at i on of Synt hesi s of HMW- hsps i n Go of

Hi gher Eucar yot es

I n accor d wi t h t he r epor t by Kel l ey and Schl esi nger ( 16,
17) , chi ck cel l s r esponded t o heat shock and synt hesi zed f our
HMW- hsps, hsp89, hsp75, hsp70A, and hsp70B. I n t wo-
di mensi onal gel s, yeast hsp89 and hsp75 appear ed t o r esembl e
chi ck hsp89 and hsp75, r espect i vel y ( Fi g. 4) . Yeast hsp89 and

I nduct i on of

ar r est

I ncubat i on

condi t i on

Tot al

pr ot ei n

synt hesi s" p89 p86 p75 p73

Rel at i ve r at e

p71

of i ndi vi dual pr ot ei n

p68 p56

synt hesi s=

p55 p48A p48B p46A p27

cpm/ 10 mi n/ ug

cdc25 23° C 1, 256 1 . 1 12 1 . 1 4 . 9 250 1 . 6 93 6 . 0 7 . 7 21 60 31

36° C, 1 h 2, 321 28 39 18 69 334 24 202 131 191 389 157 123

36° C, 6 h 809 94 129 50 1373 864 34 1194 1491 1691 3203 548 17

cdc33 23° C 563 1 . 1 13 1 . 6 1 . 1 38 2 . 9 4 . 8 15 3 . 7 34 10 41

36° C, 1 h 545 19 18 4. 8 2 . 8 183 13 66 16 14 81 58 142

36° C, 6 h 383 37 75 6. 7 9 . 1 351 18 75 10 15 100 78 76

cdc35 23° C 1, 333 1 . 4 28 0. 9 29 151 7 . 2 74 17 37 55 63 28

36° C, 1 h 1, 894 49 42 12 67 182 31 567 66 317 676 124 56

36° C, 6 h 416 171 209 373 479 1150 54 820 1084 338 1170 209 6 . 3

Sul f ur st ar vat i on 0 h 110, 045 1 . 2 27 1 . 2 1 . 2 296 1 . 2 8 . 9 4 . 8 18 67 73 24

1 h 51, 524 38 78 15 10 746 53 46 4 . 6 238 390 157 47

40 h 15, 779 56 96 136 67 3293 59 157 3 . 2 541 2851 194 15

cdc28 23° C 1, 651 1 . 4 39 1 . 0 1 . 4 240 1 . 4 27 3 . 9 3 . 9 42 49 24

38° C, 1 h 3, 323 69 87 25 1 . 9 510 1 . 4 80 6 . 0 114 258 270 56

38° C, 6 h 1, 625 18 19 5 . 5 1 . 0 311 1 . 0 32 4 . 0 31 742 33 55

A364A 23° C 1, 092 0 . 6 34 1 . 7 1 . 7 263 1 . 7 12 4 . 6 2 . 3 9 . 1 62 30

36° C, 1 h 2, 719 62 153 14 1 . 9 502 4. 7 15 9 . 3 28 156 110 90

36° C, 6 h 4, 608 15 65 8 . 5 0 . 5 375 1 . 5 6. 0 7 . 5 6 . 5 72 40 37

I dent i f i cat i on of pr ot ei ns Go/ hsp Go/ hsp Go/ hsp Go Go/ hsp Go Go Go/ hsp hsp Go/ hsp hsp



FI GURE 2 2D- NEPHGE/ SDS PAGE anal ysi s of [ 3 sS] met hi oni ne- l a-

bel ed yeast pr ot ei ns synt hesi zed i n sul f ur - st ar ved cel l s and cdc28

cel l s . ( A) X2180- 1 A cel l s st ar ved f or sul f ur f or 40 h wer e pul sed wi t h
[ 3s S] met hi oni ne . ( 8 and C) cdc28 cel l s wer e pul sed af t er i ncubat i on

at 38° C f or 1 and 6 h, r espect i vel y . Ar r ows and ar r owheads i ndi cat e

Go- pr ot ei ns and hsps, r espect i vel y .

hsp75 wer e i ndi st i ngui shabl e f r om t he cor r espondi ng chi ck
hsps i n mol ecul ar wei ght and mor e aci di c t han t he chi ck hsps .
Bot h yeast hsp89 and t he cor r espondi ng chi ck hsp showed
t r ai l s i n NEPHGE.

I f HMW- hsps f unct i on i n t r ansi t i on t o Go or mai nt enance
of Go, t hey woul d be synt hesi zed al so i n Go cel l s of ot her
or gani sms . We have exami ned CEF, mouse l ymphocyt es, and
cul t ur ed Dr osophi l a cel l s i n t hi s r espect .

Exponent i al l y gr owi ng cel l s ( 1 . 5 x 106/ 25 cmz f l ask) and
qui escent cel l s of conf l uent cul t ur e ( 4 x 106 / f l ask) of CEF
wer e separ at el y l abel ed wi t h [ 35S] met hi oni ne f or 1 h . The cel l s
wer e heat - shocked bef or e pul se- l abel i ng i f i ndi cat ed . Fi xed
r adi oact i vi t i es ( 4 x 10° dpm) of t he t ot al cel l ext r act s wer e
anal yzed i n 2D- NEPHGE/ SDS PAGE. The r el at i ve synt hes-
i zi ng r at e of HMW- hsps i ncl udi ng hsp89, hsp75, hsp70A, and
hsp70B was f ound gr eat er i n a conf l uent cul t ur e t han i n an
exponent i al l y gr owi ng cul t ur e ( Fi g . 5, A and B) . The synt hesi s
of LMW- hsps such as hsp26 was not st i mul at ed i n r est i ng

CEF cel l s ( dat a not shown) . The ext ent of t he st i mul at i on by
t r ansi t i on t o Go var i ed wi t h di f f er ent hsps and was not cor -
r el at ed t o t hat of t he synt hesi s i nduced by heat shock ( Fi g . 5
C) . For i nst ance, t he synt hesi s of hsp70B was st i mul at ed t o a
hi gher degr ee i n heat - shocked cel l s t han i n Go cel l s, wher eas
t hat of hsp75 was st i mul at ed t o t he same degr ee i n bot h
cul t ur es . A f ur t her i ncr ease i n t he synt hesi zi ng r at e of t he f our
HMW- hsps was obser ved when a conf l uent CEF cul t ur e was
heat - shocked ( dat a not shown) . A l i mi t ed pr ot eol ysi s st udy
showed t hat hsps synt hesi zed i n conf l uent cul t ur e ar e i dent i cal
t o t hose i nduced i n heat - shocked cel l s. Exampl es f or hsp70A
and hsp70B ar e pr esent ed i n Fi g . 3, C- F.

Rest i ng and gr owi ng cel l s of mouse T l ymphocyt es wer e
pr epar ed as descr i bed ( 18) . The synt hesi s of hsp89, hsp75,

TABLE I I

Go Pr ot ei ns and Hsps i n Yeast Cel l s

Go pr ot ei n

	

Heat shock pr ot ei n

p89

	

hsp89

p86

	

hsp86

-	 hsp77

p75

	

hsp75

p73

	

-

p71

	

hsp71

p68

	

-

p56

	

-

-

	

hsp49

p48A

	

hsp48A and B

p46A

	

hsp46A and B

-

	

hsp27

-	 hsp26. 5

-	 hsp25

Pr ot ei ns al i gned i n t he same hor i zont al l i nes ar e t hose t hat ar e si mul t aneousl y
Go and heat - shock pr ot ei ns .

FI GURE 3

	

Pept i de mappi ng by l i mi t ed pr ot eol ysi s of Go pr ot ei ns

and hsps . [ 3s S] met h i oni ne- l abel ed pr ot ei ns ext r act ed f r om cel l s

wer e separ at ed by 2D- NEPHGE/ SDS PAGE. The spot s t o be ex-

ami ned wer e cut out f r om t he gel s and subj ect ed t o pr ot eol ysi s

wi t h St aphyl ococcus aur eus V8 pr ot ease ( 5 ng/ each sl ot ) accor di ng

t o t he met hods descr i bed by Cl evel and et al . ( 5) . Di gest ed pr oduct s

wer e det ect ed by f l uor ogr aphy . ( A) hsp89 of Go - ar r est ed cdc25 cel l s

t hat wer e i ncubat ed at 36° C f or 6 h ; ( 8) hsp89 of A364A cel l s heat -

shocked at 36° C f or 1 h ; ( C) hsp70A of conf l uent CEF ; ( D) hsp70B

of conf l uent CEF ; ( E) hsp70A of gr owi ng CEF t hat wer e heat ed at

45° C f or 1 h ; ( F) hsp70B of gr owi ng CEF t hat wer e heat ed at 45° C

f or 1 h ; ( G) hsp70A of r est i ng mouse T cymphocyt es; ( H) hsp70A

of gr owi ng mouse T l ymphocyt es .
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FI GURE 4 Co- el ect r ophor esi s of yeast and CEF pr ot ei ns i n 2D-

NEPHGE/ SDS PAGE. ( A) Yeast pr ot ei ns ( 4 x 10" dpm) synt hesi zed

i n sul f ur - st ar ved X2180- 1A cel l s ; ( B) CEF pr ot ei ns ( 4 x 104 dpm)

synt hesi zed i n heat - shocked CEF; ( C) A mi xt ur e of sampl es used i n
A and B. Ar r ows i ndi cat e yeast hsp89 and hsp75 . Ar r owheads

i ndi cat e CEF hsp89 and hsp75 .

and hsp70 was f ound t o be st i mul at ed i n GoT cel l s compar ed
wi t h gr owi ng T cel l s ( Fi g . 6) . hsp70B was not det ect ed i n
mouse l ymphocyt es at al l . I t woul d be per t i nent t o not e t hat
t he synt hesi s of t hese t hr ee hsps was not si gni f i cant l y st i mu-
l at ed by heat shock at 42° or 45° C ( dat a not shown) . Never -
t hel ess, pept i de mappi ng i ndi cat e t hat t hese pr ot ei ns ar e si m-
i l ar t o t he cor r espondi ng hsps of CEF. For i nst ance, hsp70A
synt hesi zed i n r est i ng or gr owi ng mouse T l ymphocyt es i s
si mi l ar i n pept i de composi t i on t o hsp70A of t he chi cken
whi ch i s st i mul at abl e by heat shock ( Fi g. 3) . A Go- speci f i c
pr ot ei n wi t h mol ecul ar wei ght of 68, 000 was det ect ed i n bot h
chi ck and mouse cel l s ( Fi gs. 5 and 6) but was not an hsp of
t hese speci es ( dat a not shown) .

Si nce t he heat shock r esponse has been most ext ensi vel y
anal yzed i n Dr osophi l a ( 1) , we have t est ed whet her t he syn-
t hesi s of hsps was st i mul at ed i n Go Dr osophi l a cel l s. A cel l
l i ne, GM1, or i gi nat ed f r om an embr yo of D. mel anogast er

was used i n t hi s st udy . Cul t ur ed cel l s at t he exponent i al l y
gr owi ng phase and t he st at i onar y phase wer e anal yzed by t he
met hod descr i bed above. When i ndi cat ed, cel l s gr own at 25° C
wer e heat - shocked at 36° C f or 15 mi n and l abel ed wi t h [ ' I S] -
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met hi oni ne at t he same t emper at ur e f or an addi t i onal 30 mi n .
The r esul t s showed t hat t hr ee HMW- hsps, hsp75, hsp70B,
and hsp68, wer e synt hesi zed at a si gni f i cant l y st i mul at ed r at e
i n st at i onar y cul t ur es ( Fi g. 7) . The densi t omet r i c anal ysi s
showed t hat t he r el at i ve synt hesi zi ng r at e of t wo ot her HMW-
hsps, hsp83, and hsp70A, i ncr eased i n ar r est ed cel l s by 31 and
86%, r espect i vel y ( Tabl e I I I ) . We have not ed t hat GM1 cel l s

FI GURE 5 2D- NEPHGE/
SDS- PAGE anal ysi s of [ ' S S] -

met hi oni ne- l abel ed pr o-

t ei ns synt hesi zed i n gr ow-

i ng and ar r est ed CEF . Ex-

ponent i al l y gr owi ng ( A)

and conf l uent ( 8) CEF cul -

t ur es wer e l abel ed wi t h

[ " S] met hi oni ne f or 1 h at

37° C. ( C) Exponent i al l y

gr owi ng cel l s wer e ex-

posed t o 45° Cand l abel ed

wi t h [ ' S S] met hi oni ne f or 1

h . Ar r ows and an ar r ow-

head i ndi cat e f our hsps

t hat ar e si mul t aneousl y Go

pr ot ei ns and a Go pr ot ei n,

r espect i vel y .

FI GURE 6 2D- NEPHGE/ SDS PAGE anal ysi s of [ ' S S] met hi oni ne- l a-

bel ed pr ot ei ns synt hesi zed i n mouse T cel l s . Rest i ng and pr ol i f er -

at i ng mouse T l ymphocyt es wer e l abel ed wi t h [ 31SJmet hi oni ne f or

1 h at 37° C. Whol e pr ot ei ns ( 1 x 106 dpmf or each) wer e anal yzed

i n t wo- di mensi onal gel s . Ti me of SDS PAGE was t wi ce as l ong so

as t o separ at e hsp89 f r om t he spot t hat moved sl i ght l y f ast er t han

i t . ( A) Cel l s of day 2 cul t ur e st i mul at ed wi t h Con A ( 18) . ( 8) Rest i ng
T l ymphocyt es t hat wer e f r eshl y pr epar ed f r om mouse spl eens and

pur i f i ed as descr i bed i n t he t ext . Ar r ows and an ar r owhead i ndi cat e

t hr ee hsps t hat ar e si mul t aneousl y Go pr ot ei ns and a Go pr ot ei n,

r espect i vel y . Hsp70B i s absent i n mouse l ymphocyt es .



FI GURE 7 2D- NEPHGE/ SDS PAGE anal ysi s of [ ' sS] met hi oni ne- l a-
bel ed pr ot ei ns synt hesi zed i n Dr osophi l a GM1 cel l s . ( A) Exponen-
t i al l y gr owi ng cel l s at 25° C; ( B) cel l s i n st at i onar y phase at 25° C; ( C)
Exponent i al l y gr owi ng cel l s wer e heat - shocked at 36° C and l abel ed
wi t h [ ' s S] met hi oni ne as descr i bed i n t he t ext . Radi ol abel ed pr ot ei ns
( 4 x 10^ dpm) wer e anal yzed f or each . Ar r ows i ndi cat e hsps t hat
ar e si mul t aneousl y Go pr ot ei ns and ar r owheads i ndi cat e hsps t hat
ar e not Go pr ot ei ns . Act i n and t ubul i n ( at and ßt ) ar e al so i ndi cat ed .

synt hesi zed at l east f our hsps, hsp45, hsp27 . 5, hsp25, and
hsp24, i n addi t i on t o common hsps, i ncl udi ng f our LMW-
hsps, hsp27, hsp26, hsp23, and hsp22, f ound i n ot her cel l

l i nes or sal i var y gl and cel l s of t he same speci es ( 4, 12, 28) .
The synt hesi s of seven LMW- hsps or hsp45 was not st i mu-
l at ed i n st at i onar y cul t ur es .

Di f f er i ng f r om yeast , t he synt hesi s of most HMW- hsps i s
subst ant i al even i n exponent i al l y gr owi ng cel l s of t he t hr ee
hi gher eucar yot i c syst ems . Ther ef or e, we ar e agai n conf r ont ed
wi t h t he quest i on as t o per si st ence or i nduct i on of t he synt he-
si s of HMW- hsps i n Go. We have f i r st det er mi ned by densi -
t omet r y t he r el at i ve synt hesi zi ng r at e of each HMW- hsp f r om
f l uor ogr ams of t wo- di mensi onal gel s on whi ch r adi ol abel ed
pr ot ei ns i n a f i xed r adi oact i vi t y wer e l oaded . The synt hesi zi ng
r at e of t ot al pr ot ei ns per mi l l i gr am pr ot ei n was al so det er -
mi ned f r om t he r adi oact i vi t y of [ 35 S] met hi oni ne i ncor por at ed
i nt o t r i chl or oacet i c aci d- pr eci pi t at ed mat er i al s . Compar i sons
wer e made bet ween Go and gr owi ng cel l s f or t he synt hesi zi ng
r at e per mi l l i gr am pr ot ei n of each of t he HMW- hsps .

The r esul t s shown i n Tabl e I I I i ndi cat e ( a) t he synt hesi zi ng
r at e of most maj or pr ot ei ns, e . g . , act i n, decr eased i n Go cel l s
i n pr opor t i on t o a r educt i on i n t he synt hesi zi ng r at e of t ot al
pr ot ei ns; ( b) a pr opor t i on of r adi oact i vi t y i ncor por at ed i nt o
any HMW- hsp t o t hat i ncor por at ed i nt o t ot al pr ot ei ns dur i ng
t he pul se was gr eat er i n Go cel l s t han i n gr owi ng cel l s ; and ( c)
t he synt hesi zi ng r at e of hsp75, hsp70B, hsp68 ( f or Dr osophi l a
cel l s) and P68 ( f or chi ck and mouse cel l s) per mi l l i gr am
pr ot ei n was gr eat er i n Go cel l s t han i n gr owi ng cel l s wher eas
t hat of hsp89/ 83 and hsp70A ( except f or mouse T l ympho-
cyt es) decr eased i n Go cel l s . We concl uded, t her ef or e, t hat at
l east hsp75 and hsp70B ( al so hsp68 i n Dr osophi l a) ar e speci f -
i cal l y i nduced pr ot ei ns i n Go. We coul d not det er mi ne
whet her t he synt hesi s of hsp89/ 83 and hsp70A per si st s i n Go
or al t er nat i vel y i s i nduced never t hel ess t he i nduct i on was
of f set by t he decr ease i n t he synt hesi s of t ot al pr ot ei ns . Al l
t hese pr ot ei ns ar e t ent at i vel y i ncl uded i n Go pr ot ei ns of hi gher
eucar yot es .

A l i st of al l t he Go and heat shock pr ot ei ns f ound wi t h cel l s
of f our eucar yot es i s shown i n Tabl e I V.

DI SCUSSI ON
Go Pr ot ei ns and Heat Shock Pr ot ei ns

Pr ot ei ns t hat ar e speci f i cal l y or pr ef er ent i al l y synt hesi zed
dur i ng t he t r ansi t i on f r om Go t o S or G, or S have been
st udi ed by a number of i nvest i gat or s wi t h r espect t o t hei r
possi bl e f unct i ons i n t he i ni t i at i on of gr owt h ( 9, 34, 35, 38) .
Si mi l ar l y, t he i nvest i gat i on of pr ot ei ns t hat ar e speci f i cal l y
synt hesi zed dur i ng t he r ever se t r ansi t i on f r omG, t o Go woul d
be i mpor t ant because t he f unct i on of t hese pr ot ei ns mi ght be
essent i al f or ar r est i n Go. So f ar , t he l at t er i nvest i gat i on has
not been per f or med, however .

Usi ng a syst em wi t h yeast cel l s, we have f ound t hat cel l s
ent er ed Go when t he pr ocess of t he cel l cycl e was appr opr i at el y
bl ocked i n G, , and det ect ed at l east ni ne Go- i nduced pr ot ei ns
i n t he yeast . Unexpect edl y, si x out of t he ni ne Go pr ot ei ns
wer e f ound i dent i cal t o t hose pr ot ei ns det ect ed as hsps of t he
same or gani sm ( Tabl e 1) . Thi s r esul t suggest s t hat t he synt hesi s
of t he same pol ypept i des was i nduced by t wo di f f er ent means,
ar r est i n Go and heat shock . However , t he dur at i on of t he
synt hesi s was l onger i n Go t han by heat shock ( Tabl e 1) .
Ther ef or e, t he i nduct i on of si x Go ( and heat shock) pr ot ei ns
and t he i nduct i on of t he ot her si mpl e hsps wer e di st i nct i vel y
det ect ed even when cel l s of a t emper at ur e- sensi t i ve mut ant ,
f or i nst ance, cdc25, wer e i ncubat ed at nonper mi ssi ve t emper -
at ur e.

I t has been wi del y accept ed t hat bot h CEF i n conf l uent
cul t ur e and l ymphocyt es f r eshl y pr epar ed f r om spl eens of
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* Radi oact i vi t y of [ ' SS] met hi oni ne i ncor por at ed i nt o t r i chl or oacet i c aci d- i nsol ubl e mat er i al s/ mg t ot al pr ot ei ns . The val ue f or gr owi ng cel l s i s expr essed as 1 . 00
and t he val ue f or Go cel l s i s expr essed as a r el at i ve val ue t o t hat of gr owi ng cel l s .

' The synt hesi zi ng r at e of i ndi vi dual pr ot ei ns was est i mat ed f r om t he r esul t s of t wo- di mensi onal gel el ect r ophor esi s shown i n Fi gs . 5- 7 as descr i bed i n t he
l egend t o Tabl e I I .

' A Go - pr ot ei n, p68 was i dent i f i ed as a hsp i n Dr osophi l a cel l s but not i n chi ck and mouse cel l s.
The val ues i n par ent heses r epr esent t he r at i o of t he synt hesi zi ng r at e of each pr ot ei n per mi l l i gr am t ot al pr ot ei ns i n Go cel l s t o t hat i n gr owi ng cel l s, and wer e

cal cul at ed by A of Go cel l s x

	

B of Go cel l s

Cel l s

Yeast ( S . cer evi si ae)

Chi ck embr yoni c f i br obl ast s

Mouse T l ymphocyt es

GM1 ( D. mel anogast er )

B of gr owi ng cel l s

TABLE I V

Li st of Hsps Synt hesi zed i n Go Cel l s

TABLE I I I

Synt hesi s of Hsps and Act i n i n Gr owi ng and Go Cel l s

Hsps

hsp89, hsp86, hsp75, hsp71,

hsp48A, hsp46A

hsp89, hsp75, hsp70A, hsp70B

hsp89, hsp75, hsp70A

hsp83, hsp75, hsp70A, hsp70B,

hsp68

uni mmuni zed mi ce ar e r est i ng i n Go of t he cel l cycl e ( 3, 18) .
Al t hough t he backgr ound l evel of t he synt hesi s of HMW- hsps
i s not negl i gi bl e i n gr owi ng CEF and l ymphocyt es, t hese
pr ot ei ns ar e synt hesi zed at a r el at i vel y st i mul at ed r at e i n Go

or i n heat - shocked cel l s ( Fi gs. 5 and 6, and Tabl e I I I ) . A
si mi l ar obser vat i on was made wi t h Dr osophi l a cel l s . Ther e-
f or e, t he r esul t s seem t o suggest a r ul e commonl y hel d i n
eucar yot es t hat many, i f not al l , of HMW- hsps wer e pr ef er -
ent i al l y synt hesi zed i n Go .

I nduct i on Mechani smand Funct i on of Hsps i n Go

The synt hesi s of hsps i s i nduced by var i ous t r eat ment s or
agent s besi des heat shock, i ncl udi ng uncoupl er s of oxi dat i ve
phosphor yl at i on, i nhi bi t or s of el ect r on t r anspor t s, r ecover y
f r om anoxi a ( 1) , t r ansi t i on met al s, sul f hydr yl r eagent s ( 20) ,
ami no aci d anal ogues ( 16) , t r auma ( 8) , and et hanol ( 21, 22) .
Al t hough t he heat shock r esponse coul d have evol ved di f f er -
ent l y i n homeot her ms and het er ot her ms, or gani sms may be
commonl y endowed wi t h a f ami l y of hsps as a def ensi ve
mechani sm agai nst t hese unusual and sever e condi t i ons so
t hat cel l s can sur vi ve i n t hese envi r onment s ( 1) . I n f act ,
evi dence has been pr ovi ded i n a bact er i um, Escher i chi a coh,
t hat t he synt hesi s of hsps i s essent i al f or gr owt h at el evat ed
t emper at ur e ( 39) . Fur t her mor e, i t was shown wi t h Dr osophi l a
( 29) , yeast ( 26) , Di ct yost el i um ( 24) , and Chi nese hamst er
f i br obl ast s ( 21, 22) t hat an accumul at i on of hsps i s posi t i vel y
cor r el at ed wi t h t he degr ee t o whi ch cel l s ar e r esi st ant t o hi gh
t emper at ur e. I n t he cont ext , t he obser vat i on t hat hsps wer e
pr ef er ent i al l y synt hesi zed i n Go seems t o be compat i bl e wi t h

20 6

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 99, 1984

t he f i ndi ng made by Schenber g- Fr asci no and Moust acchi ( 36)
t hat st at i onar y yeast cel l s wer e much mor e r esi st ant agai nst
t her mal ki l l i ng t han exponent i al l y gr owi ng cel l s. Al l of t he
above i nduci ng agent s and t r eat ment s st opped cel l s f r om
gr owi ng, but none caused Go ar r est .

I n cont r ast t o t he above unusual and undesi r abl e condi t i ons
f or cel l s wher e hsps wer e i nduced, t hose t hat l ed cel l s t o ent er
Go do not seemwi del y di f f er ent f r omphysi ol ogi cal condi t i ons
f or cel l s. For i nst ance, depr i vat i on of gr owt h f act or s or mi t o-
gen f r om medi um appear s t o mi mi c t he i n vi vo r egener at i ng
syst em of Go cel l s i n hi gher or gani sms ( 18) .

The synt hesi s of hsps i nduced i n Go di f f er s f r om t hat
i nduced by heat shock i n t wo r espect s . Fi r st , t he dur at i on of
hsp synt hesi s at t he st i mul at ed r at e cont i nued l onger i n Go

cel l s t han i n heat - shocked cel l s ( Fi gs . 1 and 2, and Tabl e I ) .
Second, an i ncr ease i n t he synt hesi s of LMW- hsps have never
been obser ved i n cel l s t hat wer e ar r est ed i n Go ( Tabl e I , and
Fi gs. 1 and 7) . Pr evi ous st udi es have shown t hat di f f er ent hsps
had di f f er ent i nduct i on char act er i st i cs wi t h r espect t o t he
opt i mal t emper at ur e, t he r ange of ef f ect i ve t emper at ur e, and
t he ki net i cs of t hei r i nduct i on ( 23) . I n addi t i on, a common
nucl eot i de sequence was det ect ed i n t he HMW- hsp genes
ar ound 70 nucl eot i des upst r eam f r om t he TATA box but not
i n t he hsp26 gene ( 10) . Thi s suggest s t hat mRNA synt hesi s of
HMW- hsps i s r egul at ed by a mechani sm di f f er ent f r om t he
mechani smt hat oper at es i n t he i nduct i on of LMW- hsps . I n
agr eement wi t h t hi s, i t was shown t hat t r eat ment of cul t ur ed
Dr osophi l a cel l s wi t h ecdyst er one i nduced t he synt hesi s of
LMW- hsps but not t hat of HMW- hsps ( 12) . We have obser ved
t hat t he synt hesi s of LMW- hsps was i nduced and t hat t he
degr ee t o whi ch HMW- hsps had been expr essed was al t er ed
when Go CEF cel l s, r est i ng mouse l ymphocyt es, or st at i onar y
Dr osophi l a cel l s wer e heat - shocked ( unpubl i shed obser va-
t i ons) . Ther ef or e, t he mechani sm of t he hsp i nduct i on oper -
at i ng i n Go and t hat oper at i ng i n t he heat shock woul d be
di f f er ent , al t hough t hey mi ght shar e common par t s .

The r esul t s pr esent ed i n t hi s r epor t cl ear l y show t hat t r an-
si t i on of gr owi ng eucar yot i c cel l s t o Go was accompani ed wi t h
t he synt hesi s of HMW- hsps . Al t hough dat a ar e not avai l abl e
t hat i ndi cat e a causal r el at i onshi p bet ween t he synt hesi s of
hsps and Go ar r est , t he r esul t s seemt o i mpl y t wo possi bi l i t i es .

Cel l s Gr owt h phase

A: Rat e of t ot al

pr ot ei n synt he-

si s/ mg pr ot ei n*

B: Rat e

hsp89/ 83

of i ndi vi dual

hsp75

pr ot ei n synt hesi s/ r at e of

hsp70A hsp70B

t ot al pr ot ei n synt hesi s'

p681 ( hsp68) Act i n

Chi ck embr yoni c Exponent i al 1 . 00 0. 031 0. 094 0. 27 0. 10 0. 039 15

f i br obl ast s Conf l uent 0. 38 0. 046 0. 40 0. 65 0. 61 0. 74 19

( 0 . 56) l ( 1 . 6) ( 0 . 91) ( 2 . 3) ( 7 . 2) ( 0 . 48)

Mouse T l ym- Gr owi ng 1 . 00 0. 24 0. 028 0. 052 - 0. 001 12

phocyt es Rest i ng 0. 20 0. 76 0. 21 0. 43 - 3. 5 14

( 0 . 63) ( 1 . 5) ( 1 . 7) - ( 700) ( 0 . 23)

Dr osophi l a GM1 Exponent i al 1 . 00 3. 6 0. 17 0. 97 0. 80 0. 070 8. 1

St at i onar y 0. 43 4. 7 0. 87 1 . 8 3. 7 0. 49 8. 7

( 0 . 56) ( 2 . 2) ( 0 . 80) ( 2 . 0) ( 3 . 0) ( 0 . 46)



Fi r st , HMW- hsps may f unct i on i n cel l ul ar event s r equi r ed f or

t he t r ansi t i on t o Go and/ or mai nt ai ni ng Go. However , t he

synt hesi s of hsps coul d not be t he sol e cause of t he Go

t r ansi t i on because t he i nduct i on of hsp synt hesi s si mpl y by

heat shock di d not br i ng cel l s t o ent er Go . Condi t i ons under

whi ch cel l s ent er ed Go i nduced t he dur abl e synt hesi s of

HMW- hsps, wher eas heat shock i nduced t he t r ansi ent synt he-

si s of bot h HMW- and LMW- hsps . I n t hi s r espect , i t woul d

be of i nt er est t hat a t r ansi ent GI ar r est was i nduced when a
nont emper at ur e- sensi t i ve st r ai n of yeast was exposed t o hi gh

t emper at ur e ( 14) . Ther ef or e, t he cont i nuous expr essi on of

cer t ai n, i f not al l , hsps may be necessar y f or sust ai ni ng t he Go

st at e .
Second, i t i s al so possi bl e t hat t he dur abl e synt hesi s of

HMW- hsps mi ght be one of t he cel l ul ar event s t hat r esul t s

f r omGo . The synt hesi s of most pr ot ei ns, i ncl udi ng r epr essor -

l i ke mol ecul es of t he hsp genes, i s r educed i n Go, whi ch t hen

i nduces t he expr essi on of t hese genes . Cyt osol s of heat -
shocked Dr osophi l a cel l s appear ed t o cont ai n subst ances
whi ch i nduce heat shock puf f s i n i sol at ed pol yt ene nucl ei ( 6,
7) . The second possi bi l i t y woul d be unl i kel y, t her ef or e, i f t he
expr essi on of hsp genes i s posi t i vel y cont r ol l ed .

We t hank Dr . T . Kami numa, Ms . R. Mi nami kawa, and Ms . N. Hat a
f or t hei r hel p i n densi t omet r i c anal ysi s, and Dr . S. I washi t a ( Cancer
I nst i t ut e, Tokyo, Japan) f or hi s advi ce on t wo- di mensi onal PAGE.
We t hank al so Dr s. L. H. Har t wel l and Y. Ohsumi and t he Yeast
Genet i c Shock Cent er ( Uni ver si t y of Cal i f or ni a) f or yeast st r ai ns, and
Dr . T . Mi yake f or Dr osophi l a cel l l i nes .

Thi s wor k was suppor t ed i n par t by gr ant s- i n- ai d f r omt he Mi ni st r y
of Educat i on, Sci ence and Cul t ur e of Japan .
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REFERENCES

1 . Ashbur ner , M. , and J . J . Bonner . 1979 . Th e i nduct i on of gene act i vi t y i n Dr osophi l a by
heat shock. Cel l . 17 : 241- 254.

2 . Augenl i cht , L . H. , and R. Baser ga . 1974. Changes i n t he GOst at e of WI - 38 f i br obl ast s
at di f f er ent t i mes af t er conf l uence. Exp. Cel l Res . 89: 255- 262 .

3 . Baser ga, R. 1978 . Rest i ng cel l s and t he GI phase of t he cel l cycl e . J Cel l . Physi ol .
95 : 377- 382.

4 . Buzi n, C. H. , and N. P. Pet er sen . 1982 . Acompar i son of t he mul t i pl e Dr osophi l a heat
shock pr ot ei ns i n cel l l i nes and l ar val sal i var y gl ands by t wo- di mensi onal gel el ect r opho-
r esi s . J. Mol . Bi oL 158: 181- 201 .

5 . Cl evel and, D. W. , S. G. Fi scher , M. W. Ki r schner , and U. K. Laemml i . 1977 . Pept i d e
mappi ng by l i mi t ed pr ot eol ysi s i n sodi um dodecyl sul f at e and anal ysi s by gel el ect r o-
phor esi s . J. Bi ol . Chem. 252 : 1102- 1106 .

6 . Compt on, J . L. , andJ. J. Bonner . 1978 . An i n vi t r o assay f or t he speci f i c i nduct i on and
r egr essi on of puf f s i n i sol at ed pol yt ene nucl ei of Dr osophi l a mel anogast er . Col d Spr i ng
Har bor Symp. Quant . Bi ol . 42: 835- 838 .

7 . Compt on, J . L. , and B. J. McCar t hy . 1978. I nduct i o n of t he Dr osophi l a heat shock
r esponse i n i sol at ed pol yt ene nucl ei . Cel l . 14 : 191- 201 .

8 . Cur ve, R. W. , and F. P. Whi t e. 1981 . Tr auma- i nduced pr ot ei n i n r at t i ssues ; a
physi ol ogi cal r ol e f or a " heat shock" pr ot ei n? Sci ence ( Wash . OC) 214: 72- 73 .

9 . Gat es, B. l . , and M. Fr i edki n . 1978. Mi d- GI mar ker pr ot ei ns i n 3T3 mouse f i br obl ast

cel l s. Pr oc . Nai l . Acad. Sci . USA. 75: 4959- 4961 .
10. Hol mgr en, R. , V. Cor ces, R. Mor i mot o, R. Bl ackman, andM. Mesel son . 1981 . Sequence

homol ogi es i n t he 5' r egi ons of f our Dr osophi l a heat - shock genes. Pr oc . Nal l . Acad Sci .
USA. 78: 3775- 3778 .

11 . l i da, H. , and I . Yahar a. 1984. Speci f i c ear l y GI - bl ocks accompani ed wi t h st r i ngent
r esponse i n Sacchar omyces cer evi si ae l ead t o gr owt h ar r est i n r est i ng st at e si mi l ar t o t he
Go of hi gher eucar yot es . J. Cel l Bi ol . 98: 1185- 1193 .

12. I r el and, R. C. , and E. M. Ber ger . 1982 . Synt hesi s of l ow mol ecul ar wei ght heat shock
pept i des st i mul at ed by ecdyst er one i n a cul t ur ed Dr osophi l a cel l l i ne . Pr oc . Nat l . Acad.
Sci . USA. 79 : 855- 859 .

13 . Johnst on, D. , H. Opper mann, J. Jackson, and W. Levi nson . 1980. I nduct i on of f our
pr ot ei ns i n chi ck embr yo cel l s by sodi um ar seni t e . J. Bi ol . Chem. 255 : 6975- 6980 .

14 . Johnst on, G. C. , and R. A. Si nger . 1980 . Ri bosomal pr ecur sor RNAmet abol i sm and
cel l di vi si on i n t he yeast Sacchar omyces cer evi si ae. Mol . Gen. Genet . 178 : 357- 360 .

15 . Kami numa, T. , J. Kar i ya, I . Suzuki , and S. Kur ashi na. 1980 . Towar ds an i mage anal ysi s
cent er f or medi ci ne. I n Real - t i me Medi cal I mage Pr ocessi ng . M. Onoue, K. Pr est on, Jr . ,
andA. Rosenf el d, edi t or s. Pl enum Pr ess, NewYor k . 1- 10.

16 . Kel l ey, P. M. , and M. J . Schl esi nger . 1978 . Theef f ect of ami no aci d anal ogues and heat
shock on gene expr essi on i n chi cken embr yo f i br obl ast s. Cel l . 15 : 1277- 1286 .

17 . Kel l y, P. M. , and M. J . Schl esi nger . 1982 . Ant i bodi e s t o t wo maj or chi cken heat shock
pr ot ei ns cr oss- r eact wi t h si mi l ar pr ot ei ns i n wi del y di ver gent speci es. Mal . Cel l Bi ol .
2 : 267- 274 .

18 . Kumagai , J. , H. Aki yama, S. I washi t a, H. l i da, and 1 . Yahar a, 1981 . I n vi t r o r egener at i on
of r est i ng l ymphocyt es f r om st i mul at ed l ymphocyt es and i t s i nhi bi t i on by i nsul i n . J.
I mmunol . 126 : 1249- 1254 .

19 . Levi nson, W. , S. Kr avi t z, and J. Jackson . 1980. Ami no aci d depr i vat i on i nduces
synt hesi s of f our pr ot ei ns i n chi ck embr yo cel l s. Exp. Cel l Res. 130: 459- 463 .

20 . Levi nson, W. , H. Opper mann, and J . Jackson . 1980. Tr ansi t i on ser i es met al s and
sul f hydr yl r eagent s i nduce t he synt hesi s of f our pr ot ei ns i n eukar yot i c cel l s . Bi ochi m.
Bi ophys. Acl a. 606 : 170- 180.

21 . Li , G. C. 1983 . I nduct i on of t her mot ol er ance andenhanced heat shock pr ot ei n synt hesi s
i n Chi nese hamst er f i br obl ast s by sodi um ar seni t e and by et hanol . J. Cel l . Physi ol .
115: 116- 122 .

22 . Li , G. C. , and Z. Wer b . 1982. Cor r el at i on bet ween synt hesi s of heat shock pr ot ei ns and
devel opment of t her mot ol er ance i n Chi nese hamst er f br obl ast s . Pr oc . Nai l . Acad. Sci .
USA. 79 : 3218- 3222 .

23 . Li ndqui st , S. 1980. Var yi ng pat t er ns of pr ot ei n synt hesi s i n Dr osophi l a dur i ng heat
shock : I mpl i cat i ons f or r egul at i on. Dev. Bi ol . 77 : 463- 479.

24. Loomi s, W. F. , and S. A. Wheel er . 1982. Chr omat i n- associ at ed heat shock pr ot ei ns of
Di ct yost el i um. Dev. Bi ol . 90: 412- 418 .

25 . Ludwi g, J . R. , 1 . J. Foy, S. G. El l i ot t , and C. S. McLaughl i n . 1982 . Synt hesi s of speci f i c
i dent i f i ed, phosphor yl at ed, heat shock, and heat st r oke pr ot ei ns t hr ough t he cel l cycl e
of Sacchar omyces cer evi si ae . Mol . Cel l . Bi ol . 2: 117- 126 .

26. McAl i st er , L. , and D. B. Fi nkel st ei n . 1980 . Heat shock pr ot ei ns and t her mal r esi st ance
i n yeast . Bi ochi m. Bi ophys. Res. Commun. 93: 819- 824 .

27 . Mi l l er , M. J . , N. H. Xuong, and E. P. Gei duschek . 1979. Ar esponse of pr ot ei n synt hesi s
t o t emper at ur e shi f t i n yeast Sacchar omyces cer evi si ae. Pr oc . Nai l . Acad. Sci . USA.
76: 5222- 5225 .

28. Mi r aul t , M. E. , M. Gol dschmi dt - Cl er mont , A. P. Amgo, and A. Ti ssi èr es . 1978. The
ef f ect of heat shock on gene expr essi on i n Dr osophi l a mel anogast er . Col d Spr i ng Har bor
Symp . Quant . Bi ol . 42: 819- 827 .

29. Mi t chel l , H. K. , G. Mol l er , N. S. Pet er sen, and L. Li pps- Sar mi ent o . 1979 . Speci f i c
pr ot ect i on f r omphenocopy i nduct i on by heat shock. Dev. Genet . 1 : 181- 192 .

30 . Mi yake, T. K. Sai go, T. Mar unouchi , and T. Shi ba, 1977 . Suspensi on cul t ur e of
Dr osophi l a cel l s empl oyi ng agyr at or y shaker . I n Vi t r o. 13 : 245- 251 .

31 . Mosna, G. , and S. Dol f i ní . 1972. Mor phol ogi cal and chr omosomal char act ar i zat i on of
t hr ee new cont i nuous cel l l i nes of Dr osophi l a mel anogast er . Chr omosoma ( Ber t . ) . 38 :
1- 9.

32 . O' Far r el l , P. H. 1975 . Hi gh r esol ut i on t wo- di mensi onal el ect r ophor esi s of pr ot ei ns. J.
Bi ol . Chem. 250: 4007- 4021 .

33 . O' Far r el l , P. Z. , H. M. Goodman, and P. H. O' Far r el l . 1977 . Hi gh r esol ut i on t wo-
di mensi onal el ect r ophor esi s of basi c as wel l as aci di c pr ot ei ns. Cel l . 12: 1133- 1142 .

34. Pl edger , W. J. , C. A. Har t , K. L. Locat el l , andC. D. Scher . 1981 . Pl at el et - der i vedgr owt h
f act or - modul at ed pr ot ei ns: const i t ut i ve synt hesi s by a t r ansf or med cel l l i ne. Pr oc . Nai l .
Acad. Sci . USA78: 4358- 4362.

35. Ri ddl e, V. G. H. , R. Dubr ow, and A. B. Par dee. 1979 . Changes i n t he synt hesi s of act i n
and ot her cel l pr ot ei ns af t er st i mul at i on of ser um- ar r est ed cel l s . Pr oc . Nai l . Acad. Sci .
USA. 76: 1298- 1302 .

36. Schenber g- Fr asci no, A. , and E. Moust acchi . 1972 . Let hal and mut ageni c ef f ect s of
el evat ed t emper at ur e on hapl oi d yeast . 1 . Var i at i ons i n sensi t i vi t y dur i ng cel l cycl e. Mot .
Gen. Genet . 115 : 243- 257.

37. Schl esi nger , M. J . , G. Al i per t i , and P. M. Kel l ey . 1982 . The r esponse of cel l s of heat
shock . Tr ends Bi ochi m. Sci . 7: 222- 225 .

38. Shi l o, B. , V. G. H. Ri ddl e, and A. B. Par dee. 1979. Pr ot ei n t ur nover and cel l - cycl e
i ni t i at i on i n yeast . Exp. Cel l Res. 123: 221- 227 .

39 . Yamamor i , T. , and T. Yur a. 1982. Genet i c cont r ol of heat - shock pr ot ei n synt hesi s and
i t s bear i ng on gr owt h and t her mal r esi st ance i n Esher i chi a col i K- 12 . Pr oc . Nai l . Acad.
Sci . USA. 79 : 860- 864 .

I I DA AND YAHARA

	

Synt hesi s of Heat Shock Pr ot ei ns i n Go Cel l s

	

20 7


